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entirety. BACKGROUND OF THE INVENTION [0002] In
surveys of global health, infectious disease often
accounts for as many as five of the top ten causes of
death in lower- and middle-income countries and
respiratory infections are often assigned as the
fourth leading cause of death in higher-income
countries. Further, pathogenic outbreaks and pandemics
continue to threaten human populations from previously
unknown or otherwise mutated pathogenic diseases.
Previously unknown or otherwise mutated pathogenic
diseases often occur when a pathogen diverges from an
established host, such as pigsor chickens, into a new
host, such as humans. In view of this phenomenon, new
strategies are continually needed for mitigating
pathogenic outbreaks from previously-known or
previouslyunknown pathogens. Several such threatening
pathogenic diseases include malaria, influenza, West
Nile virus, foot-and-mouth disease, and other threats
to global health in both humans and animals. Therapies
or methods of treatment that are useful across
different pathogenic strains or even across pathogenic
groups are especially helpful in improving the fight
against mutable pathogenic disease and outbreaks of
previously-unknown pathogens. [0003] Among the most
threatening of global infectious diseases is malaria.
Malaria kills a million or more people each year in
tropical and sub-tropical environments. Malaria is
most commonly and seriously caused by the trypanosome
Plasmodiumfalciparum, which is reportedly responsible
for ninety percent of malarial deaths. The majority of
death from malarial infection is recorded in young
children. P.falciparum is vectored by female Anopheles
mosquitoes. Once in the blood stream of a human, the
trypanosome multiplies rapidly within red blood cells
causing anemia, flu-like symptoms, and sometimes coma
and death. Partly effective vaccines are only now
beginning to be marketed for malaria and no
wholly-effective vaccine has yet been registered for
sale in industrialized countries. As such, there
continues to be a need in the art for improved methods
of predicting and identifying increases in virulence,
morbidity, and mortality in and from malaria. [0004]
Another threat to public health is West Nile virus
(WNV), which causes encephalitis and other serious
neuroinvasive diseases in a small percentage of human
infections. In about four percent of reported cases,
the resulting neuroinvasive disease results in death.
WNV is flaviviridae virus, first observed in North
America in 1999 and now considered endemic in the
United States. The virus is spread to humans through
mosquito (and related insect) bites. WNV is a
single-stranded sense RNA virus and is a member of the
Japanese encephalitis virus antigenic complex, which
includes several medically important viruses
associated with human encephalitis: Japanese
encephalitis, St. Louis encephalitis, Murray Valley
encephalitis, and Kunjin encephalitis, an Australian
subtype of WNV. [0005] Since introduction of the
disease to the United States in 1999, there have been
more than 16,000 reported cases of WNV in humans and
more than 650 reported deaths. In addition, more than
21,000 cases have been reported in horses. Currently,
the only available approved strategies to combat WNV
in humans are nationwide active surveillance in
conjunction withmosquito control efforts and
individual protection with insect repellents. There is
a need in the art, therefore, for methods of
predicting increases in virulence of WNV prior to
epidemics and for therapies for preventing,
mitigating, and treating WNV infections. [0006]
Influenza is an acute respiratory illness of global
importance. Virulent and lethal outbreaks of influenza
continue to threaten world health. Researchers,
government officials, and medical practitioners are
increasingly aware of the continuing threat of a
pandemic of virulent and lethal influenza requiring
new methods of treatment and novel therapeutic
compounds. Researchers, government officials, and
medical practitioners likewise recognize that the
continuing threat of pandemic influenza requires new
and more effective methods of predicting and tracking
lethal outbreaks of influenza. [0007] Influenza
vaccines remain the most effective defense against
influenza virus, but because of the ability of the
virus to mutate, and the availability of non-human
host reservoirs, it is expected that influenza will
remain an emergent or re-emergent infectious threat.
Global influenza surveillance indicates that influenza
viruses may vary within a country and between
countries and continents during an influenza season.
Virologic surveillance is of importance in monitoring
antigenic shift and drift. Disease surveillance is
also important in assessing the impact of epidemics.
Both types of information have provided the basis of
vaccine composition and use of antivirals. However,
traditionally there has been only annual post hoc
hematological classification of the increasing number
of emerging influenza virus strains, and no specific
chemical structure of the viruses was identified as an
indicator of approaching influenza epidemic or
pandemic. Until the discovery of Replikin chemistry in
the virus genome structure, the only basis for annual
classification of influenza virus as present or absent
in a given year was identification by serological
testing of the hemagglutinin and neuraminidase
proteins in an isolate of virus. The activity of a
strain of influenza was, therefore, only recorded
after the fact of the occurrence of the outbreak,
never in advance. [0008] There is a continuing need in
the art for quantitative methods of tracking and
predicting increases in virulence and lethality of
influenza prior to outbreaks. There is likewise a need
in the art for quantitative methods of preventing and
treating outbreaks caused by virulent strains of
influenza. Because of the annual administration of
influenza vaccines and the short period of time when a
vaccine can be administered, strategies directed at
improving vaccine coverage are of critical
importance.[0009] Replikin peptides are a family of
small peptides that have been correlated with the
phenomenon of rapid replication in malaria, influenza,
West Nile virus, foot and mouth disease, and many
other pathogens. Replikin peptides have likewise been
correlated with the phenomenon of rapid replication in
viruses and organisms generally. [00010]
Identification of Replikin peptides has provided
targets for detection and treatment of pathogens,
including vaccine development against virulent
pathogens such as malaria, influenza virus, West Nile
virus, and foot and mouth disease virus. In general,
knowledge of and identification of this family of
peptides enables development of effective therapies
and vaccines for any pathogen that harbors Replikins.
The phenomenon of the association of Replikins with
rapid replication and virulence has been fully
described in U.S. Patent No. 7,189,800, U.S. Patent
No. 7,176,275, U.S. Patent No. 7,442,761, and U.S.
Appln. Ser. No. 11/355,120. Both Replikin
concentration (number of Replikins per 100 amino
acids) and Replikin composition have been correlated
with the functional phenomenon of rapid replication.
[00011] There continues to be a need in the art,
however, for improved methods of predicting and
identifying increases in virulence, morbidity, and
lethality and expansions of and outbreaks of virulent
pathogens. There is likewise a need in the art for
improved methods of preventing and treating outbreaks
and expansions of virulent pathogens using Replikin
sequences identified with increases in virulence,
morbidity, and lethality of expanding pathogenic
populations. SUMMARY OF THE INVENTION [00012] The
present invention provides a quantitative cyclic
structure comprising Replikin peptide concentrations
identified in a strain of microorganism through time,
wherein said cyclic structure correlates in time with
the expansion and/or contraction of a population of
said strain of microorganism, the infectivity of said
strain of microorganism, and/or the lethality of said
strain of microorganism. [00013] Further, the present
invention provides methods of preventing, mitigating,
and treating outbreaks of a pathogen comprising
predicting an expansion of a population of a strain of
pathogen or an increase in the virulence, morbidity,
and/or lethality of a strain of pathogen as compared
to another strain of the same or a related pathogen
and administering to an animal or patient a compound
comprising an isolated or synthesized portion of the
structure or genome of 



the pathogen to mitigate, prevent, or treat the
predicted outbreak of the pathogen.[00014] The present
invention further provides methods of predicting an
expansion of a strain of pathogen or an increase in
the virulence, morbidity, and/or mortality of a
pathogen comprising identifying a cycle in the
Replikin Count in a protein fragment, protein, genome
fragment, or genome of a pathogen and predicting an
increase in the virulence, morbidity, and/or mortality
of said pathogen within the identified cycle in
Replikin Count. The present invention further provides
Replikin peptides identified within a pathogen
predicted to be expanding or to have an increase in
virulence, morbidity, and/or mortality as diagnostic,
therapeutic, or preventive agents against an outbreak
of the pathogen. [00015] A first non-limiting aspect
of the invention provides a method of preventing,
mitigating, or treating an outbreak of a pathogen
predicted to have an expansion of population
comprising predicting an expansion of the population
of a first pathogen comprising identifying at least
one cycle of Replikin concentration in isolates of the
pathogen and predicting that an expansion of the
population of the first pathogen will take place after
the occurrence of a rising portion of the at least one
cycle of Replikin concentration, and administering to
an animal or patient a compound comprising an isolated
or synthesized portion of the structure or genome of
the pathogen to mitigate, prevent, or treat the
predicted outbreak of the pathogen. [00016] A further
embodiment of the first aspect of the invention
provides a method of preventing, mitigating, or
treating an outbreak of pathogen comprising predicting
an expansion of the population or an increase in
virulence, morbidity, and/or mortality of an isolate
or plurality of isolates of a first strain of pathogen
as compared to another isolate or plurality of
isolates of the same or a related strain of pathogen
comprising: (1) identifying a first cycle in the
Replikin concentration of a plurality of isolates of
said first strain of pathogen, (2) identifying a first
peak in the Replikin concentration within the
identified first cycle at a first time point or time
period, and (3) predicting an increase in the
virulence of an isolate of the same or related strain
of pathogen isolated at a second time point or time
period subsequent to the first time point or time
period; and administering to an animal or a patient a
compound comprising an isolated or synthesized portion
of the structure or genome of the at least one isolate
of the pathogen to prevent, mitigate, or treat the
outbreak of the pathogen.[00017] In a non-limiting
embodiment of the first aspect of the invention, the
pathogen is an influenza virus, a malarial
trypanosome, a West Nile virus, a foot and mouth
disease virus, taura syndrome virus, white spot
syndrome virus, porcine reproductive and respiratory
syndrome virus, porcine circovirus, Helicobacter
pylori, Entamoeba invadens, L. legionella, S. aureus,
maize streak virus, bovine herpes virus, feline
immunodeficiency virus, human immunodeficiency virus,
rous sarcoma virus, avian sarcoma virus, sindbis
virus, hepatitis virus, b. anthracis, or any other
infectious agent. In a non-limiting embodiment, the
influenza virus is an HlNl, H2N2, H3N2, H5N1, H3N8, or
H9N2 strain of influenza virus. [00018] In a further
non-limiting embodiment of the first aspect of the
invention, said expansion of a strain of pathogen or
increase in virulence, morbidity, and/or mortality of
an isolate or plurality of isolates of a strain of
pathogen comprises identifying a second cycle in the
Replikin concentration of a plurality of isolates of a
second strain of pathogen that shares synchrony with
said first cycle in the Replikin concentration of said
plurality of isolates of said first strain of pathogen
and identifying a first peak in the Replikin
concentration within the identified first cycle at a
first time point or time period and identifying a
first peak in the Replikin concentration within the
identified second cycle of said second strain of
pathogen at a second time point or time period that is
similar to said first time point or time period and
predicting an increase in the virulence of said first
strain of pathogen following the first time point or
time period. In a non-limiting embodiment, the
pathogen is an influenza virus, a malarial
trypanosome, a West Nile virus, a foot and mouth
disease virus, or any other infectious agent. [00019]
In a non-limiting embodiment of the first aspect of
the invention, said pathogen is an influenza virus. In
a further non-limiting embodiment, said first strain
of influenza is any strain different from said second
strain of influenza. In another non-limiting
embodiment, said first strain of influenza is H5N1 and
said second strain of influenza is H9N2, or vice
versa. [00020] In a further non-limiting embodiment of
the first aspect of the invention, said isolated or
synthesized portion of the structure or genome of the
at least one isolate of a pathogen is a protein or
protein fragment comprising a Replikin peptide and/or
a Replikin Peak Gene, a Replikin peptide identified
within a Replikin Peak Gene, or any structure or
portion of the structure of said pathogen. In another
embodiment, said isolated or synthesized portion of
the structure or genome is a nucleic acid encoding a
Replikin Peak Gene, a Replikin peptide or aplurality
of Replikin peptides within a Replikin Peak Gene, or a
Replikin peptide or plurality of Replikin peptides.
[00021] In another non-limiting embodiment of the
first aspect of the present invention, the second time
point or time period is up to three years after the
first time point or time period. In a further
non-limiting embodiment, the second time point or time
period is about one year after the first time point or
time period. In a further non-limiting embodiment, the
second time point or time period is about six months
after the first time point or time period. In a
further non-limiting embodiment, the second time point
or time period is the next season of a pathogen
following the first time point or time period. In a
further non-limiting embodiment, the second time point
or time period is the next season of influenza
following the first time point or first time period.
In a further non-limiting embodiment, the next
influenza season is the next winter season in a
geographic region following the first time point or
time period. In another non-limiting embodiment, the
second time point or time period is the next season of
malaria following the first time point or first time
period. In a further non-limiting embodiment, the next
season of malaria is the next rainy season. In another
non-limiting embodiment, the second time point or time
period is the next season of West Nile virus. In a
further non-limiting embodiment, the next season of
West Nile virus is a summer season. [00022] In another
non-limiting embodiment of the first aspect of the
present invention, the identified peak in the cycle of
Replikin concentration has a higher Replikin
concentration than a chronologically earlier peak in
the cycle of Replikin concentration. In a further
non-limiting embodiment of the invention, the
identified peak in the cycle of Replikin concentration
is significantly higher than the earlier peak. In a
further non-limiting embodiment the identified peak is
significantly higher than the earlier peak with a p
value less than 0.01 . In a further nonlimiting
embodiment the identified peak is significantly higher
than the earlier peak with a p value less than 0.001.
[00023] A second non-limiting aspect of the invention
provides a method of predicting an expansion of the
population of a first pathogen comprising identifying
at least one cycle of Replikin concentration in
isolates of the pathogen and predicting that an
expansion of the population of the first pathogen will
take place after the occurrence of a rising portion of
the at least one cycle of Replikin concentration,
wherein the at least one cycle is cycle A.[00024] In a
further embodiment of the second aspect of the
invention, the rising portion comprises a peak wherein
said expansion of the population of the first pathogen
is predicted after the occurrence of the peak. In a
further embodiment, the cycle comprises at least a
first rising portion and a second rising portion,
wherein said first rising portion occurs prior in time
to said second rising portion. In a further
embodiment, the cycle comprises at least three rising
portions, wherein the at least three rising portions
are at least rising portion A', rising portion B' and
rising portion C . In a further embodiment, the rising
portion B' comprises a peak and the rising portion A'
comprises a peak, and the peak of rising portion B'
has a greater Replikin concentration than the peak of
rising portion A'. In a further non-limiting
embodiment, the method of prediction further comprises
processing the method on a computer. In a further
nonlimiting embodiment, the cycle comprises more than
one cycle including, for example, from peak to trough
to peak to trough or from trough to peak to trough to
peak. In a further nonlimiting embodiment, the cycle
comprises three peaks or three troughs or more.
[00025] In a further embodiment of the second aspect
of the present invention, the method of prediction
comprises identifying at least one other cycle of
Replikin concentration in isolates of at least one
other strain of pathogen, wherein the at least one
other cycle is cycle B, and wherein cycle B shares
synchrony with cycle A; and predicting that an
expansion of the population of the first pathogen will
occur after the occurrence of a rising portion in
cycle A that corresponds to a rising portion in cycle
B. In a further embodiment, the first pathogen is a
first strain of influenza virus and the one other
pathogen is a different strain of influenza virus. In
a further embodiment, the first pathogen is an H5N1
strain of influenza virus and the one other strain of
pathogen is an H9N2 strain of influenza virus. In a
further embodiment, the expansion of the population of
the first pathogen is predicted within three years
after the peak. In a further embodiment, the expansion
of the population of the first pathogen is predicted
within one year after said peak. In a further
embodiment, the expansion of the population of the
first pathogen is predicted after the next virulence
season of the pathogen. [00026] A further embodiment
of the second aspect of the invention provides a
method of predicting an expansion of a population of a
pathogen or an increase in the virulence, morbidity,
and/or mortality of a pathogen relative to the
population or the virulence, morbidity, and/or
mortality of another pathogen of the same species or
of another pathogen of a related species 



comprising: (1) identifying a cycle in the Replikin
concentration of isolates of a plurality of
thepathogen, (2) identifying a first peak in the
Replikin concentration of isolates of a plurality of
said pathogen within the identified cycle at a first
time point or time period, and (3) predicting an
expansion of the population of a pathogen of the same
or a related species or an increase in the virulence,
morbidity, and/or mortality of a pathogen of the same
or a related species isolated at a second time point
or time period subsequent to the first time point or
time period. [00027] In a non-limiting embodiment of
the second aspect of the invention, the pathogen may
be, but is not limited to, a malarial trypanosome,
West Nile virus, influenza virus, equine influenza
virus, coronavirus, foot and mouth disease virus,
taura syndrome virus, white spot syndrome virus, or
other pathogen or infectious agent. [00028] A
non-limiting embodiment of the second aspect of the
present invention, the pathogen is a malarial
trypanosome. In another non-limiting embodiment, the
trypanosome is P. falciparum, P. vivax, P. ovale, or
P. malariae. In a further non-limiting embodiment, the
trypanosome is P.falciparum. In a further non-limiting
embodiment, the method predicts an increase in
mortality from malarial infection. [00029] In another
embodiment of the second aspect of the present
invention, the identified Replikin cycle represents
Replikin concentrations identified in a histidine rich
protein of P. falciparum. In another non-limiting
embodiment of the present invention, the identified
Replikin cycle represents Replikin concentrations
identified in the histidine-rich protein of
P.falciparum. [00030] In another non-limiting
embodiment of the second aspect of the present
invention, the pathogen is a West Nile virus. In a
further embodiment, the identified Replikin cycle
represents concentration identified in the envelope
protein of West Nile virus. In another non-limiting
embodiment, the pathogen is a foot and mouth disease
virus. In a further embodiment, the identified
Replikin cycle represents concentrations identified in
the VPl protein of foot and mouth disease virus. In
another non-limiting embodiment, the pathogen is an
influenza virus. In a further embodiment, the
identified Replikin cycle represents concentrations
identified in the pBl gene area of influenza virus. In
another non-limiting embodiment, the influenza virus
is an HlNl, H2N2, H3N2, H3N8, H5N1, or H9N2 strain of
influenza virus. [00031] In another non-limiting
embodiment of the second aspect of the present
invention, the second time point or time period is up
to three years after the first time point or time
period. In a further non-limiting embodiment, the
second time point or time period is about one year
after the first time point or time period. In a
further non-limiting embodiment, the second time point
ortime period is about six months after the first time
point or time period. In a further non-limiting
embodiment, the second time point or time period is
the next season of a pathogen following the first time
point or time period. In a further non-limiting
embodiment, the second time point or time period is
the next season of influenza following the first time
point or first time period. In a further non-limiting
embodiment, the next influenza season is the next
winter season in a geographic region following the
first time point or time period. In a further
non-limiting embodiment, the second time point or time
period is following the next dry season after the
first time point or time period. In a further
non-limiting embodiment, the second time point or time
period is the next season of malaria following the
first time point or first time period. In a further
non-limiting embodiment, the next season is the next
rainy season. [00032] In another non-limiting
embodiment of the second aspect of the present
invention, the identified peak in the cycle of
Replikin concentration has a higher Replikin
concentration than a chronologically earlier peak in
the cycle of Replikin concentration. In a further
non-limiting embodiment of the invention, the
identified peak in the cycle of Replikin concentration
is significantly higher than the earlier peak. In a
further non-limiting embodiment the identified peak is
significantly higher than the earlier peak with a p
value less than 0.01 . In a further nonlimiting
embodiment the identified peak is significantly higher
than the earlier peak with a p value less than 0.001.
[00033] In a further non-limiting embodiment of the
second aspect of the invention, predicting said
expansion of population or said increase in virulence,
morbidity, and/or mortality of an isolate of a
pathogen comprises identifying a second cycle in the
Replikin concentration of a plurality of isolates of a
second strain or related strain of pathogen that
shares synchrony with said first cycle in the Replikin
concentration of said plurality of isolates of said
first strain of pathogen and identifying a first peak
in the Replikin concentration within the identified
first cycle at a first time point or time period and
identifying a first peak in the Replikin concentration
within the identified second cycle of said second
strain of pathogen or related strain of pathogen at a
second time point or time period that is similar to
said first time point or time period and predicting an
expansion of the population or an increase in the
virulence, morbidity, and/or mortality of said first
strain of pathogen following the first time point or
time period. In a nonlimiting embodiment, the pathogen
is a malarial trypanosome, a West Nile virus, a foot
and mouth disease virus, or any other infectious
agent.[00034] In a non- limiting embodiment, said
pathogen is an influenza virus. In a further
nonlimiting embodiment, said first strain of influenza
is any strain different from said second strain of
influenza. In another non- limiting embodiment, said
first strain of influenza is H5N1 and said second
strain of influenza is H9N2, or vice versa. In another
embodiment, the strain is any influenza strain and the
related strain is any other strain wherein a
relationship with said first strain is determined by
comparing the Replikin cycles of said strain and said
related strain. In another embodiment, the strains are
related because the Replikin cycles share synchrony.
[00035] A further non- limiting embodiment of the
second aspect of the invention provides a method of
predicting an expanding population of a pathogen or an
increase in virulence, morbidity, and/or mortality in
a pathogen comprising: (1) determining the mean
Replikin Count in a plurality of isolates of at least
two strains of pathogen at a plurality of successive
time points; (2) comparing the mean Replikin Count at
at least four successive time points for each strain
and identifying at least one cycle of increasing mean
Replikin Counts over the at least four time points for
each of the at least two strains; (3) identifying at
least partial synchrony between the at least one cycle
of increasing mean Replikin Counts for each of the at
least two strains; and (4) predicting an increase in
virulence following in time the increase in mean
Replikin Count in the at least one cycle in said at
least two strains wherein said at least one cycle in
said at least two strains occurs at a corresponding
time period. In a further non-limiting embodiment,
step wise cycles are identified between successive
time points. In a further non-limiting embodiment,
specific conserved Replikin sequences are identified
within the step-wise cycles. In a further non-limiting
embodiment, Replikin sequences are identified at the
peak of a stepwise cycle. The Replikin sequences
identified at the peak of a stepwise cycle are useful
for developing a vaccine or therapeutic composition of
an isolated or synthesized Replikin peptide for use in
preventing or treating outbreaks of malaria with
relatively higher mortality. In a further embodiment,
the pathogen is influenza. In a further embodiment,
the at least two strains of influenza are H9N2 and
H5Nl. [00036] Another non-limiting embodiment of the
second aspect of the invention provides a method of
predicting a contraction or failure of a population of
a strain of pathogen, wherein an isolate of said
pathogen is isolated at a time point or time period
subsequent to a decreasing portion of a Replikin
cycle.[00037] A further non-limiting embodiment of the
second aspect of the invention provides a method for
making a vaccine comprising predicting an expanding
population of a pathogen or related strain of pathogen
or an increase in virulence, morbidity, and/or
mortality of a pathogen or a related strain of
pathogen and identifying a portion of the structure or
genome of said isolated influenza virus to be
comprised in a vaccine. [00038] A further non-limiting
embodiment of the second aspect of the present
invention provides an isolated or synthesized portion
of the structure or genome of a pathogen wherein said
pathogen is predicted to have an expansion of the
population of the pathogen. In a further embodiment,
the isolated or synthesized portion is a protein,
protein fragment, or peptide comprising a Replikin
peptide or a Replikin Peak Gene. In a further
non-limiting embodiment, the isolated or synthesized
portion of the structure or genome of a pathogen
consists of one or more Replikin peptides and/or one
or more Replikin Peak Genes. In a further non-limiting
embodiment, the one or more Replikin peptides are
conserved during a cycle in Replikin concentration at
at least two successive time points or time periods in
the cycle. [00039] Another non-limiting embodiment of
the second aspect of the present invention provides
Replikin peptides for diagnostic, therapeutic, and/or
preventive purposes identified as conserved in an
isolate of said pathogen from among a plurality of
isolates of said pathogen, wherein said isolates are
isolated during a cycle in Replikin concentration at
at least two successive time points or time periods,
and the cycle preferably includes at least two peaks
or two troughs. [00040] In a further non-limiting
embodiment of the second aspect of the invention, the
pathogen is an influenza virus. In a further
non-limiting embodiment, the Replikin peptide is at
least one of HAQDILEKEHNGKLCSLKGVRPLILK (SEQ ID NO:
1), KEHNGKLCSLKGVRPLILK (SEQ ID NO: 2),
KKNNAYPTIKRTYNNTNVEDLLIIWGIHH (SEQ ID NO: 3),
HHSNEQGSGYAADKESTQKAIDGITNK (SEQ ID NO: 4),
HDSNVKNLYDKVRLQLRDNAK (SEQ ID NO: 5),
KVRLQLRDNAKELGNGCFEFYH (SEQ ID NO: 6),
KDVMESMDKEEMEITTH (SEQ ID NO: 7), HFQRKRRVRDNMTKK (SEQ
ID NO: 8), KKWSHKRTIGKKKQRLNK (SEQ ID NO: 9),
HKRTIGKKKQRLNK (SEQ ID NO: 10),
HEGIQAGVDRFYRTCKLVGINMSKKK (SEQ ID NO: 11); or 



HSWIPKRNRSILNTSQRGILEDEQMYQKCCNLFEK (SEQ ID NO:
12).[00041] In a further non-limiting embodiment of
the second aspect of the invention, the pathogen is a
West Nile virus. In a further non-limiting embodiment,
the Replikin peptide is at least one of KIIQKAHK (SEQ
ID NO: 13), HLKCRVKMEK (SEQ ID NO: 14), KLTSGHLK (SEQ
ID NO: 15), or HNDKRADPAFVCK (SEQ ID NO: 16). [00042]
In a further non-limiting embodiment, the pathogen is
a foot and mouth disease virus. In a further
non-limiting embodiment, the Replikin peptide is at
least one of HKQKIIAPAK (SEQ ID NO: 17) and HKQKIVAPVK
(SEQ ID NO: 18). [00043] In a further non-limiting
embodiment, the pathogen is malaria. In a further
nonlimiting embodiment, the Replikin peptide is at
least one of a Replikin peptide identified from at
least one of the following accession numbers:
ABU43157, CAD49281, CAD49281, or XP001349534. [00044]
Any of the above-listed or herein identified Replikin
peptides may be comprised in an immunogenic compound
of the invention. [00045] A further non-limiting
embodiment of the second aspect of the invention
provides a computer readable medium having stored
thereon instructions which, when executed, cause a
processor to perform a method of predicting an
expansion of a strain of pathogen or an increase in
virulence, morbidity, and/or mortality of a pathogen.
In a further embodiment, the processor reports a
prediction to a display, user, researcher, or other
machine or person. In a further embodiment, the
processor identifies to a display, user, researcher,
or other machine or person, a portion of a pathogen
predicted to be an expanding pathogen or predicted to
increase in virulence, morbidity, and/or mortality,
wherein said portion may be employed as a therapeutic
or diagnostic compound. Said portion may be a Replikin
peptide or plurality of Replikin peptides or any other
structure or portion of said genome of said pathogen
including a Replikin Peak Gene. [00046] A third
non-limiting aspect of the present invention provides
Replikin peptides for diagnostic, therapeutic, and/or
preventive purposes identified in an isolate of a
pathogen, wherein said isolate is isolated during a
rising portion of a cycle in Replikin concentration
from among a plurality of isolates of the pathogen, or
is isolated at a peak in a cycle in Replikin
concentration from among a plurality of isolates of a
pathogen, or isolated subsequent to a peak in a cycle
in Replikin concentration from among a plurality of
isolates of a pathogen.[00047] Another non-limiting
embodiment of the third aspect of the present
invention provides Replikin peptides for diagnostic,
therapeutic, and/or preventive purposes identified as
conserved in an isolate of a pathogen from among a
plurality of isolates said pathogen, wherein said
isolates are isolated during a cycle in Replikin
concentration at at least two successive time points
or time periods, and the cycle includes at least two
peaks or two troughs. [00048] In a non-limiting
embodiment of the third aspect of the present
invention, the pathogen is a malarial trypanosome. In
a further non-limiting embodiment, the identified
cycle is in the histidine rich protein of
P.falciparum. In another non-limiting embodiment, the
identified cycle is in the ATP-ase protein of
P.falciparum. In another non-limiting embodiment, the
identified cycle is in a Replikin Peak Gene of a
trypanosome that causes malaria. [00049] In another
non-limiting embodiment of the third aspect of the
present invention, the pathogen is a West Nile virus.
In a further non-limiting embodiment, the identified
cycle is in the envelope protein of West Nile virus.
In another non-limiting embodiment, the pathogen is a
foot and mouth disease virus. In a further
non-limiting embodiment, the identified cycle is in a
VPl protein of a foot and mouth disease virus. [00050]
In another non-limiting embodiment of the third aspect
of the present invention, the pathogen is an influenza
virus. In another non-limiting embodiment, the
influenza virus is an HlNl, H2N2, H3N2, H3N8, H5N1, or
H9N2 influenza virus. In a further non-limiting
embodiment, the identified cycle is in the
neuraminidase or hemagglutinin protein of an influenza
virus. [00051] A fourth non-limiting aspect of the
present invention provides an immunogenic composition
comprising a Replikin peptide identified in an isolate
of a pathogen, wherein said isolate is isolated during
a rising portion of a cycle in Replikin concentration
from among a plurality of isolates of said pathogen,
or is isolated at a peak in the identified cycle in
Replikin concentration from among a plurality of
isolates of the pathogen, or is isolated subsequent to
a peak in the identified cycle in Replikin
concentration from among a plurality of isolates of
the pathogen. [00052] In another non-limiting
embodiment of the fourth aspect of the present
invention, the immunogenic composition is a vaccine
for prevention or treatment of an infection of a
pathogen. Another non-limiting embodiment of the
present invention provides an antibody to a Replikin
peptide identified in an isolate of the pathogen,
wherein said isolate is identified during a
risingportion of a cycle in Replikin concentration, or
is identified at a peak in a cycle in Replikin
concentration, or is identified subsequent to a peak
in a cycle in Replikin concentration. In another
non-limiting embodiment, the pathogen is a West Nile
virus. In another non-limiting embodiment, the
pathogen is a foot and mouth disease virus. [00053] A
fifth non-limiting aspect of the invention provides a
method of preventing, mitigating, or treating an
outbreak of a pathogen comprising predicting an
expansion of a strain of pathogen comprising (1)
determining a mean Replikin Count and a standard
deviation of said mean Replikin Count for a plurality
of isolates of a strain of pathogen for a first time
period in a first geographic region, (2) determining a
Replikin Count of at least one isolate of the same or
a related strain of pathogen from a second time period
and/or second geographic region wherein said second
time period is different from said first time period
and/or said second geographic region is different from
said first geographic region, and (3) predicting an
expansion of said strain of pathogen isolated in said
second time period and/or second geographic region if
the Replikin Count of said at least one isolate is
greater than one standard deviation of the mean of the
Replikin Count of the plurality of isolates isolated
in said first time period and in said first geographic
region; and administering to an animal or a patient a
compound comprising an isolated or synthesized portion
of the structure or genome of the at least one isolate
of influenza virus to prevent or treat the outbreak of
influenza virus. [00054] In a non-limiting embodiment
of the fifth aspect of the invention, said pathogen is
an influenza virus, a malarial trypanosome, a West
Nile virus, a foot and mouth disease virus, or any
other kind of infectious agent. [00055] In a
non-limiting embodiment of the fifth aspect of the
invention, said first time period is one year and said
first geographic region is a country. In a further
embodiment, said second time period is one year. In a
further embodiment, said second geographic region is a
country. In a further embodiment, where the pathogen
is influenza virus, said first geographic region is
China. In a further embodiment, where the pathogen is
a malarial trypanosome, said first geographic region
is India. In a further embodiment, where the pathogen
is West Nile virus, said first geographic region is a
state within the United States. [00056] In another
non-limiting embodiment of the fifth aspect of the
invention, said plurality of isolates of a strain of
pathogen for a first time period in a first geographic
region is a pluralityof isolates from all publicly
available sequences in said first time period in said
first geographic region. In another non-limiting
embodiment, said plurality of isolates is all isolates
from a species of animal. In another non-limiting
embodiment, said plurality of isolates is all isolates
from a particular species of bird such as swans,
chickens, falcons, turkeys, ducks, or other domestic
or wild birds. [00057] In a further non-limiting
embodiment of the fifth aspect of the invention, said
isolated or synthesized portion of the structure or
genome of the at least one isolate of pathogen is a
protein or protein fragment comprising a Replikin
peptide. In a further embodiment, said protein or
protein fragment is a Replikin peptide. In another
embodiment, said protein or protein fragment comprises
a Replikin Peak Gene. In a further embodiment, said
protein or protein fragment is a Replikin Peak Gene.
In a further embodiment, said protein or protein
fragment is a Replikin peptide identified within a
Replikin Peak Gene. In another embodiment, said
isolated or synthesized portion of the structure or
genome is a nucleic acid encoding a Replikin Peak
Gene, a nucleic acid encoding a Replikin peptide or
plurality of Replikin peptides within a Replikin Peak
Gene, or a nucleic acid encoding a Replikin peptide.
[00058] In another non-limiting embodiment of the
fifth aspect of the invention, the at least one
isolate of the same strain of pathogen from a second
time period and/or second geographic region is a
plurality of isolates from said second time period
and/or second geographic region and the Replikin Count
of each isolate of the plurality of isolates from said
second time period and/or second geographic region is
compared separately to said one standard deviation of
said mean Replikin Count. [00059] In a further
non-limiting embodiment of the fifth aspect of the
present invention, an expansion of said strain of
pathogen isolated in said second time period and/or
second geographic region is predicted if the number of
Replikin Counts of said plurality of isolates from
said second period and/or said second geographic
region that is greater than one standard deviation of
the mean of the Replikin Count of the plurality of
isolates isolated in said first time period in said
first geographic region, is greater than the number of
Replikin Counts of said plurality of isolates from
said second time period and/or said second geographic
region that is less than said one standard deviation
of the mean. 



[00060] In a further non-limiting embodiment of the
fifth aspect of the invention, the Replikin Count is
the concentration of Replikin peptides identified
encoded in the genome of an isolate ofthe pathogen. In
a further embodiment, the Replikin Count is the
concentration of Replikin peptides identified in the
expressed proteins of an isolate of the pathogen. In a
further embodiment, the Replikin Count is the
concentration of Replikin peptides identified in at
least one protein or gene area of an isolate of the
pathogen. In a further embodiment, the gene area is
the pBl gene area of the genome of influenza virus,
the histidine-rich protein gene area of a malarial
trypanosome, the VPl gene area of foot and mouth
disease virus, or the envelope protein gene area of
West Nile virus. In another embodiment, the Replikin
Count is the concentration of Replikin peptides
identified in at least one protein fragment of an
isolate of the pathogen. In a further embodiment, the
Replikin Count is the concentration of Replikin
peptides identified in a Replikin Peak Gene of an
isolate of the pathogen. In a further embodiment, the
Replikin Peak Gene is identified in the polymerase
area of an influenza virus genome. In a further
embodiment, the Replikin Peak Gene is identified in
the pBl area of an influenza virus genome. In a
further embodiment, the Replikin Peak Gene is
identified in the histidine-rich protein area of a
malarial trypanosome, the VPl area of a foot and mouth
disease virus, or the envelope protein of a West Nile
virus. [00061] A sixth non-limiting aspect of the
present invention provides a method of predicting an
expansion of a strain of pathogen comprising (1)
determining a mean Replikin Count and a standard
deviation of said mean Replikin Count for a plurality
of isolates of said strain of pathogen for a first
time period in a first geographic region; (2)
determining a Replikin Count of at least one isolate
of the same or a related strain of pathogen from a
second time period and/or second geographic region
wherein said second time period is different from said
first time period and/or said second geographic region
is different from said first geographic region; and
(3) predicting an expansion of said strain of pathogen
isolated in said second time period and/or second
geographic region if the Replikin Count of said at
least one isolate from a second time period and/or
second geographic region is greater than one standard
deviation of the mean of the Replikin Count of the
plurality of isolates isolated in said first time
period and in said first geographic region. [00062] In
a non-limiting embodiment the method of predicting
further comprises processing the method on a
computer.[00063] A non-limiting embodiment of the
sixth aspect of the invention contemplates that the
pathogen is an influenza virus, a malarial
trypanosome, a West Nile virus, a foot and mouth
disease virus, or any other kind of infectious agent.
[00064] A further non-limiting embodiment of the sixth
aspect of the invention provides a method for making a
vaccine comprising predicting an expansion of said
strain of pathogen isolated in said second time period
and/or second geographic region and identifying a
portion of the structure or genome of said isolated
influenza virus to comprise a vaccine. [00065] In a
further non-limiting embodiment of the sixth aspect of
the invention, the at least one isolate of the same
strain of pathogen from a second time period and/or
second geographic region is a plurality of isolates
from said second time period and/or second geographic
region. In a further non-limiting embodiment, the
Replikin Count of each isolate of the plurality of
isolates from said second time period and/or second
geographic region is compared separately to said one
standard deviation of the mean. [00066] In another
non-limiting embodiment of the sixth aspect of the
invention, an expansion of a strain of pathogen
isolated in said second time period and/or said second
geographic region is predicted if the number of
Replikin Counts of said plurality of isolates from
said second time period and/or said second geographic
region that is greater than one standard deviation of
the mean of the Replikin Count of the plurality of
isolates isolated in said first time period in said
first geographic region, is greater than the number of
Replikin Counts of said plurality of isolates from
said second time period and/or said second geographic
region that is less than said one standard deviation
of the mean. In a further non-limiting embodiment, an
expansion of a strain of influenza virus isolated in
said second time period and/or second geographic
region is predicted if the ratio of the number of
Replikin Counts of said plurality of isolates from
said second time period and/or said second geographic
region that is greater than said one standard
deviation of the mean, divided by the number of
Replikin Counts of said plurality of isolates from
said second time period and/or said second geographic
region that is less than said one standard deviation
of the mean, is greater than one. [00067] A further
non-limiting embodiment of the sixth aspect of the
present invention provides Replikin peptides for
diagnostic, therapeutic, and/or preventive purposes
identified in an isolate of a pathogen predicted to
have an expanding population. In another
non-limitingembodiment, the Replikin peptides for
diagnostic, therapeutic, and/or preventive purposes
are conserved over time or across geographic regions.
[00068] Another non-limiting embodiment of the sixth
aspect of the invention provides a method of
predicting a contraction or failure of a population of
a strain of pathogen, wherein a Replikin Count of at
least one isolate of a strain of pathogen from a first
time period and/or first geographic region is less
than one standard deviation of the mean of the
Replikin Count of a plurality of isolates of influenza
from a second time period and second geographic
region. Another non-limiting embodiment provides a
method of predicting a contraction or failure of a
population of a strain of pathogen, wherein the number
of Replikin Counts of a plurality of isolates from a
first time period and/or a first geographic region
greater than one standard deviation of the mean of the
Replikin Count of a plurality of isolates from a
second time period in a second geographic region, is
less than the number of Replikin Counts of the
plurality of isolates from the first time period
and/or the first geographic region that is less than
said one standard deviation of the mean. In a further
non-limiting embodiment, said contraction or failure
is predicted if the ratio of the number of Replikin
Counts of said plurality of isolates from said first
time period and/or said first geographic region that
are greater than said standard deviation of the mean,
divided by the number of Replikin Counts of said
plurality of isolates from said first time period
and/or said first geographic region that are less than
said standard deviation of the mean, is less than one.
[00069] A further non-limiting embodiment of the sixth
aspect of the invention provides a computer readable
medium having stored thereon instructions which, when
executed, cause a processor to perform a method of
predicting an expansion of a strain of pathogen or the
expansion of a virus or organism. In a further
embodiment, the processor reports a prediction to a
display, user, researcher, or other machine or person.
In a further embodiment, the processor identifies to a
display, user, researcher, or other machine or person,
a portion of a pathogen predicted to be an expanding
pathogen, wherein said portion may be employed as a
therapeutic or diagnostic compound. Said portion may
be a Replikin peptide or plurality of Replikin
peptides or any other structure or portion of said
genome of said pathogen including a Replikin Peak
Gene. [00070] A seventh non-limiting aspect of the
present invention provides an immunogenic composition
comprising a portion of the structure or genome of an
isolate of a pathogen, whereinsaid isolate of said
pathogen is (1) an isolate having a Replikin Count
greater than one standard deviation of a mean Replikin
Count of a plurality of isolates of pathogen isolated
in a different time period and/or in a different
geographical region, (2) an isolate from a first time
period and/or geographical region wherein the number
of a plurality of isolates from the first time period
and/or geographical region having a Replikin Count
greater than said one standard deviation of the mean
is greater than the number of isolates having a
Replikin Count less than said one standard deviation
of the mean, (3) isolated during a rising portion of a
cycle or a set of two or more synchronous cycles in
Replikin concentration from among a plurality of
isolates of influenza, and/or (4) isolated at a peak
in the identified cycle or set of synchronous cycles
in Replikin concentration from among a plurality of
isolates of influenza. [00071] In another non-limiting
embodiment the seventh aspect of the present
invention, the immunogenic composition is a vaccine
for prevention or treatment of an infection of a
pathogen. Another non-limiting embodiment provides an
antibody to a Replikin peptide identified in an
isolate of pathogen predicted to have an increase in
virulence, morbidity, and/or lethality or expansion of
its population. BRIEF DESCRIPTION OF THE DRAWINGS
[00072] Figure 1 illustrates cycling between 1986 and
2007 of mean annual Replikin concentration in the
histidine rich protein of Plasmodiumfalciparum for
sequences available at www.pubmed.com for isolates
from 1986 through 2007. In Figure 1, three rising
portions of cycles of Replikin concentration and two
decreasing portions of cycles of Replikin
concentration are observable with peaks at 1987 and
1999. A first rising portion and decreasing portion of
a cycle is observed from 1986 to 1995. A second rising
portion and decreasing portion of a cycle is observed
from 1996 to 2005. A new cycle appears to have begun
between 2005 and 2007. The peak of the first rising
portion was identified in 1987 with a mean annual
Replikin Count of 38.2 and standard deviation of 23.5.
The peak of the second rising portion was identified
in 1999 with a step-wise even higher mean annual
Replikin Count of 62.9 and standard deviation of 63.
Both the 1987 peak and the 1999 peak were observed to
be related to higher human mortality. Following the
1999 peak, mean annual Replikin Counts were observed
to fall to a low 



of 7.4 in 2005 with a standard deviation of 6.5.
Mortality rates likewise fell between 2000 and 2005. A
new malaria Replikin cycle appears to have begun in
2005 with the observed meanannual Replikin Count
increasing from 7.46.5 in 2005 to 17.2=1=19 in 2007.
The beginning of the new cycle provides a prediction
that Replikin Count may continue to increase along
with an increase in malaria mortality rate. [00073]
Figure 2 illustrates that mortality rates per 1000
clinical cases of malaria in humans generally
correlate with mean annual Replikin Count in sequences
of the P.falciparum ATP-ase enzyme publicly available
at www.pubmed.com. Mean annual Replikin Counts of P'.
falciparum ATP-ase increased from 1997 to 1998 along
with an increase in mortality per malaria case from
1997 and 1998 to 1999. The mean annual Replikin Count
of P.falciparum ATP-ase decreased from 1998 to 2006
along with the mortality rates from 1999 to 2005
(consistent mortality data is considered presently
available only through 2005). The data for Figure 2
may be seen in Table 6 below. Mortality rates in
Figure 2 and Table 6 are recorded as declared by the
World Health Organization. See www.who.int. [00074]
Figure 3 illustrates cycling of mean annual Replikin
Count in West Nile virus in correlation with cycling
of West Nile virus morbidity. The mean annual Replikin
Count of the Envelope Protein of WNV (black) and
standard deviation (capped line) is compared to the
annual number of human cases in the United States as
reported by the Centers for Disease Control (CDC)
(gray). Mean annual Replikin Count was analyzed in
envelope protein sequences from isolates isolated
between 2000 and 2006 and publicly available at
www.pubmed.com. In Figure 3, the standard deviation of
the mean of the Replikin Count of the envelope protein
is observed to increase markedly from 2000 to 2001
(p<0.001). This change has been observed to signal
rapid replication and expansion of the range of the
Replikin Count preceding virus outbreak in all common
strains of influenza virus (not the same virus genus
as WNV) as standard deviation within a virus
population increases. The increase in mean Replikin
Count in WNV from 2000 to 2003 appears to accompany,
or precede, the increase in the number of human WNV
cases recorded independently and published by the CDC.
A decrease in mean annual Replikin Count and recorded
human cases of WNV is observed following 2003. In
2006, an increase is observed in the Replikin Count
followed by an increase in 2007 of the number of human
cases. As a result, Figure 3 illustrates two rising
portions and one decreasing portion in a cycle of
Replikin concentration and two rising portions and one
decreasing portion in a cycle of WNV human morbidity,
the first rising portion from 2000 to 2003 and the
second rising portion from 2004 to 2006/2007.
Conserved viral Replikin structures within the
envelope protein areobserved throughout the
illustrated cycles and the relationship between
Replikin structure and rapid replication and virulence
are observed through time. [00075] Figure 4
illustrates cycling in Replikin concentration in the
whole genome of foot and mouth disease virus (FMDV)
type O isolated between 1999 and 2008 and reported at
www.pubmed.com. The data demonstrate that annual
Replikin Counts (Mean and Standard Deviation (SD)) for
isolates of FMDV type O occurred with two rising
portions and one decreasing portion. A first rising
portion and a first decreasing portion are observed
between 1999 and 2005. A second rising portion is
observed beginning in 2005 through 2008. The cycle is
presently incomplete since a second trough is not yet
observable. In Figure 4, mean annual Replikin Count is
observed to provide advance warning signals (with
p<0.001) prior to severe FMDV outbreaks in the U.K.
and the Netherlands in 2001-2002, Mean annual Replikin
Count is further observed to provide advance warning
signals (with p<0.001) prior to severe FMDV outbreaks
in the Middle East, Africa, India, and Asia (including
China) in 2008-2009. Replikin cycles are detectable
because of repeating conserved virus structures and
continuity of the Replikin phenomenon through time.
The data in Figure 4 demonstrate that the highest mean
annual Replikin Counts over the ten year period
reflected in Figure 4 were observed in 2007 and 2008.
[00076] Figure 5 illustrates cycles of mean annual
Replikin Count in influenza sequences from the pBl
gene area for isolates isolated between 1993 and 2008
and reported at www.pubmed.com. In Figure 5, the mean
annual Replikin Count of the pBl gene area of isolates
of H9N2 is shown in light gray columns with standard
deviation shown above in dark gray columns. The number
of poultry flocks reported in Israel with H9N2
infection is provided in white columns. The data
illustrate an increase in mean annual Replikin Count
that corresponds to an increase in influenza outbreaks
in flocks of poultry in Israel between 2000 and 2004.
The standard deviation data further emphasize the
extent of expanding Replikin Counts within the annual
H9N2 influenza population. [00077] Figure 6
illustrates synchronous cycles of mean annual Replikin
Counts in the pBl gene area of H9N2 and H5N1 influenza
isolates. The data represent analysis of sequences of
isolates isolated between 1993 and 2008 and reported
at www.pubmed.com. In Figure 6, annual mean Replikin
Count for H9N2 is reported in light gray columns with
standard deviation reported above in dark gray
columns. Annual mean Replikin Count for H5N1 is
reported inblack columns with standard deviation
reported above in white columns. Figure 6 visibly
illustrates synchrony between the H9N2 and H5N1
Replikin Cycles. The synchronous cycles individually
and together predict H5N1 outbreaks in Hong Kong in
1997, 2002, 2004, 2007, and a present outbreak of H5N1
and H9N2 in 2008-2009. Because the cycles of different
strains correspond with a level of synchrony, the
predictive capacity of the individual cycles is
increased by the correspondence. Further an
interrelationship between H5N1 and H9N2 is
demonstrated suggesting that H9N2 may be a candidate
for a future influenza pandemic just as H5N1 has been
known to be a candidate for such a pandemic. [00078]
Figure 7 illustrates cycling in mean annual Replikin
Counts in the pB1 gene area in the three influenza
pandemics of the last century. Strain-specific high
Replikin Counts accompany each of the three pandemics:
1918, 1957, and 1968. In each case, a first peak is
followed by a decline (likely due to immunity in the
hosts), then by a second recovery peak and a "rebound"
epidemic. The probability is very low that these
correlations are due to chance, since they are
specific for each strain, specific for each of the
three pandemic years out of the century, specific for
each post-pandemic decline, and specific for each
rebound epidemic. The data supports a prediction of an
increase in virulence and morbidity following a peak
in a cycle of mean annual Replikin Count in influenza
virus. For influenza strains that result in mortality,
an increase in virulence and morbidity was accompanied
by increased mortality in the pandemics of the 20th
Century. [00079] Figure 8 illustrates the same data as
Figure 7 but is expanded in size for better viewing of
the data for individual years. Figure 8(A-C)
illustrates cycles in Replikin Count in strains of
influenza related to outbreaks of influenza between
1917 and 2007. The data illustrate an increase in
Replikin Count before and accompanying each influenza
A pandemic and outbreak since 1918 and low Replikin
Counts during quiescent periods of influenza A
infection and continually in non-lethal Influenza B.
The graph provides annual Replikin Counts from
1917-2007 for all Replikin Peak Genes isolated in
silico in the pBl gene area of influenza strains
having amino acid or nucleic acid sequences publicly
available at PubMed. Data is provided (1) for
non-lethal human Influenza B between 1940 and 2007
(thick solid line) and (2) for both the lethal and
non-lethal periods of human Influenza A viruses
between 1917 and 2007. Human Influenza A strains are
(1) HlNl (thin solid line), (2) H2N2 (long-short- long
dashed line), (3) H3N2 (medium dashed line), and (4)
H5N1 (long dashed line). H5N1 strains isolated
fromchicken are illustrated by a short dashed line.
The total number of sequences analyzed for the data
(N) is 14,227. Listed pandemics, epidemics and
outbreaks are the 1918 HlNl pandemic, the 1930's HlNl
epidemic, the 1957 H2N2 pandemic, the 1968 H3N1
pandemic, the 1977-78 H3N2 outbreaks and the H5N1
outbreaks of 2001-2004 and 2007. A 1997 outbreak of
H5N1 is not shown in Figures 7 and 8. Over a ninety
year period, pandemics, epidemics and outbreaks are
associated with Replikin Counts of four or above in
the RPG of influenza strains. Over the same period,
constant low Replikin Counts of less than four may be
observed during quiescent non-lethal periods of
influenza A infections and low Replikin Counts of less
than four may be observed in non-lethal Influenza B.
[00080] Figure 9 illustrates an immune response with
protective effect following administration of a
vaccine comprising a mixture of peptides of SEQ ID
NO(s): 1-12 to chickens later challenged with Low-Path
H5N1 virus. Eighty chickens were divided into four
groups of twenty chickens each on a first day after
hatch. Group 1 was a negative control subjected to
neither vaccination nor infection with the Low-Path
H5N1 virus. Group 2 was a vaccine control subjected to
vaccination intranasally on day 1 after hatch,
intraocularly on day 7 after hatch, and via spray
inhalation on day 14 after hatch. Group 2 was not
subjected to infection with the Low- Path H5N1 virus.
Group 3 was subjected to vaccination on the same
schedule as Group 2 and Low-Path H5N1 was introduced
to the cleft palate of the chickens on day 28. Group 4
was a challenged control that was not vaccinated but
was infected with H5N1 on day 28 via the cleft palate.
On days 7, 14, and 21, between six and nine chickens
from each group were tested for serum production of
antibodies against H5N1 virus. The data from the serum
antibody tests are contained in Table 15 and
illustrated in Figure 9. Figure 9 illustrates that
only one of seven (14%) chickens tested in Group 3
(vaccinated and challenged with virus) was observed to
produce antibody in serum seven days after challenge
while four of seven chickens (57%) tested in Group 4
(not vaccinated but challenged) were observed to
produce antibody in serum seven days after challenge.
Figure 9 further illustrates that only three of six
chickens (50%) tested in Group 3 (vaccinated and
challenged) were observed to produce antibody in serum
fourteen days 



after challenge while seven of nine (78%) chickens
tested in Group 4 (not vaccinated but challenged) were
observed to produce antibody in serum fourteen days
after challenge. Figure 9 further illustrates that two
of seven (29%) chickens tested in Group 3 were
observed to produce antibody in serum twenty-one days
after challenge while three of nine (33%) chickens
tested inGroup 4 were observed to produce antibody in
serum twenty-one days after challenge. In the vaccine
control (Group 2) six of six (100%) chickens tested
were observed to produce antibody in serum fourteen
days after challenge while no chickens tested on days
7 or 2 1 were observed to produce antibody in serum.
In the negative control (Group 1), no chickens were
observed to produce antibody in serum on any day of
testing. In combination with data provided in Example
10 demonstrating that no H5N1 virus was observed by
PCR detection excreted in feces or saliva from
chickens in Groups 1, 2, and 3 (negative control,
vaccine control, a vaccine/challenge groups,
respectively) and that H5N1 virus was observed by PCR
detection excreted in feces and saliva for all
chickens in Group 4 (challenge control), one of
ordinary skill in the art concludes that chickens in
the vaccinated groups (Groups 2 and 3) produced an
immune response to the vaccine and that chickens in
the vaccinated and challenged group (Group 3) were
provided a measure of protection from the Low-Path
H5N1 challenge on day 28 following hatch. DETAILED
DESCRIPTION OF THE INVENTION Definitions [00081] As
used herein, a "Replikin cycle" or "a cycle of
Replikin concentration" or "a cycle of Replikin Count"
means Replikin concentrations of a plurality of
isolates of a species of virus or organism wherein at
least four of said plurality of isolates are isolated
at successive time points or in successive time
periods, wherein a Replikin concentration of a second
individual isolate or second mean of a plurality of
isolates at a second time point or time period is
higher than a Replikin concentration of a first
individual isolate or a first mean of a plurality of
isolates at a first time point or time period, a
Replikin concentration of a third individual isolate
or a third mean of a plurality of isolates at a third
time point or time period is lower than the Replikin
concentration at a second time point or time period,
and a Replikin concentration of a fourth individual
isolate or fourth mean of a plurality of isolates at a
fourth time point or time period is higher than the
Replikin concentration at a third time point or time
period; or wherein a Replikin concentration of a
second individual isolate or second mean of a
plurality of isolates at a second time point or time
period is lower than a Replikin concentration of a
first individual isolate or a first mean of a
plurality of isolates at a first time point or time
period, a Replikin concentration of a third individual
isolate or a third mean of a plurality of isolates at
a third time point or time period is higher than the
Replikin concentration at a second time point or time
period, and aReplikin concentration of a fourth
individual isolate or fourth mean of a plurality of
isolates at a fourth time point or time period is
lower than the Replikin concentration at a third time
point or time period. Within the Replikin cycle, cycle
of Replikin concentration, or cycle of Replikin Count,
the second time point or time period must be later in
time than the first time point or time period, the
third time point or time period must be later in time
than the second time point or time period, and the
fourth time point or time period must be later in time
than the third time point or time period. Within a
Replikin cycle, any rising portion is predictive of an
expansion in population or an increase in virulence,
morbidity, and/or mortality of a pathogen in hosts and
any decreasing portion is predictive of a contracting
population or a decrease in virulence, morbidity,
and/or mortality of pathogen in hosts. A cycle need
not be complete to be predictive, a decreasing portion
followed by a rising portion is predictive of an
expanding population or an increase in virulence,
morbidity, and/or mortality. Likewise, a rising
portion followed by a decreasing portion followed by a
rising portion is predictive of an expanding
population or an increase in virulence, morbidity,
and/or mortality. As such, cycles need not be complete
cycles to provide predictive capacity concerning an
expansion or contraction (or change in virulence,
morbidity, and/or mortality) of a pathogen in hosts.
[00082] As used herein, a "step-wise" cycle is any set
of cycles wherein a first Replikin cycle peak in time
is lower than a second Replikin cycle peak in time or
a first Replikin cycle peak in time is higher than a
second Replikin cycle peak in time. A step-wise cycle
also occurs when successive peaks are observed to move
lower. A step-wise cycle may also be observed if
successive troughs move higher or lower. Step-wise
cycles provide additional predictive capacity for
predictions of expansion or contraction of a
population. [00083] As used herein a Replikin cycle
that is "synchronous," shares "synchrony," or any
other related word, with another Replikin cycle means
a cycle having a period or phase or any portion of the
cycle that is similar to some period, phase, or
portion of the cycle wherein said similarity may be
determined visually, mathematically, statistically, or
by any other method known or hereinafter known by one
of skill in the art. Synchronous cycles do not
necessarily share portions that arise or occur at
exactly the same time. Synchronous cycles in related
pathogens will at times be shifted by some measure of
time from one another and may shift in time from one
another in any portion of either cycle. A portion of a
Replikin cycle"corresponds" in time with another
Replikin cycle if there is a similarity between the
portions of the cycle. Any correspondence need not be
exact. [00084] As used herein, a "rising portion" of a
Replikin cycle means the Replikin concentration of an
isolate or the mean Replikin concentration of a
plurality of isolates, wherein the isolate or isolates
were isolated at a time point or time period of the
Replikin cycle where the trend of Replikin
concentration in the Replikin cycle is increasing from
at least a first time point or time period to at least
a second time point or time period. Additionally, the
rising portion may include a peak. [00085] As used
herein, a "decreasing portion" of a Replikin cycles
means the opposite of a rising portion, wherein a
decreasing portion may include a trough. [00086] As
used herein, a "peak" in a Replikin cycle means a
second time point or time period within a Replikin
cycle, wherein the Replikin concentration at a first
time point or time period sequentially preceding the
second time point or time period is lower than the
Replikin concentration at the second time point or
time period, and the Replikin concentration at a third
time point or time period sequentially following the
second time point or time period is lower than the
Replikin concentration at the second time point or
time period. One of skill in the art will understand
that because of the variability of biological systems,
a peak may include a general region of a cycle that is
generally higher than a sequentially preceding region
and generally higher than a sequentially following
region rather than an exact time point or time period.
[00087] As used herein, a "trough" in a Replikin cycle
means the opposite of a peak in a Replikin cycle.
[00088] As used herein, a "Replikin Count Virus
Expansion Index" or "RCVE Index" or a "Replikin Count
Expansion Index" or "RCE Index" is the number of
Replikin Counts of a plurality of isolates from a
first time period and/or first geographic region that
are greater than one standard deviation of the mean of
the Replikin Count of a plurality of isolates isolated
in a second time period and in a second geographic
region, divided by the number of Replikin Counts of
said plurality of isolates from said first time period
and/or said first geographic region that are less than
one standard deviation of the mean of the Replikin
Count of the plurality of isolates isolated in said
second time period in said second geographic region.
An RCE or RCVE Index predicts the expansion of a
pathogen in a particular region and/or time period if
the ratio of theRCE or RCVE Index is greater than one.
An RCE or RCVE Index predicts the contraction,
retraction, reduction, or failure of a pathogen in a
particular region and/or time period if the ratio of
the RCE or RCVE Index is less than one. An RCE or RCVE
Index predicts equilibrium between expansion and
contraction in the pathogen population if the ratio of
the RCVE Index is equal to one. [00089] As used
herein, a "related pathogen" means a first pathogen
that is of the same species, genus, or family as a
second pathogen for which a relationship is known now
or hereafter by one of skill in the art. A related
pathogen may be a first pathogen that is of the same
species but a different strain from a second pathogen.
A related pathogen may be a first pathogen that is the
same or different species from a second pathogen and
shares a host, reservoir, or vector with the second
pathogen. Even if a first pathogen is not of the same
species, genus, or family as a second pathogen, the
first pathogen is related to the second pathogen if
the first pathogen has a Replikin cycle that is
synchronous with the Replikin cycle of the second
pathogen. One of skill in the art will recognize the
many ways that a first pathogen may be related to a
second pathogen. A related pathogen may be within the
same family as a first pathogen. A related pathogen
may be within the same genus as a first pathogen. A
related pathogen may be within the same species as a
first pathogen. A related pathogen may be within the
same strain as a first pathogen. [00090] As used
herein, different "time periods" or different "time
points" are any two time periods or time points that
may be differentiated from each other. For example, an
isolate of an organism or virus isolated during the
year 2004 may be considered to be isolated in a
different time period than an isolate of the same
organism or virus isolated during the year 2005.
Likewise, an isolate of an organism or virus isolated
in May 2004 may be considered to be isolated in a
different time period than an isolate of the same
organism or virus isolated in June 2004. When
comparing Replikin concentrations of different
isolates, one may use comparable time periods. For
example, an isolate from 2004 may be compared to at
least one other isolate from some other year such as
2002 or 2005. Likewise, an isolate from May 2004 may
be 



compared to at least one isolate from some other month
of some year, for example, an isolate from December
2003 or from June 2004. [00091] As used herein, an
"isolate" is any virus or organism isolated from a
natural source wherein a natural source includes, but
is not limited to, a reservoir of an organism or
virus, avector of an organism or virus, or a host of
an organism or virus. "Obtaining," "isolating," or
"identifying" an isolate is any action by which an
amino acid or nucleic acid sequence within an isolate
is obtained including, but not limited to, isolating
an isolate and sequencing any portion of the genome or
protein sequences of the isolate, obtaining any
nucleic acid sequence or amino acid sequence of an
isolate from any medium, including from a database
such as PubMed, wherein the nucleic acid sequence or
amino acid sequence may be analyzed for Replikin
concentration, or any other means of obtaining the
Replikin concentration of a virus isolated from a
natural source at a time point or within a time
period. [00092] As used herein, "an earlier-arising"
virus or organism or a virus or organism isolated at
"an earlier time point" or during "an earlier time
period" is a specimen of a virus or organism collected
from a natural source of the virus or organism on a
date prior to the date on which another specimen of
the virus or organism was collected from a natural
source. A "later-arising" virus or organism or a virus
or organism isolated at a "later time point" or during
a "later time period" is a specimen of a virus or
organism collected from a natural source of the virus
(including, but not limited to, a reservoir, a vector,
or a host) or a natural source of the organism on a
date subsequent to the date on which another specimen
of the virus or organism was collected from a natural
source. [00093] As used herein, the "next virulence
season" of a pathogen is a time period in which an
increase in morbidity of a pathogen is expected based
on seasonal changes, such as a change from summer to
winter or a change from a wet season to a dry season,
wherein the pathogen was experiencing less morbidity
in a previous sequential time period prior to the time
period in which the increase in morbidity is expected
to occur. [00094] As used herein, the term "dry
season" or "winter season" with respect to malaria
describes a season in any geographical region wherein
mosquito activity (including feeding and reproduction)
is significantly less than during other times of the
year. A peak in a Replikin cycle before a dry season
or winter season predicts an increase in virulence,
morbidity, and/or mortality in malaria in the
following rainy season or summer season when mosquito
activity is greatest. [00095] As used herein
"trypanosome that causes malaria," "malarial
trypanosome" or "trypanosome" in singular or plural
means any Plasmodium species or other species known
nowor hereafter to cause malaria. Malarial
trypanosomes include but are not limited to Plasmodium
falciparum, Plasmodium vivax, Plasmodium ovale, and
Plasmodium malariae. [00096] As used herein, a
"Replikin Peak Gene (RPG)" (or sometimes a Replikin
Peak Gene Area-RPGA) means a segment of a genome,
protein, segment of protein, or protein fragment in
which an expressed gene or gene segment has a highest
concentration of continuous, non-interrupted and
overlapping Replikin sequences (number of Replikin
sequences per 100 amino acids) when compared to other
segments or named genes of the genome. Generally, a
whole protein or gene or gene segment that contains
the amino acid portion having the highest
concentration of continuous Replikin sequences is also
referred to as the Replikin Peak Gene. More than one
RPG may be identified within a gene, gene segment,
protein, or protein fragment. An RPG may have a
terminal lysine or a terminal histidine, two terminal
lysines, or a terminal lysine and a terminal
histidine. For diagnostic, therapeutic and preventive
purposes, an RPG may have a terminal lysine or a
terminal histidine, two terminal lysines, or a
terminal lysine and a terminal histidine or may
likewise have neither a terminal lysine nor a terminal
histidine so long as the terminal portion of the RPG
contains a Replikin sequence or Replikin sequences
defined by the definition of a Replikin sequence,
namely, an amino acid sequence having about 7 to about
50 amino acids comprising: (1) at least one lysine
residue located six to ten amino acid residues from a
second lysine residue; (2) at least one histidine
residue; and (3) at least 6% lysine residues. Further,
for diagnostic, therapeutic, preventive and predictive
purposes, an RPG may include the protein or protein
fragment that contains an identified RPG. For
predictive purposes, a Replikin Count in the RPG may
be used to track changes in virulence and lethality.
Likewise the RPG may be used as an immunogenic
compound or as a vaccine. Whole proteins or protein
fragments containing RPGs are likewise useful for
diagnostic, therapeutic and preventive purposes, such
as, for example, to be included in immunogenic
compounds, vaccines and for production of therapeutic
or diagnostic antibodies. [00097] As used herein, a
"Replikin sequence" is an amino acid sequence of 7 to
about 50 amino acids comprising or consisting of a
Replikin motif wherein the Replikin motif
comprises:(1) at least one lysine residue located at a
first terminus of said isolated peptide and at least
one lysine residue or at least one histidine residue
located at a second terminus of said isolated peptide;
(2) a first lysine residue located six to ten residues
from a second lysine residue; (3) at least one
histidine residue; and (4) at least 6% lysine
residues. For the purpose of determining Replikin
concentration, a Replikin sequence must have a lysine
residue at one terminus and a lysine or a histidine
residue at the other terminus. For diagnostic,
therapeutic, and preventive purposes, a Replikin
sequence may or may not have defined termini. [00098]
The term "Replikin sequence" can also refer to a
nucleic acid sequence encoding an amino acid sequence
having about 7 to about 50 amino acids comprising: (1)
at least one lysine residue located six to ten amino
acid residues from a second lysine residue; (2) at
least one histidine residue; and (3) at least 6%
lysine residues, wherein the amino acid sequence may
comprise a terminal lysine and may further comprise a
terminal lysine or a terminal histidine. [00099] As
used herein, the term "peptide" or "protein" refers to
a compound of two or more amino acids in which the
carboxyl group of one amino acid is attached to an
amino group of another amino acid via a peptide bond.
As used herein, "isolated" or "synthesized" peptide or
biologically active portion thereof refers to a
peptide that is, after purification, substantially
free of cellular material or other contaminating
proteins or peptides from the cell or tissue source
from which the peptide is derived, or substantially
free from chemical precursors or other chemicals when
chemically synthesized by any method, or substantially
free from contaminating peptides when synthesized by
recombinant gene techniques or a protein or peptide
that has been isolated in silico from nucleic acid or
amino acid sequences that are available through public
or private databases or sequence collections. An
"encoded" or "expressed" protein, protein sequence,
protein fragment sequence, or peptide sequence is a
sequence encoded by a nucleic acid sequence that
encodes the amino acids of the protein or peptide
sequence with any codon known to one of ordinary skill
in the art now or hereafter. It should be noted that
it is wellknown in the art that, due to redundancy in
the genetic code, individual nucleotides can bereadily
exchanged in a codon and still result in an identical
amino acid sequence. As will be understood by one of
skill in the art, a method of identifying a Replikin
amino acid sequence also encompasses a method of
identifying a nucleic acid sequence that encodes a
Replikin amino acid sequence wherein the Replikin
amino acid sequence is encoded by the identified
nucleic acid sequence. [000100] As used herein,
"outbreak" is an increase in virulence, morbidity,
and/or mortality in a pathogenic disease or an
expansion in the population of pathogen as compared to
a baseline of an earlier occurring epidemiological
pattern of infection in the same disease. One of
ordinary skill in the art will know how to determine
an epidemiological baseline. [000101] As used herein,
"morbidity," is the number of cases of a disease
caused by the virus, either in excess of zero cases in
the past or in excess of a baseline of endemic cases
in the past. Therefore the baseline of endemic cases,
in epidemiological terms, may, for example, relate to
whether none or some cases were present in a
geographic region in the immediate past. The past, in
epidemiological terms, may mean more than one year and
can mean several years or more as understood by one of
ordinary skill in the art. The past may also mean less
than one year as determined by one of ordinary skill
in the art. In the case of annually-recurrent common
influenza and seasonal malaria and West Nile virus,
for example, the baseline often reflects an annual
recurrence or expansion and contraction of these
diseases. [000102] As used herein, "expansion" of a
pathogen or a population of pathogen and "expanding"
pathogen or population of pathogen means an increase
in virulence, morbidity, and/or lethality of a
pathogen (e.g., strain of P.falciparum, a strain of
influenza virus, etc.) and/or an expansion of the
population of a pathogen (e.g., strain of
P.falciparum, a strain of influenza virus, etc.)
wherein said expansion includes an increase in the
occurrence of the pathogen in a given geographic
region or in a given time period or both, or a
spreading of the occurrence of the pathogen to another
geographic region. [000103] As used herein, an
increase or decrease in "virulence" includes an
increase or decrease in virulence, morbidity,
lethality, host mortality, and/or expansion of a
pathogen, such 



as an influenza virus. [000104] As used herein,
"geographic region" or similar term is an area
differentiated from another area by space. For
example, China is a geographic region that may be
differentiated from the geographic region of India.
Likewise a geographic region may be a town, or city,
orcontinent or any area differentiable from another
area. A geographic region may encompass the entire
earth if an isolate or plurality of isolates from a
given time period is compared to isolates from another
time period over the entire earth and no geographic
differentiation is undertaken for the comparison.
[000105] As used herein, "conserved" or "conservation"
refers to conservation of particular amino acids due
to lack of substitution. [000106] As used herein,
"Replikin Count" or "Replikin Concentration" refers to
the number of Replikin sequences per 100 amino acids
in a protein, protein fragment, virus, or organism. A
higher Replikin concentration in a first strain of a
virus or organism has been found to correlate with
more rapid replication of the first virus or organism
as compared to a second, earlier-arising or
later-arising strain of the virus or organism having a
lower Replikin concentration. Replikin concentration
is determined by counting the number of Replikin
sequences in a given sequence wherein a Replikin
sequence is a peptide of 7 to about 50 amino acid
residues with a lysine residue on one end and a lysine
residue or a histidine residue on the other end
wherein the peptide comprises (1) a lysine residue six
to ten residues from another lysine residue, (2) a
histidine residue, (3) and 6% or more lysine residues,
or wherein a Replikin sequence is a nucleic acid that
encodes a Replikin peptide sequence. [000107] As used
herein, the term "continuous Replikin sequences" means
a series of two or more Replikin sequences that are
overlapped and/or are directly covalently linked.
Replikin Cycles in Pathogens [000108] The present
invention provides methods of preventing, mitigating,
and treating outbreaks of a pathogen by predicting an
expansion of a strain of pathogen or an increase in
the virulence, morbidity, and/or lethality of a strain
of pathogen as compared to another strain of the same
pathogen and administering to an animal or patient a
compound comprising an isolated or synthesized portion
of the structure or genome of the pathogen to
mitigate, prevent, or treat the predicted outbreak of
the pathogen. The present invention further provides
methods of predicting an expanding population of a
pathogen or an increase in the virulence, morbidity,
and/or mortality of a pathogen comprising identifying
a cycle in the Replikin Count in a protein fragment,
protein, genome fragment, or genome of a pathogen and
predicting an expansion of thepopulation of the
pathogen or an increase in the virulence, morbidity,
and/or mortality of the pathogen within the identified
cycle in Replikin Count. [000109] An increase in the
virulence, morbidity, or mortality of a pathogen
relative to the virulence, morbidity, and/or mortality
of another pathogen of the same species may be
predicted by identifying a peak in a cycle or cycles
in the concentration of Replikin sequences in the
pathogen and predicting an expansion of the population
of the pathogen or an increase in the virulence,
morbidity, and/or mortality of a pathogen of the same
or a related species isolated subsequent to the peak.
A Replikin cycle is a cycle in the concentration of
Replikin sequences identified in at least four
isolates of a species of virus or organism isolated at
successive times where (1) the concentration in the
first isolate-in-time is higher than the concentration
in the second isolate-in-time, the concentration in
the third isolate-in-time is higher than the
concentration in the second isolate-in-time, and the
concentration of the fourth isolate-in-time is lower
than the concentration in the third isolate-in-time,
or (2) the concentration in the first isolate-in-time
is lower than the concentration in the second
isolate-in-time, the concentration in the third
isolate-in-time is lower than the concentration in the
second isolate-in-time, and the concentration of the
fourth isolate-in-time is higher than the
concentration in the third isolate-intime. Within a
Replikin cycle, an increase in virulence, morbidity,
and/or mortality of a pathogen may be predicted for a
pathogen arising during a rising portion of the cycle
or subsequent to the peak of a cycle. An expanding
population may represent an increase in population in
a region or expansion from one region into another
region. In determining a Replikin cycle, Replikin
Counts may represent individual isolates, or mean
Replikin Counts of groups of isolates from a given
region and/or time period. [000110] In a further
non-limiting embodiment, step-wise cycles may be
identified between successive time points. In a
further embodiment, specific conserved Replikin
sequences are identified within the step-wise cycles.
[0001 11] An increase in virulence, morbidity, or
mortality of a pathogen may be determined using the
methods of the invention in any pathogen or infectious
agent where a concentration of Replikins may be
determined in the genome, a genome fragment, another
nucleic acid sequence, a protein, a protein fragment,
or other amino acid sequence from the pathogen. A
pathogen may be malaria, West Nile virus, foot and
mouth disease virus, porcine circovirus, porcine
respiratory and reproductive syndrome virus, taura
syndrome virus, white spot syndrome virus, tomato
leafcurl virus, bacillus anthracis, small pox virus,
human immunodeficiency virus, sindbis virus, hepatitis
virus, staphylococcus, legionella, human papilloma
virus, Helicobacter, Acetobacter, Aerobacter,
Brivebacterium, Clostridium, Erinia, Esheria,
Klebsiealla, Maemophilus, Mycoplasma, Psuedomonas,
Salmonella, Candida, Entamoeba, or any other form of
infectious agent including viruses, bacteria,
protozoa, fungi, or other infectious agent. [000112]
Any Replikin sequence, Replikin Peak Gene, or protein
fragment containing a Replikin sequence or Replikin
Peak Gene identified in a strain of pathogen that is
predicted to have an increase in virulence, morbidity,
or mortality may be isolated and/or synthesized as a
diagnostic, therapeutic, or prophylactic agent to
mitigate the predicted outbreak of the pathogen.
[000113] A cycle of Replikin concentration or
"Replikin cycle" of a trypanosome may be seen in
Figure 1. Cycles of Replikin concentrations in West
Nile virus, foot and mouth disease virus, and
influenza virus may be seen in Figures 3-6,
respectively. A Replikin cycle is identified by
initially isolating at least four isolates or groups
of isolates from at least four time points or time
periods, for example, an isolate or group of isolates
may be obtained in 1999, 2001, 2002, and 2004, or may
be obtained in January, May, September, and December
of a given year. Isolates may be obtained from more
than four time points or time periods and precision of
a Replikin Cycle generally will improve with increases
in the number of isolates per time point or time
period and with increases in the number of time points
or time periods. The Replikin Count of the genome or
expressed proteins of each isolate is determined.
Replikin Count may be determined in a Replikin Peak
Gene, in the entire genome, in a particular gene or
gene segment, or in a particular protein or protein
fragment of each of the isolates. Mean Replikin Count
for a given time point or given time period is
determined if a plurality of isolates has been
obtained for the given time point or given time
period. Replikin Count may then be analyzed per unit
time. A cycle in Replikin concentration is identified
by four time points or time periods, where the
Replikin Count at a second time point or time period
is higher than at first time point or time period, the
Replikin Count at a third time point or time period is
lower than at second time point or time period, and
Replikin Count at a fourth time point or time period
is higher than at the third time point or time period;
or where the Replikin Count at a second time point or
time period is lower than at first time point or time
period, the Replikin Count at a third time point or
time period is higher than at second time point or
time period, and Replikin Count at a fourth time point
or time period is lower than at the third time point
or time period.[000114] A peak in a Replikin cycle is
identified within the cycle at a second time point or
time period within a Replikin cycle, wherein the
Replikin concentration at a first time point or time
period sequentially preceding the second time point or
time period is lower than the Replikin concentration
at the second time point or time period, and the
Replikin concentration at a third time point or time
period sequentially following the second time point or
time period is lower than the Replikin concentration
at the second time point or time period. One of skill
in the art will understand that because of the
variability of biological systems, a peak may include
a general region of a cycle that is generally higher
than a sequentially preceding region and generally
higher than a sequentially following region rather
than an exact time point or time period. [000115] A
trough in a Replikin cycle is identified within the
cycle is identified within the cycle at a second time
point or time period within a Replikin cycle, wherein
the Replikin concentration at a first time point or
time period sequentially preceding the second time
point or time period is higher than the Replikin
concentration at the second time point or time period,
and the Replikin concentration at a third time point
or time period sequentially following the second time
point or time period is higher than the Replikin
concentration at the second time point or time period.
Once again, one of skill in the art will recognize
that troughs may be identified as a general region of
a cycle that is generally lower than a sequentially
preceding region and generally lower than a
sequentially following region rather than an exact
time point or time period. [000116] Replikin peptides
of the invention identified at a peak of the Replikin
cycle include Replikin peptides identified at or near
the peak of the Replikin cycles including prior to and
subsequent to the precise point of the peak. A rising
portion of a Replikin cycle is any point at which the
trend of Replikin concentration in the Replikin cycle
is increasing from at least a first time point or time
period to at least a second time point or time period
and can include a peak. As may be seen in Figures 1-8,
an increase in virulence, morbidity, or mortality may
be predicted following a rising portion or peak in a
Replikin cycle. 



[000117] In the past, it had been understood that
outbreaks of pathogens correlated with increases in
Replikin Count and that contractions of pathogenic
populations correlated with decreases in Replikin
Count. It was not understood, however, that cycles in
morbidity, mortality, virulence or population
expansion could be directly correlated with cycles in
Replikin Count.With the new data presented in the
present application, the ordinary skilled artisan will
now understand, and it is contemplated by the present
invention, that entire Replikin cycles from peak to
trough to peak to trough and/or from trough to peak to
trough to peak correlate with pathogenic cycles in
virulence, morbidity, mortality, and expansion into
new regions or hosts. As such, the invention now
provides methods of tracking and predicting tracks of
pathogens as they increase in virulence, expand in
population within a region or into a region, or
increase in morbidity or mortality by monitoring
changes in Replikin concentration. In the past, it was
not possible until months after an event to predict or
track the course of pathogens as they increase in
virulence, expand in population within region or into
a region, or increase in morbidity or mortality where
epidemiological data was collected and analyzed post
hoc. Replikins analysis provides the skilled artisan
with information on population expansion, and
increases in virulence, morbidity, and mortality
months before or at the very beginning of an outbreak.
This information is clearly important for the time
needed to organize public health responses, including
the testing and administration of specific vaccines.
The importance of prior information concerning
pathogenic outbreaks may be analogized to the savings
of life and property that have resulted from advance
warning of hurricanes since information from weather
satellites has become available. [000118] For example,
in Figure 3 the present application provides data
demonstrating a cycle of Replikin concentration and a
cycle of West Nile virus human morbidity that are
observed to correlate. In the past, it was understood
that Replikin Count data fluctuate from low to high
over time. This may be seen in 20th century data for
the HlNl and H3N2 influenza strains. See Figures 7 and
8. But a correlation of cycles from peak to trough
and/or from trough to peak was not possible with the
earlier data in part because all of the
epidemiological data and all of the genomic sequence
data of the actual number of cases due to the
particular HlNl strain or H3N2 strain were not
available or not recorded. Instead, as may be seen in
Figures 7 and 8, the only data for HlNl or H3N2
morbidity in the early- and mid-20th century related
to Replikin Count was a record of epidemics or
pandemics. As is now shown in Figure 3 (as well as
Figures 1, 4, 5, and 6), cycles of Replikin Count
correlate with cycles in morbidity over time and, at
times, over more than one cycle.An Expansion Index for
Populations of Pathogens [000119] The present
invention also provides a method of predicting an
expansion of a strain of pathogen by (1) determining a
mean Replikin Count and a standard deviation of the
mean Replikin Count for a plurality of isolates of a
strain of pathogen for a first time period in a first
geographic region; (2) determining a Replikin Count of
at least one isolate of the same or a related strain
of pathogen from a second time period and/or second
geographic region wherein the second time period is
different from the first time period and/or the second
geographic region is different from the first
geographic region; and (3) predicting an expansion of
the strain of pathogen isolated in the second time
period and/or second geographic region, if the
Replikin Count of the at least one isolate is greater
than one standard deviation of the mean of the
Replikin Count of the plurality of isolates isolated
in the first time period and in the first geographic
region. [000120] In the above-described method, at
least one isolate of the same or related strain of
pathogen from a second time period and/or second
geographic region may be a plurality of isolates from
the second time period and/or second geographic
region. In this case, the Replikin Count of each
isolate of the plurality of isolates from the second
time period and/or second geographic region is
compared separately to one standard deviation of the
mean. An expansion of pathogen isolated in the second
time period and/or second geographic region may also
be predicted if the number of Replikin Counts of a
plurality of isolates from the second period and/or
second geographic region that is greater than one
standard deviation of the mean is greater than the
number of Replikin Counts of said plurality of
isolates from the second period and/or second
geographic region that is less than one standard
deviation of the mean. [000121] The method may also
employ a ratio of the number of Replikin Counts that
are greater than one standard deviation of the mean
divided by the number of Replikin Counts that are less
than one standard deviation of the mean. The ratio is
called a Replikin Count Expansion Index (RCE Index).
Another way to determine the RCE Index is to divide
the percent of Replikin Counts in a plurality of
isolates of influenza virus grouped by time and/or
region that are higher than one standard deviation of
the mean by the percent of Replikin Counts that are
lower than one standard deviation of the mean. An RCE
Index may be used to quantify the future risk of an
outbreak of pathogen by tracking Replikin Counts in
strains of pathogen over time.[000122] In determining
a RCE Index, the mean Replikin Count of the plurality
of isolates from the first time period and geographic
region may be considered a control. A control
population preferably has a relatively large number of
isolates with a relatively small variability in the
Replikin Count of the isolates but any population may
be deemed a control when a comparison between the
control and a related isolate or plurality of isolates
is desired. A control may be related to the population
that is being studied. For example, if an infection in
a bird species, such as swans, is being studied, the
control may be something closely related, such as
chickens, wherein isolates from chickens may be
relatively numerous (if available) and relatively
stable (if possible) wherein stability in Replikin
Count through the population demonstrates a level of
equilibrium between the expansion and contraction of
the strain or a related strain of influenza virus in
chickens. A control may reflect a highest number of
isolates reported in a year or in several years in a
geographic area. [000123] An expansion of a strain of
pathogen may be determined using the methods of the
invention in any pathogen or infectious agent where a
concentration of Replikins may be determined in the
genome, a genome fragment, another nucleic acid
sequence, a protein, a protein fragment, or other
amino acid sequence from the pathogen. A pathogen may
be malaria, West Nile virus, foot and mouth disease
virus, influenza virus, porcine circovirus, porcine
respiratory and reproductive syndrome virus, taura
syndrome virus, white spot syndrome virus, tomato leaf
curl virus, bacillus anthracis, small pox virus, human
immunodeficiency virus, sindbis virus, hepatitis
virus, staphylococcus, legionella, or any other form
of infectious agent including viruses, bacteria,
protozoa, fungi, or other infectious agent. [000124]
Any Replikin sequence, Replikin Peak Gene, or protein
fragment containing a Replikin sequence or Replikin
Peak Gene identified in a strain of pathogen that is
predicted to have an increase in virulence, morbidity,
or mortality may be isolated and/or synthesized as a
diagnostic, therapeutic, or prophylactic agent to
mitigate the predicted outbreak of the pathogen.
Diagnostics and Therapies Using Replikin Peptides
Identified in Replikin Cycles [000125] The present
invention further provides the opportunity to identify
Replikin sequences (including nucleic acid sequences
and peptide sequences) for diagnostic, therapeutic, or
preventive purposes (such as the construction of
vaccines and other pharmaceuticals). The present
invention contemplates, for example, Replikin peptides
identified within a pathogen where the pathogen is
predicted to have an expanding population or a higher
virulence,morbidity, and/or mortality than another
pathogen of the same or a related species based on the
predictive methods of the invention. Replikin peptides
identified in an isolate of a pathogen, wherein said
isolate is isolated during a rising portion of a cycle
in Replikin concentration among a plurality of
isolates of the pathogen or is isolated at a peak in a
cycle in Replikin concentration among a plurality of
isolates of the pathogen, are useful for diagnostic,
therapeutic, and preventive purposes. For example, a
Replikin peptide identified in the genome of an
isolate identified in a rising portion of a cycle in
Replikin concentration or identified at a peak in a
cycle in Replikin concentration is useful as a peptide
to stimulate the immune system of a human or animal to
produce an immune response against infection by the
pathogen or to produce antibodies against a pathogen
predicted to have higher virulence, morbidity, and/or
mortality. One of ordinary skill in the art will
recognize that antibodies against these pathogens are
useful for diagnosing the more highly virulent or
mortal disease in a subject or useful as therapies
against the infection either as a prophylactic or
after onset of the infection. [000126] Additionally,
Replikin peptides identified during a rising portion
in Replikin concentration in a Replikin cycle or
identified at or near a peak in Replikin concentration
in a Replikin cycle that are conserved during the
rising portion of the Replikin cycle are useful as
compounds for diagnostic, therapeutic, and preventive
purposes. Conservation of the Replikin peptides during
a rise in virulence, morbidity, and/or mortality
provides targets that are more constant and likely
more involved in the mechanisms of rapid replication
that provide the predicted increase in virulence,
morbidity, and/or mortality. As such, these conserved
Replikin peptides are of use as compounds or in
compositions for stimulating the immune system of a
subject to produce an immune response, an antibody
response, and/or a protective effect in the subject.
[000127] Replikin peptides identified and isolated
using the methods of the invention include influenza
peptides such as HAQDILEKEHNGKLCSLKGVRPLILK (SEQ ID
NO: 1), KEHNGKLCSLKGVRPLILK (SEQ ID NO: 2),
KKNNAYPTIKRTYNNTNVEDLLIIWGIHH (SEQ ID NO: 3),
HHSNEQGSGYAADKESTQKAIDGITNK (SEQ ID NO: 4), 



HDSNVKNLYDKVRLQLRDNAK (SEQ ID NO: 5),
KVRLQLRDNAKELGNGCFEFYH (SEQ ID NO: 6),
KDVMESMDKEEMEITTH (SEQ ID NO: 7), HFQRKRRVRDNMTKK (SEQ
ID NO: 8), KKWSHKRTIGKKKQRLNK (SEQ ID NO: 9),
HKRTIGKKKQRLNK (SEQ ID NO: 10),
HEGIQAGVDRFYRTCKLVGINMSKKK (SEQ ID NO: 11);
orHSWIPKRNRSILNTSQRGILEDEQMYQKCCNLFEK (SEQ ID NO: 12),
West Nile virus peptides such as KIIQKAHK (SEQ ID NO:
13), HLKCRVKMEK (SEQ ID NO: 14), KLTSGHLK (SEQ ID NO:
15), or HNDKRADPAFVCK (SEQ ID NO: 16), and foot and
mouth disease peptides such as HKQKIIAPAK (SEQ ID NO:
17) and HKQKIVAPVK (SEQ ID NO: 18). [000128]
Identification of portions of a pathogen (such as
Replikin Peak Genes or Replikin peptides) predicted to
expand in population provide unique compounds for
diagnostics and treatment of expanding pathogens,
wherein the unique compounds would otherwise not be
identifiable but for the methods of the invention and
the compounds disclosed herein. [000129] The invention
further contemplates use of the Replikin peptide as
immunogenic compositions and contemplates the
immunogenic compositions as vaccines, including
vaccines that provide an immune response, vaccines
that provide a humoral immune response, vaccines that
provide an antigenic immune response, and vaccines
that provide a protective effect. The invention
additionally contemplates an antibody to the Replikin
peptides of the invention. [000130] High Replikin
Counts and RPGs have been shown to be related to rapid
replication, viral outbreaks, epidemics, morbidity and
host mortality, for example, in influenza virus
strains, including H5N1, in SARS coronavirus, in
shrimp taura syndrome virus, and in foot and mouth
disease virus. Replikin sequences identified at or
near the peak of the Replikin cycle or during a rising
portion of the Replikin cycle in a pathogen are
appropriate peptides for diagnostics, vaccines, and
other treatments. [000131] Because Replikin sequences
are chemically defined, the sequences may be
synthesized by organic chemistry rather than
biological techniques, and thus are potentially more
specific, more reproducible and more reliable. The
chemically defined Replikin sequences identified by
Applicants are likewise potentially freer from adverse
reactions that are characteristic of biologically
derived vaccines and antibodies. Mitigating and
Treating Outbreaks of Pathogen with Cyclic Replikin
Counts [000132] One aspect of the present invention
provides methods of preventing, mitigating, or
treating pathogenic outbreaks predicted through
analysis of cycles of Replikin Counts or through
analysis of controls using mean Replikin Counts and
standard deviation (e.g., Replikin Count Expansion
Index). For example, advance information concerning
Replikin peptides and Replikin Peak Genes in expanding
strains of a pathogen allows for the rapid production
of specificeffective synthetic vaccines using one, or
a combination, of Replikin peptides or using Replikin
Peak Genes. Such synthetic vaccines have been
demonstrated in rabbits, chickens, and shrimp. See,
e.g., Examples 6 and 7 of U.S. Appln. Ser. No.
11/355,120, filed February 16, 2006 and Example 2 of
U.S. Appln. Ser. No. 12/108,458, filed April 23, 2008.
For example, a mixture of Replikin peptides
administered orally to shrimp provided up to a 91%
protective effect for shrimp challenged with taura
syndrome virus. Taura syndrome virus is an often
lethal rapidlyreplicating pathogen that has a
significant negative impact on the shrimp industry.
[000133] Synthetic Replikin vaccines have also been
demonstrated in the H5N1 strain of influenza virus in
chickens. For example, in a test of chickens
administered a mixture of twelve H5N1 Replikin
peptides from the hemagglutinin and pBl gene areas
intranasally, intraocularly, and by spray inhalation
and challenged with low pathogenic H5N1 influenza
isolated from a black duck in the state of North
Carolina in the United States, a protective effect was
observed at both the entry site of influenza
(diminished antibody production in the mucus was
observed as compared to a control) and at excretion
sites of influenza (influenza virus was not observed
excreted in feces or saliva from treated chickens as
compared to a control). See Example 10 below. [000134]
Administration of Replikin peptides in both shrimp and
chickens appears to have provided a notable measure of
mucosal immunity. For example, in Example 2 of U.S.
Appln. Ser. No. 12/108,458, a mixture of Replikin
peptides was administered by mouth to shrimp later
challenged with taura syndrome virus. The 91%
protective effect of the vaccine is expected to have
been a result, at least in part, of a mucosal
immune-like responses in the gut of the shrimp.
[000135] Likewise, in chickens, the administration of
a mixture of Replikin peptides provided a protective
effect against entry of the H5N1 virus. For example,
as may be seen in Example 10 below, three of six
vaccinated chickens, when inoculated with H5N1 virus,
produced no measurable amount of antibodies against
H5N1 in their serum. Instead, the virus was apparently
blocked by mucosal immunity from even entering the
chickens' blood stream. For those three chickens in
which a serum immune response was measured (that is,
virus entered the host and was presented to antibody
generating cells), the vaccine additionally provided a
protective effect against replication of the virus in
the chickens' system (no virus was excreted in the
feces or saliva of the chickens). As such, mucosal
immunity, in addition to other immunities, is an
important aspect of the immunity imparted by
Replikin-based vaccines.[000136] Cyclic increases in
Replikin concentration in the genome can be a
mechanism of expansion of a pathogen into a territory.
The Replikin concentration in each Replikin Peak Gene
of each Replikin cycle in an expanding population
apparently may build on the previous one. Timely,
repeated analyses of cyclic changes in a virus'
Replikin structure is useful to bring current the
targets for the chemical synthesis of Replikin
vaccines having a best fit for emerging pathogens
having increased virulence, morbidity, and/or
lethality. These strain-specific vaccines may be
manufactured in seven days as have been demonstrated
with a 91% protection of shrimp against the lethal
taura syndrome virus. See, e.g., U.S. Appln. Ser. No.
12/108,458, filed April 23, 2008 (incorporated herein
in its entirety by reference). Replikin Cycles in
Malaria [000137] The present invention provides
methods of predicting an expansion of the population
of a trypanosome that causes malaria or an increase in
the virulence, morbidity, and/or mortality of a
trypanosome that causes malaria as compared to another
trypanosome of the same species or a related species.
An expanding population or increase in virulence,
morbidity, and/or mortality of a trypanosome that
causes malaria may be predicted by identifying a cycle
of Replikin concentration among a plurality of
isolates of the species of trypanosome and identifying
a rising portion or peak in that cycle. An increase in
virulence, morbidity, and/or mortality is predicted
following the time point or time period when the
rising portion or peak is identified. An expanding
population may represent an increase in population in
a region or expansion from one region into another
region. [000138] A further non-limiting embodiment of
one aspect of the invention provides a method of
predicting an increase in morbidity and mortality in
malaria comprising: (1) determining the mean Replikin
Count in a plurality of isolates of a malarial
trypanosome at a plurality of successive time points;
(2) comparing the mean Replikin Count at at least four
successive time points and identifying at least one
cycle of increasing mean Replikin Counts over the at
least four time points; and (3) predicting an increase
in morbidity and/or mortality following in time the
increase in mean Replikin count in at least one of
said cycles. In a further non-limiting embodiment,
step-wise cycles are identified between successive
time points. In a further non-limiting embodiment,
specific conserved Replikin sequences are identified
within the step-wise cycles. In a further non-limiting
embodiment, Replikin sequences are identified at the
peak of a step-wise cycle. The Replikin sequences
identified at the peak of a step-wise cycle areuseful
for developing a vaccine or therapeutic composition of
an isolated or synthesized Replikin peptide for use in
preventing or treating outbreaks of malaria with
relatively higher mortality. [000139] Figure 1
illustrates cycling between 1986 and 2007 of annual
mean Replikin concentration in the histidine rich
protein of Plasmodiumfalciparum. P.falciparum is a
trypanosome that is most commonly associated with
malaria. Cycles are observable with peaks in 1987 and
1999. A new cycle appears to have begun between 2005
and 2007. Publicly available accession numbers at
www.pubmed.com containing amino acid sequence listings
for P. falciparum were queried using the automated
FluForecast (r) software (Replikins, Ltd., Boston,
MA). The software analyzed the Replikin Count of each
available sequence between 1986 and 2007. The area of
the P.falciparum genome observed to have the highest
concentration of continuous Replikin sequences per 100
amino acids was found to be the histidine rich
protein. The histidine rich protein includes the
knob-associated histidine rich protein. [000140]
Analysis of the mean annual Replikin Count of the
histidine rich protein between 1986 and 2007 revealed
cycles of Replikin Count. A first rising portion
followed by a decreasing portion of the cycle was
observed from 1986 to 1995. A second rising portion
followed by a decreasing portion was observed from
1996 to 2005. A first peak was identified in 1987 with
a mean annual Replikin Count of 38.2 and standard
deviation of 23.5. A second peak was identified in
1999 with an even higher mean annual Replikin Count of
62.9 and standard deviation of 62.9 (overlap of
Replikin sequences within an amino acid sequence
generates a Replikin Count of greater than 100
Replikin sequences per 100 amino acids in some
sequences). Both the 1987 peak and the 1999 peak were
observed to be related to higher human mortality.
Following the 1999 peak, mean annual Replikin Counts
were observed to fall to a low of 7.4 in 2005 with a
standard deviation of 6.5. Mortality rates likewise
fell between 2000 and 2005. A third malaria Replikin
cycle appears to have begun in 2005 with the observed
mean annual Replikin Count increasing from 7.46.5 in
2005 to 17.2=1=19 in 2007. The beginning of a 



new cycle provides a prediction that Replikin Count
may continue to increase along with an increase in
malaria mortality rate. [000141] The cycling
observable in Figure 1 has also been observed in
viruses, namely, the HlNl, H2N2, H3N3, H5N1, H3N8, and
H9N2 strains of influenza virus, in West Nile virus,
and in foot and mouth disease virus. See Figures 1-8.
Thus Replikin cycles are observable in both viruses
and organisms. Similar correlations between Replikin
Count and mortality have alsobeen shown in an
influenza H5N1 cycle between 1997 and 2007. See, e.g.,
U.S. Appln. Ser. No. 12/010,027, filed January 18,
2008 (Figure 8). [000142] The data for Figure 1 are
seen in Table 1 below. Mean annual Replikin Count,
standard deviation, significance of annual mean
Replikin Count to the lowest annual mean Replikin
Count and to the previous annual mean Replikin Count,
and number of accession numbers analyzed per annum is
provided. Table 1 P.falciparum Replikin Count [000143]
As is seen in Figure 1 and Table 1 above and as also
seen in Figure 2 and Table 6 below, changes in malaria
virulence and mortality may be predicted by
identifying a peak within an identified cycle in the
Replikin concentration of isolates of a plurality of
the trypanosome and predicting an increase in the
virulence, morbidity, and/or mortality of a
trypanosome of the same species isolated at a time
point or time period subsequent to the time point or
time period of the identified peak in the cycle of
Replikin concentration. In contrast to Figures 3, 7,
and 8 for West Nile virus and influenza, morbidity
data is not reflected in the analysis of malaria in
Figure 1 andis also not contained in Figure 2, which
compares Replikin Count in the ATP-ase protein of P.
falciparum to mortality. Use of mortality data and not
morbidity data in Figures 1 and 2 and their related
analysis and tables is based on the skilled artisan's
understanding that morbidity data in malaria is
generally unreliable while mortality data is
considered more reliable. While the analysis of Figure
1 and the data in Figure 2 demonstrate a relationship
between Replikin Count in P.falciparum and mortality,
the skilled artisan will understand that the
relationship would also be expected to extend to
morbidity and general virulence in malaria just as it
has in West Nile virus (see Figure 3), foot and mouth
disease (see Figure 4), and influenza (see Figures
5-8). [000144] Cyclic increases in Replikin
concentration in the genome can be a mechanism of
expansion of an infectious organism into a territory.
The Replikin concentration in each Replikin Peak Gene
of each Replikin cycle apparently builds on the
previous one. In both the mosquitoborne West Nile
Virus and mosquito-borne malaria trypanosomes, this
build-up probably occurs during winter seasons, dry
seasons, or otherwise dormant periods. Timely,
repeated analyses of cyclic changes in the organism's
Replikin structure is useful to bring current the
targets for the chemical synthesis of Replikin
vaccines having a best fit for emerging pathogens
having increased virulence, morbidity, and/or
mortality. These strain-specific vaccines may be
manufactured in seven days as has been demonstrate
with a 91% protection of shrimp against the lethal
taura syndrome virus. See, e.g., U.S. Appln. Ser. No.
12/108,458, filed April 23, 2008 (incorporated herein
in its entirety by reference). [000145] The Replikin
cycle may be identified in any trypanosome that causes
malaria. For example, it may be identified in the
genome of a trypanosome, including P.falciparum,
Plasmodium vivax, Plasmodium ovale, or Plasmodium
malariae. The Replikin cycle may likewise be
identified in the histidine rich protein or in the
ATP-ase protein, including in these proteins in
P.falciparum. The Replikin cycle may likewise be
identified in a Replikin Peak Gene of a trypanosome
that causes malaria. [000146] Malaria trypanosomes
have been found to have the highest Replikin counts
seen to date in any infectious organisms-up to twenty
times those in influenza and West Nile Virus.
Consistent with these high counts, trypanosomes have
one of the highest replication rates in nature. This
property may account in part for the resistance of
malaria to previous attempts atvaccination. The
discovery of the relation of Replikin sequences to
rapid replication offers a new approach, and means, to
inhibit rapid replication in malaria. [000147] In the
data analysis reported in Tables 1 and 5, as well as
Figure 1, Replikin sequences were identified as
conserved sequences in the histidine-rich protein of
malaria in the rising portion and peak of the
illustrated Replikin cycle. Such sequences are useful
as diagnostic and therapeutic compounds for virulent
malaria infections. The sequences are useful in the
production of immunogenic compounds including vaccines
and may be comprised in immunogenic therapies
including vaccines. [000148] For example, Replikin
peptides identified in the ABU43 157 isolate in 2007
are available as a diagnostic, therapeutic, or
preventive compounds or compositions of the invention
because they were identified in a rising portion of a
Replikin cycle. See Figure 1 and Table 5. Replikin
peptides identified in the 1999 isolate at accession
number CAD49281 are likewise Replikin peptides of the
invention. The 1999 isolate is present at the peak of
a Replikin cycle, as such, Replikin peptides
identified in the isolate reported at CAD49281 may be
used as immunogenic compounds. Additionally, the 1998
accession number XPOO1349534 is identified as from an
isolate from a rising portion in a Replikin cycle.
Replikin peptides identified in XPOO1349534 are
likewise useful as immunogenic compounds or vaccines
or for diagnosis or treatment of malaria. See Figure 1
and Table 5 for all accession numbers discussed in
this paragraph. Replikin Count Cycles in West Nile
Virus [000149] In a further aspect of the invention,
an expanding population of West Nile virus or an
increase in virulence, morbidity, or morality of West
Nile virus may be predicted by identifying a cycle of
Replikin concentration in isolates of West Nile virus
and predicting an expanding population of virus or an
increase in virulence, morbidity, and/or mortality of
West Nile virus following a rising portion, or peak in
the cycle of Replikin concentration. An expanding
population may represent an increase in population in
a region or expansion from one region into another
region. [000150] For example, using analysis of
Replikin sequences in West Nile virus, including, for
example, analysis of Replikin sequences in the
envelope protein of West Nile virus, a correlation
between virus biochemical cycles and virus virulence,
morbidity, and/or mortality cycles may be identified
and used to predict expansions in a virus population
or increases in virulence,morbidity, and/or mortality
in a virus in a host population. A non-limiting
embodiment of the aspect of the invention provides a
method of predicting an increase in morbidity in a
viral disease such as West Nile virus comprising: (1)
determining the mean Replikin Count in genomes of a
plurality of isolates of a virus at a plurality of
successive time points; (2) comparing the mean
Replikin Count at at least four successive time points
and identifying at least two peaks or two troughs in
the trend of Replikin Counts over the at least four
time points; and (3) predicting an increase in
morbidity following in time the increase in mean
Replikin count within said cycles. In a further
non-limiting embodiment, step-wise cycles are
identified between successive time points. In a
further embodiment, specific conserved Replikin
sequences are identified within the step-wise cycles.
[000151] Table 2, below, provides data from analysis
of envelope protein sequences in West Nile virus
available at www.pubmed.com for isolates from 2000
through 2007. The data, which are illustrated in
Figure 3, provide an example of cycling in mean annual
Replikin Count in a virus wherein the cycle predicts
morbidity. The data additionally further support
immunogenic compounds, diagnostic compounds, and,
among other things, vaccines because they support the
principles upon which such Replikin vaccines and other
therapies are based including, in particular, the role
Replikin sequences play in virulence and morbidity in
pathogenic diseases, the correlation of Replikin Count
with pathogenicity generally, and targeting of the
Replikin structures for control of rapid replication
and disease generally. See, e.g., U.S. Appln. Ser. No.
11/355,120, filed February 16, 2006 and U.S. Appln.
Ser. No. 12/010,027, filed January 18, 2008 (each
incorporated herein by reference in their
entirety).Table 2 Mean Annual Replikin Count in West
Nile Virus Envelope Protein [000152] In Figure 3 and
Table 2, cycles in mean Replikin Count in isolates of
West Nile virus are detectable because of repeating
conserved virus structures and continuity of the
Replikin phenomenon through time. The identified
cycles provide a novel method of (1) determining the
growth, spread, and path of an emerging disease, (2)
predicting and tracking the occurrence and intensity
of viral and other organism outbreaks by tracking
changes in Replikin Count manually or using computer
programs such as ReplikinsForecast(tm) (available
through Replikins LLC, Boston, MA) (see, e.g., U.S.
Appln. Ser. No. 11/1 16,203, filed April 28, 2005,
which is incorporated herein in its entirety by
reference), (3) designing and chemically synthesizing
vaccines that contain both older conserved Replikins
as well as newer ones to provide the most accurate and
maximal anti-organism immune stimulating properties,
(4) designing and chemically synthesizing antibodies
that contain reactive sites against both older
conserved Replikins and newer ones, to provide the
most accurate and maximal anti-organism immune
protective properties, and (5) designing and
chemically synthesizing compounds that contain
reactive sites against both older conserved Replikins
and newer ones, to provide the most accurate and
maximal anti-organism protective properties. [000153]
Immunogenic compounds for therapeutic vaccines against
West Nile virus include, for example, KIIQKAHK (SEQ ID
NO: 13), HLKCRVKMEK (SEQ ID NO: 14), KLTSGHLK (SEQ ID
NO: 15), and HNDKRADPAFVCK (SEQ ID NO: 16). These
Replikin peptidesequences are conserved within the
step-wise cycles of West Nile virus in Figure 3, which
render 



them of particular use for therapies against expanding
West Nile virus populations following the cyclic peaks
identified in Figure 3. The sequences may be
administered to animals or humans as a vaccine. A
vaccine may comprise a pharmaceutically acceptable
carrier and/or adjuvant. A vaccine can be manufactured
within seven days of the identification of sequences,
such as these, that are conserved in step-wise cycles
identified in the Replikin Count of a pathogen such as
West Nile virus. The sequences may likewise be used
for diagnostic purposes to identify isolates of the
expanding population of West Nile virus. Replikin
Count Cycles in Foot and Mouth Disease Virus [000154]
In a further aspect of the invention, an expanding
population of foot and mouth disease virus or an
increase in virulence, morbidity, or mortality of West
Nile virus may be predicted by identifying a cycle of
Replikin concentration in isolates of foot and mouth
disease virus and predicting an expanding population
of virus or an increase in virulence, morbidity,
and/or mortality of virus following a rising portion,
or peak in the cycle of Replikin concentration. An
expanding population may represent an increase in
population in a region or expansion from one region
into another region. [000155] For example, using
analysis of Replikin sequences in foot and mouth
disease virus, including, for example, analysis of
Replikin sequences in the VPl protein of foot and
mouth disease virus, a correlation between virus
biochemical cycles and virus virulence, morbidity,
and/or mortality cycles may be identified and used to
predict expansions in a virus population or increases
in virulence, morbidity, and/or mortality in a virus
in a host population. A non-limiting embodiment of the
aspect of the invention provides a method of
predicting an increase in morbidity in a viral disease
such as foot and mouth disease virus comprising: (1)
determining the mean Replikin Count in genomes of a
plurality of isolates of a virus at a plurality of
successive time points; (2) comparing the mean
Replikin Count at at least four successive time points
and identifying at least two peaks or two troughs in
the trend of mean Replikin Counts over the at least
four time points; and (4) predicting an increase in
virulence and/or morbidity following in time an
increase in mean Replikin count within a cycle. In a
further non-limiting embodiment, step-wise cycles are
identified between successive time points. In a
further embodiment, specific conserved Replikin
sequences are identified within the step-wise
cycles.[000156] Increased Replikin Counts provide
advance warnings of Foot and Mouth Disease outbreaks
and the basis of a conserved synthetic FMDV Vaccine.
One aspect of the invention contemplates provision of
advance warning of outbreaks of FMDV by identifying
cycles in the Replikin Count of isolates of FMDV over
time. As may be seen from the data in Figure 4, in
2000, an outbreak of Foot and Mouth Disease Virus
(Type O) (FMDV) was predicted by a peak in annual mean
Replikin Count. An outbreak in 2001-2002 was observed
in the United Kingdom and in the Netherlands. In a new
cycle beginning in 2005, the highest Replikin counts
in ten years, observed in 2007 and 2008, were followed
by severe FMDV outbreaks in 2008 and 2009 in the
Middle East, Africa, India, China, and other Asian
countries. Replikin peptide structures found to be
conserved over decades are now the basis of a
synthetic Replikins vaccine for FMDV. Replikin
sequences identified as conserved within the Replikin
cycles in Figure 4 include HKQKIIAPAK (SEQ ID NO: 17)
and HKQKIVAPVK (SEQ ID NO: 18). These sequences are
also observed to be conserved over time in isolates of
foot and mouth disease type A. [000157] Figure 4
illustrates cycles of Replikin Count in Type O
isolates of FMDV. The data illustrated in Figure 4 are
contained in Table 3. Table 3 Foot and Mouth Disease
Virus Protein Replikin Cycles [000158] The data in
Table 3 and Figure 4 illustrate that the annual
Replikin Counts (Mean and Standard Deviation (SD)) in
Foot and Mouth disease virus occurred in two rising
portions and a decreasing portion. The first rising
portion followed by the first decreasing portion
occurs from 1999-2005 and the second rising portion
occurs from 2005-2008. Increases in ReplikinCounts
provided advance warning signals (p<0.001) prior to
severe FMDV outbreaks in the U.K. and the Netherlands
in 2001-2002, and in the Middle East, Africa, India,
and Asia in 2008-2009. [000159] Replikin peptides (1)
were identified and counted automatically, with tests
of statistical significance of changes, using a
software program (ReplikinsForecast(tm) Replikins LLC,
Boston, MA) designed to analyze the protein sequences
of any organism, in this case FMDV published in
PubMed. When the history of each Replikin structure in
the virus was tracked for its occurrence in each virus
specimen in each of the years for which virus sequence
data was published, conservation of Replikin
structures for decades was found. The structure of
these conserved Replikins is the basis of synthetic
Replikins vaccines for FMDV. [000160] Replikin
peptides conserved in FMDV over decades include
HKQKIIAPAK (SEQ ID NO: 17) and HKQKIVAPVK (SEQ ID NO:
18). Sequences identified within Replikin cycles and
as conserved within Replikin cycles are particularly
useful for diagnostic and therapeutic purposes. For
example, the sequences identified as new and/or
conserved in FMDV Replikin cycles are useful for (1)
designing and chemically synthesizing vaccines that
contain both older conserved Replikins as well as
newer ones to provide the most accurate and maximal
antiorganism immune stimulating properties, (2)
designing and chemically synthesizing antibodies that
contain reactive sites against both older conserved
Replikins and newer ones to provide the most accurate
and maximal anti-organism immune protective
properties, and (3) designing and chemically
synthesizing compounds that contain reactive sites
against both older conserved Replikins and newer ones
to provide the most accurate and maximal anti-organism
protective properties. Predicting Expansion of
Populations of Influenza Virus [000161] One aspect of
the present invention provides methods of predicting
an outbreak of influenza by predicting an increase in
the virulence, morbidity, and/or lethality of a strain
of influenza virus or an expansion of the population
of a strain of influenza virus using a Replikin Count
Virus Expansion Index. In this aspect of the
invention, an increase in virulence, morbidity, and/or
lethality or an expansion of a strain of influenza
virus is predicted by (1) determining a mean Replikin
Count and a standard deviation from the mean Replikin
Count for a plurality of isolates of a strain of
influenza virus for a first time period in a first
geographic region, (2) determining a Replikin Count of
at least one isolate of the same or a related strain
of influenza virus from a second time period and/or a
second geographic region different from thefirst time
period and/or the second geographic region, and (3)
predicting an increase in virulence, morbidity, and/or
lethality or an expansion of the strain of influenza
isolated in the second time period and/or second
geographic region, if the Replikin Count of the at
least one isolate from a second time period and/or a
second geographic region is greater than one standard
deviation of the mean of the Replikin Count of the
plurality of isolates isolated in the first time
period in the first geographic region. [000162] In the
above-described method, at least one isolate of the
same or related strain of influenza virus from a
second time period and/or second geographic region may
be a plurality of isolates from the second time period
and/or second geographic region. In this case, the
Replikin Count of each isolate of the plurality of
isolates from the second time period and/or second
geographic region is compared separately to one
standard deviation of the mean. [000163] An expansion
of influenza isolated in the second time period and/or
second geographic region may also be predicted if the
number of Replikin Counts of a plurality of isolates
from the second period and/or second geographic region
that is greater than one standard deviation of the
mean is greater than the number of Replikin Counts of
said plurality of isolates from the second period
and/or second geographic region that is less than one
standard deviation of the mean. [000164] The method
may also employ a ratio of the number of Replikin
Counts that are greater than one standard deviation of
the mean divided by the number of Replikin Counts that
are less than one standard deviation of the mean. The
ratio is called a Replikin Count Virus Expansion Index
(RCVE Index). Another way to determine the RCVE Index
is to divide the percent of Replikin Counts in a
plurality of isolates of influenza virus grouped by
time and/or region that are higher than one standard
deviation of the mean by the percent of Replikin
Counts that are lower than one standard deviation of
the mean. An RCVE Index may be used to quantify the
future risk of an outbreak of influenza by tracking
Replikin Counts in strains of influenza over time.
[000165] In determining a RCVE Index, the mean
Replikin Count of the plurality of isolates from the
first time period and first geographic region is
considered a control. A control population preferably
has a relatively large number of isolates with a
relatively small variability in the Replikin Count of
the isolates, but any population may be deemed a
control when a comparison between the control and a
related isolate or plurality of isolates is desired. A
controlmay be related to the population that is being
studied. For example, if influenza infection in a bird
species, such as swans, is being studied, the control
may be something closely related such as chickens,
wherein isolates from chickens may be relatively
numerous (if available) and relatively stable (if
possible) and wherein stability in Replikin Count
through the population demonstrates a level of
equilibrium between the expansion and contraction of
the strain or related strain of influenza virus in
chickens. A control may reflect a highest number of
isolates reported in a year or in several years in a
geographic area. As may be seen in Figure 3, Influenza
B may be a model control during the 20th century for
influenza strains because both Replikin Count and
morbidity in all hosts are remarkably stable
throughout some 40 years with a 



relatively small standard deviation and no lethal
outbreaks recorded. In influenza B, Replikin Count and
replication rate appear to be just sufficient to
balance losses for steady survival of the species.
This is in contrast to H2N2, which disappeared at the
end of the century after dropping Replikin Counts less
than one standard deviation of the mean with no
Replikin Counts greater than one standard deviation of
the mean to balance the survival of the strain.
[000166] In determining an RCVE index, any measure of
Replikin concentration may be used in influenza or in
other pathogens. Replikin Count may reflect the
concentration of Replikin peptides identified encoded
in the genome of an isolate. Replikin Count may also
reflect the concentration of Replikin peptides
identified in the expressed proteins of an isolate or
in at least one protein or protein fragment of an
isolate. Replikin Count may also reflect the
concentration of Replikin peptides identified in a
Replikin Peak Gene of an isolate. The Replikin Peak
Gene of an influenza virus may be any segment of the
genome or of any expressed protein or protein fragment
having the highest concentration of continuous and/or
overlapping Replikin peptides identified. [000167] In
many influenza isolates the Replikin Peak Gene is
identified in the polymerase area of the influenza
virus genome. Within the polymerase area, the Replikin
Peak Gene is often identified in the pBl gene area.
Replikin Counts within the pBl gene may also be used.
[000168] Any Replikin peptide, Replikin Peak Gene,
protein, protein fragment, or nucleic acid sequence
encoding any Replikin peptide, Replikin Peak Gene,
protein, or protein fragment in an isolate predicted
by the methods of the invention to be expanding may be
used for diagnostic, therapeutic, and/or preventive
purposes. Further, a vaccine may be manufactured
byidentifying a portion of the structure or genome of
an influenza isolate predicted to expand in population
and using that portion in a vaccine composition.
[000169] Methods of the invention also provide methods
of predicting a decrease in virulence, morbidity,
and/or lethality of a strain of influenza and/or
predicting a contraction or failure of a strain of
influenza wherein a Replikin Count of at least one
isolate of a strain of influenza from a second time
period and/or second geographic region is less than
one standard deviation of the mean of the Replikin
Count of a plurality of isolates of influenza from a
first time period and first geographic region. A
decrease may also be predicted where the number of
Replikin Counts of a plurality of isolates from a
second period and/or a second geographic region that
are greater than one standard deviation of the mean is
less than the number of Replikin Counts less than one
standard deviation of the mean. A decrease,
contraction, or failure is predicted if the ratio of
the Replikin Count Virus Expansion Index is less than
one. [000170] When a population contains isolates with
Replikin Counts above one standard deviation of the
mean of a control and does not contain isolates with
Replikin Counts below one standard deviation of the
mean of the control, the ratio of the RCVE Index is
considered to have a denominator of one to avoid an
index of infinity. [000171] In determining a Replikin
Count Virus Expansion Index, Replikin Counts from
Replikin Peak Genes may be analyzed from regions (such
as all reporting countries) in a given time period
(such as a year) for a range of species. Within a
country in a year, there may be a range of values over
a range of species. The ordinary skilled artisan may
select a mean Replikin Count as a control from the
range of values, a time, a region, a species, or any
combination thereof (such as a time, a region, and a
species, e.g., 2004, China, and chicken). For example,
in Example 7 below, the mean Replikin Count of all
H5N1 isolates from chickens in China in 2004 was
selected as an initial control against which Replikin
Counts from swans in China in 2004 were compared. When
comparing a control to the Replikin Count of an
individual isolate or related group of isolates, a
control that shares some similarity with the isolate
or group of isolates may be used. For example, a
control of all isolates from chicken in China in 2004
may be compared with other isolates from 2004.
Likewise, a control of swans from 2005 in Japan may be
compared to future isolates from swans in Japan. The
ordinary skilled artisan will understand when a
control shares similarity with an isolate or group of
related isolates such that the control may be used in
comparison with the isolate or group of related
isolates.[000172] When comparing the Replikin Count of
an individual isolate or related group of isolates to
a control, all Replikin Count values within the group
of related isolates that fall within one standard
deviation of the mean may be treated as a group.
Additionally, all values that fall outside the range
of one standard deviation from the mean may be treated
as two outlying groups. A first group is the group of
Replikin Counts that are greater than the mean plus
one standard deviation. A second group is the group of
Replikin Counts that are less than the mean minus one
standard deviation. Because higher Replikin Counts are
associated with future outbreaks or an expanding virus
population and lower Replikin Counts are associated
with cessation of outbreaks or decrease or failure of
the virus population, the ratio of the percent of
isolates having Replikin Counts above mean plus one
standard deviation to the percent of isolates having
Replikin Counts below the mean minus one standard
deviation provides a quantitative index of the
viability and expansion of the virus. The index
provides a snapshot of current status of the virus
population and the propensity for change in that
population. If the ratio is greater than one, the RCVE
Index predicts an expanding population. If the ratio
is less than one, the RCVE Index predicts a
contracting or failing virus population. Mitigating
and Treating Expanding Populations of Influenza Virus
[000173] One aspect of the present invention provides
methods of preventing or treating outbreaks of
influenza virus by predicting an expansion of a strain
of influenza virus using a Replikin Count Virus
Expansion Index and administering therapies comprising
an isolated or synthesized portion of the structure or
genome of the influenza virus identified using the
RCVE Index to prevent, mitigate, or treat the outbreak
of influenza virus. A prediction of an outbreak may be
made by (1) determining a mean Replikin Count with
standard deviation for a group of isolates of a strain
of influenza isolated during a first time period in a
first geographic region, (2) determining a Replikin
Count of at least one isolate of the same strain of
influenza virus from a second time period and/or
second geographic region that is different from the
first time period and/or is different from the second
geographic region, and (3) predicting an expansion of
the strain of influenza isolated in said second time
period and/or second geographic region if the Replikin
Count of the isolate from a second time period and/or
second geographic region is greater than one standard
deviation from the mean of the Replikin Count of the
plurality of isolates isolated in the first time
period and in the first geographic region. An outbreak
may beprevented, mitigated, or treated by
administering a pharmaceutical compound that includes
all or some portion of the structure or genome of the
at least one isolate of influenza virus. [000174] The
at least one isolate of influenza from a second time
period and/or geographic region may be a plurality of
isolates from the second time period and/or second
geographic region wherein the Replikin Count of each
isolate of the plurality of isolates is compared
separately to one standard deviation from the mean.
Additionally, an outbreak of influenza may be
predicted if the number of Replikin Counts of the
plurality of isolates from a second period and/or a
second geographic region that is greater than one
standard deviation of the mean is greater than the
number of Replikin Counts less than one standard
deviation of the mean. [000175] The portion of the
structure or genome may be isolated from an influenza
isolate or may be synthesized based on sequences or
other structure elucidated from the influenza isolate
as well understood by the ordinary skilled artisan.
The structure may be a protein or protein fragment
that comprises a Replikin peptide or that consists of
a Replikin peptide. The structure may comprise or
consist of a Replikin Peak Gene or a fragment of a
Replikin Peak Gene or may consist of a Replikin
peptide identified within a Replikin Peak Gene. The
structure may also be a nucleic acid including but not
limited to a nucleic acid encoding a Replikin Peak
Gene, a Replikin peptide or plurality of Replikin
peptides within a Replikin Peak Gene, or a Replikin
peptide or plurality or Replikin peptides. [000176] A
peptide or mixture of peptides may be comprised in an
immunogenic compound for influenza and may include at
least one of HAQDILEKEHNGKLCSLKGVRPLILK (SEQ ID NO:
1), KEHNGKLCSLKGVRPLILK (SEQ ID NO: 2),
KKNNAYPTIKRTYNNTNVEDLLIIWGIHH (SEQ ID NO: 3),
HHSNEQGSGYAADKESTQKAIDGITNK (SEQ ID NO: 4),
HDSNVKNLYDKVRLQLRDNAK (SEQ ID NO: 5),
KVRLQLRDNAKELGNGCFEFYH (SEQ ID NO: 6),
KDVMESMDKEEMEITTH (SEQ ID NO: 7), HFQRKRRVRDNMTKK (SEQ
ID NO: 8), KKWSHKRTIGKKKQRLNK (SEQ ID NO: 9),
HKRTIGKKKQRLNK (SEQ ID NO: 10),
HEGIQAGVDRFYRTCKLVGINMSKKK (SEQ ID NO: 11); or
HSWIPKRNRSILNTSQRGILEDEQMYQKCCNLFEK (SEQ ID NO: 12).
Synchronous Replikin Cycles in H9N2 and H5N1 Strains
of Influenza [000177] Another aspect of the invention
provides methods of predicting an increase in the
virulence, morbidity, and/or lethality or an expansion
of the population of an isolate of a strain
ofinfluenza virus as compared to another isolate or
group of isolates of the same or a related strain.
Such an increase may be predicted by identifying a
cycle of Replikin concentration among a plurality of
isolates of influenza and identifying a peak in that
cycle. An increase is predicted following the time
point or time period when the peak is identified or
following a rising portion of the cycle. An increase
may likewise be predicted following the time point or
time period when a peak is identified in two
synchronous cycles wherein a first cycle is the cycle
of a strain of influenza and the second cycle is a
cycle of a different strain of influenza. The increase
is predicted following the time period in which the
peaks of the synchronous cycles are identified or in a
rising portion identified in both synchronous cycles. 



[000178] A cycle of Replikin concentration or
"Replikin cycle" of H9N2 may be seen in Figure 5. A
comparison of synchronized cycles of Replikin
concentration in H5N1 and H9N2 may be seen in Figure
6. The synchronized cycles in these two influenza
strains correspond to and retrospectively predict H5N1
outbreaks in 1997, 2001, 2004, 2007 and the present
outbreak in 2008 and 2009. [000179] In Figure 5, the
mean annual Replikin Count of the pBl gene area of
H9N2 is shown in light gray columns with standard
deviation shown in dark gray columns above the H9N2
annual mean Replikin Count. The standard deviation
data emphasize the extent of the expanding Replikin
Counts within the annual population. The number of
poultry flocks reported in Israel with H9N2 infection
is provided in white columns. In Figure 6, mean annual
Replikin Count for H9N2 is again reported in light
gray columns with standard deviation reported above in
dark gray columns. Mean annual Replikin Count for H5N1
is reported in black columns with standard deviation
reported in white columns above the H5N1 annual mean
Replikin Count. Figure 6 visibly illustrates synchrony
between the H9N2 and H5N1 Replikin Cycles. [000180]
The data for Figures 5 and 6 are disclosed in Table 4
below. In Table 4, mean annual Replikin Count with
standard deviation are provided for all amino acid
sequences publicly available at www.pubmed.com for
H9N2 and H5N1 strains of influenza isolated from 1993
through 2008. The number of poultry flocks reported to
have H9N2 infections in Israel are also disclosed for
years 2000 through 2004 as a measure of outbreaks of
H9N2.Table 4 Synchronous Replikin Cycles in H9N2 and
H5N1 [000181] As illustrated in Figures 5 and 6 with
data provided above in Table 4, the H9N2 strain of
influenza, which commonly infects poultry and
occasionally infects humans, has been found to have
completed a second five year Replikins expansion cycle
in which H9N2 Replikin Counts of Replikin peptides
identified as encoded in the pBl region of the
influenza genome reached levels twice those found in
H5N1 . As may be seen in the figures, H9N2 Replikin
Counts increased in 1996, one year before the H5N1
outbreak in Hong Kong in 1997. In 1999, increasing
Replikin Counts in the pBl region of H9N2 also
preceded increases in Replikin Counts in the pBl
region of H5N1 as well as H5N1 outbreaks. As may be
seen in Figure 6, the Replikin Cycles of H9N2 and H5N1
coincide and share a visible level of synchrony.
Further, as may be seen from Figure 6, the Replikin
Count level for H9N2 has, as of 2008, increased in
concentration more than the Replikin Count level for
H5N1 . As such, while not wishing to be bound by
theory, it is noteworthy that H9N2 strains of
influenza and H5N1 strains of influenza appear to have
a synchronized cyclic precursor-competitor
evolutionary biochemicalrelationship. The data predict
that H9N2 is an alternate candidate to H5N1 for a
future influenza pandemic. [000182] In Figures 5 and
6, each cycle of H9N2 or H5N1 is defined by Replikin
Counts (number of Replikin peptides per 100 amino
acids) of specific Replikin peptides in the pBl gene
area. An increase in successive years followed by a
decrease in successive years is observable. Figure 5
illustrates that increasing H9N2 Replikin Counts
precede the occurrence of increasing numbers of H9N2
infections in poultry flocks. Figure 5 further
demonstrates that Replikin Counts in H9N2 began to
increase again in 1999, two years before a reported
increase of H9N2 outbreaks in poultry in the Middle
East, including Israel. As may be seen in Figure 6,
following the increase in H9N2, Replikin Counts began
to increase in H5N1 in 2000 with infections beginning
in 2000 and forward. [000183] The H9N2 sequences
analyzed and reported as mean Replikin Count in Table
4 and in Figures 5 and 6 include all those published
on PubMed worldwide. A principal portion of the
sequences are from influenza isolated in China and the
Middle East. [000184] Two Replikin Count expansion
rising portions of cycles are seen in Figure 6 with
visible synchrony. The first expansion rising portion
of a cycle is observed from 1999 to 2003. The second
expansion rising portion of a cycle is observed from
2004 to 2008. In the second rising portion, the
maximum Replikin Counts for H9N2 were greater than
those in its first rising portion and double the
maximum Replikin Counts seen in H5N1 . The maximum
Replikin Counts observed for H9N2 are likewise double
the maximum Replikin Counts observed for any other
influenza strain so far analyzed. See, e.g., Figures 7
and 8. [000185] Additionally, the standard deviations
for H9N2 as illustrated in Figures 5 and 6 are clearly
greater than the standard deviations for the H5N1
values, indicating greater activity in Replikin Count
in H9N2. This observable up-regulation of H9N2
Replikin Peak Gene area through observable changes in
Replikin Count is seen in advance of H9N2 outbreaks. A
similar trend is observable in Replikin Counts in West
Nile Virus for viruses isolated from 2000 through
2008. See Figure 3. Likewise, predictive cycles have
been noted in malaria, foot and mouth disease and
other influenza strains. See, id. Figures 1-6.
[000186] The data in Table 4 and Figures 5 and 6
predict that additional increases in both Replikin
Counts and consequent H5N1 and H9N2 infections may be
expected in a coming third Replikin Count cycle in
H9N2 and H5N1 . An outbreak of H5N1 in chickens in
Hong Kong inearly December 2008 and a reported H9N2
infection in a child in Hong Kong in late December
2008 substantiates the predictive capacity of the
data. Other H5N1 outbreak data from the Assam,
Meghalaya, and West Bengal regions of Indian in late
2008 further substantiate the prediction. Vaccines,
Treatments and Therapeutics [000187] The observations
of specific Replikins and their concentration in
malaria, West Nile virus, foot and mouth disease
virus, and influenza virus proteins provides specific
quantitative early chemical correlates of outbreaks
and increases in mortality and provides for production
and timely administration of vaccines tailored
specifically to treat the prevalent emerging or
reemerging strain virus in a particular region of the
world. Synthesis of these vaccines may be accomplished
in seven days or less, which allows for administration
of vaccines that are a best fit for a particular
virulent strain of virus or organisms including
malarial trypanosomes, West Nile virus, foot and mouth
disease virus, and influenza virus. [000188] By
analyzing the protein sequences of isolates of a virus
or other pathogen for the presence, concentration
and/or conservation of Replikins, pandemics,
epidemics, and other changes in virulence and
mortality can be predicted and treatments developed.
Furthermore, the severity of such outbreaks can be
significantly lessened by administering a peptide
vaccine based on the Replikin sequences found to be
most abundant or shown to be on the rise in virus
isolates over a given time period, such as about one
to about three years. [000189] A peptide vaccine of
the invention may include a single Replikin peptide
sequence or may include a plurality of Replikin
sequences observed in particular virus strains.
However, a vaccine may include a conserved Replikin
peptide(s) in combination with a new Replikin(s)
peptide or may be based on new Replikin peptide
sequences. The Replikin peptides can be synthesized by
any method, including chemical synthesis or
recombinant gene technology, and may include
non-Replikin sequences, although vaccines based on
peptides containing only Replikin sequences are
preferred. Preferably, vaccine compositions of the
invention also contain a pharmaceutically acceptable
carrier and/or adjuvant. Among the Replikin peptides
for use in a virus or pathogen vaccine are those
Replikins observed to "re- emerge" after an absence
from the amino acid sequence for one or more years.
[000190] The vaccines of the present invention can be
administered alone or in combination with antiviral
drugs, such as gancyclovir; interferon; interleukin;
M2 inhibitors, such as,amantadine, rimantadine;
neuraminidase inhibitors, such as zanamivir and
oseltamivir; and the like, as well as with
combinations of antiviral drugs. [000191] The vaccine
of the present invention may be administered to any
animal capable of producing antibodies in an immune
response. For example, the vaccine of the present
invention may be administered to a rabbit, a chicken,
a shrimp, a pig, or a human. Because of the universal
nature of Replikin sequences, a vaccine of the
invention may be directed at a range of strains of a
virus or organism or a particular strain of virus or
organism. [000192] The Replikin peptides of the
invention, alone or in various combinations are
administered to a subject, in a non-limited embodiment
by i.v., intramuscular injection, by mouth, or by
spray inhalation, intranasal administration, or
intraocular administration. The peptides are
administered in order to stimulate the immune system
of the subject to produce antibodies to the peptide.
Generally the dosage of peptides is in the range of
from about 0.01 mg to about 500 mg, about 0.05 mg to
about 200 mg, or about 0.075 mg to about 30 mg, from
about 0.09 mg to about 20 mg, from about 0.1 mg to
about 10 mg, from 10 mg to about 1 mg, and from about
50 mg to about 500 mg. The skilled practitioner can
readily determine the dosage and number of dosages
needed to produce an effective immune response.
[000193] In another aspect of the invention, isolated
Replikin peptides may be used to generate antibodies,
which may be used, for example to provide passive
immunity in an individual or for diagnostics. See,
e.g., U.S. Appln. Ser. No. 11/355,120, filed February
16, 2006 and U.S. Appln. Ser. No. 12/010,027, filed
January 18, 2008 (each incorporated herein by
reference in their entirety). Example 1 Analysis of
Replikin Count in Malaria to Predict Increased
Mortality [000194] Publicly available sequences of
isolates of P.falciparum at www.pubmed.com were
analyzed using proprietary search tool software
(ReplikinForecast(tm) available in the United States
from REPLIKINS LLC, Boston, MA) for years 1986 to 2007
to determine the mean 



Replikin Count for the histidine-rich protein of all
isolates available in each of those years. Mean annual
Replikin Counts for each year were then compared with
changes in mortality as reported by the World Health
Organization. [000195] A list of the accession numbers
analyzed for the presence and concentration of
Replikin sequences is provided in Table 5 below. The
mean Replikin Count for each year isprovided following
the list of accession numbers from isolates in each
corresponding year. Standard deviation and
significance as compared to the mean Replikin Count of
the previous year and of the lowest mean Replikin
Count within the data set are also provided along with
the mean Replikin Count for each year. Table 5 -
Malaria Annual Mean Replikin Count[000196] Analysis of
the annual mean Replikin Count of the histidine rich
protein between 1986 and 2007 revealed cycles of
Replikin Count. The beginning of a new cycle provides
a prediction that Replikin Count may continue to
increase along with an increase in malaria mortality
rate. The data is graphically illustrated in Figure 1
and summarized in Table 1 above. [000197] Replikin
peptides in an isolate identified at a peak or in a
rising portion of the Replikin cycles revealed in
Figure 1 are available as peptides of the invention.
For example, any Replikin peptide identified in the
ABU43157 accession number of an isolate from 2007 is
available as a diagnostic, therapeutic, or preventive
compound or composition of the invention because it is
identified in a rising portion of a Replikin cycle.
Replikin peptides identified in the 1999 isolate
reported at accession number CAD49281 are likewise
available. See Figure 1 and Table 2. The 1999 isolate
is present at the peak of a Replikin cycle, as such,
Replikin peptides identified in the isolate reported
at CAD49281 may be used as immunogenic compounds.
Additionally, the 1998 accession number XPOO1349534 is
identified from an isolate in a rising portion in a
Replikin cycle. See Figure 1 and Table 5. Replikin
peptides identified in ABU43157, CAD49281, and
XPOO1349534, among others, are likewise useful as
immunogenic compounds or vaccines or for diagnosis or
treatment of malaria. Example 2 Analysis of Replikin
Count in Malaria ATP-ase to Predict Increased
Mortality [000198] Applicants analyzed publicly
available sequences of the ATP-ase enzyme of isolates
of P.falciparum at www.pubmed.com. The data is
summarized below in Table 6 and illustrated in Figure
2. The data illustrate that mortality rates per 1000
clinical cases of malaria in humans correlate with
annual mean Replikin Count in sequences of the
P.falciparum ATPase enzyme publicly available at
www.pubmed.com. Replikin Counts of P.falciparum
ATP-ase increased from 1997 to 1998 along with an
increase in mortality per malaria case from 1997 and
1998 to 1999. The Replikin Count of P.falciparum
ATP-ase decreased from 1998 to 2006 along with
mortality rates from 1999 to 2005 (consistent
mortality presently available only through 2005). High
malaria morbidity and mortality rates occurred in the
late 1990s and were thought to be due to adaptation of
the microorganism and decreased effectiveness of
anti-malarials. ATP-ase is a primary target of
arteminisin treatment of malaria. With increased use
of arteminisin, and improved public health measures,
morbidity and mortality rates declined from1999 to
2005. Mortality rates in Table 6 are recorded as
declared by the World Health Organization. See
www.who.int. Table 6 Example 3 Analysis of Replikin
Count Cycles in West Nile Virus Predict Increased
Morbidity [000199] Envelope protein sequences from
isolates of West Nile virus isolated between 2000 and
2008 that were publicly available at www.pubmed.com
were analyzed for Replikin sequences and a mean annual
Replikin Count was determined. The data are contained
in Table 7 below and illustrated in Figure 3. [000200]
Figure 3 illustrates cycling of mean annual Replikin
Count in West Nile virus in correlation with cycling
of West Nile virus morbidity. Cycles are detectable
because of repeating conserved virus structures and
continuity of the Replikin phenomenon through time.
The mean annual Replikin Count of the Envelope Protein
of WNV (black), and standard deviation, is compared to
the annual number of human cases in the U.S. per CDC
reports (gray). [000201] 2000 to 2003 : The standard
deviation of the mean of the Replikin Count of the
envelope protein increases markedly from 2000 to 2001
(p<0.001). This change has been observed in all common
strains of influenza virus (not the same virus genus
as WNV) to signal rapid replication and expansion of
the range of the Replikin Count, thus virus population
expands with Replikin Count and precedes virus
outbreak. The increase in the mean Replikin Count from
2000 to 2003 appears to accompany, or precede, the
increase in the number of human WNV cases recorded
independently and published by the Center for Disease
Control(CDC). The same relationship of Replikin Count
to morbidity has been shown in influenza strains, for
example H5N1 to human mortality, and in H3N8 equine
encephalitis to horse morbidity, and in the
trypanosome Plasmodiumfalciparum (malaria) to human
morbidity, and to mortality rate in shrimp with shrimp
taura syndrome virus. Since the relationship has
already been demonstrated in several species,
including crustaceans, horses, and humans, it appears
to be a broadly distributed general principle. 2004 to
2007 : In 2004 and 2005, there was a decrease from
2003 in both the Replikin Count and the number of
human cases of WNV. In 2006, there was an increase in
the Replikin Count followed by an increase in 2007 of
the number of human cases. [000202] In Figure 3,
cycles of Replikin concentration and cycles of WNV
human morbidity may be observed to correlate. Until
the present data, it was not understood that cycles
within a particular strain of pathogen actually
continued from a peak to a trough to another peak to
another trough. Instead, in the past, it was
understood that an increase in Replikin concentration
correlated with outbreaks and a decrease in Replikin
concentration correlated with retraction. With these
new data, however, it is now understood and
contemplated by the invention that entire Replikin
cycles from peak to trough to peak to trough and/or
from trough to peak to trough to peak correlate with
cycles in virulence, morbidity, and mortality. The
invention now provides methods of tracking pathogens
as they increase in virulence, expand in population
within a region or into a region, or increase in
morbidity or mortality by monitoring changes in
Replikin concentration. [000203] The rising numbers
for both the Replikin Count and the number of cases in
the second rising portion of the cycle, 2004-2008,
when compared to the first rising portion of the
cycle, suggests an increased or 'improved' infective
efficiency accompanying an increased Replikin Count in
the second rising portion, compared to the first. The
drop in efficacy of the virus is probably due to the
generation of resistance in the host; the subsequent
rise in infectivity in the second rising portion of
the cycle is related to the appearance of new
Replikins identified in WNV. Once again, the close
relationship of Replikins to infectivity is
demonstrated; both literally rise and fall together.
[000204] Thus the present data provide direct
quantitative evidence of the relationship of Replikins
to infectivity at a more accurate level than
previously available. For example, in the case of H5N1
influenza, the cycle began in 1996, with the Hong Kong
outbreak. It wastemporarily ended in 1998 by the
complete culling of chickens in Hong Kong. The H5N1
clinical 'sub-cycle' resumed in 2000, continued to the
present, and was predicted prospectively each year by
the Replikin Count. In this case, occurring mostly in
East Asian countries, H5N1 was not as subject to exact
epidemiological reports by the WHO of morbidity and
mortality as in the case of West Nile Virus in the
U.S. as here presented, since the CDC keeps much more
accurate surveillance records of the morbidity and
mortality. [000205] While not wishing to be limited by
theory, the close relationship of Replikin Count to
morbidity and mortality, and other evidence, has led
to the hypothesis that Replikins, in addition to being
closely involved in the biochemistry of rapid
replication, are in fact infective units, that the
viruses and trypanosomes are merely carriers of the
Replikin infective units, but that other virus or
trypanosome structures are needed to produce
infectivity in the host. [000206] Figure 3 illustrates
that early detection of changes in Replikin Count may
be directly translated in a rapid response with
vaccines to the emerging Replikin structures that may
be synthesized in seven days or fewer after
identification of the emerging Replikin sequences
using, for example, ReplikinForecast(tm) software
(Replikins LLC Boston, MA). [000207] Accession
numbers, number of isolates, mean Replikin Count,
standard deviation and significance for accession
numbers available for West Nile virus envelope protein
from www.pubmed.com are contained below in Table 7.
Specific conserved Replikin sequences identified
within the step-wise cycles of West Nile virus in
Figure 3 include, KIIQKAHK (SEQ ID NO: 13), HLKCRVKMEK
(SEQ ID NO: 14), KLTSGHLK (SEQ ID NO: 15), and
HNDKRADPAFVCK (SEQ ID NO: 16). The accession numbers
in which these sequences are conserved are listed in
Example 6 of U.S. Appln. Ser. No. 12/108,458, filed
April 23, 2008, which is incorporated herein by
reference in its entirety. Table 7 West Nile Virus
Envelope Protein Replikin Count CyclesISOPRENE
SYNTHASE VARIANTS FOR IMPROVED MICROBIAL PRODUCTION OF
ISOPRENE CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims the benefit of U.S.
provisional application serial no. 61/125,336 filed
April 23, 2008, which is hereby incorporated by
reference in its entirety. FIELD OF THE INVENTION
[0002] The present invention provides methods and
compositions comprising at least one 



isoprene synthase enzyme with improved catalytic
activity and/or solubility. In particular, the present
invention provides variant plant isoprene synthases
for increased isoprene production in microbial host
cells. Biosynthetically produced isoprene of the
present invention finds use in the manufacture of
rubber and elastomers. BACKGROUND OF THE INVENTION
[0003] Isoprenoids are isoprene polymers that find use
in pharmaceuticals, neutraceuticals, flavors,
fragrances, and rubber products. Natural isoprenoid
supplies, however, are limited due to ecological
concerns. For this reason, and to provide isoprenoid
compositions having fewer impurities and greater
uniformity, isoprenoids such as rubber are often
produced synthetically. [0004] Isoprene
(2-methyl-l,3-butadiene) is a volatile hydrocarbon
that is insoluble in water and soluble in alcohol.
Commercially viable quantities of isoprene can be
obtained by direct isolation from petroleum C5
cracking fractions or by dehydration of C5 isoalkanes
or isoalkenes (Weissermel and Arpe, Industrial Organic
Chemistry, 4th ed., Wiley-VCH, pp. 117-122, 2003). The
C5 skeleton can also be synthesized from smaller
subunits. It would be desirable, however, to have a
commercially viable method of producing isoprene that
was independent of nonrenewable resources. [0005]
Biosynthetic production of isoprene occurs by two
distinct metabolic pathways (Julsing et al., Appl
Microbiol Biotechnol, 75:1377-1384, 2007). In
eukaryotes and archae, isoprene is formed via the
mevalonate (MVA) pathway, while some eubacteria and
higher plants produce isoprene via the
methylerythritol phosphate (MEP) pathway. Isoprene
emissions from plants are light and
temperature-dependent with increases linked to leaf
development. An isoprene-producing enzyme, isoprene
synthase, has been identified in Aspen trees (Silver
and Fall, Plant Physiol, 97:1588-1591, 1991; and
Silver and Fall, J BiolChem, 270:13010-13016, 1995)
and is believed to be responsible for the in vivo
production of isoprene from whole leaves. Bacterial
production of isoprene has also been described (Kuzma
et al, Curr Microbiol, 30:97-103, 1995; and Wilkins,
Chemosphere, 32:1427-1434, 1996), and varies in amount
with the phase of bacterial growth and the nutrient
content of the culture medium (U.S. Patent No.
5,849,970 to Fall et al.; and Wagner et al., J
Bacteriol, 181:4700- 4703, 1999, both herein
incorporated by reference in their entirety). The
levels of isoprene obtainable through bacterial
systems of the prior art, however, are insufficient
for commercial uses. [0006] Thus what the art needs is
an efficient, large scale, bacterial isoprene
production process to provide feedstock for the
manufacture of isoprenoids. [0007] All patents, patent
applications, articles and publications mentioned
herein are hereby expressly incorporated herein by
reference. SUMMARY OF THE INVENTION [0008] The present
invention provides methods and compositions comprising
at least one isoprene synthase enzyme with improved
catalytic activity and/or solubility. In particular,
the present invention provides variant plant isoprene
synthases for increased isoprene production in
microbial host cells. Biosynthetically produced
isoprene of the present invention finds use in the
manufacture of rubber and elastomers. [0009]
Specifically, the present invention provides isolated
isoprene synthase variants, wherein the variant
comprises a substitution at a position corresponding
to one or more residues (one, two, three, four, five,
six, seven, eight, nine or ten) of a kudzu isoprene
synthase comprising the amino acid sequence set forth
in SEQ ID NO: 2. In some embodiments, the isoprene
synthase variant is a kudzu (Pueraria sp.) isoprene
synthase variant or a poplar (Populus sp.) isoprene
synthase variant. In some embodiments, the one or more
residues are selected from but not limited to the
group consisting of L26, E30, F31, Q33, L35, E36, N37,
L39, K40, V41, K43, L44, R61, V62, D63, Q65, K87, E94,
N95, L99, DlOO, N105, K137, E138, G143, E144, N182,
L184, K185, G187, N189, T190, P225, H226, K247, T257,
E258, M259, D266, N334, D353, S357, 1358I, E361, N389,
1392, 1393, K398, E401, C421, Q423, Q424, E425, D426,
H430, L432, R433, S434, D437, R443, L462, E463, H476,
N478, D479, Q485, D508, P513, A515, Q532, Y533, L537,
G538, R539, Y542, A543, and P557. In some embodiments,
the one or more residues are selected from but not
limited to the group consisting of P24, N25, Y309,
D310, L377, F381, E384, Y399, N402, A403, S406, S407,
G409, A411, L413, F449, A456, T457, S458, A459, A460,
E461, L462, E463,R464, G465, E466, T467, T468, N469,
M523, S527, and Y531. In some embodiments, the one or
more residues are selected from but not limited to the
group consisting of A20, N21, Y22, Q23, R271, W278,
F299, V302, and S408. The present invention also
provides an isolated isoprene synthase variant having
an A20G substitution in a kudzu isoprene synthase
having the amino acid sequence set forth in SEQ ID NO:
2. In a subset of these embodiments, the variant
comprises at least two substitutions (two, three,
four, five, six, seven, eight, nine or ten), wherein
one of the substitutions is an A20G substitution in a
kudzu isoprene synthase having the amino acid sequence
set forth in SEQ ID NO: 2. The present invention also
provides an isolated isoprene synthase variant having
an S408D substitution in a kudzu isoprene synthase
having the amino acid sequence set forth in SEQ ID NO:
2. In a subset of these embodiments, the variant
comprises at least two substitutions (two, three,
four, five, six, seven, eight, nine or ten), wherein
one of the substitutions is an S408D substitution in a
kudzu isoprene synthase having the amino acid sequence
set forth in SEQ ID NO: 2. In some preferred
embodiments, the isoprene synthase variant has at
least one improved property as compared to wild-type
isoprene synthase. In some particularly preferred
embodiments, the at least one improved property is
selected from but not limited to the group consisting
of specific activity (production of isoprene from
dimethylallyl diphosphate), and solubility. [0010] In
addition, the present invention further provides a
polynucleotide sequence encoding the isoprene synthase
variant. Also provided is an expression vector
comprising a polynucleotide sequence encoding the
isoprene synthase variant in operable combination with
a promoter. In further embodiments, the present
invention provides a host cell comprising the
expression vector. Also provided is a lysate of the
host cell, wherein the lysate further comprises
lysozyme. In some embodiments, the lysate has a
neutral pH (6.5 to 7.5), while in other embodiments
the lysate has a basic pH (above 7.5 and below 9.5).
The present invention also provides methods of
producing isoprene, comprising: (a) providing host
cells comprising the expression vector; and (b)
culturing the host cells under conditions suitable for
producing isoprene. In some embodiments, the methods
further comprise (c) recovering the isoprene. In still
further embodiments, the methods further comprise (d)
polymerizing the isoprene. The present invention
further provides methods of detecting isoprene
synthase activity, comprising: (a) culturing host
cells comprising the expression vector under
conditions suitable for producing the isoprene
synthase variant; (b) lysing the host cells with a
lysis buffer comprising lysozyme to produce a cell
lysate; and (c) detecting isoprene synthase activity
in the cell lysate by measuring isoprene production
from dimethylallyl diphosphate (DMAPP). In some
embodiments, the host is selected from but not limited
to thegroup consisting of gram-positive bacterial
cells, gram-negative bacterial cells, filamentous
fungal cells, and yeast cells. In some preferred
embodiments, the host is selected from but not limited
to the group consisting of Escherichia sp. (E. coli),
Panteoa sp. (P. citrea), Bacillus sp. (B. subtilis),
Yarrowia sp. (Y. lipolytica), and Trichoderma (T.
reesei). In some embodiments, the host cells are
cultured in a medium that includes a carbon source
selected from but not limited to the group consisting
of glucose, glycerol, glycerine, dihydroxyacetone,
yeast extract, biomass, molasses, sucrose, and oil.
[0011] Moreover, the present invention provides
methods of detecting isoprene in a plurality of
samples (high-throughput screening), comprising: (a)
providing: i) a plurality of samples each comprising
isoprene synthase; ii) a glass plate comprising a
plurality of wells; and iii) a seal for the glass
plate; (b) placing the plurality of samples in the
plurality of wells of the glass plate; (c) sealing the
glass plate with the seal to produce a sealed glass
plate having a headspace associated with the sample in
each of the plurality of wells; (d) incubating the
glass plate under conditions in which the isoprene
synthase is active; and (e) detecting isoprene in the
headspace. In some embodiments, the isoprene is
detected by gas chromatography-mass spectrometry
(GC-MS). In some embodiments, the plurality of samples
comprise host cells comprising an expression vector
comprising a polynucleotide sequence encoding an
isoprene synthase variant in operable combination with
a promoter. In some embodiments, the plurality of
samples comprise a lysate of the host cells, lysozyme,
and dimethylallyl diphosphate (DMAPP). In some
preferred embodiments, the glass plate is a deep-well
glass block. In some preferred embodiments, the
plurality of wells comprises at least 24 wells
(preferably at least 48 wells, more preferably at
least 96 wells, still more preferably at least 192
wells, and most preferably at least 384 wells). In
particularly preferred embodiments, the plurality of
wells each comprise a volume of 2 ml or less
(preferably 2 ml to 0.2 ml). [0012] Additionally the
present invention provides a host cell comprising a
heterologous polynucleotide sequence encoding an
isoprene synthase variant in operable combination with
a promoter, wherein the isoprene synthase variant
comprises a substitution at a position corresponding
to one or more residues (one, two, three, four, five,
six, seven, eight, nine or ten) of a kudzu isoprene
synthase comprising the amino acid sequence set forth
in SEQ ID 



NO: 2. In some embodiments, the one or more residues
are selected from but not limited to the group
consisting of L26, E30, F31, Q33, L35, E36, N37, L39,
K40, V41, K43, L44, R61, V62, D63, Q65, K87, E94, N95,
L99, DlOO, N105, K137, E138, G143, E144, N182, L184,
K185, G187, N189, T190, P225, H226, K247, T257, E258,
M259, D266, N334, D353, S357,I358I, E361, N389, 1392,
1393, K398, E401, C421, Q423, Q424, E425, D426, H430,
L432, R433, S434, D437, R443, L462, E463, H476, N478,
D479, Q485, D508, P513, A515, Q532, Y533, L537, G538,
R539, Y542, A543, and P557. In some embodiments, the
one or more residues are selected from but not limited
to the group consisting of P24, N25, Y309, D310, L377,
F381, E384, Y399, N402, A403, S406, S407, G409, A411,
L413, F449, A456, T457, S458, A459, A460, E461, L462,
E463, R464, G465, E466, T467, T468, N469, M523, S527,
and Y531. In some embodiments, the one or more
residues are selected from but not limited to the
group consisting of A20, N21, Y22, Q23, R271, W278,
F299, V302, and S408. The present invention also
provides an isolated isoprene synthase variant having
an A20G substitution and/or an S408D substitution in a
kudzu isoprene synthase having the amino acid sequence
set forth in SEQ ID NO: 2. In some preferred
embodiments, the isoprene synthase variant has at
least one improved property as compared to wild-type
isoprene synthase. In some particularly preferred
embodiments, the at least one improved property is
selected from but not limited to the group consisting
of specific activity (production of isoprene from
dimethylallyl diphosphate), and solubility. In some
preferred embodiments, the polynucleotide sequence is
contained within a plasmid. In other preferred
embodiments, the polynucleotide sequence is integrated
into a chromosome of the host cell. In some
embodiments, the host is selected from but not limited
to the group consisting of grampositive bacterial
cells, gram-negative bacterial cells, filamentous
fungal cells, and yeast cells. In some preferred
embodiments, the host is selected from but not limited
to the group consisting of Escherichia sp. (E. coli),
Panteoa sp. (P. citrea), Bacillus sp. (B. subtilis),
Yarrowia sp. (Y. lipolytica), and Trichoderma (T.
reesei). In some embodiments, the host cells are
cultured in a medium that includes a carbon source
selected from but not limited to the group consisting
of glucose, glycerol, glycerine, dihydroxyacetone,
yeast extract, biomass, molasses, sucrose, and oil. In
some embodiments, the host cell further comprises a
heterologous or native nucleic acid encoding an IDI
polypeptide and/or a heterologous or native nucleic
acid encoding a DXS polypeptide, sometimes in
combination with the native DXP pathway (for example,
expression of dxs and idi in E. coli in addition to
the native DXP pathway). Alternatively the entire DXP
pathway (Figure 15) maybe expressed on a plasmid or
integrated on the chromosome as an operon, with a
single promoter controlling expression, or promoters
of varying strengths (example GI 1.20, GI 1.5, or GI
1.6) controlling one or more of the individual genes.
In some embodiments, the host cell further comprises
one or more nucleic acids encoding an IDI polypeptide
and a DXS polypeptide, while in some preferred
embodiments, one vector encodes the isoprene synthase
variant, the IDIpolypeptide, and the DXS polypeptide.
In some embodiments, the host cell further comprises a
heterologous nucleic acid encoding an MVA pathway
polypeptide (e.g., an MVA pathway polypeptide from
Saccharomyces cerevisia or Enterococcusfaecalis). In
some embodiments, the host cell further comprises one
or more nucleic acids encoding an MVA pathway
polypeptide and a DXS polypeptide, while in some
preferred embodiments, one vector encodes the isoprene
synthase variant, the MVA pathway polypeptide, and the
DXS polypeptide. In some preferred embodiments, the
host cell further comprises one or more nucleic acids
encoding a DXS polypeptide, an IDI polypeptide, or one
or more of the rest of the DXP pathway polypeptides,
and a MVA pathway polypeptide. In some embodiments,
the vector further comprises a selectable marker
(e.g., antibiotic resistance nucleic acid). Also
provided are methods of producing isoprene,
comprising: (a) culturing the host cells under
suitable culture conditions for production of
isoprene; and (b) producing the isoprene. In some
embodiments, the methods further comprise (c)
recovering the isoprene. In some preferred
embodiments, the methods further comprise (d)
polymerizing isoprene. The present invention also
provides methods of producing isoprene synthase,
comprising: (a) providing: (i) a host cell; and (ii) a
nucleic acid encoding an isoprene synthase variant in
operable combination with a promoter, wherein the
isoprene synthase variant comprises a substitution at
a position corresponding to one or more residues (one,
two, three, four, five, six, seven, eight, nine or
ten) of a kudzu isoprene synthase comprising the amino
acid sequence set forth in SEQ ID NO: 2; (b)
contacting the host cell with the nucleic acid to
produce a transformed host cell; and (c) culturing the
transformed host cells under suitable culture
conditions for production of isoprene synthase. [0013]
In another aspect, the invention provides for isolated
poplar isoprene synthase variants. In one embodiment,
the variant comprises a truncation in the N-terminal
portion of isoprene synthase. In another embodiment,
the isoprene synthase variant has an increased
specific activity compared to a full length isoprene
synthase. In another embodiment, the isoprene synthase
is P. alba isoprene synthase of SEQ ID NO: 120. In
another embodiment, wherein the variant is selected
from the group consisting of: an MEA variant (SEQ ID
NO: 122), an MSV variant (SEQ ID NO: 124), an MVS
variant (SEQ ID NO: 126), an MTE variant (SEQ ID NO:
128), an MNV variant (SEQ ID NO: 130). In another
embodiment, the variant is an MEA variant (SEQ ID NO:
122). In another embodiment, the variant is selected
from the group consisting of: a TRC (-3) variant (SEQ
ID NO: 136), a TRC (-4) variant (SEQ ID NO: 138), a
TRC (-5) variant (SEQ ID NO: 140), a TRC (-6) variant
(SEQ ID NO: 142) anda TRC (-7) variant (SEQ ID NO:
144). In another embodiment, the variant is a MET
variant of P. tremuloides isoprene synthase (SEQ ID
NO: 146). In another embodiment, the variant is a MET
variant of P. trichocharpa isoprene synthase (SEQ ID
NO: 148). [0014] In another aspect, the invention
provides for isolated poplar isoprene synthase
variants, wherein the variant comprises a substitution
of one or more amino acid residues of a wild type
isoprene synthase; and wherein the isoprene synthase
variant has increased isoprene synthase activity
compared to a wild type isoprene synthase. In one
embodiment, the increased isoprene synthase activity
is indicated by a host cell comprising the isoprene
variant growing at a faster rate in the presence of
dimethylallyl pyrophosphate (DMAPP) compared to a host
cell comprising a parent isoprene synthase. In another
embodiment, the isoprene synthase is the P. alba
isoprene synthase of SEQ ID NO: 120. In another
embodiment, the variant comprises one of more amino
acid substitutions selected from the group consisting
of VlOM, F12S, T15A, E18G, V58I, V58F, L70Q, L70V,
L70T, T71P, V79L, E89D, G94A, S119F, F120L, G127R,
E175V, T212I, S257A, R262G, A266G, F280L, N297K,
F305L, L319M, E323K, A328T, D342E, A359T, K366N,
E368D, L374M, S396T, V418S, K438N, H440R, T442I,
T442A, I449V, A469S, K500R, K505Q, G507S, S509N, F51
IY, and N532K. In another embodiment, at least one
amino acid substitution is a L70R substitution. In
another embodiment, the variant comprises one of more
amino acid substitutions selected from the group
consisting of G127R/F511Y, L70Q/G94A/R262G/F305L,
F12S/ T15A/E18G/N297K, S396T/T442I, V10M/E323K,
F120L/A266G, K438N/K500R, V79L/S509N,
E175V/S257A/E368D/A469S, T71P/L374M, F280L/H440R,
E89D/H440R, V58F/A328T/N532K, S119F/D342E/I449V, and
K366N/G507S. [0015] In another aspect, the invention
provides for a crystalline form of a polypeptide
comprising the amino acid residues of SEQ ID NO: 120
(Figure 19). [0016] In another aspect, the invention
provides for methods of producing isoprene,
comprising: (a) providing a host cell comprising an
expression vector comprising a polynucleotide sequence
encoding an isoprene synthase variant; and (b)
culturing the host cell under conditions suitable for
producing isoprene. In one embodiment, the method
further comprises (c) recovering the isoprene. In
another embodiment, the method further comprises (d)
polymerizing the isoprene. [0017] In another aspect,
the invention provides for methods of detecting
isoprene synthase activity, comprising: (a) culturing
a host cell comprising the expression vector under
conditions suitable for producing an isoprene synthase
variant; (b) lysing the host cells with alysis buffer
comprising lysozyme to produce a cell lysate; and (c)
detecting isoprene synthase activity in the cell
lysate by measuring isoprene production from
dimethylallyl diphosphate (DMAPP). In one embodiment,
the host cell is selected from the group consisting of
grampositive bacterial cells, gram-negative bacterial
cells, filamentous fungal cells, and yeast cells. In
another embodiment, the host cell is selected from the
group consisting of Escherichia sp. (E. coli), Panteoa
sp. (P. citrea), Bacillus sp. (B. subtilis), Yarrowia
sp. (Y. lipolytica), and Trichoderma (T. reesei). In
another embodiment, the host cell is cultured in a
medium that includes a carbon source selected from the
group consisting of glucose, glycerol, glycerine,
dihydroxyacetone, yeast extract, biomass, molasses,
sucrose, and oil. [0018] In another aspect, the
invention provides for host cells comprising a
heterologous polynucleotide sequence encoding an
isoprene synthase variant in operable combination with
a promoter, wherein the isoprene synthase variant
comprises a substitution at a position corresponding
to one or more residues (one, two, three, four, five,
six, seven, eight, nine or ten) of a poplar isoprene
synthase. In one embodiment, the isoprene synthase is
the P. alba isoprene synthase of SEQ ID NO: 120. In
another embodiment, the variant is selected from 



the group consisting of: an MEA variant (SEQ ID NO:
122), an MSV variant (SEQ ID NO: 124), an MVS variant
(SEQ ID NO: 126), an MTE variant (SEQ ID NO: 128), an
MNV variant (SEQ ID NO: 130). In another embodiment,
the variant is selected from the group consisting of:
a TRC (-3) variant (SEQ ID NO: 136), a TRC (-4)
variant (SEQ ID NO: 138), a TRC (-5) variant (SEQ ID
NO: 140), a TRC (-6) variant (SEQ ID NO: 142) and a
TRC (-7) variant (SEQ ID NO: 144). In another
embodiment, the variant is a MET variant of P.
tremuloides isoprene synthase (SEQ ID NO: 146). In
another embodiment, the variant is a MET variant of P.
trichocharpa isoprene synthase (SEQ ID NO: 148). In
another embodiment, the variant comprises one of more
amino acid substitutions selected from the group
consisting of VlOM, F12S, T15A, E18G, V58I, V58F,
L70Q, L70V, L70T, T71P, V79L, E89D, G94A, S119F,
F120L, G127R, E175V, T212I, S257A, R262G, A266G,
F280L, N297K, F305L, L319M, E323K, A328T, D342E,
A359T, K366N, E368D, L374M, S396T, V418S, K438N,
H440R, T442I, T442A, I449V, A469S, K500R, K505Q,
G507S, S509N, F51 IY, and N532K. In another
embodiment, at least one amino acid substitution is a
L70R substitution. In another embodiment, the variant
comprises one of more amino acid substitutions
selected from the group consisting of G127R/F511Y,
L70Q/G94A/R262G/F305L, F12S/ T15A/E18G/N297K,
S396T/T442I, V10M/E323K, F120L/A266G, K438N/K500R,
V79L/S509N, E175V/S257A/E368D/A469S,
T71P/L374M,F280L/H440R, E89D/H440R, V58F/A328T/N532K,
S119F/D342E/I449V, and K366N/G507S. In another
embodiment, the polynucleotide sequence is contained
within a plasmid. In another embodiment, the
polynucleotide sequence is integrated into a
chromosome of the host cell. In another embodiment,
the host is selected from the group consisting of
gram-positive bacterial cells, gram-negative bacterial
cells, filamentous fungal cells, and yeast cells. In
another embodiment, the host is selected from the
group consisting of Escherichia sp. (E. coli), Panteoa
sp. (P. citrea), Bacillus sp. (B. subtilis), Yarrowia
sp. (Y. lipolytica), and Trichoderma (T. reesei). In
another embodiment, the host cell is cultured in a
medium comprising a carbon source selected from the
group consisting of glucose, glycerol, glycerine,
dihydroxyacetone, yeast extract, biomass, molasses,
sucrose, and oil. In another embodiment, the host cell
further comprises a heterologous or native nucleic
acid encoding an IDI polypeptide and/or a heterologous
or native nucleic acid encoding a DXS polypeptide,
optionally in combination with the native DXP pathway.
In another embodiment, the host cell further comprises
one or more nucleic acids encoding an IDI polypeptide
and a DXS polypeptide. In another embodiment, the host
cell comprises one vector encoding the isoprene
synthase variant, the IDI polypeptide, and the DXS
polypeptide. In another embodiment, the host cell
further comprises a heterologous nucleic acid encoding
an MVA pathway polypeptide selected from the group
consisting of an MVA pathway polypeptide from
Saccharomyces cerevisia and Enterococcus faecalis. In
another embodiment, the host cell further comprises
one or more nucleic acids encoding an MVA pathway
polypeptide and a DXS polypeptide and wherein one
vector encodes the isoprene synthase variant, the MVA
pathway polypeptide, and the DXS polypeptide. In
another embodiment, the host cell further comprises
one or more nucleic acids encoding a DXS polypeptide,
an IDI polypeptide, or one or more of the rest of the
DXP pathway polypeptides, and a MVA pathway
polypeptide. [0019] In another aspect, the invention
provides for methods of producing isoprene,
comprising: (a) culturing the host cells comprising a
heterologous polynucleotide sequence encoding an
isoprene synthase variant in operable combination with
a promoter, wherein the isoprene synthase variant
comprises a substitution at a position corresponding
to one or more residues (one, two, three, four, five,
six, seven, eight, nine or ten) of a poplar isoprene
synthase under suitable culture conditions for
production of isoprene; and (b) producing the
isoprene. In one embodiment, the method further
comprises (c) recovering the isoprene. In another
embodiment, the method further comprises (d)
polymerizing isoprene.[0020] In another aspect, the
invention provides for methods of producing isoprene
synthase, comprising: (a) providing: (i) a host cell;
and (ii) a nucleic acid encoding an isoprene synthase
variant in operable combination with a promoter,
wherein the isoprene synthase variant comprises a
substitution at a position corresponding to one or
more residues (one, two, three, four, five, six,
seven, eight, nine or ten) of a P. alba isoprene
synthase of SEQ ID NO: 120; (b) contacting the host
cell with the nucleic acid to produce a transformed
host cell; and (c) culturing the transformed host
cells under suitable culture conditions for production
of isoprene synthase. BRIEF DESCRIPTION OF THE
DRAWINGS [0021] Figure 1 provides the coding sequence
(SEQ ID NO:1) of kudzu (Pueraria montana) isoprene
synthase, codon-optimized for expression in
Escherichia coli. [0022] Figure 2 provides the amino
acid sequence (SEQ ID NO:2) of kudzu isoprene
synthase. [0023] Figure 3 provides the coding sequence
(SEQ ID NO:6) of poplar (Populus alba x tremula)
isoprene synthase, codon-optimized for expression in
Escherichia coli. [0024] Figure 4 provides the amino
acid sequence (SEQ ID NO:7) of poplar (Populus alba x
tremula) isoprene synthase. [0025] Figure 5 provides a
kudzu isoprene synthase homology model with the
cysteine residues highlighted as space filling
molecules. [0026] Figure 6 provides a poplar isoprene
synthase homology model with the cysteine residues
highlighted as space filling molecules (dark grey). In
addition, the cysteine residues from the kudzu model
of Figure 5 are superimposed on the poplar model as
space filling molecules (light grey). [0027] Figure 7
provides a graph showing the growth curves of the
kudzu IspS cysteine mutants of Example 5. [0028]
Figure 8 shows an SDS-PAGE analysis of kudzu IspS
cysteine mutants from lysed cells. Pellet and
supernatant fractions were prepared by centrifugation.
[0029] Figure 9 provides a map of plasmid MCM93 (pCR2.
1-Kudzu) . [0030] Figure 10 provides the nucleotide
sequence of plasmid MCM93 (SEQ ID NO:22). [0031]
Figure 11 provides a map of pET24D-Kudzu. [0032]
Figure 12 provides the nucleotide sequence of
pET24D-Kudzu (SEQ ID NO:23). [0033] Figure 13 shows an
SDS-PAGE analysis of kudzu isoprene
synthase-containing inclusion bodies. Lane M contains
molecular weight markers, while the other lanes
containincreasing amounts of the purified inclusion
body preparation. The kudzu isoprene synthase was
estimated to have a purity of >90%. [0034] Figure 14
provides graphs showing isoprene synthase activity of
kudzu site evaluation library (SEL) members for
positions Y22, A20 and S408. Most members show highly
decreased activity, while conservative substitutions
show a lesser decrease in activity. Panel A shows
assay results for the Y22 library members in
comparison with independent wild type samples (circled
WT). Panel B shows assay results for the A20 library
members in comparison to wild type samples (circled
WT). Panel C shows assay results for the S408 library
members, indicating that member S408D has 1.5 to
2-fold higher activity than the average of the wild
type controls. [0035] Figure 15 shows the MVA and DXP
metabolic pathways for isoprene (based on F. Bouvier
et al., Progress in Lipid Res. 44: 357-429, 2005). The
following description includes alternative names for
each polypeptide in the pathways and a reference that
discloses an assay for measuring the activity of the
indicated polypeptide (each of these references are
each hereby incorporated by reference in their
entireties, particularly with respect to assays for
polypeptide activity for polypeptides in the MVA and
DXP pathways). Mevalonate Pathway: AACT; Acetyl-CoA
acetyltransferase, MvaE, EC 2.3.1.9. Assay: J .
Bacteriol., 184: 2116-2122, 2002; HMGS;
Hydroxymethylglutaryl-CoA synthase, MvaS, EC 2.3.3.10.
Assay: J . Bacteriol., 184: 4065-4070, 2002; HMGR;
3-Hydroxy-3-methylglutaryl-CoA reductase, MvaE, EC
1.1.1.34. Assay: J . Bacteriol., 184: 2116-2122, 2002;
MVK; Mevalonate kinase, ERG12, EC 2.7.1.36. Assay:
Curr Genet 19:9-14, 1991. PMK; Phosphomevalonate
kinase, ERG8, EC 2.7.4.2, Assay: MoI Cell Biol,
11:620-631, 1991; DPMDC; Diphosphomevalonate
decarboxylase, MVDl, EC 4.1.1.33. Assay: Biochemistry,
33:13355-13362, 1994; IDI; Isopentenyl-diphosphate
delta-isomerase, IDIl, EC 5.3.3.2. Assay: J . Biol.
Chem. 264:19169-19175, 1989. DXP Pathway: DXS;
l-Deoxyxylulose-5- phosphate synthase, dxs, EC
2.2.1.7. Assay: PNAS, 94:12857-62, 1997; DXR;
1-Deoxy-Dxylulose 5-phosphate reductoisomerase, dxr,
EC 2.2.1.7. Assay: Eur. J . Biochem. 269:4446- 4457,
2002; MCT; 4-Diphosphocytidyl-2C-methyl-D-erythritol
synthase, IspD, EC 2.7.7.60. Assay: PNAS, 97:
6451-6456, 2000; CMK;
4-Diphosphocytidyl-2-C-methyl-D-erythritol kinase,
IspE, EC 2.7.1.148. Assay: PNAS, 97:1062-1067, 2000;
MCS; 2C-Methyl-Derythritol 2,4-cyclodiphosphate
synthase, IspF, EC 4.6.1.12. Assay: PNAS,
96:11758-11763, 1999; HDS;
l-Hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate
synthase, ispG, EC 1.17.4.3. Assay: J . Org. Chem.,
70:9168 -9174, 2005; HDR;
l-Hydroxy-2-methyl-2-(E)-butenyl 4- diphosphate
reductase, IspH, EC 1.17.1.2. Assay: JACS,
126:12847-12855, 2004.[0036] Figure 16 provides a map
of pDu27. [0037] Figure 17 provides the amino acid
sequence (SEQ ID NO: 118) of 6Xhis Nterminally tagged
P. alba IspS in pDu27. 



[0038] Figure 18 provides the nucleotide sequence (SEQ
ID NO: 119) of plasmid pDu27 . [0039] Figure 19
provides the amino acid sequence (SEQ ID NO: 120) of
full length P. alba IspS in pET24a. Underlined
residues indicate the locations of N-terminal
truncations in IspS in plasmids pDu39 through pDu43.
[0040] Figure 20 provides the nucleotide sequence (SEQ
ID NO: 121) of plasmid P. alba pET24a. [0041] Figure 2
1 shows purified IspS displays a lower molecular
weight "doublet" by SDSPAGE analysis. [0042] Figure 22
shows tryptic peptides identified by mass
spectrometry. [0043] Figure 23 provides maps of pDu40,
pDu41, pDu42 and pDu43 harboring Nterminal truncations
of P. alba IspS. [0044] Figure 24 provides a map of
Pdu39 which is pET24a-P. alba MEA untagged (in strain
MD09- 173). [0045] Figure 25 provides the amino acid
sequence (SEQ ID NO: 122) of truncated "MEA" variant
of P. alba IspS in pDu39. [0046] Figure 26 provides
the nucleotide sequence (SEQ ID NO: 123) of plasmid
pDu39. [0047] Figure 27 provides the amino acid
sequence (SEQ ID NO: 124) of truncated "MSV" variant
P. alba IspS in pDu41. [0048] Figure 28 provides the
nucleotide sequence (SEQ ID NO: 125) of plasmid pDu41
(pET24a-P.alba(MSV) Untagged). [0049] Figure 29
provides the amino acid sequence (SEQ ID NO: 126) of
truncated "MVS" variant P. alba IspS in pDu43. [0050]
Figure 30 provides the nucleotide sequence (SEQ ID NO:
127) of plasmid pDu43 (pET24a-P.alba(MVS) Untagged).
[0051] Figure 31 provides the amino acid sequence (SEQ
ID NO: 128) of truncated "MTE" variant of P. alba IspS
in pDu42. [0052] Figure 32 provides the nucleotide
sequence (SEQ ID NO: 129) of plasmid pDu42
(pET24a-P.alba(MTE) Untagged). [0053] Figure 33
provides the amino acid sequence (SEQ ID NO: 130) of
truncated "MNV" P. alba IspS in pDu40.[0054] Figure 34
provides the nucleotide sequence (SEQ ID NO: 131) of
plasmid pDu40 (pET24a-P.alba(MNV) Untagged). [0055]
Figure 35 provides maps of MD09-161 and MD09-163,
C-terminally TEV, 6XHistagged IspS variants. [0056]
Figure 36 provides the amino acid sequence (SEQ ID NO:
132) of P. alba MEA(+)TEV in MD09-163. [0057] Figure
37 provides the nucleotide sequence (SEQ ID NO: 133)
of plasmid MD09- 163 (pET24a-P.alba MEA(+)TEV. CDS is
underlined, TEV protease site is bold. [0058] Figure
38 provides the amino acid sequence (SEQ ID NO: 134)
of P. alba FL(+)TEV in MD09-161. [0059] Figure 39
provides the nucleotide sequence (SEQ ID NO: 135) of
plasmid MD09- 161 (pET24a-P.alba FL(+)TEV. CDS is
underlined, TEV protease site is bold. [0060] Figure
40 shows a graph representing specific activities of
MD09-167, Full length (FL), MD09-165, and Truncated
isoprene synthase (MD09-173). Reactions were run at 30
0C for 15 minutes in a solution containing 100 mM
Tris, 100 mM NaCl, 50 mM MgCl2, 5 mM DMAPP, and
2.5-4.5 mg isoprene synthase in the supernatant of
whole cell lysate. [0061] Figure 4 1 shows graphs
demonstrating Rate/[E] vs. [DMAPP]. X's represent
MD09-173, circles represent MD09-167, diamonds
represent MD09-165 and squares represent full length
IspS. [0062] Figure 42 shows a graph showing Isoprene
synthase activity vs. [DMAPP]. X's represent data
generated with MD09-173 truncated isoprene synthase.
Circles represent data generated with MD09-167
isoprene synthase. Diamonds represent data generated
with MD09-165 isoprene synthase. Squares represent
data generated with full length isoprene synthase.
Each data set was run in triplicate from independently
grown cultures. [0063] Figure 43 shows graphs
demonstrating the effects of varying kcat and KM and
K1on reaction rate. In panel A, line 1 represents the
rate equation of truncated isoprene synthase activity
divided by the rate equation of full length isoprene
synthase plotted at varying DMAPP concentrations. Line
2 represents the rate equation of full length isoprene
synthase in which the kcat has been substituted by the
kcat of the truncated isoprene synthase divided by the
rate equation of the full length isoprene synthase.
Line 3 represents the rate equation of full length
isoprene synthase in which the KM has been substituted
by the KM of the truncated isoprene synthase divided
by the rate equation of the full length isoprene
synthase. Line 4 represents the rate equation of full
length isoprene synthase in which the K1has been
substituted by the K1of the truncated isoprene
synthase divided by the rate equation of thefull
length isoprene synthase. Panel B shows a graph
demonstrating data fit to the ratio of the rate
equation of truncated isoprene synthase to full length
isoprene synthase vs.[DMAPP]. [0064] Figure 44 shows a
graph demonstrating growth inhibition of MCM531 by
Mevalonic Acid (MVA). Cells were grown in TM3 medium
in a microtiter plate with different concentrations of
MVA. OD oo of quadruplicate wells was measured at the
indicated times. [0065] Figure 45 shows graphs
demonstrating DMAPP assays of L70 SSL plate. Dark bars
represent either the full length (P. alba pET24a) or
pDU39 (truncated) controls. The variants in wells C3
(27), D3 (39), or E3 (51) were chosen for further
analysis. [0066] Figure 46 shows a graph demonstrating
the average specific activity of all variants selected
for DMAPP assay with protein determination. Error bars
show one standard deviation. All 3 L70R variants
display higher activity than the control (WT). [0067]
Figure 47 shows a graph demonstrating the average
specific activity of all 3 L70R variants compared to
the "MEA" truncated P. alba IspS enzyme. Error bars
show one standard deviation. [0068] Figure 48 provides
maps of plasmids pDu47-3, pDu47-4, and pDu47-5. [0069]
Figure 49 provides maps of plasmids pDu47-6, pDu47-7,
and pDu48. [0070] Figure 50 provides maps of plasmids
pDu49, pDu50 and pDu50-4. [0071] Figure 51 provides
the amino acid sequence (SEQ ID NO: 136) of P. alba
TRC (-3) in pDu47-3. [0072] Figure 52 provides the
nucleotide sequence (SEQ ID NO: 137) of plasmid
pDu47-3. [0073] Figure 53 provides the amino acid
sequence (SEQ ID NO: 138) of P. alba TRC (-4) in
pDu47-4. [0074] Figure 54 provides the nucleotide
sequence (SEQ ID NO: 139) of plasmid pDu47-4. [0075]
Figure 55 provides the amino acid sequence (SEQ ID NO:
140) of P. alba TRC (-5) in pDu47-5. [0076] Figure 56
provides the nucleotide sequence (SEQ ID NO: 141) of
plasmid pDu47-5. [0077] Figure 57 provides the amino
acid sequence (SEQ ID NO: 142) of P. alba TRC (-6) in
pDu47-6. [0078] Figure 58 provides the nucleotide
sequence (SEQ ID NO: 143) of plasmid pDu47-6. [0079]
Figure 59 provides the amino acid sequence (SEQ ID NO:
144) of P. alba TRC (-7) in pDu47-7. [0080] Figure 60
provides the nucleotide sequence (SEQ ID NO: 145) of
plasmid pDu47-7.[0081] Figure 6 1 provides the amino
acid sequence (SEQ ID NO: 146) of P. tremuloides TRC
(MET) in pDu48. [0082] Figure 62 provides the
nucleotide sequence (SEQ ID NO: 147) of plasmid pDu48.
[0083] Figure 63 provides the amino acid sequence (SEQ
ID NO: 148) of P. trichocarpa (TRC) in pDu49. [0084]
Figure 64 provides the nucleotide sequence (SEQ ID NO:
149) of plasmid pDu49. [0085] Figure 65 provides the
amino acid sequence (SEQ ID NO: 150) of Kudzu TRC
(MEA) in pDu50. [0086] Figure 66 provides the
nucleotide sequence (SEQ ID NO: 151) of plasmid pDu50.
[0087] Figure 67 provides the amino acid sequence (SEQ
ID NO: 152) of KudzuTRC (-4) in pDu50-4. [0088] Figure
68 provides the nucleotide sequence (SEQ ID NO: 153)
of plasmid pDu50-4. [0089] Figure 69 shows graphs
demonstrating raw and OD-normalized data from DMAPP
assay of truncated variants of IspS. [0090] Figure 70
shows a graph reprensenting the specific activity of
IspS truncations. P. alba, P. tremuloides and P.
trichocharpa truncations were compared for specific
activity relative to the P. alba "full length"
variant. [0091] Figure 71 provides a map of plasmid
p9795. [0092] Figure 72 porvides the nucleotide
sequence of plasmid p9795 (SEQ ID NO: 154). [0093]
Figure 73 provides a map of plasmid pTrcKudzu. [0094]
Figure 74 provides the nucleotide sequence (SEQ ID NO:
155) of plasmid pTrcKudzu. [0095] Figure 75 provides a
map of plasmid pMAL-C4X. [0096] Figure 76 provides the
nucleotide sequence (SEQ ID NO: 156) of plasmid
pMALC4X. 



[0097] Figure 77 provides a map of plasmid
pMAL-C4X-Kudzu. [0098] Figure 78 provides the
nucleotide sequence (SEQ ID NO: 157) of plasmid
pMALC4X- Kudzu. [0099] Figure 79 provides maps of
plasmids pET24 P. tremuloides pET24a and P.
trichocharpa pET24a. [0100] Figure 80 provides the
amino acid sequence (SEQ ID NO: 158) of P. tremuloides
IspS in P. trichocharpa pET24a. [0101] Figure 8 1
provides the nucleotide sequence (SEQ ID NO: 159) of
plasmid P. tremuloides pET24a.[0102] Figure 82
provides the amino acid sequence (SEQ ID NO: 160) of
P. trichocharpa IspS in P. trichocharpa pET24a. [0103]
Figure 83 provides the nucleotide sequence (SEQ ID NO:
161) of plasmid P. trichocharpa pET24a. [0104] Figure
84 provides maps of plasmids pDu30, pDu31, and pDu32.
[0105] Figure 85 provides the amino acid sequence (SEQ
ID NO: 162) of IspS variant P.albaTRC-pET200 in pDu30.
[0106] Figure 86 provides the nucleotide sequence (SEQ
ID NO: 163) of pDu30. [0107] Figure 87 provides the
amino acid sequence (SEQ ID NO: 164) of IspS variant
P.tremTRC-pET200 in pDu31. [0108] Figure 88 provides
the nucleotide sequence (SEQ ID NO: 165) of pDu3 1.
[00100] Figure 89 provides the amino acid sequence
(SEQ ID NO: 166) of IspS variant P.trichTRC-pET200 in
pDu32. [0109] Figure 90 provides the nucleotide
sequence (SEQ ID NO: 167) of pDu32. [0110] Figure 9 1
provides the three-dimensional structure of P.
tremuloides IspS shown as a dimer. Chain A is in dark
gray, chain B is in medium gray and the single
magnesium ion foung in each active site is light gray.
[0111] Figure 92 provides a monomer view of the
structure of P. tremuloides IspS. The magnesium is
shown as a light gray sphere and the N- and
C-terminals are indicated. [0112] Figure 93 shows the
structural alignments between (A) BdpS and LS, (B)
BdpS and poplar IspS, (C) LS and poplar IspS, and (D)
TEAS and poplar IspS. In each case the first structure
is in light gray and the second is in dark gray.
Divalent cations are shown as spheres. [0113] Figure
94 shows the three dimensional structure of loops in
BdpS and LS. Panel A shows the N-terminal loop of Ls
in light gray and the N-terminal loop of BdpS in dark
gray. Panel B shows that Loop I and Loop II are
structurally homologous. [0114] Figure 95 shows the
N-teminal loop of BdpS (dark gray) and poplar IspS
(light gray) are structurally divergent. Panel A shows
the N-terminal loop and panel B shows Loop I and Loop
II. [0115] Figure 96 shows the N-teminal loop of LS
(light gray) and poplar IspS (dark gray) are
structurally divergent. Panel A shows the N-terminal
loop and panel B shows Loop I and Loop II.[0116]
Figure 97 shows the N-teminal loop of TEAS (light
gray) and poplar IspS (dark gray) are structurally
divergent. Panel A shows the N-terminal loop and panel
B shows Loop I and Loop II. Loop I is disordered in
TEAS.GENERAL DESCRIPTION OF THE INVENTION [0117] The
present invention provides methods and compositions
comprising at least one isoprene synthase enzyme with
improved catalytic activity and/or solubility. In
particular, the present invention provides variant
plant isoprene synthases for increased isoprene
production in microbial host cells. Biosynthetically
produced isoprene of the present invention finds use
in the manufacture of rubber and elastomers. [0118]
Unless otherwise indicated, the practice of the
present invention involves conventional techniques
commonly used in molecular biology, microbiology, and
recombinant DNA, which are within the skill of the
art. Such techniques are known to those of skill in
the art and are described in numerous texts and
reference works (See e.g., Sambrook et al., "Molecular
Cloning: A Laboratory Manual," Second Edition, Cold
Spring Harbor, 1989; and Ausubel et al., "Current
Protocols in Molecular Biology," 1987). [0119] Unless
defined otherwise herein, all technical and scientific
terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to
which this invention pertains. For example, Singleton
and Sainsbury, Dictionary of Microbiology and
Molecular Biology, 2d Ed., John Wiley and Sons, NY
(1994); and Hale and Marham, The Harper Collins
Dictionary of Biology, Harper Perennial, NY (1991)
provide those of skill in the art with a general
dictionaries of many of the terms used in the
invention. Although any methods and materials similar
or equivalent to those described herein find use in
the practice of the present invention, the preferred
methods and materials are described herein.
Accordingly, the terms defined immediately below are
more fully described by reference to the Specification
as a whole. [0120] Furthermore, the headings provided
herein are not limitations of the various aspects or
embodiments of the invention, which can be had by
reference to the specification as a whole.
Accordingly, the terms defined immediately below are
more fully defined by reference to the specification
as a whole. Nonetheless, in order to facilitate
understanding of the invention, a number of terms are
defined below. Definitions [0121] Unless defined
otherwise herein, all technical and scientific terms
used herein have the same meaning as commonly
understood by one of ordinary skill in the art to
which this invention pertains. Although any methods
and materials similar or equivalent to those described
herein find use in the practice of the present
invention, the preferred methods and materials are
described herein. Accordingly, the terms defined
immediately below are more fully described by
reference to the Specification as a whole.[0122] As
used herein, the singular terms "a," "an," and "the"
include the plural reference unless the context
clearly indicates otherwise. Unless otherwise
indicated, nucleic acids are written left to right in
5' to 3' orientation; amino acid sequences are written
left to right in amino to carboxy orientation,
respectively. It is to be understood that this
invention is not limited to the particular
methodology, protocols, and reagents described, as
these may vary, depending upon the context they are
used by those of skill in the art. [0123] It is
intended that every maximum numerical limitation given
throughout this specification includes every lower
numerical limitation, as if such lower numerical
limitations were expressly written herein. Every
minimum numerical limitation given throughout this
specification will include every higher numerical
limitation, as if such higher numerical limitations
were expressly written herein. Every numerical range
given throughout this specification will include every
narrower numerical range that falls within such
broader numerical range, as if such narrower numerical
ranges were all expressly written herein. [0124] All
documents cited are, in relevant part, incorporated
herein by reference. However, the citation of any
document is not to be construed as an admission that
it is prior art with respect to the present invention.
[0125] As used herein, the term 2-methyl-l,3-butadiene
(CAS# 78-79-5 ) ("isoprene") refers to the direct and
final volatile C5 hydrocarbon product from the
elimination of pyrophosphate from 3,3-dimethylallyl
pyrophosphate (DMAPP), and does not involve the
linking or polymerization of [an] IPP molecule(s) to
[a] DMAPP molecule(s). As used herein, the terms
"isoprene synthase," and "IspS," refer to the enzymes
that catalyze the elimination or pyrophosphate from
diemethylallyl diphosphate (DMAPP) to form isoprene.
In some preferred embodiments, the IspS is an enzyme
obtained from plants such as kudzu, poplar or red oak.
In some embodiments, the term "IspS" refers to a
naturally occurring mature enzyme or portion thereof.
[0126] Related (and derivative) proteins comprise
"variant proteins." In some preferred embodiments,
variant proteins differ from a parent protein (e.g.,
kudzu IspS set forth as SEQ ID NO:2 or poplar IspS)
and one another by a small number of amino acid
residues. The number of differing amino acid residues
may be one or more, preferably 1, 2, 3, 4, 5, 10, 15,
20, 30, 40, 50, or more amino acid residues. In some
preferred embodiments, the number of different amino
acids between variants is between 1 and 10. In some
particularly preferred embodiments, related proteins
and particularly variant proteins comprise at least
35%, 40%, 45%, 50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%,
90%, 95%, 97%, 98%, or 99% amino acid sequence
identity. Additionally, a related protein or a variant
protein as used hereinrefers to a protein that differs
from another related protein or a parent protein in
the number of prominent regions. For example, in some
embodiments, variant proteins have 1, 2, 3, 4, 5, or
10 corresponding prominent regions that differ from
the parent protein. [0127] Several methods are known
in the art that are suitable for generating variants
of the enzymes of the present invention, including but
not limited to site- saturation mutagenesis, scanning
mutagenesis, insertional mutagenesis, random
mutagenesis, site-directed mutagenesis, and
directed-evolution, as well as various other
recombinatorial approaches. [0128] Characterization of
wild-type and mutant proteins is accomplished via any
means or "test" suitable and is preferably based on
the assessment of properties of interest. For example
one or more of the following properties are assessed
in some embodiments of the present invention: pH
stability; temperature stability; oxidative stability;
proteolytic stability; 



solubility; Km and/or specific activity of the
conversion of DMAPP to isoprene in vitro; Km and/or
specific activity of the conversion of DMAPP to
isoprene in vivo in the context of a host organism
(e.g., E. coli); and expression of enzyme(s) of the
DXP pathway and/or the MVA pathway. Indeed, it is
contemplated that enzymes having various degrees of
stability, solubility, activity, and/or expression
level in one or more of test conditions will find use
in the present invention. [0129] As used herein the
term "gene" refers to a polynucleotide {e.g., a DNA
segment) that encodes a polypeptide and includes
regions preceding and following the coding regions as
well as intervening sequences (introns) between
individual coding segments (exons). [0130] As used
herein, "homologous genes" refers to a pair of genes
from different, but usually related species, which
correspond to each other and which are identical or
very similar to each other. The term encompasses genes
that are separated by speciation (i.e., the
development of new species) (e.g., orthologous genes),
as well as genes that have been separated by genetic
duplication (e.g., paralogous genes). [0131] As used
herein, "ortholog" and "orthologous genes" refer to
genes in different species that have evolved from a
common ancestral gene (i.e., a homologous gene) by
speciation. Typically, orthologs retain the same
function during the course of evolution.
Identification of orthologs finds use in the reliable
prediction of gene function in newly sequenced
genomes. [0132] As used herein, "paralog" and
"paralogous genes" refer to genes that are related by
duplication within a genome. While orthologs retain
the same function through the course of evolution,
paralogs evolve new functions, even though some
functions are often related to the original one.[0133]
As used herein, "homology" refers to sequence
similarity or identity, with identity being preferred.
This homology is determined using standard techniques
known in the art (See e.g., Smith and Waterman, Adv
Appl Math, 2:482, 1981; Needleman and Wunsch, J MoI
Biol, 48:443, 1970; Pearson and Lipman, Proc Natl Acad
Sci USA, 85:2444, 1988; programs such as GAP, BESTFIT,
FASTA, and TFASTA in the Wisconsin Genetics Software
Package, Genetics Computer Group, Madison, WI; and
Devereux et al., Nucl Acid Res, 12:387-395, 1984).
[0134] As used herein, an "analogous sequence" is one
wherein the function of the gene is essentially the
same as the gene based on the kudzu isoprene synthase
(IspS) or poplar IspS (IspS). Additionally, analogous
genes include at least 45%, 50%, 55%, 60%, 65%, 70%,
75%, 80%, 85%, 90%, 95%, 97%, 98%, 99% or 100%
sequence identity with the sequence of the kudzu
isoprene synthase. In additional embodiments more than
one of the above properties applies to the sequence.
Analogous sequences are determined by known methods of
sequence alignment. A commonly used alignment method
is BLAST, although as indicated above and below, there
are other methods that also find use in aligning
sequences. [0135] One example of a useful algorithm is
PILEUP. PILEUP creates a multiple sequence alignment
from a group of related sequences using progressive,
pair-wise alignments. It can also plot a tree showing
the clustering relationships used to create the
alignment. PILEUP uses a simplification of the
progressive alignment method of Feng and Doolittle
(Feng and Doolittle, J MoI Evol, 35:351-360, 1987).
The method is similar to that described by Higgins and
Sharp (Higgins and Sharp, CABIOS 5:151-153, 1989).
Useful PILEUP parameters including a default gap
weight of 3.00, a default gap length weight of 0.10,
and weighted end gaps. [0136] Another example of a
useful algorithm is the BLAST algorithm, described by
Altschul et al, (Altschul et al, J MoI Biol,
215:403-410, 1990; and Karlin et al, Proc Natl Acad
Sci USA, 90:5873-5787, 1993). A particularly useful
BLAST program is the WUBLAST- 2 program (See, Altschul
et al., Meth Enzymol, 266:460-480, 1996). WU-BLAST-2
uses several search parameters, most of which are set
to the default values. The adjustable parameters are
set with the following values: overlap span =1,
overlap fraction = 0.125, word threshold (T) = 11. The
HSP S and HSP S2 parameters are dynamic values and are
established by the program itself depending upon the
composition of the particular sequence and composition
of the particular database against which the sequence
of interest is being searched. However, the values may
be adjusted to increase sensitivity. A % amino acid
sequence identity value is determined by the number of
matching identical residues dividedby the total number
of residues of the "longer" sequence in the aligned
region. The "longer" sequence is the one having the
most actual residues in the aligned region (gaps
introduced by WU-Blast-2 to maximize the alignment
score are ignored). [0137] Thus, "percent (%) nucleic
acid sequence identity" is defined as the percentage
of nucleotide residues in a candidate sequence that
are identical to the nucleotide residues of the
starting sequence (i.e., the sequence of interest). A
preferred method utilizes the BLASTN module of
WU-BLAST-2 set to the default parameters, with overlap
span and overlap fraction set to 1 and 0.125,
respectively. [0138] As used herein, the term
"hybridization" refers to the process by which a
strand of nucleic acid joins with a complementary
strand through base pairing, as known in the art.
[0139] A nucleic acid sequence is considered to be
"selectively hybridizable" to a reference nucleic acid
sequence if the two sequences specifically hybridize
to one another under moderate to high stringency
hybridization and wash conditions. Hybridization
conditions are based on the melting temperature (Tm)
of the nucleic acid binding complex or probe. For
example, "maximum stringency" typically occurs at
about Tm-5C (5 below the Tm of the probe); "high
stringency" at about 5-1O0C below the Tm;
"intermediate stringency" at about 10-200C below the
Tm of the probe; and "low stringency" at about 20-25
0C below the Tm. Functionally, maximum stringency
conditions may be used to identify sequences having
strict identity or near- strict identity with the
hybridization probe; while intermediate or low
stringency hybridization can be used to identify or
detect polynucleotide sequence homologs. [0140]
Moderate and high stringency hybridization conditions
are well known in the art. An example of high
stringency conditions includes hybridization at about
42C in 50% formamide, 5X SSC, 5X Denhardt's solution,
0.5% SDS and 100 mg/ml denatured carrier DNA followed
by washing two times in 2X SSC and 0.5% SDS at room
temperature and two additional times in 0.1X SSC and
0.5% SDS at 42C. An example of moderate stringent
conditions include an overnight incubation at 370C in
a solution comprising 20% formamide, 5 x SSC (15OmM
NaCl, 15 mM trisodium citrate), 50 mM sodium phosphate
(pH 7.6), 5 x Denhardt's solution, 10% dextran sulfate
and 20 mg/ml denatured sheared salmon sperm DNA,
followed by washing the filters in Ix SSC at about 37
- 5O0C. Those of skill in the art know how to adjust
the temperature, ionic strength, etc. as necessary to
accommodate factors such as probe length and the like.
[0141] As used herein, "recombinant" includes
reference to a cell or vector, that has been modified
by the introduction of a heterologous nucleic acid
sequence or that the cell isderived from a cell so
modified. Thus, for example, recombinant cells express
genes that are not found in identical form within the
native (non-recombinant) form of the cell or express
native genes that are otherwise abnormally expressed,
under expressed or not expressed at all as a result of
deliberate human intervention. "Recombination,"
"recombining," and generating a "recombined" nucleic
acid are generally the assembly of two or more nucleic
acid fragments wherein the assembly gives rise to a
chimeric gene. [0142] In a preferred embodiment,
mutant DNA sequences are generated with site
saturation mutagenesis in at least one codon. In
another preferred embodiment, site saturation
mutagenesis is performed for two or more codons. In a
further embodiment, mutant DNA sequences have more
than 50%, more than 55%, more than 60%, more than 65%,
more than 70%, more than 75%, more than 80%, more than
85%, more than 90%, more than 95%, or more than 98%
homology with the wild-type sequence. In alternative
embodiments, mutant DNA is generated in vivo using any
known mutagenic procedure such as, for example,
radiation, nitrosoguanidine and the like. The desired
DNA sequence is then isolated and used in the methods
provided herein. [0143] As used herein, the term
"target sequence" refers to a DNA sequence in the host
cell that encodes the sequence where it is desired for
the incoming sequence to be inserted into the host
cell genome. In some embodiments, the target sequence
encodes a functional wildtype gene or operon, while in
other embodiments the target sequence encodes a
functional mutant gene or operon, or a non-functional
gene or operon. [0144] As used herein, a "flanking
sequence" refers to any sequence that is either
upstream or downstream of the sequence being discussed
(e.g., for genes A-B-C, gene B is flanked by the A and
C gene sequences). In a preferred embodiment, the
incoming sequence is flanked by a homology box on each
side. In another embodiment, the incoming sequence and
the homology boxes comprise a unit that is flanked by
stuffer sequence on each side. In some embodiments, a
flanking sequence is present on only a single side
(either 3' or 5'), but in preferred embodiments, it is
on each side of the sequence being flanked. In some
embodiments, a flanking sequence is present on only a
single side (either 3' or 5'), while in preferred
embodiments, it is present on each side of the
sequence being flanked. [0145] As used herein, the
term "stuffer sequence" refers to any extra DNA that
flanks homology boxes (typically vector sequences).
However, the term encompasses any non 



homologous DNA sequence. Not to be limited by any
theory, a stuffer sequence provides a noncritical
target for a cell to initiate DNA uptake.[0146] As
used herein, the terms "amplification" and "gene
amplification" refer to a process by which specific
DNA sequences are disproportionately replicated such
that the amplified gene becomes present in a higher
copy number than was initially present in the genome.
In some embodiments, selection of cells by growth in
the presence of a drug (e.g., an inhibitor of an
inhibitable enzyme) results in the amplification of
either the endogenous gene encoding the gene product
required for growth in the presence of the drug or by
amplification of exogenous (i.e., input) sequences
encoding this gene product, or both. [0147]
"Amplification" is a special case of nucleic acid
replication involving template specificity. It is to
be contrasted with non-specific template replication
(i.e., replication that is template-dependent but not
dependent on a specific template). Template
specificity is here distinguished from fidelity of
replication (i.e., synthesis of the proper
polynucleotide sequence) and nucleotide (ribo- or
deoxyribo-) specificity. Template specificity is
frequently described in terms of "target" specificity.
Target sequences are "targets" in the sense that they
are sought to be sorted out from other nucleic acid.
Amplification techniques have been designed primarily
for this sorting out. [0148] As used herein, the term
"co-amplification" refers to the introduction into a
single cell of an amplifiable marker in conjunction
with other gene sequences (i.e., comprising one or
more non-selectable genes such as those contained
within an expression vector) and the application of
appropriate selective pressure such that the cell
amplifies both the amplifiable marker and the other,
non-selectable gene sequences. The amplifiable marker
may be physically linked to the other gene sequences
or alternatively two separate pieces of DNA, one
containing the amplifiable marker and the other
containing the non-selectable marker, may be
introduced into the same cell. [0149] As used herein,
the terms "amplifiable marker," "amplifiable gene,"
and "amplification vector" refer to a gene or a vector
encoding a gene, which permits the amplification of
that gene under appropriate growth conditions. [0150]
"Template specificity" is achieved in most
amplification techniques by the choice of enzyme.
Amplification enzymes are enzymes that, under
conditions they are used, will process only specific
sequences of nucleic acid in a heterogeneous mixture
of nucleic acid. For example, in the case of Qb
replicase, MDV-I RNA is the specific template for the
replicase (See e.g., Kacian et al, Proc Natl Acad Sci
USA 69:3038, 1972) and other nucleic acids are not
replicated by this amplification enzyme. Similarly, in
the case of T7 RNA polymerase, this amplification
enzyme has a stringent specificity for its own
promoters (See, Chamberlin et al, Nature 228:227,
1970). In the case of T4 DNA ligase, the enzyme will
notligate the two oligonucleotides or polynucleotides,
where there is a mismatch between the oligonucleotide
or polynucleotide substrate and the template at the
ligation junction (See, Wu and Wallace, Genomics
4:560, 1989). Finally, Taq and Pfu polymerases, by
virtue of their ability to function at high
temperature, are found to display high specificity for
the sequences bounded and thus defined by the primers;
the high temperature results in thermodynamic
conditions that favor primer hybridization with the
target sequences and not hybridization with non-target
sequences. [0151] As used herein, the term
"amplifiable nucleic acid" refers to nucleic acids,
which may be amplified by any amplification method. It
is contemplated that "amplifiable nucleic acid" will
usually comprise "sample template." [0152] As used
herein, the term "sample template" refers to nucleic
acid originating from a sample, which is analyzed for
the presence of "target" (defined below). In contrast,
"background template" is used in reference to nucleic
acid other than sample template, which may or may not
be present in a sample. Background template is most
often inadvertent. It may be the result of carryover,
or it may be due to the presence of nucleic acid
contaminants sought to be purified away from the
sample. For example, nucleic acids from organisms
other than those to be detected may be present as
background in a test sample. [0153] As used herein,
the term "primer" refers to an oligonucleotide,
whether occurring naturally as in a purified
restriction digest or produced synthetically, which is
capable of acting as a point of initiation of
synthesis when placed under conditions in which
synthesis of a primer extension product which is
complementary to a nucleic acid strand is induced,
(i.e., in the presence of nucleotides and an inducing
agent such as DNA polymerase and at a suitable
temperature and pH). The primer is preferably single
stranded for maximum efficiency in amplification, but
may alternatively be double stranded. If double
stranded, the primer is first treated to separate its
strands before being used to prepare extension
products. Preferably, the primer is an
oligodeoxyribonucleotide. The primer must be
sufficiently long to prime the synthesis of extension
products in the presence of the inducing agent. The
exact lengths of the primers will depend on many
factors, including temperature, source of primer and
the use of the method. [0154] As used herein, the term
"probe" refers to an oligonucleotide (i.e., a sequence
of nucleotides), whether occurring naturally as in a
purified restriction digest or produced synthetically,
recombinantly or by PCR amplification, which is
capable of hybridizing to another oligonucleotide of
interest. A probe may be single-stranded or double-
stranded. Probes are useful in the detection,
identification and isolation of particular gene
sequences. Itis contemplated that any probe used in
the present invention will be labeled with any
"reporter molecule," so that is detectable in any
detection system, including, but not limited to enzyme
(e.g., ELISA, as well as enzyme-based histochemical
assays), fluorescent, radioactive, and luminescent
systems. It is not intended that the present invention
be limited to any particular detection system or
label. [0155] As used herein, the term "target," when
used in reference to the polymerase chain reaction,
refers to the region of nucleic acid bounded by the
primers used for polymerase chain reaction. Thus, the
"target" is sought to be sorted out from other nucleic
acid sequences. A "segment" is defined as a region of
nucleic acid within the target sequence. [0156] As
used herein, in one embodiment, the term "polymerase
chain reaction" ("PCR") refers to the methods of U.S.
Patent Nos. 4,683,195 4,683,202, and 4,965,188, hereby
incorporated by reference, which include methods for
increasing the concentration of a segment of a target
sequence in a mixture of genomic DNA without cloning
or purification. This process for amplifying the
target sequence consists of introducing a large excess
of two oligonucleotide primers to the DNA mixture
containing the desired target sequence, followed by a
precise sequence of thermal cycling in the presence of
a DNA polymerase. The two primers are complementary to
their respective strands of the double stranded target
sequence. To effect amplification, the mixture is
denatured and the primers then annealed to their
complementary sequences within the target molecule.
Following annealing, the primers are extended with a
polymerase so as to form a new pair of complementary
strands. The steps of denaturation, primer annealing
and polymerase extension can be repeated many times
(i.e., denaturation, annealing and extension
constitute one "cycle"; there can be numerous
"cycles") to obtain a high concentration of an
amplified segment of the desired target sequence. The
length of the amplified segment of the desired target
sequence is determined by the relative positions of
the primers with respect to each other, and therefore,
this length is a controllable parameter. By virtue of
the repeating aspect of the process, the method is
referred to as the "polymerase chain reaction"
(hereinafter "PCR"). Because the desired amplified
segments of the target sequence become the predominant
sequences (in terms of concentration) in the mixture,
they are said to be "PCR amplified". [0157] As used
herein, the term "amplification reagents" refers to
those reagents (deoxyribonucleotide triphosphates,
buffer, etc.), needed for amplification except for
primers, nucleic acid template and the amplification
enzyme. Typically, amplification reagents along with
other reaction components are placed and contained in
a reaction vessel (test tube, microwell, etc.).[0158]
With PCR, it is possible to amplify a single copy of a
specific target sequence in genomic DNA to a level
detectable by several different methodologies (e.g.,
hybridization with a labeled probe; incorporation of
biotinylated primers followed by avidin-enzyme
conjugate detection; incorporation of 32P-labeled
deoxynucleotide triphosphates, such as dCTP or dATP,
into the amplified segment). In addition to genomic
DNA, any oligonucleotide or polynucleotide sequence
can be amplified with the appropriate set of primer
molecules. In particular, the amplified segments
created by the PCR process itself are, themselves,
efficient templates for subsequent PCR amplifications.
[0159] As used herein, the terms "PCR product," "PCR
fragment," and "amplification product" refer to the
resultant mixture of compounds after two or more
cycles of the PCR steps of denaturation, annealing and
extension are complete. These terms encompass the case
where there has been amplification of one or more
segments of one or more target sequences. [0160] As
used herein, the term "RT-PCR" refers to the
replication and amplification of RNA sequences. In
this method, reverse transcription is coupled to PCR,
most often using a one enzyme procedure in which a
thermostable polymerase is employed, as described in
U.S. Patent No. 5,322,770, herein incorporated by
reference. In RT-PCR, the RNA template is converted to
cDNA due to the reverse transcriptase activity of the
polymerase, and then amplified using the polymerizing
activity of the polymerase (i.e., as in other PCR
methods). 



[0161] As used herein, the terms "restriction
endonucleases" and "restriction enzymes" refer to
bacterial enzymes, each of which cut double-stranded
DNA at or near a specific nucleotide sequence. [0162]
A "restriction site" refers to a nucleotide sequence
recognized and cleaved by a given restriction
endonuclease and is frequently the site for insertion
of DNA fragments. In certain embodiments of the
invention restriction sites are engineered into the
selective marker and into 5' and 3' ends of the DNA
construct. [0163] As used herein, the term
"chromosomal integration" refers to the process
whereby an incoming sequence is introduced into the
chromosome of a host cell. The homologous regions of
the transforming DNA align with homologous regions of
the chromosome. Subsequently, the sequence between the
homology boxes is replaced by the incoming sequence in
a double crossover (i.e., homologous recombination).
In some embodiments of the present invention,
homologous sections of an inactivating chromosomal
segment of a DNA construct align with the flanking
homologous regions of the indigenous chromosomal
region of the Escherichia chromosome. Subsequently,
the indigenous chromosomal region is deleted by the
DNA construct in a double crossover (i.e., homologous
recombination).[0164] "Homologous recombination" means
the exchange of DNA fragments between two DNA
molecules or paired chromosomes at the site of
identical or nearly identical nucleotide sequences. In
a preferred embodiment, chromosomal integration is
homologous recombination. "Homologous sequences" as
used herein means a nucleic acid or polypeptide
sequence having 100%, 99%, 98%, 97%, 96%, 95%, 94%,
93%, 92%, 91%, 90%, 88%, 85%, 80%, 75%, or 70%
sequence identity to another nucleic acid or
polypeptide sequence when optimally aligned for
comparison. In some embodiments, homologous sequences
have between 85% and 100% sequence identity, while in
other embodiments there is between 90% and 100%
sequence identity, and in more preferred embodiments,
there is 95% and 100% sequence identity. [0165] As
used herein "amino acid" refers to peptide or protein
sequences or portions thereof. The terms "protein,"
"peptide," and "polypeptide" are used interchangeably.
[0166] As used herein, the term "heterologous protein"
refers to a protein or polypeptide that does not
naturally occur in the host cell. Examples of
heterologous proteins include enzymes such as isoprene
synthases. In some embodiments, the genes encoding the
proteins are naturally occurring genes, while in other
embodiments mutated and/or synthetic genes are used.
[0167] As used herein, "homologous protein" refers to
a protein or polypeptide native or naturally occurring
in a cell. In preferred embodiments, the cell is a
Gram-negative cell, while in particularly preferred
embodiments the cell is an Escherichia host cell.
[0168] An enzyme is "overexpressed" in a host cell if
the enzyme is expressed in the cell at a higher level
that the level at which it is expressed in a
corresponding wild-type cell. [0169] The terms
"protein" and "polypeptide" are used
interchangeability herein. The 3- letter code for
amino acids as defined in conformity with the
IUPAC-IUB Joint Commission on Biochemical Nomenclature
(JCBN) is used through out this disclosure. It is also
understood that a polypeptide may be coded for by more
than one nucleotide sequence due to the degeneracy of
the genetic code. [0170] The term "mature" form of a
protein or peptide refers to the final functional form
of the protein or peptide. To exemplify, a mature form
of kudzu isoprene synthase includes the amino acid
sequence of SEQ ID NO:2. [0171] The term "precursor"
form of a protein or peptide refers to a mature form
of the protein having a prosequence operably linked to
the amino or carbonyl terminus of the protein. The
precursor may also have a "signal" sequence operably
linked, to the amino terminus of the prosequence. The
precursor may also have additional polynucleotides
that areinvolved in post-translational activity (e.g.,
polynucleotides cleaved therefrom to leave the mature
form of a protein or peptide). [0172] "Naturally
occurring enzyme" refers to an enzyme having the
unmodified amino acid sequence identical to that found
in nature. Naturally occurring enzymes include native
enzymes, those enzymes naturally expressed or found in
the particular microorganism. [0173] The term
"identical" in the context of two nucleic acids or
polypeptide sequences refers to the residues in the
two sequences that are the same when aligned for
maximum correspondence, as measured using one of the
following sequence comparison or analysis algorithms.
[0174] The term "optimal alignment" refers to the
alignment giving the highest percent identity score.
[0175] "Percent sequence identity," "percent amino
acid sequence identity," "percent gene sequence
identity," and/or "percent nucleic acid/polynucloetide
sequence identity," with respect to two amino acid,
polynucleotide and/or gene sequences (as appropriate),
refer to the percentage of residues that are identical
in the two sequences when the sequences are optimally
aligned. Thus, 80% amino acid sequence identity means
that 80% of the amino acids in two optimally aligned
polypeptide sequences are identical. [0176] The phrase
"substantially identical" in the context of two
nucleic acids or polypeptides thus refers to a
polynucleotide or polypeptide that comprising at least
70% sequence identity, preferably at least 75%,
preferably at least 80%, preferably at least 85%,
preferably at least 90%, preferably at least 95%,
preferably at least 97% , preferably at least 98% and
preferably at least 99% sequence identity as compared
to a reference sequence using the programs or
algorithms (e.g., BLAST, ALIGN, CLUSTAL) using
standard parameters. One indication that two
polypeptides are substantially identical is that the
first polypeptide is immunologically cross-reactive
with the second polypeptide. Typically, polypeptides
that differ by conservative amino acid substitutions
are immunologically cross-reactive. Thus, a
polypeptide is substantially identical to a second
polypeptide, for example, where the two peptides
differ only by a conservative substitution. Another
indication that two nucleic acid sequences are
substantially identical is that the two molecules
hybridize to each other under stringent conditions
(e.g., within a range of medium to high stringency).
[0177] The term "isolated" or "purified" refers to a
material that is removed from its original environment
(e.g., the natural environment if it is naturally
occurring). For example, the material is said to be
"purified" when it is present in a particular
composition in a higher or lower concentration than
exists in a naturally occurring or wild type organism
(e.g., kudzu)or in combination with components not
normally present upon expression from a naturally
occurring or wild type organism. For example, a
naturally- occurring polynucleotide or polypeptide
present in a living animal is not isolated, but the
same polynucleotide or polypeptide, separated from
some or all of the coexisting materials in the natural
system, is isolated. Such polynucleotides could be
part of a vector, and/or such polynucleotides or
polypeptides could be part of a composition, and still
be isolated in that such vector or composition is not
part of its natural environment. In preferred
embodiments, a nucleic acid or protein is said to be
purified, for example, if it gives rise to essentially
one band in an electrophoretic gel or blot. [0178] The
term "isolated", when used in reference to a DNA
sequence, refers to a DNA sequence that has been
removed from its natural genetic milieu and is thus
free of other extraneous or unwanted coding sequences,
and is in a form suitable for use within genetically
engineered protein production systems. Similarly, the
term "isolated", when used in reference to a
recombinant DNA sequence, refers to a DNA sequence
that has been removed from the genetic milieu of the
host organism and is thus free of other extraneous or
unwanted coding sequences (e.g., kudzu IspS expression
vector propagated in E. col) . Such isolated molecules
are those that are separated from their natural
environment and include cDNA and genomic clones.
Isolated DNA molecules of the present invention are
free of other genes with which they are ordinarily
associated, but may include naturally occurring 5' and
3' untranslated regions such as promoters and
terminators. The identification of associated regions
will be evident to one of ordinary skill in the art
(See e.g., Dynan and Tijan, Nature 316:774-78, 1985).
The term "an isolated DNA sequence" is alternatively
referred to as "a cloned DNA sequence". [0179] The
term "isolated," when used in reference to a protein,
refers to a protein that is found in a condition other
than its native environment. In a preferred form, the
isolated protein is substantially free of other
proteins, particularly other homologous proteins.
Similarly, the term "isolated", when used in reference
to a recombinantly produced protein, refers to a
protein that has been removed from the proteinaceous
milieu of the host organism and is thus free of other
extraneous or unwanted proteins (e.g., recombinant
kudzu IspS produced in E. col) . An isolated protein
is more than 10% pure, preferably more than 20% pure,
and even more preferably more than 30% pure, as
determined by SDS-PAGE. Further aspects of the
invention encompass the protein in a highly purified
form (i.e., more than 40% pure, more than 60% pure,
more than 80% pure, more than 90% pure, more than 95%
pure, more than 97% pure, and even more than 99%
pure), as determined by SDS-PAGE.[0180] The following
cassette mutagenesis method may be used to facilitate
the construction of the enzyme variants of the present
invention, although other methods may be used. First,
as described herein, a naturally- occurring gene
encoding the enzyme is obtained and sequenced in whole
or in part. Then, the sequence is scanned for a point
at which it is 



desired to make a mutation (deletion, insertion or
substitution) of one or more amino acids in the
encoded enzyme. The sequences flanking this point are
evaluated for the presence of restriction sites for
replacing a short segment of the gene with an
oligonucleotide pool which when expressed will encode
various mutants. Such restriction sites are preferably
unique sites within the protein gene so as to
facilitate the replacement of the gene segment.
However, any convenient restriction site that is not
overly redundant in the enzyme gene may be used,
provided the gene fragments generated by restriction
digestion can be reassembled in proper sequence. If
restriction sites are not present at locations within
a convenient distance from the selected point (from 10
to 15 nucleotides), such sites are generated by
substituting nucleotides in the gene in such a fashion
that neither the reading frame nor the amino acids
encoded are changed in the final construction.
Mutation of the gene in order to change its sequence
to conform to the desired sequence is accomplished by
M13 primer extension in accord with generally known
methods. The task of locating suitable flanking
regions and evaluating the needed changes to arrive at
two convenient restriction site sequences is made
routine by the redundancy of the genetic code, a
restriction enzyme map of the gene and the large
number of different restriction enzymes. Note that if
a convenient flanking restriction site is available,
the above method need be used only in connection with
the flanking region that does not contain a site.
[0181] Once the naturally-occurring DNA and/or
synthetic DNA is cloned, the restriction sites
flanking the positions to be mutated are digested with
the cognate restriction enzymes and a plurality of end
termini-complementary oligonucleotide cassettes are
ligated into the gene. The mutagenesis is simplified
by this method because all of the oligonucleotides can
be synthesized so as to have the same restriction
sites, and no synthetic linkers are necessary to
create the restriction sites. [0182] As used herein,
"corresponding to," refers to a residue at the
enumerated position in a protein or peptide, or a
residue that is analogous, homologous, or equivalent
to an enumerated residue in a protein or peptide. As
used herein, "corresponding region," generally refers
to an analogous position along related proteins or a
parent protein. [0183] As used herein, the term,
"combinatorial mutagenesis" refers to methods in which
libraries of variants of a starting sequence are
generated. In these libraries, the variantscontain one
or several mutations chosen from a predefined set of
mutations. In addition, the methods provide means to
introduce random mutations, which were not members of
the predefined set of mutations. In some embodiments,
the methods include those set forth in U.S.
Application No. 09/699,250, hereby incorporated by
reference. In alternative embodiments, combinatorial
mutagenesis methods encompass commercially available
kits (e.g., QUIKCHANGE Multisite mutagenesis kit,
Stratagene, San Diego, CA). [0184] As used herein, the
term "library of mutants" refers to a population of
cells which are identical in most of their genome but
include different homologues of one or more genes.
Such libraries can be used, for example, to identify
genes or operons with improved traits. [0185] As used
herein, the terms "starting gene" and "parent gene"
refer to a gene of interest that encodes a protein of
interest that is to be improved and/or changed using
the present invention. [0186] As used herein, the
terms "multiple sequence alignment" and "MSA" refer to
the sequences of multiple homologs of a starting gene
that are aligned using an algorithm (e.g., Clustal W).
[0187] As used herein, the terms "consensus sequence"
and "canonical sequence" refer to an archetypical
amino acid sequence against which all variants of a
particular protein or sequence of interest are
compared. The terms also refer to a sequence that sets
forth the nucleotides that are most often present in a
DNA sequence of interest. For each position of a gene,
the consensus sequence gives the amino acid that is
most abundant in that position in the MSA. [0188] As
used herein, the term "consensus mutation" refers to a
difference in the sequence of a starting gene and a
consensus sequence. Consensus mutations are identified
by comparing the sequences of the starting gene and
the consensus sequence obtained from a MSA. In some
embodiments, consensus mutations are introduced into
the starting gene such that it becomes more similar to
the consensus sequence. Consensus mutations also
include amino acid changes that change an amino acid
in a starting gene to an amino acid that is more
frequently found in an MSA at that position relative
to the frequency of that amino acid in the starting
gene. Thus, the term consensus mutation comprises all
single amino acid changes that replace an amino acid
of the starting gene with an amino acid that is more
abundant than the amino acid in the MSA. [0189] The
terms "modified sequence" and "modified genes" are
used interchangeably herein to refer to a sequence
that includes a deletion, insertion or interruption of
naturally occurring nucleic acid sequence. In some
preferred embodiments, the expression product ofthe
modified sequence is a truncated protein (e.g., if the
modification is a deletion or interruption of the
sequence). In some particularly preferred embodiments,
the truncated protein retains biological activity. In
alternative embodiments, the expression product of the
modified sequence is an elongated protein (e.g.,
modifications comprising an insertion into the nucleic
acid sequence). In some embodiments, an insertion
leads to a truncated protein (e.g., when the insertion
results in the formation of a stop codon). Thus, an
insertion may result in either a truncated protein or
an elongated protein as an expression product. [0190]
As used herein, the terms "mutant sequence" and
"mutant gene" are used interchangeably and refer to a
sequence that has an alteration in at least one codon
occurring in a host cell's wild-type sequence. The
expression product of the mutant sequence is a protein
with an altered amino acid sequence relative to the
wild-type. The expression product may have an altered
functional capacity (e.g., enhanced enzymatic
activity). [0191] The terms "mutagenic primer" or
"mutagenic oligonucleotide" (used interchangeably
herein) are intended to refer to oligonucleotide
compositions which correspond to a portion of the
template sequence and which are capable of hybridizing
thereto. With respect to mutagenic primers, the primer
will not precisely match the template nucleic acid,
the mismatch or mismatches in the primer being used to
introduce the desired mutation into the nucleic acid
library. As used herein, "non-mutagenic primer" or
"nonmutagenic oligonucleotide" refers to
oligonucleotide compositions that match precisely to
the template nucleic acid. In one embodiment of the
invention, only mutagenic primers are used. In another
preferred embodiment of the invention, the primers are
designed so that for at least one region at which a
mutagenic primer has been included, there is also
non-mutagenic primer included in the oligonucleotide
mixture. By adding a mixture of mutagenic primers and
non-mutagenic primers corresponding to at least one of
the mutagenic primers, it is possible to produce a
resulting nucleic acid library in which a variety of
combinatorial mutational patterns are presented. For
example, if it is desired that some of the members of
the mutant nucleic acid library retain their parent
sequence at certain positions while other members are
mutant at such sites, the non-mutagenic primers
provide the ability to obtain a specific level of
non-mutant members within the nucleic acid library for
a given residue. The methods of the invention employ
mutagenic and non-mutagenic oligonucleotides which are
generally between 10-50 bases in length, more
preferably about 15-45 bases in length. However, it
may be necessary to use primers that are either
shorter than 10 bases or longer than 50 bases to
obtain the mutagenesis result desired. With respect to
corresponding mutagenic and non-mutagenic primers, it
is not necessary that the
correspondingoligonucleotides be of identical length,
but only that there is overlap in the region
corresponding to the mutation to be added. [0192]
Primers may be added in a pre-defined ratio according
to the present invention. For example, if it is
desired that the resulting library have a significant
level of a certain specific mutation and a lesser
amount of a different mutation at the same or
different site, by adjusting the amount of primer
added, it is possible to produce the desired biased
library. Alternatively, by adding lesser or greater
amounts of non-mutagenic primers, it is possible to
adjust the frequency with which the corresponding
mutation(s) are produced in the mutant nucleic acid
library. [0193] The terms "wild-type sequence" or
"wild-type gene" are used interchangeably herein, to
refer to a sequence that is native or naturally
occurring in a host cell. In some embodiments, the
wild-type sequence refers to a sequence of interest
that is the starting point of a protein-engineering
project. The wild-type sequence may encode either a
homologous or heterologous protein. A homologous
protein is one the host cell would produce without
intervention. A heterologous protein is one that the
host cell would not produce but for the intervention.
[0194] As used herein the term "lysate" refers to a
solution containing the contents of lysed cells. In
some embodiments, the lysate is a bacterial cell
lysate (e.g., E. coli cells lysed using READYLYSE(tm)
lysozyme solution from Epicentre; or E. coli cells
lysed using a French Pressure cell). [0195] As used
herein the term "lysozyme" refers to a glycosidase
that hydrolyzes the bond between N-acetyl muramic acid
and N-acetul glucosamine, thus cleaving an important
polymer in the cell wall of many bacteria. Suitable
lysozymes for use with the present 



invention include but are not limited to hen egg white
lysozyme (Sigma), T4 lysozyme, recombinant
non-mammalian, non-avian lysozyme (READYLYSE(tm)), or
a fungal lysozyme. [0196] As used herein, the term
"headspace" refers to the vapor/air mixture trapped
above a solid or liquid sample in a sealed vessel.
[0197] As used herein, the terms "high throughput
screening" and "HTS" refer to measuring isoprene in at
least 96 samples in 4 hours or less. In preferred
embodiments, the sample volume is less than 2 mL.
[0198] Unless otherwise noted, all component or
composition levels are in reference to the active
level of that component or composition, and are
exclusive of impurities, for example, residual
solvents or by-products, which may be present in
commercially available sources.[0199] Enzyme
components weights are based on total active protein.
All percentages and ratios are calculated by weight
unless otherwise indicated. All percentages and ratios
are calculated based on the total composition unless
otherwise. DETAILED DESCRIPTION OF THE INVENTION
[0200] Isoprene monomer is employed in the manufacture
of polyisoprene and various copolymers (with
isobutylene, butadiene, styrene, or other monomers).
To build a strain (prokaryotic or eukaryotic) capable
of producing commercially viable levels of isoprene
requires optimization of the entire pathway, either
MVA to isoprene or DXP to isoprene. A key enzyme in
the pathway is isoprene synthase (IspS), which
converts the precursor DMAPP to isoprene. The only
isoprene synthases (IspS) identified to date are those
from plants such as poplar, English oak and kudzu
vine. Although some bacteria, such as Bacillus
subtilis, also produce isoprene, a prokaryotic IspS
has yet to be identified and the native IspS activity
in Bacillus is not sufficient for a commercial
process. The plant IspS enzymes identified to date
have been partially characterized in part by
expression in E. coli and some of the kinetic
parameters of these enzymes have been determined in
vitro with purified protein. However, the kinetic
parameters (Km, rate etc) of the native IspS enzymes
are insufficient for commercial production of isoprene
in a biological host. [0201] To solve this problem as
described herein, a plant IspS is expressed in a
bacterial host. In addition the IspS is engineered for
a change in a property of interest. Characterization
of wild-type and mutant IspS is accomplished via any
means or "test" suitable and is preferably based on
the assessment of properties of interest. Properties
of interest include but are not limited to: pH optima,
temperature stability (e.g., Tm value), intracellular
and extracellular solubility, Km value, kcat value, or
specific activity, as well as sensitivity to potential
inhibitors including substrate or product inhibition.
Oxidative and proteolytic stability are also of
interest. Furthermore, activation or inhibition due to
metal ion effects and ionic strength is of interest.
These properties and parameters can be assessed by the
conversion of DMAPP to isoprene in vitro with purified
or partially purified isoprene synthase or in vivo in
the context of a host organism such as E. coli
expressing the DXP pathway, the MVA pathway, or both.
It is contemplated that enzymes having various degrees
of stability, solubility, activity, and/or expression
level in one or more of test conditions will find use
in the present invention for the production of
isoprene in a diversity of hosts. High throughput
methods such as those described in Example 10 are
required to investigate these properties in an
economical manner.[0202] The invention features
compositions and methods for the production of
increased amounts of isoprene. In particular, these
compositions and methods increase the rate of isoprene
production and increase the total amount of isoprene
that is produced. The biosynthetic processes for
isoprene production described herein are a desirable
alternative to using natural rubber. As discussed
further below, the amount of isoprene produced by
cells can be greatly increased by introducing a
heterologous nucleic acid encoding an isoprene
synthase (IspS) polypeptide into the cells. Isoprene
synthase polypeptides convert dimethylallyl
diphosphate (DMAPP) into isoprene. As shown in the
examples, a heterologous Pueraria montana (kudzu)
isoprene synthase polypeptide and variants thereof was
expressed in Gram-negative bacterial cells (e.g.,
Escherichia col) . Also shown in the examples and
contemplated within the scope of the invention are
poplar isoprene synthase polypeptide and variants
thereof was expressed in Gram-negative bacterial cells
(e.g., Escherichia col) . [0203] Heterologous
expression of a plant IspS in bacterial host cells
resulted in the production of more isoprene than the
corresponding cells lacking the plant IspS. [0204] It
has been shown that mutating amino-acid residues on
the surface of protease enzymes can improve their
activity, expression, and stability (WO2008/153925,
WO2008/153934, WO2008/153935). Surprisingly, we have
found that mutating amino-acid residues on the surface
of a completely different enzyme, isoprene synthase,
can enhance its expression, solubility, and activity.
L70R is an example of such a beneficial surface
mutation. [0205] Elucidation of the three-dimensional
structure of an enzyme is essential for accurately
identifying amino-acid residues on its surface.
Homology modeling using structures with sequences
approximately 40% identical to isoprene synthase
(e.g., bornyl synthase and limonene synthase, the
enzymes of known structure with closest identity to
isoprene synthase) can reveal gross aspects of the
modeled enzyme structure, but is insufficient to
precisely identify surface-exposed residues and
quantify their degree of surface exposure. Surface
exposure of an amino-acid residue is quantified by the
percentage of solvent-accessible surface area of its
side chain. [0206] The following classes of mutations
in isoprene synthase may improve solubility of the
enzyme by targeting amino-acid residues that are >50%
solvent-exposed, preferably >65% solvent-exposed, and
most preferably >85% solvent-exposed: Hydrophobic
-positively charged, and vice versa Hydrophobic
negatively charged, and vice versa Hydrophobic neutral
polar, and vice versaNeutral polar positively charged,
and vice versa Neutral polar ->negatively charged, and
vice versa Positively charged - negatively charged,
and vice versa [0207] Additionally isoprene production
by cells containing a heterologous isoprene synthase
nucleic acid can be enhanced by increasing the amount
of a l-deoxy-D-xylulose-5- phosphate synthase (DXS)
polypeptide, and/or an isopentenyl diphosphate
isomerase (IDI) polypeptide, expressed by the cells.
For example, a DXS nucleic acid and/or an IDI nucleic
acid can be introduced into the cells. The DXS nucleic
acid may be a heterologous nucleic acid or a duplicate
copy of an endogenous nucleic acid. Similarly, the IDI
nucleic acid may be a heterologous nucleic acid or a
duplicate copy of an endogenous nucleic acid. In some
embodiments, the amount of DXS and/or IDI polypeptide
is increased by replacing the endogenous DXS and/or
IDI promoters or regulatory regions with other
promoters and/or regulatory regions that result in
greater transcription of the DXS and/or IDI nucleic
acids. In some embodiments, the cells contain both a
heterologous nucleic acid encoding an isoprene
synthase polypeptide (e.g., a plant isoprene synthase
nucleic acid) and a duplicate copy of an endogenous
nucleic acid encoding an isoprene synthase
polypeptide. [0208] The encoded DXS and IDI
polypeptides are part of the DXP pathway for the
biosynthesis of isoprene (Figure 15). DXS polypeptides
convert pyruvate and Dglyceraldehyde- 3-phosphate into
l-deoxy-D-xylulose-5-phosphate. While not intending to
be bound by any particular theory, it is believed that
increasing the amount of DXS polypeptide increases the
flow of carbon through the DXP pathway, leading to
greater isoprene production. IDI polypeptides catalyze
the interconversion of isopentenyl diphosphate (IPP)
and dimethylallyl diphosphate (DMAPP). While not
intending to be bound by any particular theory, it is
believed that increasing the amount of IDI polypeptide
in cells increases the amount of IPP that is converted
into DMAPP, which in turn is converted into isoprene.
[0209] In some embodiments the production of isoprene
by cells containing a heterologous isoprene synthase
nucleic acid can be augmented by increasing expression
of a MVA polypeptide in the cells (Figure 15).
Exemplary MVA pathways polypeptides include any of the
following polypeptides: acetyl-CoA acetyltransferase
(AA-CoA thiolase) polypeptides, 3-
hydroxy-3-methylglutaryl-CoA synthase (HMG-CoA
synthase) polypeptides, 3-hydroxy-3-
methylglutaryl-CoA reductase (HMG-CoA reductase)
polypeptides, mevalonate kinase (MVK) polypeptides,
phosphomevalonate kinase (PMK) polypeptides,
diphosphomevalonte decarboxylase (MVD) polypeptides,
IDI polypeptides, and polypeptides (e.g., fusion
polypeptides) having an activity of two or more MVA
pathway polypeptides. For example,one or more MVA
pathway nucleic acids can be introduced into the
cells. In some embodiments, the cells contain the
upper MVA pathway, which includes AA-CoA thiolase,
HMG-CoA synthase, and HMG-CoA reductase nucleic acids.
In some embodiments, the cells contain the lower MVA
pathway, which includes MVK, PMK, MVD, and IDI nucleic
acids. In some embodiments, the cells contain the
entire MVA pathway, which includes AA-CoA thiolase,
HMG-CoA synthase, HMG-CoA reductase, MVK, PMK, MVD,
and IDI nucleic acids. The MVA pathway nucleic acids
may be heterologous nucleic acids or duplicate copies
of endogenous nucleic acids. In some embodiments, the
amount of one or more MVA pathway polypeptides is
increased by replacing the endogenous promoters or
regulatory regions for the MVA pathway nucleic acids
with other promoters and/or regulatory regions that
result in greater transcription of the MVA pathway
nucleic acids. In some embodiments, 



the cells contain both a heterologous nucleic acid
encoding an isoprene synthase polypeptide (e.g., a
plant isoprene synthase nucleic acid) and a duplicate
copy of an endogenous nucleic acid encoding an
isoprene synthase polypeptide. [0210] In some
embodiments, at least a portion of the cells maintain
the heterologous isoprene synthase, DXS, IDI, and/or
MVA pathway nucleic acid for at least about 5, 10, 20,
50, 75, 100, 200, 300, or more cell divisions in a
continuous culture (such as a continuous culture
without dilution). In some embodiments of any of the
aspects of the invention, the nucleic acid comprising
the heterologous or duplicate copy of an endogenous
isoprene synthase, DXS, IDI, and/or MVA pathway
nucleic acid also comprises a selective marker, such
as a kanamycin, ampicillin, carbenicillin, gentamicin,
hygromycin, phleomycin, bleomycin, neomycin, or
chloramphenicol antibiotic resistance nucleic acid. I
. Exemplary Polypeptides and Nucleic Acids [0211]
Various isoprene synthase, DXS, IDI, and/or MVA
pathway polypeptides and nucleic acids can be used in
the compositions and methods of the invention. [0212]
As used herein, "polypeptides" includes polypeptides,
proteins, peptides, fragments of polypeptides, and
fusion polypeptides that include part or all of a
first polypeptide (e.g., an isoprene synthase, DXS,
IDI, or MVA pathway polypeptide) and part or all of a
second polypeptide (e.g., a peptide that facilitates
purification or detection of the fusion polypeptide,
such as a His-tag). In some embodiments, the fusion
polypeptide has an activity of two or more MVA pathway
polypeptides (such as AA-CoA thiolase and HMG-CoA
reductase polypeptides). In some embodiments, the
polypeptide is a naturally- occurring polypeptide(such
as the polypeptide encoded by an Enterococcusfaecalis
mvaE nucleic acid) that has an activity of two or more
MVA pathway polypeptides. [0213] In various
embodiments, a polypeptide has at least or about 50,
100, 150, 175, 200, 250, 300, 350, 400, or more amino
acids. In some embodiments, the polypeptide fragment
contains at least or about 25, 50, 75, 100, 150, 200,
300, or more contiguous amino acids from a full-length
polypeptide and has at least or about 5%, 10%, 20%,
30%, 40%, 50%, 60%, 70%, 80%, 90%, 95%, or 100% of an
activity of a corresponding full-length polypeptide.
In particular embodiments the polypeptide includes a
segment of or the entire amino acid sequence of any
naturally- occurring isoprene synthase, DXS, IDI, or
MVA pathway polypeptide. In some embodiments, the
polypeptide has one or more mutations compared to the
sequence of a wild-type (i.e., a sequence occurring in
nature) isoprene synthase, DXS, IDI, or MVA pathway
polypeptide. [0214] In some embodiments, the
polypeptide is an isolated polypeptide. As used
herein, an "isolated polypeptide" is not part of a
library of polypeptides, such as a library of 2, 5,
10, 20, 50 or more different polypeptides and is
separated from at least one component with which it
occurs in nature. An isolated polypeptide can be
obtained, for example, by expression of a recombinant
nucleic acid encoding the polypeptide. [0215] In some
embodiments, the polypeptide is a heterologous
polypeptide. By "heterologous polypeptide" is meant a
polypeptide whose amino acid sequence is not identical
to that of another polypeptide naturally expressed in
the same host cell. [0216] As used herein, a "nucleic
acid" refers to two or more deoxyribonucleotides
and/or ribonucleotides in either single or double-
stranded form. In some embodiments, the nucleic acid
is a recombinant nucleic acid. By "recombinant nucleic
acid" means a nucleic acid of interest that is free of
one or more nucleic acids (e.g., genes), which in the
genome occurring in nature of the organism from which
the nucleic acid of interest is derived, flank the
nucleic acid of interest. The term therefore includes,
for example, a recombinant DNA which is incorporated
into a vector, into an autonomously replicating
plasmid or virus, or into the genomic DNA of a
prokaryote or eukaryote, or which exists as a separate
molecule (e.g., a cDNA, a genomic DNA fragment, or a
cDNA fragment produced by PCR or restriction
endonuclease digestion) independent of other
sequences. [0217] In various embodiments, the nucleic
acid is a recombinant nucleic acid. For instance, in
some embodiments, an isoprene synthase, DXS, IDI, or
MVA pathway nucleic acid is operably linked to another
nucleic acid encoding all or a portion of another
polypeptide such that the recombinant nucleic acid
encodes a fusion polypeptide that includesan isoprene
synthase, DXS, IDI, or MVA pathway polypeptide and all
or part of another polypeptide (e.g., a peptide that
facilitates purification or detection of the fusion
polypeptide, such as a His-tag). In some embodiments,
part or all of a recombinant nucleic acid is
chemically synthesized. In some embodiments, the
nucleic acid is a heterologous nucleic acid. By
"heterologous nucleic acid" is meant a nucleic acid
whose nucleic acid sequence is not identical to that
of another nucleic acid naturally found in the same
host cell. [0218] In particular embodiments the
nucleic acid includes a segment of or the entire
nucleic acid sequence of any naturally- occurring
isoprene synthase, DXS, IDI, or MVA pathway nucleic
acid. In some embodiments, the nucleic acid includes
at least or about 50, 100, 150, 200, 300, 400, 500,
600, 700, 800, or more contiguous nucleotides from a
naturallyoccurring isoprene synthase nucleic acid DXS,
IDI, or MVA pathway nucleic acid. In some embodiments,
the nucleic acid has one or more mutations compared to
the sequence of a wild-type (i.e., a sequence
occurring in nature) isoprene synthase, DXS, IDI, or
MVA pathway nucleic acid. In some embodiments, the
nucleic acid has one or more mutations (e.g., a silent
mutation) that increase the transcription or
translation of isoprene synthase, DXS, IDI, or MVA
pathway nucleic acid. In some embodiments, the nucleic
acid is a degenerate variant of any nucleic acid
encoding an isoprene synthase, DXS, IDI, or MVA
pathway polypeptide. [0219] "Codon degeneracy" refers
to divergence in the genetic code permitting variation
of the nucleotide sequence without affecting the amino
acid sequence of an encoded polypeptide. The skilled
artisan is well aware of the "codon-bias" exhibited by
a specific host cell in usage of nucleotide codons to
specify a given amino acid. Therefore, when
synthesizing a nucleic acid for improved expression in
a host cell, it is desirable in some embodiments to
design the nucleic acid such that its frequency of
codon usage approaches the frequency of preferred
codon usage of the host cell. [0220] The accession
numbers of exemplary isoprene synthase, DXS, IDI,
and/or MVA pathway polypeptides and nucleic acids are
listed in Appendix 1 of U.S. Application No.
61/013,574, herein incorporated by reference in its
entirety, particularly with respect to the amino acid
and nucleic acid sequences of isoprene synthase, DXS,
IDI, and/or MVA pathway polypeptides and nucleic
acids). The Kegg database also contains the amino acid
and nucleic acid sequences of numerous exemplary
isoprene synthase, DXS, IDI, and/or MVA pathway
polypeptides and nucleic acids (See, e.g., the
world-wide web at
"genome.jp/kegg/pathway/map/map00100.html" and the
sequences therein, which are each hereby incorporated
by reference in their entireties, particularly with
respect to the aminoacid and nucleic acid sequences of
isoprene synthase, DXS, IDI, and/or MVA pathway
polypeptides and nucleic acids). In some embodiments,
one or more of the isoprene synthase, DXS, IDI, and/or
MVA pathway polypeptides and/or nucleic acids have a
sequence identical to a sequence publicly available on
December 12, 2007, such as any of the sequences that
correspond to any of the accession numbers in Appendix
1 of U.S. Application No. 61/013,574, or any of the
sequences present in the Kegg database as of the date
of this filing. Additional exemplary isoprene
synthase, DXS, IDI, and/or MVA pathway polypeptides
and nucleic acids are described further below.
Exemplary Isoprene Synthase Polypeptides and Nucleic
Acids [0221] As noted above, isoprene synthase
polypeptides convert dimethylallyl diphosphate (DMAPP)
into isoprene. Exemplary isoprene synthase
polypeptides include polypeptides, fragments of
polypeptides, peptides, and fusions polypeptides that
have at least one activity of an isoprene synthase
polypeptide. Standard methods can be used to determine
whether a polypeptide has isoprene synthase
polypeptide activity by measuring the ability of the
polypeptide to convert DMAPP into isoprene in vitro,
in a cell extract, or in vivo. Isoprene synthase
polypeptide activity in the cell extract can be
measured, for example, as described in Silver et ah, J
. Biol. Chem. 270:13010-13016, 1995 and references
therein, which are each hereby incorporated by
reference in their entireties, particularly with
respect to assays for isoprene synthase polypeptide
activity. DMAPP (Sigma) is evaporated to dryness under
a stream of nitrogen and rehydrated to a concentration
of 100 mM in 100 mM potassium phosphate buffer pH 8.2
and stored at -20 C. To perform the assay, a solution
of 5 ml of IM MgCl2, 1mM (250 mg/ml) DMAPP, 65 ml of
Plant Extract Buffer (PEB) (50 mM Tris-HCl, pH 8.0, 20
mM MgCl2, 5% glycerol, and 2 mM DTT) is added to 25 ml
of cell extract in a 20 ml Headspace vial with a metal
screw cap and teflon coated silicon septum (Agilent
Technologies) and cultured at 37 C for 15 minutes with
shaking. The reaction is quenched by adding 200 ml of
250 mM EDTA or by heat inactivation, and isoprene is
quantified by GC/MS. [0222] Exemplary isoprene
synthase nucleic acids include nucleic acids that
encode a polypeptide, fragment of a polypeptide,
peptide, or fusion polypeptide that has at least one
activity of an isoprene synthase polypeptide.
Exemplary isoprene synthase polypeptides and nucleic
acids include naturally- occurring polypeptides and
nucleic acids from any of thesource organisms
described herein as well as mutant polypeptides and
nucleic acids derived from any of the source organisms
described herein. 



[0223] In some embodiments, the isoprene synthase
polypeptide or nucleic acid is from the family
Fabaceae, the family Salicaceae, or the family
Fagaceae. In some embodiments, the isoprene synthase
polypeptide or nucleic acid is a naturally- occurring
polypeptide or nucleic acid from Pueraria montana
(kudzu) (Sharkey et al, Plant Physiology 137: 700-712,
2005), poplar (such as Populus alba x tremula
CAC35696) Miller et al, Planta 213: 483-487, 2001)
aspen (such as Populus tremuloides) Silver et al, JBC
270(22): 13010-1316, 1995), or English Oak (Quercus
robur) (Zimmer et al, WO 98/02550), which are each
hereby incorporated by reference in their entireties,
particularly with respect to isoprene synthase nucleic
acids and the expression of isoprene synthase
polypeptides. Suitable isoprene synthases include, but
are not limited to, those identified by GenBank
Accession Nos. AY341431, AY316691, AY279379, AJ457070,
and AY182241, which are each hereby incorporated by
reference in their entireties, particularly with
respect to sequences of isoprene synthase nucleic
acids and polypeptides. In some embodiments, the
isoprene synthase polypeptide or nucleic acid is not a
naturally- occurring polypeptide or nucleic acid from
Quercus robur (i.e., the isoprene synthase polypeptide
or nucleic acid is an isoprene synthase polypeptide or
nucleic acid other than a naturally-occurring
polypeptide or nucleic acid from Quercus robur). In
some embodiments, the isoprene synthase nucleic acid
or polypeptide is not a naturally- occurring
polypeptide or nucleic acid from poplar (such as
Populus alba x tremula CAC35696). Exemplary DXS
Polypeptides and Nucleic Acids [0224] As noted above,
l-deoxy-D-xylulose-5-phosphate synthase (DXS)
polypeptides convert pyruvate and
D-glyceraldehyde-3-phosphate into
l-deoxy-D-xylulose-5-phosphate. Exemplary DXS
polypeptides include polypeptides, fragments of
polypeptides, peptides, and fusions polypeptides that
have at least one activity of a DXS polypeptide.
Standard methods (such as those described herein) can
be used to determine whether a polypeptide has DXS
polypeptide activity by measuring the ability of the
polypeptide to convert pyruvate and Dglyceraldehyde-
3-phosphate into l-deoxy-D-xylulose-5-phosphate in
vitro, in a cell extract, or in vivo. Exemplary DXS
nucleic acids include nucleic acids that encode a
polypeptide, fragment of a polypeptide, peptide, or
fusion polypeptide that has at least one activity of a
DXS polypeptide. Exemplary DXS polypeptides and
nucleic acids include naturallyoccurring polypeptides
and nucleic acids from any of the source organisms
described hereinas well as mutant polypeptides and
nucleic acids derived from any of the source organisms
described herein. Exemplary IDI Polypeptides and
Nucleic Acids [0225] Isopentenyl diphosphate isomerase
polypeptides (isopentenyl-diphosphate deltaisomerase
or IDI) catalzyes the interconversion of isopentenyl
diphosphate (IPP) and dimethylallyl diphosphate
(DMAPP) (e.g., converting IPP into DMAPP and/or
converting DMAPP into IPP). Exemplary IDI polypeptides
include polypeptides, fragments of polypeptides,
peptides, and fusions polypeptides that have at least
one activity of an IDI polypeptide. Standard methods
(such as those described herein) can be used to
determine whether a polypeptide has IDI polypeptide
activity by measuring the ability of the polypeptide
to interconvert IPP and DMAPP in vitro, in a cell
extract, or in vivo. Exemplary IDI nucleic acids
include nucleic acids that encode a polypeptide,
fragment of a polypeptide, peptide, or fusion
polypeptide that has at least one activity of an IDI
polypeptide. Exemplary IDI polypeptides and nucleic
acids include naturally-occurring polypeptides and
nucleic acids from any of the source organisms
described herein as well as mutant polypeptides and
nucleic acids derived from any of the source organisms
described herein. Exemplary MVA Pathway Polypeptides
and Nucleic Acids [0226] Exemplary MVA pathway
polypeptides include acetyl-CoA acetyltransferase
(AACoA thiolase) polypeptides,
3-hydroxy-3-methylglutaryl-CoA synthase (HMG-CoA
synthase) polypeptides, 3-hydroxy-3-methylglutaryl-CoA
reductase (HMG-CoA reductase) polypeptides, mevalonate
kinase (MVK) polypeptides, phosphomevalonate kinase
(PMK) polypeptides, diphosphomevalonte decarboxylase
(MVD) polypeptides, IDI polypeptides, and polypeptides
(e.g., fusion polypeptides) having an activity of two
or more MVA pathway polypeptides. In particular, MVA
pathway polypeptides include polypeptides, fragments
of polypeptides, peptides, and fusions polypeptides
that have at least one activity of an MVA pathway
polypeptide. Exemplary MVA pathway nucleic acids
include nucleic acids that encode a polypeptide,
fragment of a polypeptide, peptide, or fusion
polypeptide that has at least one activity of an MVA
pathway polypeptide. Exemplary MVA pathway
polypeptides and nucleic acids include
naturally-occurring polypeptides and nucleic acids
from any of the source organisms described herein as
well as mutant polypeptides and nucleic acids derived
from any of the source organisms described
herein.[0227] In particular, acetyl-CoA
acetyltransferase polypeptides (AA-CoA thiolase or
AACT) convert two molecules of acetyl-CoA into
acetoacetyl-CoA. Standard methods (such as those
described herein) can be used to determine whether a
polypeptide has AA-CoA thiolase polypeptide activity
by measuring the ability of the polypeptide to convert
two molecules of acetyl-CoA into acetoacetyl-CoA in
vitro, in a cell extract, or in vivo. [0228]
3-hydroxy-3-methylglutaryl-CoA synthase (HMG-CoA
synthase or HMGS) polypeptides convert acetoacetyl-CoA
into 3-hydroxy-3-methylglutaryl-CoA. Standard methods
(such as those described herein) can be used to
determine whether a polypeptide has HMG-CoA synthase
polypeptide activity by measuring the ability of the
polypeptide to convert acetoacetyl-CoA into
3-hydroxy-3-methylglutaryl-CoA in vitro, in a cell
extract, or in vivo. [0229]
3-hydroxy-3-methylglutaryl-CoA reductase (HMG-CoA
reductase or HMGR) polypeptides convert
3-hydroxy-3-methylglutaryl-CoA into mevalonate.
Standard methods (such as those described herein) can
be used to determine whether a polypeptide has HMGCoA
reductase polypeptide activity by measuring the
ability of the polypeptide to convert 3-
hydroxy-3-methylglutaryl-CoA into mevalonate in vitro,
in a cell extract, or in vivo. [0230] Mevalonate
kinase (MVK) polypeptides phosphorylates mevalonate to
form mevalonate-5-phosphate. Standard methods (such as
those described herein) can be used to determine
whether a polypeptide has MVK polypeptide activity by
measuring the ability of the polypeptide to convert
mevalonate into mevalonate-5-phosphate in vitro, in a
cell extract, or in vivo. [0231] Phosphomevalonate
kinase (PMK) polypeptides phosphorylates mevalonate-5-
phosphate to form mevalonate-5-diphosphate. Standard
methods (such as those described herein) can be used
to determine whether a polypeptide has PMK polypeptide
activity by measuring the ability of the polypeptide
to convert mevalonate-5-phosphate into mevalonate-
5-diphosphate in vitro, in a cell extract, or in vivo.
[0232] Diphosphomevalonte decarboxylase (MVD or DPMDC)
polypeptides convert mevalonate-5-diphosphate into
isopentenyl diphosphate polypeptides (IPP). Standard
methods (such as those described herein) can be used
to determine whether a polypeptide has MVD polypeptide
activity by measuring the ability of the polypeptide
to convert mevalonate- 5-diphosphate into IPP in
vitro, in a cell extract, or in vivo. Exemplary
Methods for Isolating Nucleic Acids[0233] Isoprene
synthase, DXS, IDI, and/or MVA pathway nucleic acids
can be isolated using standard methods. Methods of
obtaining desired nucleic acids from a source organism
of interest (such as a bacterial genome) are common
and well known in the art of molecular biology (see,
for example, WO 2004/033646 and references cited
therein, which are each hereby incorporated by
reference in their entireties, particularly with
respect to the isolation of nucleic acids of
interest). For example, if the sequence of the nucleic
acid is known (such as any of the known nucleic acids
described herein), suitable genomic libraries may be
created by restriction endonuclease digestion and may
be screened with probes complementary to the desired
nucleic acid sequence. Once the sequence is isolated,
the DNA may be amplified using standard primer
directed amplification methods such as polymerase
chain reaction (PCR) (U.S. Patent No. 4,683,202, which
is incorporated by reference in its entirety,
particularly with respect to PCR methods) to obtain
amounts of DNA suitable for transformation using
appropriate vectors. Alternatively, isoprene synthase,
DXS, IDI, and/or MVA pathway nucleic acids (such as
any isoprene synthase, DXS, IDI, and/or MVA pathway
nucleic acids with a known nucleic acid sequence) can
be chemically synthesized using standard methods.
[0234] Additional isoprene synthase, DXS, IDI, or MVA
pathway polypeptides and nucleic acids that may be
suitable for use in the compositions and methods
described herein can be identified using standard
methods. For example, cosmid libraries of the
chromosomal DNA of organisms known to produce isoprene
naturally can be constructed in organisms such as E.
coli, and then screened for isoprene production.
Additional methods for obtaining isoprene synthase,
DXS, IDI, and/or MVA pathway nucleic acids include
screening a metagenomic library by assay (such as the
headspace assay described herein) or by PCR using
primers directed against nucleotides encoding for a
length of conserved amino acids (for example, at least
3 conserved amino acids). Conserved amino acids can be
identified by aligning amino acid sequences of known
isoprene synthase, DXS, IDI, and/or MVA pathway
polypeptides. Conserved amino acids for isoprene
synthase polypeptides can be identified based on
aligned 



sequences of known isoprene synthase polypeptides. An
organism found to produce isoprene naturally can be
subjected to standard protein purification methods
(which are well known in the art) and the resulting
purified polypeptide can be sequenced using standard
methods. Other methods are found in the literature
(See, e.g., Julsing et al., Applied. Microbiol.
Biotechnol. 75: 1377-84, 2007; and Withers et al.,
Appl Environ Microbiol. 73:6277-83, 2007, which are
each hereby incorporated by reference in their
entireties, particularly with respect to
identification of nucleic acids involved in the
synthesis of isoprene).[0235] Additionally, standard
sequence alignment and/or structure prediction
programs can be used to identify additional DXS, IDI,
or MVA pathway polypeptides and nucleic acids based on
the similarity of their primary and/or predicted
polypeptide secondary structure with that of known
DXS, IDI, or MVA pathway polypeptides and nucleic
acids. Standard databases such as the swissprot-trembl
database (world-wide web at "expasy.org", Swiss
Institute of Bioinformatics Swiss-Prot group CMU - 1
rue Michel Servet CH-1211 Geneva 4, Switzerland) can
also be used to identify isoprene synthase, DXS, IDI,
or MVA pathway polypeptides and nucleic acids. The
secondary and/or tertiary structure of an isoprene
synthase, DXS, IDI, or MVA pathway polypeptide can be
predicted using the default settings of standard
structure prediction programs, such as PredictProtein
(Rost et al., The PredictProtein Server. Nucleic Acids
Research 32(Web Server issue):W321-W326, 2004).
Alternatively, the actual secondary and/or tertiary
structure of an isoprene synthase, DXS, IDI, or MVA
pathway polypeptide can be determined using standard
methods. Additional isoprene synthase, DXS, IDI, or
MVA pathway nucleic acids can also be identified by
hybridization to probes generated from known isoprene
synthase, DXS, IDI, or MVA pathway nucleic acids.
Exemplary Promoters and Vectors [0236] Any of the
isoprene synthase, DXS, IDI, or MVA pathway nucleic
acid described herein can be included in one or more
vectors. Accordingly, the invention also features
vectors with one more nucleic acids encoding any of
the isoprene synthase, DXS, IDI, or MVA pathway
polypeptides that are described herein. As used
herein, a "vector" means a construct that is capable
of delivering, and desirably expressing one or more
nucleic acids of interest in a host cell. Examples of
vectors include, but are not limited to, plasmids,
viral vectors, DNA or RNA expression vectors, cosmids,
and phage vectors. In some embodiments, the vector
contains a nucleic acid under the control of an
expression control sequence. [0237] As used herein, an
"expression control sequence" means a nucleic acid
sequence that directs transcription of a nucleic acid
of interest. An expression control sequence can be a
promoter, such as a constitutive or an inducible
promoter, or an enhancer. An "inducible promoter" is a
promoter that is active under environmental or
developmental regulation. The expression control
sequence is operably linked to the nucleic acid
segment to be transcribed. [0238] In some embodiments,
the vector contains a selective marker. The term
"selective marker" refers to a nucleic acid capable of
expression in a host cell that allows for ease
ofselection of those host cells containing an
introduced nucleic acid or vector. Examples of
selectable markers include, but are not limited to,
antibiotic resistance nucleic acids (e.g., kanamycin,
ampicillin, carbenicillin, gentamicin, hygromycin,
phleomycin, bleomycin, neomycin, or chloramphenicol)
and/or nucleic acids that confer a metabolic
advantage, such as a nutritional advantage on the host
cell. In some embodiments, an isoprene synthase, DXS,
IDI, or MVA pathway nucleic acid integrates into a
chromosome of the cells without a selective marker.
[0239] Suitable vectors are those that are compatible
with the host cell employed. Suitable vectors can be
derived, for example, from a bacterium, a virus (such
as bacteriophage T7 or a M-13 derived phage), a
cosmid, a yeast, or a plant. Protocols for obtaining
and using such vectors are known in the art (See,
e.g., Sambrook et al., Molecular Cloning: A Laboratory
Manual, 2nd ed., Cold Spring Harbor, 1989, which is
hereby incorporated by reference in its entirety,
particularly with respect to the use of vectors).
[0240] Promoters are well known in the art. Any
promoter that functions in the host cell can be used
for expression of an isoprene synthase, DXS, IDI, or
MVA pathway nucleic acid in the host cell. Initiation
control regions or promoters, which are useful to
drive expression of isoprene synthase, DXS, IDI, or
MVA pathway nucleic acids in various host cells are
numerous and familiar to those skilled in the art
(see, for example, WO 2004/033646 and references cited
therein, which are each hereby incorporated by
reference in their entireties, particularly with
respect to vectors for the expression of nucleic acids
of interest). Virtually any promoter capable of
driving these nucleic acids is suitable for the
present invention including, but not limited to lac,
trp, PL, PR, T7, tac, and trc (useful for expression
in E. coli). [0241] In some embodiments, a glucose
isomerase promoter is used (see, for example, U.S.
Patent No. 7,132,527 and references cited therein,
which are each hereby incorporated by reference in
their entireties, particularly with respect promoters
and plasmid systems for expressing polypeptides of
interest). Reported glucose isomerase promoter mutants
can be used to vary the level of expression of the
polypeptide encoded by a nucleic acid operably linked
to the glucose isomerase promoter (U.S. Patent No.
7,132,527). In various embodiments, the glucose
isomerase promoter is contained in a low, medium, or
high copy plasmid (U.S. Patent No. 7,132,527). [0242]
In various embodiments, an isoprene synthase, DXS,
IDI, and/or MVA pathway nucleic acid is contained in a
low copy plasmid (e.g., a plasmid that is maintained
at about 1to about 4 copies per cell), medium copy
plasmid (e.g., a plasmid that is maintained at about
10 to about 15 copies per cell), or high copy plasmid
(e.g., a plasmid that is maintained at about 50 or
more copies per cell). In some embodiments, the
heterologous or extra endogenous isoprene synthase,
DXS, IDI, or MVA pathway nucleic acid is operably
linked to a T7 promoter. In some embodiments, the
heterologous or extra endogenous isoprene synthase,
DXS, IDI, or MVA pathway nucleic acid operably linked
to a T7 promoter is contained in a medium or high copy
plasmid. In some embodiments, the heterologous or
extra endogenous isoprene synthase, DXS, IDI, or MVA
pathway nucleic acid is operably linked to a Trc
promoter. In some embodiments, the heterologous or
extra endogenous isoprene synthase, DXS, IDI, or MVA
pathway nucleic acid operably linked to a Trc promoter
is contained in a medium or high copy plasmid. In some
embodiments, the heterologous or extra endogenous
isoprene synthase, DXS, IDI, or MVA pathway nucleic
acid is operably linked to a Lac promoter. In some
embodiments, the heterologous or extra endogenous
isoprene synthase, DXS, IDI, or MVA pathway nucleic
acid operably linked to a Lac promoter is contained in
a low copy plasmid. In some embodiments, the
heterologous or extra endogenous isoprene synthase,
DXS, IDI, or MVA pathway nucleic acid is operably
linked to an endogenous promoter, such as an
endogenous Escherichia, Panteoa, Bacillus, Yarrowia,
Streptomyces, or Trichoderma promoter or an endogenous
alkaline serine protease, isoprene synthase, DXS, IDI,
or MVA pathway promoter. In some embodiments, the
heterologous or extra endogenous isoprene synthase,
DXS, IDI, or MVA pathway nucleic acid operably linked
to an endogenous promoter is contained in a high copy
plasmid. In some embodiments, the vector is a
replicating plasmid that does not integrate into a
chromosome in the cells. In some embodiments part or
all of the vector integrates into a chromosome in the
cells. [0243] In some embodiments, the expression
vector also includes a termination sequence.
Termination control regions may also be derived from
various genes native to the host cell. In some
embodiments, the termination sequence and the promoter
sequence are derived from the same source. In another
embodiment, the termination sequence is endogenous to
the host cell. [0244] In some embodiments, the
promoter, coding, region, and terminator all originate
from the isoprene synthase, DXS, IDI, or MVA pathway
nucleic acid to be expressed. In some embodiments, the
coding region for an isoprene synthase, DXS, IDI, or
MVA pathway nucleic acid is inserted into a
general-purpose expression vector such that it is
under the transcriptional control of the expression
construct promoter and terminator sequences. Insome
embodiments, genes or part thereof are inserted
downstream of the strong cbhl promoter. [0245] An
isoprene synthase, DXS, IDI, or MVA pathway nucleic
acid can be incorporated into a vector, such as an
expression vector, using standard techniques (Sambrook
et al, Molecular Cloning: A Laboratory Manual, Cold
Spring Harbor, 1982, which is hereby incorporated by
reference in its entirety, particularly with respect
to the screening of appropriate DNA sequences and the
construction of vectors). Methods used to ligate the
DNA construct comprising a nucleic acid of interest
(such as an isoprene synthase, DXS, IDI, or MVA
pathway nucleic acid), a promoter, a terminator, and
other sequences and to insert them into a suitable
vector are well known in the art. For example,
restriction enzymes can be used to cleave the isoprene
synthase, DXS, IDI, or MVA pathway nucleic acid and
the vector. Then, the compatible ends of the cleaved
isoprene synthase, DXS, IDI, or MVA pathway nucleic
acid and the cleaved vector can be ligated. Linking is
generally accomplished by ligation at convenient
restriction sites. If such sites do not exist, the
synthetic oligonucleotide linkers are used in
accordance with conventional practice (see, 



Sambrook et al, Molecular Cloning: A Laboratory
Manual, 2nd ed., Cold Spring Harbor, 1989, and Bennett
and Lasure, More Gene Manipulations in Fungi, Academic
Press, San Diego, pp 70-76, 1991, which are each
hereby incorporated by reference in their entireties,
particularly with respect to oligonucleotide linkers).
Additionally, vectors can be constructed using known
recombination techniques {e.g., Invitrogen Life
Technologies, Gateway Technology). [0246] In some
embodiments, it may be desirable to over-express
isoprene synthase, DXS, IDI, or MVA pathway nucleic
acids at levels far higher than currently found in
naturallyoccurring cells. This result may be
accomplished by the selective cloning of the nucleic
acids encoding those polypeptides into multicopy
plasmids or placing those nucleic acids under a strong
inducible or constitutive promoter. Methods for
over-expressing desired polypeptides are common and
well known in the art of molecular biology and
examples may be found in Sambrook et al, Molecular
Cloning: A Laboratory Manual, 2nd ed., Cold Spring
Harbor, 1989, which is hereby incorporated by
reference in its entirety, particularly with respect
to cloning techniques. [0247] The following resources
include descriptions of additional general methodology
useful in accordance with the invention: Kreigler,
Gene Transfer and Expression; A Laboratory Manual,
1990; and Ausubel et al, Eds. Current Protocols in
Molecular Biology,1994, which are each hereby
incorporated by reference in their entireties,
particularly with respect to molecular biology and
cloning techniques. Exemplary Source Organisms [0248]
Isoprene synthase, DXS, IDI, or MVA pathway nucleic
acids (and their encoded polypeptides) can be obtained
from any organism that naturally contains isoprene
synthase, DXS, IDI, and/or MVA pathway nucleic acids.
As noted above, isoprene is formed naturally by a
variety of organisms, such as bacteria, yeast, plants,
and animals. Organisms contain the MVA pathway, DXP
pathway, or both the MVA and DXP pathways for
producing isoprene (Figure 15). Thus, DXS nucleic
acids can be obtained, e.g., from any organism that
contains the DXP pathway or contains both the MVA and
DXP pathways. IDI and isoprene synthase nucleic acids
can be obtained, e.g., from any organism that contains
the MVA pathway, DXP pathway, or both the MVA and DXP
pathways. MVA pathway nucleic acids can be obtained,
e.g., from any organism that contains the MVA pathway
or contains both the MVA and DXP pathways. [0249] In
some embodiments, the nucleic acid sequence of the
isoprene synthase, DXS, IDI, or MVA pathway nucleic is
identical to the sequence of a nucleic acid that is
produced by any of the following organisms in nature.
In some embodiments, the amino acid sequence of the
isoprene synthase, DXS, IDI, or MVA pathway
polypeptide is identical to the sequence of a
polypeptide that is produced by any of the following
organisms in nature. In some embodiments, the isoprene
synthase, DXS, IDI, or MVA pathway nucleic acid or
polypeptide is a mutant nucleic acid or polypeptide
derived from any of the organisms described herein. As
used herein, "derived from" refers to the source of
the nucleic acid or polypeptide into which one or more
mutations is introduced. For example, a polypeptide
that is "derived from a plant polypeptide" refers to
polypeptide of interest that results from introducing
one or more mutations into the sequence of a wild-type
(i.e., a sequence occurring in nature) plant
polypeptide. [0250] In some embodiments, the source
organism is a bacterium, such as strains of
Escherichia (e.g., E. coli), or strains of Bacillus
(e.g., B. subtilis). [0251] As used herein, "the genus
Escherichia" includes all species within the genus
"Escherichia," as known to those of skill in the art,
including but not limited to E. coli, E.
adecarboxylata, E. albertii, E. blattae, E.
fergusonii, E. hermannii, E. senegalensis, and E.
vulneris. The genus "Escherichia" is defined as
Gram-negative, non-spore forming,facultatively
anaerobic, rod-shaped bacteria are classified as
members of the Family Enterobacteriaceae , Order
Enterobacterial s, Class Gamma Proteobacteria. [0252]
As used herein, "the genus Bacillus" includes all
species within the genus "Bacillus," as known to those
of skill in the art, including but not limited to B.
subtilis, B. licheniformis, B. lentus, B. brevis, B.
stearothermophilus, B. alkalophilus, B.
amyloliquefaciens, B. clausii, B. halodurans, B.
megaterium, B. coagulans, B. circulans, B. lautus, and
B. thuringiensis. It is recognized that the genus
Bacillus continues to undergo taxonomical
reorganization. Thus, it is intended that the genus
include species that have been reclassified, including
but not limited to such organisms as B.
stearothermophilus, which is now named "Geobacillus
stearothermophilus ." The production of resistant
endospores in the presence of oxygen is considered the
defining feature of the genus Bacillus, although this
characteristic also applies to the recently named
Alicyclobacillus, Amphibacillus, Aneurinibacillus,
Anoxybacillus, Brevibacillus, Filobacillus,
Gracilibacillus, Halobacillus, Paenibacillus,
Salibacillus, Thermobacillus, Ureibacillus, and
Virgibacillus. Exemplary Host Cells [0253] A variety
of host cells can be used to express isoprene
synthase, DXS, IDI, and/or MVA pathway polypeptides
and to produce isoprene in the methods of the claimed
invention. Exemplary host cells include cells from any
of the organisms listed in the prior section under the
heading "Exemplary Source Organisms." The host cell
may be a cell that naturally produces isoprene or a
cell that does not naturally produce isoprene. In some
embodiments, the host cell naturally produces isoprene
using the DXP pathway, and an isoprene synthase, DXS,
and/or IDI nucleic acid is added to enhance production
of isoprene using this pathway. In some embodiments,
the host cell naturally produces isoprene using the
MVA pathway, and an isoprene synthase and/or one or
more MVA pathway nucleic acids are added to enhance
production of isoprene using this pathway. In some
embodiments, the host cell naturally produces isoprene
using the DXP pathway and one or more MVA pathway
nucleic acids are added to produce isoprene using part
or all of the MVA pathway as well as the DXP pathway.
In some embodiments, the host cell naturally produces
isoprene using both the DXP and MVA pathways and one
or more isoprene synthase, DXS, IDI, or MVA pathway
nucleic acids are added to enhance production of
isoprene by one or both of these pathways. Exemplary
Transformation Methods[0254] Isoprene synthase, DXS,
IDI, and/or MVA pathway nucleic acids or vectors
containing them can be inserted into a host cell
(e.g., a bacterial cell) using standard techniques for
expression of the encoded isoprene synthase, DXS, IDI,
and/or MVA pathway polypeptide. Introduction of a DNA
construct or vector into a host cell can be performed
using techniques such as transformation,
electroporation, nuclear microinjection, transduction,
transfection (e.g., lipofection mediated or
DEAE-Dextrin mediated transfection or transfection
using a recombinant phage virus), incubation with
calcium phosphate DNA precipitate, high velocity
bombardment with DNA-coated microprojectiles, and
protoplast fusion. General transformation techniques
are known in the art (see, e.g., Current Protocols in
Molecular Biology (F. M. Ausubel et al. (eds) Chapter
9, 1987; Sambrook et al., Molecular Cloning: A
Laboratory Manual, 2nd ed., Cold Spring Harbor, 1989;
and Campbell et al, Curr Genet, 16:53-56, 1989, which
are each hereby incorporated by reference in their
entireties, particularly with respect to
transformation methods). The introduced nucleic acids
may be integrated into chromosomal DNA or maintained
as extrachromosomal replicating sequences. Exemplary
Cell Culture Media [0255] The invention also includes
a cell or a population of cells in culture that
produce isoprene. By "cells in culture" is meant two
or more cells in a solution (e.g., a cell medium) that
allows the cells to undergo one or more cell
divisions. "Cells in culture" do not include plant
cells that are part of a living, multicellular plant
containing cells that have differentiated into plant
tissues. In various embodiments, the cell culture
includes at least or about 10, 20, 50, 100, 200, 500,
1,000, 5,000, 10,000 or more cells. [0256] Any carbon
source can be used to cultivate the host cells. The
term "carbon source" refers to one or more
carbon-containing compounds capable of being
metabolized by a host cell or organism. For example,
the cell medium used to cultivate the host cells may
include any carbon source suitable for maintaining the
viability or growing the host cells. [0257] In some
embodiments, the carbon source is a carbohydrate (such
as monosaccharide, disaccharide, oligosaccharide, or
polysaccharides), invert sugar (e.g., enzymatically
treated sucrose syrup), glycerol, glycerine (e.g., a
glycerine byproduct of a biodiesel or soap-making
process), dihydroxyacetone, one-carbon source, fatty
acid (e.g., a saturated fatty acid, unsaturated fatty
acid, or polyunsaturated fatty acid), lipid,
phospholipid, glycerolipid, monoglyceride,
diglyceride, triglyceride, polypeptide (e.g., a
microbial or plant protein or peptide), renewable
carbon source (e.g., a biomass carbon source such as a
hydrolyzed biomass carbon source; beet sugar or cane
sugar molasses), yeast extract,component from a yeast
extract, polymer, acid, alcohol, aldehyde, ketone,
amino acid, succinate, lactate, acetate, ethanol, or
any combination of two or more of the foregoing. In
some embodiments, the carbon source is a product of
photosynthesis, including, but not limited to,
glucose. [0258] Exemplary monosaccharides include
glucose and fructose; exemplary oligosaccharides
include lactose and sucrose, and exemplary
polysaccharides include starch and cellulose.
Exemplary carbohydrates include C6 sugars (e.g.,
fructose, mannose, galactose, or glucose) and C5
sugars (e.g., xylose or arabinose). In some
embodiments, the 



cell medium includes a carbohydrate as well as a
carbon source other than a carbohydrate (e.g.,
glycerol, glycerine, dihydroxyacetone, one-carbon
source, fatty acid, lipid, phospholipid, glycerolipid,
monoglyceride, diglyceride, triglyceride, renewable
carbon source, or a component from a yeast extract).
In some embodiments, the cell medium includes a
carbohydrate as well as a polypeptide (e.g., a
microbial or plant protein or peptide). In some
embodiments, the microbial polypeptide is a
polypeptide from yeast or bacteria. In some
embodiments, the plant polypeptide is a polypeptide
from soy, corn, canola, jatropha, palm, peanut,
sunflower, coconut, mustard, rapeseed, cottonseed,
palm kernel, olive, safflower, sesame, or linseed.
[0259] In some embodiments, the concentration of the
carbohydrate is at least or about 5 grams per liter of
broth (g/L, wherein the volume of broth includes both
the volume of the cell medium and the volume of the
cells), such as at least or about 10, 15, 20, 30, 40,
50, 60, 80, 100, 150, 200, 300, 400, or more g/L. In
some embodiments, the concentration of the
carbohydrate is between about 50 and about 400 g/L,
such as between about 100 and about 360 g/L, between
about 120 and about 360 g/L, or between about 200 and
about 300 g/L. In some embodiments, this concentration
of carbohydrate includes the total amount of
carbohydrate that is added before and/or during the
culturing of the host cells. [0260] Exemplary lipids
are any substance containing one or more fatty acids
that are C4 and above fatty acids that are saturated,
unsaturated, or branched. [0261] Exemplary fatty acids
include compounds of the formula R-COOH, where "R" is
a hydrocarbon. Exemplary unsaturated fatty acids
include compounds where "R" includes at least one
carbon-carbon double bond. Exemplary unsaturated fatty
acids include, but are not limited to, oleic acid,
vaccenic acid, linoleic acid, palmitelaidic acid, and
arachidonic acid. Exemplary polyunsaturated fatty
acids include compounds where "R" includes a plurality
of carbon-carbon double bonds. Exemplary saturated
fatty acids include compounds where "R" is a saturated
aliphatic group. In some embodiments, the carbon
source includes one ormore C12-C22 fatty acids, such
as a C saturated fatty acid, a C saturated fatty acid,
a Ci saturated fatty acid, a C1 saturated fatty acid,
a C20 saturated fatty acid, or a C22 saturated fatty
acid. In an exemplary embodiment, the fatty acid is
palmitic acid. In some embodiments, the carbon source
is a salt of a fatty acid (e.g., an unsaturated fatty
acid), a derivative of a fatty acid (e.g., an
unsaturated fatty acid), or a salt of a derivative of
fatty acid (e.g., an unsaturated fatty acid). Suitable
salts include, but are not limited to, lithium salts,
potassium salts, sodium salts, and the like. Di- and
triglycerols are fatty acid esters of glycerol. [0262]
In some embodiments, the concentration of the lipid,
fatty acid, monoglyceride, diglyceride, or
triglyceride is at least or about 1 gram per liter of
broth (g/L, wherein the volume of broth includes both
the volume of the cell medium and the volume of the
cells), such as at least or about 5, 10, 15, 20, 30,
40, 50, 60, 80, 100, 150, 200, 300, 400, or more g/L.
In some embodiments, the concentration of the lipid,
fatty acid, monoglyceride, diglyceride, or
triglyceride is between about 10 and about 400 g/L,
such as between about 25 and about 300 g/L, between
about 60 and about 180 g/L, or between about 75 and
about 150 g/L. In some embodiments, the concentration
includes the total amount of the lipid, fatty acid,
monoglyceride, diglyceride, or triglyceride that is
added before and/or during the culturing of the host
cells. In some embodiments, the carbon source includes
both (i) a lipid, fatty acid, monoglyceride,
diglyceride, or triglyceride and (ii) a carbohydrate,
such as glucose. In some embodiments, the ratio of the
lipid, fatty acid, monoglyceride, diglyceride, or
triglyceride to the carbohydrate is about 1:1 on a
carbon basis (i.e., one carbon in the lipid, fatty
acid, monoglyceride, diglyceride, or triglyceride per
carbohydrate carbon). In particular embodiments, the
amount of the lipid, fatty acid, monoglyceride,
diglyceride, or triglyceride is between about 60 and
180 g/L, and the amount of the carbohydrate is between
about 120 and 360 g/L. [0263] Exemplary microbial
polypeptide carbon sources include one or more
polypeptides from yeast or bacteria. Exemplary plant
polypeptide carbon sources include one or more
polypeptides from soy, corn, canola, jatropha, palm,
peanut, sunflower, coconut, mustard, rapeseed,
cottonseed, palm kernel, olive, safflower, sesame, or
linseed. [0264] Exemplary renewable carbon sources
include cheese whey permeate, cornsteep liquor, sugar
beet molasses, barley malt, and components from any of
the foregoing. Exemplary renewable carbon sources also
include glucose, hexose, pentose and xylose present in
biomass, such as corn, switchgrass, sugar cane, cell
waste of fermentation processes, and protein
by-product from the milling of soy, corn, or wheat. In
some embodiments, the biomass carbon source is a
lignocellulosic, hemicellulosic, or cellulosicmaterial
such as, but are not limited to, a grass, wheat, wheat
straw, bagasse, sugar cane bagasse, soft wood pulp,
corn, corn cob or husk, corn kernel, fiber from corn
kernels, corn stover, switch grass, rice hull product,
or a by-product from wet or dry milling of grains
(e.g., corn, sorghum, rye, triticate, barley, wheat,
and/or distillers grains). Exemplary cellulosic
materials include wood, paper and pulp waste,
herbaceous plants, and fruit pulp. In some
embodiments, the carbon source includes any plant
part, such as stems, grains, roots, or tubers. In some
embodiments, all or part of any of the following
plants are used as a carbon source: corn, wheat, rye,
sorghum, triticate, rice, millet, barley, cassava,
legumes, such as beans and peas, potatoes, sweet
potatoes, bananas, sugarcane, and/or tapioca. In some
embodiments, the carbon source is a biomass
hydrolysate, such as a biomass hydrolysate that
includes both xylose and glucose or that includes both
sucrose and glucose. [0265] In some embodiments, the
renewable carbon source (such as biomass) is
pretreated before it is added to the cell culture
medium. In some embodiments, the pretreatment includes
enzymatic pretreatment, chemical pretreatment, or a
combination of both enzymatic and chemical
pretreatment (see, for example, Farzaneh et al,
Bioresource Technology 96 (18): 2014-2018, 2005; U.S.
Patent No. 6,176,176; U.S. Patent No. 6,106,888; which
are each hereby incorporated by reference in their
entireties, particularly with respect to the
pretreatment of renewable carbon sources). In some
embodiments, the renewable carbon source is partially
or completely hydrolyzed before it is added to the
cell culture medium. [0266] In some embodiments, the
renewable carbon source (such as corn stover)
undergoes ammonia fiber expansion (AFEX) pretreatment
before it is added to the cell culture medium (see,
for example, Farzaneh et ah, Bioresource Technology 96
(18): 2014-2018, 2005). During AFEX pretreatment, a
renewable carbon source is treated with liquid
anhydrous ammonia at moderate temperatures (such as
about 60 to about 100 0C) and high pressure (such as
about 250 to about 300 psi) for about 5 minutes. Then,
the pressure is rapidly released. In this process, the
combined chemical and physical effects of lignin
solubilization, hemicellulose hydrolysis, cellulose
decrystallization, and increased surface area enables
near complete enzymatic conversion of cellulose and
hemicellulose to fermentable sugars. AFEX pretreatment
has the advantage that nearly all of the ammonia can
be recovered and reused, while the remaining serves as
nitrogen source for microbes in downstream processes.
Also, a wash stream is not required for AFEX
pretreatment. Thus, dry matter recovery following the
AFEX treatment is essentially 100%. AFEX is basically
a dry-to-dry process. The treated renewable carbon
source is stable for long periods and can be fed at
very high solid loadings in enzymatic hydrolysis or
fermentation processes. Cellulose and hemicellulose
are well preserved in the AFEX process,with little or
no degradation. There is no need for neutralization
prior to the enzymatic hydrolysis of a renewable
carbon source that has undergone AFEX pretreatment.
Enzymatic hydrolysis of AFEX-treated carbon sources
produces clean sugar streams for subsequent
fermentation use. [0267] In some embodiments, the
concentration of the carbon source (e.g., a renewable
carbon source) is equivalent to at least or about 0.1,
0.5, 1, 1.5 2, 3, 4, 5, 10, 15, 20, 30, 40, or 50%
glucose (w/v). The equivalent amount of glucose can be
determined by using standard HPLC methods with glucose
as a reference to measure the amount of glucose
generated from the carbon source. In some embodiments,
the concentration of the carbon source (e.g., a
renewable carbon source) is equivalent to between
about 0.1 and about 20% glucose, such as between about
0.1 and about 10% glucose, between about 0.5 and about
10% glucose, between about 1 and about 10% glucose,
between about 1 and about 5% glucose, or between about
1 and about 2% glucose. [0268] In some embodiments,
the carbon source includes yeast extract or one or
more components of yeast extract. In some embodiments,
the concentration of yeast extract is at least 1 gram
of yeast extract per liter of broth (g/L, wherein the
volume of broth includes both the volume of the cell
medium and the volume of the cells), such at least or
about 5, 10, 15, 20, 30, 40, 50, 60, 80, 100, 150,
200, 300, or more g/L. In some embodiments, the
concentration of yeast extract is between about 1 and
about 300 g/L, such as between about 1 and about 200
g/L, between about 5 and about 200 g/L, between about
5 and about 100 g/L, or between about 5 and about 60
g/L. In some embodiments, the concentration includes
the total amount of yeast extract that is added before
and/or during the culturing of the host cells. In some
embodiments, the carbon source includes both yeast
extract (or one or more components thereof) and
another carbon source, such as glucose. In some
embodiments, the ratio of yeast extract to the other
carbon source is about 1:5, about 1:10, or about 1:20
(w/w). [0269] Additionally the carbon source may also
be one-carbon substrates such as carbon dioxide, or
methanol. Glycerol production from single carbon
sources (e.g., methanol, 



formaldehyde, or formate) has been reported in
methylotrophic yeasts (Yamada et al., Agric. Biol.
Chem., 53(2) 541-543, 1989, which is hereby
incorporated by reference in its entirety,
particularly with respect to carbon sources) and in
bacteria (Hunter et. al, Biochemistry, 24, 4148-4155,
1985, which is hereby incorporated by reference in its
entirety, particularly with respect to carbon
sources). These organisms can assimilate single carbon
compounds, ranging in oxidation state from methane to
formate, and produce glycerol. The pathway of carbon
assimilation can be through ribulose monophosphate,
through serine, or through xylulosemomophosphate
(Gottschalk, Bacterial Metabolism, Second Edition,
Springer-Verlag: New York, 1986, which is hereby
incorporated by reference in its entirety,
particularly with respect to carbon sources). The
ribulose monophosphate pathway involves the
condensation of formate with ribulose-5-phosphate to
form a six carbon sugar that becomes fructose and
eventually the three carbon product glyceraldehyde-
3-phosphate. Likewise, the serine pathway assimilates
the one-carbon compound into the glycolytic pathway
via methylenetetrahydrof olate . [0270] In addition to
one and two carbon substrates, methylotrophic
organisms are also known to utilize a number of other
carbon containing compounds such as methylamine,
glucosamine and a variety of amino acids for metabolic
activity. For example, methylotrophic yeast are known
to utilize the carbon from methylamine to form
trehalose or glycerol (Bellion et al, Microb. Growth
Cl Compd., [Int. Symp.], 7th ed., 415-32. Editors:
Murrell et al, Publisher: Intercept, Andover, UK,
1993, which is hereby incorporated by reference in its
entirety, particularly with respect to carbon
sources). Similarly, various species of Candida
metabolize alanine or oleic acid (Suiter et al., Arch.
Microbiol. 153(5), 485-9, 1990, which is hereby
incorporated by reference in its entirety,
particularly with respect to carbon sources). [0271]
In some embodiments, cells are cultured in a standard
medium containing physiological salts and nutrients
(see, e.g., Pourquie, J . et al., Biochemistry and
Genetics of Cellulose Degradation, eds. Aubert et al.,
Academic Press, pp. 71-86, 1988; and Ilmen et al.,
Appl. Environ. Microbiol. 63:1298-1306, 1997, hereby
incorporated by reference, particularly with respect
to cell media). Exemplary growth media are common
commercially prepared media such as Luria Bertani (LB)
broth, Sabouraud Dextrose (SD) broth, or Yeast medium
(YM) broth. Other defined or synthetic growth media
may also be used, and the appropriate medium for
growth of particular host cells are known by someone
skilled in the art of microbiology or fermentation
science. [0272] In addition to an appropriate carbon
source, the cell medium desirably contains suitable
minerals, salts, cofactors, buffers, and other
components known to those skilled in the art suitable
for the growth of the cultures or the enhancement of
isoprene production (see, for example, WO 2004/033646
and references cited therein and WO 96/35796 and
references cited therein, which are each hereby
incorporated by reference in their entireties,
particularly with respect cell medias and cell culture
conditions). In some embodiments where an isoprene
synthase, DXS, IDI, and/or MVA pathway nucleic acid is
under the control of an inducible promoter, the
inducing agent (e.g., a sugar, metal salt or
antimicrobial), is desirably added to the medium at a
concentration effective to induce expression of an
isoprenesynthase, DXS, IDI, and/or MVA pathway
polypeptide. In some embodiments, cell medium has an
antibiotic (such as kanamycin) that corresponds to the
antibiotic resistance nucleic acid (such as a
kanamycin resistance nucleic acid) on a vector that
has one or more DXS, IDI, or MVA pathway nucleic
acids. Exemplary Production oflsoprene [0273] In some
embodiments, the cells are cultured in a culture
medium under conditions permitting the production of
isoprene by the cells. In some embodiments, the cells
in culture produce isoprene at greater than or about
1, 10, 25, 50, 100, 150, 200, 250, 300, 400, 500, 600,
700, 800, 900, 1,000, 1,250, 1,500, 1,750, 2,000,
2,500, 3,000, 4,000, 5,000, or more nmole of
isoprene/gram of cells for the wet weight of the
cells/hour (nmole/gwcm/hr). In some embodiments, the
amount of isoprene is between about 2 to about 5,000
nmole/gwcm/hr, such as between about 2 to about 100
nmole/gwcm/hr, about 100 to about 500 nmole/gwcm/hr,
about 150 to about 500 nmole/gwcm /hr, about 500 to
about 1,000 nmole/gwcm/hr, about 1,000 to about 2,000
nmole/gwcm/hr, or about 2,000 to about 5,000
nmole/gwcm/hr. The amount of isoprene in units of
nmole/gwcm/hr can be measured as disclosed in U.S.
Patent No. 5,849,970, which is hereby incorporated by
reference in its entirety, particularly with respect
to the measurement of isoprene production. For
example, two mL of headspace (e.g., headspace from a
culture such as 2 mL of culture cultured in sealed
vials at 32 C with shaking at 200 rpm for
approximately 3 hours) are analyzed for isoprene using
a standard gas chromatography system, such as a system
operated isothermally (85 C) with an noctane/ porasil
C column (Alltech Associates, Inc., Deerfield, IL) and
coupled to a RGD2 mercuric oxide reduction gas
detector (Trace Analytical, Menlo Park, CA) (see, for
example, Greenberg et al, Atmos. Environ. 21A :
2689-2692, 1993; Silver et al, Plant Physiol.
97:1588-1591, 1991, which are each hereby incorporated
by reference in their entireties, particularly with
respect to the measurement of isoprene production).
The gas chromatography area units are converted to
nmol isoprene via a standard isoprene concentration
calibration curve. In some embodiments, the value for
the grams of cells for the wet weight of the cells is
calculated by obtaining the A oo value for a sample of
the cell culture, and then converting the A oo value
to grams of cells based on a calibration curve of wet
weights for cell cultures with a known A oo value. In
some embodiments, the grams of the cells is estimated
by assuming that one liter of broth (including cell
medium and cells) with an A oo value of 1 has a wet
cell weight of 1 gram. The value is also divided by
the number of hours the culture has been incubating
for, such as three hours.[0274] In some embodiments,
the cells in culture produce isoprene at greater than
or about 1, 10, 25, 50, 100, 150, 200, 250, 300, 400,
500, 600, 700, 800, 900, 1,000, 1,250, 1,500, 1,750,
2,000, 2,500, 3,000, 4,000, 5,000, 10,000, 100,000, or
more ng of isoprene/gram of cells for the wet weight
of the cells/hr (ng/g wcm/h). In some embodiments, the
amount of isoprene is between about 2 to about 5,000
ng/g wcm/h, such as between about 2 to about 100 ng/g
wcm/h, about 100 to about 500 ng/g wcm/h, about 500 to
about 1,000 ng/g wcm/h, about 1,000 to about 2,000
ng/g wcm/h, or about 2,000 to about 5,000 ng/g wcm/h.
The amount of isoprene in ng/g wcm/h can be calculated
by multiplying the value for isoprene production in
the units of nmole/g wcm/hr discussed above by 68.1
(as described in Equation 5 below). [0275] In some
embodiments, the cells in culture produce a cumulative
titer (total amount) of isoprene at greater than or
about 1, 10, 25, 50, 100, 150, 200, 250, 300, 400,
500, 600, 700, 800, 900, 1,000, 1,250, 1,500, 1,750,
2,000, 2,500, 3,000, 4,000, 5,000, 10,000, 50,000,
100,000, or more mg of isoprene/L of broth (mg/Lbroth,
wherein the volume of broth includes the volume of the
cells and the cell medium). In some embodiments, the
amount of isoprene is between about 2 to about 5,000
mg/Lbroth, such as between about 2 to about 100
mg/Lbroth, about 100 to about 500 mg/L broth, about
500 to about 1,000 mg/L broth, about 1,000 to about
2,000 mg/Lbroth, or about 2,000 to about 5,000
mg/Lbroth- The specific productivity of isoprene in mg
of isoprene/L of headspace from shake flask or similar
cultures can be measured by taking a 1 ml sample from
the cell culture at an OD oo value of approximately
1.0, putting it in a 20 mL vial, incubating for 30
minutes, and then measuring the amount of isoprene in
the headspace. If the OD oo value is not 1.0, then the
measurement can be normalized to an OD oo value of 1.0
by dividing by the OD oo value. The value of mg
isoprene/L headspace can be converted to
mg/Lbroth/hr/OD6oo of culture broth by multiplying by
a factor of 38. The value in units of
mg/Lbroth/hr/OD6oo can be multiplied by the number of
hours and the OD OO value to obtain the cumulative
titer in units of mg of isoprene/L of broth. [0276]
The instantaneous isoprene production rate in mg/L
broth/hr in a fermentor can be measured by taking a
sample of the fermentor off-gas, analyzing it for the
amount of isoprene (in units such as mg of isoprene
per Lgas), and multiplying this value by the rate at
which offgas is passed though each liter of broth
(e.g., at 1 vvm (volume of air/volume of broth/minute)
this is 60 Lgas per hour). Thus, an off-gas level of 1
mg/L gas corresponds to an instantaneous production
rate of 60 mg/L broth/hr at air flow of 1 vvm. If
desired, the value in the units mg/L broth/hr can be
divided by the OD OO value to obtain the specific rate
in units of mg/L broth/hr/OD. The average value of mg
isoprene/L gas can be converted to the total product
productivity (grams of isoprene per liter of
fermentation broth, mg/Lbroth) by multiplying
thisaverage off-gas isoprene concentration by the
total amount of off-gas sparged per liter of
fermentation broth during the fermentation. Thus, an
average off-gas isoprene concentration of 0.5
mg/Lbroth/hr over 10 hours at 1 vvm corresponds to a
total product concentration of 300 mg isoprene/Lbroth-
[0277] In some embodiments, the cells in culture
convert greater than or about 0.0015, 0.002, 0.005,
0.01, 0.02, 0.05, 0.1, 0.12, 0.14, 0.16, 0.2, 0.3,
0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.2, 1.4, or 1.6%
of the carbon in the cell culture medium into
isoprene. In some embodiments, the percent conversion
of carbon into isoprene is between about 0.002 to
about 1.6%, such as about 0.002 to about 0.005%, about
0.005 to about 0.01%, about 0.01 to about 0.05%, about
0.05 to about 0.15%, 0.15 to about 0.2%, about 0.2 to
about 0.3%, about 0.3 to about 0.5%, about 0.5 to
about 0.8%, about 0.8 to about 1.0%, or about 1.0 to
about 1.6%. The percent conversion of carbon into
isoprene (also referred to as "% carbon yield") can be
measured by dividing the moles carbon in the isoprene
produced by the moles carbon in the carbon source
(such as the moles of carbon in batched and fed
glucose and yeast extract). 



This number is multiplied by 100% to give a percentage
value (as indicated in Equation 1). Equation 1 [0278]
%Carbon Yield = (moles carbon in isoprene
produced)/(moles carbon in carbon source) * 100 [0279]
For this calculation, yeast extract can be assumed to
contain 50% w/w carbon. Equation 2 [0280] % Carbon
Yield = (39.1 g isoprene * l/68.1mol/g * 5
C/mol)/[(181221 g glucose * 1/180 mol/g * 6 C/mol) +
(17780 g yeast extract * 0.5 * 1/12 mol/g)] * 100 =
0.042% [0281] One skilled in the art can readily
convert the rates of isoprene production or amount of
isoprene produced into any other units. Exemplary
equations are listed below for interconverting between
units. Units for Rate of Isoprene production (total
and specific) Equation 3 [0282] 1 g isoprene/L
broth/hr = 14.7 mmol isoprene/L broth/hr (total
volumetric rate) Equation 4[0283] 1 nmol isoprene
/gwcm/hr = 1 nmol isoprene /Lbroth/hr/OD6oo (This
conversion assumes that one liter of broth with an OD
oo value of 1 has a wet cell weight of 1 gram.)
Equation 5 [0284] 1 nmol isoprene/g wcm/hr = 68.1 ng
isoprene/g wcm/hr (given the molecular weight of
isoprene) Equation 6 [0285] 1 nmol isoprene/L gas
O2/hr = 90 nmol isoprene/L broth/hr (at an O2 flow
rate of 90 L/hr per L of culture broth) Equation 7
[0286] 1 mg isoprene/L gas isoprene in off-gas = 60 mg
isoprene/L broth/hr at a flow rate of 60 Lgas per
Lbroth ( l vvm) Units for Titer (total and specific)
Equation 8 [0287] 1 nmol isoprene/mg cell protein =
150 nmol isoprene/Lb roth/OD6oo (This conversion
assumes that one liter of broth with an OD oo value of
1 has a total cell protein of approximately 150 mg)
(specific productivity) Equation 9 [0288] 1 g
isoprene/Lbroth = 14.7 mmol isoprene/Lb roth (total
titer) [0289] If desired, Equation 10 can be used to
convert any of the units that include the wet weight
of the cells into the corresponding units that include
the dry weight of the cells. Equation 10 [0290] Dry
weight of cells = (wet weight of cells)/3 .3 [0291] In
some embodiments encompassed by the invention, a cell
comprising a heterologous nucleic acid encoding an
isoprene synthase polypeptide produces an amount of
isoprene that is at least or about 2-fold, 3-fold,
5-fold, 10-fold, 25-fold, 50-fold, 100-fold, 150-fold,
200-fold, 400-fold, or greater than the amount of
isoprene produced from acorresponding cell grown under
essentially the same conditions without the
heterologous nucleic acid encoding the isoprene
synthase polypeptide. [0292] In some embodiments
encompassed by the invention, a cell comprising a
heterologous nucleic acid encoding an isoprene
synthase polypeptide and one or more heterologous
nucleic acids encoding a DXS, IDI, and/or MVA pathway
polypeptide produces an amount of isoprene that is at
least or about 2-fold, 3-fold, 5-fold, 10-fold,
25-fold, 50-fold, 100-fold, 150-fold, 200-fold,
400-fold, or greater than the amount of isoprene
produced from a corresponding cell grown under
essentially the same conditions without the
heterologous nucleic acids. Exemplary Isoprene
Purification Methods [0293] In some embodiments, any
of the methods described herein further include
recovering the isoprene. For example, the isoprene
produced using the compositions and methods of the
invention can be recovered using standard techniques
such as gas stripping, fractionation,
adsorption/desorption, pervaporation, thermal or
vacuum desorption of isoprene from a solid phase, or
extraction of isoprene immobilized or absorbed to a
solid phase with a solvent (see, for example, U.S.
Patent Nos. 4,703,007 and 4,570,029, which are each
hereby incorporated by reference in their entireties,
particularly with respect to isoprene recovery and
purification methods). In some embodiments, the
recovery of isoprene involves the isolation of
isoprene in a liquid form (such as a neat solution of
isoprene or a solution of isoprene in a solvent). Gas
stripping involves the removal of isoprene vapor from
the fermentation off-gas stream in a continuous
manner. Such removal can be achieved in several
different ways including, but not limited to,
adsorption to a solid phase, partition into a liquid
phase, or direct condensation. In some embodiments,
membrane enrichment of a dilute isoprene vapor stream
above the dew point of the vapor resulting in the
condensation of liquid isoprene. [0294] The recovery
of isoprene may involve one step or multiple steps. In
some embodiments, the removal of isoprene vapor from
the fermentation off-gas and the conversion of
isoprene to a liquid phase are performed
simultaneously. For example, isoprene can be directly
condensed from the off-gas stream to form a liquid. In
some embodiments, the removal of isoprene vapor from
the fermentation off-gas and the conversion of
isoprene to a liquid phase are performed sequentially.
For example, isoprene may be adsorbed to a solid phase
and then extracted from the solid phase with a
solvent.[0295] In some embodiments, any of the methods
described herein further include purifying the
isoprene. For example, the isoprene produced using the
compositions and methods of the invention can be
purified using standard techniques. Purification
refers to a process through which isoprene is
separated from one or more components that are present
when the isoprene is produced. In some embodiments,
the isoprene is obtained as a substantially pure
liquid. Examples of purification methods include (i)
distillation from a solution in a liquid extractant
and (ii) chromatography. As used herein, "purified
isoprene" means isoprene that has been separated from
one or more components that are present when the
isoprene is produced. In some embodiments, the
isoprene is at least about 20%, by weight, free from
other components that are present when the isoprene is
produced. In various embodiments, the isoprene is at
least or about 25%, 30%, 40%, 50%, 60%, 70%, 75%, 80%,
90%, 95%, or 99%, by weight, pure. Purity can be
assayed by any appropriate method, e.g., by column
chromatography, HPLC analysis, or GC-MS analysis.
[0296] [0297] Crystal Structure of Isoprene Synthase
[0298] The invention also contemplates crystalline
forms of plant isoprene synthase (e.g., poplar and
kudzu) and its variants as described supra and in the
Examples. In one embodiment, the invention comprises
any polypeptide which has the crystal structure of
poplar isoprene synthase as disclosed in Table 16-7.
EXPERIMENTAL [0299] The following examples are
provided in order to demonstrate and further
illustrate certain preferred embodiments and aspects
of the present invention and are not to be construed
as limiting the scope thereof. [0300] In the
experimental disclosure which follows, the following
abbreviations apply: C (degrees Centigrade); rpm
(revolutions per minute); H O (water); diH2O
(deionized water); aa and AA (amino acid); bp (base
pair); kb (kilobase pair); kD (kilodaltons); gm
(grams); mg and ug (micrograms); mg (milligrams); ng
(nanograms); ml and ul (microliters); ml
(milliliters); mm (millimeters); qs (quantity
sufficient); nm (nanometers); mm and um (micrometer);
M (molar); mM (millimolar); mM and uM (micromolar); pM
(picomolar); U (units); MW (molecular weight); sec
(seconds); min (minute/minutes); hr (hour/hours); OD
oo (optical density at 600 nm); BSA (bovine serum
albumin); DMAPP (dimethylallyl diphosphate); DTT
(dithiothreitol); EtOH (ethanol); IPTG
(isopropyl-beta-Dthiogalactopyranoside); isoprene
(2-methyl- 1,3-butadiene); IspS (isoprene synthase);
PAGE (polyacrylamide gel electrophoresis); PBS
(phosphate buffered saline [150 rnM NaCl, 10 rnM
sodium phosphate buffer, pH 7.2]); and SDS (sodium
dodecyl sulfate). [0301] The following abbreviations
apply to companies whose products or services may have
been referred to in the experimental examples: Agilent
(Agilent Technologies, Santa Clara, CA); Becton
Coulter (Becton Coulter, Inc., Fullerton, CA); Bio-Rad
(Bio-Rad Laboratories, Hercules, CA); Cayman Chemical
(Cayman Chemical Co., Ann Arbor, MI); CTC Analytics
(CTC Analytics A.G., Zwingen, Switzerland); EMS
(Electron Microscopy Supply, Hatfield, PA); Epicentre
(Epicentre Biotechnologies, Madison, WI); Integrated
DNA Technologies (Integrated DNA Technologies,
Coralville, IA); Invitrogen (Invitrogen Corp.,
Carlsbad, CA); Molecular Dynamics (Molecular Dynamics,
Sunnyvale, CA); Novagen (Novagen, Inc., Madison, WI);
Perkin Elmer (Perkin Elmer, Waltham, MA); Roche (Roche
Applied Science, Indianopolis, IN); Sigma
(Sigma-Aldrich, St. Louis, MO); Stratagene (Stratagene
Cloning Systems, La Jolla, CA); Qiagen (Qiagen, Inc.,
Valencia, CA); Takara (Takara Bio USA, Madison, WI);
Thomson Instrument (Thomson Instrument Co., Oceanside,
CA); V&P Scientific (V&P Scientific, Inc., San Diego,
CA); and Zinsser (Zinsser North America, Northridge,
CA). 



EXAMPLE 1 Cloning of Kudzu Isoprene Synthase for
Expression in Recombinant Bacteria [0302] In this
example, methods used to produce kudzu isoprene
synthase (IspS) in E. coli are described. The protein
sequence for the kudzu (Pueraria montana) isoprene
synthase gene (IspS) was obtained from GenBank
(AAQ84170). A kudzu isoprene synthase gene, optimized
for E. coli codon usage, was purchased from DNA2.0
(Menlo Park, CA), and is set forth as SEQ ID NO:1
(Figure 1). The isoprene synthase gene was removed
from the supplied plasmid by restriction endonuclease
digestion with BspL\]\ II /Pstl, gel-purified, and
ligated into pTrcHis2B (Invitrogen) that had been
digested with NcollPstl. The construct was designed
such that the stop codon in the isoprene synthase gene
was 5' to the Pstl site. As a result, when the
construct was expressed the His-Tag is not attached to
the isoprene synthase protein. The resulting plasmid,
pTrcKudzu, was verified by sequencing. [0303] The
isoprene synthase gene was also cloned into pETl bb
(Novagen). In this case, the isoprene synthase gene
was inserted into pETl bb such that the recombinant
isoprene synthase protein contained the N-terminal His
tag. The isoprene synthase gene was amplifiedfrom
pTrcKudzu by PCR using the primer set
pET-His-Kudzu-2F: 5'-CGTGAGATCA TATGTGTGCG ACCTCTTCTC
AATTTAC (SEQ ID N0:3) and pET-His-Kudzu-R: 5'-
CGGTCGACGG ATCCCTGCAG TTAGACATAC ATCAGCTG (SEQ ID
N0:4). These primers added an Ndel site at the 5'-end
and a BamHl site at the 3' end of the gene
respectively. The plasmid pTrcKudzu, described above,
was used as template DNA, HERCULASE DNA polymerase
(Stratagene) was used according to manufacturer' s
directions, and primers were added at a concentration
of 10 pM. The PCR was carried out in a total volume of
25 ml . The PCR product was digested with NdellBamHl
and cloned into pETl bb digested with the same
enzymes. The ligation mix was transformed into E. coli
ToplO (Invitrogen) and the correct clone selected by
sequencing. The resulting plasmid designated
pETNHisKudzu is then transformed into BL21(lDE3)pLysS
(Novagen) cells for expression from the T7 promoter.
[0304] The kudzu isoprene synthase gene was also
cloned into the low copy number plasmid pCL1920
(Lerner and Inouye, Nucl Acids Res, 18:4631, 1990).
Primers were used to amplify the kudzu isoprene
synthase gene from pTrcKudzu described above. The
forward primer added a HmdIII site and an E. coli
consensus RBS to the 5' end. The Pstl cloning site was
already present in pTrcKudzu just 3' of the stop codon
so the reverse primer was constructed such that the
final PCR product includes the Pstl site. The
sequences of the primers were: HindIII-rbs-Kudzu F:
5'-CATATGAAAG CTTGTATCGA TTAAATAAGG AGGAATAAAC C (SEQ
ID NO:5) and BamHl-Kudzu R: 5'-CGGTCGACGG ATCCCTGCAG
TTAGACATAC ATCAGCTG (SEQ ID NO:4). The PCR product was
amplified using HERCULASE DNA polymerase (Stratagene)
with primers at a concentration of 10 pM and with 1 ng
of template DNA (pTrcKudzu). The amplification
protocol included 30 cycles of (95 C for 1 minute, 60
C for 1 minute, 72 C for 2 minutes). The product was
digested with HmdIII and Pstl and ligated into
pCL1920, which had also been digested with HmdIII and
Pstl. The ligation mix was transformed into E. coli
ToplO. Several transformants were verified by sequence
analysis. The resulting plasmid was designated
pCL-lac-Kudzu. [0305] In order to remove the
beta-lactamase gene, pTrcKudzu was digested with
BspHl, treated with shrimp alkaline phosphatase (SAP),
incubated at 65C for 10 min to heat kill the SAP, then
end-filled by incubating with 2 units of Klenow
fragment (New England BioLabs)and dNTPS. The 5 kb
fragment was purified from an agarose gel and ligated
to the Kan(R) gene. The Kan(R) gene was prepared by
PCR amplification from pCR-Blunt-IITOPO (Invitrogen)
using primers MCM22 and MCM23 and Taq DNA polymerase
accordingto the Manufacturer's instructions. The PCR
fragment was digested with HmdIII and Pvul, and
end-filled using Klenow Fragment and dNTPs. The
ligation mixture was transformed into E. coli Top 10
chemically competent cells and a transformant carrying
a plasmid conferring kanamycin resistance,
pTrcKudzu(kan), was selected on Luria Agar containing
kanamycin (50mg/ml). The sequences of the primers
were: MCM22 5'- gatcaagctt AACCGGAATTGCCAGCTG (SEQ ID
NO: 15); and MCM23 5'-
gatccgatcgTCAGAAGAACTCGTCAAGAAGGC (SEQ ID NO: 16).
EXAMPLE 2 Cloning of Poplar Isoprene Synthase for
Expression in Recombinant Bacteria [0306] In this
example, methods used to produce poplar isoprene
synthase (IspS) in E. coli are described. The protein
sequence for the poplar (Populus alba x Populus
tremula) isoprene synthase (Schnitzler et al., Planta
222:777-786, 2005) was obtained from GenBank
(CAC35696). A gene, codon optimized for E. coli, was
purchased from DNA2.0 and is set forth as SEQ ID NO:6
(Figure 3). The isoprene synthase gene was removed
from the supplied plasmid (p9796-poplar) by
restriction endonuclease digestion with BsplLJl II
IPstl, gel-purified, and ligated into pTrcHis2B that
had been digested with NcollPstl. The construct is
cloned such that the stop codon in the insert is
before the Pstl site, which results in a construct in
which the His-Tag is not attached to the isoprene
synthase protein. The resulting plasmid, pTrcPoplar,
was verified by sequencing using commercially
available primers that hybridize within the vector
sequence (Forward and Reverse), as well as the primer
Poplar InSeq 5'-GAGAAAATCG GTAAGGAACT GG (SEQ ID
NO:8). EXAMPLE 3 Isoprene Production in Recombinant
Bacteria [0307] In this example, methods used to
produce and measure isoprene in recombinant E. coli
are described. I . Determination of isoprene
production [0308] For the shake flask cultures, one ml
of a culture was transferred from shake flasks to 20
ml CTC headspace vials (Agilent vial Catalog No. 5188
2753, and cap Catalog No. 5188 2759). The cap was
screwed on tightly and the vials incubated at the
equivalent temperaturewith shaking at 250 rpm. After
30 minutes, the vials were removed from the incubator
and analyzed as described below. In cases where
isoprene production in fermentors was determined,
samples were taken from the off-gas of the fermentor
and analyzed directly. [0309] The analysis was
performed using an Agilent 6890 GC/MS system
interfaced with a CTC Analytics CombiPAL autosampler
operating in headspace mode. An Agilent HP-5MS GC/MS
column (30 m x 0.25 mm; 0.25 mm film thickness) was
used for separation of analytes. The sampler was set
up to inject 500 mL of headspace gas. The GC/MS method
utilized helium as the carrier gas at a flow of 1
ml/min. The injection port was held at 250 C with a
split ratio of 50:1. The oven temperature was held at
37 C for the 2 min duration of the analysis. The
Agilent 5793N mass selective detector was run in
single ion monitoring (SIM) mode on m/z 67. The
detector was switched off from 1.4 to 1.7 minutes to
allow the elution of permanent gases. Under these
conditions, isoprene (2-methyl-l,3-butadiene) was
observed to elute at 1.78 minutes. A calibration table
was used to quantify the absolute amount of isoprene
and was found to be linear from 1 mg/L to 200 mg/L.
The limit of detection was estimated to be 50 to 100
ng/L using this method. II. Production of isoprene in
shake flasks [0310] The vectors described above were
introduced into E. coli strain BL21(lDE3)pLysS
(Novagen) to produce strains BL21/ptrcKudzu,
BL21/pCL-lac-Kudzu and BL21/pETHisKudzu. The strains
were spread for isolation onto LA (Luria agar)
containing the appropriate antibiotic (50 mg/ml
carbenicillin for BL21/ptrcKudzu and BL21/pETHisKudzu
or 50 mg/ml spectinomycin for BL21/pCL-lac-Kudzu) and
incubated overnight at 37 C. Single colonies were
inoculated into 250 ml baffled shake flasks containing
20 ml Luria Bertani broth (LB) and the appropriate
antibiotic. Cultures were grown overnight at 20 C with
shaking at 200 rpm. The OD OO of the overnight
cultures was measured and the cultures were diluted
into a 250 ml baffled shake flask containing 30 ml
MAGICMEDIA expression medium (Invitrogen) containing
the appropriate antibiotic to an OD6Oo ~ 0.05. The
culture was incubated at 30 C with shaking at 200 rpm.
When the OD6oo ~ 0.5 - 0.8, 400 mM IPTG was added and
the cells were incubated for a further 6 hours at 30 C
with shaking at 200 rpm. At 0, 2, 4 and 6 hours after
induction with IPTG, 1ml aliquots of the cultures were
collected, the OD OO was determined and the amount of
isoprene produced was measured as described above.III.
Production of Isoprene from BL21/ptrcKudzu in 14 liter
fermentation [0311] Large-scale production of isoprene
from E. coli containing the recombinant kudzu isoprene
synthase gene was determined from a fed-batch culture.
The recipe for the fermentation media (TM2) per liter
of fermentation medium was as follows: K HPO4 13.6 g,
KH2PO4 13.6 g, MgSO 4 * 7H2O 2 g, citric acid
monohydrate 2 g, ferric ammonium citrate 0.3 g,
(NH4)2SO4 3.2 g, yeast extract 5 g, IOOOX Modified
Trace Metal Solution 1 ml. AU of the components were
added together and dissolved in diH2O. The pH was
adjusted to 6.8 with potassium hydroxide (KOH) and qs
to volume. The final product was filter sterilized
with 0.22 mM filter, but not autoclaved. The recipe
for IOOOX Modified Trace Metal Solution was as
follows: Citric Acids * H2O 40 g, MnSO 4 * H2O 30 g,
NaCl 10 g, FeSO 4 * 7H2O 1 g, CoCl 2 * 6H2O 1 g, ZnSO
* 7H2O 1 g, CuSO 4 * 5H2O 100 mg, H3BO3 100 mg, NaMoO
4 * 2H2O 100 mg. Each component was dissolved one at a
time in diH2O, the pH was adjusted to 



3.0 with HCl/NaOH, then qs to volume and filter
sterilized with a 0.22 m filter. [0312] This
experiment was carried out in 14 L bioreactor to
monitor isoprene formation from glucose at the desired
fermentation, pH 6.7 and temperature 34 C. An inoculum
of E. coli strain BL21/ptrcKudzu taken from a frozen
vial was prepared in soytone-yeast extractglucose
medium in two 600 ml flasks.. After the inoculum grew
to OD550 = 0.6, two 600 ml flasks were centrifuged and
the contents resuspended in 70 ml supernatant to
transfer the cell pellet (70 ml of OD 3.1 material) to
the bioreactor. At various times after inoculation,
samples were removed and the amount of isoprene
produced was determined as described above. EXAMPLE 4
Selection of Sites for Improvement of Plant Isoprene
Synthases [0313] The isoprene synthases of plants were
expected to be homologous to the terpene synthases.
The three-dimensional structures of two homologous
terpene synthases have been determined from bornyl
diphosphate synthase (pdb entry INlB) and
5-epi-aristolochene synthase (pdb entry 5EAU). These
enzymes share only 32% homology but their tertiary
structure is conserved. In addition, the structures of
intermediate complexes with both enzymes have shown
that not only tertiary folding, but also detailed
interactions in the active sites of these enzymes are
highly conserved. [0314] The kudzu and poplar isoprene
synthases have higher sequence identity than was seen
between the bornyl diphosphate synthase and the
5-epi-aristolochene synthase as shown in Table 4-1
below.Table 4-1. Percent Identity of Various Enzymes
[0315] A homology model of the poplar isoprene
synthase has been made based on the bornyl diphosphate
synthase (BDP-synthase) pdb entry 1N24 (-40% sequence
identity). The homology model appears to be plausible
based on the close similarity of 10 trial models
created using the program MOE written and supported by
The Chemical Computing Group, Inc. The plausibility is
based on the conservation of common amino acid
residues at sites found to be involved in catalysis in
the BDP-synthase structure. [0316] A comparison of the
active site from the structure of BDP-synthase and the
homology model of poplar IspS indicates that the
active site involved in metal ion binding and
phosphate recognition is conserved. In particular, Lys
272, Asp 309, Asp 313, GIu 387, Arg 450 and Asn 453 of
poplar IspS were observed to overlap equivalent
residues in BDPsynthase. In this example, amino acid
residue positions for poplar IspS are derived from SEQ
ID NO:7. The positioning of an intermediate of the
BDP-synthase was also compared with the poplar IspS
homology model. Based on this, it was possible to
identify the analogous binding region and the approach
direction that isopentenyl diphosphate would require
in order to bind and react with the poplar IspS
enzyme. [0317] A homology model of the kudzu isoprene
synthase has been made based on bornyl diphosphate
synthase pdb entry 1N24 having (-40% sequence
identity). A comparison of the active site from the
structure of BDP-synthase with the homology model of
kudzu IspS indicates that numerous active site
residues involved in metal ion binding and phosphate
recognition are conserved. In particular, Arg 269, Asp
306, Asp 310, GIu 384, Arg 450 and Asn 453 of kudzu
IspS were observed to overlap equivalent residues in
BDP-synthase. [0318] A comparison of the active site
residues identified in the homology models of poplar
and kudzu IspS revealed that residues from one
homology model are also quite homologous with similar
residues, appearing with only minor shifts in the
relative position numbers for some of the residues, in
the other homology model. Based on the homology
models, sites in poplar and kudzu IspS were identified
as candidates for mutagenesis to produce variant IspS
enzymes with improved performance. Briefly, sites were
selected in theIspS that might alter the interaction
of the metal binding, the diphosphate recognition, the
IPP chain binding and/or the approach to the active
site. I . Diphosphate/ Metal Binding Sites [0319] The
side chains of amino acid residues in the poplar IspS
that are found in proximity to the metal and
diphosphate (DPP) binding side chains were identified.
These residues include Phe 384, Tyr 402, Ala 406, Ser
409, Ala 460 and Asn 469. The inventors note that Lys
272 is incorrect based on homology to other known
poplar IspS sequences, which have an Arg at this
position. II. Substrate Access Loop [0320] The
substrate access loop of poplar IspS is in a region
that deviates from the BDPsynthase structure. In the
BDP-synthase structure the residues form a segment
that creates a cover. Without being bound by theory,
the inventors expect that this segment in the actual
three-dimensional structure of poplar IspS will form a
similar structure. As such the residues in this loop,
including residues 455-466, will be in a position to
alter the activity of the poplar IspS enzyme. In the
poplar IspS enzyme residues 454-466 have the following
sequence: LASASAEIARGET (SEQ ID NO:9). III. Isoprenyl
Binding Site [0321] The complex of BDP-synthase and
the product of the reaction, bornyl diphosphate (pdb
entry 1N24), was used to identify residues in the
poplar model that may modulate substrate specificity
and/or reaction rate (altered on and off rates of
substrate and product). These residues include Arg
274, Trp 281 Phe 302, VaI 305, Ser 4 11, GIn 415, Phe
449, Ser 537 and GIu 540. Table 4-2. Candidate
Mutagenesis SitesISOPRENE SYNTHASE VARIANTS FOR
IMPROVED MICROBIAL PRODUCTION OF ISOPRENE
CROSS-REFERENCE TO RELATED APPLICATIONS [0001] This
application claims the benefit of U.S. provisional
application serial no. 61/125,336 filed April 23,
2008, which is hereby incorporated by reference in its
entirety. FIELD OF THE INVENTION [0002] The present
invention provides methods and compositions comprising
at least one isoprene synthase enzyme with improved
catalytic activity and/or solubility. In particular,
the present invention provides variant plant isoprene
synthases for increased isoprene production in
microbial host cells. Biosynthetically produced
isoprene of the present invention finds use in the
manufacture of rubber and elastomers. BACKGROUND OF
THE INVENTION [0003] Isoprenoids are isoprene polymers
that find use in pharmaceuticals, neutraceuticals,
flavors, fragrances, and rubber products. Natural
isoprenoid supplies, however, are limited due to
ecological concerns. For this reason, and to provide
isoprenoid compositions having fewer impurities and
greater uniformity, isoprenoids such as rubber are
often produced synthetically. [0004] Isoprene
(2-methyl-l,3-butadiene) is a volatile hydrocarbon
that is insoluble in water and soluble in alcohol.
Commercially viable quantities of isoprene can be
obtained by direct isolation from petroleum C5
cracking fractions or by dehydration of C5 isoalkanes
or isoalkenes (Weissermel and Arpe, Industrial Organic
Chemistry, 4th ed., Wiley-VCH, pp. 117-122, 2003). The
C5 skeleton can also be synthesized from smaller
subunits. It would be desirable, however, to have a
commercially viable method of producing isoprene that
was independent of nonrenewable resources. [0005]
Biosynthetic production of isoprene occurs by two
distinct metabolic pathways (Julsing et al., Appl
Microbiol Biotechnol, 75:1377-1384, 2007). In
eukaryotes and archae, isoprene is formed via the
mevalonate (MVA) pathway, while some eubacteria and
higher plants produce isoprene via the
methylerythritol phosphate (MEP) pathway. Isoprene
emissions from plants are light and
temperature-dependent with increases linked to leaf
development. An isoprene-producing enzyme, isoprene
synthase, has been identified in Aspen trees (Silver
and Fall, Plant Physiol, 97:1588-1591, 1991; and
Silver and Fall, J BiolChem, 270:13010-13016, 1995)
and is believed to be responsible for the in vivo
production of isoprene from whole leaves. Bacterial
production of isoprene has also been described (Kuzma
et al, Curr Microbiol, 30:97-103, 1995; and Wilkins,
Chemosphere, 32:1427-1434, 1996), and varies in amount
with the phase of bacterial growth and the nutrient
content of the culture medium (U.S. Patent No.
5,849,970 to Fall et al.; and Wagner et al., J
Bacteriol, 181:4700- 4703, 1999, both herein
incorporated by reference in their entirety). The
levels of isoprene obtainable through bacterial
systems of the prior art, however, are insufficient
for commercial uses. [0006] Thus what the art needs is
an efficient, large scale, bacterial isoprene
production process to provide feedstock for the
manufacture of isoprenoids. [0007] All patents, patent
applications, articles and publications mentioned
herein are hereby expressly incorporated herein by
reference. SUMMARY OF THE INVENTION [0008] The present
invention provides methods and compositions comprising
at least one isoprene synthase enzyme with improved
catalytic activity and/or solubility. In particular,
the present invention provides variant plant isoprene
synthases for increased isoprene production in
microbial host cells. Biosynthetically produced
isoprene of the present invention finds use in the
manufacture of rubber and elastomers. [0009]
Specifically, the present invention provides isolated
isoprene synthase variants, 



wherein the variant comprises a substitution at a
position corresponding to one or more residues (one,
two, three, four, five, six, seven, eight, nine or
ten) of a kudzu isoprene synthase comprising the amino
acid sequence set forth in SEQ ID NO: 2. In some
embodiments, the isoprene synthase variant is a kudzu
(Pueraria sp.) isoprene synthase variant or a poplar
(Populus sp.) isoprene synthase variant. In some
embodiments, the one or more residues are selected
from but not limited to the group consisting of L26,
E30, F31, Q33, L35, E36, N37, L39, K40, V41, K43, L44,
R61, V62, D63, Q65, K87, E94, N95, L99, DlOO, N105,
K137, E138, G143, E144, N182, L184, K185, G187, N189,
T190, P225, H226, K247, T257, E258, M259, D266, N334,
D353, S357, 1358I, E361, N389, 1392, 1393, K398, E401,
C421, Q423, Q424, E425, D426, H430, L432, R433, S434,
D437, R443, L462, E463, H476, N478, D479, Q485, D508,
P513, A515, Q532, Y533, L537, G538, R539, Y542, A543,
and P557. In some embodiments, the one or more
residues are selected from but not limited to the
group consisting of P24, N25, Y309, D310, L377, F381,
E384, Y399, N402, A403, S406, S407, G409, A411, L413,
F449, A456, T457, S458, A459, A460, E461, L462,
E463,R464, G465, E466, T467, T468, N469, M523, S527,
and Y531. In some embodiments, the one or more
residues are selected from but not limited to the
group consisting of A20, N21, Y22, Q23, R271, W278,
F299, V302, and S408. The present invention also
provides an isolated isoprene synthase variant having
an A20G substitution in a kudzu isoprene synthase
having the amino acid sequence set forth in SEQ ID NO:
2. In a subset of these embodiments, the variant
comprises at least two substitutions (two, three,
four, five, six, seven, eight, nine or ten), wherein
one of the substitutions is an A20G substitution in a
kudzu isoprene synthase having the amino acid sequence
set forth in SEQ ID NO: 2. The present invention also
provides an isolated isoprene synthase variant having
an S408D substitution in a kudzu isoprene synthase
having the amino acid sequence set forth in SEQ ID NO:
2. In a subset of these embodiments, the variant
comprises at least two substitutions (two, three,
four, five, six, seven, eight, nine or ten), wherein
one of the substitutions is an S408D substitution in a
kudzu isoprene synthase having the amino acid sequence
set forth in SEQ ID NO: 2. In some preferred
embodiments, the isoprene synthase variant has at
least one improved property as compared to wild-type
isoprene synthase. In some particularly preferred
embodiments, the at least one improved property is
selected from but not limited to the group consisting
of specific activity (production of isoprene from
dimethylallyl diphosphate), and solubility. [0010] In
addition, the present invention further provides a
polynucleotide sequence encoding the isoprene synthase
variant. Also provided is an expression vector
comprising a polynucleotide sequence encoding the
isoprene synthase variant in operable combination with
a promoter. In further embodiments, the present
invention provides a host cell comprising the
expression vector. Also provided is a lysate of the
host cell, wherein the lysate further comprises
lysozyme. In some embodiments, the lysate has a
neutral pH (6.5 to 7.5), while in other embodiments
the lysate has a basic pH (above 7.5 and below 9.5).
The present invention also provides methods of
producing isoprene, comprising: (a) providing host
cells comprising the expression vector; and (b)
culturing the host cells under conditions suitable for
producing isoprene. In some embodiments, the methods
further comprise (c) recovering the isoprene. In still
further embodiments, the methods further comprise (d)
polymerizing the isoprene. The present invention
further provides methods of detecting isoprene
synthase activity, comprising: (a) culturing host
cells comprising the expression vector under
conditions suitable for producing the isoprene
synthase variant; (b) lysing the host cells with a
lysis buffer comprising lysozyme to produce a cell
lysate; and (c) detecting isoprene synthase activity
in the cell lysate by measuring isoprene production
from dimethylallyl diphosphate (DMAPP). In some
embodiments, the host is selected from but not limited
to thegroup consisting of gram-positive bacterial
cells, gram-negative bacterial cells, filamentous
fungal cells, and yeast cells. In some preferred
embodiments, the host is selected from but not limited
to the group consisting of Escherichia sp. (E. coli),
Panteoa sp. (P. citrea), Bacillus sp. (B. subtilis),
Yarrowia sp. (Y. lipolytica), and Trichoderma (T.
reesei). In some embodiments, the host cells are
cultured in a medium that includes a carbon source
selected from but not limited to the group consisting
of glucose, glycerol, glycerine, dihydroxyacetone,
yeast extract, biomass, molasses, sucrose, and oil.
[0011] Moreover, the present invention provides
methods of detecting isoprene in a plurality of
samples (high-throughput screening), comprising: (a)
providing: i) a plurality of samples each comprising
isoprene synthase; ii) a glass plate comprising a
plurality of wells; and iii) a seal for the glass
plate; (b) placing the plurality of samples in the
plurality of wells of the glass plate; (c) sealing the
glass plate with the seal to produce a sealed glass
plate having a headspace associated with the sample in
each of the plurality of wells; (d) incubating the
glass plate under conditions in which the isoprene
synthase is active; and (e) detecting isoprene in the
headspace. In some embodiments, the isoprene is
detected by gas chromatography-mass spectrometry
(GC-MS). In some embodiments, the plurality of samples
comprise host cells comprising an expression vector
comprising a polynucleotide sequence encoding an
isoprene synthase variant in operable combination with
a promoter. In some embodiments, the plurality of
samples comprise a lysate of the host cells, lysozyme,
and dimethylallyl diphosphate (DMAPP). In some
preferred embodiments, the glass plate is a deep-well
glass block. In some preferred embodiments, the
plurality of wells comprises at least 24 wells
(preferably at least 48 wells, more preferably at
least 96 wells, still more preferably at least 192
wells, and most preferably at least 384 wells). In
particularly preferred embodiments, the plurality of
wells each comprise a volume of 2 ml or less
(preferably 2 ml to 0.2 ml). [0012] Additionally the
present invention provides a host cell comprising a
heterologous polynucleotide sequence encoding an
isoprene synthase variant in operable combination with
a promoter, wherein the isoprene synthase variant
comprises a substitution at a position corresponding
to one or more residues (one, two, three, four, five,
six, seven, eight, nine or ten) of a kudzu isoprene
synthase comprising the amino acid sequence set forth
in SEQ ID NO: 2. In some embodiments, the one or more
residues are selected from but not limited to the
group consisting of L26, E30, F31, Q33, L35, E36, N37,
L39, K40, V41, K43, L44, R61, V62, D63, Q65, K87, E94,
N95, L99, DlOO, N105, K137, E138, G143, E144, N182,
L184, K185, G187, N189, T190, P225, H226, K247, T257,
E258, M259, D266, N334, D353, S357,I358I, E361, N389,
1392, 1393, K398, E401, C421, Q423, Q424, E425, D426,
H430, L432, R433, S434, D437, R443, L462, E463, H476,
N478, D479, Q485, D508, P513, A515, Q532, Y533, L537,
G538, R539, Y542, A543, and P557. In some embodiments,
the one or more residues are selected from but not
limited to the group consisting of P24, N25, Y309,
D310, L377, F381, E384, Y399, N402, A403, S406, S407,
G409, A411, L413, F449, A456, T457, S458, A459, A460,
E461, L462, E463, R464, G465, E466, T467, T468, N469,
M523, S527, and Y531. In some embodiments, the one or
more residues are selected from but not limited to the
group consisting of A20, N21, Y22, Q23, R271, W278,
F299, V302, and S408. The present invention also
provides an isolated isoprene synthase variant having
an A20G substitution and/or an S408D substitution in a
kudzu isoprene synthase having the amino acid sequence
set forth in SEQ ID NO: 2. In some preferred
embodiments, the isoprene synthase variant has at
least one improved property as compared to wild-type
isoprene synthase. In some particularly preferred
embodiments, the at least one improved property is
selected from but not limited to the group consisting
of specific activity (production of isoprene from
dimethylallyl diphosphate), and solubility. In some
preferred embodiments, the polynucleotide sequence is
contained within a plasmid. In other preferred
embodiments, the polynucleotide sequence is integrated
into a chromosome of the host cell. In some
embodiments, the host is selected from but not limited
to the group consisting of grampositive bacterial
cells, gram-negative bacterial cells, filamentous
fungal cells, and yeast cells. In some preferred
embodiments, the host is selected from but not limited
to the group consisting of Escherichia sp. (E. coli),
Panteoa sp. (P. citrea), Bacillus sp. (B. subtilis),
Yarrowia sp. (Y. lipolytica), and Trichoderma (T.
reesei). In some embodiments, the host cells are
cultured in a medium that includes a carbon source
selected from but not limited to the group consisting
of glucose, glycerol, glycerine, dihydroxyacetone,
yeast extract, biomass, molasses, sucrose, and oil. In
some embodiments, the host cell further comprises a
heterologous or native nucleic acid encoding an IDI
polypeptide and/or a heterologous or native nucleic
acid encoding a DXS polypeptide, sometimes in
combination with the native DXP pathway (for example,
expression of dxs and idi in E. coli in addition to
the native DXP pathway). Alternatively the entire DXP
pathway (Figure 15) maybe expressed on a plasmid or
integrated on the chromosome as an operon, with a
single promoter controlling expression, or promoters
of varying strengths (example GI 1.20, GI 1.5, or GI
1.6) controlling one or more of the individual genes.
In some embodiments, the host cell further comprises
one or more nucleic acids encoding an IDI polypeptide
and a DXS polypeptide, while in some preferred
embodiments, one vector encodes the isoprene synthase
variant, the IDIpolypeptide, and the DXS polypeptide.
In some embodiments, the host cell further comprises a
heterologous nucleic acid encoding an MVA pathway
polypeptide (e.g., an MVA pathway polypeptide from
Saccharomyces cerevisia or Enterococcusfaecalis). In
some embodiments, the host cell further comprises one
or more nucleic acids encoding an MVA pathway
polypeptide and a DXS polypeptide, while in some
preferred embodiments, one vector encodes the isoprene
synthase variant, the MVA pathway polypeptide, and the
DXS 



polypeptide. In some preferred embodiments, the host
cell further comprises one or more nucleic acids
encoding a DXS polypeptide, an IDI polypeptide, or one
or more of the rest of the DXP pathway polypeptides,
and a MVA pathway polypeptide. In some embodiments,
the vector further comprises a selectable marker
(e.g., antibiotic resistance nucleic acid). Also
provided are methods of producing isoprene,
comprising: (a) culturing the host cells under
suitable culture conditions for production of
isoprene; and (b) producing the isoprene. In some
embodiments, the methods further comprise (c)
recovering the isoprene. In some preferred
embodiments, the methods further comprise (d)
polymerizing isoprene. The present invention also
provides methods of producing isoprene synthase,
comprising: (a) providing: (i) a host cell; and (ii) a
nucleic acid encoding an isoprene synthase variant in
operable combination with a promoter, wherein the
isoprene synthase variant comprises a substitution at
a position corresponding to one or more residues (one,
two, three, four, five, six, seven, eight, nine or
ten) of a kudzu isoprene synthase comprising the amino
acid sequence set forth in SEQ ID NO: 2; (b)
contacting the host cell with the nucleic acid to
produce a transformed host cell; and (c) culturing the
transformed host cells under suitable culture
conditions for production of isoprene synthase. [0013]
In another aspect, the invention provides for isolated
poplar isoprene synthase variants. In one embodiment,
the variant comprises a truncation in the N-terminal
portion of isoprene synthase. In another embodiment,
the isoprene synthase variant has an increased
specific activity compared to a full length isoprene
synthase. In another embodiment, the isoprene synthase
is P. alba isoprene synthase of SEQ ID NO: 120. In
another embodiment, wherein the variant is selected
from the group consisting of: an MEA variant (SEQ ID
NO: 122), an MSV variant (SEQ ID NO: 124), an MVS
variant (SEQ ID NO: 126), an MTE variant (SEQ ID NO:
128), an MNV variant (SEQ ID NO: 130). In another
embodiment, the variant is an MEA variant (SEQ ID NO:
122). In another embodiment, the variant is selected
from the group consisting of: a TRC (-3) variant (SEQ
ID NO: 136), a TRC (-4) variant (SEQ ID NO: 138), a
TRC (-5) variant (SEQ ID NO: 140), a TRC (-6) variant
(SEQ ID NO: 142) anda TRC (-7) variant (SEQ ID NO:
144). In another embodiment, the variant is a MET
variant of P. tremuloides isoprene synthase (SEQ ID
NO: 146). In another embodiment, the variant is a MET
variant of P. trichocharpa isoprene synthase (SEQ ID
NO: 148). [0014] In another aspect, the invention
provides for isolated poplar isoprene synthase
variants, wherein the variant comprises a substitution
of one or more amino acid residues of a wild type
isoprene synthase; and wherein the isoprene synthase
variant has increased isoprene synthase activity
compared to a wild type isoprene synthase. In one
embodiment, the increased isoprene synthase activity
is indicated by a host cell comprising the isoprene
variant growing at a faster rate in the presence of
dimethylallyl pyrophosphate (DMAPP) compared to a host
cell comprising a parent isoprene synthase. In another
embodiment, the isoprene synthase is the P. alba
isoprene synthase of SEQ ID NO: 120. In another
embodiment, the variant comprises one of more amino
acid substitutions selected from the group consisting
of VlOM, F12S, T15A, E18G, V58I, V58F, L70Q, L70V,
L70T, T71P, V79L, E89D, G94A, S119F, F120L, G127R,
E175V, T212I, S257A, R262G, A266G, F280L, N297K,
F305L, L319M, E323K, A328T, D342E, A359T, K366N,
E368D, L374M, S396T, V418S, K438N, H440R, T442I,
T442A, I449V, A469S, K500R, K505Q, G507S, S509N, F51
IY, and N532K. In another embodiment, at least one
amino acid substitution is a L70R substitution. In
another embodiment, the variant comprises one of more
amino acid substitutions selected from the group
consisting of G127R/F511Y, L70Q/G94A/R262G/F305L,
F12S/ T15A/E18G/N297K, S396T/T442I, V10M/E323K,
F120L/A266G, K438N/K500R, V79L/S509N,
E175V/S257A/E368D/A469S, T71P/L374M, F280L/H440R,
E89D/H440R, V58F/A328T/N532K, S119F/D342E/I449V, and
K366N/G507S. [0015] In another aspect, the invention
provides for a crystalline form of a polypeptide
comprising the amino acid residues of SEQ ID NO: 120
(Figure 19). [0016] In another aspect, the invention
provides for methods of producing isoprene,
comprising: (a) providing a host cell comprising an
expression vector comprising a polynucleotide sequence
encoding an isoprene synthase variant; and (b)
culturing the host cell under conditions suitable for
producing isoprene. In one embodiment, the method
further comprises (c) recovering the isoprene. In
another embodiment, the method further comprises (d)
polymerizing the isoprene. [0017] In another aspect,
the invention provides for methods of detecting
isoprene synthase activity, comprising: (a) culturing
a host cell comprising the expression vector under
conditions suitable for producing an isoprene synthase
variant; (b) lysing the host cells with alysis buffer
comprising lysozyme to produce a cell lysate; and (c)
detecting isoprene synthase activity in the cell
lysate by measuring isoprene production from
dimethylallyl diphosphate (DMAPP). In one embodiment,
the host cell is selected from the group consisting of
grampositive bacterial cells, gram-negative bacterial
cells, filamentous fungal cells, and yeast cells. In
another embodiment, the host cell is selected from the
group consisting of Escherichia sp. (E. coli), Panteoa
sp. (P. citrea), Bacillus sp. (B. subtilis), Yarrowia
sp. (Y. lipolytica), and Trichoderma (T. reesei). In
another embodiment, the host cell is cultured in a
medium that includes a carbon source selected from the
group consisting of glucose, glycerol, glycerine,
dihydroxyacetone, yeast extract, biomass, molasses,
sucrose, and oil. [0018] In another aspect, the
invention provides for host cells comprising a
heterologous polynucleotide sequence encoding an
isoprene synthase variant in operable combination with
a promoter, wherein the isoprene synthase variant
comprises a substitution at a position corresponding
to one or more residues (one, two, three, four, five,
six, seven, eight, nine or ten) of a poplar isoprene
synthase. In one embodiment, the isoprene synthase is
the P. alba isoprene synthase of SEQ ID NO: 120. In
another embodiment, the variant is selected from the
group consisting of: an MEA variant (SEQ ID NO: 122),
an MSV variant (SEQ ID NO: 124), an MVS variant (SEQ
ID NO: 126), an MTE variant (SEQ ID NO: 128), an MNV
variant (SEQ ID NO: 130). In another embodiment, the
variant is selected from the group consisting of: a
TRC (-3) variant (SEQ ID NO: 136), a TRC (-4) variant
(SEQ ID NO: 138), a TRC (-5) variant (SEQ ID NO: 140),
a TRC (-6) variant (SEQ ID NO: 142) and a TRC (-7)
variant (SEQ ID NO: 144). In another embodiment, the
variant is a MET variant of P. tremuloides isoprene
synthase (SEQ ID NO: 146). In another embodiment, the
variant is a MET variant of P. trichocharpa isoprene
synthase (SEQ ID NO: 148). In another embodiment, the
variant comprises one of more amino acid substitutions
selected from the group consisting of VlOM, F12S,
T15A, E18G, V58I, V58F, L70Q, L70V, L70T, T71P, V79L,
E89D, G94A, S119F, F120L, G127R, E175V, T212I, S257A,
R262G, A266G, F280L, N297K, F305L, L319M, E323K,
A328T, D342E, A359T, K366N, E368D, L374M, S396T,
V418S, K438N, H440R, T442I, T442A, I449V, A469S,
K500R, K505Q, G507S, S509N, F51 IY, and N532K. In
another embodiment, at least one amino acid
substitution is a L70R substitution. In another
embodiment, the variant comprises one of more amino
acid substitutions selected from the group consisting
of G127R/F511Y, L70Q/G94A/R262G/F305L, F12S/
T15A/E18G/N297K, S396T/T442I, V10M/E323K, F120L/A266G,
K438N/K500R, V79L/S509N, E175V/S257A/E368D/A469S,
T71P/L374M,F280L/H440R, E89D/H440R, V58F/A328T/N532K,
S119F/D342E/I449V, and K366N/G507S. In another
embodiment, the polynucleotide sequence is contained
within a plasmid. In another embodiment, the
polynucleotide sequence is integrated into a
chromosome of the host cell. In another embodiment,
the host is selected from the group consisting of
gram-positive bacterial cells, gram-negative bacterial
cells, filamentous fungal cells, and yeast cells. In
another embodiment, the host is selected from the
group consisting of Escherichia sp. (E. coli), Panteoa
sp. (P. citrea), Bacillus sp. (B. subtilis), Yarrowia
sp. (Y. lipolytica), and Trichoderma (T. reesei). In
another embodiment, the host cell is cultured in a
medium comprising a carbon source selected from the
group consisting of glucose, glycerol, glycerine,
dihydroxyacetone, yeast extract, biomass, molasses,
sucrose, and oil. In another embodiment, the host cell
further comprises a heterologous or native nucleic
acid encoding an IDI polypeptide and/or a heterologous
or native nucleic acid encoding a DXS polypeptide,
optionally in combination with the native DXP pathway.
In another embodiment, the host cell further comprises
one or more nucleic acids encoding an IDI polypeptide
and a DXS polypeptide. In another embodiment, the host
cell comprises one vector encoding the isoprene
synthase variant, the IDI polypeptide, and the DXS
polypeptide. In another embodiment, the host cell
further comprises a heterologous nucleic acid encoding
an MVA pathway polypeptide selected from the group
consisting of an MVA pathway polypeptide from
Saccharomyces cerevisia and Enterococcus faecalis. In
another embodiment, the host cell further comprises
one or more nucleic acids encoding an MVA pathway
polypeptide and a DXS polypeptide and wherein one
vector encodes the isoprene synthase variant, the MVA
pathway polypeptide, and the DXS polypeptide. In
another embodiment, the host cell further comprises
one or more nucleic acids encoding a DXS polypeptide,
an IDI polypeptide, or one or more of the rest of the
DXP pathway polypeptides, and a MVA 



pathway polypeptide. [0019] In another aspect, the
invention provides for methods of producing isoprene,
comprising: (a) culturing the host cells comprising a
heterologous polynucleotide sequence encoding an
isoprene synthase variant in operable combination with
a promoter, wherein the isoprene synthase variant
comprises a substitution at a position corresponding
to one or more residues (one, two, three, four, five,
six, seven, eight, nine or ten) of a poplar isoprene
synthase under suitable culture conditions for
production of isoprene; and (b) producing the
isoprene. In one embodiment, the method further
comprises (c) recovering the isoprene. In another
embodiment, the method further comprises (d)
polymerizing isoprene.[0020] In another aspect, the
invention provides for methods of producing isoprene
synthase, comprising: (a) providing: (i) a host cell;
and (ii) a nucleic acid encoding an isoprene synthase
variant in operable combination with a promoter,
wherein the isoprene synthase variant comprises a
substitution at a position corresponding to one or
more residues (one, two, three, four, five, six,
seven, eight, nine or ten) of a P. alba isoprene
synthase of SEQ ID NO: 120; (b) contacting the host
cell with the nucleic acid to produce a transformed
host cell; and (c) culturing the transformed host
cells under suitable culture conditions for production
of isoprene synthase. BRIEF DESCRIPTION OF THE
DRAWINGS [0021] Figure 1 provides the coding sequence
(SEQ ID NO:1) of kudzu (Pueraria montana) isoprene
synthase, codon-optimized for expression in
Escherichia coli. [0022] Figure 2 provides the amino
acid sequence (SEQ ID NO:2) of kudzu isoprene
synthase. [0023] Figure 3 provides the coding sequence
(SEQ ID NO:6) of poplar (Populus alba x tremula)
isoprene synthase, codon-optimized for expression in
Escherichia coli. [0024] Figure 4 provides the amino
acid sequence (SEQ ID NO:7) of poplar (Populus alba x
tremula) isoprene synthase. [0025] Figure 5 provides a
kudzu isoprene synthase homology model with the
cysteine residues highlighted as space filling
molecules. [0026] Figure 6 provides a poplar isoprene
synthase homology model with the cysteine residues
highlighted as space filling molecules (dark grey). In
addition, the cysteine residues from the kudzu model
of Figure 5 are superimposed on the poplar model as
space filling molecules (light grey). [0027] Figure 7
provides a graph showing the growth curves of the
kudzu IspS cysteine mutants of Example 5. [0028]
Figure 8 shows an SDS-PAGE analysis of kudzu IspS
cysteine mutants from lysed cells. Pellet and
supernatant fractions were prepared by centrifugation.
[0029] Figure 9 provides a map of plasmid MCM93 (pCR2.
1-Kudzu) . [0030] Figure 10 provides the nucleotide
sequence of plasmid MCM93 (SEQ ID NO:22). [0031]
Figure 11 provides a map of pET24D-Kudzu. [0032]
Figure 12 provides the nucleotide sequence of
pET24D-Kudzu (SEQ ID NO:23). [0033] Figure 13 shows an
SDS-PAGE analysis of kudzu isoprene
synthase-containing inclusion bodies. Lane M contains
molecular weight markers, while the other lanes
containincreasing amounts of the purified inclusion
body preparation. The kudzu isoprene synthase was
estimated to have a purity of >90%. [0034] Figure 14
provides graphs showing isoprene synthase activity of
kudzu site evaluation library (SEL) members for
positions Y22, A20 and S408. Most members show highly
decreased activity, while conservative substitutions
show a lesser decrease in activity. Panel A shows
assay results for the Y22 library members in
comparison with independent wild type samples (circled
WT). Panel B shows assay results for the A20 library
members in comparison to wild type samples (circled
WT). Panel C shows assay results for the S408 library
members, indicating that member S408D has 1.5 to
2-fold higher activity than the average of the wild
type controls. [0035] Figure 15 shows the MVA and DXP
metabolic pathways for isoprene (based on F. Bouvier
et al., Progress in Lipid Res. 44: 357-429, 2005). The
following description includes alternative names for
each polypeptide in the pathways and a reference that
discloses an assay for measuring the activity of the
indicated polypeptide (each of these references are
each hereby incorporated by reference in their
entireties, particularly with respect to assays for
polypeptide activity for polypeptides in the MVA and
DXP pathways). Mevalonate Pathway: AACT; Acetyl-CoA
acetyltransferase, MvaE, EC 2.3.1.9. Assay: J .
Bacteriol., 184: 2116-2122, 2002; HMGS;
Hydroxymethylglutaryl-CoA synthase, MvaS, EC 2.3.3.10.
Assay: J . Bacteriol., 184: 4065-4070, 2002; HMGR;
3-Hydroxy-3-methylglutaryl-CoA reductase, MvaE, EC
1.1.1.34. Assay: J . Bacteriol., 184: 2116-2122, 2002;
MVK; Mevalonate kinase, ERG12, EC 2.7.1.36. Assay:
Curr Genet 19:9-14, 1991. PMK; Phosphomevalonate
kinase, ERG8, EC 2.7.4.2, Assay: MoI Cell Biol,
11:620-631, 1991; DPMDC; Diphosphomevalonate
decarboxylase, MVDl, EC 4.1.1.33. Assay: Biochemistry,
33:13355-13362, 1994; IDI; Isopentenyl-diphosphate
delta-isomerase, IDIl, EC 5.3.3.2. Assay: J . Biol.
Chem. 264:19169-19175, 1989. DXP Pathway: DXS;
l-Deoxyxylulose-5- phosphate synthase, dxs, EC
2.2.1.7. Assay: PNAS, 94:12857-62, 1997; DXR;
1-Deoxy-Dxylulose 5-phosphate reductoisomerase, dxr,
EC 2.2.1.7. Assay: Eur. J . Biochem. 269:4446- 4457,
2002; MCT; 4-Diphosphocytidyl-2C-methyl-D-erythritol
synthase, IspD, EC 2.7.7.60. Assay: PNAS, 97:
6451-6456, 2000; CMK;
4-Diphosphocytidyl-2-C-methyl-D-erythritol kinase,
IspE, EC 2.7.1.148. Assay: PNAS, 97:1062-1067, 2000;
MCS; 2C-Methyl-Derythritol 2,4-cyclodiphosphate
synthase, IspF, EC 4.6.1.12. Assay: PNAS,
96:11758-11763, 1999; HDS;
l-Hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate
synthase, ispG, EC 1.17.4.3. Assay: J . Org. Chem.,
70:9168 -9174, 2005; HDR;
l-Hydroxy-2-methyl-2-(E)-butenyl 4- diphosphate
reductase, IspH, EC 1.17.1.2. Assay: JACS,
126:12847-12855, 2004.[0036] Figure 16 provides a map
of pDu27. [0037] Figure 17 provides the amino acid
sequence (SEQ ID NO: 118) of 6Xhis Nterminally tagged
P. alba IspS in pDu27. [0038] Figure 18 provides the
nucleotide sequence (SEQ ID NO: 119) of plasmid pDu27
. [0039] Figure 19 provides the amino acid sequence
(SEQ ID NO: 120) of full length P. alba IspS in
pET24a. Underlined residues indicate the locations of
N-terminal truncations in IspS in plasmids pDu39
through pDu43. [0040] Figure 20 provides the
nucleotide sequence (SEQ ID NO: 121) of plasmid P.
alba pET24a. [0041] Figure 2 1 shows purified IspS
displays a lower molecular weight "doublet" by SDSPAGE
analysis. [0042] Figure 22 shows tryptic peptides
identified by mass spectrometry. [0043] Figure 23
provides maps of pDu40, pDu41, pDu42 and pDu43
harboring Nterminal truncations of P. alba IspS.
[0044] Figure 24 provides a map of Pdu39 which is
pET24a-P. alba MEA untagged (in strain MD09- 173).
[0045] Figure 25 provides the amino acid sequence (SEQ
ID NO: 122) of truncated "MEA" variant of P. alba IspS
in pDu39. [0046] Figure 26 provides the nucleotide
sequence (SEQ ID NO: 123) of plasmid pDu39. [0047]
Figure 27 provides the amino acid sequence (SEQ ID NO:
124) of truncated "MSV" variant P. alba IspS in pDu41.
[0048] Figure 28 provides the nucleotide sequence (SEQ
ID NO: 125) of plasmid pDu41 (pET24a-P.alba(MSV)
Untagged). [0049] Figure 29 provides the amino acid
sequence (SEQ ID NO: 126) of truncated "MVS" variant
P. alba IspS in pDu43. [0050] Figure 30 provides the
nucleotide sequence (SEQ ID NO: 127) of plasmid pDu43
(pET24a-P.alba(MVS) Untagged). [0051] Figure 31
provides the amino acid sequence (SEQ ID NO: 128) of
truncated "MTE" variant of P. alba IspS in pDu42.
[0052] Figure 32 provides the nucleotide sequence (SEQ
ID NO: 129) of plasmid pDu42 (pET24a-P.alba(MTE)
Untagged). [0053] Figure 33 provides the amino acid
sequence (SEQ ID NO: 130) of truncated "MNV" P. alba
IspS in pDu40.[0054] Figure 34 provides the nucleotide
sequence (SEQ ID NO: 131) of plasmid pDu40
(pET24a-P.alba(MNV) Untagged). [0055] Figure 35
provides maps of MD09-161 and MD09-163, C-terminally
TEV, 6XHistagged IspS variants. [0056] Figure 36
provides the amino acid sequence (SEQ ID NO: 132) of
P. alba MEA(+)TEV in MD09-163. [0057] Figure 37
provides the nucleotide sequence (SEQ ID NO: 133) of
plasmid MD09- 163 (pET24a-P.alba MEA(+)TEV. CDS is
underlined, TEV protease site is bold. [0058] Figure
38 provides the amino acid sequence (SEQ ID NO: 134)
of P. alba FL(+)TEV in MD09-161. [0059] Figure 39
provides the nucleotide sequence (SEQ ID NO: 135) of
plasmid MD09- 161 (pET24a-P.alba FL(+)TEV. CDS is
underlined, TEV protease site is bold. [0060] Figure
40 shows a graph representing specific activities of
MD09-167, Full length 



(FL), MD09-165, and Truncated isoprene synthase
(MD09-173). Reactions were run at 30 0C for 15 minutes
in a solution containing 100 mM Tris, 100 mM NaCl, 50
mM MgCl2, 5 mM DMAPP, and 2.5-4.5 mg isoprene synthase
in the supernatant of whole cell lysate. [0061] Figure
4 1 shows graphs demonstrating Rate/[E] vs. [DMAPP].
X's represent MD09-173, circles represent MD09-167,
diamonds represent MD09-165 and squares represent full
length IspS. [0062] Figure 42 shows a graph showing
Isoprene synthase activity vs. [DMAPP]. X's represent
data generated with MD09-173 truncated isoprene
synthase. Circles represent data generated with
MD09-167 isoprene synthase. Diamonds represent data
generated with MD09-165 isoprene synthase. Squares
represent data generated with full length isoprene
synthase. Each data set was run in triplicate from
independently grown cultures. [0063] Figure 43 shows
graphs demonstrating the effects of varying kcat and
KM and K1on reaction rate. In panel A, line 1
represents the rate equation of truncated isoprene
synthase activity divided by the rate equation of full
length isoprene synthase plotted at varying DMAPP
concentrations. Line 2 represents the rate equation of
full length isoprene synthase in which the kcat has
been substituted by the kcat of the truncated isoprene
synthase divided by the rate equation of the full
length isoprene synthase. Line 3 represents the rate
equation of full length isoprene synthase in which the
KM has been substituted by the KM of the truncated
isoprene synthase divided by the rate equation of the
full length isoprene synthase. Line 4 represents the
rate equation of full length isoprene synthase in
which the K1has been substituted by the K1of the
truncated isoprene synthase divided by the rate
equation of thefull length isoprene synthase. Panel B
shows a graph demonstrating data fit to the ratio of
the rate equation of truncated isoprene synthase to
full length isoprene synthase vs.[DMAPP]. [0064]
Figure 44 shows a graph demonstrating growth
inhibition of MCM531 by Mevalonic Acid (MVA). Cells
were grown in TM3 medium in a microtiter plate with
different concentrations of MVA. OD oo of
quadruplicate wells was measured at the indicated
times. [0065] Figure 45 shows graphs demonstrating
DMAPP assays of L70 SSL plate. Dark bars represent
either the full length (P. alba pET24a) or pDU39
(truncated) controls. The variants in wells C3 (27),
D3 (39), or E3 (51) were chosen for further analysis.
[0066] Figure 46 shows a graph demonstrating the
average specific activity of all variants selected for
DMAPP assay with protein determination. Error bars
show one standard deviation. All 3 L70R variants
display higher activity than the control (WT). [0067]
Figure 47 shows a graph demonstrating the average
specific activity of all 3 L70R variants compared to
the "MEA" truncated P. alba IspS enzyme. Error bars
show one standard deviation. [0068] Figure 48 provides
maps of plasmids pDu47-3, pDu47-4, and pDu47-5. [0069]
Figure 49 provides maps of plasmids pDu47-6, pDu47-7,
and pDu48. [0070] Figure 50 provides maps of plasmids
pDu49, pDu50 and pDu50-4. [0071] Figure 51 provides
the amino acid sequence (SEQ ID NO: 136) of P. alba
TRC (-3) in pDu47-3. [0072] Figure 52 provides the
nucleotide sequence (SEQ ID NO: 137) of plasmid
pDu47-3. [0073] Figure 53 provides the amino acid
sequence (SEQ ID NO: 138) of P. alba TRC (-4) in
pDu47-4. [0074] Figure 54 provides the nucleotide
sequence (SEQ ID NO: 139) of plasmid pDu47-4. [0075]
Figure 55 provides the amino acid sequence (SEQ ID NO:
140) of P. alba TRC (-5) in pDu47-5. [0076] Figure 56
provides the nucleotide sequence (SEQ ID NO: 141) of
plasmid pDu47-5. [0077] Figure 57 provides the amino
acid sequence (SEQ ID NO: 142) of P. alba TRC (-6) in
pDu47-6. [0078] Figure 58 provides the nucleotide
sequence (SEQ ID NO: 143) of plasmid pDu47-6. [0079]
Figure 59 provides the amino acid sequence (SEQ ID NO:
144) of P. alba TRC (-7) in pDu47-7. [0080] Figure 60
provides the nucleotide sequence (SEQ ID NO: 145) of
plasmid pDu47-7.[0081] Figure 6 1 provides the amino
acid sequence (SEQ ID NO: 146) of P. tremuloides TRC
(MET) in pDu48. [0082] Figure 62 provides the
nucleotide sequence (SEQ ID NO: 147) of plasmid pDu48.
[0083] Figure 63 provides the amino acid sequence (SEQ
ID NO: 148) of P. trichocarpa (TRC) in pDu49. [0084]
Figure 64 provides the nucleotide sequence (SEQ ID NO:
149) of plasmid pDu49. [0085] Figure 65 provides the
amino acid sequence (SEQ ID NO: 150) of Kudzu TRC
(MEA) in pDu50. [0086] Figure 66 provides the
nucleotide sequence (SEQ ID NO: 151) of plasmid pDu50.
[0087] Figure 67 provides the amino acid sequence (SEQ
ID NO: 152) of KudzuTRC (-4) in pDu50-4. [0088] Figure
68 provides the nucleotide sequence (SEQ ID NO: 153)
of plasmid pDu50-4. [0089] Figure 69 shows graphs
demonstrating raw and OD-normalized data from DMAPP
assay of truncated variants of IspS. [0090] Figure 70
shows a graph reprensenting the specific activity of
IspS truncations. P. alba, P. tremuloides and P.
trichocharpa truncations were compared for specific
activity relative to the P. alba "full length"
variant. [0091] Figure 71 provides a map of plasmid
p9795. [0092] Figure 72 porvides the nucleotide
sequence of plasmid p9795 (SEQ ID NO: 154). [0093]
Figure 73 provides a map of plasmid pTrcKudzu. [0094]
Figure 74 provides the nucleotide sequence (SEQ ID NO:
155) of plasmid pTrcKudzu. [0095] Figure 75 provides a
map of plasmid pMAL-C4X. [0096] Figure 76 provides the
nucleotide sequence (SEQ ID NO: 156) of plasmid
pMALC4X. [0097] Figure 77 provides a map of plasmid
pMAL-C4X-Kudzu. [0098] Figure 78 provides the
nucleotide sequence (SEQ ID NO: 157) of plasmid
pMALC4X- Kudzu. [0099] Figure 79 provides maps of
plasmids pET24 P. tremuloides pET24a and P.
trichocharpa pET24a. [0100] Figure 80 provides the
amino acid sequence (SEQ ID NO: 158) of P. tremuloides
IspS in P. trichocharpa pET24a. [0101] Figure 8 1
provides the nucleotide sequence (SEQ ID NO: 159) of
plasmid P. tremuloides pET24a.[0102] Figure 82
provides the amino acid sequence (SEQ ID NO: 160) of
P. trichocharpa IspS in P. trichocharpa pET24a. [0103]
Figure 83 provides the nucleotide sequence (SEQ ID NO:
161) of plasmid P. trichocharpa pET24a. [0104] Figure
84 provides maps of plasmids pDu30, pDu31, and pDu32.
[0105] Figure 85 provides the amino acid sequence (SEQ
ID NO: 162) of IspS variant P.albaTRC-pET200 in pDu30.
[0106] Figure 86 provides the nucleotide sequence (SEQ
ID NO: 163) of pDu30. [0107] Figure 87 provides the
amino acid sequence (SEQ ID NO: 164) of IspS variant
P.tremTRC-pET200 in pDu31. [0108] Figure 88 provides
the nucleotide sequence (SEQ ID NO: 165) of pDu3 1.
[00100] Figure 89 provides the amino acid sequence
(SEQ ID NO: 166) of IspS variant P.trichTRC-pET200 in
pDu32. [0109] Figure 90 provides the nucleotide
sequence (SEQ ID NO: 167) of pDu32. [0110] Figure 9 1
provides the three-dimensional structure of P.
tremuloides IspS shown as a dimer. Chain A is in dark
gray, chain B is in medium gray and the single
magnesium ion foung in each active site is light gray.
[0111] Figure 92 provides a monomer view of the
structure of P. tremuloides IspS. The magnesium is
shown as a light gray sphere and the N- and
C-terminals are indicated. [0112] Figure 93 shows the
structural alignments between (A) BdpS and LS, (B)
BdpS and poplar IspS, (C) LS and poplar IspS, and (D)
TEAS and poplar IspS. In each case the first structure
is in light gray and the second is in dark gray.
Divalent cations are shown as spheres. [0113] Figure
94 shows the three dimensional structure of loops in
BdpS and LS. Panel A shows the N-terminal loop of Ls
in light gray and the N-terminal loop of BdpS in dark
gray. Panel B shows that Loop I and Loop II are
structurally homologous. [0114] Figure 95 shows the
N-teminal loop of BdpS (dark gray) and poplar IspS
(light gray) are structurally divergent. Panel A shows
the N-terminal loop and panel B shows Loop I and Loop
II. [0115] Figure 96 shows the N-teminal loop of LS
(light gray) and poplar IspS (dark gray) are
structurally divergent. Panel A shows the N-terminal
loop and panel B shows Loop I and Loop II.[0116]
Figure 97 shows the N-teminal loop of TEAS (light
gray) and poplar IspS (dark gray) are structurally
divergent. Panel A shows the N-terminal loop and panel
B shows Loop I and Loop II. Loop I is disordered in
TEAS.GENERAL DESCRIPTION OF THE INVENTION 



[0117] The present invention provides methods and
compositions comprising at least one isoprene synthase
enzyme with improved catalytic activity and/or
solubility. In particular, the present invention
provides variant plant isoprene synthases for
increased isoprene production in microbial host cells.
Biosynthetically produced isoprene of the present
invention finds use in the manufacture of rubber and
elastomers. [0118] Unless otherwise indicated, the
practice of the present invention involves
conventional techniques commonly used in molecular
biology, microbiology, and recombinant DNA, which are
within the skill of the art. Such techniques are known
to those of skill in the art and are described in
numerous texts and reference works (See e.g., Sambrook
et al., "Molecular Cloning: A Laboratory Manual,"
Second Edition, Cold Spring Harbor, 1989; and Ausubel
et al., "Current Protocols in Molecular Biology,"
1987). [0119] Unless defined otherwise herein, all
technical and scientific terms used herein have the
same meaning as commonly understood by one of ordinary
skill in the art to which this invention pertains. For
example, Singleton and Sainsbury, Dictionary of
Microbiology and Molecular Biology, 2d Ed., John Wiley
and Sons, NY (1994); and Hale and Marham, The Harper
Collins Dictionary of Biology, Harper Perennial, NY
(1991) provide those of skill in the art with a
general dictionaries of many of the terms used in the
invention. Although any methods and materials similar
or equivalent to those described herein find use in
the practice of the present invention, the preferred
methods and materials are described herein.
Accordingly, the terms defined immediately below are
more fully described by reference to the Specification
as a whole. [0120] Furthermore, the headings provided
herein are not limitations of the various aspects or
embodiments of the invention, which can be had by
reference to the specification as a whole.
Accordingly, the terms defined immediately below are
more fully defined by reference to the specification
as a whole. Nonetheless, in order to facilitate
understanding of the invention, a number of terms are
defined below. Definitions [0121] Unless defined
otherwise herein, all technical and scientific terms
used herein have the same meaning as commonly
understood by one of ordinary skill in the art to
which this invention pertains. Although any methods
and materials similar or equivalent to those described
herein find use in the practice of the present
invention, the preferred methods and materials are
described herein. Accordingly, the terms defined
immediately below are more fully described by
reference to the Specification as a whole.[0122] As
used herein, the singular terms "a," "an," and "the"
include the plural reference unless the context
clearly indicates otherwise. Unless otherwise
indicated, nucleic acids are written left to right in
5' to 3' orientation; amino acid sequences are written
left to right in amino to carboxy orientation,
respectively. It is to be understood that this
invention is not limited to the particular
methodology, protocols, and reagents described, as
these may vary, depending upon the context they are
used by those of skill in the art. [0123] It is
intended that every maximum numerical limitation given
throughout this specification includes every lower
numerical limitation, as if such lower numerical
limitations were expressly written herein. Every
minimum numerical limitation given throughout this
specification will include every higher numerical
limitation, as if such higher numerical limitations
were expressly written herein. Every numerical range
given throughout this specification will include every
narrower numerical range that falls within such
broader numerical range, as if such narrower numerical
ranges were all expressly written herein. [0124] All
documents cited are, in relevant part, incorporated
herein by reference. However, the citation of any
document is not to be construed as an admission that
it is prior art with respect to the present invention.
[0125] As used herein, the term 2-methyl-l,3-butadiene
(CAS# 78-79-5 ) ("isoprene") refers to the direct and
final volatile C5 hydrocarbon product from the
elimination of pyrophosphate from 3,3-dimethylallyl
pyrophosphate (DMAPP), and does not involve the
linking or polymerization of [an] IPP molecule(s) to
[a] DMAPP molecule(s). As used herein, the terms
"isoprene synthase," and "IspS," refer to the enzymes
that catalyze the elimination or pyrophosphate from
diemethylallyl diphosphate (DMAPP) to form isoprene.
In some preferred embodiments, the IspS is an enzyme
obtained from plants such as kudzu, poplar or red oak.
In some embodiments, the term "IspS" refers to a
naturally occurring mature enzyme or portion thereof.
[0126] Related (and derivative) proteins comprise
"variant proteins." In some preferred embodiments,
variant proteins differ from a parent protein (e.g.,
kudzu IspS set forth as SEQ ID NO:2 or poplar IspS)
and one another by a small number of amino acid
residues. The number of differing amino acid residues
may be one or more, preferably 1, 2, 3, 4, 5, 10, 15,
20, 30, 40, 50, or more amino acid residues. In some
preferred embodiments, the number of different amino
acids between variants is between 1 and 10. In some
particularly preferred embodiments, related proteins
and particularly variant proteins comprise at least
35%, 40%, 45%, 50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%,
90%, 95%, 97%, 98%, or 99% amino acid sequence
identity. Additionally, a related protein or a variant
protein as used hereinrefers to a protein that differs
from another related protein or a parent protein in
the number of prominent regions. For example, in some
embodiments, variant proteins have 1, 2, 3, 4, 5, or
10 corresponding prominent regions that differ from
the parent protein. [0127] Several methods are known
in the art that are suitable for generating variants
of the enzymes of the present invention, including but
not limited to site- saturation mutagenesis, scanning
mutagenesis, insertional mutagenesis, random
mutagenesis, site-directed mutagenesis, and
directed-evolution, as well as various other
recombinatorial approaches. [0128] Characterization of
wild-type and mutant proteins is accomplished via any
means or "test" suitable and is preferably based on
the assessment of properties of interest. For example
one or more of the following properties are assessed
in some embodiments of the present invention: pH
stability; temperature stability; oxidative stability;
proteolytic stability; solubility; Km and/or specific
activity of the conversion of DMAPP to isoprene in
vitro; Km and/or specific activity of the conversion
of DMAPP to isoprene in vivo in the context of a host
organism (e.g., E. coli); and expression of enzyme(s)
of the DXP pathway and/or the MVA pathway. Indeed, it
is contemplated that enzymes having various degrees of
stability, solubility, activity, and/or expression
level in one or more of test conditions will find use
in the present invention. [0129] As used herein the
term "gene" refers to a polynucleotide {e.g., a DNA
segment) that encodes a polypeptide and includes
regions preceding and following the coding regions as
well as intervening sequences (introns) between
individual coding segments (exons). [0130] As used
herein, "homologous genes" refers to a pair of genes
from different, but usually related species, which
correspond to each other and which are identical or
very similar to each other. The term encompasses genes
that are separated by speciation (i.e., the
development of new species) (e.g., orthologous genes),
as well as genes that have been separated by genetic
duplication (e.g., paralogous genes). [0131] As used
herein, "ortholog" and "orthologous genes" refer to
genes in different species that have evolved from a
common ancestral gene (i.e., a homologous gene) by
speciation. Typically, orthologs retain the same
function during the course of evolution.
Identification of orthologs finds use in the reliable
prediction of gene function in newly sequenced
genomes. [0132] As used herein, "paralog" and
"paralogous genes" refer to genes that are related by
duplication within a genome. While orthologs retain
the same function through the course of evolution,
paralogs evolve new functions, even though some
functions are often related to the original one.[0133]
As used herein, "homology" refers to sequence
similarity or identity, with identity being preferred.
This homology is determined using standard techniques
known in the art (See e.g., Smith and Waterman, Adv
Appl Math, 2:482, 1981; Needleman and Wunsch, J MoI
Biol, 48:443, 1970; Pearson and Lipman, Proc Natl Acad
Sci USA, 85:2444, 1988; programs such as GAP, BESTFIT,
FASTA, and TFASTA in the Wisconsin Genetics Software
Package, Genetics Computer Group, Madison, WI; and
Devereux et al., Nucl Acid Res, 12:387-395, 1984).
[0134] As used herein, an "analogous sequence" is one
wherein the function of the gene is essentially the
same as the gene based on the kudzu isoprene synthase
(IspS) or poplar IspS (IspS). Additionally, analogous
genes include at least 45%, 50%, 55%, 60%, 65%, 70%,
75%, 80%, 85%, 90%, 95%, 97%, 98%, 99% or 100%
sequence identity with the sequence of the kudzu
isoprene synthase. In additional embodiments more than
one of the above properties applies to the sequence.
Analogous sequences are determined by known methods of
sequence alignment. A commonly used alignment method
is BLAST, although as indicated above and below, there
are other methods that also find use in aligning
sequences. [0135] One example of a useful algorithm is
PILEUP. PILEUP creates a multiple sequence alignment
from a group of related sequences using progressive,
pair-wise alignments. It can also plot a tree showing
the clustering relationships used to create the
alignment. PILEUP uses a simplification of the
progressive alignment method of Feng and Doolittle
(Feng and Doolittle, J MoI Evol, 35:351-360, 1987).
The method is similar to that described by Higgins 



and Sharp (Higgins and Sharp, CABIOS 5:151-153, 1989).
Useful PILEUP parameters including a default gap
weight of 3.00, a default gap length weight of 0.10,
and weighted end gaps. [0136] Another example of a
useful algorithm is the BLAST algorithm, described by
Altschul et al, (Altschul et al, J MoI Biol,
215:403-410, 1990; and Karlin et al, Proc Natl Acad
Sci USA, 90:5873-5787, 1993). A particularly useful
BLAST program is the WUBLAST- 2 program (See, Altschul
et al., Meth Enzymol, 266:460-480, 1996). WU-BLAST-2
uses several search parameters, most of which are set
to the default values. The adjustable parameters are
set with the following values: overlap span =1,
overlap fraction = 0.125, word threshold (T) = 11. The
HSP S and HSP S2 parameters are dynamic values and are
established by the program itself depending upon the
composition of the particular sequence and composition
of the particular database against which the sequence
of interest is being searched. However, the values may
be adjusted to increase sensitivity. A % amino acid
sequence identity value is determined by the number of
matching identical residues dividedby the total number
of residues of the "longer" sequence in the aligned
region. The "longer" sequence is the one having the
most actual residues in the aligned region (gaps
introduced by WU-Blast-2 to maximize the alignment
score are ignored). [0137] Thus, "percent (%) nucleic
acid sequence identity" is defined as the percentage
of nucleotide residues in a candidate sequence that
are identical to the nucleotide residues of the
starting sequence (i.e., the sequence of interest). A
preferred method utilizes the BLASTN module of
WU-BLAST-2 set to the default parameters, with overlap
span and overlap fraction set to 1 and 0.125,
respectively. [0138] As used herein, the term
"hybridization" refers to the process by which a
strand of nucleic acid joins with a complementary
strand through base pairing, as known in the art.
[0139] A nucleic acid sequence is considered to be
"selectively hybridizable" to a reference nucleic acid
sequence if the two sequences specifically hybridize
to one another under moderate to high stringency
hybridization and wash conditions. Hybridization
conditions are based on the melting temperature (Tm)
of the nucleic acid binding complex or probe. For
example, "maximum stringency" typically occurs at
about Tm-5C (5 below the Tm of the probe); "high
stringency" at about 5-1O0C below the Tm;
"intermediate stringency" at about 10-200C below the
Tm of the probe; and "low stringency" at about 20-25
0C below the Tm. Functionally, maximum stringency
conditions may be used to identify sequences having
strict identity or near- strict identity with the
hybridization probe; while intermediate or low
stringency hybridization can be used to identify or
detect polynucleotide sequence homologs. [0140]
Moderate and high stringency hybridization conditions
are well known in the art. An example of high
stringency conditions includes hybridization at about
42C in 50% formamide, 5X SSC, 5X Denhardt's solution,
0.5% SDS and 100 mg/ml denatured carrier DNA followed
by washing two times in 2X SSC and 0.5% SDS at room
temperature and two additional times in 0.1X SSC and
0.5% SDS at 42C. An example of moderate stringent
conditions include an overnight incubation at 370C in
a solution comprising 20% formamide, 5 x SSC (15OmM
NaCl, 15 mM trisodium citrate), 50 mM sodium phosphate
(pH 7.6), 5 x Denhardt's solution, 10% dextran sulfate
and 20 mg/ml denatured sheared salmon sperm DNA,
followed by washing the filters in Ix SSC at about 37
- 5O0C. Those of skill in the art know how to adjust
the temperature, ionic strength, etc. as necessary to
accommodate factors such as probe length and the like.
[0141] As used herein, "recombinant" includes
reference to a cell or vector, that has been modified
by the introduction of a heterologous nucleic acid
sequence or that the cell isderived from a cell so
modified. Thus, for example, recombinant cells express
genes that are not found in identical form within the
native (non-recombinant) form of the cell or express
native genes that are otherwise abnormally expressed,
under expressed or not expressed at all as a result of
deliberate human intervention. "Recombination,"
"recombining," and generating a "recombined" nucleic
acid are generally the assembly of two or more nucleic
acid fragments wherein the assembly gives rise to a
chimeric gene. [0142] In a preferred embodiment,
mutant DNA sequences are generated with site
saturation mutagenesis in at least one codon. In
another preferred embodiment, site saturation
mutagenesis is performed for two or more codons. In a
further embodiment, mutant DNA sequences have more
than 50%, more than 55%, more than 60%, more than 65%,
more than 70%, more than 75%, more than 80%, more than
85%, more than 90%, more than 95%, or more than 98%
homology with the wild-type sequence. In alternative
embodiments, mutant DNA is generated in vivo using any
known mutagenic procedure such as, for example,
radiation, nitrosoguanidine and the like. The desired
DNA sequence is then isolated and used in the methods
provided herein. [0143] As used herein, the term
"target sequence" refers to a DNA sequence in the host
cell that encodes the sequence where it is desired for
the incoming sequence to be inserted into the host
cell genome. In some embodiments, the target sequence
encodes a functional wildtype gene or operon, while in
other embodiments the target sequence encodes a
functional mutant gene or operon, or a non-functional
gene or operon. [0144] As used herein, a "flanking
sequence" refers to any sequence that is either
upstream or downstream of the sequence being discussed
(e.g., for genes A-B-C, gene B is flanked by the A and
C gene sequences). In a preferred embodiment, the
incoming sequence is flanked by a homology box on each
side. In another embodiment, the incoming sequence and
the homology boxes comprise a unit that is flanked by
stuffer sequence on each side. In some embodiments, a
flanking sequence is present on only a single side
(either 3' or 5'), but in preferred embodiments, it is
on each side of the sequence being flanked. In some
embodiments, a flanking sequence is present on only a
single side (either 3' or 5'), while in preferred
embodiments, it is present on each side of the
sequence being flanked. [0145] As used herein, the
term "stuffer sequence" refers to any extra DNA that
flanks homology boxes (typically vector sequences).
However, the term encompasses any non homologous DNA
sequence. Not to be limited by any theory, a stuffer
sequence provides a noncritical target for a cell to
initiate DNA uptake.[0146] As used herein, the terms
"amplification" and "gene amplification" refer to a
process by which specific DNA sequences are
disproportionately replicated such that the amplified
gene becomes present in a higher copy number than was
initially present in the genome. In some embodiments,
selection of cells by growth in the presence of a drug
(e.g., an inhibitor of an inhibitable enzyme) results
in the amplification of either the endogenous gene
encoding the gene product required for growth in the
presence of the drug or by amplification of exogenous
(i.e., input) sequences encoding this gene product, or
both. [0147] "Amplification" is a special case of
nucleic acid replication involving template
specificity. It is to be contrasted with non-specific
template replication (i.e., replication that is
template-dependent but not dependent on a specific
template). Template specificity is here distinguished
from fidelity of replication (i.e., synthesis of the
proper polynucleotide sequence) and nucleotide (ribo-
or deoxyribo-) specificity. Template specificity is
frequently described in terms of "target" specificity.
Target sequences are "targets" in the sense that they
are sought to be sorted out from other nucleic acid.
Amplification techniques have been designed primarily
for this sorting out. [0148] As used herein, the term
"co-amplification" refers to the introduction into a
single cell of an amplifiable marker in conjunction
with other gene sequences (i.e., comprising one or
more non-selectable genes such as those contained
within an expression vector) and the application of
appropriate selective pressure such that the cell
amplifies both the amplifiable marker and the other,
non-selectable gene sequences. The amplifiable marker
may be physically linked to the other gene sequences
or alternatively two separate pieces of DNA, one
containing the amplifiable marker and the other
containing the non-selectable marker, may be
introduced into the same cell. [0149] As used herein,
the terms "amplifiable marker," "amplifiable gene,"
and "amplification vector" refer to a gene or a vector
encoding a gene, which permits the amplification of
that gene under appropriate growth conditions. [0150]
"Template specificity" is achieved in most
amplification techniques by the choice of enzyme.
Amplification enzymes are enzymes that, under
conditions they are used, will process only specific
sequences of nucleic acid in a heterogeneous mixture
of nucleic acid. For example, in the case of Qb
replicase, MDV-I RNA is the specific template for the
replicase (See e.g., Kacian et al, Proc Natl Acad Sci
USA 69:3038, 1972) and other nucleic acids are not
replicated by this amplification enzyme. Similarly, in
the case of T7 RNA polymerase, this amplification
enzyme has a stringent specificity for its own
promoters (See, Chamberlin et al, Nature 228:227,
1970). In the case of T4 DNA ligase, the enzyme will
notligate the two oligonucleotides or polynucleotides,
where there is a mismatch between the oligonucleotide
or polynucleotide substrate and the template at the
ligation junction (See, Wu and Wallace, Genomics
4:560, 1989). Finally, Taq and Pfu polymerases, by
virtue of their ability to function at high
temperature, are found to display high specificity for
the sequences bounded and thus defined by the primers;
the high temperature results in thermodynamic
conditions that favor primer hybridization with the
target sequences and not hybridization with non-target
sequences. [0151] As used herein, the term
"amplifiable nucleic acid" refers to nucleic acids,
which 



may be amplified by any amplification method. It is
contemplated that "amplifiable nucleic acid" will
usually comprise "sample template." [0152] As used
herein, the term "sample template" refers to nucleic
acid originating from a sample, which is analyzed for
the presence of "target" (defined below). In contrast,
"background template" is used in reference to nucleic
acid other than sample template, which may or may not
be present in a sample. Background template is most
often inadvertent. It may be the result of carryover,
or it may be due to the presence of nucleic acid
contaminants sought to be purified away from the
sample. For example, nucleic acids from organisms
other than those to be detected may be present as
background in a test sample. [0153] As used herein,
the term "primer" refers to an oligonucleotide,
whether occurring naturally as in a purified
restriction digest or produced synthetically, which is
capable of acting as a point of initiation of
synthesis when placed under conditions in which
synthesis of a primer extension product which is
complementary to a nucleic acid strand is induced,
(i.e., in the presence of nucleotides and an inducing
agent such as DNA polymerase and at a suitable
temperature and pH). The primer is preferably single
stranded for maximum efficiency in amplification, but
may alternatively be double stranded. If double
stranded, the primer is first treated to separate its
strands before being used to prepare extension
products. Preferably, the primer is an
oligodeoxyribonucleotide. The primer must be
sufficiently long to prime the synthesis of extension
products in the presence of the inducing agent. The
exact lengths of the primers will depend on many
factors, including temperature, source of primer and
the use of the method. [0154] As used herein, the term
"probe" refers to an oligonucleotide (i.e., a sequence
of nucleotides), whether occurring naturally as in a
purified restriction digest or produced synthetically,
recombinantly or by PCR amplification, which is
capable of hybridizing to another oligonucleotide of
interest. A probe may be single-stranded or double-
stranded. Probes are useful in the detection,
identification and isolation of particular gene
sequences. Itis contemplated that any probe used in
the present invention will be labeled with any
"reporter molecule," so that is detectable in any
detection system, including, but not limited to enzyme
(e.g., ELISA, as well as enzyme-based histochemical
assays), fluorescent, radioactive, and luminescent
systems. It is not intended that the present invention
be limited to any particular detection system or
label. [0155] As used herein, the term "target," when
used in reference to the polymerase chain reaction,
refers to the region of nucleic acid bounded by the
primers used for polymerase chain reaction. Thus, the
"target" is sought to be sorted out from other nucleic
acid sequences. A "segment" is defined as a region of
nucleic acid within the target sequence. [0156] As
used herein, in one embodiment, the term "polymerase
chain reaction" ("PCR") refers to the methods of U.S.
Patent Nos. 4,683,195 4,683,202, and 4,965,188, hereby
incorporated by reference, which include methods for
increasing the concentration of a segment of a target
sequence in a mixture of genomic DNA without cloning
or purification. This process for amplifying the
target sequence consists of introducing a large excess
of two oligonucleotide primers to the DNA mixture
containing the desired target sequence, followed by a
precise sequence of thermal cycling in the presence of
a DNA polymerase. The two primers are complementary to
their respective strands of the double stranded target
sequence. To effect amplification, the mixture is
denatured and the primers then annealed to their
complementary sequences within the target molecule.
Following annealing, the primers are extended with a
polymerase so as to form a new pair of complementary
strands. The steps of denaturation, primer annealing
and polymerase extension can be repeated many times
(i.e., denaturation, annealing and extension
constitute one "cycle"; there can be numerous
"cycles") to obtain a high concentration of an
amplified segment of the desired target sequence. The
length of the amplified segment of the desired target
sequence is determined by the relative positions of
the primers with respect to each other, and therefore,
this length is a controllable parameter. By virtue of
the repeating aspect of the process, the method is
referred to as the "polymerase chain reaction"
(hereinafter "PCR"). Because the desired amplified
segments of the target sequence become the predominant
sequences (in terms of concentration) in the mixture,
they are said to be "PCR amplified". [0157] As used
herein, the term "amplification reagents" refers to
those reagents (deoxyribonucleotide triphosphates,
buffer, etc.), needed for amplification except for
primers, nucleic acid template and the amplification
enzyme. Typically, amplification reagents along with
other reaction components are placed and contained in
a reaction vessel (test tube, microwell, etc.).[0158]
With PCR, it is possible to amplify a single copy of a
specific target sequence in genomic DNA to a level
detectable by several different methodologies (e.g.,
hybridization with a labeled probe; incorporation of
biotinylated primers followed by avidin-enzyme
conjugate detection; incorporation of 32P-labeled
deoxynucleotide triphosphates, such as dCTP or dATP,
into the amplified segment). In addition to genomic
DNA, any oligonucleotide or polynucleotide sequence
can be amplified with the appropriate set of primer
molecules. In particular, the amplified segments
created by the PCR process itself are, themselves,
efficient templates for subsequent PCR amplifications.
[0159] As used herein, the terms "PCR product," "PCR
fragment," and "amplification product" refer to the
resultant mixture of compounds after two or more
cycles of the PCR steps of denaturation, annealing and
extension are complete. These terms encompass the case
where there has been amplification of one or more
segments of one or more target sequences. [0160] As
used herein, the term "RT-PCR" refers to the
replication and amplification of RNA sequences. In
this method, reverse transcription is coupled to PCR,
most often using a one enzyme procedure in which a
thermostable polymerase is employed, as described in
U.S. Patent No. 5,322,770, herein incorporated by
reference. In RT-PCR, the RNA template is converted to
cDNA due to the reverse transcriptase activity of the
polymerase, and then amplified using the polymerizing
activity of the polymerase (i.e., as in other PCR
methods). [0161] As used herein, the terms
"restriction endonucleases" and "restriction enzymes"
refer to bacterial enzymes, each of which cut
double-stranded DNA at or near a specific nucleotide
sequence. [0162] A "restriction site" refers to a
nucleotide sequence recognized and cleaved by a given
restriction endonuclease and is frequently the site
for insertion of DNA fragments. In certain embodiments
of the invention restriction sites are engineered into
the selective marker and into 5' and 3' ends of the
DNA construct. [0163] As used herein, the term
"chromosomal integration" refers to the process
whereby an incoming sequence is introduced into the
chromosome of a host cell. The homologous regions of
the transforming DNA align with homologous regions of
the chromosome. Subsequently, the sequence between the
homology boxes is replaced by the incoming sequence in
a double crossover (i.e., homologous recombination).
In some embodiments of the present invention,
homologous sections of an inactivating chromosomal
segment of a DNA construct align with the flanking
homologous regions of the indigenous chromosomal
region of the Escherichia chromosome. Subsequently,
the indigenous chromosomal region is deleted by the
DNA construct in a double crossover (i.e., homologous
recombination).[0164] "Homologous recombination" means
the exchange of DNA fragments between two DNA
molecules or paired chromosomes at the site of
identical or nearly identical nucleotide sequences. In
a preferred embodiment, chromosomal integration is
homologous recombination. "Homologous sequences" as
used herein means a nucleic acid or polypeptide
sequence having 100%, 99%, 98%, 97%, 96%, 95%, 94%,
93%, 92%, 91%, 90%, 88%, 85%, 80%, 75%, or 70%
sequence identity to another nucleic acid or
polypeptide sequence when optimally aligned for
comparison. In some embodiments, homologous sequences
have between 85% and 100% sequence identity, while in
other embodiments there is between 90% and 100%
sequence identity, and in more preferred embodiments,
there is 95% and 100% sequence identity. [0165] As
used herein "amino acid" refers to peptide or protein
sequences or portions thereof. The terms "protein,"
"peptide," and "polypeptide" are used interchangeably.
[0166] As used herein, the term "heterologous protein"
refers to a protein or polypeptide that does not
naturally occur in the host cell. Examples of
heterologous proteins include enzymes such as isoprene
synthases. In some embodiments, the genes encoding the
proteins are naturally occurring genes, while in other
embodiments mutated and/or synthetic genes are used.
[0167] As used herein, "homologous protein" refers to
a protein or polypeptide native or naturally occurring
in a cell. In preferred embodiments, the cell is a
Gram-negative cell, while in particularly preferred
embodiments the cell is an Escherichia host cell.
[0168] An enzyme is "overexpressed" in a host cell if
the enzyme is expressed in the cell at a higher level
that the level at which it is expressed in a
corresponding wild-type cell. [0169] The terms
"protein" and "polypeptide" are used
interchangeability herein. The 3- letter code for
amino acids as defined in conformity with the
IUPAC-IUB Joint Commission on Biochemical Nomenclature
(JCBN) is used through out this disclosure. It is also
understood that a polypeptide may be coded for by more
than one nucleotide sequence due to the degeneracy of
the genetic code. 



[0170] The term "mature" form of a protein or peptide
refers to the final functional form of the protein or
peptide. To exemplify, a mature form of kudzu isoprene
synthase includes the amino acid sequence of SEQ ID
NO:2. [0171] The term "precursor" form of a protein or
peptide refers to a mature form of the protein having
a prosequence operably linked to the amino or carbonyl
terminus of the protein. The precursor may also have a
"signal" sequence operably linked, to the amino
terminus of the prosequence. The precursor may also
have additional polynucleotides that areinvolved in
post-translational activity (e.g., polynucleotides
cleaved therefrom to leave the mature form of a
protein or peptide). [0172] "Naturally occurring
enzyme" refers to an enzyme having the unmodified
amino acid sequence identical to that found in nature.
Naturally occurring enzymes include native enzymes,
those enzymes naturally expressed or found in the
particular microorganism. [0173] The term "identical"
in the context of two nucleic acids or polypeptide
sequences refers to the residues in the two sequences
that are the same when aligned for maximum
correspondence, as measured using one of the following
sequence comparison or analysis algorithms. [0174] The
term "optimal alignment" refers to the alignment
giving the highest percent identity score. [0175]
"Percent sequence identity," "percent amino acid
sequence identity," "percent gene sequence identity,"
and/or "percent nucleic acid/polynucloetide sequence
identity," with respect to two amino acid,
polynucleotide and/or gene sequences (as appropriate),
refer to the percentage of residues that are identical
in the two sequences when the sequences are optimally
aligned. Thus, 80% amino acid sequence identity means
that 80% of the amino acids in two optimally aligned
polypeptide sequences are identical. [0176] The phrase
"substantially identical" in the context of two
nucleic acids or polypeptides thus refers to a
polynucleotide or polypeptide that comprising at least
70% sequence identity, preferably at least 75%,
preferably at least 80%, preferably at least 85%,
preferably at least 90%, preferably at least 95%,
preferably at least 97% , preferably at least 98% and
preferably at least 99% sequence identity as compared
to a reference sequence using the programs or
algorithms (e.g., BLAST, ALIGN, CLUSTAL) using
standard parameters. One indication that two
polypeptides are substantially identical is that the
first polypeptide is immunologically cross-reactive
with the second polypeptide. Typically, polypeptides
that differ by conservative amino acid substitutions
are immunologically cross-reactive. Thus, a
polypeptide is substantially identical to a second
polypeptide, for example, where the two peptides
differ only by a conservative substitution. Another
indication that two nucleic acid sequences are
substantially identical is that the two molecules
hybridize to each other under stringent conditions
(e.g., within a range of medium to high stringency).
[0177] The term "isolated" or "purified" refers to a
material that is removed from its original environment
(e.g., the natural environment if it is naturally
occurring). For example, the material is said to be
"purified" when it is present in a particular
composition in a higher or lower concentration than
exists in a naturally occurring or wild type organism
(e.g., kudzu)or in combination with components not
normally present upon expression from a naturally
occurring or wild type organism. For example, a
naturally- occurring polynucleotide or polypeptide
present in a living animal is not isolated, but the
same polynucleotide or polypeptide, separated from
some or all of the coexisting materials in the natural
system, is isolated. Such polynucleotides could be
part of a vector, and/or such polynucleotides or
polypeptides could be part of a composition, and still
be isolated in that such vector or composition is not
part of its natural environment. In preferred
embodiments, a nucleic acid or protein is said to be
purified, for example, if it gives rise to essentially
one band in an electrophoretic gel or blot. [0178] The
term "isolated", when used in reference to a DNA
sequence, refers to a DNA sequence that has been
removed from its natural genetic milieu and is thus
free of other extraneous or unwanted coding sequences,
and is in a form suitable for use within genetically
engineered protein production systems. Similarly, the
term "isolated", when used in reference to a
recombinant DNA sequence, refers to a DNA sequence
that has been removed from the genetic milieu of the
host organism and is thus free of other extraneous or
unwanted coding sequences (e.g., kudzu IspS expression
vector propagated in E. col) . Such isolated molecules
are those that are separated from their natural
environment and include cDNA and genomic clones.
Isolated DNA molecules of the present invention are
free of other genes with which they are ordinarily
associated, but may include naturally occurring 5' and
3' untranslated regions such as promoters and
terminators. The identification of associated regions
will be evident to one of ordinary skill in the art
(See e.g., Dynan and Tijan, Nature 316:774-78, 1985).
The term "an isolated DNA sequence" is alternatively
referred to as "a cloned DNA sequence". [0179] The
term "isolated," when used in reference to a protein,
refers to a protein that is found in a condition other
than its native environment. In a preferred form, the
isolated protein is substantially free of other
proteins, particularly other homologous proteins.
Similarly, the term "isolated", when used in reference
to a recombinantly produced protein, refers to a
protein that has been removed from the proteinaceous
milieu of the host organism and is thus free of other
extraneous or unwanted proteins (e.g., recombinant
kudzu IspS produced in E. col) . An isolated protein
is more than 10% pure, preferably more than 20% pure,
and even more preferably more than 30% pure, as
determined by SDS-PAGE. Further aspects of the
invention encompass the protein in a highly purified
form (i.e., more than 40% pure, more than 60% pure,
more than 80% pure, more than 90% pure, more than 95%
pure, more than 97% pure, and even more than 99%
pure), as determined by SDS-PAGE.[0180] The following
cassette mutagenesis method may be used to facilitate
the construction of the enzyme variants of the present
invention, although other methods may be used. First,
as described herein, a naturally- occurring gene
encoding the enzyme is obtained and sequenced in whole
or in part. Then, the sequence is scanned for a point
at which it is desired to make a mutation (deletion,
insertion or substitution) of one or more amino acids
in the encoded enzyme. The sequences flanking this
point are evaluated for the presence of restriction
sites for replacing a short segment of the gene with
an oligonucleotide pool which when expressed will
encode various mutants. Such restriction sites are
preferably unique sites within the protein gene so as
to facilitate the replacement of the gene segment.
However, any convenient restriction site that is not
overly redundant in the enzyme gene may be used,
provided the gene fragments generated by restriction
digestion can be reassembled in proper sequence. If
restriction sites are not present at locations within
a convenient distance from the selected point (from 10
to 15 nucleotides), such sites are generated by
substituting nucleotides in the gene in such a fashion
that neither the reading frame nor the amino acids
encoded are changed in the final construction.
Mutation of the gene in order to change its sequence
to conform to the desired sequence is accomplished by
M13 primer extension in accord with generally known
methods. The task of locating suitable flanking
regions and evaluating the needed changes to arrive at
two convenient restriction site sequences is made
routine by the redundancy of the genetic code, a
restriction enzyme map of the gene and the large
number of different restriction enzymes. Note that if
a convenient flanking restriction site is available,
the above method need be used only in connection with
the flanking region that does not contain a site.
[0181] Once the naturally-occurring DNA and/or
synthetic DNA is cloned, the restriction sites
flanking the positions to be mutated are digested with
the cognate restriction enzymes and a plurality of end
termini-complementary oligonucleotide cassettes are
ligated into the gene. The mutagenesis is simplified
by this method because all of the oligonucleotides can
be synthesized so as to have the same restriction
sites, and no synthetic linkers are necessary to
create the restriction sites. [0182] As used herein,
"corresponding to," refers to a residue at the
enumerated position in a protein or peptide, or a
residue that is analogous, homologous, or equivalent
to an enumerated residue in a protein or peptide. As
used herein, "corresponding region," generally refers
to an analogous position along related proteins or a
parent protein. [0183] As used herein, the term,
"combinatorial mutagenesis" refers to methods in which
libraries of variants of a starting sequence are
generated. In these libraries, the variantscontain one
or several mutations chosen from a predefined set of
mutations. In addition, the methods provide means to
introduce random mutations, which were not members of
the predefined set of mutations. In some embodiments,
the methods include those set forth in U.S.
Application No. 09/699,250, hereby incorporated by
reference. In alternative embodiments, combinatorial
mutagenesis methods encompass commercially available
kits (e.g., QUIKCHANGE Multisite mutagenesis kit,
Stratagene, San Diego, CA). [0184] As used herein, the
term "library of mutants" refers to a population of
cells which are identical in most of their genome but
include different homologues of one or more genes.
Such libraries can be used, for example, to identify
genes or operons with improved traits. [0185] As used
herein, the terms "starting gene" and "parent gene"
refer to a gene of interest that encodes a protein of
interest that is to be improved and/or changed using
the present invention. [0186] As used herein, the
terms "multiple sequence alignment" and "MSA" refer to
the 



sequences of multiple homologs of a starting gene that
are aligned using an algorithm (e.g., Clustal W).
[0187] As used herein, the terms "consensus sequence"
and "canonical sequence" refer to an archetypical
amino acid sequence against which all variants of a
particular protein or sequence of interest are
compared. The terms also refer to a sequence that sets
forth the nucleotides that are most often present in a
DNA sequence of interest. For each position of a gene,
the consensus sequence gives the amino acid that is
most abundant in that position in the MSA. [0188] As
used herein, the term "consensus mutation" refers to a
difference in the sequence of a starting gene and a
consensus sequence. Consensus mutations are identified
by comparing the sequences of the starting gene and
the consensus sequence obtained from a MSA. In some
embodiments, consensus mutations are introduced into
the starting gene such that it becomes more similar to
the consensus sequence. Consensus mutations also
include amino acid changes that change an amino acid
in a starting gene to an amino acid that is more
frequently found in an MSA at that position relative
to the frequency of that amino acid in the starting
gene. Thus, the term consensus mutation comprises all
single amino acid changes that replace an amino acid
of the starting gene with an amino acid that is more
abundant than the amino acid in the MSA. [0189] The
terms "modified sequence" and "modified genes" are
used interchangeably herein to refer to a sequence
that includes a deletion, insertion or interruption of
naturally occurring nucleic acid sequence. In some
preferred embodiments, the expression product ofthe
modified sequence is a truncated protein (e.g., if the
modification is a deletion or interruption of the
sequence). In some particularly preferred embodiments,
the truncated protein retains biological activity. In
alternative embodiments, the expression product of the
modified sequence is an elongated protein (e.g.,
modifications comprising an insertion into the nucleic
acid sequence). In some embodiments, an insertion
leads to a truncated protein (e.g., when the insertion
results in the formation of a stop codon). Thus, an
insertion may result in either a truncated protein or
an elongated protein as an expression product. [0190]
As used herein, the terms "mutant sequence" and
"mutant gene" are used interchangeably and refer to a
sequence that has an alteration in at least one codon
occurring in a host cell's wild-type sequence. The
expression product of the mutant sequence is a protein
with an altered amino acid sequence relative to the
wild-type. The expression product may have an altered
functional capacity (e.g., enhanced enzymatic
activity). [0191] The terms "mutagenic primer" or
"mutagenic oligonucleotide" (used interchangeably
herein) are intended to refer to oligonucleotide
compositions which correspond to a portion of the
template sequence and which are capable of hybridizing
thereto. With respect to mutagenic primers, the primer
will not precisely match the template nucleic acid,
the mismatch or mismatches in the primer being used to
introduce the desired mutation into the nucleic acid
library. As used herein, "non-mutagenic primer" or
"nonmutagenic oligonucleotide" refers to
oligonucleotide compositions that match precisely to
the template nucleic acid. In one embodiment of the
invention, only mutagenic primers are used. In another
preferred embodiment of the invention, the primers are
designed so that for at least one region at which a
mutagenic primer has been included, there is also
non-mutagenic primer included in the oligonucleotide
mixture. By adding a mixture of mutagenic primers and
non-mutagenic primers corresponding to at least one of
the mutagenic primers, it is possible to produce a
resulting nucleic acid library in which a variety of
combinatorial mutational patterns are presented. For
example, if it is desired that some of the members of
the mutant nucleic acid library retain their parent
sequence at certain positions while other members are
mutant at such sites, the non-mutagenic primers
provide the ability to obtain a specific level of
non-mutant members within the nucleic acid library for
a given residue. The methods of the invention employ
mutagenic and non-mutagenic oligonucleotides which are
generally between 10-50 bases in length, more
preferably about 15-45 bases in length. However, it
may be necessary to use primers that are either
shorter than 10 bases or longer than 50 bases to
obtain the mutagenesis result desired. With respect to
corresponding mutagenic and non-mutagenic primers, it
is not necessary that the
correspondingoligonucleotides be of identical length,
but only that there is overlap in the region
corresponding to the mutation to be added. [0192]
Primers may be added in a pre-defined ratio according
to the present invention. For example, if it is
desired that the resulting library have a significant
level of a certain specific mutation and a lesser
amount of a different mutation at the same or
different site, by adjusting the amount of primer
added, it is possible to produce the desired biased
library. Alternatively, by adding lesser or greater
amounts of non-mutagenic primers, it is possible to
adjust the frequency with which the corresponding
mutation(s) are produced in the mutant nucleic acid
library. [0193] The terms "wild-type sequence" or
"wild-type gene" are used interchangeably herein, to
refer to a sequence that is native or naturally
occurring in a host cell. In some embodiments, the
wild-type sequence refers to a sequence of interest
that is the starting point of a protein-engineering
project. The wild-type sequence may encode either a
homologous or heterologous protein. A homologous
protein is one the host cell would produce without
intervention. A heterologous protein is one that the
host cell would not produce but for the intervention.
[0194] As used herein the term "lysate" refers to a
solution containing the contents of lysed cells. In
some embodiments, the lysate is a bacterial cell
lysate (e.g., E. coli cells lysed using READYLYSE(tm)
lysozyme solution from Epicentre; or E. coli cells
lysed using a French Pressure cell). [0195] As used
herein the term "lysozyme" refers to a glycosidase
that hydrolyzes the bond between N-acetyl muramic acid
and N-acetul glucosamine, thus cleaving an important
polymer in the cell wall of many bacteria. Suitable
lysozymes for use with the present invention include
but are not limited to hen egg white lysozyme (Sigma),
T4 lysozyme, recombinant non-mammalian, non-avian
lysozyme (READYLYSE(tm)), or a fungal lysozyme. [0196]
As used herein, the term "headspace" refers to the
vapor/air mixture trapped above a solid or liquid
sample in a sealed vessel. [0197] As used herein, the
terms "high throughput screening" and "HTS" refer to
measuring isoprene in at least 96 samples in 4 hours
or less. In preferred embodiments, the sample volume
is less than 2 mL. [0198] Unless otherwise noted, all
component or composition levels are in reference to
the active level of that component or composition, and
are exclusive of impurities, for example, residual
solvents or by-products, which may be present in
commercially available sources.[0199] Enzyme
components weights are based on total active protein.
All percentages and ratios are calculated by weight
unless otherwise indicated. All percentages and ratios
are calculated based on the total composition unless
otherwise. DETAILED DESCRIPTION OF THE INVENTION
[0200] Isoprene monomer is employed in the manufacture
of polyisoprene and various copolymers (with
isobutylene, butadiene, styrene, or other monomers).
To build a strain (prokaryotic or eukaryotic) capable
of producing commercially viable levels of isoprene
requires optimization of the entire pathway, either
MVA to isoprene or DXP to isoprene. A key enzyme in
the pathway is isoprene synthase (IspS), which
converts the precursor DMAPP to isoprene. The only
isoprene synthases (IspS) identified to date are those
from plants such as poplar, English oak and kudzu
vine. Although some bacteria, such as Bacillus
subtilis, also produce isoprene, a prokaryotic IspS
has yet to be identified and the native IspS activity
in Bacillus is not sufficient for a commercial
process. The plant IspS enzymes identified to date
have been partially characterized in part by
expression in E. coli and some of the kinetic
parameters of these enzymes have been determined in
vitro with purified protein. However, the kinetic
parameters (Km, rate etc) of the native IspS enzymes
are insufficient for commercial production of isoprene
in a biological host. [0201] To solve this problem as
described herein, a plant IspS is expressed in a
bacterial host. In addition the IspS is engineered for
a change in a property of interest. Characterization
of wild-type and mutant IspS is accomplished via any
means or "test" suitable and is preferably based on
the assessment of properties of interest. Properties
of interest include but are not limited to: pH optima,
temperature stability (e.g., Tm value), intracellular
and extracellular solubility, Km value, kcat value, or
specific activity, as well as sensitivity to potential
inhibitors including substrate or product inhibition.
Oxidative and proteolytic stability are also of
interest. Furthermore, activation or inhibition due to
metal ion effects and ionic strength is of interest.
These properties and parameters can be assessed by the
conversion of DMAPP to isoprene in vitro with purified
or partially purified isoprene synthase or in vivo in
the context of a host organism such as E. coli
expressing the DXP pathway, the MVA pathway, or both.
It is contemplated that enzymes having various degrees
of stability, solubility, activity, and/or expression
level in one or more of test conditions will find use
in the present invention for the production of
isoprene in a diversity of hosts. High throughput
methods such as those described in Example 10 are
required to investigate these properties in an
economical manner.[0202] The invention features
compositions and methods for the production of
increased 



amounts of isoprene. In particular, these compositions
and methods increase the rate of isoprene production
and increase the total amount of isoprene that is
produced. The biosynthetic processes for isoprene
production described herein are a desirable
alternative to using natural rubber. As discussed
further below, the amount of isoprene produced by
cells can be greatly increased by introducing a
heterologous nucleic acid encoding an isoprene
synthase (IspS) polypeptide into the cells. Isoprene
synthase polypeptides convert dimethylallyl
diphosphate (DMAPP) into isoprene. As shown in the
examples, a heterologous Pueraria montana (kudzu)
isoprene synthase polypeptide and variants thereof was
expressed in Gram-negative bacterial cells (e.g.,
Escherichia col) . Also shown in the examples and
contemplated within the scope of the invention are
poplar isoprene synthase polypeptide and variants
thereof was expressed in Gram-negative bacterial cells
(e.g., Escherichia col) . [0203] Heterologous
expression of a plant IspS in bacterial host cells
resulted in the production of more isoprene than the
corresponding cells lacking the plant IspS. [0204] It
has been shown that mutating amino-acid residues on
the surface of protease enzymes can improve their
activity, expression, and stability (WO2008/153925,
WO2008/153934, WO2008/153935). Surprisingly, we have
found that mutating amino-acid residues on the surface
of a completely different enzyme, isoprene synthase,
can enhance its expression, solubility, and activity.
L70R is an example of such a beneficial surface
mutation. [0205] Elucidation of the three-dimensional
structure of an enzyme is essential for accurately
identifying amino-acid residues on its surface.
Homology modeling using structures with sequences
approximately 40% identical to isoprene synthase
(e.g., bornyl synthase and limonene synthase, the
enzymes of known structure with closest identity to
isoprene synthase) can reveal gross aspects of the
modeled enzyme structure, but is insufficient to
precisely identify surface-exposed residues and
quantify their degree of surface exposure. Surface
exposure of an amino-acid residue is quantified by the
percentage of solvent-accessible surface area of its
side chain. [0206] The following classes of mutations
in isoprene synthase may improve solubility of the
enzyme by targeting amino-acid residues that are >50%
solvent-exposed, preferably >65% solvent-exposed, and
most preferably >85% solvent-exposed: Hydrophobic
-positively charged, and vice versa Hydrophobic
negatively charged, and vice versa Hydrophobic neutral
polar, and vice versaNeutral polar positively charged,
and vice versa Neutral polar ->negatively charged, and
vice versa Positively charged - negatively charged,
and vice versa [0207] Additionally isoprene production
by cells containing a heterologous isoprene synthase
nucleic acid can be enhanced by increasing the amount
of a l-deoxy-D-xylulose-5- phosphate synthase (DXS)
polypeptide, and/or an isopentenyl diphosphate
isomerase (IDI) polypeptide, expressed by the cells.
For example, a DXS nucleic acid and/or an IDI nucleic
acid can be introduced into the cells. The DXS nucleic
acid may be a heterologous nucleic acid or a duplicate
copy of an endogenous nucleic acid. Similarly, the IDI
nucleic acid may be a heterologous nucleic acid or a
duplicate copy of an endogenous nucleic acid. In some
embodiments, the amount of DXS and/or IDI polypeptide
is increased by replacing the endogenous DXS and/or
IDI promoters or regulatory regions with other
promoters and/or regulatory regions that result in
greater transcription of the DXS and/or IDI nucleic
acids. In some embodiments, the cells contain both a
heterologous nucleic acid encoding an isoprene
synthase polypeptide (e.g., a plant isoprene synthase
nucleic acid) and a duplicate copy of an endogenous
nucleic acid encoding an isoprene synthase
polypeptide. [0208] The encoded DXS and IDI
polypeptides are part of the DXP pathway for the
biosynthesis of isoprene (Figure 15). DXS polypeptides
convert pyruvate and Dglyceraldehyde- 3-phosphate into
l-deoxy-D-xylulose-5-phosphate. While not intending to
be bound by any particular theory, it is believed that
increasing the amount of DXS polypeptide increases the
flow of carbon through the DXP pathway, leading to
greater isoprene production. IDI polypeptides catalyze
the interconversion of isopentenyl diphosphate (IPP)
and dimethylallyl diphosphate (DMAPP). While not
intending to be bound by any particular theory, it is
believed that increasing the amount of IDI polypeptide
in cells increases the amount of IPP that is converted
into DMAPP, which in turn is converted into isoprene.
[0209] In some embodiments the production of isoprene
by cells containing a heterologous isoprene synthase
nucleic acid can be augmented by increasing expression
of a MVA polypeptide in the cells (Figure 15).
Exemplary MVA pathways polypeptides include any of the
following polypeptides: acetyl-CoA acetyltransferase
(AA-CoA thiolase) polypeptides, 3-
hydroxy-3-methylglutaryl-CoA synthase (HMG-CoA
synthase) polypeptides, 3-hydroxy-3-
methylglutaryl-CoA reductase (HMG-CoA reductase)
polypeptides, mevalonate kinase (MVK) polypeptides,
phosphomevalonate kinase (PMK) polypeptides,
diphosphomevalonte decarboxylase (MVD) polypeptides,
IDI polypeptides, and polypeptides (e.g., fusion
polypeptides) having an activity of two or more MVA
pathway polypeptides. For example,one or more MVA
pathway nucleic acids can be introduced into the
cells. In some embodiments, the cells contain the
upper MVA pathway, which includes AA-CoA thiolase,
HMG-CoA synthase, and HMG-CoA reductase nucleic acids.
In some embodiments, the cells contain the lower MVA
pathway, which includes MVK, PMK, MVD, and IDI nucleic
acids. In some embodiments, the cells contain the
entire MVA pathway, which includes AA-CoA thiolase,
HMG-CoA synthase, HMG-CoA reductase, MVK, PMK, MVD,
and IDI nucleic acids. The MVA pathway nucleic acids
may be heterologous nucleic acids or duplicate copies
of endogenous nucleic acids. In some embodiments, the
amount of one or more MVA pathway polypeptides is
increased by replacing the endogenous promoters or
regulatory regions for the MVA pathway nucleic acids
with other promoters and/or regulatory regions that
result in greater transcription of the MVA pathway
nucleic acids. In some embodiments, the cells contain
both a heterologous nucleic acid encoding an isoprene
synthase polypeptide (e.g., a plant isoprene synthase
nucleic acid) and a duplicate copy of an endogenous
nucleic acid encoding an isoprene synthase
polypeptide. [0210] In some embodiments, at least a
portion of the cells maintain the heterologous
isoprene synthase, DXS, IDI, and/or MVA pathway
nucleic acid for at least about 5, 10, 20, 50, 75,
100, 200, 300, or more cell divisions in a continuous
culture (such as a continuous culture without
dilution). In some embodiments of any of the aspects
of the invention, the nucleic acid comprising the
heterologous or duplicate copy of an endogenous
isoprene synthase, DXS, IDI, and/or MVA pathway
nucleic acid also comprises a selective marker, such
as a kanamycin, ampicillin, carbenicillin, gentamicin,
hygromycin, phleomycin, bleomycin, neomycin, or
chloramphenicol antibiotic resistance nucleic acid. I
. Exemplary Polypeptides and Nucleic Acids [0211]
Various isoprene synthase, DXS, IDI, and/or MVA
pathway polypeptides and nucleic acids can be used in
the compositions and methods of the invention. [0212]
As used herein, "polypeptides" includes polypeptides,
proteins, peptides, fragments of polypeptides, and
fusion polypeptides that include part or all of a
first polypeptide (e.g., an isoprene synthase, DXS,
IDI, or MVA pathway polypeptide) and part or all of a
second polypeptide (e.g., a peptide that facilitates
purification or detection of the fusion polypeptide,
such as a His-tag). In some embodiments, the fusion
polypeptide has an activity of two or more MVA pathway
polypeptides (such as AA-CoA thiolase and HMG-CoA
reductase polypeptides). In some embodiments, the
polypeptide is a naturally- occurring polypeptide(such
as the polypeptide encoded by an Enterococcusfaecalis
mvaE nucleic acid) that has an activity of two or more
MVA pathway polypeptides. [0213] In various
embodiments, a polypeptide has at least or about 50,
100, 150, 175, 200, 250, 300, 350, 400, or more amino
acids. In some embodiments, the polypeptide fragment
contains at least or about 25, 50, 75, 100, 150, 200,
300, or more contiguous amino acids from a full-length
polypeptide and has at least or about 5%, 10%, 20%,
30%, 40%, 50%, 60%, 70%, 80%, 90%, 95%, or 100% of an
activity of a corresponding full-length polypeptide.
In particular embodiments the polypeptide includes a
segment of or the entire amino acid sequence of any
naturally- occurring isoprene synthase, DXS, IDI, or
MVA pathway polypeptide. In some embodiments, the
polypeptide has one or more mutations compared to the
sequence of a wild-type (i.e., a sequence occurring in
nature) isoprene synthase, DXS, IDI, or MVA pathway
polypeptide. [0214] In some embodiments, the
polypeptide is an isolated polypeptide. As used
herein, an "isolated polypeptide" is not part of a
library of polypeptides, such as a library of 2, 5,
10, 20, 50 or more different polypeptides and is
separated from at least one component with which it
occurs in nature. An isolated polypeptide can be
obtained, for example, by expression of a recombinant
nucleic acid encoding the polypeptide. [0215] In some
embodiments, the polypeptide is a heterologous
polypeptide. By "heterologous polypeptide" is meant a
polypeptide whose amino acid sequence is not identical
to that of another polypeptide naturally expressed in
the same host cell. [0216] As used herein, a "nucleic
acid" refers to two or more deoxyribonucleotides
and/or ribonucleotides in either single or double-
stranded form. In some embodiments, the nucleic 



acid is a recombinant nucleic acid. By "recombinant
nucleic acid" means a nucleic acid of interest that is
free of one or more nucleic acids (e.g., genes), which
in the genome occurring in nature of the organism from
which the nucleic acid of interest is derived, flank
the nucleic acid of interest. The term therefore
includes, for example, a recombinant DNA which is
incorporated into a vector, into an autonomously
replicating plasmid or virus, or into the genomic DNA
of a prokaryote or eukaryote, or which exists as a
separate molecule (e.g., a cDNA, a genomic DNA
fragment, or a cDNA fragment produced by PCR or
restriction endonuclease digestion) independent of
other sequences. [0217] In various embodiments, the
nucleic acid is a recombinant nucleic acid. For
instance, in some embodiments, an isoprene synthase,
DXS, IDI, or MVA pathway nucleic acid is operably
linked to another nucleic acid encoding all or a
portion of another polypeptide such that the
recombinant nucleic acid encodes a fusion polypeptide
that includesan isoprene synthase, DXS, IDI, or MVA
pathway polypeptide and all or part of another
polypeptide (e.g., a peptide that facilitates
purification or detection of the fusion polypeptide,
such as a His-tag). In some embodiments, part or all
of a recombinant nucleic acid is chemically
synthesized. In some embodiments, the nucleic acid is
a heterologous nucleic acid. By "heterologous nucleic
acid" is meant a nucleic acid whose nucleic acid
sequence is not identical to that of another nucleic
acid naturally found in the same host cell. [0218] In
particular embodiments the nucleic acid includes a
segment of or the entire nucleic acid sequence of any
naturally- occurring isoprene synthase, DXS, IDI, or
MVA pathway nucleic acid. In some embodiments, the
nucleic acid includes at least or about 50, 100, 150,
200, 300, 400, 500, 600, 700, 800, or more contiguous
nucleotides from a naturallyoccurring isoprene
synthase nucleic acid DXS, IDI, or MVA pathway nucleic
acid. In some embodiments, the nucleic acid has one or
more mutations compared to the sequence of a wild-type
(i.e., a sequence occurring in nature) isoprene
synthase, DXS, IDI, or MVA pathway nucleic acid. In
some embodiments, the nucleic acid has one or more
mutations (e.g., a silent mutation) that increase the
transcription or translation of isoprene synthase,
DXS, IDI, or MVA pathway nucleic acid. In some
embodiments, the nucleic acid is a degenerate variant
of any nucleic acid encoding an isoprene synthase,
DXS, IDI, or MVA pathway polypeptide. [0219] "Codon
degeneracy" refers to divergence in the genetic code
permitting variation of the nucleotide sequence
without affecting the amino acid sequence of an
encoded polypeptide. The skilled artisan is well aware
of the "codon-bias" exhibited by a specific host cell
in usage of nucleotide codons to specify a given amino
acid. Therefore, when synthesizing a nucleic acid for
improved expression in a host cell, it is desirable in
some embodiments to design the nucleic acid such that
its frequency of codon usage approaches the frequency
of preferred codon usage of the host cell. [0220] The
accession numbers of exemplary isoprene synthase, DXS,
IDI, and/or MVA pathway polypeptides and nucleic acids
are listed in Appendix 1 of U.S. Application No.
61/013,574, herein incorporated by reference in its
entirety, particularly with respect to the amino acid
and nucleic acid sequences of isoprene synthase, DXS,
IDI, and/or MVA pathway polypeptides and nucleic
acids). The Kegg database also contains the amino acid
and nucleic acid sequences of numerous exemplary
isoprene synthase, DXS, IDI, and/or MVA pathway
polypeptides and nucleic acids (See, e.g., the
world-wide web at
"genome.jp/kegg/pathway/map/map00100.html" and the
sequences therein, which are each hereby incorporated
by reference in their entireties, particularly with
respect to the aminoacid and nucleic acid sequences of
isoprene synthase, DXS, IDI, and/or MVA pathway
polypeptides and nucleic acids). In some embodiments,
one or more of the isoprene synthase, DXS, IDI, and/or
MVA pathway polypeptides and/or nucleic acids have a
sequence identical to a sequence publicly available on
December 12, 2007, such as any of the sequences that
correspond to any of the accession numbers in Appendix
1 of U.S. Application No. 61/013,574, or any of the
sequences present in the Kegg database as of the date
of this filing. Additional exemplary isoprene
synthase, DXS, IDI, and/or MVA pathway polypeptides
and nucleic acids are described further below.
Exemplary Isoprene Synthase Polypeptides and Nucleic
Acids [0221] As noted above, isoprene synthase
polypeptides convert dimethylallyl diphosphate (DMAPP)
into isoprene. Exemplary isoprene synthase
polypeptides include polypeptides, fragments of
polypeptides, peptides, and fusions polypeptides that
have at least one activity of an isoprene synthase
polypeptide. Standard methods can be used to determine
whether a polypeptide has isoprene synthase
polypeptide activity by measuring the ability of the
polypeptide to convert DMAPP into isoprene in vitro,
in a cell extract, or in vivo. Isoprene synthase
polypeptide activity in the cell extract can be
measured, for example, as described in Silver et ah, J
. Biol. Chem. 270:13010-13016, 1995 and references
therein, which are each hereby incorporated by
reference in their entireties, particularly with
respect to assays for isoprene synthase polypeptide
activity. DMAPP (Sigma) is evaporated to dryness under
a stream of nitrogen and rehydrated to a concentration
of 100 mM in 100 mM potassium phosphate buffer pH 8.2
and stored at -20 C. To perform the assay, a solution
of 5 ml of IM MgCl2, 1mM (250 mg/ml) DMAPP, 65 ml of
Plant Extract Buffer (PEB) (50 mM Tris-HCl, pH 8.0, 20
mM MgCl2, 5% glycerol, and 2 mM DTT) is added to 25 ml
of cell extract in a 20 ml Headspace vial with a metal
screw cap and teflon coated silicon septum (Agilent
Technologies) and cultured at 37 C for 15 minutes with
shaking. The reaction is quenched by adding 200 ml of
250 mM EDTA or by heat inactivation, and isoprene is
quantified by GC/MS. [0222] Exemplary isoprene
synthase nucleic acids include nucleic acids that
encode a polypeptide, fragment of a polypeptide,
peptide, or fusion polypeptide that has at least one
activity of an isoprene synthase polypeptide.
Exemplary isoprene synthase polypeptides and nucleic
acids include naturally- occurring polypeptides and
nucleic acids from any of thesource organisms
described herein as well as mutant polypeptides and
nucleic acids derived from any of the source organisms
described herein. [0223] In some embodiments, the
isoprene synthase polypeptide or nucleic acid is from
the family Fabaceae, the family Salicaceae, or the
family Fagaceae. In some embodiments, the isoprene
synthase polypeptide or nucleic acid is a naturally-
occurring polypeptide or nucleic acid from Pueraria
montana (kudzu) (Sharkey et al, Plant Physiology 137:
700-712, 2005), poplar (such as Populus alba x tremula
CAC35696) Miller et al, Planta 213: 483-487, 2001)
aspen (such as Populus tremuloides) Silver et al, JBC
270(22): 13010-1316, 1995), or English Oak (Quercus
robur) (Zimmer et al, WO 98/02550), which are each
hereby incorporated by reference in their entireties,
particularly with respect to isoprene synthase nucleic
acids and the expression of isoprene synthase
polypeptides. Suitable isoprene synthases include, but
are not limited to, those identified by GenBank
Accession Nos. AY341431, AY316691, AY279379, AJ457070,
and AY182241, which are each hereby incorporated by
reference in their entireties, particularly with
respect to sequences of isoprene synthase nucleic
acids and polypeptides. In some embodiments, the
isoprene synthase polypeptide or nucleic acid is not a
naturally- occurring polypeptide or nucleic acid from
Quercus robur (i.e., the isoprene synthase polypeptide
or nucleic acid is an isoprene synthase polypeptide or
nucleic acid other than a naturally-occurring
polypeptide or nucleic acid from Quercus robur). In
some embodiments, the isoprene synthase nucleic acid
or polypeptide is not a naturally- occurring
polypeptide or nucleic acid from poplar (such as
Populus alba x tremula CAC35696). Exemplary DXS
Polypeptides and Nucleic Acids [0224] As noted above,
l-deoxy-D-xylulose-5-phosphate synthase (DXS)
polypeptides convert pyruvate and
D-glyceraldehyde-3-phosphate into
l-deoxy-D-xylulose-5-phosphate. Exemplary DXS
polypeptides include polypeptides, fragments of
polypeptides, peptides, and fusions polypeptides that
have at least one activity of a DXS polypeptide.
Standard methods (such as those described herein) can
be used to determine whether a polypeptide has DXS
polypeptide activity by measuring the ability of the
polypeptide to convert pyruvate and Dglyceraldehyde-
3-phosphate into l-deoxy-D-xylulose-5-phosphate in
vitro, in a cell extract, or in vivo. Exemplary DXS
nucleic acids include nucleic acids that encode a
polypeptide, fragment of a polypeptide, peptide, or
fusion polypeptide that has at least one activity of a
DXS polypeptide. Exemplary DXS polypeptides and
nucleic acids include naturallyoccurring polypeptides
and nucleic acids from any of the source organisms
described hereinas well as mutant polypeptides and
nucleic acids derived from any of the source organisms
described herein. Exemplary IDI Polypeptides and
Nucleic Acids [0225] Isopentenyl diphosphate isomerase
polypeptides (isopentenyl-diphosphate deltaisomerase
or IDI) catalzyes the interconversion of isopentenyl
diphosphate (IPP) and dimethylallyl diphosphate
(DMAPP) (e.g., converting IPP into DMAPP and/or
converting DMAPP into IPP). Exemplary IDI polypeptides
include polypeptides, fragments of polypeptides,
peptides, and fusions polypeptides that have at least
one activity of an IDI polypeptide. Standard methods
(such as those described herein) can be used to
determine whether a polypeptide has IDI polypeptide
activity by measuring the ability of the polypeptide
to interconvert IPP and DMAPP in vitro, in a cell
extract, or in vivo. Exemplary IDI nucleic acids
include nucleic acids that encode a polypeptide,
fragment of a polypeptide, 



peptide, or fusion polypeptide that has at least one
activity of an IDI polypeptide. Exemplary IDI
polypeptides and nucleic acids include
naturally-occurring polypeptides and nucleic acids
from any of the source organisms described herein as
well as mutant polypeptides and nucleic acids derived
from any of the source organisms described herein.
Exemplary MVA Pathway Polypeptides and Nucleic Acids
[0226] Exemplary MVA pathway polypeptides include
acetyl-CoA acetyltransferase (AACoA thiolase)
polypeptides, 3-hydroxy-3-methylglutaryl-CoA synthase
(HMG-CoA synthase) polypeptides,
3-hydroxy-3-methylglutaryl-CoA reductase (HMG-CoA
reductase) polypeptides, mevalonate kinase (MVK)
polypeptides, phosphomevalonate kinase (PMK)
polypeptides, diphosphomevalonte decarboxylase (MVD)
polypeptides, IDI polypeptides, and polypeptides
(e.g., fusion polypeptides) having an activity of two
or more MVA pathway polypeptides. In particular, MVA
pathway polypeptides include polypeptides, fragments
of polypeptides, peptides, and fusions polypeptides
that have at least one activity of an MVA pathway
polypeptide. Exemplary MVA pathway nucleic acids
include nucleic acids that encode a polypeptide,
fragment of a polypeptide, peptide, or fusion
polypeptide that has at least one activity of an MVA
pathway polypeptide. Exemplary MVA pathway
polypeptides and nucleic acids include
naturally-occurring polypeptides and nucleic acids
from any of the source organisms described herein as
well as mutant polypeptides and nucleic acids derived
from any of the source organisms described
herein.[0227] In particular, acetyl-CoA
acetyltransferase polypeptides (AA-CoA thiolase or
AACT) convert two molecules of acetyl-CoA into
acetoacetyl-CoA. Standard methods (such as those
described herein) can be used to determine whether a
polypeptide has AA-CoA thiolase polypeptide activity
by measuring the ability of the polypeptide to convert
two molecules of acetyl-CoA into acetoacetyl-CoA in
vitro, in a cell extract, or in vivo. [0228]
3-hydroxy-3-methylglutaryl-CoA synthase (HMG-CoA
synthase or HMGS) polypeptides convert acetoacetyl-CoA
into 3-hydroxy-3-methylglutaryl-CoA. Standard methods
(such as those described herein) can be used to
determine whether a polypeptide has HMG-CoA synthase
polypeptide activity by measuring the ability of the
polypeptide to convert acetoacetyl-CoA into
3-hydroxy-3-methylglutaryl-CoA in vitro, in a cell
extract, or in vivo. [0229]
3-hydroxy-3-methylglutaryl-CoA reductase (HMG-CoA
reductase or HMGR) polypeptides convert
3-hydroxy-3-methylglutaryl-CoA into mevalonate.
Standard methods (such as those described herein) can
be used to determine whether a polypeptide has HMGCoA
reductase polypeptide activity by measuring the
ability of the polypeptide to convert 3-
hydroxy-3-methylglutaryl-CoA into mevalonate in vitro,
in a cell extract, or in vivo. [0230] Mevalonate
kinase (MVK) polypeptides phosphorylates mevalonate to
form mevalonate-5-phosphate. Standard methods (such as
those described herein) can be used to determine
whether a polypeptide has MVK polypeptide activity by
measuring the ability of the polypeptide to convert
mevalonate into mevalonate-5-phosphate in vitro, in a
cell extract, or in vivo. [0231] Phosphomevalonate
kinase (PMK) polypeptides phosphorylates mevalonate-5-
phosphate to form mevalonate-5-diphosphate. Standard
methods (such as those described herein) can be used
to determine whether a polypeptide has PMK polypeptide
activity by measuring the ability of the polypeptide
to convert mevalonate-5-phosphate into mevalonate-
5-diphosphate in vitro, in a cell extract, or in vivo.
[0232] Diphosphomevalonte decarboxylase (MVD or DPMDC)
polypeptides convert mevalonate-5-diphosphate into
isopentenyl diphosphate polypeptides (IPP). Standard
methods (such as those described herein) can be used
to determine whether a polypeptide has MVD polypeptide
activity by measuring the ability of the polypeptide
to convert mevalonate- 5-diphosphate into IPP in
vitro, in a cell extract, or in vivo. Exemplary
Methods for Isolating Nucleic Acids[0233] Isoprene
synthase, DXS, IDI, and/or MVA pathway nucleic acids
can be isolated using standard methods. Methods of
obtaining desired nucleic acids from a source organism
of interest (such as a bacterial genome) are common
and well known in the art of molecular biology (see,
for example, WO 2004/033646 and references cited
therein, which are each hereby incorporated by
reference in their entireties, particularly with
respect to the isolation of nucleic acids of
interest). For example, if the sequence of the nucleic
acid is known (such as any of the known nucleic acids
described herein), suitable genomic libraries may be
created by restriction endonuclease digestion and may
be screened with probes complementary to the desired
nucleic acid sequence. Once the sequence is isolated,
the DNA may be amplified using standard primer
directed amplification methods such as polymerase
chain reaction (PCR) (U.S. Patent No. 4,683,202, which
is incorporated by reference in its entirety,
particularly with respect to PCR methods) to obtain
amounts of DNA suitable for transformation using
appropriate vectors. Alternatively, isoprene synthase,
DXS, IDI, and/or MVA pathway nucleic acids (such as
any isoprene synthase, DXS, IDI, and/or MVA pathway
nucleic acids with a known nucleic acid sequence) can
be chemically synthesized using standard methods.
[0234] Additional isoprene synthase, DXS, IDI, or MVA
pathway polypeptides and nucleic acids that may be
suitable for use in the compositions and methods
described herein can be identified using standard
methods. For example, cosmid libraries of the
chromosomal DNA of organisms known to produce isoprene
naturally can be constructed in organisms such as E.
coli, and then screened for isoprene production.
Additional methods for obtaining isoprene synthase,
DXS, IDI, and/or MVA pathway nucleic acids include
screening a metagenomic library by assay (such as the
headspace assay described herein) or by PCR using
primers directed against nucleotides encoding for a
length of conserved amino acids (for example, at least
3 conserved amino acids). Conserved amino acids can be
identified by aligning amino acid sequences of known
isoprene synthase, DXS, IDI, and/or MVA pathway
polypeptides. Conserved amino acids for isoprene
synthase polypeptides can be identified based on
aligned sequences of known isoprene synthase
polypeptides. An organism found to produce isoprene
naturally can be subjected to standard protein
purification methods (which are well known in the art)
and the resulting purified polypeptide can be
sequenced using standard methods. Other methods are
found in the literature (See, e.g., Julsing et al.,
Applied. Microbiol. Biotechnol. 75: 1377-84, 2007; and
Withers et al., Appl Environ Microbiol. 73:6277-83,
2007, which are each hereby incorporated by reference
in their entireties, particularly with respect to
identification of nucleic acids involved in the
synthesis of isoprene).[0235] Additionally, standard
sequence alignment and/or structure prediction
programs can be used to identify additional DXS, IDI,
or MVA pathway polypeptides and nucleic acids based on
the similarity of their primary and/or predicted
polypeptide secondary structure with that of known
DXS, IDI, or MVA pathway polypeptides and nucleic
acids. Standard databases such as the swissprot-trembl
database (world-wide web at "expasy.org", Swiss
Institute of Bioinformatics Swiss-Prot group CMU - 1
rue Michel Servet CH-1211 Geneva 4, Switzerland) can
also be used to identify isoprene synthase, DXS, IDI,
or MVA pathway polypeptides and nucleic acids. The
secondary and/or tertiary structure of an isoprene
synthase, DXS, IDI, or MVA pathway polypeptide can be
predicted using the default settings of standard
structure prediction programs, such as PredictProtein
(Rost et al., The PredictProtein Server. Nucleic Acids
Research 32(Web Server issue):W321-W326, 2004).
Alternatively, the actual secondary and/or tertiary
structure of an isoprene synthase, DXS, IDI, or MVA
pathway polypeptide can be determined using standard
methods. Additional isoprene synthase, DXS, IDI, or
MVA pathway nucleic acids can also be identified by
hybridization to probes generated from known isoprene
synthase, DXS, IDI, or MVA pathway nucleic acids.
Exemplary Promoters and Vectors [0236] Any of the
isoprene synthase, DXS, IDI, or MVA pathway nucleic
acid described herein can be included in one or more
vectors. Accordingly, the invention also features
vectors with one more nucleic acids encoding any of
the isoprene synthase, DXS, IDI, or MVA pathway
polypeptides that are described herein. As used
herein, a "vector" means a construct that is capable
of delivering, and desirably expressing one or more
nucleic acids of interest in a host cell. Examples of
vectors include, but are not limited to, plasmids,
viral vectors, DNA or RNA expression vectors, cosmids,
and phage vectors. In some embodiments, the vector
contains a nucleic acid under the control of an
expression control sequence. [0237] As used herein, an
"expression control sequence" means a nucleic acid
sequence that directs transcription of a nucleic acid
of interest. An expression control sequence can be a
promoter, such as a constitutive or an inducible
promoter, or an enhancer. An "inducible promoter" is a
promoter that is active under environmental or
developmental regulation. The expression control
sequence is operably linked to the nucleic acid
segment to be transcribed. [0238] In some embodiments,
the vector contains a selective marker. The term
"selective marker" refers to a nucleic acid capable of
expression in a host cell that allows for ease
ofselection of those host cells containing an
introduced nucleic acid or vector. Examples of
selectable markers include, but are not limited to,
antibiotic resistance nucleic acids (e.g., kanamycin,
ampicillin, carbenicillin, gentamicin, hygromycin,
phleomycin, bleomycin, neomycin, or chloramphenicol)
and/or nucleic acids that confer a metabolic
advantage, such 



as a nutritional advantage on the host cell. In some
embodiments, an isoprene synthase, DXS, IDI, or MVA
pathway nucleic acid integrates into a chromosome of
the cells without a selective marker. [0239] Suitable
vectors are those that are compatible with the host
cell employed. Suitable vectors can be derived, for
example, from a bacterium, a virus (such as
bacteriophage T7 or a M-13 derived phage), a cosmid, a
yeast, or a plant. Protocols for obtaining and using
such vectors are known in the art (See, e.g., Sambrook
et al., Molecular Cloning: A Laboratory Manual, 2nd
ed., Cold Spring Harbor, 1989, which is hereby
incorporated by reference in its entirety,
particularly with respect to the use of vectors).
[0240] Promoters are well known in the art. Any
promoter that functions in the host cell can be used
for expression of an isoprene synthase, DXS, IDI, or
MVA pathway nucleic acid in the host cell. Initiation
control regions or promoters, which are useful to
drive expression of isoprene synthase, DXS, IDI, or
MVA pathway nucleic acids in various host cells are
numerous and familiar to those skilled in the art
(see, for example, WO 2004/033646 and references cited
therein, which are each hereby incorporated by
reference in their entireties, particularly with
respect to vectors for the expression of nucleic acids
of interest). Virtually any promoter capable of
driving these nucleic acids is suitable for the
present invention including, but not limited to lac,
trp, PL, PR, T7, tac, and trc (useful for expression
in E. coli). [0241] In some embodiments, a glucose
isomerase promoter is used (see, for example, U.S.
Patent No. 7,132,527 and references cited therein,
which are each hereby incorporated by reference in
their entireties, particularly with respect promoters
and plasmid systems for expressing polypeptides of
interest). Reported glucose isomerase promoter mutants
can be used to vary the level of expression of the
polypeptide encoded by a nucleic acid operably linked
to the glucose isomerase promoter (U.S. Patent No.
7,132,527). In various embodiments, the glucose
isomerase promoter is contained in a low, medium, or
high copy plasmid (U.S. Patent No. 7,132,527). [0242]
In various embodiments, an isoprene synthase, DXS,
IDI, and/or MVA pathway nucleic acid is contained in a
low copy plasmid (e.g., a plasmid that is maintained
at about 1to about 4 copies per cell), medium copy
plasmid (e.g., a plasmid that is maintained at about
10 to about 15 copies per cell), or high copy plasmid
(e.g., a plasmid that is maintained at about 50 or
more copies per cell). In some embodiments, the
heterologous or extra endogenous isoprene synthase,
DXS, IDI, or MVA pathway nucleic acid is operably
linked to a T7 promoter. In some embodiments, the
heterologous or extra endogenous isoprene synthase,
DXS, IDI, or MVA pathway nucleic acid operably linked
to a T7 promoter is contained in a medium or high copy
plasmid. In some embodiments, the heterologous or
extra endogenous isoprene synthase, DXS, IDI, or MVA
pathway nucleic acid is operably linked to a Trc
promoter. In some embodiments, the heterologous or
extra endogenous isoprene synthase, DXS, IDI, or MVA
pathway nucleic acid operably linked to a Trc promoter
is contained in a medium or high copy plasmid. In some
embodiments, the heterologous or extra endogenous
isoprene synthase, DXS, IDI, or MVA pathway nucleic
acid is operably linked to a Lac promoter. In some
embodiments, the heterologous or extra endogenous
isoprene synthase, DXS, IDI, or MVA pathway nucleic
acid operably linked to a Lac promoter is contained in
a low copy plasmid. In some embodiments, the
heterologous or extra endogenous isoprene synthase,
DXS, IDI, or MVA pathway nucleic acid is operably
linked to an endogenous promoter, such as an
endogenous Escherichia, Panteoa, Bacillus, Yarrowia,
Streptomyces, or Trichoderma promoter or an endogenous
alkaline serine protease, isoprene synthase, DXS, IDI,
or MVA pathway promoter. In some embodiments, the
heterologous or extra endogenous isoprene synthase,
DXS, IDI, or MVA pathway nucleic acid operably linked
to an endogenous promoter is contained in a high copy
plasmid. In some embodiments, the vector is a
replicating plasmid that does not integrate into a
chromosome in the cells. In some embodiments part or
all of the vector integrates into a chromosome in the
cells. [0243] In some embodiments, the expression
vector also includes a termination sequence.
Termination control regions may also be derived from
various genes native to the host cell. In some
embodiments, the termination sequence and the promoter
sequence are derived from the same source. In another
embodiment, the termination sequence is endogenous to
the host cell. [0244] In some embodiments, the
promoter, coding, region, and terminator all originate
from the isoprene synthase, DXS, IDI, or MVA pathway
nucleic acid to be expressed. In some embodiments, the
coding region for an isoprene synthase, DXS, IDI, or
MVA pathway nucleic acid is inserted into a
general-purpose expression vector such that it is
under the transcriptional control of the expression
construct promoter and terminator sequences. Insome
embodiments, genes or part thereof are inserted
downstream of the strong cbhl promoter. [0245] An
isoprene synthase, DXS, IDI, or MVA pathway nucleic
acid can be incorporated into a vector, such as an
expression vector, using standard techniques (Sambrook
et al, Molecular Cloning: A Laboratory Manual, Cold
Spring Harbor, 1982, which is hereby incorporated by
reference in its entirety, particularly with respect
to the screening of appropriate DNA sequences and the
construction of vectors). Methods used to ligate the
DNA construct comprising a nucleic acid of interest
(such as an isoprene synthase, DXS, IDI, or MVA
pathway nucleic acid), a promoter, a terminator, and
other sequences and to insert them into a suitable
vector are well known in the art. For example,
restriction enzymes can be used to cleave the isoprene
synthase, DXS, IDI, or MVA pathway nucleic acid and
the vector. Then, the compatible ends of the cleaved
isoprene synthase, DXS, IDI, or MVA pathway nucleic
acid and the cleaved vector can be ligated. Linking is
generally accomplished by ligation at convenient
restriction sites. If such sites do not exist, the
synthetic oligonucleotide linkers are used in
accordance with conventional practice (see, Sambrook
et al, Molecular Cloning: A Laboratory Manual, 2nd
ed., Cold Spring Harbor, 1989, and Bennett and Lasure,
More Gene Manipulations in Fungi, Academic Press, San
Diego, pp 70-76, 1991, which are each hereby
incorporated by reference in their entireties,
particularly with respect to oligonucleotide linkers).
Additionally, vectors can be constructed using known
recombination techniques {e.g., Invitrogen Life
Technologies, Gateway Technology). [0246] In some
embodiments, it may be desirable to over-express
isoprene synthase, DXS, IDI, or MVA pathway nucleic
acids at levels far higher than currently found in
naturallyoccurring cells. This result may be
accomplished by the selective cloning of the nucleic
acids encoding those polypeptides into multicopy
plasmids or placing those nucleic acids under a strong
inducible or constitutive promoter. Methods for
over-expressing desired polypeptides are common and
well known in the art of molecular biology and
examples may be found in Sambrook et al, Molecular
Cloning: A Laboratory Manual, 2nd ed., Cold Spring
Harbor, 1989, which is hereby incorporated by
reference in its entirety, particularly with respect
to cloning techniques. [0247] The following resources
include descriptions of additional general methodology
useful in accordance with the invention: Kreigler,
Gene Transfer and Expression; A Laboratory Manual,
1990; and Ausubel et al, Eds. Current Protocols in
Molecular Biology,1994, which are each hereby
incorporated by reference in their entireties,
particularly with respect to molecular biology and
cloning techniques. Exemplary Source Organisms [0248]
Isoprene synthase, DXS, IDI, or MVA pathway nucleic
acids (and their encoded polypeptides) can be obtained
from any organism that naturally contains isoprene
synthase, DXS, IDI, and/or MVA pathway nucleic acids.
As noted above, isoprene is formed naturally by a
variety of organisms, such as bacteria, yeast, plants,
and animals. Organisms contain the MVA pathway, DXP
pathway, or both the MVA and DXP pathways for
producing isoprene (Figure 15). Thus, DXS nucleic
acids can be obtained, e.g., from any organism that
contains the DXP pathway or contains both the MVA and
DXP pathways. IDI and isoprene synthase nucleic acids
can be obtained, e.g., from any organism that contains
the MVA pathway, DXP pathway, or both the MVA and DXP
pathways. MVA pathway nucleic acids can be obtained,
e.g., from any organism that contains the MVA pathway
or contains both the MVA and DXP pathways. [0249] In
some embodiments, the nucleic acid sequence of the
isoprene synthase, DXS, IDI, or MVA pathway nucleic is
identical to the sequence of a nucleic acid that is
produced by any of the following organisms in nature.
In some embodiments, the amino acid sequence of the
isoprene synthase, DXS, IDI, or MVA pathway
polypeptide is identical to the sequence of a
polypeptide that is produced by any of the following
organisms in nature. In some embodiments, the isoprene
synthase, DXS, IDI, or MVA pathway nucleic acid or
polypeptide is a mutant nucleic acid or polypeptide
derived from any of the organisms described herein. As
used herein, "derived from" refers to the source of
the nucleic acid or polypeptide into which one or more
mutations is introduced. For example, a polypeptide
that is "derived from a plant polypeptide" refers to
polypeptide of interest that results from introducing
one or more mutations into the sequence of a wild-type
(i.e., a sequence occurring in nature) plant 



polypeptide. [0250] In some embodiments, the source
organism is a bacterium, such as strains of
Escherichia (e.g., E. coli), or strains of Bacillus
(e.g., B. subtilis). [0251] As used herein, "the genus
Escherichia" includes all species within the genus
"Escherichia," as known to those of skill in the art,
including but not limited to E. coli, E.
adecarboxylata, E. albertii, E. blattae, E.
fergusonii, E. hermannii, E. senegalensis, and E.
vulneris. The genus "Escherichia" is defined as
Gram-negative, non-spore forming,facultatively
anaerobic, rod-shaped bacteria are classified as
members of the Family Enterobacteriaceae , Order
Enterobacterial s, Class Gamma Proteobacteria. [0252]
As used herein, "the genus Bacillus" includes all
species within the genus "Bacillus," as known to those
of skill in the art, including but not limited to B.
subtilis, B. licheniformis, B. lentus, B. brevis, B.
stearothermophilus, B. alkalophilus, B.
amyloliquefaciens, B. clausii, B. halodurans, B.
megaterium, B. coagulans, B. circulans, B. lautus, and
B. thuringiensis. It is recognized that the genus
Bacillus continues to undergo taxonomical
reorganization. Thus, it is intended that the genus
include species that have been reclassified, including
but not limited to such organisms as B.
stearothermophilus, which is now named "Geobacillus
stearothermophilus ." The production of resistant
endospores in the presence of oxygen is considered the
defining feature of the genus Bacillus, although this
characteristic also applies to the recently named
Alicyclobacillus, Amphibacillus, Aneurinibacillus,
Anoxybacillus, Brevibacillus, Filobacillus,
Gracilibacillus, Halobacillus, Paenibacillus,
Salibacillus, Thermobacillus, Ureibacillus, and
Virgibacillus. Exemplary Host Cells [0253] A variety
of host cells can be used to express isoprene
synthase, DXS, IDI, and/or MVA pathway polypeptides
and to produce isoprene in the methods of the claimed
invention. Exemplary host cells include cells from any
of the organisms listed in the prior section under the
heading "Exemplary Source Organisms." The host cell
may be a cell that naturally produces isoprene or a
cell that does not naturally produce isoprene. In some
embodiments, the host cell naturally produces isoprene
using the DXP pathway, and an isoprene synthase, DXS,
and/or IDI nucleic acid is added to enhance production
of isoprene using this pathway. In some embodiments,
the host cell naturally produces isoprene using the
MVA pathway, and an isoprene synthase and/or one or
more MVA pathway nucleic acids are added to enhance
production of isoprene using this pathway. In some
embodiments, the host cell naturally produces isoprene
using the DXP pathway and one or more MVA pathway
nucleic acids are added to produce isoprene using part
or all of the MVA pathway as well as the DXP pathway.
In some embodiments, the host cell naturally produces
isoprene using both the DXP and MVA pathways and one
or more isoprene synthase, DXS, IDI, or MVA pathway
nucleic acids are added to enhance production of
isoprene by one or both of these pathways. Exemplary
Transformation Methods[0254] Isoprene synthase, DXS,
IDI, and/or MVA pathway nucleic acids or vectors
containing them can be inserted into a host cell
(e.g., a bacterial cell) using standard techniques for
expression of the encoded isoprene synthase, DXS, IDI,
and/or MVA pathway polypeptide. Introduction of a DNA
construct or vector into a host cell can be performed
using techniques such as transformation,
electroporation, nuclear microinjection, transduction,
transfection (e.g., lipofection mediated or
DEAE-Dextrin mediated transfection or transfection
using a recombinant phage virus), incubation with
calcium phosphate DNA precipitate, high velocity
bombardment with DNA-coated microprojectiles, and
protoplast fusion. General transformation techniques
are known in the art (see, e.g., Current Protocols in
Molecular Biology (F. M. Ausubel et al. (eds) Chapter
9, 1987; Sambrook et al., Molecular Cloning: A
Laboratory Manual, 2nd ed., Cold Spring Harbor, 1989;
and Campbell et al, Curr Genet, 16:53-56, 1989, which
are each hereby incorporated by reference in their
entireties, particularly with respect to
transformation methods). The introduced nucleic acids
may be integrated into chromosomal DNA or maintained
as extrachromosomal replicating sequences. Exemplary
Cell Culture Media [0255] The invention also includes
a cell or a population of cells in culture that
produce isoprene. By "cells in culture" is meant two
or more cells in a solution (e.g., a cell medium) that
allows the cells to undergo one or more cell
divisions. "Cells in culture" do not include plant
cells that are part of a living, multicellular plant
containing cells that have differentiated into plant
tissues. In various embodiments, the cell culture
includes at least or about 10, 20, 50, 100, 200, 500,
1,000, 5,000, 10,000 or more cells. [0256] Any carbon
source can be used to cultivate the host cells. The
term "carbon source" refers to one or more
carbon-containing compounds capable of being
metabolized by a host cell or organism. For example,
the cell medium used to cultivate the host cells may
include any carbon source suitable for maintaining the
viability or growing the host cells. [0257] In some
embodiments, the carbon source is a carbohydrate (such
as monosaccharide, disaccharide, oligosaccharide, or
polysaccharides), invert sugar (e.g., enzymatically
treated sucrose syrup), glycerol, glycerine (e.g., a
glycerine byproduct of a biodiesel or soap-making
process), dihydroxyacetone, one-carbon source, fatty
acid (e.g., a saturated fatty acid, unsaturated fatty
acid, or polyunsaturated fatty acid), lipid,
phospholipid, glycerolipid, monoglyceride,
diglyceride, triglyceride, polypeptide (e.g., a
microbial or plant protein or peptide), renewable
carbon source (e.g., a biomass carbon source such as a
hydrolyzed biomass carbon source; beet sugar or cane
sugar molasses), yeast extract,component from a yeast
extract, polymer, acid, alcohol, aldehyde, ketone,
amino acid, succinate, lactate, acetate, ethanol, or
any combination of two or more of the foregoing. In
some embodiments, the carbon source is a product of
photosynthesis, including, but not limited to,
glucose. [0258] Exemplary monosaccharides include
glucose and fructose; exemplary oligosaccharides
include lactose and sucrose, and exemplary
polysaccharides include starch and cellulose.
Exemplary carbohydrates include C6 sugars (e.g.,
fructose, mannose, galactose, or glucose) and C5
sugars (e.g., xylose or arabinose). In some
embodiments, the cell medium includes a carbohydrate
as well as a carbon source other than a carbohydrate
(e.g., glycerol, glycerine, dihydroxyacetone,
one-carbon source, fatty acid, lipid, phospholipid,
glycerolipid, monoglyceride, diglyceride,
triglyceride, renewable carbon source, or a component
from a yeast extract). In some embodiments, the cell
medium includes a carbohydrate as well as a
polypeptide (e.g., a microbial or plant protein or
peptide). In some embodiments, the microbial
polypeptide is a polypeptide from yeast or bacteria.
In some embodiments, the plant polypeptide is a
polypeptide from soy, corn, canola, jatropha, palm,
peanut, sunflower, coconut, mustard, rapeseed,
cottonseed, palm kernel, olive, safflower, sesame, or
linseed. [0259] In some embodiments, the concentration
of the carbohydrate is at least or about 5 grams per
liter of broth (g/L, wherein the volume of broth
includes both the volume of the cell medium and the
volume of the cells), such as at least or about 10,
15, 20, 30, 40, 50, 60, 80, 100, 150, 200, 300, 400,
or more g/L. In some embodiments, the concentration of
the carbohydrate is between about 50 and about 400
g/L, such as between about 100 and about 360 g/L,
between about 120 and about 360 g/L, or between about
200 and about 300 g/L. In some embodiments, this
concentration of carbohydrate includes the total
amount of carbohydrate that is added before and/or
during the culturing of the host cells. [0260]
Exemplary lipids are any substance containing one or
more fatty acids that are C4 and above fatty acids
that are saturated, unsaturated, or branched. [0261]
Exemplary fatty acids include compounds of the formula
R-COOH, where "R" is a hydrocarbon. Exemplary
unsaturated fatty acids include compounds where "R"
includes at least one carbon-carbon double bond.
Exemplary unsaturated fatty acids include, but are not
limited to, oleic acid, vaccenic acid, linoleic acid,
palmitelaidic acid, and arachidonic acid. Exemplary
polyunsaturated fatty acids include compounds where
"R" includes a plurality of carbon-carbon double
bonds. Exemplary saturated fatty acids include
compounds where "R" is a saturated aliphatic group. In
some embodiments, the carbon source includes one
ormore C12-C22 fatty acids, such as a C saturated
fatty acid, a C saturated fatty acid, a Ci saturated
fatty acid, a C1 saturated fatty acid, a C20 saturated
fatty acid, or a C22 saturated fatty acid. In an
exemplary embodiment, the fatty acid is palmitic acid.
In some embodiments, the carbon source is a salt of a
fatty acid (e.g., an unsaturated fatty acid), a
derivative of a fatty acid (e.g., an unsaturated fatty
acid), or a salt of a derivative of fatty acid (e.g.,
an unsaturated fatty acid). Suitable salts include,
but are not limited to, lithium salts, potassium
salts, sodium salts, and the like. Di- and
triglycerols are fatty acid esters of glycerol. [0262]
In some embodiments, the concentration of the lipid,
fatty acid, monoglyceride, diglyceride, or
triglyceride is at least or about 1 gram per liter of
broth (g/L, wherein the volume of broth includes both
the volume of the cell medium and the volume of the
cells), such as at least or about 5, 10, 15, 20, 30,
40, 50, 60, 80, 100, 150, 200, 300, 400, or more g/L.
In some embodiments, the concentration of the lipid,
fatty acid, monoglyceride, diglyceride, or
triglyceride is between about 10 and about 400 g/L,
such as between about 25 and about 300 g/L, between
about 60 and about 180 g/L, or between about 75 and
about 150 g/L. In some embodiments, the concentration
includes the total amount of the lipid, fatty acid,
monoglyceride, diglyceride, or triglyceride that is
added before and/or during the culturing of the host
cells. In some embodiments, the carbon source includes
both (i) a lipid, fatty acid, 



monoglyceride, diglyceride, or triglyceride and (ii) a
carbohydrate, such as glucose. In some embodiments,
the ratio of the lipid, fatty acid, monoglyceride,
diglyceride, or triglyceride to the carbohydrate is
about 1:1 on a carbon basis (i.e., one carbon in the
lipid, fatty acid, monoglyceride, diglyceride, or
triglyceride per carbohydrate carbon). In particular
embodiments, the amount of the lipid, fatty acid,
monoglyceride, diglyceride, or triglyceride is between
about 60 and 180 g/L, and the amount of the
carbohydrate is between about 120 and 360 g/L. [0263]
Exemplary microbial polypeptide carbon sources include
one or more polypeptides from yeast or bacteria.
Exemplary plant polypeptide carbon sources include one
or more polypeptides from soy, corn, canola, jatropha,
palm, peanut, sunflower, coconut, mustard, rapeseed,
cottonseed, palm kernel, olive, safflower, sesame, or
linseed. [0264] Exemplary renewable carbon sources
include cheese whey permeate, cornsteep liquor, sugar
beet molasses, barley malt, and components from any of
the foregoing. Exemplary renewable carbon sources also
include glucose, hexose, pentose and xylose present in
biomass, such as corn, switchgrass, sugar cane, cell
waste of fermentation processes, and protein
by-product from the milling of soy, corn, or wheat. In
some embodiments, the biomass carbon source is a
lignocellulosic, hemicellulosic, or cellulosicmaterial
such as, but are not limited to, a grass, wheat, wheat
straw, bagasse, sugar cane bagasse, soft wood pulp,
corn, corn cob or husk, corn kernel, fiber from corn
kernels, corn stover, switch grass, rice hull product,
or a by-product from wet or dry milling of grains
(e.g., corn, sorghum, rye, triticate, barley, wheat,
and/or distillers grains). Exemplary cellulosic
materials include wood, paper and pulp waste,
herbaceous plants, and fruit pulp. In some
embodiments, the carbon source includes any plant
part, such as stems, grains, roots, or tubers. In some
embodiments, all or part of any of the following
plants are used as a carbon source: corn, wheat, rye,
sorghum, triticate, rice, millet, barley, cassava,
legumes, such as beans and peas, potatoes, sweet
potatoes, bananas, sugarcane, and/or tapioca. In some
embodiments, the carbon source is a biomass
hydrolysate, such as a biomass hydrolysate that
includes both xylose and glucose or that includes both
sucrose and glucose. [0265] In some embodiments, the
renewable carbon source (such as biomass) is
pretreated before it is added to the cell culture
medium. In some embodiments, the pretreatment includes
enzymatic pretreatment, chemical pretreatment, or a
combination of both enzymatic and chemical
pretreatment (see, for example, Farzaneh et al,
Bioresource Technology 96 (18): 2014-2018, 2005; U.S.
Patent No. 6,176,176; U.S. Patent No. 6,106,888; which
are each hereby incorporated by reference in their
entireties, particularly with respect to the
pretreatment of renewable carbon sources). In some
embodiments, the renewable carbon source is partially
or completely hydrolyzed before it is added to the
cell culture medium. [0266] In some embodiments, the
renewable carbon source (such as corn stover)
undergoes ammonia fiber expansion (AFEX) pretreatment
before it is added to the cell culture medium (see,
for example, Farzaneh et ah, Bioresource Technology 96
(18): 2014-2018, 2005). During AFEX pretreatment, a
renewable carbon source is treated with liquid
anhydrous ammonia at moderate temperatures (such as
about 60 to about 100 0C) and high pressure (such as
about 250 to about 300 psi) for about 5 minutes. Then,
the pressure is rapidly released. In this process, the
combined chemical and physical effects of lignin
solubilization, hemicellulose hydrolysis, cellulose
decrystallization, and increased surface area enables
near complete enzymatic conversion of cellulose and
hemicellulose to fermentable sugars. AFEX pretreatment
has the advantage that nearly all of the ammonia can
be recovered and reused, while the remaining serves as
nitrogen source for microbes in downstream processes.
Also, a wash stream is not required for AFEX
pretreatment. Thus, dry matter recovery following the
AFEX treatment is essentially 100%. AFEX is basically
a dry-to-dry process. The treated renewable carbon
source is stable for long periods and can be fed at
very high solid loadings in enzymatic hydrolysis or
fermentation processes. Cellulose and hemicellulose
are well preserved in the AFEX process,with little or
no degradation. There is no need for neutralization
prior to the enzymatic hydrolysis of a renewable
carbon source that has undergone AFEX pretreatment.
Enzymatic hydrolysis of AFEX-treated carbon sources
produces clean sugar streams for subsequent
fermentation use. [0267] In some embodiments, the
concentration of the carbon source (e.g., a renewable
carbon source) is equivalent to at least or about 0.1,
0.5, 1, 1.5 2, 3, 4, 5, 10, 15, 20, 30, 40, or 50%
glucose (w/v). The equivalent amount of glucose can be
determined by using standard HPLC methods with glucose
as a reference to measure the amount of glucose
generated from the carbon source. In some embodiments,
the concentration of the carbon source (e.g., a
renewable carbon source) is equivalent to between
about 0.1 and about 20% glucose, such as between about
0.1 and about 10% glucose, between about 0.5 and about
10% glucose, between about 1 and about 10% glucose,
between about 1 and about 5% glucose, or between about
1 and about 2% glucose. [0268] In some embodiments,
the carbon source includes yeast extract or one or
more components of yeast extract. In some embodiments,
the concentration of yeast extract is at least 1 gram
of yeast extract per liter of broth (g/L, wherein the
volume of broth includes both the volume of the cell
medium and the volume of the cells), such at least or
about 5, 10, 15, 20, 30, 40, 50, 60, 80, 100, 150,
200, 300, or more g/L. In some embodiments, the
concentration of yeast extract is between about 1 and
about 300 g/L, such as between about 1 and about 200
g/L, between about 5 and about 200 g/L, between about
5 and about 100 g/L, or between about 5 and about 60
g/L. In some embodiments, the concentration includes
the total amount of yeast extract that is added before
and/or during the culturing of the host cells. In some
embodiments, the carbon source includes both yeast
extract (or one or more components thereof) and
another carbon source, such as glucose. In some
embodiments, the ratio of yeast extract to the other
carbon source is about 1:5, about 1:10, or about 1:20
(w/w). [0269] Additionally the carbon source may also
be one-carbon substrates such as carbon dioxide, or
methanol. Glycerol production from single carbon
sources (e.g., methanol, formaldehyde, or formate) has
been reported in methylotrophic yeasts (Yamada et al.,
Agric. Biol. Chem., 53(2) 541-543, 1989, which is
hereby incorporated by reference in its entirety,
particularly with respect to carbon sources) and in
bacteria (Hunter et. al, Biochemistry, 24, 4148-4155,
1985, which is hereby incorporated by reference in its
entirety, particularly with respect to carbon
sources). These organisms can assimilate single carbon
compounds, ranging in oxidation state from methane to
formate, and produce glycerol. The pathway of carbon
assimilation can be through ribulose monophosphate,
through serine, or through xylulosemomophosphate
(Gottschalk, Bacterial Metabolism, Second Edition,
Springer-Verlag: New York, 1986, which is hereby
incorporated by reference in its entirety,
particularly with respect to carbon sources). The
ribulose monophosphate pathway involves the
condensation of formate with ribulose-5-phosphate to
form a six carbon sugar that becomes fructose and
eventually the three carbon product glyceraldehyde-
3-phosphate. Likewise, the serine pathway assimilates
the one-carbon compound into the glycolytic pathway
via methylenetetrahydrof olate . [0270] In addition to
one and two carbon substrates, methylotrophic
organisms are also known to utilize a number of other
carbon containing compounds such as methylamine,
glucosamine and a variety of amino acids for metabolic
activity. For example, methylotrophic yeast are known
to utilize the carbon from methylamine to form
trehalose or glycerol (Bellion et al, Microb. Growth
Cl Compd., [Int. Symp.], 7th ed., 415-32. Editors:
Murrell et al, Publisher: Intercept, Andover, UK,
1993, which is hereby incorporated by reference in its
entirety, particularly with respect to carbon
sources). Similarly, various species of Candida
metabolize alanine or oleic acid (Suiter et al., Arch.
Microbiol. 153(5), 485-9, 1990, which is hereby
incorporated by reference in its entirety,
particularly with respect to carbon sources). [0271]
In some embodiments, cells are cultured in a standard
medium containing physiological salts and nutrients
(see, e.g., Pourquie, J . et al., Biochemistry and
Genetics of Cellulose Degradation, eds. Aubert et al.,
Academic Press, pp. 71-86, 1988; and Ilmen et al.,
Appl. Environ. Microbiol. 63:1298-1306, 1997, hereby
incorporated by reference, particularly with respect
to cell media). Exemplary growth media are common
commercially prepared media such as Luria Bertani (LB)
broth, Sabouraud Dextrose (SD) broth, or Yeast medium
(YM) broth. Other defined or synthetic growth media
may also be used, and the appropriate medium for
growth of particular host cells are known by someone
skilled in the art of microbiology or fermentation
science. [0272] In addition to an appropriate carbon
source, the cell medium desirably contains suitable
minerals, salts, cofactors, buffers, and other
components known to those skilled in the art suitable
for the growth of the cultures or the enhancement of
isoprene production (see, for example, WO 2004/033646
and references cited therein and WO 96/35796 and
references cited therein, which are each hereby
incorporated by reference in their entireties,
particularly with respect cell medias and cell culture
conditions). In some embodiments where an isoprene
synthase, DXS, IDI, and/or MVA pathway nucleic acid is
under the control of an inducible promoter, the
inducing agent (e.g., a sugar, metal salt or
antimicrobial), is desirably added to the medium at a
concentration effective to induce expression of an
isoprenesynthase, DXS, IDI, and/or MVA pathway
polypeptide. In some embodiments, cell medium has an
antibiotic (such as kanamycin) that corresponds to the
antibiotic resistance nucleic acid (such as a
kanamycin resistance nucleic acid) on a vector that
has one or more DXS, IDI, 



or MVA pathway nucleic acids. Exemplary Production
oflsoprene [0273] In some embodiments, the cells are
cultured in a culture medium under conditions
permitting the production of isoprene by the cells. In
some embodiments, the cells in culture produce
isoprene at greater than or about 1, 10, 25, 50, 100,
150, 200, 250, 300, 400, 500, 600, 700, 800, 900,
1,000, 1,250, 1,500, 1,750, 2,000, 2,500, 3,000,
4,000, 5,000, or more nmole of isoprene/gram of cells
for the wet weight of the cells/hour (nmole/gwcm/hr).
In some embodiments, the amount of isoprene is between
about 2 to about 5,000 nmole/gwcm/hr, such as between
about 2 to about 100 nmole/gwcm/hr, about 100 to about
500 nmole/gwcm/hr, about 150 to about 500 nmole/gwcm
/hr, about 500 to about 1,000 nmole/gwcm/hr, about
1,000 to about 2,000 nmole/gwcm/hr, or about 2,000 to
about 5,000 nmole/gwcm/hr. The amount of isoprene in
units of nmole/gwcm/hr can be measured as disclosed in
U.S. Patent No. 5,849,970, which is hereby
incorporated by reference in its entirety,
particularly with respect to the measurement of
isoprene production. For example, two mL of headspace
(e.g., headspace from a culture such as 2 mL of
culture cultured in sealed vials at 32 C with shaking
at 200 rpm for approximately 3 hours) are analyzed for
isoprene using a standard gas chromatography system,
such as a system operated isothermally (85 C) with an
noctane/ porasil C column (Alltech Associates, Inc.,
Deerfield, IL) and coupled to a RGD2 mercuric oxide
reduction gas detector (Trace Analytical, Menlo Park,
CA) (see, for example, Greenberg et al, Atmos.
Environ. 21A : 2689-2692, 1993; Silver et al, Plant
Physiol. 97:1588-1591, 1991, which are each hereby
incorporated by reference in their entireties,
particularly with respect to the measurement of
isoprene production). The gas chromatography area
units are converted to nmol isoprene via a standard
isoprene concentration calibration curve. In some
embodiments, the value for the grams of cells for the
wet weight of the cells is calculated by obtaining the
A oo value for a sample of the cell culture, and then
converting the A oo value to grams of cells based on a
calibration curve of wet weights for cell cultures
with a known A oo value. In some embodiments, the
grams of the cells is estimated by assuming that one
liter of broth (including cell medium and cells) with
an A oo value of 1 has a wet cell weight of 1 gram.
The value is also divided by the number of hours the
culture has been incubating for, such as three
hours.[0274] In some embodiments, the cells in culture
produce isoprene at greater than or about 1, 10, 25,
50, 100, 150, 200, 250, 300, 400, 500, 600, 700, 800,
900, 1,000, 1,250, 1,500, 1,750, 2,000, 2,500, 3,000,
4,000, 5,000, 10,000, 100,000, or more ng of
isoprene/gram of cells for the wet weight of the
cells/hr (ng/g wcm/h). In some embodiments, the amount
of isoprene is between about 2 to about 5,000 ng/g
wcm/h, such as between about 2 to about 100 ng/g
wcm/h, about 100 to about 500 ng/g wcm/h, about 500 to
about 1,000 ng/g wcm/h, about 1,000 to about 2,000
ng/g wcm/h, or about 2,000 to about 5,000 ng/g wcm/h.
The amount of isoprene in ng/g wcm/h can be calculated
by multiplying the value for isoprene production in
the units of nmole/g wcm/hr discussed above by 68.1
(as described in Equation 5 below). [0275] In some
embodiments, the cells in culture produce a cumulative
titer (total amount) of isoprene at greater than or
about 1, 10, 25, 50, 100, 150, 200, 250, 300, 400,
500, 600, 700, 800, 900, 1,000, 1,250, 1,500, 1,750,
2,000, 2,500, 3,000, 4,000, 5,000, 10,000, 50,000,
100,000, or more mg of isoprene/L of broth (mg/Lbroth,
wherein the volume of broth includes the volume of the
cells and the cell medium). In some embodiments, the
amount of isoprene is between about 2 to about 5,000
mg/Lbroth, such as between about 2 to about 100
mg/Lbroth, about 100 to about 500 mg/L broth, about
500 to about 1,000 mg/L broth, about 1,000 to about
2,000 mg/Lbroth, or about 2,000 to about 5,000
mg/Lbroth- The specific productivity of isoprene in mg
of isoprene/L of headspace from shake flask or similar
cultures can be measured by taking a 1 ml sample from
the cell culture at an OD oo value of approximately
1.0, putting it in a 20 mL vial, incubating for 30
minutes, and then measuring the amount of isoprene in
the headspace. If the OD oo value is not 1.0, then the
measurement can be normalized to an OD oo value of 1.0
by dividing by the OD oo value. The value of mg
isoprene/L headspace can be converted to
mg/Lbroth/hr/OD6oo of culture broth by multiplying by
a factor of 38. The value in units of
mg/Lbroth/hr/OD6oo can be multiplied by the number of
hours and the OD OO value to obtain the cumulative
titer in units of mg of isoprene/L of broth. [0276]
The instantaneous isoprene production rate in mg/L
broth/hr in a fermentor can be measured by taking a
sample of the fermentor off-gas, analyzing it for the
amount of isoprene (in units such as mg of isoprene
per Lgas), and multiplying this value by the rate at
which offgas is passed though each liter of broth
(e.g., at 1 vvm (volume of air/volume of broth/minute)
this is 60 Lgas per hour). Thus, an off-gas level of 1
mg/L gas corresponds to an instantaneous production
rate of 60 mg/L broth/hr at air flow of 1 vvm. If
desired, the value in the units mg/L broth/hr can be
divided by the OD OO value to obtain the specific rate
in units of mg/L broth/hr/OD. The average value of mg
isoprene/L gas can be converted to the total product
productivity (grams of isoprene per liter of
fermentation broth, mg/Lbroth) by multiplying
thisaverage off-gas isoprene concentration by the
total amount of off-gas sparged per liter of
fermentation broth during the fermentation. Thus, an
average off-gas isoprene concentration of 0.5
mg/Lbroth/hr over 10 hours at 1 vvm corresponds to a
total product concentration of 300 mg isoprene/Lbroth-
[0277] In some embodiments, the cells in culture
convert greater than or about 0.0015, 0.002, 0.005,
0.01, 0.02, 0.05, 0.1, 0.12, 0.14, 0.16, 0.2, 0.3,
0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.2, 1.4, or 1.6%
of the carbon in the cell culture medium into
isoprene. In some embodiments, the percent conversion
of carbon into isoprene is between about 0.002 to
about 1.6%, such as about 0.002 to about 0.005%, about
0.005 to about 0.01%, about 0.01 to about 0.05%, about
0.05 to about 0.15%, 0.15 to about 0.2%, about 0.2 to
about 0.3%, about 0.3 to about 0.5%, about 0.5 to
about 0.8%, about 0.8 to about 1.0%, or about 1.0 to
about 1.6%. The percent conversion of carbon into
isoprene (also referred to as "% carbon yield") can be
measured by dividing the moles carbon in the isoprene
produced by the moles carbon in the carbon source
(such as the moles of carbon in batched and fed
glucose and yeast extract). This number is multiplied
by 100% to give a percentage value (as indicated in
Equation 1). Equation 1 [0278] %Carbon Yield = (moles
carbon in isoprene produced)/(moles carbon in carbon
source) * 100 [0279] For this calculation, yeast
extract can be assumed to contain 50% w/w carbon.
Equation 2 [0280] % Carbon Yield = (39.1 g isoprene *
l/68.1mol/g * 5 C/mol)/[(181221 g glucose * 1/180
mol/g * 6 C/mol) + (17780 g yeast extract * 0.5 * 1/12
mol/g)] * 100 = 0.042% [0281] One skilled in the art
can readily convert the rates of isoprene production
or amount of isoprene produced into any other units.
Exemplary equations are listed below for
interconverting between units. Units for Rate of
Isoprene production (total and specific) Equation 3
[0282] 1 g isoprene/L broth/hr = 14.7 mmol isoprene/L
broth/hr (total volumetric rate) Equation 4[0283] 1
nmol isoprene /gwcm/hr = 1 nmol isoprene
/Lbroth/hr/OD6oo (This conversion assumes that one
liter of broth with an OD oo value of 1 has a wet cell
weight of 1 gram.) Equation 5 [0284] 1 nmol isoprene/g
wcm/hr = 68.1 ng isoprene/g wcm/hr (given the
molecular weight of isoprene) Equation 6 [0285] 1 nmol
isoprene/L gas O2/hr = 90 nmol isoprene/L broth/hr (at
an O2 flow rate of 90 L/hr per L of culture broth)
Equation 7 [0286] 1 mg isoprene/L gas isoprene in
off-gas = 60 mg isoprene/L broth/hr at a flow rate of
60 Lgas per Lbroth ( l vvm) Units for Titer (total and
specific) Equation 8 [0287] 1 nmol isoprene/mg cell
protein = 150 nmol isoprene/Lb roth/OD6oo (This
conversion assumes that one liter of broth with an OD
oo value of 1 has a total cell protein of
approximately 150 mg) (specific productivity) Equation
9 [0288] 1 g isoprene/Lbroth = 14.7 mmol isoprene/Lb
roth (total titer) [0289] If desired, Equation 10 can
be used to convert any of the units that include the
wet weight of the cells into the corresponding units
that include the dry weight of the cells. Equation 10
[0290] Dry weight of cells = (wet weight of cells)/3
.3 [0291] In some embodiments encompassed by the
invention, a cell comprising a heterologous nucleic
acid encoding an isoprene synthase polypeptide
produces an amount of isoprene that is at least or
about 2-fold, 3-fold, 5-fold, 10-fold, 25-fold,
50-fold, 100-fold, 150-fold, 200-fold, 400-fold, or
greater than the amount of isoprene produced from
acorresponding cell grown under essentially the same
conditions without the heterologous nucleic acid
encoding the isoprene synthase polypeptide. [0292] In
some embodiments encompassed by the invention, a cell
comprising a 



heterologous nucleic acid encoding an isoprene
synthase polypeptide and one or more heterologous
nucleic acids encoding a DXS, IDI, and/or MVA pathway
polypeptide produces an amount of isoprene that is at
least or about 2-fold, 3-fold, 5-fold, 10-fold,
25-fold, 50-fold, 100-fold, 150-fold, 200-fold,
400-fold, or greater than the amount of isoprene
produced from a corresponding cell grown under
essentially the same conditions without the
heterologous nucleic acids. Exemplary Isoprene
Purification Methods [0293] In some embodiments, any
of the methods described herein further include
recovering the isoprene. For example, the isoprene
produced using the compositions and methods of the
invention can be recovered using standard techniques
such as gas stripping, fractionation,
adsorption/desorption, pervaporation, thermal or
vacuum desorption of isoprene from a solid phase, or
extraction of isoprene immobilized or absorbed to a
solid phase with a solvent (see, for example, U.S.
Patent Nos. 4,703,007 and 4,570,029, which are each
hereby incorporated by reference in their entireties,
particularly with respect to isoprene recovery and
purification methods). In some embodiments, the
recovery of isoprene involves the isolation of
isoprene in a liquid form (such as a neat solution of
isoprene or a solution of isoprene in a solvent). Gas
stripping involves the removal of isoprene vapor from
the fermentation off-gas stream in a continuous
manner. Such removal can be achieved in several
different ways including, but not limited to,
adsorption to a solid phase, partition into a liquid
phase, or direct condensation. In some embodiments,
membrane enrichment of a dilute isoprene vapor stream
above the dew point of the vapor resulting in the
condensation of liquid isoprene. [0294] The recovery
of isoprene may involve one step or multiple steps. In
some embodiments, the removal of isoprene vapor from
the fermentation off-gas and the conversion of
isoprene to a liquid phase are performed
simultaneously. For example, isoprene can be directly
condensed from the off-gas stream to form a liquid. In
some embodiments, the removal of isoprene vapor from
the fermentation off-gas and the conversion of
isoprene to a liquid phase are performed sequentially.
For example, isoprene may be adsorbed to a solid phase
and then extracted from the solid phase with a
solvent.[0295] In some embodiments, any of the methods
described herein further include purifying the
isoprene. For example, the isoprene produced using the
compositions and methods of the invention can be
purified using standard techniques. Purification
refers to a process through which isoprene is
separated from one or more components that are present
when the isoprene is produced. In some embodiments,
the isoprene is obtained as a substantially pure
liquid. Examples of purification methods include (i)
distillation from a solution in a liquid extractant
and (ii) chromatography. As used herein, "purified
isoprene" means isoprene that has been separated from
one or more components that are present when the
isoprene is produced. In some embodiments, the
isoprene is at least about 20%, by weight, free from
other components that are present when the isoprene is
produced. In various embodiments, the isoprene is at
least or about 25%, 30%, 40%, 50%, 60%, 70%, 75%, 80%,
90%, 95%, or 99%, by weight, pure. Purity can be
assayed by any appropriate method, e.g., by column
chromatography, HPLC analysis, or GC-MS analysis.
[0296] [0297] Crystal Structure of Isoprene Synthase
[0298] The invention also contemplates crystalline
forms of plant isoprene synthase (e.g., poplar and
kudzu) and its variants as described supra and in the
Examples. In one embodiment, the invention comprises
any polypeptide which has the crystal structure of
poplar isoprene synthase as disclosed in Table 16-7.
EXPERIMENTAL [0299] The following examples are
provided in order to demonstrate and further
illustrate certain preferred embodiments and aspects
of the present invention and are not to be construed
as limiting the scope thereof. [0300] In the
experimental disclosure which follows, the following
abbreviations apply: C (degrees Centigrade); rpm
(revolutions per minute); H O (water); diH2O
(deionized water); aa and AA (amino acid); bp (base
pair); kb (kilobase pair); kD (kilodaltons); gm
(grams); mg and ug (micrograms); mg (milligrams); ng
(nanograms); ml and ul (microliters); ml
(milliliters); mm (millimeters); qs (quantity
sufficient); nm (nanometers); mm and um (micrometer);
M (molar); mM (millimolar); mM and uM (micromolar); pM
(picomolar); U (units); MW (molecular weight); sec
(seconds); min (minute/minutes); hr (hour/hours); OD
oo (optical density at 600 nm); BSA (bovine serum
albumin); DMAPP (dimethylallyl diphosphate); DTT
(dithiothreitol); EtOH (ethanol); IPTG
(isopropyl-beta-Dthiogalactopyranoside); isoprene
(2-methyl- 1,3-butadiene); IspS (isoprene synthase);
PAGE (polyacrylamide gel electrophoresis); PBS
(phosphate buffered saline [150 rnM NaCl, 10 rnM
sodium phosphate buffer, pH 7.2]); and SDS (sodium
dodecyl sulfate). [0301] The following abbreviations
apply to companies whose products or services may have
been referred to in the experimental examples: Agilent
(Agilent Technologies, Santa Clara, CA); Becton
Coulter (Becton Coulter, Inc., Fullerton, CA); Bio-Rad
(Bio-Rad Laboratories, Hercules, CA); Cayman Chemical
(Cayman Chemical Co., Ann Arbor, MI); CTC Analytics
(CTC Analytics A.G., Zwingen, Switzerland); EMS
(Electron Microscopy Supply, Hatfield, PA); Epicentre
(Epicentre Biotechnologies, Madison, WI); Integrated
DNA Technologies (Integrated DNA Technologies,
Coralville, IA); Invitrogen (Invitrogen Corp.,
Carlsbad, CA); Molecular Dynamics (Molecular Dynamics,
Sunnyvale, CA); Novagen (Novagen, Inc., Madison, WI);
Perkin Elmer (Perkin Elmer, Waltham, MA); Roche (Roche
Applied Science, Indianopolis, IN); Sigma
(Sigma-Aldrich, St. Louis, MO); Stratagene (Stratagene
Cloning Systems, La Jolla, CA); Qiagen (Qiagen, Inc.,
Valencia, CA); Takara (Takara Bio USA, Madison, WI);
Thomson Instrument (Thomson Instrument Co., Oceanside,
CA); V&P Scientific (V&P Scientific, Inc., San Diego,
CA); and Zinsser (Zinsser North America, Northridge,
CA). EXAMPLE 1 Cloning of Kudzu Isoprene Synthase for
Expression in Recombinant Bacteria [0302] In this
example, methods used to produce kudzu isoprene
synthase (IspS) in E. coli are described. The protein
sequence for the kudzu (Pueraria montana) isoprene
synthase gene (IspS) was obtained from GenBank
(AAQ84170). A kudzu isoprene synthase gene, optimized
for E. coli codon usage, was purchased from DNA2.0
(Menlo Park, CA), and is set forth as SEQ ID NO:1
(Figure 1). The isoprene synthase gene was removed
from the supplied plasmid by restriction endonuclease
digestion with BspL\]\ II /Pstl, gel-purified, and
ligated into pTrcHis2B (Invitrogen) that had been
digested with NcollPstl. The construct was designed
such that the stop codon in the isoprene synthase gene
was 5' to the Pstl site. As a result, when the
construct was expressed the His-Tag is not attached to
the isoprene synthase protein. The resulting plasmid,
pTrcKudzu, was verified by sequencing. [0303] The
isoprene synthase gene was also cloned into pETl bb
(Novagen). In this case, the isoprene synthase gene
was inserted into pETl bb such that the recombinant
isoprene synthase protein contained the N-terminal His
tag. The isoprene synthase gene was amplifiedfrom
pTrcKudzu by PCR using the primer set
pET-His-Kudzu-2F: 5'-CGTGAGATCA TATGTGTGCG ACCTCTTCTC
AATTTAC (SEQ ID N0:3) and pET-His-Kudzu-R: 5'-
CGGTCGACGG ATCCCTGCAG TTAGACATAC ATCAGCTG (SEQ ID
N0:4). These primers added an Ndel site at the 5'-end
and a BamHl site at the 3' end of the gene
respectively. The plasmid pTrcKudzu, described above,
was used as template DNA, HERCULASE DNA polymerase
(Stratagene) was used according to manufacturer' s
directions, and primers were added at a concentration
of 10 pM. The PCR was carried out in a total volume of
25 ml . The PCR product was digested with NdellBamHl
and cloned into pETl bb digested with the same
enzymes. The ligation mix was transformed into E. coli
ToplO (Invitrogen) and the correct clone selected by
sequencing. The resulting plasmid designated
pETNHisKudzu is then transformed into BL21(lDE3)pLysS
(Novagen) cells for expression from the T7 promoter.
[0304] The kudzu isoprene synthase gene was also
cloned into the low copy number plasmid pCL1920
(Lerner and Inouye, Nucl Acids Res, 18:4631, 1990).
Primers were used to amplify the kudzu isoprene
synthase gene from pTrcKudzu described above. The
forward primer added a HmdIII site and an E. coli
consensus RBS to the 5' end. The Pstl cloning site was
already present in pTrcKudzu just 3' of the stop codon
so the reverse primer was constructed such that the
final PCR product includes the Pstl site. The
sequences of the primers were: HindIII-rbs-Kudzu F:
5'-CATATGAAAG CTTGTATCGA TTAAATAAGG AGGAATAAAC C (SEQ
ID NO:5) and BamHl-Kudzu R: 5'-CGGTCGACGG ATCCCTGCAG
TTAGACATAC ATCAGCTG (SEQ ID NO:4). The PCR product was
amplified using HERCULASE DNA polymerase (Stratagene)
with primers at a concentration of 10 pM and with 1 ng
of template DNA (pTrcKudzu). The amplification
protocol included 30 cycles of (95 C for 1 minute, 60
C for 1 minute, 72 C for 2 minutes). The product was
digested with HmdIII and Pstl and ligated into
pCL1920, which had also been digested with HmdIII and
Pstl. The ligation mix was transformed into E. coli
ToplO. Several transformants were verified by sequence
analysis. The resulting plasmid was designated
pCL-lac-Kudzu. 



[0305] In order to remove the beta-lactamase gene,
pTrcKudzu was digested with BspHl, treated with shrimp
alkaline phosphatase (SAP), incubated at 65C for 10
min to heat kill the SAP, then end-filled by
incubating with 2 units of Klenow fragment (New
England BioLabs)and dNTPS. The 5 kb fragment was
purified from an agarose gel and ligated to the Kan(R)
gene. The Kan(R) gene was prepared by PCR
amplification from pCR-Blunt-IITOPO (Invitrogen) using
primers MCM22 and MCM23 and Taq DNA polymerase
accordingto the Manufacturer's instructions. The PCR
fragment was digested with HmdIII and Pvul, and
end-filled using Klenow Fragment and dNTPs. The
ligation mixture was transformed into E. coli Top 10
chemically competent cells and a transformant carrying
a plasmid conferring kanamycin resistance,
pTrcKudzu(kan), was selected on Luria Agar containing
kanamycin (50mg/ml). The sequences of the primers
were: MCM22 5'- gatcaagctt AACCGGAATTGCCAGCTG (SEQ ID
NO: 15); and MCM23 5'-
gatccgatcgTCAGAAGAACTCGTCAAGAAGGC (SEQ ID NO: 16).
EXAMPLE 2 Cloning of Poplar Isoprene Synthase for
Expression in Recombinant Bacteria [0306] In this
example, methods used to produce poplar isoprene
synthase (IspS) in E. coli are described. The protein
sequence for the poplar (Populus alba x Populus
tremula) isoprene synthase (Schnitzler et al., Planta
222:777-786, 2005) was obtained from GenBank
(CAC35696). A gene, codon optimized for E. coli, was
purchased from DNA2.0 and is set forth as SEQ ID NO:6
(Figure 3). The isoprene synthase gene was removed
from the supplied plasmid (p9796-poplar) by
restriction endonuclease digestion with BsplLJl II
IPstl, gel-purified, and ligated into pTrcHis2B that
had been digested with NcollPstl. The construct is
cloned such that the stop codon in the insert is
before the Pstl site, which results in a construct in
which the His-Tag is not attached to the isoprene
synthase protein. The resulting plasmid, pTrcPoplar,
was verified by sequencing using commercially
available primers that hybridize within the vector
sequence (Forward and Reverse), as well as the primer
Poplar InSeq 5'-GAGAAAATCG GTAAGGAACT GG (SEQ ID
NO:8). EXAMPLE 3 Isoprene Production in Recombinant
Bacteria [0307] In this example, methods used to
produce and measure isoprene in recombinant E. coli
are described. I . Determination of isoprene
production [0308] For the shake flask cultures, one ml
of a culture was transferred from shake flasks to 20
ml CTC headspace vials (Agilent vial Catalog No. 5188
2753, and cap Catalog No. 5188 2759). The cap was
screwed on tightly and the vials incubated at the
equivalent temperaturewith shaking at 250 rpm. After
30 minutes, the vials were removed from the incubator
and analyzed as described below. In cases where
isoprene production in fermentors was determined,
samples were taken from the off-gas of the fermentor
and analyzed directly. [0309] The analysis was
performed using an Agilent 6890 GC/MS system
interfaced with a CTC Analytics CombiPAL autosampler
operating in headspace mode. An Agilent HP-5MS GC/MS
column (30 m x 0.25 mm; 0.25 mm film thickness) was
used for separation of analytes. The sampler was set
up to inject 500 mL of headspace gas. The GC/MS method
utilized helium as the carrier gas at a flow of 1
ml/min. The injection port was held at 250 C with a
split ratio of 50:1. The oven temperature was held at
37 C for the 2 min duration of the analysis. The
Agilent 5793N mass selective detector was run in
single ion monitoring (SIM) mode on m/z 67. The
detector was switched off from 1.4 to 1.7 minutes to
allow the elution of permanent gases. Under these
conditions, isoprene (2-methyl-l,3-butadiene) was
observed to elute at 1.78 minutes. A calibration table
was used to quantify the absolute amount of isoprene
and was found to be linear from 1 mg/L to 200 mg/L.
The limit of detection was estimated to be 50 to 100
ng/L using this method. II. Production of isoprene in
shake flasks [0310] The vectors described above were
introduced into E. coli strain BL21(lDE3)pLysS
(Novagen) to produce strains BL21/ptrcKudzu,
BL21/pCL-lac-Kudzu and BL21/pETHisKudzu. The strains
were spread for isolation onto LA (Luria agar)
containing the appropriate antibiotic (50 mg/ml
carbenicillin for BL21/ptrcKudzu and BL21/pETHisKudzu
or 50 mg/ml spectinomycin for BL21/pCL-lac-Kudzu) and
incubated overnight at 37 C. Single colonies were
inoculated into 250 ml baffled shake flasks containing
20 ml Luria Bertani broth (LB) and the appropriate
antibiotic. Cultures were grown overnight at 20 C with
shaking at 200 rpm. The OD OO of the overnight
cultures was measured and the cultures were diluted
into a 250 ml baffled shake flask containing 30 ml
MAGICMEDIA expression medium (Invitrogen) containing
the appropriate antibiotic to an OD6Oo ~ 0.05. The
culture was incubated at 30 C with shaking at 200 rpm.
When the OD6oo ~ 0.5 - 0.8, 400 mM IPTG was added and
the cells were incubated for a further 6 hours at 30 C
with shaking at 200 rpm. At 0, 2, 4 and 6 hours after
induction with IPTG, 1ml aliquots of the cultures were
collected, the OD OO was determined and the amount of
isoprene produced was measured as described above.III.
Production of Isoprene from BL21/ptrcKudzu in 14 liter
fermentation [0311] Large-scale production of isoprene
from E. coli containing the recombinant kudzu isoprene
synthase gene was determined from a fed-batch culture.
The recipe for the fermentation media (TM2) per liter
of fermentation medium was as follows: K HPO4 13.6 g,
KH2PO4 13.6 g, MgSO 4 * 7H2O 2 g, citric acid
monohydrate 2 g, ferric ammonium citrate 0.3 g,
(NH4)2SO4 3.2 g, yeast extract 5 g, IOOOX Modified
Trace Metal Solution 1 ml. AU of the components were
added together and dissolved in diH2O. The pH was
adjusted to 6.8 with potassium hydroxide (KOH) and qs
to volume. The final product was filter sterilized
with 0.22 mM filter, but not autoclaved. The recipe
for IOOOX Modified Trace Metal Solution was as
follows: Citric Acids * H2O 40 g, MnSO 4 * H2O 30 g,
NaCl 10 g, FeSO 4 * 7H2O 1 g, CoCl 2 * 6H2O 1 g, ZnSO
* 7H2O 1 g, CuSO 4 * 5H2O 100 mg, H3BO3 100 mg, NaMoO
4 * 2H2O 100 mg. Each component was dissolved one at a
time in diH2O, the pH was adjusted to 3.0 with
HCl/NaOH, then qs to volume and filter sterilized with
a 0.22 m filter. [0312] This experiment was carried
out in 14 L bioreactor to monitor isoprene formation
from glucose at the desired fermentation, pH 6.7 and
temperature 34 C. An inoculum of E. coli strain
BL21/ptrcKudzu taken from a frozen vial was prepared
in soytone-yeast extractglucose medium in two 600 ml
flasks.. After the inoculum grew to OD550 = 0.6, two
600 ml flasks were centrifuged and the contents
resuspended in 70 ml supernatant to transfer the cell
pellet (70 ml of OD 3.1 material) to the bioreactor.
At various times after inoculation, samples were
removed and the amount of isoprene produced was
determined as described above. EXAMPLE 4 Selection of
Sites for Improvement of Plant Isoprene Synthases
[0313] The isoprene synthases of plants were expected
to be homologous to the terpene synthases. The
three-dimensional structures of two homologous terpene
synthases have been determined from bornyl diphosphate
synthase (pdb entry INlB) and 5-epi-aristolochene
synthase (pdb entry 5EAU). These enzymes share only
32% homology but their tertiary structure is
conserved. In addition, the structures of intermediate
complexes with both enzymes have shown that not only
tertiary folding, but also detailed interactions in
the active sites of these enzymes are highly
conserved. [0314] The kudzu and poplar isoprene
synthases have higher sequence identity than was seen
between the bornyl diphosphate synthase and the
5-epi-aristolochene synthase as shown in Table 4-1
below.Table 4-1. Percent Identity of Various Enzymes
[0315] A homology model of the poplar isoprene
synthase has been made based on the bornyl diphosphate
synthase (BDP-synthase) pdb entry 1N24 (-40% sequence
identity). The homology model appears to be plausible
based on the close similarity of 10 trial models
created using the program MOE written and supported by
The Chemical Computing Group, Inc. The plausibility is
based on the conservation of common amino acid
residues at sites found to be involved in catalysis in
the BDP-synthase structure. [0316] A comparison of the
active site from the structure of BDP-synthase and the
homology model of poplar IspS indicates that the
active site involved in metal ion binding and
phosphate recognition is conserved. In particular, Lys
272, Asp 309, Asp 313, GIu 387, Arg 450 and Asn 453 of
poplar IspS were observed to overlap equivalent
residues in BDPsynthase. In this example, amino acid
residue positions for poplar IspS are derived from SEQ
ID NO:7. The positioning of an intermediate of the
BDP-synthase was also compared with the poplar IspS
homology model. Based on this, it was possible to
identify the analogous binding region and the approach
direction that isopentenyl diphosphate would require
in order to bind and react with the poplar IspS
enzyme. [0317] A homology model of the kudzu isoprene
synthase has been made based on bornyl diphosphate
synthase pdb entry 1N24 having (-40% sequence
identity). A comparison of the active site from the
structure of BDP-synthase with the homology model of
kudzu IspS indicates that numerous active site
residues involved in metal ion binding and phosphate
recognition are conserved. In particular, Arg 269, Asp
306, Asp 310, GIu 384, Arg 450 and Asn 453 of kudzu
IspS were observed to overlap equivalent residues in
BDP-synthase. 



[0318] A comparison of the active site residues
identified in the homology models of poplar and kudzu
IspS revealed that residues from one homology model
are also quite homologous with similar residues,
appearing with only minor shifts in the relative
position numbers for some of the residues, in the
other homology model. Based on the homology models,
sites in poplar and kudzu IspS were identified as
candidates for mutagenesis to produce variant IspS
enzymes with improved performance. Briefly, sites were
selected in theIspS that might alter the interaction
of the metal binding, the diphosphate recognition, the
IPP chain binding and/or the approach to the active
site. I . Diphosphate/ Metal Binding Sites [0319] The
side chains of amino acid residues in the poplar IspS
that are found in proximity to the metal and
diphosphate (DPP) binding side chains were identified.
These residues include Phe 384, Tyr 402, Ala 406, Ser
409, Ala 460 and Asn 469. The inventors note that Lys
272 is incorrect based on homology to other known
poplar IspS sequences, which have an Arg at this
position. II. Substrate Access Loop [0320] The
substrate access loop of poplar IspS is in a region
that deviates from the BDPsynthase structure. In the
BDP-synthase structure the residues form a segment
that creates a cover. Without being bound by theory,
the inventors expect that this segment in the actual
three-dimensional structure of poplar IspS will form a
similar structure. As such the residues in this loop,
including residues 455-466, will be in a position to
alter the activity of the poplar IspS enzyme. In the
poplar IspS enzyme residues 454-466 have the following
sequence: LASASAEIARGET (SEQ ID NO:9). III. Isoprenyl
Binding Site [0321] The complex of BDP-synthase and
the product of the reaction, bornyl diphosphate (pdb
entry 1N24), was used to identify residues in the
poplar model that may modulate substrate specificity
and/or reaction rate (altered on and off rates of
substrate and product). These residues include Arg
274, Trp 281 Phe 302, VaI 305, Ser 4 11, GIn 415, Phe
449, Ser 537 and GIu 540. Table 4-2. Candidate
Mutagenesis SitesA LUBRICATING OIL ADDITIVE
COMPOSITION AND METHOD OF MAKING THE SAME FIELD OF THE
INVENTION The present invention is directed to an
improved dispersant additive composition that is used
in engine oils; and it is also directed to the process
of making the same. BACKGROLFNDOF THE INVENTION It is
known to employ nitrogen containing dispersants and/or
detergents in the formulation of lubricating oil
compositions. Many of the known dispersant/detergent
compounds are based on the reaction of an
alkenylsuccinic acid or anhydride with an amine or
polyamine to produce an alkenylsuccinimide or an
alkenyl succinamic acid as determined by selected
conditions of reaction. One problem facing the
lubricant manufacturer is dispersancy of particulate
matter in internal combustion engines. Failure to have
adequate particulate matter dispersancy may result in
filter plugging, sludge accumulation, and oil
thickening. DESCRIPTION OF THE RELATED ART Liu et al.,
U.S. Patent No. 6,1 17,825, discloses a lubricating
oil composition that comprises a major amount of an
oil of lubricating viscosity; and a minor amount of a
synergistic combination of an antioxidant-dispersant
additive and a dispersant additive, said combination
comprising: (i) a polyisobutylene succinimide (PIBSAD)
and (ii) an ethylene-propylene succinimide (LEPSAD).
Nalesnik, U.S. Patent No. 5,1 39,688, discloses an
additive composition comprising an oxidized ethylene
copolymer or terpolymer of a C3-C10alpha-monoolefin
and, optionally, a non-conjugated diene or trienc
which has been reacted with a formaldehyde compound
and with an amino-aromatic polyamine compound. Gnther
et al., U.S Patent No. 6,512,055, discloses a
copolymer obtained by free radical copolymerization of
at least one monoethylenically unsaturated C4.-C6
dicarboxylic acid or anhydride thereof, an oligomer,
and one monoethylenically unsaturated compound.Gnther
et al., U.S Patent No. 6,284,716, discloses a
lubricating oil composition comprising a lubricant oil
and a copolymer obtained by free radical
copolymerization of at least one monoethylenically
unsaturated Gi-Cs dicarboxylic acid or anhydride
thereof, an oligomer, and one monoethylenically
unsaturated compound, wherein the copolymer is further
reacted with an amine. Harrison et al., U.S. Patent
No. 5,792,729, discloses a dispersant terpolymer and
polysuccinimide compositions derived from the
terpolymers. The terpolymer is obtained by free
radical copolymerization of an unsaturated acidic
reagent, a 1-olefin, and a 1,1-disubstituted olefin in
the presence of a free radical initiator. Barr et al.,
U.S. Patent No. 5,670,462, discloses a lubricating oil
additive composition that is the reaction product of
(i) a copolymerized olefin and unsaturated carboxylic
acylating agent monomer with a free radical initiator
and (ii) a succinimide prepared from an acyclic
hydrocarbyl substituted succinic acylating agent and a
polyamine wherein the hydrocarbyl substituted succinic
acylating agent is prepared by reacting a polyolefin
and an acylating agent under conditions such that at
least 75 mole % of the starting polyolefin is
converted to the hydrocarbyl-substituted succinic
acylating agent. Harrison et al., U.S. Patent No.
6,451,920, discloses copolymerizing a polyalkene and
an unsaturated acidic reagent, followed by reacting
any unreacted polyalkene with the unsaturated acidic
reagent at elevated temperatures in the presence of a
strong acid. Chung et al., U.S. Patent Nos. 5,427,702
and 5,744,429, disclose a mixture of derivatized
ethylene-alpha olefin copolymers, wherein functional
groups are grafted onto the copolymer. The
functionalized copolymer is mixed with at least one of
an amine, alcohol, including polyol, amino alcohol
etc. to form multi-functional viscosity index improver
additive components. Harrison et al., U.S. Patent No.
5,1 12,507, discloses novel copolymers of unsaturated
acidic reactants and high molecular weight olefins
wherein at least 20% of the totalhigh molecular weight
olefin comprises the alkylvinylidene isomer which
copolymers are useful as dispersants in lubricating
oils and fuels and also may be used to prepare
polysuccinimides and other post-treated additives
useful in lubricating oils and fuels. Harrison et al.,
U.S. Patent No. 6,358,892 discloses a succinimide
composition. Harrison et al., U.S. Patent No.
6,451,920 discloses a process of making
polysuccinimides. Harrison, U.S. Patent No. 5,849,676
discloses a succinimide. Harrison, U.S. Patent No.
discloses a haze-free post-treated succinimide. Frank
et al., U.S. Patent No. 3,287,271 discloses a novel
lubricating oil composition containing a combined
detergent-corrosion inhibitor. Le Suer U.S. Patent No.
3,374,1 74 discloses nitrogen containing compositions
obtained from the reaction of an amine with a high
molecular weight carboxylic acid such as a
monocarboxylic acid and alkylene or arylene
dicarboxylic. Liston U.S. Patent No. 3,692,681
discloses a terephthalic acid dispersed in a
hydrocarbon medium containing highly hindered acylated
alkylene polyamines. Durand et al. U.S. Patent No.
4,747,964 discloses a new dispersing additive
composition. Clark et aJ. U.S. Patent No. 6,255,258
discloses an oil-soluble dispersant. Scattergood et
al. EPA No. 0438848A1 discloses a method of
lubricating mechanical parts. Michio et al., JP51
130408 discloses lubricating oil additives.SUMMARY OF
THE INVENTION In its broadest embodiment, the present
invention is directed to a post-treated polymeric
dispersant prepared by the process comprising reacting
(I) a post-treating agent selected from a cyclic
carbonate, a linear mono-carbonate, a linear
polycarbonate, an aromatic polycarboxylic acid, an
aromatic polycarboxylic anhydride or an aromatic
polycarboxylic acid ester and (11) a lubricating oil
additive composition prepared by the process
comprising reacting (A) at least one of the following
copolymers: (1) a copolymer obtained by free radical
copolymerization of components comprising: (a) at
least one monoethylenically unsaturated C3 to
C28monocarboxylic acid or ester thereof, or C4 to
C28dicarboxylic acid, anhydride or ester thereof; (b)
at least one 1-olefin comprising about 2 to 40 carbon
atoms or at least one polyolefin comprising about 4 to
360 carbon atoms and having a terminal copolymerizable
group in the form of a vinyl, vinylidene or alkyl
vinylidene group or mixtures thereof; and (c) at least
one monoolefin compound which is copolymerizable with
the monomers of (a) and (b) and is selected from the
group consisting of: 



(1) an alkyl vinyl ether and an allyl alkyl ether
where the alkyl group is hydroxyl, amino, dialkylamino
or alkoxy substituted or is unsubstituted, and
containing from about 1 to about 40 carbon atoms; (2)
an alkyl amine and an N-alkylamide of a
monoethylenically unsaturated mono- or dicarboxylic
acid of from about 3 to about 10 carbon atoms where
the alkyl substituent contains from about 1 to about
40 carbon atoms;(3) an N-vinylcarboxamide of
carboxylic acids of from about I to about 8 carbon
atoms; (4) an N-vinyl substituted nitrogen-containing
heterocyclic compound; and (5) at least one 1-olefin
comprising about 2 to 40 carbon atoms or at least one
polyolefin comprising about 4 to about 360 carbon
atoms and having a terminal copolymerizable group in
the form of a vinyl, vinylidene or alkyl vinylidene
group or mixtures thereof, provided that the olefin
employed is not the same as the olefin employed in
(i)(b); (ii) a copolymer obtained by reacting compound
(i)(a) and compound(i)(b) in the presence of a free
radical initiator; (iii) a copolymer obtained by (a)
reacting compound (i)(a) with compound (i)(b) or
(i)(c) in a non-free radical catalyzed reaction in the
presence of copolymer (i) or copolymer (ii) or both;
or by (b) contacting copolymer (i) or copolymer (ii)
or both with the non-free radical catalyzed reaction
product of compound (i)(a) and compound (i)(b) or
(i)(c); with (B) at least one ether compound capable
of being reacted with at least two monocarboxylic
acids or esters thereof, or with at least two
dicarboxylic acids, anhydrides or esters thereof, or
mixtures thereof; (C) at least one aliphatic compound
having at least two functional groups, wherein one of
the functional groups is capable of reacting with at
least one monocarboxylic acid or ester thereof, or
dicarboxylic acid, anhydride or ester thereof and
wherein another functional group is capable of
reacting with at least one post-treating agent. In one
embodiment, the present invention is directed to a
lubricating oil composition comprising a major amount
of an oil of lubricating viscosity and a minor amount
of a post-treated polymeric dispersant prepared by the
process which comprises reacting (I) a post-treating
agent selected from a cyclic carbonate, a linear
mono-carbonate, alinear poly-carbonate, an aromatic
polycarboxylic acid or an aromatic polycarboxylic
anhydride or an aromatic polycarboxylic acid ester and
(II) a lubricating oil additive composition prepared
by the process comprising reacting (A) at least one of
the following copolymers: (i) a copolymer obtained by
free radical copolymerization of components
comprising: (a) at least one monoethylenically
unsaturated C3-C28monocarboxylic acid or ester
thereof, or C4-C2gdicarboxylic acid, anhydride or
ester thereof; (b) at least one 1-olefin comprising
about 2 to 40 carbon atoms or at least one polyolefin
comprising about 4 to 360 carbon atoms and having a
terminal copolymerizable group in the form of a vinyl,
vinylidene or alkyl vinylidene group or mixtures
thereof; and (c) at least one monoolefin compound
which is copolymerizable with the monomers of (a) and
(b) and is selected from the group consisting of: (1)
an alkyl vinyl ether and an allyl alkyl ether where
the alkyl group is hydroxyl, amino, dialkylamino or
alkoxy substituted or is unsubstituted, and containing
from about 1 to about 40 carbon atoms; (2) an alkyl
amine and an N-alkylamide of a monoethylenically
unsaturated mono- or dicarboxylic acid of from about 3
to about10 carbon atoms where the alkyl substituent
contains from about 1to about 40 carbon atoms; (3) an
N-vinylcarboxamide of carboxylic acids of 5 from about
1 to about 8 carbon atoms; (4) an N-vinyl substituted
nitrogen-containing heterocyclic compound; and 10 (5)
at least one 1-olefin comprising about 2 to 40 carbon
atoms or at least one polyolefin comprising about 4 to
about 360 carbon atoms and having a terminal
copolymerizable group in the form of a vinyl,
vinylidene or alkyl vinylidene 15 group or mixtures
thereof, provided that the olefin employed is not the
same as the olefin employed in (i)(b); (ii) a
copolymer obtained by reacting compound (i)(a) and 20
compound(i)(b) in the presence of a free radical
initiator; (iii) a copolymer obtained by (a) reacting
compound (i)(a) with compound (i)(b) or (i)(c) in a
non-free radical catalyzed reaction in the presence of
copolymer (i) or copolymer (ii) or 25 both; or by (b)
contacting copolymer (i) or copolymer (ii) or both
with the non-free radical catalyzed reaction product
of compound (i)(a) and compound (i)(b) or (i)(c); with
(B) at least one ether compound capable of being
reacted with at least 30 two monocarboxylic acids or
esters thereof, or with at least two dicarboxylic
acids, anhydrides or esters thereof, or mixtures
thereof;(C) at least one aliphatic compound having at
least two functional groups, wherein one of the
functional groups is capable of reacting with at least
one monocarboxylic acid or ester thereof, or
dicarboxylic acid, anhydride or ester thereof and
wherein another functional group is capable of
reacting with at least one posttreating agent. In one
embodiment, the present invention is directed to a
method of making a posttreated polymeric dispersant
comprising reacting (I) a post-treating agent selected
from a cyclic carbonate, a linear mono-carbonate, a
linear poly-carbonate, an aromatic polycarboxylic acid
or an aromatic polycarboxylic anhydride or an aromatic
polycarboxylic acid ester and (II) a lubricating oil
additive composition which comprises reacting (A) at
least one of the following copolymers: (i) a copolymer
obtained by free radical copolymerization of
components comprising: (a) at least one
monoethylenically unsaturated C3-C28monocarboxylic
acid or ester thereof, or a C4-C28dicarboxylic acid,
anhydride or ester thereof; (b) at least one 1-olefin
comprising about 2 to 40 carbon atoms or at least one
polyolefin comprising about 4 to 360 carbon atoms and
having a terminal copolymerizable group in the form of
a vinyl, vinylidene or alkyl vinylidene group or
mixtures thereof; and(c) at least one monoolefin
compound which is copolymerizable with the monomers of
(a) and (b) and is selected from the group consisting
of: 5 (1) an alkyl vinyl ether and an allyl alkyl
ether where the alkyl group is hydroxyl, amino,
dialkylamino or alkoxy substituted or is
unsubstituted, and containing from about 1 to about 40
carbon atoms; 10 (2) an alkyl amine and an
N-alkylamide of a monocthylenically unsaturated mono-
or dicarboxylic acid of from about 3 to about 10
carbon atoms where the alkyl substituent 15 contains
from about 1 to about 40 carbon atoms; (3) an
N-vinylcarboxamide of carboxylic acids of 



from about 1 to about 8 carbon atoms; 20 (4) an
N-vinyl substituted nitrogen-containing heterocyclic
compound; and (5) at least one 1-olefin comprising
about 2 to 40 carbon atoms or at least one polyolefin
25 comprising about 4 to about 360 carbon atoms and
having a terminal copolymerizable group in the form of
a vinyl, vinylidene or alkyl vinylidene group or
mixtures thereof, provided that the olefin employed is
not the same as the 30 olefin employed in (i)(b);
(iii) a copolymer obtained by reacting compound (i)(a)
and compound(i)(b) in the presence of a free radical
initiator;(iii) a copolymer obtained by (a) reacting
compound (i)(a) with compound (i)(b) or (i)(c) in a
non-free radical catalyzed reaction in the presence of
copolymer (i) or copolymer (ii) or both; or by (b)
contacting copolymer (i) or copolymer (ii) or both
with the non-free radical catalyzed reaction product
of compound (i)(a) and compound (i)(b) or (i)(c); with
(B) at least one ether compound capable of being
reacted with at least two monocarboxylic acids or
esters thereof, or with at least two dicarboxylic
acids, anhydrides or esters thereof, or mixtures
thereof; (C) at least one aliphatic compound having at
least two functional groups, wherein one of the
functional groups is capable of reacting with at least
one monocarboxylic acid or ester thereof, or
dicarboxylic acid, anhydride or ester thereof and
wherein another functional group is capable of
reacting with at least one post-treating agent.
Accordingly, the present invention relates to
multi-functional lubricating oil additives which arc
useful as dispersants in an internal combustion
engine. The dispersants, which are post-treated, have
demonstrated improved dispersancy over dispersants
which have not been post-treated. DETAILED DESCRIPTION
OF THE INVENTION While the invention is susceptible to
various modifications and alternative forms, specific
embodiments thereof and are herein described in
detail. It should be understood, however, that the
description herein of specific embodiments is not
intended to limit the invention to the particular
forms disclosed, but on the contrary, the intention is
to cover all modifications, equivalents, and
alternatives falling within the spirit and scope of
the invention as defined by the appended claims.
Definitions The following terms used with the
description are defined as such:The term "PIB" is an
abbreviation for polyisobutene. The term "PlBSA" is an
abbreviation for polyisobutenyl or polyisobutyl
succinic anhydride. The term "polyPIBSA" refers to a
class of copolymers employed within the scope of the
present invention which are copolymers of
polyisobutene and a monoethylenically unsaturated
C3-C28monocarboxylic acid or ester thereof, or a
C4-C28dicarboxylic acid, anhydride or ester thereof
which have carboxyl groups, preferably succinic
groups, and polyisobutyl groups. The preferred
polyPIBSA is a copolymer of polyisobutene and maleic
anhydride having the general formula: wherein n is one
or greater; Rj, R , R3 and R4 are selected from
hydrogen, methyl and polyisobutyl having at least
about 8 carbon atoms, preferably at least about 30
carbon atoms and more preferably at least about 50
carbon atoms wherein either Ri and R2 are hydrogen and
one of R3 and R is methyl and the other is
polyisobutyl, or R3 and R4 are hydrogen and one of Ri
and R2 is methyl and the other is polyisobutyl. The
polyPIBSA copolymer may be alternating, block, or
random. The term "succinic group" refers to a group
having the formula: O H -C- -W - 2 CH wherein W and Z
are independently selected from the group consisting
of --Oil, -Cl, --O--alky] or taken together are --O--
to form a succinic anhydride group. The term
"-O-alkyl" is meant to include alkoxy of from about 1
to about 40 carbon atoms, preferably from about 1 to
about 8 carbon atoms. The term "degree of
polymerization" refers to the average number of
repeating structural units in the polymer chain. The
term "terpolymer" refers to a polymer derived from the
free radical copolymerization of at least 3 monomers.
The term "1-olefin" refers to a monounsaturated olefin
that has the double bond in the I-position. They can
also be called alpha-olefins, and have the following
structure: CH2 CHR where R is the rest of the olefin
molecule. The term "1,1 -disubstituted olefin" refers
to a disubstituted olefin, also called a vinylidene
olefin, that has the following structure: CH2 = CR5 R
wherein R and R are the same or different, and
constitute the rest of the olefin molecule.
Preferably, either R5 or R is a methyl group, and the
other is not. The term "succinimide" is understood in
the art to include many of the amide, imide, etc.
species which are also formed by the reaction of a
succinic anhydride with an amine. The predominant
product, however, is succinimide and this term has
been generally accepted as meaning the product of a
reaction of an alkenyl- or alkylsubstituted succinic
acid or anhydride with an amine. Alkenyl or alkyl
succinimides arc disclosed in numerous references and
are well known in the art. Certain fundamental types
of succinimides and related materials encompassed by
the term of art "succinimide" are taught in U.S.
Patent Nos. 2,992,708; 3,018,291; 3,024,237;
3,100,673; 3,219,666; 3,172,892; and 3,272,746, the
disclosures of which are hereby incorporated by
reference. The term "polysuccinimide" refers to the
reaction product of a succinic group-containing
copolymer with an amine.The term "alkenyl or
alkylsuccinic acid derivative" refers to a structure
having the formula: wherein R is selected from
hydrogen, methyl and polyisobutyl having at least
about 8 carbon atoms, preferably at least about 30
carbon atoms and more preferably at least about 50
carbon atoms; wherein L and M are independently
selected from the group consisting of -OH, -Cl,
-O-alkyl or taken together are ~O-- to form an alkenyl
or alkylsuccinic anhydride group. The term
"alkylvinylidene" or "alkylvinylidene isomer" refers
to an olefin having the following vinylindene
structure: wherein Rs is alkyl or substituted alkyl. R
generally has at least about 5 carbon atoms,
preferably about 30 carbon atoms, and more preferably
at least about 50 carbon atoms and R is lower alkyl of
from about 1 to about 6 carbon atoms. The term
"soluble in lubricating oil" refers to the ability of
a material to dissolve in aliphatic and aromatic
hydrocarbons such as lubricating oils or fuels in
essentially all proportions. The term "high molecular
weight olefins" refers to olefins (including
polymerized olefins having a residual unsaturation) of
sufficient molecular weight and chain length to lend
solubility in lubricating oil to their reaction
products. Typically olefins having about 30 carbons or
more suffice.The term "high molecular weight
polyalkyt" refers to polyalkyl groups of sufficient
molecular weight such that the products prepared
having such sufficient molecular weight are soluble in
lubricating oil. Typically these high molecular weight
polyalkyl groups have at least about 30 carbon atoms,
preferably at least about 50 carbon atoms. These high
molecular weight polyalkyl groups may be derived from
high molecular weight polyolefins. The term "amino"
refers to -NRioRp wherein Rio and Rn are independently
hydrogen or a hydrocarbyl group. The term "alkyl"
refers to both straight- and branched-chain alkyl
groups. The term "lower alkyl" refers to alkyl groups
having from about 1 to about 6 carbon atoms and
includes primary, secondary' and tertiary alkyl
groups. Typical lower alkyl groups include, for
example, methyl, ethyl, n-propyl, isopropyl, n-butyl,
sec-butyl, tbutyl, n-pentyl, iso-pentyl, n-hexyl and
the like. The term "polyalkyl" refers to an alkyl
group that is generally derived from polyolefins which
are polymers or copolymers of mono-olefms,
particularly 1-monoolefins, 



such as ethylene, propylene, butylene, and the like.
Preferably, the monoolefin employed will have from
about 2 to about 24 carbon atoms, and more preferably,
from about 3 to about 12 carbon atoms. More preferred
mono-olefins include propylene, butylene, particularly
isobutylenc, 1-octcne and 1-decene. Preferred,
polyolefins prepared from such mono-olefins include
polypropylene, polybutene, especially polyisobutene.
The Lubricating Oil Additive Composition One
embodiment of the present invention is an oil-soluble
lubricating oil additive composition prepared by the
process which comprises reacting (A) at least one of
the following copolymers:(i) a copolymer obtained by
free radical copolymerization of components
comprising: (a) at least one monoethylenically
unsaturated C3-C28 5 monocarboxylic acid or ester
thereof, or C4-C28dicarboxylic acid, anhydride or
ester thereof; (b) at least one 1-olefin comprising
about 2 to 40 carbon atoms or at least one polyolefin
comprising about 4 to 360 carbon atoms 10 and having a
terminal copolymerizablc group in the form of a vinyl,
vinylidene or alkyl vinylidene group or mixtures
thereof; and (c) at least one monoolefin compound
which is copolymerizable 15 with the monomers of (a)
and (b) and is selected from the group consisting of:
(1) an alkyl vinyl ether and an allyl alky I ether
where the alkyl group is hydroxyl, amino, dialkylamino
or alkoxy 20 substituted or is unsubstituted, and
containing 1 to 40 carbon atoms; (2) an alkyl amine
and an N-alkylamide of a monoethylenically unsaturated
mono- or dicarboxylic 25 acid of 3 to 10 carbon atoms
where the alkyl substituent contains 1 to 40 carbon
atoms; (3) an N-vinylcarboxamide of carboxylic acids
of 1 to 8 carbon atoms; 30 (4) an N-vinyl substituted
nitrogen-containing heterocyclic compound; and(5) at
least one 1-olefin comprising about 2 to 40 carbon
atoms or at least one polyolefm comprising about 4 to
about 360 carbon atoms and having a terminal
copolymerizable group in the form of a vinyl,
vinylidene or alkyl vinylidene group or mixtures
thereof, provided that the olefin employed is not the
same as the olefin employed in (i)(b); (ii) a
copolymer obtained by reacting compound (i)(a) and
compound(i)(b) in the presence of a free radical
initiator; (iii) a copolymer obtained by (a) reacting
compound (i)(a) with compound (i)(b) or (i)(c) in a
non-free radical catalyzed reaction in the presence of
copolymer (i) or copolymer (ii) or both; or by (b)
contacting copolymer (i) or copolymer (ii) or both
with the non-free radical catalyzed reaction product
of compound (i)(a) and compound (i)(b) or (i)(c); with
(B) at least one ether compound capable of being
reacted with at least two monocarboxylic acids, or
esters, thereof, or dicarboxylic acids, anhydrides or
esters thereof, or mixtures thereof; and (C) at least
one aliphatic compound capable of reacting with at
least two monocarboxylic acid or ester thereof, or
dicarboxylic acid, anhydride or ester thereof.
Copolymer (i) (a) The Monoethylenically Unsaturated
Monocarboxylic Acid or Ester Thereof or Dicarboxylic
Acid, Anhydride or Ester Thereof In the present
invention, at least one monoethylenically unsaturated
C3-C28 monocarboxylic acid or ester thereof, or
G1-C28dicarboxylic acid, anhydride or esterthereof is
used to prepare the copolymers of copolymer (i).
Preferably the at least one monoethylenically
unsaturated C3-C28monocarboxylic acid or ester
thereof, or C4-C28 dicarboxylic acid, anhydride or
ester thereof is a dicarboxylic acid, anhydride or
ester thereof. The general formula of the preferred
dicarboxylic acid, anhydride or ester thereof is as
follows: O \ // CH=CH C X X " wherein X and X' are the
same or different, provided that at least one of X and
X' is a group that is capable of reacting to esterify
alcohols, form amides or amine salts with ammonia or
amines, form metal salts with reactive metals or
basically reacting metal compounds and otherwise
function as acylating agents. Typically, X and/or X'
is -- OH, -O-hydrocarbyl, OM+ where M+ represents one
equivalent of a metal, ammonium or amine cation, -NH
2, -Cl, --Br, and taken together X and X' can be -O-so
as to form an anhydride. Preferably X and X' are such
that both carboxylic functions can enter into
acylation reactions. Maleic anhydride is a preferred
reactant. Other suitable reactants include
electron-deficient olefins such as monophenyl maleic
anhydride; monomethyl, dimethyl, monochloro,
monobromo, monofluoro, dichloro and difluoro maleic
anhydride; N-phenylmaleimide and other substituted
maleimides, isomaleimides; fumaric acid, maleic acid,
alkyl hydrogen maleates and fumarates, dialkyl
fumarates and maleates, fumaronilic acids and maleanic
acids; and maleonitrile and fumaronitrile. Suitable
monomers for (a) are monoethylenically unsaturated
dicarboxylic acids or anhydrides of from about 4 to 28
carbon atoms selected from the group consisting of
maleic acid, fumaric acid, itaconic acid, mesaconic
acid, methylenemalonic acid, citraconic acid, maleic
anhydride, itaconic anhydride, citraconic anhydride
and methylenemalonic anhydride and mixtures of these
with one another, among which maleic anhydride is
preferred.Other suitable monomers are
monoethylenically unsaturated C3-C28-monocarboxylic
acids selected from the group consisting of acrylic
acid, methacrylic acid, dimethacrylic acid,
ethylacrylic acid, crotonic acid, allylacetic acid and
vinylacetic acid, among which acrylic and methacrylic
acid are preferred. Another group of suitable monomers
is C I-GJO alkyl esters of monoethylenecially
unsaturated C3-C10mono- or C4-C 10 dicarboxylic acids
such as ethyl acrylate, butyl acrylate, 2-ethyl
acrylate, decyl acrylate, docedyl acrylate, loctadecyl
acrylate and the esters of industrial alcohol mixtures
of from about 14 to 28 carbon atoms, ethyl
methacrylate, 2-ethylhexyl methacrylate, decyl
methacrylate, octadecyl methacrylate, monobutyl
maleate, dibutyl maleate, monodecyl maleate, didodecyl
maleate, monooctadecyl maleate, and dioctadecyl
maleate. (b) The l-Olefin or Polyolefin In the present
invention at least one 1-olefin comprising about 2 to
40 carbon atoms or at least one polyolefin comprising
about 4 to 360 carbon atoms and having a terminal
copolymerizable group in the form of vinyl, vinylidene
or alkyl vinylidene group is employed. Suitable
1-olefins for preparing copolymer (i) comprise from
about 2 to about 40 carbon atoms, preferably from
about 6 to about 30 carbon atoms, such as decene,
dodecene, octadccene and mixtures of C20-C24 -
1-olefins and C24-C28- I -olefins, more preferably
from about 10 to about 20 carbon atoms. Preferably
1-olefins, which are also known as alpha olefins, with
number average molecular weights in the range
100-4,500 or more are preferred, with molecular
weights in the range of 200-2,000 being more
preferred. For example, alpha olefins obtained from
the thermal cracking of paraffin wax. Generally, these
olefins range from about 5 to about 20 carbon atoms in
length. Another source of alpha olefins is the
ethylene growth process which gives even number carbon
olefins. Another source of olefins is by the
dimerization of alpha olefins over an appropriate
catalyst such as the well known Ziegler catalyst.
Internal olefins are easily obtained by the
isomerization of alpha olefins over a suitable
catalyst such as silica. Preferably, 1-olefins from
C6-C30 are used because thesematerials are
commercially readily available, and because they offer
a desirable balance of the length of the molecular
tail, and the solubility of the terpolymer in nonpolar
solvents. Mixtures of olefins may also be employed. 



Suitable polyolefins for preparing copolymer (i) are
poiyolef ns comprising about 4 to about 360 carbon
atoms. These polymers have a number average molecular
weight (Mn) of from about 56 to about 5000 g/mol.
Examples of these are oligomers of ethylene, of
butene, including isobutene, and of branched isomers
of pentene, hexene, octene and of decene, the
copoiymerizable terminal group of the oligomer being
present in the form of a vinyl, vinylidene or
alkylvinylidene group, oligopropenes and oligopropene
mixtures of from about 9 to about 200 carbon atoms and
in particular oligoisobutenes, as obtainable, for
example, according to DE-A 27 02 604. corresponding
U.S. Patent No. 4,1 52,499, are preferred. Mixtures of
the stated oligomers are also suitable, for example,
mixtures of ethylene and other alpha olefins. Other
suitable polyolefins are described in U.S. Patent No.
6,030,930 which is herein incorporated by reference.
The molecular weights of the oligomers may be
determined in a conventional manner by gel permeation
chromatography. The copoiymerizable polyolefm that is
reacted with the unsaturated mono- or dicarboxylic
reactant are polymers comprising a major amount of C2
-Ce mono-olefin, e.g., ethylene, propylene, butylehe,
isobutylene and pentene. These polymers can be
homopolymers such as polyisobutylene as well as
copolymers of 2 or more such olefins such as
copolymers of: ethylene and propylene, butylene, and
isobutylene, etc. The polyolefin polymer usually
contains from about 4 to about 360 carbon atoms,
although preferably 8 to 200 carbon atoms; and more
preferably from about 12 to about 175 carbon atoms.
Since the high molecular weight olefins used to
prepare the copolymers of the present invention are
generally mixtures of individual molecules of
different molecular weights, individual copolymer
molecules resulting will generally contain a mixture
of high molecular weight polyalkyl groups of varying
molecular weight. Also, mixtures of copolymer
molecules having different degrees of polymerization
will be produced.The copolymers of the present
invention have an average degree of polymerization of
1or greater, preferably from about 1.1 to about 20,
and more preferably from about 1.5 to about 10. (c)
The Mono-olefin Compound The present invention employs
at least one monoolefin compound which is
copolymerizable with the monomers of (a) and (b) and
is selected from the group consisting of: (1) an alkyl
vinyl ether and an allyl alky! ether where the alkyl
group is hydroxyl, amino, dialkylamino or alkoxy
substituted or is unsubstituted, and containing from
about 1 to about 40 carbon atoms; Suitable monomers
include the following: vinyl and allyl alkyl ethers
where the alkyl radical is of about 1 to about 40
carbon atoms are also suitable, and the alkyl radical
may carry rurther substituents, such as hydroxyl,
amino, dialkyamino or alkoxy. Examples are methyl
vinyl ether, ethyl vinyl ether, propyl vinyl ether,
isobutyl vinyl ether, 2-ethylhexyl vinyl ether,
decylvinyl ether, dodecyl vinyl ether, octadecyl vinyl
ether, 2-(diethylyamino)ethyl vinyl ether,
2-(di-n-butylamino)ethyl vinyl ether, and the
corresponding allyl ethers. (2) an alkyl amine and an
N-alkylamide of a monoethylenically unsaturated mono-
or dicarboxylic acid of from about 3 to about 10
carbon atoms where the alkyl substituent contains from
about 1 to about 40 carbon atoms; Another group of
monomers comprises C - oalkyl amines and C - o -N-
alkylamides of monoethylenically unsaturated C3 -Cio
-mono- or dicarboxylic acids, such as
dimethylaminoethyl acrylate, diethylaminoethyl
acrylatc, dibutylaminoethyl methacrylate, acrylamide,
methacrylamide, N-tert-butylacrylamide,
N-octylacrylamide, N,N' -dibutylacrylamide,
N-dodecylmethacrylamide and
Noctadecylmethacrylamide.(3) an N-vinylcarboxamide of
carboxylic acids of from about 1 to about 8 carbon
atoms; Another group of monomers includes the
following: N-vinylcarboxamides of carboxylic acids of
from about 1 to about 8 carbon atoms, such as
Nvinylformamide, N-vinyl-N-methylformamide,
N-vinylacetamide, N-vinyl-Nmethylacetramide,
N-vinyl-N-ethylacetamide, N-vinyl-N-methylpropionamide
and N-vinylpropionamide. (4) an N-vinyl substituted
nitrogen-containing heterocyclic compound; Another
group of monomers includes the following: N-vinyl
compounds of nitrogencontaining heterocyles, such as
N-vinylimidazole, N-vinylmethylimidazole,
N-vinylpyrrolidone and N-vinylcaprolactam. (5) at
least one 1-olefin comprising about 2 to 40 carbon
atoms or at least one polyolefln comprising from about
4 to about 360 carbon atoms and having a terminal
copolymerizable group in the form of a vinyl,
vinylidene or alkyl vinylidene group or mixtures
thereof, provided that the olefin employed is not the
same as the olefin employed in (i)(b); Suitable
1-olefins comprise about 2 to 40 carbon atoms,
preferably from about 8 to about 30 carbon atoms, such
as decene, dodecene, octadecene and mixtures of C20-C2
- 1-olefins and C2 -C28-I -olefins. Preferably
1-olefins, which are also known as alpha olefins, with
number average molecular weights in the range of from
about 28 to about 560 are preferred, with molecular
weights in the range of from about 112 to about 420
being more preferred. For example, alpha olefins
obtained from the thermal cracking of paraffin wax may
be employed. Generally, these olefins range from about
5 to about 20 carbon atoms in length. Another source
of alpha olefins is the ethylene growth process which
gives even number carbon olefins. Another source of
olefins is by the dimerization of alpha olefins over
an appropriate catalyst such as the well known Ziegler
catalyst. Internal olefins are easily obtained by the
isomerization of alpha olefins over a suitable
catalyst such assilica. Preferably, 1-olef ns from
Cio-Qo are used because these materials are
commercially readily available, and because they offer
a desirable balance of the length of the molecular
tail, and the solubility of the terpolymer in nonpolar
solvents. Mixtures of olefins are also suitable.
Preparation of Copolymer (i) Copolymer reactant (i)
may be prepared from well known methods which are
described in the art including, but not limited to,
those methods which are disclosed in the following
patents, which are herein incorporated by reference:
Harrison et at., U.S. Patent No. 5,792,729; Gnther et
al., U.S. Patent No. 6,284,716; and Onther et al.,
U.S. Patent No. 6,512,055. In one embodiment of the
present invention the copolymer Teactant is a
polyalkenyl succinic anhydride terpolymer. These
terpolymers are composed of at least one of monomers
(a) to (c) as described herein. Typically, the
terpolymers of this invention contain at least one
monomer from each group (a) to (c). In general, these
components react to form terpolymers which can be
random terpolymers or alternating terpolymers or block
terpolymers and can be prepared by known procedures
for making copolymers. Additionally, it is possible to
form a small percentage of copolymers which are
composed of monomers (a) and (b) and monomers (a) and
(c). Component (a), the monocarboyxlic acid or ester
thereof or dicarboxylic acid or anhydride or ester
thereof, is selected from those disclosed above,
preferably maleic anhydride. Component (b), the
1-olefin or polyolefin, is preferably polybutene.
Component (c), the mono-olefin, is preferably a linear
alpha olefin containing from about 12 to 18 carbon
atoms. The degree of polymerization of the lerpoiymers
can vary over a wide range. Preferably, the degree of
polymerization is from about 2 to about 10. In
general, terpolymer degree of polymerization decreases
as the polymerization temperature increases.The
terpolymerization is conducted in lhe presence of a
suitable free radical initiator. Examples of suitable
polymerization initiators are peroxide compounds, such
as tertbutyl perpivalate, tertbutyl pemeocecanoate,
tert-butylperethylhexanoate, tertbutylperisobutyrate,
di-tert-butyl peroxide, di-tert-amyl peroxide,
diacetyl peroxydicaronate and dicyclohexyldicaronate,
or azo compounds, such as 2,2' -azobisisobutyrontrile.
The intiators may be used alone or as a mixture with
one another. Redox co-initiators may also be present.
Preferably, the initiator is a peroxide type
initiator, e.g., di(t-butyl) peroxide, dicumyl
peroxide or azo type initiator, e.g., isobutylnitrile
type initiators. Procedures for preparing poly
1-olefin copolymers are, for example, described in
U.S. Pat. Nos. 3,560,455 and 4,240,916, hereby
incorporated by reference in their entirety. Those
procedures could be used to prepare terpolymers. Both
patents also describe a variety of initiators.
Copolymer (i), wherein a second olefin is employed in
the reaction, can be prepared in the same manner as
copolymer (ii) which is described below. Copolymer
(ii) 



In another embodiment of the present invention, the
copolymer reactant is a copolymer obtained by reacting
(a) at least one monoethylenically unsaturated C3-C28
monocarboxylic acid or ester thereof, or a
C4-C28dicarboxylic acid, anhydride or ester thereof
and (b) at least one copolymerizable polymer composed
of at least 3 olefin molecules of propene or of a
branched 1-olefin of from about 4 to about 10 carbon
atoms, having a number average molecular weight Mn of
from about 112 to about 5000, and having a terminal
copolymerizable group in the form of a vinyl,
vinylidene or alky I vinylidene group in the presence
of a free radical initiator.Thus, preferred copolymers
of the present invention are prepared by reacting a
"reactive" high molecular weight olefin in which a
high proportion of unsaturation, at least about 20% is
in the alkylvinylidene configuration, e.g., wherein R
and R are an alkyl or substituted alkyl of sufficient
chain length to give the resulting molecule stability
in lubricating oils and fuels, thus K$ generally has
at least about 30 carbon atoms, preferably at least
about 50 carbon atoms and R9 is a lower alkyl of from
about 1 to about 6 carbon atoms, with an unsaturated
acidic rcactant in the presence of a free radical
initiator. Typically, the copolymer product has
alternating polyalkylene and succinic groups and has
an average degree of polymerization of 1 or greater.
The preferred copolymers (ii) of the present invention
have the general formula: wherein W and Z' are
independently selected from the group consisting of
-OH, --O- -alkyl or taken together are -O-to form a
succinic anhydride group, n is one or greater; and Ri,
R2, R and R are selected from hydrogen, alkyl of from
about 1 to about 40 carbon atoms, and high molecular
weight polyalkyl wherein either R| and R2 are hydrogen
and one of R3 and R is lower alkyl having from about
1to about 6 carbon atoms and the other is high
molecular weight polyalkyl, or R3 and R4 are hydrogen
and one of R and R is lower alkyl having from about 1
to 6 carbon atoms and the other is high molecular
weight polyalkyl.Copolymer (ii) may be alternating,
block, or random. In a preferred embodiment, when
rnaleic anhydride is used as the reactant, the
reaction produces copolymers predominately of the
following formula: wherein n is from about 1 to about
100, preferably from about 2 to about 20, more
preferably from about 2 to about 10, and Ri, R , R3
and R4 are selected from hydrogen, lower alkyl of from
about 1 to about 6 carbon atoms and higher molecular
weight polyalkyl, wherein either Ri and R2 are
hydrogen and one of R3 and R4 is lower alkyl having
from about 1 to about 6 carbon atoms and the other is
high molecular weight polyalkyl or R and R "are
hydrogen and one of Ri and R2 is lower alkyl and the
other is high molecular weight polyalkyl. Preferably,
the high molecular weight polyalkyl group has at least
about 30 carbon atoms (more preferably at least about
50 carbon atoms). Preferred high molecular weight
polyalkyl groups include polyisobutyl groups.
Preferred polyisobutyl groups include those having
number average molecular weights of from about 500 to
about 5000, more preferably from about 900 to about
2500. Preferred lower alkyl groups include methyl and
ethyl; especially preferred lower alkyl groups include
methyl. A particularly preferred class of olefin
polymers comprises the polybutenes, which are prepared
by polymerization of isobutene. These polybutenes arc
readily available commercial materials well known to
those skilled in the art. Disclosures thereof will be
found, for example, in U.S. Patent Nos. 4,1 52,499 and
4,605,808, which are herein incorporated by reference
for their disclosures of suitable
polybutenes.Preferably, 1, 1-disubstituted olefins are
used to provide a high molecular weight, oil soluble
tail in the terpolymer. Preferably the
1,1-disubstituted olefin has a number average Mn of
from about 500 t about 5000. One particularly useful
1,1 -disubstituted olefin is a 1,1 -disubstituted
polyisobutylene, such as methylvinylidene
polyisobutylene. Preferably the copolymerizable
polymer comprises a high molecular weight polyalkyl
group which is derived from a high molecular weight
olefin. The high molecular weight olefins used in the
preparation of the copolymers of the present invention
are of sufficiently long chain length so that the
resulting composition is soluble in and compatible
with mineral oils, fuels and the like; and the
alkylvinylidene isomer of the high molecular weight
olefin comprises at least about 20% of the total
olefin composition. Preferably, the alkyl vinylidene
isomer comprises at least 50%, more preferably at
least 70%, of the total olefin composition. Such high
molecular weight olefins are generally mixtures of
molecules having different molecular weights and can
have at least one branch per 6 carbon atoms along the
chain, preferably at least one branch per 4 carbon
atoms along the chain, and particularly preferred that
there be about one branch per 2 carbon atoms along the
chain. These branched chain olefins may conveniently
comprise polyalkenes prepared by the polymerization of
olefins of from about 3 to about 6 carbon atoms, and
preferably from olefins of from about 3 to about 4
carbon atoms, and more preferably from propylene or
isobutylene. The addition-polymerizable olefins
employed are normally 1-olefins. The branch may be of
from about 1 to about 4 carbon atoms, more usually of
from about 1 to about 2 carbon atoms and preferably
methyl. The preferred alkylvinylidene isomer comprises
a methyl- or ethylvinylidene isomer, more preferably
the methylvinylidene isomer. The especially preferred
high molecular weight olefins used to prepare the
copolymers of the present invention are polyisobutenes
which comprise at least about 20% of the more reactive
methylvinylidene isomer, preferably at least about 50%
and more preferably at least about 70%. Suitable
polyisobutenes include those preparedusing BF3
catalysis. The preparation of such polyisobutenes in
which the methylvinylidene isomer comprises a high
percentage of the total composition is described in
U.S. Patent Nos. 4,152,499 and 4,605,808. Preparation
of Copolymer (H) As noted above, copolymer (ii) of the
present invention is prepared by reacting an olefin
and an unsaturated acidic reactant in the presence of
a free radical initiator. The process of the
preparation of copolymer (ii) is described in
Harrison, U.S. Patent No. 5,1 12,507, which is herein
incorporated by reference in its entirety. The
reaction may be conducted at a temperature of about
-300C to about 2100C, preferably from about 400C to
about 16O0C. The degree of polymerization is inversely
proportional to temperature. Accordingly, for the
preferred high molecular weight copolymers, it is
advantageous to employ lower reaction temperatures.
The reaction may be conducted neat, that is, both the
high molecular weight olefin, acidic reactant and the
free radical initiator are combined in the proper
ratio, and then stirred at the reaction temperature.
Alternatively, the reaction may be conducted in a
solvent. Suitable solvents include those in which the
reactants and free radical initiator are soluble and
include acetone, tetrahydrofuran, chloroform,
methylene chloride, dichloroethane, toluene, dioxane,
chlorobenzene, xylenes, or the like. After the
reaction is complete, volatile components may be
stripped off. When a solvent is employed, it is
preferably inert to the reactants and products formed
and is generally used in an amount sufficient to
ensure efficient mixing. Alternatively, the reaction
may be conducted in a diluent, such as mineral oil, as
long as the diluent does not contain constituents that
interfere with the free radical polymerization, e.g.,
sulfur compounds, antioxidants and the like.In
general, the copolymerization can be initiated by any
free radical initiator. Such initiators are well known
in the art. However, the choice of free radical
initiator may be influenced by the reaction
temperature employed. The preferred free-radical
initiators are the peroxide-type polymerization
initiators and the azo-type polymerization initiators.
Radiation can also be used to initiate the reaction,
if desired. The peroxide-type free-radical initiator
can be organic or inorganic, the organic having the
general formula: R 0ORn where R is any organic radical
and R is selected from the group consisting of
hydrogen and any organic radical. Both R 2 and Rj3 can
be organic radicals, preferably hydrocarbon, aryl, and
acyl radicals, carrying, if desired, substituents such
as halogens, etc. Preferred peroxides include
di-tert-butyl peroxide, dicumyl peroxide, and
di-tert-amyl peroxide. Examples of other suitable
peroxides, which in no way are limiting, include
benzoyl peroxide; lauroyl peroxide; other tertiary
butyl peroxides; 2,4-dichlorobenzoyl peroxide;
tertiary butyl hydroperoxide; cumene hydroperoxide;
diacetyi peroxide; acetyl hydroperoxide;
diethylperoxycarbonate; tertiary butyl perbenzoate;
and the like. The azo-type compounds, typified by
alpha.alpha' -azobisisobutyronitrile, are also
well-known free-radical promoting materials. These azo
compounds can be defined as those having present in
the molecule group -N=N-- wherein the balances are
satisfied 



by organic radicals, at least one of which is
preferably attached to a tertiary carbon. Other
suitable azo compounds include, but are not limited
to, p-bromobcnzenediazonium fluoroborate;
p-tolyldiazoaminobenzene; p-bromobenzenediazonium
hydroxide; azomethane and phenyldiazonium halides. A
suitable list of azo-type compounds can be found in
U.S. Patent No. 2,551,813, issued May 8, 195 1 to Paul
Pinkney. The amount of initiator to employ, exclusive
of radiation, of course, depends to a large extent on
the particular initiator chosen, the high molecular
olefin used and thereaction conditions. The usual
concentrations of initiator are between 0.001 : 1 and
0.2:1 moles of initiator per mole of acidic reactant,
with preferred amounts between 0.005:1 and 0.10: 1.
The polymerization temperature must be sufficiently
high to break down the initiator to produce the
desired free-radicals. For example, using benzoyl
peroxide as the initiator, the reaction temperature
can be between about 750C and about 90cC, preferably
between about 8O0C and about 85C higher and lower
temperatures can be employed, a suitable broad range
of temperatures being between about 200C and about
2000C, with preferred temperatures between about 500C
and about 15O0C. The reaction pressure should be
sufficient to maintain the solvent in the liquid
phase. Pressures can therefore vary between about
atmospheric and 100 psig or higher. The reaction time
is usually sufficient to result in the substantially
complete conversion of the acidic reactant and high
molecular weight olefin to copolymer. The reaction
time is suitable between one and 24 hours, with
preferred reaction times between 2 and 10 hours. As
noted above, the subject reaction is a solution-type
polymerization reaction. The high molecular weight
olefin, acidic reactant, solvent and initiator can be
brought together in any suitable manner. The important
factors are intimate contact of the high molecular
weight olefin and acidic reactant in the presence of a
free-radical producing material. The reaction, for
example, can be conducted in a batch system where the
high molecular weight olefin is added all initially to
a mixture of acidic reactant, initiator and solvent or
the high molecular weight olefin can be added
intermittently or continuously to the reactor.
Alternatively, the reactants may be combined in other
orders; for example, acidic reactant and initiator may
be added to high molecular weight olefin in the
reactor. In another manner, the components in the
reaction mixture can be added continuously to a
stirred reactor with continuous removal of a portion
of the product to a recovery train or to other
reactors in series. In yet another manner, the
reaction may be carried out in a batch process,
wherein the high molecular weight olefin is added
initially to the reactor, and then the acidic
reactantand the initiator are added gradually over
time. The reaction can also suitably take place in a
tubular-type reactor where the components are added at
one or more points along the tube. Copolymer (iii) In
one embodiment, copolymer reactant (iii) is obtained
by a copolymer obtained by (a) reacting compound
(i)(a) with compound (i)(b) or (i)(c) in a non-free
radical catalyzed reaction in the presence of
copolymer (i) or copolymer (ii) or both; or by (b)
contacting copolymer (i) or copolymer (ii) or both
with the non-free radical catalyzed reaction product
of compound OXa) and compound (i)(b) or (i)(c).
Preparation of Copolymer (Ui) A process for the
preparation of copolymer (iii) is described, for
example, in Harrison et al., U.S. Patent No.
6,451,920, which is herein incorporated by reference
in its entirety. In process step (a) above, any
unrcacted olefin, generally the more hindered olefins,
i.e., the beta-vinylidene, that do not react readily
with the monoethylenically unsaturated C3-C2
monocarboxylic acid or ester thereof, or
G"-C2gdicarboxylic acid or an anhydride or ester
thereof, under free radical conditions, are reacted
with monoethylenically unsaturated C3-C28
monocarboxylic acid or ester thereof, or C4-C28
dicarboxylic acid or an anhydride or ester thereof,
under thermal conditions, i.e., at temperatures of
from about 1800C to about 28O0C. These conditions are
similar to those used for preparing thermal process
PIBSA. Optionally, this reaction takes place in the
presence of a strong acid, such as sulfonic acid. See
for example U.S. Patent No. 6,156,850. Optionally, a
solvent may be used to dissolve the reactants. The
reaction solvent must be one which dissolves both the
acidic reactant and the high molecular weight olefin.
It is necessary to dissolve the acidic reactant and
high molecular weight olefin so as to bring them into
intimate contact in the solution polymerization
reaction. It has been found that the solvent must also
be one in which the resultant copolymers arc
soluble.Suitable solvents include liquid saturated or
aromatic hydrocarbons having from about 6 to about 20
carbon atoms; ketones having from about 3 to about 5
carbon atoms; and liquid saturated aliphatic
dihalogenated hydrocarbons having from about 1 to
about 5 carbon atoms per molecule, preferably from
about 1 to about 3 carbon atoms per molecule. By
"liquid" is meant liquid under the conditions of
polymerization. In the dihalogenated hydrocarbons, the
halogens are preferably on adjacent carbon atoms. By
"halogen" is meant F, Cl and Br. The amount of solvent
must be such that it can dissolve the acidic reactant
and high molecular weight olefin in addition to the
resulting copolymers. The volume ratio of solvent to
high molecular weight olefin is suitably between 1:1
and 100:1 and is preferably between 1.5:1 and 4:1.
Suitable solvents include the ketones having from
about 3 to about 6 carbon atoms and the saturated
dichlorinated hydrocarbons having from about 1 to
about 5, more preferably from about 1 to about 3,
carbon atoms. Examples of suitable solvents include,
but are not limited to: 1. ketones, such as: acetone;
methylethylketone; diethylketone; and
methylisobutylketone; 2. aromatic hydrocarbons, such
as: benzene; xylene; and toluene; 3. saturated
dihalogenated hydrocarbons, such as: dichloromethane;
dibromomethane; 1-bromo-2-chloroethane;
1,1-dibromoethane; 1,1-dichloroethane;
1,2-dichloroethane; 1,3-dibromopropane;
1,2-dibromopropane; l,2-dibromo-2-methylpropane;
1,2-dichloropropane; 1,1-dichloropropane;
1,3-dichloropropane; l-bromo-2-chloropropanc;
1,2-dichlorobutane; 1,5-dibromopentane; and
1,5-dichloropentane; or 4. mixtures of the above, such
as: benzenemethylethylketone. The copolymer is
conveniently separated from solvent and any unreacted
acidic reactant by conventional procedures such as
phase separation, solvent distillation,precipitation
and the like. If desired, dispersing agents and/or
co-solvents may be used during the reaction. The
polyisobutenyl succinic anhydride (PIBSA), which may
be directly added to copolymer reactant (i) or (ii),
is generally prepared by a number of well-known
processes including the method disclosed within. For
example, there is a well-known thermal process (see,
e.g., U.S. Patent No. 3,361,673), an equally
well-known chlorination process (see, e.g., U.S.
Patent. No. 3,172,892), a combination of the thermal
and chlorination processes (see, e.g., U.S. Patent No.
3,912,764), catalytic strong acid processes (see,
e.g., U.S. Patent Nos. 3,819,660 and 6,156,850), and
free radical processes (sec, e.g., U.S. Patent Nos.
5,286,799 and 5,319,030). Such compositions include
one-to-one monomelic adducts (see, e.g., U.S. Patent
Nos. 3,219,666 and 3,381,022), as well as high
succinic ratio products, adducts having
alkenyl-derived substituents adducted with at least
1.3 succinic groups per alkenyl-derived substituent
(see, e.g., U.S. Patent No. 4,234,435). Polyalkylene
succinic anhydrides also can be produced thermally
also from high methylvinylidene polybutene as
disclosed in U.S. Patent No. 4,152,499. This process
is further discussed in U.S. Patent No. 5,241,003 for
the case where the succinic ratio is less than 1.3 and
in EP 0 355 895 for the case where the succinic ratio
is greater than 1.3. European Applications EP 0 602
863 and EP 0 587 381, and U.S. Patent No. 5,523,417
disclose a procedure for washing out the polymaleic
anhydride resin from polyalkylene succinic anhydride
prepared from high methylvinylidene polybutene. A
polyalkylene succinic anhydride with a succinic ratio
of 1.0 is disclosed. One advantage of polyalkylene
succinic anhydride from high methylvinylidene
polybutene is that it can be prepared essentially free
of chlorine. U.S. Patent No. 4,234,435 teaches a
preferred polyalkene-derived substituent group with a
number average (Mn) in the range of from about 1500 to
about 3200. For polybutenes, an especially preferred
number average (Mn) range is from about 1700 to about
2400. This patent also teaches that the succinimides
must have a succinic ratio of at least 1.3. That is,
there should be at least 1.3 succinic groups per
equivalent weight of polyalkene-derived substituent
group. Most preferably, the succinic ratio should be
from 1.5 to 2.5.Other suitable alkenyl succinic
anhydrides includes those described in U.S. Patent 



No. 6,030,930. Typical alkenyl used in the preparation
are ethylene and 1-butene copolymers. (B) The Ether
Compounds In one embodiment of the present invention,
the copolymer may further be reacted with an ether
compound capable of linking two succinimide groups.
Suitable ether compounds include, but are not limited
to, the following: Polyether Polyamims Examples of
suitable polyetheramines include compounds having the
following structure: wherein R is independently
hydrogen or a hydrocarbyl group having from about 1 to
about 4 carbons, and n is the degree of
polymerization. Generally the polyether polyamines
suitable for use in the present invention will contain
at least about one ether unit, preferably from about 5
to about 100, more preferably from about 10 to about
50, and even more preferably from about 15 to about 25
elher units. The polyether polyamines can be based on
polymers derived from C2-C6 epoxides such as ethylene
oxide, propylene oxide, and butylene oxide. Examples
of polyether polyamines are sold under the
Jeffamine(r) brand and are commercially available from
Hunstman Corporation located in Houston, Texas.Other
examples of suitable polyetheramines include
polyoxytetramethylene polyamine compounds having the
following structure: wherein n is the degree of
polymerization (i.e., number of monomer ether units).
folyether Amine Derivatives Furthermore, the copolymer
reactant may be reacted with a polyether amino alcohol
or amino thiol. PolyetherAmino Alcohol Typically,
amino alcohols may be formed when the alcohol end
groups of a compound are not completely converted to
amines during reactions, such as reductive animation.
Also, one may initiate a polymer chain (i.e. grow
propylene or ethylene oxide) from an amino group and
therefore have an amino on one end of the polymer
chain (i.e. initiator) and an alcohol terminus, or an
amine internally in the molecule with alcohol termini.
Examples of suitable polyetheramino alcohols include
compounds having the following structure: wherein R15
is independently a hydrogen or hydrocarbyl group,
having about 1 to about 4 carbons, and n is the degree
of polymerization. Generally, the polyether amino
alcohols, suitable for use in the present invention
will contain at least about one ether unit, preferably
from about 5 to about 100, more preferably from about
10 to about 50, and even more preferably from about 15
to about 25 ether units. Other examples of suitable
polyetheramino alcohols include
polyoxytetramethyleneamino alcohol compounds having
the following structure:wherein n is the degree of
polymerization. PolyetherAmino Thiol Examples of
suitable polyetheramino thiols include compounds
having the following structure: wherein Ri6 is
independently a hydrogen or hydrocarbyl group, having
from about 1 to about 4 carbons and n is the degree of
polymerization. Other examples of suitable
polyetheramino thiols include
polyoxytetramethyleneamino thiol having the following
structure: wherein n is the degree of polymerization.
Generally, the polyetheramino thiols suitable for use
in the present invention will contain at least about
one ether unit, preferably from about 5 to about 100,
more preferably from about 10 to about 50, and even
more preferably from about 15 to about 25 ether units.
Ether Polyamines Ether Diamines In yet another
embodiment of the present invention, the copolymer may
be reacted with ether diamines. Suitable diamines are
reacted with the copolymer, such as decyloxypropyl-1
,3-diaminopropane,
isodecyloxypropyl-l,3-diaminopropane,isododecyloxyprop
yl- 1,3-diaminopropane, dodecyl/tetradecyloxypropyl-
1,3-diaminopropane, isotridecyloxypropyl-1
,3-diaminopropane, tetradecyloxypropy-
1,3-diaminopropane. Ether Trianiines In yet another
embodiment of the present invention, the copolymer may
be reacted with ether triamines. Suitable triamines
include the following: (i) wherein R' is Cj-Ce;
wherein x+y+z = 1-85, Oi) wherein x+y+z = approx. 5-6;
Triamincs of this type may be purchased from Huntsman
Petrochemical Corporation, Woodlands, Texas. Polyether
Polyol In yet another embodiment of the present
invention, the copolymer may be reacted with a
polyether containing at least two hydroxyl end groups
to form an ester. The polyether polyols have the
following structure: wherein R is independently a
hydrogen or hydrocarbyl group, having from about 1 to
about 4 carbons, and n is the degree of
polymerization. Other examples of suitable polyether
polyols include polyoxytetramethylene polyol
compounds, such as those referred to as Terathane(r)
which may be purchased from DuPont Corporation,
Wilmington, Delaware, having the following structure:
wherein n is the degree of polymerization. Suitable
polyether polyols include, but are not limited to, the
following: polyoxyethylene glycol, polyoxypropylene
glycol, polyoxybutylenc glycol, and
polyoxytetramethylene glycol. The number average
molecular weight of the presently employed polyether
polyol will generally range from about 150 to about
5000, preferably from about 500 to about 2000.
Generally, the polyether compounds suitable for use in
the present invention will contain at least one ether
unit preferably from about 5 to about 100, more
preferablyfrom about 10 to about 50, and even more
preferred from about 15 to about 25 ether units.
Generally, the polyether compounds suitable for use in
the present invention may be derived from only one
ether type or a mixture of ether types, such as
poly(oxyethylene-co-oxypropylene) diamine. The mixture
of ether units may be block, random, or alternating
copolymers. The presently employed ether compounds are
capable of reacting with at least two carboxylic acid
groups or anhydride derivatives thereof. Generally,
the copolymer may be reacted with a mixture of
polyether polyamines, polyether amino alcohols,
polyether amino thiols, polyether polyols, or ether
diamines to form a mixture of imides, amides and
eslets . (C) Aliphatic Compound The aliphatic compound
employed in the present invention has at least two
functional groups, wherein one of the functional
groups is capable of reacting with at least one
monocarboxylic acid or ester thereof, or dicarboxylic
acid, anhydride or ester thereof and wherein another
functional group is capable of reacting with at least
one post-treating agent which is described
hereinbelow. Preferably, the aliphatic compound will
contain two or more amino functional groups or two or
more hydroxyl functional groups or both. More
preferably, the aliphatic compound will contain two or
more amino functional groups. Amino Aliphatic Compound
In addition to the ether compound (i.e. polyether
polyamine, polyether polyamine derivative, polyether
polyol, ether diamines and ether triamine) above, the
copolymer is also reacted with an aliphatic compound.
The aliphatic compound employed may be an amino
aliphatic compound. The amino aliphatic compound may
be selected from (a) aliphatic diamines, (b) aliphatic
polyamines or (c) polyalkylene diamines and
polyamines. The amino aliphatic compound will have at
least two reactive amino groups, that is, primary
orsecondary amino groups, and preferably primary amino
groups. Suitable examples include ethylenediamine,
diethylene triamine, methylene tetraamine,
hexamethylene diamine, aminoethyl piperazine,
tetraethylene pentaminc, pcntaethylene hexamine and
heavy polyamine, HPA, (available from Dow Chemical
Company, Midland, Michigan). Such amines encompass
isomers such as branched-chain polyamines, cyclic
polyamines and hydrocarbyl-substituted polyamines.
Since more than one primary or secondary amino group
is present, the reaction 



conditions and/or stoichiometry should be such that
oil solubility is maintained. Hydroxyl Aliphatic
Compound In addition to the ether compound (i.e.
polyether aromatic compound) above, optionally, the
copolymer may also be reacted with at least one
aliphatic compound which may be a hydroxyl aliphatic
compound wherein the hydroxyl aliphatic compound has
at least two functional groups, wherein one of the
functional groups is capable of reacting with at least
one monocarboxylic acid or ester thereof, or
dicarboxylic acid, anhydride or ester thereof and
wherein another functional group is capable of
reacting with at least one post-treating agent which
is described hereinbelow. The multifunctional hydroxyl
compounds used according to the process of the present
invention may contain primary, secondary or tertiary
alcohols. Suitable hydroxyl aliphatic compounds
include, but are not limited to, glycerol,
pentaerythritol, trimethylol propane and the like.
Additionally, the hydroxyl aliphatic compound could be
a polyether containing at least two hydroxyl groups.
Aliphatic Compounds containing both an Amine Function
and a Hydroxyl Function In another embodiment of the
present invention, the aliphatic compound may have at
least one amine group and at least one hydroxyl group.
Examples of such compounds include, but are not
limited to, ethanol amine, diethanol amine, tricthanol
amine, and the like.Method of Making the Lubricating
Oil Additive Composition The lubricating oil additive
composition is prepared by a process comprising
charging the reactant copolymer (e.g., at least one of
copolymers (i), (ii) and (Ui) as described herein) in
a reactor, optionally under a nitrogen purge, and
heating at a temperature of from about 8O C to about
1700C. Optionally, diluent oil may be charged
optionally under a nitrogen purge in the same reactor,
thereby producing a diluted copolymer reactant. The
amount of diluent oil in the diluted copolymer is up
to about 80 wt. %, more preferred from about 20 to
about 60 wt. %, and most preferred from about 30 to
about 50 wt. %. Both an aliphatic compound and an
ether compound are charged, optionally under a
nitrogen purge, to the reactor. This mixture is heated
under a nitrogen purge to a temperature in range from
about 1300C to about 2000C. Optionally, a vacuum is
applied to the mixture for about 0.5 to about 2.0
hours to remove excess water. The lubricating oil
additive composition can also be made using a process
comprising simultaneously charging all the reactants
(reactant copolymer (i), (ii), or (iii); the aliphatic
compound; and the ether compound at the desired ratios
into the reactor. One or more of the reactants can be
charged at an elevated temperature to facilitate
mixing and reaction. A static mixer can be used to
facilitate mixing of the reactants as they are being
charged to the reactor. The reaction is carried out
for about 0.5 to about 2 hours at a temperature from
about 13O0C to about 2000C. Optionally a vacuum is
applied to the reaction mixture during the reaction
period. Since more than one functional group is
present on the aliphatic compound, the reaction
conditions and/or stoichiometry should be such that
oil solubility is maintained. For example, since
multifunctional aliphatic compounds are used, the
linker group (i.e., the polyether compound) and the
copolymer are preferably charged to the reactor first
and allowed to react prior to addition of the
multifunctional aliphatic compound. Furthermore, the
stoichiometry should be such that when the
multifunctional aliphatic compound is charged to the
reactor, there is generally about one mole of reactive
sites remaining per mole of the multifunctional
aliphatic compound. This reaction order and
stoichiometry reduces excessive crosslinking by
limiting the number of un-reacted reactive sites in
the co-polymer relative to thenumber of reactive sites
on the multifunctional aliphatic compound. Reduction
of excessive crosslinking may decrease the probability
of gel formation and therefore increase the
probability of oil solubility. Post-Treatment of the
Lubricating Oil Additive Composition In one embodiment
of the present invention, the lubricating oil additive
composition is post-treated with a post-treating agent
selected from a cyclic carbonate, a linear
mono-carbonate, a linear poly-carbonate, an aromatic
mono- or polycarboxylic acid, an aromatic mono- or
polycarboxylic anhydride, or an aromatic mono- or
polycarboxylic acid ester . Typical cyclic carbonates
for use in this invention include the following: 1,3-
dioxolan-2-one (ethylene carbonate);
4-methyl-l,3-dioxolan-2-one (propylene carbonate);
4-hydroxymethyl-l ,3-dioxolan-2-one; 4,5-dimethyl-
1,3-dioxolan-2-one; 4-ethyl-l,3-dioxolan-2-one;
4,4-dimethyl-l,3-dioxolan-2-one; 4-methy 1-5-cthy1-1,3
- dioxolan-2-one; 4,5-diethyl-l,3-dioxolan-2-one;
4,4-diethyl-l,3-dioxolan-2-one; 1,3- dioxan-2-one;
4,4-dimethyl-l,3-dioxan-2-one;
5,5-dimethyl-l,3-dioxan-2-one; 5,5-
dihydroxymethyl-l,3-dioxan-2-one; 5-methyl-l
,3-dioxan-2-one; 4-methyl- 1,3- dioxan-2-one;
5-hydroxy-l,3-dioxan-2-one;
5-hydroxymethyl-5-methyl-l,3-dioxan-2- one;
5,5-diethyl-l,3-dioxan-2-one;
5-methyI-5-propyl-l,3-dioxan-2-one; 4,6-
dimethyl-l,3-dioxan-2-one;
4,4.6-trimethyl-l,3-dioxan-2-one and spiro[l,3-oxa-2-
cyclohexanone-5,5'-r,3'-oxa-2'-cyclohexanone]. Other
suitable cyclic carbonates may be prepared from
sacchridcs such as sorbitol, glucose, fructose,
galactose and the like and from vicinal diols prepared
from Ci -C30 olefins by methods known in the art.
Several of these cyclic carbonates are commercially
available such as l,3-dioxolan-2- one or 4-methyl-
1,3-dioxolan-2-one. Cyclic carbonates may be readily
prepared by known reactions. For example, reaction of
phosgene with a suitable alpha alkane diol or an
alkan-1 ,3-diol yields a carbonate for use within the
scope of this invention as for instance in U.S. Pal.
No. 4,1 15,206 which is incorporated herein by
reference. Likewise, the cyclic carbonates useful for
this invention may be prepared by transcstcrification
of a suitable alpha alkane diol or an alkan-1, 3-diol
with, e.g.,diethyl carbonate under transesterification
conditions. See, for instance, U.S. Pat. Nos. 4,384,1
15 and 4,423,205 which are incorporated herein by
reference for their teaching of the preparation of
cyclic carbonates. Typical linear mono-carbonates
include diethyl carbonate, dimethyl carbonate,
dipropyl carbonate and the like. Typical linear
poly-carbonates include poly(propylene carbonate) and
the like. Typical aromatic polycarboxylic anhydrides
include 2,3 - pyrazinedicarboxylic anhydride; 2,3 -
pydridinedicarboxylic anhydride; 3,4 -
pyridinedicarboxylic anhydride; diphenic anhydride;
isatoic anhydride; phenyl succinic anhydride; 1-
naphthalene acetic anhydride; 1, 2, 4 - benzene
tricarboxylic anhydride and the like. Typical aromatic
polycarboxylic acids include the acids of the
aforementioned anhydrides. Typical aromatic
polycarboxylic acid esters include dimethyl phthalate,
diethyl phthalate, dimethylhexyl phthalate, mono
methylhexyl phthalate, mono ethyl phthalate, and mono
methyl phthalate. In one embodiment, the post-treating
agent is a cyclic carbonate or a linear mono- or
poly-carbonate. In another embodiment, the
post-treating agent is an aromatic polycarboxylic
acid, anhydride or ester. Preferably, the lubricating
oil additive composition is post-treated with a
post-treating agent that is selected from
ethylene-carbonate, phthalic anhydride, or naphthalic
anhydride. Typically, the post-treating agent (i.e.,
ethylene carbonate, phthalic anhydride, or 1,8-
naphthalic anhydride) is added to the reactor
containing the lubricating oil additive composition
and heated, thereby producing a post-treated
lubricating oil additive composition.Other Additives
The following additive components are examples of some
of the components that can be favorably employed in
the present invention. These examples of additives arc
provided to illustrate the present invention, but they
are not intended to limit it: 1. Metal Detergents
Sulfurized or unsulfurized alkyl or alkenyl phenates,
alkyl or alkenyl aromatic sulfonates, borated
sulfonates, sulfurized or unsulfurized metal salts of
multi-hydroxy alkyl or alkenyl aromatic compounds,
alkyl or alkenyl hydroxy aromatic sulfonates,
sulfurized or unsulfurized alkyl or alkenyl
naphthcnates, metal salts of alkanoic acids, metal
salts of an alkyl or alkenyl multiacid, and chemical
and physical mixtures thereof. 2. Anti-Oxidants
Anti-oxidants reduce the tendency of mineral oils to
deteriorate in service which deterioration is
evidenced by the products of oxidation such as sludge
and varnish-like deposits on the metal surfaces and by
an increase in viscosity. Examples of anti-oxidants
useful in the present invention include, but are not
limited to, phenol type (phenolic) oxidation
inhibitors, such as 



4,4'-mcthylene-bis(2,6-di-tert-butylphenoI),
4,4'-bis(2,6-di-tert-butylphenol),
4,4'-bis(2-methyl-6-tert-butylphenol),
2,2'-methylene-bis(4-methyl-6-tert-butylphenol), 4 4
-butylidene-bis(3-methyl-6-tert-butylphenol),
4,4'-isopropylidene-bis(2,6-di-tert-butyiphenol),
2,2'-methylene-bis(4-methyl-6-nonylphenol),
2,2'-isobutylidene-bis(4,6-dimethylphenol),
2,2'-5-methylene-bis(4-methyl-6-cyclohexylphenol),
2,6-di-tert-butyl-4-methylphenol,
2,6-di-tert-butyl-4-ethylphenol,
2,4-dimethyl-6-tert-butyl-phcnol,
2,6-di-tert-l-dimethylamino-p-crcsol,
2,6-di-tert-4-(N,N'-dimethylaminomethylphenol),
4,4'-thiobis(2-methyl-6-tert-butylphenol),2,2'-thiobis
(4-methyl-6-tert-butylphenol),
bis(3-methyl-4-hydroxy-5-tert-10-butylbenzyl)-sulfide,
and bis(3,5-di-tert-buty!-4-hydroxybenzyl).
Diphenylamine-type oxidation inhibitors include, but
are not limited to, alkylated diphenylamine,
phenyl-alpha-naphthylamine, and
alkylated-alpha-naphthyiamine. Other types of
oxidation inhibitors include metal dithiocarbamate
(e.g., zinc dithiocarbamatc), and
15-methylcnebis(dibutyldithiocarbamate). 3. Anti-Wear
Agents As their name implies, these agents reduce wear
of moving metallic parts. Examples of such agents
include, but are not limited to, phosphates and
thiophosphates and salts thereof, carbamates, esters,
and molybdenum complexes. 4. Rust Inhibitors
(Anti-Rust Agents) a) Nonjonic polyoxyethylene surface
active agents: polyoxyethylene lauryl ether,
polyoxyethylene higher alcohol ether, polyoxyethylene
nonyl phenyl ether, polyoxyethylene octyl phenyl
ether, polyoxyethylene octyl stearyl ether,
polyoxyethylene oleyl ether, polyoxyethylene sorbitol
monostearate, polyoxyethylene sorbitol mono-oleate,
and polyethylene glycol mono-oleate. b) Other
compounds: stearic acid and other fatty acids,
dicarboxylic acids, metal soaps, fatty acid amine
salts, metal salts of heavy sulfonic acid, partial
carboxylic acid ester of polyhydric alcohol, and
phosphoric ester. 5. Demulsifiers Addition product of
alkylphenol and ethylene oxide, polyoxyethylene alkyl
ether, and polyoxyethylene sorbitan ester.6. Extreme
Pressure Ami-Wear Agents (EP/AW Agents) Sulfurized
olefins, zinc dialky-1-dithiophosphate (primary alkyl,
secondary alkyl, and aryl type), diphenyl sulfide,
methyl trich lorostea rate, chlorinated naphthalene,
fluoroalkylpolysiloxane, lead naphthenate, neutralized
or partially neutralized phosphates, dithiophosphates,
and sulfur-free phosphates. 7. Friction Modifiers
Fatty alcohol, fatty acid (stearic acid, isostearic
acid, oleic acid and other fatty acids or salts
thereof), amine, borated ester, otheresters,
phosphates, other phosphites besides tri- and
di-hydrocarbyl phosphites, and phosphonates. 8.
Multifunctional Additives Sulfurized oxymolybdenum
dithiocarbamate, sulfurized oxymolybdenum organo
phosphorodithioate, oxymolybdenum monoglyceride,
oxymolybdenum diethylate amide, amine-molybdenum
complex compound, and sulfur-containing molybdenum
complex compound. 9. Viscosity Index Improvers
Polymethacrylate type polymers, ethylene-propylene
copolymers, styrene-isoprene copolymers, hydrated
styrene-isoprene copolymers, polyisobutylene, and
dispersant type viscosity index improvers. 10. Pour
Point Depressants Polymethyl methacrylate. 11. Foam
Inhibitors Alkyl methacrylate polymers and dimethyl
silicone polymers.12. Metal Deactivators
Disalicylidene propylenediamine, triazole derivatives,
mercaptobenzothiazoles, thiadiazole derivatives, and
mercaptobcnzimidazolcs. 13. Dispersants Alkenyl
succinimides, alkenyl succinimides modified with other
organic compounds, alkenyl succinimides modified by
post-treatment with ethylene carbonate or boric acid,
esters of polyalcohols and polyisobutenyl succinic
anhydride, phenate-salicylates and their post-treated
analogs, alkali metal or mixed alkali metal, alkaline
earth metal borates, dispersions of hydrated alkali
metal borates, dispersions of alkaline-earth metal
borates, polyamide ashless dispersants and the like or
mixtures of such dispersants. Lubricating Oil
Composition The lubricating oil additive composition
described above is generally added to a base oil that
is sufficient to lubricate moving parts, for example
internal combustion engines, gears, and transmissions.
Typically, the lubricating oil composition of the
present invention comprises a major amount of an oil
of lubricating viscosity and a minor amount of the
lubricating oil additive composition. The base oil
employed may be any of a wide variety of oils of
lubricating viscosity. The base oil of lubricating
viscosity used in such compositions may be mineral
oils or synthetic oils. A base oil having a viscosity
of at least 2.5 cSt at 400C and a pour point below
200C, preferably at or below 00C, is desirable. The
base oils may be derived from synthetic or natural
sources. Mineral oils for use as the base oil in this
invention include, for example, paraffinic, naphthenic
and other oils that are ordinarily used in lubricating
oil compositions. Synthetic oils include, for example,
both hydrocarbon synthetic oils and synthetic esters
and mixtures thereof having the desired viscosity.
Hydrocarbon synthetic oils may include, for example,
oils prepared from the polymerization of
ethylene,polyalphaolcfin or PAO oils, or oils prepared
from hydrocarbon synthesis procedures using carbon
monoxide and hydrogen gases such as in a
Fisher-Tropsch process. Useful synthetic hydrocarbon
oils include liquid polymers of alpha olefins having
the proper viscosity. Especially useful are the
hydrogenated liquid oligomers of C to C alpha olefins
such as 1-decene trimer. Likewise, alkyl benzenes of
proper viscosity, such as didodecyl benzene, can be
used. Useful synthetic esters include the esters of
monocarboxylic acids and polycarboxylic acids, as well
as mono-hydroxy alkanols and polyols. Typical examples
are didodecyl adipate, pentaerythritol tetracaproate,
di-2-ethylhexyl adipate, dilaurylsebacate, and the
like. Complex esters prepared from mixtures of mono
and dicarboxylic acids and mono and dihydroxy alkanols
can also be used. Blends of mineral oils with
synthetic oils are also useful. Thus, the base oil can
be a refined paraffin type base oil, a refined naphth
enic base oil, or a synthetic hydrocarbon or
non-hydrocarbon oil of lubricating viscosity. The base
oil can also be a mixture of mineral and synthetic
oils. Method of Use of the Present Invention The
lubricating oil additive composition of the present
invention is added to an oil of lubricating viscosity
thereby producing a lubricating oil composition. The
lubricating oil composition contacts the engine,
improving dispersancy. Accordingly, the present
invention is also directed to a method of improving
soot dispersancy, sludge dispersancy or both in an
internal combustion engine which comprises operating
the engine with the lubricating oil composition of the
invention. Optionally, the lubricating oil additive
composition described above may be used as a fuel
additive. When used in fuels, the proper concentration
of the additive that is necessary to achieve the
desired detergency is dependent upon a variety of
factors including the type of fuel used, the presence
of other detergents or dispersants or other additives,
etc. Generally, however, the range of concentration of
the additive in the base fuel is 10 to 10,000 weight
parts per million, preferably from 30 to 5,000 parts
per million of the additive. If other detergents are
present, a lesser amount of the additive may be used.
The additives described herein may be formulated as a
fuel concentrate, using an inert stable oleophilic
solvent boiling in the range of about150-4000F
(65.6-204.4 0C). Preferred solvents boil in the
gasoline or diesel fuel range. Preferably, an
aliphatic or an aromatic hydrocarbon solvent is used,
such as a benzene, toluene, xylene or higher-boiling
aromatics or aromatic thinners. Aliphatic alcohols of
about 3 to 8 carbon atoms, such as isopropanol,
isobutylcarbinol, n-butanol and the like in
combination with hydrocarbon solvents are also
suitable for use with the fuel additive. In the fuel
concentrate, the amount of the 



additive will be ordinarily at least 5 % by weight and
generally not exceed 70 % by weight, preferably from 5
to 50 and more preferably from 10 to 25 wt. %. The
following examples are presented to illustrate
specific embodiments of this invention and are not to
be construed in any way as limiting the scope of the
invention. EXAMPLES Example I (Comparative)
Polysuccinimide Derived from 1000 MW PoIyPIBSA,
Polyetherdiamine and Heavy Polyamine A 2 L glass
reactor was charged with polyPIBSA derived from 1000
MW PIB (610.92 g; available from Chevron Oronite, LLC)
and Exxon IOON base oil (793.45 g). The solution was
heated under a nitrogen atmosphere to 1600C. Jeffamine
XTJ- 501 polyetherdiamine (151.60 g; available from
Huntsman) was then added and mixture heated for I h. A
vacuum (< 20 mm Hg) was applied for 30 minutes at
16O0C. The vacuum was released and lhen heavy
polyamine (36.66 g) was added to the reactor. The
mixture was heated at 16O0C for 1 h. A vacuum (< 20 mm
Hg) was then applied for 30 minutes at 16O0C. Analysis
of the final product found the following: Viscosity at
1000C = 43.16 cSt Nitrogen content = 1.09 wt % Total
Base Number (ASTM D 2896) = 25.77 mg KOH/gExample 2
Phthalic Anhydride Post-Treated Polysuccinimide
Derived from 1000 MW PolyPIBSA/Polyetherdiamine/Heavy
Polyamine A 500 mL glass reactor was charged with
polysuccinimide (429.93 g) as prepared in Example I
and heated to 16O0C under a nitrogen atmosphere.
Phthalic anhydride (5.36 g; available from
Sigma-Aldrich) was added and the mixture was heated at
16O0C for 2 h. Analysis of the final product found the
following: Viscosity at 1000C - 702.2 cSt Total Base
Number = 19.64 mg KOH/g Example 3 Ethylene Carbonate
Post-Treated Polysuccinimide Derived from 1000 MW
PolyPIBSL/Polyetherdiamine/Heavy Polyamine A 500 mL
glass reactor was charged with polysuccinimide (392.34
g) as prepared in Example I and heated to 16O0C under
a nitrogen atmosphere. Ethylene carbonate (14.23 g)
was added over 1 h at 16O0C. The mixture was heated at
16O0C for additional 7 h. Example 4 (Comparative)
Polysuccinimide Derived from 2300 MW PoIyPIBSA,
Polyetherdiamine and Heavy Polyamine A 2-L glass
reactor was charged with polyPIBSA derived from 2300
MW PIB ( 1 183.18 g; available from Chevron Oronite,
LLC) and Exxon 100N base oil (129.66 g). The solution
was heated under a nitrogen atmosphere to 16O0C.
Jeffamine XTJ- 501 polyetherdiamine (141.71 g) was
added and the mixture was heated at 16O0C for 1 h. A
vacuum (< 20 mm Hg) was applied for 30 minutes at
16O0C. The vacuum was released and then heavy
polyamine (34.27 g) was then added to the reactor.
Themixture was heated at 16O0C for 1 h. A vacuum (< 20
mm Hg) was applied for 30 minutes at 16O0C. Analysis
of the final product found the following: Viscosity at
1000C = 577.8 cSt Nitrogen content = 1.10 wt % Total
Base Number = 24.04 mg KOH/g Example 5 Fhthalic
Anhydride Post-Treated Polysuccinimide Derived from
2300 MW PoiyPIBSA/Polyetherdiamine/Heavy Polyamine A
500 mL glass reactor was charged with polysuccinimide
(351.48 g) as prepared in Example 4 and heated to 16O
C under a nitrogen atmosphere. Phthalic anhydride
(4.38 g) was added and the mixture was heated at 16O0C
for 2 h. Analysis of the final product found the
following: Viscosity at 1000C = 696.2 cSt Total Base
Number = 18.44 mg KOH/g Example 6 Ethylene Carbonate
Post-Treated Polysuccinimide Derived from 2300 MW
PolyPIBSA/Polyetherdiamine/Heavy Polyamine A 500 mL
glass reactor was charged with polysuccinimide (390.21
g) as prepared in Example 4 and was heated to 16O0C
under a nitrogen atmosphere. Ethylene carbonate (14.15
g) was added over 1 h at 16O0C. The mixture was heated
at 16O0C for additional 5.5 h.Example 7 (Comparative)
Polysuccinimidc Derived from 2300 MWTerpolymer PIBSA,
Polyetherdiamine and Heavy Polyamine A l L reactor was
charged with terpolymer PIBSA derived from 2300 MW PIB
(645.22 g; available from Chevron Oronite, LLC). The
solution was placed under a nitrogen atmosphere and
heated to 16O0C. Jeffamine XTJ-501 polyetherdiamine
(84.59 g) was then added over 15 minutes. The mixture
was heated at 16O0C for 1 h. A vacuum (22 mm Hg) was
applied at 16O0C for 45 minutes. The vacuum was
released and heavy polyamine (20.56 g) was then added
to the solution over 10 minutes. The mixture was
heated at 16O0C for 1 h and then a vacuum (24 mm Hg)
was applied for 45 min at 16O0C. Example 8 Phthalic
Anhydride Post-Treated Polysuccinimide Derived from
2300 MW Terpolymer PIBSA/Polyetherdiamine/Heavy
Polyamine The product of Example 7 was charged in a 1
L reactor and heated to 16O0C under a nitrogen
atmosphere. Phthalic anhydride (8.31 g) was added and
the mixture was heated at 16O0C for 1 h. A vacuum (20
mm Hg) was then applied for 30 minutes. Example 9
Naphthalic Anhydride Post-Treated Polysuccinimide
Derived from 2300 MW Terpolymer
PIBSA/Poiyetherdiamine/HPA A 0.5 L reactor was charged
with terpolymer PIBSA derived from 2300 MW PlB (334.86
g); available from Chevron Oronite, LLC). The solution
was placed under a nitrogen atmosphere and heated to
16O0C. Jeffamine (r) XTJ-501 polyetherdiamine (43.39
g) was then added over 10 minutes. The mixture was
heated at 16O0C for 1 h. A vacuum (<20 mm Hg) was
applied at 16O0C for 30 minutes. The vacuum was
released and heavy polyamine (9.79 g) was then added
to the mixture over 7 minutes.The mixture was heated
at 16O0C for 1 h and then a vacuum (<20 mm Hg) was
applied for 30 min at 16O0C. The vacuum was released
and naphthalic anhydride (5.32 g) was added. The
mixture was heated at 16O0C for 1 h and then heated at
18O0C for 1h. A vacuum (<20 mm Hg) was then applied
for 30 minutes. Example 10 (Comparative)
Polysuccinimide Derived from 2300 MW Terpolymer PIBSA,
Polyetherdiaminc and Diethylenetriamine (DETA) A 1 L
reactor was charged with terpolymer PIBSA derived from
2300 MW PIB (445.69 g) available from Chevron Oronite,
LLC). The mixture was placed under a nitrogen
atmosphere and heated to 16O0C. Jeffamine(r) XTJ-501
polyetherdiamine (57.55 g) was then added over 15
minutes. The mixture was heated at 16O0C for 1 h. A
vacuum (<20 mm Hg) was applied at 16O0C for 30
minutes. The vacuum was released and the reactor was
cooled to 950C. DETA (4.89 g) was then added to the
mixture. The mixture was heated to 16O0C and this
temperature was maintained for I h. Then a vacuum (<20
mm Hg) was applied for 37 min at 16O0C. Example 11
Phthalic Anhydride Post-Treated Polysuccinimide
Derived from 2300 MW Terpolymer
PIBSA/Polyetherdiamine/DETA A 0.5 L reactor was
charged with terpolymer PIBSA derived from 2300 MW PIB
(296.53 g) available from Chevron Oronite, LLC). The
solution was placed under a nitrogen atmosphere and
heated to 1600C. Jeffamine(r) XTJ-501 polyetherdiamine
(38.29 g) was then added over 8 minutes. The mixture
was heated at 16O0C for 1 h. A 



vacuum (<20 mm Hg) was applied at 16O0C for 30
minutes. The vacuum was released and the reaction
mixture was cooled to 950C. DETA (3.25 g) was then
added to the mixture over 3 minutes. The mixture was
heated to 16O0C and temperature was maintained for 1
h. Then a vacuum (<20 mm Hg) was applied for 30 min at
16O0C. The vacuum was released and phthalic anhydride
(3.52 g) was added, and the mixturewas heated at 16O0C
for 1.5 h. A vacuum (<20 mm Hg) was then applied for
30 minutes. Example 12 Naphthalic Anhydride
Post-Treated Polysuccinimide Derived from 2300 MW
Terpolymer PIBSA/Polyetherdiamine/DETA The 269. 11 g
of product of Example 10 was charged in a 0.5 L
reactor and heated to 16O0C under a nitrogen
atmosphere. Naphthalic anhydride (3.78 g) was added
and the mixture was heated at 16O0C for 1.5 h. A
vacuum (<20 mm Hg) was then applied for 30 minutes.
Soot Thickening Bench Test Results The
polysuccinimides and post-treated polysuccinimides
from Examples 1-12 were reacted in the soot thickening
bench test, which measures the ability of a
formulation to disperse and control viscosity increase
resulting from the addition of carbon black, a soot
surrogate. In this test, 98.0 g of the test sample was
weighed and placed into a 250 mL beaker. The test
sample contained 7.6 wt. % of the test dispersant, 50
millimoles of an overbased phenate detergent, 18
millimoles of a zinc dithiophosphate wear inhibitor
and 7.3 wt. % of a VI improver, in 85% 150N oil, 15%
600N oil. To this was added 2.0 g Vulcan XC-72 carbon
black from Cabot Co. The mixture was stirred and then
stored for 16 hours in a dessicator. A second sample
without the carbon black was mixed for 60 seconds
using a Willems Polytron Homogenizer- Model PF 45/6
and then degassed in a vacuum oven for 30 minutes at
50 to 550C. The viscosity of the two samples was then
measured at 1000C using a capillary viscometer. The
percent viscosity increase was calculated by comparing
the viscosity of the samples with and without carbon
black. Thus, the lower the percent viscosity increase
the better the dispersancy of the dispersant. The
results from the soot thickening bench test are shown
in Table 1.TABLE 1 Soot Post- Thickening Example
Description Treatment % Vise. Increase 1 1000 MW
PolyPIBSA/XTJ-501/HPA 128.80 2 1000 MW
PolyPIBSA/XTJ-501/HPA PA1 25.24 3 1000 MW
PolyPIBSA/XTJ-501/HPA EC2 38.25 2300 MW
PolyPIBSA/XTJ-501/HPA 105.10 5 2300 MW
PolyPIBSA/XTJ-501/HPA PA 16.69 6 2300 MW
PolyPIBSA/XTJ-501/HPA EC 28.58 7 2300 MW Terpolymer
PIBSA/XTJ- - 49.76 501/HPA 8 2300 MW Terpolymer
PIBSA/XTJ- PA 24.92 501/HPA 9 2300 MW Terpolymer
P1BSA/XTJ- NA3 19.06 501/HPA 10 2300 MW Terpolymer
PIBSA/XTJ- - 121.39 501/DETA 11 2300 MW Terpolymer
P1BSA/XTJ- PA 78.49 501/DETA 12 2300 MW Terpolymer
PIBSA/XTJ- NA 19.26 501 /DETA 1- phthalic anhydride 2
- ethylene carbonate 3 - naphthalic anhydride As
evidenced in Table 1, the results of the soot
thickening bench test indicate that the percent
viscosity increase of formulated oils comprising
phthalic anhydride, ethylene carbonate or naphthalic
anhydride post-treated polysuccinimides was
significantly lower than the percent viscosity
increase in formulated oils that contain
polysuccinimides that are not post-treated. This test
indicates that the lubricating oil additives of the
present invention have superior dispersant properties,
as compared to the non-post treated polysuccinimides.
It is understood that although modifications and
variations of the invention can be made without
departing from the spirit and scope thereof, only such
limitations should be imposed as are indicated in the
appended claims.A post-treated polymeric dispersant
wherein the at least one aliphatic compound has more
than one functional group capable of reacting with a
monocarboxylic acid or ester thereof, or dicarboxylic
acid, anhydride or ester thereof. A post-treated
polymeric dispersant wherein the at least one ether
compound (B) is a polyether polyamine. A post-treated
polymeric dispersant wherein the polyether polyamine
is a polyoxyalkylene diamine wherein each alkylene
unit individually contains from about 2 to about 5
carbon atoms. A post-treated polymeric dispersant
wherein the oxyalkylene moiety is oxyethylene or
oxypropylene, or mixtures thereof. A post-treated
polymeric dispersant wherein the copolymer is
copolymer (i). A posttreated polymeric dispersant
wherein the copolymer is copolymer (ii). A
post-treated polymeric dispersant wherein the
copolymer (ii) is polyPlBSA, obtained by the free
radical catalyzed reaction of maleic anhydride and
polyisobutylene. A post-treated polymeric dispersant
wherein the copolymer is copolymer (iii). A
post-treated polymeric dispersant wherein the amino
aliphatic compound is selected from the group
consisting of aliphatic diamines, aliphatic polyamines
and polyalkylene polyamines. A post-treated polymeric
dispersant wherein the aliphatic compound is an
aliphatic diamine. A post-treated polymeric dispersant
wherein the aliphatic diamine is ethylene diamine,
hexamethylene diamine, and butylene diamine. A
post-treated polymeric dispersant wherein the
aliphatic compound is an polyalkylene polyamine.A
post-treated polymeric dispersant wherein compound
(i)(b) of copolymer (i) is polyisobutene having a
number average molecular weight (Mn) of from about 112
to about 5000. A post-treated polymeric dispersant
wherein the number average molecular weight (Mn) is
from about 500 to about 3000. A post-treated polymeric
dispersant wherein the number average molecular weight
(Mn) is from about 1000 to about 2500. A post-treated
polymeric dispersant wherein (i)(a) is a dicarboxylic
acid, anhydride or ester thereof. A post-treated
polymeric dispersant wherein (i)(a) is maleic
anhydride or ester thereof. A post-treated polymeric
dispersant wherein the monoolefin of (i)(c) is a
1-olefin. A lubricating oil composition wherein the at
least one aliphatic compound has more than one
functional group capable of reacting with a
monocarboxylic acid or ester thereof, or dicarboxylic
acid, anhydride or ester thereof. A lubricating oil
composition wherein in copolymer (iii)(b), said
copolymer (i) or copolymer (ii) or both are contacted
with the non-free radical catalyzed reaction product
of compound (i)(a) and compound (i)(b) or (i)(c) in
the presence of component (C). A lubricating oil
composition wherein the at least one ether compound
(B) is a polyether polyamine. A lubricating oil
composition wherein the polyether polyamine is a
polyoxyalkylene diamine wherein each alkylene unit
individually contains from about 2 to about 5 carbon
atoms.A lubricating oil composition wherein the
oxyalkylene moiety is oxyethylene or oxypropylene, or
mixtures thereof. A lubricating oil composition
wherein the copolymer is copolymer (i). A lubricating
oil composition wherein the copolymer is copolymer
(ii). A lubricating oil composition wherein copolymer
(ii) is polyPlBSA, obtained by the free radical
catalyzed reaction of maleic anhydride and
polyisobutylene. A lubricating oil composition wherein
the copolymer is copolymer (iii). 



A lubricating oil composition wherein the aliphatic
compound is an amino aliphatic compound. A lubricating
oil composition wherein the amino aliphatic compound
is selected from the group consisting of aliphatic
diamines, aliphatic polyamines and polyalkylene
polyamines. A lubricating oil composition wherein the
aliphatic compound is an aliphatic diamine. A
lubricating oil composition wherein the aliphatic
diamine is ethylene diamine, hexamethylene diamine,
and butylene diamine. A lubricating oil composition
wherein the aliphatic compound is a polyalkylene
polyamine. A lubricating oil composition wherein
compound (i)(b) of copolymer (i) is polyisobutene
having a number average molecular weight (Mn) of from
about 112 to about 5000.A lubricating oil composition
wherein the number average molecular weight (Mn) is
from about 500 to about 3000. A lubricating oil
composition wherein the number average molecular
weight (Mn) is from about 1000 to about 2500. A
lubricating oil composition wherein (i)(a) is a
dicarboxylic acid, anhydride or ester thereof. A
lubricating oil additive composition wherein (i)(a) is
maleic anhydride or ester thereof. A lubricating oil
composition wherein the monoolefin of (i)(c) is a
1-olefin. A method of making a post-treated polymeric
dispersant wherein the post-treating agent is a cyclic
carbonate, a linear mono-carbonate or a linear
poly-carbonate. A method of making a post-treated
polymeric dispersant , wherein the post-treating agent
is an aromatic polycarboxylic acid, an aromatic
polycarboxylic anhydride or aromatic polycarboxylic
ester. A method of making the post-treated polymeric
dispersant wherein the post-treating agent is ethylene
carbonate, phthalic anhydride, or naphthalic
anhydride.WHAT IS CLAIMED IS: 1. A post-treated
polymeric dispersant prepared by the process
comprising reacting (I) a post-treating agent selected
from a cyclic carbonate, a linear monocarbonate, a
linear poly-carbonate, an aromatic polycarboxylic
acid, an aromatic polycarboxylic anhydride or an
aromatic polycarboxylic acid ester and (II) a
lubricating oil additive composition prepared by the
process comprising reacting (A) at least one of the
following copolymers: (i) a copolymer obtained by free
radical copolymerization of components comprising: (a)
at least one monoethylenically unsaturated C3 to Q>8
monocarboxylic acid or ester thereof, or C4 to C28
dicarboxylic acid, anhydride or ester thereof; (b) at
least one 1-olefin comprising about 2 to 40 carbon
atoms or at least one polyolefin comprising about 4 to
360 carbon atoms and having a terminal copolymerizable
group in the form of a vinyl, vinylidene or alkyl
vinylidene group or mixtures thereof; and (c) at least
one monoolefn compound which is copolymerizable with
the monomers of (a) and (b) and is selected from the
group consisting of: (1) an alkyl vinyl ether and an
allyl alkyl ether where the alkyl group is hydroxyl,
amino, dialkylamino or alkoxy substituted or is
unsubstituted, and containing from about 1to about 40
carbon atoms;(2) an alkyl amine and an N-alkylamide of
a monoethylenically unsaUirated mono- or dicarboxylic
acid of from about 3 to about 10 carbon atoms where
the alkyl substituent contains from about 1 to about
40 carbon atoms; (3) an N-vinylcarboxamide of
carboxylic acids of from about 1 to about 8 carbon
atoms; (4) an N-vinyl substituted nitrogen-containing
heterocyclic compound; and (5) at least one 1-olefin
comprising about 2 to 40 carbon atoms or at least one
polyolefin comprising about 4 to about 360 carbon
atoms and having a terminal copolymerizable group in
the form of a vinyl, vinylidene or alkyl vinylidene
group or mixtures thereof, provided that the olefin
employed is not the same as the olefin employed in
(i)(b); (ii) a copolymer obtained by reacting compound
(i)(a) and compound(i)(b) in the presence of a free
radical initiator; (iii) a copolymer obtained by (a)
reacting compound (i)(a) with compound (i)(b) or
(i)(c) in a non-free radical catalyzed reaction in the
presence of copolymer (i) or copolymer (ii) or both;
or by (b) contacting copolymer (i) or copolymer (ii)
or both with the non-free radical catalyzed reaction
product of compound (i)(a) and compound (i)(b) or
(i)(c); with (B) at least one ether compound capable
of being reacted with at least two monocarboxylic
acids or esters thereof, or with at least two
dicarboxylic acids, anhydrides or esters thereof, or
mixtures thereof; and(C) at least one aliphatic
compound having at least two functional groups,
wherein one of the functional groups is capable of
reacting with at least one monocarboxylic acid or
ester thereof, or dicarboxylic acid, anhydride or
ester thereof and wherein another functional group is
capable of reacting with at least one post-treating
agent. 2. The post-treated polymeric dispersant of
Claim 1 wherein the post-treating agent is a cyclic
carbonate, a linear mono-carbonate or a linear
poly-carbonate. 3. The post-treated polymeric
dispersant of Claim 1, wherein the post-treating agent
is an aromatic polycarboxylic acid, an aromatic
polycarboxylic anhydride, or aromatic polycarboxylic
ester. 4. The post-treated polymeric dispersant of
Claim 1 wherein the post-treating agent is ethylene
carbonate, phthalic anhydride, or naphthalic
anhydride. 5. The post-treated polymeric dispersant of
claim 1, wherein the at least one ether compound (B)
is selected from the group comprising an ether
polyamine, a polyether polyamine, a polyether amino
alcohol, a polyether amino thiol, and a polyether
polyol. 6. The post-treated polymeric dispersant of
claim 1, wherein in copolymer (iii)(b), said copolymer
(i) or copolymer (ii) or both are contacted with the
non-free radical catalyzed reaction product of
compound (i)(a) and compound (i)(b) or (i)(c) in the
presence of component (C). 7. The post-treated
polymeric dispersant of claim 1 wherein the aliphatic
compound is an amino aliphatic compound. 8. A
lubricating oil composition comprising a major amount
of an oil of lubricating viscosity and a minor amount
of a post-treated polymeric dispersantprepared by the
process which comprises reacting (I) a post-treating
agent selected from a cyclic carbonate, a linear
mono-carbonate, a linear poly-carbonate, an aromatic
polycarboxylic acid or an aromatic polycarboxylic
anhydride or an aromatic polycarboxylic acid ester and
(II) a lubricating oil additive composition prepared
by the process comprising reacting (A) at least one of
the following copolymers: (i) a copolymer obtained by
free radical copolymerization of components
comprising: (a) at least one monoethylenically
unsaturated C3-C28 monocarboxylic acid or ester
thereof, or C4-C28 dicarboxylic acid, anhydride or
ester thereof; (b) at least one 1-olefin comprising
about 2 to 40 carbon atoms or at least one polyolefin
comprising about 4 to 360 carbon atoms and having a
terminal copolymerizable group in the form of a vinyl,
vinylidene or alkyl vinylidene group or mixtures
thereof; and (c) at least one monoolefin compound
which is 



copolymerizable with the monomers of (a) and (b) and
is selected from the group consisting of: (1) an alkyl
vinyl ether and an allyl alkyl ether where the alkyl
group is hydroxyl, amino, dialkylamino or alkoxy
substituted or is unsubstituted, and containing from
about 1 to about 40 carbon atoms;(2) an alkyl amine
and an N-alkylamide ofa monoethylenically unsaturated
mono- or dicarboxylic acid of from about 3 to about 10
carbon atoms where the alkyl substituent contains from
about 1 to about 40 carbon atoms; (3) an
N-vinylcarboxamide of carboxylic acids of from about
1to about 8 carbon atoms; (4) an N-vinyl substituted
nitrogen-containing heterocyclic compound; and (5) at
least one 1-olefin comprising about 2 to 40 carbon
atoms or at least one polyolefin comprising about 4 to
about 360 carbon atoms and having a terminal
copolymerizable group in the form of a vinyl,
vinylidene or alkyl vinylidene group or mixtures
thereof, provided that the olefin employed is not the
same as the olefin employed in (i)(b); (ii) a
copolymer obtained by reacting compound (i)(a) and
compound(i)(b) in the presence of a free radical
initiator; (iii) a copolymer obtained by (a) reacting
compound (i)(a) with compound (i)(b) or (i)(c) in a
non-free radical catalyzed reaction in the presence of
copolymer (i) or copolymer (ii) or both; or by (b)
contacting copolymer (i) or copolymer (ii) or both
with the non-free radical catalyzed reaction product
of compound (i)(a) and compound (i)(b) or (i)(c);
with(B) at least one ether compound capable of being
reacted with at least two monocarboxylic acids or
esters thereof, or with at least two dicarboxylic
acids, anhydrides or esters thereof, or mixtures
thereof; and (C) at least one aliphatic compound
having at least two functional groups, wherein one of
the functional groups is capable of reacting with at
least one monocarboxylic acid or ester thereof, or
dicarboxylic acid, anhydride or ester thereof and
wherein another functional group is capable of
reacting with at least one post-treating agent. 9. The
lubricating oil composition of Claim 8, wherein the
post-treating agent is a cyclic carbonate, a linear
mono-carbonate or a linear poly-carbonate. 10. The
lubricating oil composition of Claim 8, wherein the
post-treating agent is an aromatic polycarboxylic
acid, an aromatic polycarboxylic anhydride, or an
aromatic polycarboxylic ester. 11. The lubricating oil
composition of claim 8, wherein the post-treating
agent is ethylene carbonate, phthalic anhydride, or
naphthalic anhydride. 12. The lubricating oil
composition of claim 8, wherein the at least one ether
compound (B) is selected from the group comprising an
ether polyamine, a polyether polyamine, a polyether
amino alcohol, a polyether amino thiol, and a
polyether polyol. 13. A method of making a
post-treated polymeric dispersant comprising reacting
(I) a post-treating agent selected from a cyclic
carbonate, a linear mono-carbonate, a linear
poly-carbonate, an aromatic polycarboxylic acid or an
aromatic polycarboxylic anhydride or an aromatic
polycarboxylic acid ester and (II) a lubricating oil
additive composition which comprises reacting (A) at
least one of the following copolymers:(i) a copolymer
obtained by free radical copolymerization of
components comprising: (a) at least one
monoethylenically unsaturated 5 C3-C28 monocarboxylic
acid or ester thereof, or a C4-C28 dicarboxylic acid,
anhydride or ester thereof; (b) at least one 1-olefin
comprising about 2 to 40 carbon atoms or at least one
polyolefin comprising about 10 4 to 360 carbon atoms
and having a terminal copolymerizable group in the
form of a vinyl, vinylidene or alkyl vinylidene group
or mixtures thereof; and 15 (c) at least one
monoolefin compound which is copolymerizable with the
monomers of (a) and (b) and is selected from the group
consisting of: (1) an alkyl vinyl ether and an allyl
alkyl ether 20 where the alkyl group is hydroxyl,
amino, dialkylamino or alkoxy substituted or is
unsubstiruted, and containing from about 1 to about 40
carbon atoms; 25 (2) an alkyl amine and an
N-alkylamide of a monoethylenically unsaturated mono-
or dicarboxylic acid of from about 3 to about 10
carbon atoms where the alkyl substituent contains from
about 1 to about 40 carbon atoms; 30 (3) an
N-vinylcarboxamide of carboxylic acids of from about 1
to about 8 carbon atoms;(4) an N-vinyl substituted
nitrogen-containing heterocyclic compound; and (5) at
least one 1-olefin comprising about 2 to 40 carbon
atoms or at least one polyolefin comprising about 4 to
about 360 carbon atoms and having a terminal
copolymerizable group in the form of a vinyl,
vinylidene or alkyl vinylidene group or mixtures
thereof, provided that the olefin employed is not the
same as the olefin employed in (i)(b); (ii) a
copolymer obtained by reacting compound (i)(a) and
compound(i)(b) in the presence of a free radical
initiator; (iii) a copolymer obtained by (a) reacting
compound (i)(a) with compound (i)(b) or (i)(c) in a
non-free radical catalyzed reaction in the presence of
copolymer (i) or copolymer (ii) or both; or by (b)
contacting copolymer (i) or copolymer (ii) or both
with the non-free radical catalyzed reaction product
of compound (i)(a) and compound (i)(b) or (i)(c); with
(B) at least one ether compound capable of being
reacted with at least two monocarboxylic acids or
esters thereof, or with at least two dicarboxylic
acids, anhydrides or esters thereof, or mixtures
thereof; (C) at least one aliphatic compound having at
least two functional groups, wherein one of the
functional groups is capable of reacting with at least
one monocarboxylic acid or ester thereof, or
dicarboxylic acid, anhydride or ester thereof and
wherein another functional group is capable of
reacting with at least one post-treating agent.14. The
method of making the post-treated polymeric dispersant
of claim 13, wherein in copolymer (iii)(b), said
copolymer (i) or copolymer (ii) or both are contacted
with the non-free radical catalyzed reaction product
of compound (i)(a) and compound (i)(b) or (i)(c) in
the presence of component (C). 15. A method of
improving soot dispersancy or sludge dispersancy or
both in an internal combustion engine which comprises
operating the engine with a lubricating oil
composition comprising a major amount of oil of
lubricating viscosity and an effective amount of the
post-treated polymeric dispersant of claim 1. 


