
LovD MUTANTS EXHIBITING IMPROVED PROPERTIES TOWARDS SIMVASTATIN SYNTHESIS
STATEMENT OF GOVERNMENT SUPPORT  5This invention was made with Government
support of Grant No. HL091197, awarded by the National Institutes of
Health. The Government has certain rights in this invention. CROSS
REFERENCE TO RELATED APPLICATIONS  This application claims priority under
Section 119(e) from U.S. Provisional  10 Application Serial No. 61/249,894
filed October 8, 2009, the contents of which are incorporated herein by
reference. This application is related to International Application
No.PCT/US2007/012362 (International Publication No. WO 2007/139871), the
contents of which are incorporated herein by reference. FIELD OF THE
INVENTION  15The invention relates to methods and materials for
biosynthesizing compounds such as simvastatin including procedures using
microbial hosts. BACKGROUND OF THE INVENTION          Simvastatin is a
semisynthetic derivative of the natural product lovastatin, which can be
isolated from the fermentation broth of Aspergillus terreus. Both
lovastatin 



20 and simvastatin are cholesterol lowering drugs that substantially lower
the risk of heart disease among adults. Lovastatin and simvastatin are
marketed by Merck Co. as Mevacor and Zocor, respectively. Simvastatin is a
more potent derivative of lovastatin and is the second best selling drug in
the United States in 2005, with an expect sales of $4.5 billion in the US
alone. 25The gene cluster for lovastatin biosynthesis in A. terreus (see,
e.g., J. Kennedy, K. et. al., Science, 1999, 284, 1368-1372; and C. R.
Hutchinson, J. et. al., Antonie Van Leeuwenhoek 2000, 78, 287-295) has been
described previously (see, e.g., U.S. Pat. No. 6,391,583, the contents of
which are herein incorporated by reference). Encoded in the gene cluster is
a 46 kD protein LovD, that was initially identified as an esterase homolog.
30Monacolin J, the immediate biosynthetic precursor of lovastatin, is
assembled by the  upstream megasynthase LovB (see, e.g., L. Hendrickson, C.
R. et. al., Chem. Biol. 1999, 6, 429-439), (also known as lovastatin
nonaketide synthase, LNKS), enoylreductase LovC and CYP450 oxygenases. The
five carbon unit side chain is synthesized by LovF (lovastatin diketide
synthase, LDKS) through condensation between an acetyl-CoA and a  5
malonyl-CoA. The condensed diketide undergoes methylation and reductive
tailoring by the individual LovF domains to yield an a-S-methylbutyryl
thioester covalently attached to the phosphopantetheine arm on the acyl
carrier protein (ACP) domain of LovF (see, e.g., J. Kennedy, K. et. al.,
Science, 1999, 284, 1368-1372 and C. R. Hutchinson, J. et. al., Antonie Van
Leetavenhoek 2000, 78, 287-295), and Lovastatin is subsequently produced 10
from monacolin J. Inactivation of either LovD or LovF in A tenrus leads to
accumulation of the precursor monacolin J (see, e.g., J. Kennedy, K. et.
al., Science, 1999, 284, 1368-1372 and C. R. Hutchinson, J. et. al.,
Antonie Van Leetavenhoek 2000, 78, 287- 295) . Once lovastatin is produced
via fermentation in an A tenrus host for example,  15 simvastatin can be
produced from lovastatin. Currently, simvastatin is a semisynthetic
derivative of lovastatin. Lovastatin is obtained via fermentation of the A.
tenrus host. After purification of the compound, the semisynthesis can
proceed as follows: 1) the 2- methylbutyrate side arm can be hydrolyzed in
the presence of base to yield the intermediate monacolin J; 2) lactonize
the free acid; 3) the alcohol functional group at  20 C13 is protected with
a protection group (such as tent-butyldimethylsilyl); 4) Esterification of
the exposed C8 alcohol with an acyl substrate such as 2-dimethylbutyryl
chloride to yield a C13 protected version of simvastatin, and 5)
Deprotection of C13 OH to yield simvastatin. Various multistep synthesis of
simvastatin have been described previously (see,  25 e.g., PCT WO
2005/066150 and U.S. Application Nos. 20050080275 and 20040068123, the
contents of which are herein incorporated by reference). For example, a
widely used process starts with the hydrolysis of the C8 ester in
lovastatin to yield the triol monacolin J, followed by selective silylation
of the C13 alcohol, esterification of C8 alcohol with dimethylbutyryl
chloride and deprotection of C13 alcohol to yield simvastatin (see, e.g., 



30W. F. Hoffman, et. al., J. Med. Chem. 1986, 29, 849-852). Enzymatic
transformations  using lipases and esterases have been investigated as
alternatives to chemical derivation (see, e.g., PCT WO 2005/040107, PCT WO
94/26920 and T. G. Schimmel, et. al., App!. Environ. Microbiol. 1997, 63,
1307-1311, the contents of which are herein incorporated by reference).
However, the requirement of regioselective esterification invariably
involves  5 protection of other alcohol groups and often leads to lowered
overall yield. Therefore, a specific reagent that is able to selectively
acylate C8 of monacolin J is important towards the efficient synthesis of
simvastatin and additional statin analogs.       Variations of the above
schemes are common, however, most procedures will invariably involve
isolation of lovastatin first, hydrolysis of the methylbutyrate side chain,
10 protection of the free alcohol, reaction with an acyl substrate, and
deprotection. Although the chemical transformations involved are relatively
simple, they are inefficient and involve multiple steps and therefore
contribute to the current high cost of manufacturing simvastatin ($3 per
pill). For this reason, methods and materials that facilitate the cost
effective manufacture of simvastatin and related compounds are highly
15desirable. SUMMARY OF THE INVENTION        As disclosed in detail below,
it is now possible to generate simvastatin and related compounds both in
vitro or in vivo using variants of the LovD acyltransferase  20 polypeptide
that have been engineered to exhibit properties that facilitate their use
in the production of simvastatin and/or huvastatin. The materials and
processes disclosed herein are designed so that fermentation facilities
currently producing lovastatin can be converted to producing simvastatin
and related compounds with minimal modifications. Embodiments of the
present invention provide methods and materials designed  25 to take
advantage of biological processes by which lovastatin is made in order to
produce the lovastatin derivative, simvastatin. The present invention also
provides methods and materials designed to take advantage of biological
processes by which lovastatin is made in order to produce related compounds
such as the pravastatin derivative, huvastatin. Embodiments of the
invention include materials and methods useful for generating 30simvastatin
without the multiple chemical synthesis steps that are currently employed
to 



generate this compound. Typical embodiments of the invention do not require
the purification of lovastatin as a first step, followed by the further
semisynthetic procedures and instead combine variants of the LovD
acyltransferase polypeptide with acyl thioester compounds in a fermentation
process that results in the production of simvastatin 5and/or huvastatin.
The invention disclosed herein has a number of embodiments. An illustrative
embodiment of the invention is a variant of a LovD polypeptide shown in SEQ
ID NO:1, the variant LovD polypeptide comprising at least one specific
amino acid substitution such as A10V; D12G; K26E; C40A; C60N; A86V; H161Y;
A190T; K227R; 10 G2755; V334D; V334F; and/or L361M. A related embodiment of
the invention is a variant of a LovD polypeptide shown in SEQ ID NO:1, the
variant LovD polypeptide comprising a set of amino acid substitutions, for
example a set of at least three amino acid substitutions at amino acid
residue positions C40 and C60; and at least one further substitution at
amino acid residue position: A10; D12; K26; A86; A190; H161; K227;  15
G275; V334; or L361. In such substitution variants of the LovD polypeptide,
the amino acid substitution can comprise any one of the 19 amino acids not
found at the amino acid residue position on the LovD polypeptide shown in
SEQ ID NO:1. Typically, the substitution variant exhibits one or more
altered properties as compared to the LovD polypeptide shown in SEQ ID
NO:1, for example, a decreased aggregation; an improved  20 thermal
stability; an improved catalytic activity; an improved kat/Km value; an
improved soluble expression level; and/or an improved whole cell activity
at 25C.       As noted above, certain embodiments of the invention include
specific constellations of amino acid substitutions. For example, in some
embodiments of the invention, the variant LovD polypeptide comprises amino
acid substitutions at: amino  25 acid residue positions C40; C60; and A86;
or amino acid residue positions C40; C60; A86; and A190; or amino acid
residue positions C40; C60; D12; A86; and G275; or amino acid residue
positions C40; C60; D12; A86; C40; C60; A190; and G275; or amino acid
residue positions C40; C60; D12; K26; A86; C40; C60; H161; A190; and G275;
or amino acid residue positions C40; C60; D12; A86; A190; and G275; or
amino acid 30residue positions C40; C60; A10; D12; K26; A86; A190; and
G275; or amino acid residue  positions C40; C60; D12; K26; A86; H161; A190;
and G275; or amino acid residue positions C40; C60; D12; K26; A86; H161;
A190; G275; V334 and L361; or amino acid residue positions C40; C60; D12;
K26; A86; H161; A190; G275; and V334. Specific illustrative embodiments of
these variants include those having amino acid substitutions: 5 D12G, C40A,
C60N, A86V, A190T and G275S; or D12G, K26E, C40A, C60N, A86V, H161Y, A190T
and G275S; or D12G, K26E, C40A, C60N, A86V, H161Y, A190T; G275S and V334F. 



Embodiments of the invention include polynucleotides encoding the
substitution variants disclosed herein, for example an isolated
polynucleotide having at least a 95%- 10 100/0 sequence identity to a
polynucleotide encoding a variant LovD polypeptide as disclosed herein.
Related embodiments of the invention include a vector comprising these
polynucleotides (e.g. an expression vector including control sequences
recognized by a host cell transformed with the vector) as well as host
cells comprising such vectors. Optionally, the host cell is an Escherichia
coli, Aspergillus terreus, Monascus ruber, Monascus 15 puoureus, Monascus
pilosus, Monascus vitreus, Monascus pubigerus, Candida cariosilognicola,
Aspergillus ogea, Doratomyces stemonitis, Paecilomyes virioti, Penicillum
citrinum, Penicillin chgsogenum, Scopulariopsis brevicaulis, Neurospora
crassa or Trichoderma viride. A related embodiment of the invention is a
process for producing a variant LovD polypeptide comprising culturing a
host cell transformed with a encoding a variant LovD polypeptide 20 under
conditions suitable for expression of a polypeptide, so that the variant
LovD polypeptide is produced. In certain embodiments of the invention, the
variant LovD polypeptide can be fused to a heterologous amino acid
sequence, for example one that facilitates its manipulation (e.g. a
polyhistidine sequence). Yet another embodiment of the invention is a
method of making a variant of a 25 LovD polypeptide shown in SEQ ID NO:1
comprising: using a polynucleotide mutagenesis procedure to generate a
population of mutants of the LovD polynucleotides; and expressing a
population of LovD polypeptide variants encoded by the population of LovD
polynucleotide mutants; so that a variant of a LovD polypeptide is made.
Optionally, the polynucleotide mutagenesis procedure is a saturation
mutagenesis or an 30error prone polymerase chain reaction procedure.
Typically these embodiments of the invention include screening one or more
members of the population of LovD polypeptide variants so as to identify a
variant that exhibits: a decreased aggregation; an improved thermal
stability; an improved acyltransferase activity; an improved kcat/Km value;
an improved soluble expression level; and/or an improved whole cell
activity at 5 25C, as compared to the wild type LovD polypeptide shown in
SEQ ID NO:1. Optionally the polynucleotide mutagenesis procedure is
controlled so as to generate a substitution mutation at a codon that
encodes amino acid residue position: A10; D12; K26; A86; A190; H161; K227;
G275; V334; and/or L361. In a related embodiment of the invention, the
polynucleotide mutagenesis procedure is controlled so as to generate a 10
variant comprising C40A and C60N; and a further a substitution mutation at
a codon that encodes amino acid residue position: A10; D12; K26; A86; A190;
H161; K227; G275; V334; and/or L361.       Yet another embodiment of the
invention is a method of making simvastatin comprising the steps of:
combining together monacolin J; an acyl thioester that donates 15 an acyl
moiety to the C8 hydroxyl group of monacolin J in the presence of LovD
acyltransferase; and a variant of a LovD acyltransferase polypeptide shown
in SEQ ID NO:1, the variant LovD polypeptide comprising at least one amino
acid substitution at residue position: A10; D12; K26; A86; A190; H161;
K227; G275; V334; or L361; and then allowing the variant LovD polypeptide
to use an acyl group from the acyl thioester 20 to regioselectively acylate
the C8 hydroxyl group of monacolin J; so that simvastatin is made. In
certain embodiments of the invention, the monacolin J; the acyl thioester
and the variant LovD polypeptide are combined in a fermentation media in
the presence of an isolated organism that produces the LovD acyltransferase
wherein the isolated organism is at least one of: Aspergillus teams;
Aspergillus terreus that does not express LovF 



25 polypeptide of SEQ ID NO: 3; Escherichia coli; or Escherichia coli that
does not express bioH polypeptide of SEQ ID NO: 4. Optionally in such
embodiments, the acyl thioester is selected a butyrlyl-thioester, a
N-acetylcysteamine thioester or a methyl-thioglycolate thioester; comprises
medium chain length (C3-C6) acyl group moieties; and/or is able to cross
the cellular membranes of Escherichia coli or Aspergillus terreus cells
growing within a 30fermentation media (e.g.
a-dimethylbutyryl-S-methyl-mercaptopropionate (DMB-S-
MMP),dimethylbutyryl-S-ethylmercaptopropionate(DMB-S-EMP)and
dimethylbutyryl-S-methyl thioglycolate (DMB-S-MTG) and
dimethylbutyryl-S-methyl mercaptobutyrate (DMB-S-MMB)). In the methods for
making simvastatin, the isolated organism can be grown  5 under at least
one of the following conditions: at a temperature between 25-40C; for a
time period between at least 4 to at least 48 hours; at a pH between 7-8;
and/or in a fermentation media comprising LB, Fl or TB media. Optionally
the methods further comprise purifying the simvastatin made by the method
by at least one purification step comprising: lysis of cells of an isolated
organism present in the combination;  10 centrifugation; precipitation of a
free acid form of simvastatin; conversion of a free acid form of
simvastatin to a simvastatin salt; filtration; or high performance liquid
chromatography (HPLC). In certain embodiments, the method produces a
composition of matter comprising 0%-1% of the monacolin J that was
initially combined with the acyl thioester that donates an acyl moiety to
the C8 hydroxyl group of monacolin J in the  15 presence of a LovD
acyltransferase variant; and/or results in at least 95% of the monacolin J
added to the combination being converted to simvastatin. Optionally in
these methods, the variant LovD polypeptide comprises amino acid
substitutions: D12G, C40A, C6ON, A86V, A190T and G275S; D12G, K26E, C40A,
C6ON, A86V, H161Y, A190T and G275S; or D12G, K26E, C40A, C6ON, A86V, H161Y,
A190T; G275S and 20 V334F. A related embodiment of this invention is a
composition of matter comprising: monacolin J; an acyl thioester that
donates an acyl moiety to the C8 hydroxyl group of monacolin J in the
presence LovD acyltransferase; a variant of a LovD acyltransferase
polypeptide shown in SEQ ID NO:1, the variant LovD polypeptide comprising
an amino acid substitution at: amino acid residue positions C40 and C60;
and at least one  25 amino acid residue position: A10; D12; K26; A86; A190;
H161; K227; G275; V334; or L361; and simvastatin.       Yet another
embodiment of the invention is a method of making huvastatin comprising the
steps of: combining together hydrolyzed pravastatin tetra-ol; an acyl
thioester that donates an acyl moiety to the C8 hydroxyl group of
hydrolyzed pravastatin 30tetra-ol in the presence of LovD acyltransferase;
and a variant of a LovD acyltransferase polypeptide shown in SEQ ID NO:1,
the variant LovD polypeptide comprising an amino acid substitution at amino
acid residue position: A10; D12; K26; C40; C60; A86; A190; H161; K227;
G275; V334; and/or L361; and allowing the variant LovD polypeptide to use
an acyl group from the acyl thioester to regioselectively acylate the C8 



5 hydroxyl group of hydrolyzed pravastatin tetra-ol; so that huvastatin is
made. A related embodiment of the invention is a composition of matter
comprising: hydrolyzed pravastatin tetra-ol; an acyl thioester that donates
an acyl moiety to the C8 hydroxyl group of hydrolyzed pravastatin tetra-ol
in the presence LovD acyltransferase; a variant of a LovD acyltransferase
polypeptide shown in SEQ ID NO:1, the variant LovD  10 polypeptide
comprising an amino acid substitution at amino acid residue position: A10;
D12; K26; C40; C60; A86; A190; H161; K227; G275; V334; and/or L361; and
huvastatin. Optionally this variant LovD polypeptide comprises amino acid
substitutions: D12G, C40A, C60N, A86V, A190T and G2755; D12G, K26E, C40A,
C60N, A86V, H161Y, A190T and G2755; or D12G, K26E, C40A, C60N, A86V, 15
H161Y, A190T; G2755 and V334F.       In certain embodiments of the
invention, further components and/or methodological steps can be combined
with one or more of the methods and materials discussed above. For example,
the methods can further comprise using high cell-density fermentation to
increase the effective concentration of one or more LovD  20
acyltransferase variants used to make simvastatin and/or huvastatin and
optimise fermentation conditions or increasing LovD acyltransferase
catalytic efficiencies and the like. Many other components or methods can
be used to increase the production of simvastatin or of an intermediary or
related compound that facilitates the production of simvastatin and/or
huvastatin. 25Embodiments of the invention also include articles of
manufacture and/or kits designed to facilitate the methods of the
invention. Typically such kits include instructions for using the elements
therein according to the methods of the present invention. Such kits can
comprise a carrier means being compartmentalized to receive in close
confinement one or more container means such as vials, tubes, and the like,
each of 30the container means comprising one of the separate elements to be
used in the method. One of the containers can comprise a vial, for example,
containing a plasmid encoding a LovD acyltransferase variant, optionally
within a microbial host such as E. Co/i or A teams and another vial
containing a thioester compound or the like, both of which can be added to
a fermentation mixture to produce simvastatin and/or huvastatin or the
like. 5Additional embodiments of the invention are discussed below. BRIEF
DESCRIPTION OF THE DRAWINGS       Figure 1. E. co/i strain overexpressing
the acyltransferase LovD was used as a biocatalyst to convert Monacolin J
(MJ) acid and DMB-S-MMP to simvastatin in one  10 step. Simvastatin acid
form will automatically convert to lactone form at low pH and the lactone
will convert to acid form in high pH conditions. The wild type LovD has a
kcat of 0.6 min 1. In vivo experiment showed that the wild type LovD
expressed in E. co/i YT2 can convert 15 mNI MJ acid into simvastatin acid
in 12 hours. 



Figure 2.(a) SDS-PAGE gel LovD protein (WT) from E. co/i 15
BL21(DE3)/pAW31; (b) native gel of LovD protein (WT) and A1-A8
respectively, DTT was fixed at 2 mM for all samples. Al has slightly less
oligomer compared to WT; A3 eliminated most of the oligomer; A2, A6 and A8
are very similar to WT; A4, A5, and A7 showed less proteins due to the
unstability of these mutants; A9 was not included due to no soluble
proteins. The results indicated that only Cl and C3 may be responsible for
20intermolecular disulfide bonds.      Figure 3. Whole cell biocatalytic
activities based on the conversion from MJ acid and DMB-S-MMP (gray column)
and soluble protein expression level comparison between the wild type LovD
and the mutants (black column). For the whole cell activity, the LB culture
was concentrated 10 times to mimic high density fermentation, 15 mNI MJ 25
acid and 18 mM DMB-S-MMP were used to compare the conversion. The
conversion based on 8 hours was used to compare the whole cell activity
between the wild type LovD and the mutants. The wild type LovD conversion
was normalized to 100%, the data points are averaged values of two runs.
For the protein expression level assay, protein was expressed and purified
using Ni-NTA Column from 50 ml LB culture. The 30concentration was
determined by Bradford assay. Also the wild type LovD expression level was
normalized to 100%. The whole cell activities of the mutants were
proportional to the soluble expressed proteins, so the solubility may be
the only reason attributed to the whole cell activities. Figure 4. Whole
cell LovD activity between the mutants with the first or the  5 third
cysteine changed and the wild type LovD based on 8 hours conversion. The
wild type LovD conversion was normalized to 100%, the data points are
averaged values of two runs. Al showed higher conversion than the other
mutants at the first cysteine position while N3 was the highest at the
third cysteine position. Both Al and N3 showed -25% higher whole cell
activity compared to the wild type. 10Figure 5. Simvastatin conversion as a
function of time. Assay conditions are the same as before. YT2/A1N3 (*) is
the fastest mutant by combining the benefits of Al and N3, the conversion
was finished in 8 hours. Both YT2/A1 and YT2/N3 completed reaction in 10
hours with slightly higher conversion of YT2/A1 than YT2/N3. YT2/pAW31 is
the wild type which converted 15 mM MJ acid in 12 hours.  15 The higher
whole cell activity resulted in short reaction time. Both YT2/A1 and YT2/N3
reduced -20% time compared to wild type while YT2/A1N3 reduced -50% time.
Figure 6. High-cell-density fermentation of YT2/pAW31 and YT2/A1N. For both
strains, the cells were first grown at 37 C to 0D600 around 20, then the
temperature 



20 was cooled to 25 C and 500 tl 1M IPTG was added to induce protein
expression. After the protein was expressed for -12 hours, glucose feeding
was stopped, pH was adjusted to 7.8, 15 g MJ acid and 15 ml DMB-S-MMP were
added slowly to start bioconversion. The conversion was checked by HPLC,
once the reaction was completed or constant, the reaction was stopped.
Simvastatin was recovered by downstream purification process.  25 The great
drop on the cell density was happened after substrates addition which can
be minimized by slow addition of the substrates. The conversion rate kept
constant at first and slowed down with prolonged time which could be
inactivation of the LovD proteins.       Figure 7. Reactions catalyzed by
LovD. LovD is responsible for converting MJA into LVA via acylation of the
a-S-methylbutyrate side chain and can also synthesize SVA 30 using DMB-SMMP
as an acyl donor.         Figure 8. The crystal structure of LovD and its
relationship to EstB. (A) A structure-based sequence alignment between LovD
and EstB. Secondary structure elements assigned from the structure of LovD
are shown above the sequence. The colors are ramped from blue at the
N-terminus to red at the C-terminus. The active site residues  5 in EstB
are indicated by an asterisk "*" below the amino acid. (B) A ribbon diagram
showing the G5'-LVA complex. (C) Structure of LovD. Highlighted in green
are segments that are not conserved in EstB. These five loops project
around the circumference of the active site like the fingers in a catcher's
mitt. (D) Structure of EstB. Highlighted in magenta are segments that are
not conserved in LovD. (E) The overlay of 10 LovD and EstB structures.
Notably absent from LovD is a loop that covers the active site in EstB
(residues 244-260).       Figure 9. Directed evolution of LovD as a
simvastatin synthase. (A) An agar diffusion-based assay was used to
quantify the amount of SVA in the whole-cell activity experiments. N.
crassa was embedded in the agar prior to spotting the reaction mixture.  15
The numbers (1-8) designate different incubation times of 2.5, 4, 5.5, 7,
8, 9, 10, 12 hours following addition of MJA and DMB-SMMP to E. co/i
expressing wild type LovD. (B) Directed evolution of LovD mutants towards
higher whole cell activities. There are a total of seven generations of
LovD mutants. Four generations were derived from random mutagenesis
including G1, G2.1, G2.2, G4.1, G4.2, and G6. Two generations 20 were
derived from combination of beneficial mutations from previous generation
mutants including G3 and G5. G7 was derived though saturated mutagenesis of
G6 at positions V334 and L361. All mutants with two amino acid changes were
subjected to site directed mutagenesis to determine beneficial or
deleterious mutations (G2.1, G4.1 and G4.2). (x) indicates that the mutant
had lower whole cell activity comparing to the  25 previous generation.
(Ai) indicates that the mutant had higher whole cell activity comparing to
the previous generation.       Figure 10. Structure of the G5 mutant
provides insight into improved catalysis. Positions of the amino acid
changes present in the improved mutant G5, highlighting their generally
large distances from the active site. Distances are drawn from the amino 



30acid alpha carbons to the nucleophilic hydroxyl (C8) of LVA.
Figure 11. Side view of the overlap of five LovD structures. This
representation indicates a hinge rotation between two domains due to G5
mutations and the presence of bound ligands. (A) Two important residues
(Va186 and Leu134), which may stabilize closure of the hinge, are shown in
spheres. (B) Another two residues (Va1334 and  5 Asp320) are directly in
contact with each other. Mutation V334D in G6 would result in electrostatic
repulsion between Asp334 and Asp320 while mutation V334F in G7 could result
in steric clash between the phenyl side chain and Asp320. Both could
stabilize closure of the hinge. Figure 12. Comparison of the LovD active
site bound with different ligands. (A) 10 G5 in complex with substrate MJA.
(B) G5' in complex with product LVA. (C) G5' in complex with product SVA.
(D) Overlay of the three structures showing conformational changes,
particularly at the nucleophilic serine, associated with binding to
different ligands. Dashed lines represent hydrogen bonds. The active site
entrance is at the top of each figure. Some residues involved in ligand
binding are not shown. 15Figure 13. To dissect the contributions that led
to the increases in whole cell activity, kinetic parameters (kca"Km),
soluble protein levels and thermal stability of all the improved mutants
were characterized and listed. The whole-cell activity of LovD mutants are
compared to GO, which has a conversion rate of 1.7 mNI/hr and is normalized
to 1. iK," of MJA is derived at 25C when DMB-SMMP is fixed at 2 mNI.
201<-"" of DMB-SMMP is derived when MJA is fixed at 2 mNI. The amounts of
soluble proteins are measured from purified protein levels.Tm is measure by
circular dichroism. All results represent mean values of triplicate
determinations  SD.      Figure 14. Whole cell activity of LovD GO and
mutants. At 25C, the GO produces SVA at a rate of -1.7 mNI per hour. At
32C, GO, G1, G2.1, G2.2, and G3 did  25 not show any activity. G7 showed a
slightly higher activity compared to the WT at 25C. At 37C, only G7
retained residual activity of -0.4 mM SVA per hour.      Figure 15. Kinetic
characterization of LovD mutants. Turnover rate of LovD mutants toward SVA
biosynthesis using DMB-SMMP as substrate ( , blue line, k on left y-axis),
LVA biosynthesis using MB-SMMP (N, pink line, k", on left y-axis) or LovF 



30as substrate (A, red line, apparent turnover rate on right y-axis).
Figure 16. LovD G5' bound to LVA and MJA. (A) Structure of LovD with
secondary structure element from N-terminal (blue) to C-terminal (red) and
topology diagram of LovD secondary structure (arrows represent p-sheet and
rectangles represent cc-helix). LVA was shown in grey stick. (B) The
positively charged tunnel to the active site  5 of LovD and the positively
charged ridges (circled area) may interact with the ACP domain and the
pPant arm of LovF. (C) Hydrophobic and aromatic amino acids involved in the
MJA binding pocket.       Figure 17. Movement of key residues associated
with mutations and upon binding with the ligands (A) The large domains
(residues 14-92 and 204-405) of GO- 10 Semet, G5, and G5-MJA are
superimposed to indicate the movement of some key residues interacting with
MJA. Domain rotation from GO-Semet to G5 closes the gap between the guanido
group of Arg173 and the C15 carboxylate of MJA, which is favorable towards
binding of MJA. Phe148 and Tyr188 are also closer to MJA in G5. (B)
Differences between LVA and SVA binding in the LovD active site. Addition
of the  15 extra cc-methyl group in SVA produces an opening of the hinge
between domains via contact with Phe148.       Figure 18 Proposed
mechanisms of beneficial mutations in G5. (A) The K26E mutation might
improve stability of the enzyme by breaking up a patch of positively
charged residues (R22, K23, K26, and R28) on the surface of helix A. The
patch is 20 highlighted with a circle in both GO-Semet and G5. (B) The
G2755 mutation appears to improve stability of the enzyme by adding a
hydrogen bond with S278 on helix I.       Figure 19. Catalytic residues of
LovD and proposed mechanism of LVA biosynthesis. (A) Proposed residues
involved in LovD reaction. (B) Superimposition of the active site residues
between LovD (gray) and EstB (magenta). (C) LVA biosynthesis  25 using MJA
and MB-LovF ACP as substrate. 5er76 acts as the catalytic nucleophile to
catalyze the ester exchange reaction. The hydroxyl groups 5er76 and MJA
(C8) are deprotonated by Tyr188, which is stabilized by Lys79.
Figure 20. Statistics of X-ray data collection and atomic refinement
(numbers in parentheses refer to the outer shell of data). Rmerge E I <I >
2/L12, where I is the 30observed intensity. Both summations involve all
input reflections for which more than 



one symmetry equivalent is averaged. Rork'L IF01-1F,11/LIF01, where F. and
F, refer to observed and calculated structure factors, respectively. Rfr"
is similar to 'cork, but is based on a subset of the reflections, which
were withheld from refinement for cross validation (Briinger, A. T. (1992).
Nature, 355, 472-474). The acronym R.M.S. stands for 5root mean square
value. DETAILED DESCRIPTION OF THE INVENTION        The techniques and
procedures described or referenced herein are generally well understood and
commonly employed using conventional methodology by those skilled in  10
the art, such as, for example, the widely utilized molecular cloning
methodologies described in Ausubel et al., Current Protocols in Molecular
Biology, Wiley Interscience Publishers, (1995). As appropriate, procedures
involving the use of commercially available kits and reagents are generally
carried out in accordance with manufacturer defined protocols and/or
parameters unless otherwise noted. Unless otherwise defined,  15 all terms
of art, notations and other scientific terminology used herein are intended
to have the meanings commonly understood by those of skill in the art to
which this invention pertains. In some cases, terms with commonly
understood meanings are defined herein for clarity and/or for ready
reference, and the inclusion of such definitions herein should not
necessarily be construed to represent a substantial  20 difference over
what is generally understood in the art. Disclosures describing methods and
materials which can be adapted for use with embodiments of the invention
disclosed herein include, for example, International Publication No. WO
2007/139871; and Xie et al., Biotechnology and Bioengineering, Vol. 102,
No. 1 (2008). All numbers recited in the specification and associated
claims that refer to values that can be numerically 25characterized can be
modified by the term "about". The definitions of certain terms are provided
below.       "Lovastatin" (Mevacor) is a fungal polyketide produced by
Aspergillus terreus (see, e.g., A. W. Alberts, J. et. al., Proc. Natl.
Acad. Sci. U. S. A., 1980, 77, 3957-3961 and A. Endo, J. Antibiot. 1980,
33, 334-336; and J. K. Chan, et. al., J. Am. Chem. Soc. 1983, 105,
303334-3336; Y. Yoshizawa, et. al., J. Am. Chem. Soc. 1994, 116,
2693-2694). It is a pharmaceutically important compound because of its
potent inhibitory activities towards hydroxymethylglutaryl coenzyme A
reductase (HMGR), the rate-limiting step of cholesterol biosynthesis, and
therefore it is widely used in the treatment of hyperlipidemia,
hypercholesterolemia, and the like. Lovastatin is also referred to as 5
Mevacor. 



"Simvastatin" is an analog of lovastatin. It is favored over lovastatin
because of the absence of adverse side effects and its high absorbability
in the stomach. Also, it has been reported that simvastatin prevents and
reduces the risk of Alzheimer's disease(AD) by retarding the production of
Ab42, P-amyloid protein associated with AD. It is known 10 in the art that
simvastatin can be synthetically prepared by way of direct methylation of
the 8'-methylbutyryloxy side chain of lovastatin of formula using a methyl
halide in the presence of a metal amide base. The C-methylation step has to
be carried out at extremely low temperatures(-75 to -30 ) using a strong
base under anhydrous condition which is difficult to handle in mass
production (see, e.g., U.S. Pat. No. 5,393,893, U.S. 15 Pat. No. 4,582,915,
U.S. Pat. No. 5,763,646, U.S. Pat. No. 5,763,653, EP Patent No. 299,656 and
International Patent Publication No. WO 99/45003, the contents of which are
herein incorporated by reference). Other methods of synthetically producing
simvastatin is also known in the art. For example, lovastatin can be
hydrolyzed with an excessive amount of lithium hydroxide to remove the
2-methylbutyryl side chain and to 20 simultaneously open its 6-membered
lactone ring to produce a triol acid. The triol acid compound can then be
heated to obtain a diol lactone. The hydroxy group on the lactone ring of
the diol lactone can be protected to obtain a tert-butyldimethylsilyl ether
and then the hydroxy group at C8 of the hexahydronaphthalene ring system
can be acylated with 2,2-dimethylbutaonic acid in the presence of
dicyclohexyl carbodiimide, or 25 2,2-dimethyl chloride to produce a
compound. The t-butyldimethylsilyl protecting group of the compound can
then be removed in the final step using tetrabutylammonium fluoride to
produce simvastatin (see, e.g., U.S. Pat. No. 4,444,784, the contents of
which are herein incorporated by reference).            "Lovastatin
derivatives" as used herein comprises lovastatin derivatives or
30precursors for example pravastatin, huvastatin, simvastatin, or
hydrolyzed pravastatin tetra-ol. "Monacolin J variants" refers to monacolin
J variants disclosed in the art, for example hydrolyzed pravastatin
tetra-ol or 6-hydroxyl-6-desmethylmonacolin J and the like. In certain
embodiments of the invention, "Monacolin J variants" refers to Monacolin J
compounds having substitutions at the C6 position in Figure 2. In  5
describing compounds such as simvastatin, pravastatin, monacolin J and
variants etc., those of skill in the art understand that this language is
intended to encompass these compounds as well as the salts of these
compounds (e.g. pharmaceutically acceptable salts known in the art). For
example, as is known in the art, simvastatin can occur both a free acid
form as well as a simvastatin sodium, potassium or ammonium salts, and
other 10salts derived from alkaline earth elements or other metallic salts.
"Aspergillus terreus" or "A. terreus" is a filamentous ascomycete commonly
found in soil. A variety of A. terreus strains are know in the art, for
example those deposited as, e.g., ATCC 20542 and ATCC 20541. As is known in
the art, genes related to biosynthesis of secondary metabolites of  15
filamentous fungi can form a cluster on the fungal genome and are referred
to as "gene clusters." For example, "Lovastatin-producing gene cluster" can
refer to a set of genes that produce lovastatin, the set of genes
comprising, LovA, a P450I; LovC, a dehydrogenase; LovD, an esterase and
acyltransferase; and LovF, a ScPKS or LDKS. It has been determined
previously that each of these four genes (LovA, LovC, LovD, and  20 LovF)
is required for lovastatin synthesis (see, e.g., U.S. Pat. No. 6,943,017,
the contents of which are herein incorporated by reference). LovF (LDKS
gene) is characterized as a polyketide synthase gene. LovD is a putative
esterase/carboxypeptidase-like gene. Disruption of the LovF gene has been
done previously (see, e.g., U.S. Pat. No. 6,943,017, the contents of which
are herein incorporated by reference). LovD interacts with LovF 



25 to produce lovastatin; however, the LovD-LovF interaction is not
required for the production of simvastatin. Moreover, another gene in the
lovastatin-producing gene cluster is LovE, which is a Zn finger that can
regulate the transcription of the other genes. The lovastatin-producing
gene cluster also comprises LovB (NPKS gene). "LDKS" or "LDKS gene" refers
to the protein encoded by the LovF gene, a 30member of the
lovastatin-producing gene cluster. LDKS stands for lovastatin diketide
synthase. LovF is the gene that produces LDKS. LovF is also the gene that
produces LovF protein. "LDKS gene" also refers to the gene that produces
LDKS. In the synthesis of lovastatin, LDKS synthesizes the five carbon unit
side chain of monacolin J through condensation between an acetyl-CoA and a
malonyl-CoA. The condensed  5 diketide undergoes methylation and reductive
tailoring by the individual LovF domains to yield an oc-S-methylbutyryl
thioester covalently attached to the phosphopantetheine arm on the acyl
carrier protein (ACP) domain of LovF.       "LovD acyltransferase" as used
herein refers to those polypeptides such as the A. tenrus LovD polypeptide
(e.g. SEQ ID NO: 1) that can use a acyl thioester to  10 regiospecifically
acylate the C8 hydroxyl group of monacolin J so as to produce simvastatin.
As also disclosed herein, this LovD enzyme can further utilize a acyl
thioester to regiospecifically acylate the C8 hydroxyl group of hydrolyzed
pravastatin tetra-ol so as to produce huvastatin. LovD acyltransferases
include homologous enzymes to A. tenrus LovD  15 polypeptide (e.g. SEQ ID
NO: 1) that can be found in for example, but not limited to, fungal
polyketide gene clusters. For example, the art provides evidence that Mlc
in the compactin biosynthetic pathway catalyzes the identical
transacylation reaction (see, e.g., Y. Abe, T. et. al., Mol Genet Genomics.
2002, 267, 636-646), whereas an acyltransferase in the squalestatin pathway
can catalyze a similar reaction between an ACP-bound  20 tetraketide
thioester and an aglycon (see, e.g., R. J. Cox, F. et. al., Chem Commun
(Camb) 2004, 20, 2260-2261). The amino acid sequence of A. tenrus LovD
polypeptide (e.g. SEQ ID NO: 1) resembles type C p-lactamase enzymes, which
catalyze the hydrolytic inactivation of the p-lactam class of antibiotics
(see., e.g., E. Lobkovsky, E. M. et. al., Biochemistg, 1994, 33, 6762-6772
and A. Dubus, D. et. al., Biochem. J. 1993, 292, 537-543).  25 Alignment of
A. terreus LovD polypeptide (e.g. SEQ ID NO: 1) with the enterobacter
cloacae P99 lactamse (see, e.g., S. D. Goldberg, et. al., Protein Sci.
2003, 12, 1633-1645) shows moderate sequence homology, including
potentially conserved active site residues, such as the catalytic 5er76,
Lys79, Tyr188, and Lys315 (see. e.g. S. D. Goldberg, et. al., Protein Sci.
2003, 12, 1633-1645).        LovD acyltransferases can also refer to both
genetically engineered and naturally occurring enzymes that are related to
A teams LovD polypeptide (e.g. SEQ ID NO: 1) in sequence but containing
slight amino acid differences (e.g. 1-10 amino acid substitution
mutations). Simvastatin, for example, can be produced from naturally  5
occurring enzymes that are similar to A terreus LovD polypeptide (e.g. SEQ
ID NO: 1) in sequence (e.g. the MICH from the compactin cluster). "LovD
acyltransferases" can also refer to mutants of A tenrus LovD polypeptide
(SEQ ID NO: 1). It is known in the art that mutants can be created by
standard molecular biology techniques to produce, for example, mutants of
SEQ ID NO: 1 that improve catalytic efficiencies or the like. For 



10 example, we used rational and directed evolution approaches to improve
the catalytic turnover rates of A. terreus LovD. Typically such mutants
will have a 50%-99% sequence similarity to SEQ ID NO: 1. In this context,
the term "LovD homologous enzyme" includes a LovD polypeptide having at
least 80%, 85%, 90%, 95%, 97%, 98% or 99% sequence identity with the amino
acid sequence set out in SEQ ID NO: 1,  15 wherein the polypeptide has the
ability to utilize a acyl thioester to regiospecifically acylate the C8
hydroxyl group of monacolin J so as to produce simvastatin and/or utilize a
acyl thioester to regiospecifically acylate the C8 hydroxyl group of
hydrolyzed pravastatin tetra-ol so as to produce huvastatin. Such mutants
are readily made and then identified in assays which observe the production
of a desired compound such as  20 simvastatin (typically using A tenrus
LovD polypeptide (e.g. SEQ ID NO: 1) as a control). These mutants can be
used by the methods of this invention to make simvastatin or huvastatin,
for example. The terms "variant LovD polypeptide", "LovD polypeptide
variant" "LovD acyltransferase variant" and the like refer to an active
LovD polypeptide as disclosed herein and having at least about 90%-99%
amino acid sequence 25 identity with LovD having the amino acid sequence
shown in SEQ ID NO:1. Such variants include, for instance, LovD
polypeptides wherein one or more amino acid residues in SEQ ID NO:1 are
substituted, added, or deleted.         "Heterologous" as it relates to
nucleic acid sequences such as coding sequences and control sequences
denotes sequences that are not normally associated with a region 30of a
recombinant construct, and/or are not normally associated with a particular
cell. Thus, a "heterologous" region of a nucleic acid construct can be an
identifiable segment of nucleic acid within or attached to another nucleic
acid molecule that is not found in association with the other molecule in
nature. For example, a heterologous region of a construct can include a
coding sequence flanked by sequences not found in association  5 with the
coding sequence in nature. Similarly, a host cell transformed with a
construct, which is not normally present in the host cell, would be
considered heterologous (see, e.g., U.S. Patent Nos. 5,712,146 6,558,942,
6,627,427, 5,849,541 the contents of which are herein incorporated by
reference). For instance, a construct with Lov genes can be isolated and
expressed in non-lovastatin producing fungi or yeast host cells, and  10
lovastatin can thereby be produced (see, e.g., U.S. Pat. Nos. 6,391,583 and
6,943,017, the contents of which are herein incorporated by reference). As
another example, prokaryotes such as bacteria can be host cells also, as is
known in the art. Fungal genes may also be cloned into an expression vector
for expression in prokaryotes (see, e.g., U.S. Patent No. 5,849,541, the
contents of which are herein incorporated by reference).  15 A prokaryote
such as E. co/i can be used as a heterologous host. A plasmid can be
constructed with a gene of interest and the plasmid can be transformed into
E. co/i. The gene of interest can be translated and the protein derived
from the gene of interest can be purified thereafter. This method of
expression and protein purification is known in the art. For example, LovD
exons from A. teams can be individually amplified from the 20 genomic DNA
of A. teams and spliced to yield a continuous open reading frame using
splice overlap extension PCR. Restriction sites can be introduced, and the
gene cassette can be ligated to a vector to yield an expression construct
that can be transformed into E. co/i. Thereby, E. co/i can be used as a
heterologous host for expression of A. teams genes. E. co/i can be
co-cultured with another strain that produces another substrate of  25
interest. Additionally, substrates can be added to this culture or
co-culture. Heterologous expression of the lovastatin biosynthesis genes is
known in the art (see, e.g., U.S. Pat. Nos. 6,391,583 and 6,943,017, the
contents of which are herein incorporated by reference).            As
another example, certain polyketides, such as polyketides from fungi, or
other 



30organisms, can be heterologously expressed in E. co/i, yeast, and other
host organisms. These host organisms can be supplemented with other
substrates, since they can require both the heterologous expression of a
desired PKS and also the enzymes that produce at least some of the
substrate molecules required by the PKS (see, e.g., U.S. Pat. No 7,011,959,
the contents of which are herein incorporated by reference). Similarly,
fungal  5 Lov genes can be expressed in E. co/i or other bacterium, and
these host bacteria can be supplemented with other substrates, such as
acyl-SNAC or other acyl donor groups. These acyl donor groups can be cell
permeable, and enter the bacterial cell.       "Expression vector" refers
to a nucleic acid that can be introduced into a host cell. As is known in
the art, an expression vector can be maintained permanently or  10
transiently in a cell, whether as part of the chromosomal or other DNA in
the cell or in any cellular compartment, such as a replicating vector in
the cytoplasm. An expression vector also comprises a promoter that drives
expression of an RNA, which typically is translated into a polypeptide in
the cell or cell extract. For example, suitable promoters for inclusion in
the expression vectors of the invention include those that function in  15
eukaryotic or prokaryotic host cells. Promoters can comprise regulatory
sequences that allow for regulation of expression relative to the growth of
the host cell or that cause the expression of a gene to be turned on or off
in response to a chemical or physical stimulus. For E. co/i and certain
other bacterial host cells, promoters derived from genes for biosynthetic
enzymes, antibiotic-resistance conferring enzymes, and phage proteins  20
can be used and include, for example, the galactose, lactose (lac),
maltose, tryptophan (trp), beta-lactamase (b/a), bacteriophage lambda PL,
and T5 promoters. In addition, synthetic promoters, such as the tac
promoter (U.S. Pat. No. 4,551,433), can also be used. For E. coli
expression vectors, it is useful to include an E. coli origin of
replication, such as from pUC, p1P, p1I, pBR and pET (e.g. pET28). For
efficient translation of  25 RNA into protein, the expression vector also
typically contains a ribosome-binding site sequence positioned upstream of
the start codon of the coding sequence of the gene to be expressed. Other
elements, such as enhancers, secretion signal sequences, transcription
termination sequences, and one or more marker genes by which host cells
containing the vector can be identified and/or selected, may also be
present in an 30expression vector. Selectable markers, i.e., genes that
confer antibiotic resistance or  sensitivity, can be used and confer a
selectable phenotype on transformed cells when the cells are grown in an
appropriate selective medium. For example, an expression vector containing
the Lov gene cluster or portions thereof can be introduced into a
heterologous host, such as E. co/i. Thus, recombinant expression vectors
can contain at  5 least one expression system, which, in turn, can be
composed of at least a portion of Lov and/or other biosynthetic gene coding
sequences operably linked to a promoter and optionally termination
sequences that operate to effect expression of the coding sequence in
compatible host cells. A "coding sequence" can be a sequence which
"encodes" a particular gene, such 



10 as a gene from the Lov gene cluster, for example. A coding sequence is a
nucleic acid sequence which is transcribed (in the case of DNA) and
translated (in the case of mRNA) into a polypeptide in vitro or in vivo
when placed under the control of appropriate regulatory sequences. The
boundaries of the coding sequence are determined by a start codon at the 5'
(amino) terminus and a translation stop codon at the 3'  15 (carboxy)
terminus. A transcription termination sequence will usually be located 3'
to the coding sequence.       DNA "control sequences" refer collectively to
promoter sequences, ribosome binding sites, polyadenylation signals,
transcription termination sequences, upstream regulatory domains,
enhancers, and the like, which collectively provide for the 20transcription
and translation of a coding sequence in a host cell.       "Operably
linked" refers to an arrangement of elements wherein the components so
described are configured so as to perform their usual function. Thus,
control sequences operably linked to a coding sequence are capable of
effecting the expression of the coding sequence. The control sequences need
not be contiguous with the coding 25sequence, so long as they function to
direct the expression thereof.       "Lovastatin-producing organism" refers
to the wide variety of different organisms known in the art to produce
lovastatin. These organisms that produce lovastatin can modified to produce
simvastatin by the methods of this invention. A. teams is an example of a
lovastatin producing organism. Microorganisms other than A. 30teams
reported to produce lovastatin (mevinolin) include Monascus species, for
example M. ruber, M. pmpureus, M. pilosus, M. vitreus, M. pubigerus,as well
as Penicillium, Hypomyces, Doratomyces, Phoma, Eupenicillium, Gymnoascus,
and Trichoderma species, Pichia labacensis, Candida cariosilognicola,
Aspergilus ogea, Doratomyces stemonitis, Paecilomyces virioti, Penicillum
citrinum, Penicillin chgsogenum, Scopulariopsis brevicaulis and Trichoderma
viride (see, e.g., U.S.  5 Pat. No. 6,391,583; Juzlova et al., J. Ind.
Microbiol. 16:163-170; Gunde-Cimerman et al., FEMS Microbiol. Lett.
132:39-43 (1995); and Shindia et al.,Folio Microbiol. 42:477-480 (1997),
the contents of which are herein incorporated by reference).
"Non-lovastatin-producing organisms" as used herein refers to a number
organisms that do not produce lovastatin absent manipulation by man (e.g.
E. Cob). 10 These organisms can be induced to produce LovD, or cultured in
the presence of LovD to produce lovastatin or simvastatin by the methods of
this invention, for example. 



"A terreus having a disruption in the LDKS gene" comprises an A. tenrus
without the LDKS gene, having a LDKS gene that is mutated, having a LDKS
gene that is knocked-out, having a LDKS gene that is deleted, having a LDKS
gene whose  15 expression is disrupted, or having a LDKS gene that is
disrupted. "A. temus having a disruption in the LDKS gene" comprises an A.
tenrus having a LDKS gene that is silenced by methods known in the art. "A.
tenrus having a disruption in the LDKS gene" refers to an A. tenrus that
cannot produce functional LDKS. "A. terreus having a disruption in the LDKS
gene" can also refer to an A. tenrus that produces functional 20 LDKS. The
LDKS can be inactivated or inhibited by methods known in the art such as
gene knock out protocols. The amount of LDKS present can be reduced by
methods known in the art. Other methods of inhibition, inactivation, or
disruption of LDKS gene or protein include, but or not limited to,
antisense, siRNA, RNAi, or RNA interference as is known in the art. "LDKS
gene" as used herein can also refer to the LovF gene.  25 Disruption of the
LovF gene is known in the art (see, e.g., U.S. Pat. No. 6,391,583 the
contents of which are herein incorporated by reference. "A. tenrus having a
disruption in the LDKS gene" is typically a genetically manipulated
organism. Genetic manipulation of A. terreus is known in the art. Gene
disruption of the Lov genes in A. tenrus has been done previously (see,
e.g., U.S. Pat. No. 6,391,583 and 6,943,017, the contents of which 30are
herein incorporated by reference). Disruption of specifically the LovF gene
(producing LDKS) in A teams has been done previously (see, e.g., U.S. Pat.
No. 6,943,017, the contents of which are herein incorporated by reference).
Disruption of the LovF gene can occur by other methods as is known in the
art. A teams having a disruption in the LDKS gene can be in a fermentation
mixture. Substrates can be added 5 to the fermentation mixture of an A
temus having a disruption in the LDKS gene to produce lovastatin analogs.
"A component or method to increase the production of simvastatin" as used
herein refers to a compound or substrate, synthetic or natural, that
increases the production of certain intermediaries to increase the amount
of simvastatin produced for 10 scale-up and large-scale synthesis of
simvastatin. Components and methods for increasing the production of
certain intermediaries are known in the art. For example, compounds that
are added to the fermentation mixture to increase the amount of
intermediaries, such as monacolin J, in the production of lovastatin are
known in the art (see, e.g., U.S. Pat. No. 6,943,017, the contents of which
are herein incorporated by 15 reference). Some of these intermediaries,
such as monacolin J, can also be used in the production of simvastatin.
Compounds for increasing the production of monacolin J thereby can be added
to increase the production of simvastatin. For example, compounds for
increasing the production of monacolin J can be directly added to the
fermentation mixture to increase the amount of simvastatin produced. An
example of a 20 component for increasing the production of simvastatin is a
clone containing the D4B segment of the lovastatin producing gene cluster
that is deposited in ATCC accession number 98876. This clone can be
transformed into a non-lovastatin producing organism to produce monacolin J
as is known in the art. This clone can also be transformed into a
lovastatin-producing organism to increase the production of monacolin J and
thereby 25 increase the production of simvastatin. Moreover, another
example of a component for increasing the production of simvastatin is the
LovE/zinc finger gene, which can be transformed into a lovastatin-producing
organism to increase the production of simvastatin. Preferably, this
lovastatin-producing organism would have a disruption in the LDKS gene
(see, e.g., U.S. Pat. No. 6,391,583, the contents of which are herein 



incorporated by reference). Components and methods to increase the
production of simvastatin can refer to many others and are not limited to
the examples listed above.       As disclosed herein, an "Acyl donor" or
"acyl carrier" is a compound having an acyl group that can be transferred
to simvastatin and/or a simvastatin precursor or a  5 related compound.
Typically, "Acyl donor" or "acyl carrier" is an acyl thioester that donates
an acyl moiety to the C8 hydroxyl group of monacolin J. A wide variety of
such agents are known in the art that are further shown herein to have this
activity (see, e.g. the illustrative acyl-thioesters in Table 1). In
addition to those known in the art and further shown by the instant
disclosure to have this activity, any potential acyl  10 donor/carrier
known in the art (or synthesized de novo) having an ability to acylate C8
of monacolin J so as to produce simvastatin can be easily identified by
comparative experiments with the acyl donors disclosed herein (e.g.
acyl-SNAC). As is known in the art, an acyl group can have the formula
RCON; wherein R can be an alkyl or aryl and N can be -Cl, -00CR, -NH2, -OR,
or the like. Compounds that have an acyl group  15 includes, but is not
limited to, acid chlorides, esters, amides, or anhydrides and the like.
These compounds can be aliphatic or aromatic, substituted or unsubstituted.
Examples include, but are not limited to, benzoyl chloride, benzoic
anhydride, benzamide, or ethyl benzoate, and the like. Other examples of
acyl donors include, but are not limited to, adimethylbutyrl-SNAC,
acyl-thioesters, acyl-CoA, butyryl-CoA, benzoyl-CoA, acetoacetyl-  20 CoA,
p-hydroxylbutyryl-CoA, malonyl-CoA, palmitoyal-CoA, butyryl-thioesters,
Nacetylcyteamine thioesters (SNAC), methyl-thioglycolate (SMTG),
benzoyl-SNAC, benzoyl-SMTG, or a-S-methylbutyryl-SNAC. These compounds can
be produced naturally or synthetically, and, in some cases, can penetrate
the cell membrane. A number of these compounds can be added to LovD in the
presence of monacolin J to produce 25simvastatin for example.
"Acyl-SNAC" as used herein refers to a-dimethylbu rl-SNAC. As is known in
the art, acyl-SNAC can penetrate the cell membrane under in vivo
conditions. LovD can use acyl-SNAC as a substrate to initiate the reaction
from monacolin J to simvastatin by regiospecifically acylating the C8
hydroxyl group of monacolin J. Acyl-SNAC can donate 30its acyl group to
LovD. TYPICAL EMBODIMENTS OF THE INVENTION       Those of skill in the art
will understand that the disclosure provided herein allows artisans to
produce a wide variety of embodiments of the invention. Illustrative  5
embodiments of the invention include methods of making simvastatin (or
related compounds such as huvastatin) by combining together monacolin J; an
acyl thioester that donates an acyl moiety to the C8 hydroxyl group of
monacolin J in the presence of a LovD (and/or a LovD acyltransferase
variant as disclosed herein); and a LovD acyltransferase variant; and then
allowing this LovD acyltransferase variant use an acyl  10 group from the
acyl thioester to regioselectively acylate the C8 hydroxyl group of
monacolin J; so that simvastatin (or the related compound) is made. 



Another illustrative embodiment of the invention is a variant of a LovD
polypeptide shown in SEQ ID NO:1 comprising at least one amino acid
substitution at residue position: A10; D12; K26; C40; C60; A86; A190; H161;
K227; G275; V334; or  15 L361. While such LovD single substitution variants
can exhibit improved properties over the wild type protein, LovD
substitution variants having multiple substitutions are shown to further
improved properties. Consequently, using the disclosure provided herein,
the artisan can construct LovD substitution variants having a substitution
at any first position identified above in combination with a substitution
at any second position  20 identified above; or in combination with a
substitution at any second as well as at any third position identified
above; or in combination with a substitution at any second as well as at
any third position, fourth position, fifth position etc. etc. identified
above. For example, in some embodiments of the invention, the variant LovD
polypeptide comprises at least one specific amino acid substitution such as
A10V; D12G; K26E; 25 C40A; C60N; A86V; H161Y; A190T; K227R; G2755; V334D;
V334F; and/or L361M. In another illustrative embodiment of the invention is
a variant of a LovD polypeptide shown in SEQ ID NO:1, the variant LovD
polypeptide comprising a set of amino acid substitutions at: amino acid
residue positions C40 and C60; and at least one further amino acid residue
position: A10; D12; K26; A86; A190; H161; K227; G275; V334; or 30L361.
Typically, the substitution variant exhibits one or more altered properties
as compared to the LovD polypeptide shown in SEQ ID NO:1, for example, a
decreased aggregation; an improved thermal stability; an improved catalytic
activity; an improved kat/Km value; an improved soluble expression level;
and/or an improved whole cell activity at 25C. 5For purposes of shorthand
designation of LovD polypeptide variants described herein, it is noted that
numbers refer to the amino acid residue position along the amino acid
sequence of the LovD polypeptide. Amino acid identification uses the
single-letter alphabet of amino acids, i.e., 10 15 In this context, a
variant LovD polypeptide having a "C40A" substitution is one 20 where the
cysteine amino acid ("C") at amino acid position 40 of SEQ ID NO: 1 has
been substituted for alanine ("A"). In such substitution variants of the
LovD polypeptide, the amino acid substitution can comprise any one of the
19 amino acids not found at the amino acid residue position on the LovD
polypeptide shown in SEQ ID NO:1. In particular, the pertinent art teaches
that in situations where methodical  25 experimentation has established
that the properties of a specific residue at a particular position within
the polypeptide chain are crucial for maintaining some aspect of a
protein's functional integrity (i.e. as is disclosed herein), an alteration
in the size, shape, charge, hydrogen-bonding capacity or chemical
reactivity of the amino acid side chain at one of these "active" amino acid
positions is likely to affect the function of the protein in 



30some way (Rudiger et al., Peptide Hormones, University Park Press
(1976)). In this  context, the disclosure that is included in the Examples
below (e.g. mutagenesis protocols and processes for the characterization of
mutant properties) shows that the properties LovD variants having 1, 2, 3,
4, 5, 6, 7, or more amino acid substitutions in LovD at the positions
disclosed herein (e.g. the specific substitutions shown in FIG. 13  5 or
any one of the other 19 amino acids not found at the corresponding
wild-type amino acid residue position) can be determined with only routine
experimentation.       Certain embodiments of the invention include
specific constellations of amino acid substitutions (see, e.g. FIG. 13).
For example, in some embodiments of the invention, the variant LovD
polypeptide comprises amino acid substitutions at: amino  10 acid residue
positions C40; C60; and A86; amino acid residue positions C40; C60; A86;
and A190; amino acid residue positions C40; C60; D12; A86; and G275; amino
acid residue positions C40; C60; D12; A86; C40; C60; A190; and G275; amino
acid residue positions C40; C60; D12; K26; A86; C40; C60; H161; A190; and
G275; amino acid residue positions C40; C60; D12; A86; A190; and G275;
amino acid residue positions  15 C40; C60; A10; D12; K26; A86; A190; and
G275; amino acid residue positions C40; C60; D12; K26; A86; H161; A190; and
G275; amino acid residue positions C40; C60; D12; K26; A86; H161; A190;
G275; V334 and L361; or amino acid residue positions C40; C60; D12; K26;
A86; H161; A190; G275; and V334. Specific illustrative embodiments of these
variants include those having amino acid substitutions: D12G, C40A, C6ON,
20 A86V, A190T and G275S; D12G, K26E, C40A, C6ON, A86V, H161Y, A190T and
G275S; or D12G, K26E, C40A, C6ON, A86V, H161Y, A190T; G275S and V334F.
One illustrative mutant having a specific constellations of amino acid
substitutions is designated GX12 and comprises six mutations: C40A, C6ON,
A86V, D12G, G2755 and A190T. The expression level of soluble LovD, the
Michaelis-Menten  25 kinetic constant (kcat/Km) and the whole cell activity
of GX12, were then compared to those of the wild type enzyme. GX12 showed a
2.83-fold improvement of the kat/Km value, 2.3-fold of the soluble
expression level and a 7.5-fold improvement in whole-cell activity at 25C.
Another mutant designated GX27 comprises eight mutations: C40A. C6ON, A86V,
D12G, G2755, A190T, 11161Y, and K26E. The expression level of 30soluble
LovD, the Michaelis-Menten kinetic constant (kcat/Km) and the whole cell
activity of GX27 were then compared to that of wild type enzyme. GX27
showed 3.45-fold improvement of the kat/Km value and 4-fold improvement of
the soluble expression level, and a 11-fold improvement in the whole-cell
activity 25C. 



Embodiments of the invention include polynucleotides encoding the
substitution  5 variants disclosed herein, for example an isolated
polynucleotide having at least a 95%- 100% sequence identity to a
polynucleotide encoding a variant LovD polypeptide as disclosed herein.
Using a LovD polynucleotide as shown in SEQ ID NO: 5 for example, and a
knowledge of codon usage (e.g. as found at page 168 of GENES IV, Oxford
University Press, Benjamin Lewin Ed), one can make any substitution variant
of the 10 LovD polypeptide disclosed herein such as C40A, for example by
altering the codon that codes for a cysteine amino acid at position 40
("UGC") so that it instead codes for alanine amino acid (e.g. "GCU").
Illustrative embodiments of such methods are shown for example in Example
1. In addition, a wide variety of techniques for generating variant
polynucleotides and polypeptides have been well known in the art for many
years,  15 for example site-directed mutagenesis (see, e.g. Carter et al.,
1986, Nucl. Acids Res. 13:4331; Zoller et al., 1987, Nucl. Acids Res.
10:6487),       Related embodiments of the invention include a vector
comprising these polynucleotides (e.g. an expression vector including
control sequences recognized by a host cell transformed with the vector) as
well as host cells comprising such vectors.  20 Optionally, the host cell
is an Escherichia coli, Aspergillus terreus, Monascus ?Tiber, Monascus
pulpureus, Monascus pilosus, Monascus vitreus, Monascus pubigerus, Candida
cariosilognicola, Aspergillus ogea, Doratomyces stemonitis, Paecilomyces
virioti, Penicillum citrinum, Penicillin chgsogenum, Scopulariopsis
brevicaulis or Trichoderma viride. A related embodiment of the invention is
a process for producing a variant LovD polypeptide comprising culturing a
25 host cell transformed with a encoding a variant LovD polypeptide under
conditions suitable for expression of a polypeptide, so that the variant
LovD polypeptide is produced. In certain embodiments of the invention, the
variant LovD polypeptide can be fused to a heterologous amino acid
sequence, for example one that facilitates its manipulation. A variety of
such heterologous sequences are known in the art and used in such contexts,
for example heterologous polyhistidine sequences that are commonly used to
purify polypeptides via a Ni-NTA column.       Yet another embodiment of
the invention is a method of making a variant of a LovD polypeptide shown
in SEQ ID NO:1 comprising: using a polynucleotide  5 mutagenesis procedure
to generate a population of mutants of the LovD polynucleotides; and
expressing a population of LovD polypeptide variants encoded by the
population of LovD polynucleotide mutants; so that a variant of a LovD
polypeptide is made. Optionally, the polynucleotide mutagenesis procedure
is a saturation mutagenesis or an error prone polymerase chain reaction
procedure. Typically these embodiments of the 10 invention include
screening one or more members of the population of LovD polypeptide
variants so as to identify a variant that exhibits: a decreased
aggregation; an improved thermal stability; an improved acyltransferase
activity; an improved kcat/Km value; an improved soluble expression level;
and/or an improved whole cell activity at 25C, as compared to the LovD
polypeptide shown in SEQ ID NO:1. Optionally the  15 polynucleotide
mutagenesis procedure is controlled so as to generate a substitution
mutation at a codon that encodes amino acid residue position: A10; D12;
K26; A86; A190; H161; K227; G275; V334; and/or L361. In a related
embodiment of the invention, the polynucleotide mutagenesis procedure is
controlled so as to generate a variant comprising C40A and C6ON; and a
further a substitution mutation at a codon  20 that encodes amino acid
residue position: A10; D12; K26; A86; A190; H161; K227; G275; V334; and/or
L361. 



Yet another embodiment of the invention is a method of making simvastatin
comprising the steps of: combining together monacolin J; an acyl thioester
that donates an acyl moiety to the C8 hydroxyl group of monacolin J in the
presence of a LovD  25 acyltransferase variant; and a variant of a LovD
acyltransferase polypeptide shown in SEQ ID NO:1, the variant LovD
polypeptide comprising: amino acid residue positions C40 and C60; and at
least one amino acid residue position: A10; D12; K26; A86; A190; H161;
K227; G275; V334; or L361; and then allowing the variant LovD polypeptide
to use an acyl group from the acyl thioester to regioselectively acylate
the C8 hydroxyl 30group of monacolin J; so that simvastatin is made. In
certain embodiments of the invention, the monacolin J; the acyl thioester
and the variant LovD polypeptide are combined in a fermentation media in
the presence of an isolated organism that produces the LovD acyltransferase
variant wherein the isolated organism is at least one of: Aspergillus
teams; Aspergillus terreus that does not express LovF polypeptide of SEQ ID
5  NO: 3; Escherichia coli; or Escherichia coli that does not express bioH
polypeptide of SEQ ID NO: 4. Optionally in such embodiments, the acyl
thioester is selected a butyrlylthioester, a N-acetylcysteamine thioester
or a methyl-thioglycolate thioester; comprises medium chain length (C3-C6)
acyl group moieties; and/or is able to cross the cellular membranes of
Escherichia coli or Aspergillus tenrus cells growing within a fermentation
10 media (e.g. a-dimethylbutyryl-S-methyl-mercaptopropionate (DMB-S-MMP),
dimethylbutyryl-S-ethyl mercaptopropionate (DMB-S-EMP) and
dimethylbutyryl-Smethyl thioglycolate (DMB-S-MTG) and
dimethylbutyryl-S-methyl mercaptobutyrate (DMB-S-MNIB)). In the methods for
making simvastatin, the isolated organism can be grown 15  under at least
one of the following conditions: at a temperature between 25-40C; for a
time period between at least 4 to at least 48 hours; at a pH between 7-8;
and/or in a fermentation media comprising LB, Fl or TB media. Optionally
the methods further comprise purifying the simvastatin made by the method
by at least one purification step comprising: lysis of cells of an isolated
organism present in the combination; 20  centrifugation; precipitation of a
free acid form of simvastatin; conversion of a free acid form of
simvastatin to a simvastatin salt; filtration; or high performance liquid
chromatography (HPLC). In certain embodiments, the method produces a
composition of matter comprising 0%-1% of the monacolin J that was
initially combined with the acyl thioester that donates an acyl moiety to
the C8 hydroxyl group of monacolin J in the 25  presence of A LovD
acyltransferase variant; and/or results in at least 95% of the monacolin J
added to the combination being converted to simvastatin. Optionally in
these methods, the variant LovD polypeptide comprises amino acid
substitutions: D12G, C40A, C6ON, A86V, A190T and G2755; D12G, K26E, C40A,
C6ON, A86V, H161Y, A190T and G2755; or D12G, K26E, C40A, C6ON, A86V, H161Y,
A190T; G2755 and 30 V334F. A related embodiment of this invention is a
composition of matter comprising: monacolin J; an acyl thioester that
donates an acyl moiety to the C8 hydroxyl group of monacolin J in the
presence LovD acyltransferase; a variant of a LovD acyltransferase
polypeptide shown in SEQ ID NO:1, the variant LovD polypeptide comprising
an amino acid substitution at: amino acid residue positions C40 and C60;
and at least one  5 amino acid residue position: A10; D12; K26; A86; A190;
H161; K227; G275; V334; or L361; and simvastatin. 



Yet another embodiment of the invention is a method of making huvastatin
comprising the steps of: combining together hydrolyzed pravastatin
tetra-ol; an acyl thioester that donates an acyl moiety to the C8 hydroxyl
group of hydrolyzed pravastatin  10 tetra-ol in the presence of LovD
acyltransferase; and a variant of a LovD acyltransferase polypeptide shown
in SEQ ID NO:1, the variant LovD polypeptide comprising an amino acid
substitution at amino acid residue position: A10; D12; K26; C40; C60; A86;
A190; H161; K227; G275; V334; and/or L361; and allowing the variant LovD
polypeptide to use an acyl group from the acyl thioester to
regioselectively acylate the C8  15 hydroxyl group of hydrolyzed
pravastatin tetra-ol; so that huvastatin is made. A related embodiment of
the invention is a composition of matter comprising: hydrolyzed pravastatin
tetra-ol; an acyl thioester that donates an acyl moiety to the C8 hydroxyl
group of hydrolyzed pravastatin tetra-ol in the presence LovD
acyltransferase; a variant of a LovD acyltransferase polypeptide shown in
SEQ ID NO:1, the variant LovD  20 polypeptide comprising an amino acid
substitution at amino acid residue position: A10; D12; K26; C40; C60; A86;
A190; H161; K227; G275; V334; and/or L361; and huvastatin. Optionally this
variant LovD polypeptide comprises amino acid substitutions: D12G, C40A,
C6ON, A86V, A190T and G2755; D12G, K26E, C40A, C6ON, A86V, H161Y, A190T and
G2755; or D12G, K26E, C40A, C6ON, A86V, 25 H161Y, A190T; G2755 and V334F.
As discussed in detail below, the isolated organism can be grown under one
of a variety of fermentation conditions known in the art and the exact
conditions are selected, for example based upon fermentation parameters
associated with optimized growth of a specific organism used in an
embodiment of the invention (see, e.g. Miyake et al., Biosci. 30Biotechnol.
Biochem., 70(5): 1154-1159 (2006) and Hajjaj et al., Applied and
Environmental Microbiology, 67: 2596-2602 (2001), the contents of which are
incorporated by reference). Typically, the organism is grown at a
temperature between 30-40C, for a time period between at least 4 to at
least 48 hours. Typically, the organisms are grown at a pH between 6.5-8.5.
In certain embodiments of the invention,  5 the pH of the fermentation
media can be 6.9, 7.0, 7.1, 7.2, 7.3, 7.4, 7.5, 7.6, 7.7, 7.8, 7.9, 8.0 or
8.1. In illustrative embodiments, the organism is grown in a fermentation
media comprising LB, Fl or TB media.       Optionally, the monacolin J that
is combined with the other constituents in the methods of the invention is
produced by an isolated organism within the fermentation  10 media, for
example, one of the organisms listed above that also produces the LovD
acyltransferase variant. Alternatively, the monacolin J that is combined
with the other constituents in the methods of the invention is produced by
a different organism that produces this compound that is added to the
fermentation media and grows along with the organism that produces the LovD
acyltransferase variant. In another embodiment of  15 the invention,
monacolin J is derived from an exogenous source and added to the
fermentation mixture. Optionally, the method of the invention produces a
composition of matter comprising 0%-1% of the monacolin J that was
initially added to the combination. In certain embodiments of the
invention, the method results in at least 95% of the monacolin J added to
the combination being converted to simvastatin.  20 In typical embodiments
of the invention, acyl thioester that can donate an acyl moiety to the C8
hydroxyl group of monacolin J in the presence of LovD acyltransferase is
derived from an exogenous source (e.g. a chemical synthesis process) and
added to the fermentation mixture. A variety of such acyl thioesters are
disclosed herein. Typically, the acyl thioester is a butyrlyl-thioester, a
N-acetylcysteamine thioester or a methyl- 



25 thioglycolate thioester. Optionally, the acyl thioester comprises medium
chain length (C3-C6) acyl group moieties. In certain embodiments of the
invention, the acyl thioester is able to cross the cellular membranes of
Escherichia coli or Aspergillus teams cells growing within a fermentation
media. Typically, the acyl thioester is selected from the group consisting
of a-dimethylbutyryl-S-methyl-mercaptopropionate (DMB-S-MMP), 30
dimethylbutyryl-S-ethyl mercaptopropionate (DMB-S-EMP) and
dimethylbutyryl-S- methyl thioglycolate (DMB-S-MTG) and
dimethylbutyryl-S-methyl mercaptobutyrate (DMB-S-MMB). In an illustrative
embodiment, the acyl thioester is
oc-dimethylbutyryl-Smethyl-mercaptopropionate that is combined in
fermentation media in a concentration range of lmNI-100mNI. 5Certain
embodiments of the methods for making simvastatin include further steps to
purify simvastatin by the combination. For example, some embodiments of the
invention include at least one purification step comprising lysis of cells
of an isolated organism present in the combination. Embodiments can include
at least one purification step comprising centrifugation of cells or cell
lysates of an isolated organism present in  10 the combination. Embodiments
can include at least one purification step comprising precipitation of one
or more compounds present in the combination. Embodiments can include at
least one purification step comprising filtration of one or more compounds
present in the combination. Embodiments can include at least one
purification step comprising a high performance liquid chromatography
(HPLC) analysis of one or more 15compounds present in the combination.
The disclosure provided herein shows that variety of permutations of these
methods can be used to make simvastatin and huvastatin and the like. In
certain embodiments of the invention for example, the host organism
produces the acyl thioester and/or the monacolin J. Alternatively, the acyl
thioester and/or the monacolin 20 J are added to the organism as part of
the process for producing simvastatin. The methods can further comprise
adding an expression vector having one or more A. terreus genes that are
known to facilitate the production of simvastatin and/or huvastatin or the
like such as the genes that encode SEQ ID NO: 1 (and/or a variant as
disclosed herein) or SEQ ID NO: 2 and transforming it into the heterologous
host, wherein the  25 polypeptide having the acyltransferase activity is
thereby expressed. In another embodiment, monacolin J can be produced from
a heterologous host.       Another embodiment of the invention is a method
of producing simvastatin from monacolin J in an organism which expresses a
LovD acyltransferase gene encoding a variant disclosed herein comprising
coculturing this first organism that expresses the 30LovD acyltransferase
variant with a second organism (e.g. in a fermentation mixture) that
produces the acyl thioester and/or the monacolin J, wherein the acyl
thioester interacts with LovD acyltransferase gene product in the presence
of monacolin J to produce simvastatin. Optionally, the first organism is an
organism that does not produce lovastatin naturally (e.g. E. co/i
transduced with a gene encoding a LovD acyltransferase 



5 variant). Alternatively, the first organism is a lovastatin-producing
organism such as A. tenrus (e.g. A. terreus having an inactivated LovF/LDKS
gene). The method can further comprise adding one or more exogenous
components to the fermentation mixture to increase the production of
simvastatin precursors such as monacolin J to thereby increase the
production of simvastatin. 10The methods of the invention can further
comprise adding further components to the fermentation mixture to increase
the production of monacolin J and to thereby increase the production of
simvastatin and/or huvastatin. As one illustrative embodiment of this
method, the component can be a clone with the LovE gene, wherein the
organism is transformed with the clone and LovE is translated and thereby
the  15 production of simvastatin is increased. As another illustrative
embodiment of this method, the component can be a clone containing the D4B
segment of the A. temus genome (ATCC accession 98876), wherein the organism
is transformed with the clone so that the production of monacolin J is
increased. Yet another embodiment of the invention is a method of
converting monacolin J  20 to simvastatin in vitro or in vivo in the
presence of an exogenous acyl thioester. Preferably, the acyl thioester is
capable of penetrating the cell membrane. In yet another embodiment of the
invention, is a method of converting monacolin J to simvastatin directly
within the organism in the presence of the acyl thioester wherein the
organism produces LovD. In an illustrative embodiment of the invention, the
organism is an A. 25 tenrus having a disrupted LDKS gene.       Yet another
embodiment of the invention is a simvastatin product made by a process
comprising the steps of combining together monacolin J; an acyl thioester
that donates an acyl moiety to the C8 hydroxyl group of monacolin J in the
presence of LovD acyltransferase; and a LovD acyltransferase variant; and
allowing the LovD 30acyltransferase variant to use an acyl group from the
acyl thioester to regioselectively acylate the C8 hydroxyl group of
monacolin J so that the simvastatin product is made. A related embodiment
of the invention is a huvastatin product made by a process comprising the
steps of combining together hydrolyzed pravastatin tetra-ol; an acyl
thioester that donates an acyl moiety to the C8 hydroxyl group of
hydrolyzed pravastatin  5 tetra-ol in the presence of a LovD
acyltransferase variant; and LovD acyltransferase; and allowing the LovD
acyltransferase variant to use an acyl group from the acyl thioester to
regioselectively acylate the C8 hydroxyl group of hydrolyzed pravastatin
tetra-ol; so that the huvastatin product is made. Another embodiment of the
invention is a method of producing simvastatin 10 comprising hydrolyzing
lovastatin into monacolin J in the presence of LovD of SEQ ID NO: 1 or a
LovD variant as disclosed herein and acylating monacolin J, wherein said
hydrolyzation and acylation produce simvastatin. Another related embodiment
of the invention is a method of producing huvastatin comprising pravastatin
into hydrolyzed pravastatin in the presence of LovD of SEQ ID NO: 1 or a
LovD variant as disclosed 



15 herein and acylating a monacolin J variant, wherein said hydrolyzation
and acylation produce huvastatin. Embodiments of the invention include
composition of matter used to make and or made by the processes disclosed
herein. For example, one embodiment of the invention is a composition of
matter comprising monacolin J; an acyl thioester that 20 donates an acyl
moiety to the C8 hydroxyl group of monacolin J in the presence a LovD
acyltransferase variant. Certain embodiments of these compositions of
matter further comprise a LovD acyltransferase variant. Certain embodiments
of these compositions of matter further comprise simvastatin. Optionally,
the composition further comprises an isolated organism such as Escherichia
coli, Aspergillus terreus, Monascus ?Tiber, Monascus 25 pulpureus, Monascus
pilosus, Monascus vitreus, Monascus pubigerus, Candida cariosilognicola,
Aspergillus ogea, Doratomyces stemonitis, Paecilomyes virioti, Penicillum
citrinum, Penicillin chgsogenum, Scopulariopsis brevicaulis or Trichoderma
vi ride. In typical embodiments, the organism in the composition is
Aspergillus tenrus or Escherichia coli that expresses LovD 



polypeptide of SEQ ID NO:1. In one embodiment of the invention the organism
is 30 Aspergillus tenrus that does not express LovF polypeptide of SEQ ID
NO: 3. In another embodiment of the invention the organism is Escherichia
coli that does not express bioH polypeptide of SEQ ID NO: 4. In certain
embodiments of the invention, isolated organism within the composition has
been transduced with an expression vector encoding Aspergillus teams LovD
polypeptide of SEQ ID NO: 1. 5A variety of acyl thioesters that can be used
in the compositions of the invention are disclosed herein. Typically, the
acyl thioester is a butyrlyl-thioester, a Nacetylcysteamine thioester or a
methyl-thioglycolate thioester. Optionally, the acyl thioester comprises
medium chain length (C3-C6) acyl group moieties. In certain embodiments of
the invention, the acyl thioester is able to cross the cellular membranes
10 of Escherichia coli or Aspergillus temus cells growing within a
fermentation media. Typically, the acyl thioester is selected from the
group consisting of a-dimethylbutyryl-S-methylmercaptopropionate
(DMB-S-MMP), dimethylbutyryl-S-ethyl mercaptopropionate (DMB-S-EMP) and
dimethylbutyryl-S-methyl thioglycolate (DMB-S-MTG) and
dimethylbutyryl-S-methyl mercaptobutyrate (DMB-S-MNIB). In an illustrative
15 embodiment, the acyl thioester is
a-dimethylbutyryl-S-methyl-mercaptopropionate that is combined in
fermentation media in a concentration range of 1mNI-100mNI and can
typically be about 10, 20, 30, 40, 50, 60, 70, 80 or 90 mM. In some
embodiments of the invention, the composition further comprises lovastatin
and the amount of simvastatin in the composition is greater than the amount
of lovastatin in the composition.  20 As is discussed in detail below, the
methods and materials of the invention that are used to make simvastatin
can be adapted to produce compounds that are structurally similar to
simvastatin, for example huvastatin. In this context, one embodiment of the
invention is a method of making huvastatin comprising the steps of
combining together hydrolyzed pravastatin tetra-ol; an acyl thioester that
donates an acyl moiety to the C8  25 hydroxyl group of hydrolyzed
pravastatin tetra-ol in the presence of LovD acyltransferase; and a LovD
acyltransferase variant; and then allowing the LovD acyltransferase use an
acyl group from the acyl thioester to regioselectively acylate the C8
hydroxyl group of hydrolyzed pravastatin tetra-ol, so that huvastatin is
made. A related embodiment of the invention is a composition of matter
comprising: hydrolyzed 30pravastatin tetra-ol; an acyl thioester that
donates an acyl moiety to the C8 hydroxyl group of hydrolyzed pravastatin
tetra-ol in the presence LovD acyltransferase; a LovD acyltransferase
variant; and huvastatin.       Yet another embodiment of the invention is a
composition of matter comprising one or more of the huvastatin precursors,
for example, hydrolyzed pravastatin tetra-ol or  5
6-hydroxyl-6-desmethylmonacolin J in the presence of thioester selected for
its ability to acylate the C8 hydroxyl group of monacolin J or a monacolin
J variant such as hydrolyzed pravastatin tetra-ol. Typically, such
compositions can further include an organism as discussed above.
Consequently, embodiments of the invention include processes for making
simvastatin or huvastatin composition of matter substantially as 



10herein disclosed and exemplified.       In situations where a modified
organism that produces simvastatin (e.g. A. tenrus with a disruption in the
LDKS gene) also produces lovastatin (e.g. some minimal residual amount),
the methods and materials disclosed herein allow the manipulation of the
biochemical pathways/processes in the organism so that simvastatin or a
related  15 compound such as huvastatin is the predominant product of these
pathways. A related embodiment is a composition of matter comprising an
organism and simvastatin and/or huvastatin produced by that organism,
wherein the amount of simvastatin and/or huvastatin in the composition is
greater than the amount of lovastatin in the composition. 20A related
embodiment of the invention is a composition of matter comprising a LovD
variant as disclosed herein, hydrolyzed pravastatin, and an acyl thioester.
In illustrative embodiments, the composition of matter comprises an E. co/i
that produces huvastatin. In related embodiments, the composition of matter
is an A. terreus (e.g. A. tenrus with a disruption in the LDKS gene) that
produces huvastatin. In situations where  25 a modified organism that
produces huvastatin (e.g. A. tenrus with a disruption in the LDKS gene)
also produces lovastatin (e.g. some minimal residual amount), the methods
and materials disclosed herein allow the manipulation of the biochemical
pathways/processes in the organism so that huvastatin is the predominant
product of these pathways. A related embodiment is a composition of matter
comprising an organism and huvastatin produced by that organism, wherein
the amount of huvastatin in the composition is greater than the amount of
lovastatin in the composition.       In certain embodiments of the
invention, further components and/or methodological steps can be combined
with one or more of the methods and materials  5 discussed above. For
example, the methods can further comprise using high cell-density
fermentation to increase the effective concentration of LovD
acyltransferase and optimise fermentation conditions and/or increasing LovD
acyltransferase catalytic efficiencies towards the one or more acyl
thoiesters via protein engineering. Many other components or methods can be
used to increase the production of simvastatin or of an 10intermediary
compound that facilitates the production of simvastatin.      As disclosed
herein, an "acyl thioester to regioselectively acylate the C8 hydroxyl
group of monacolin J" is a compound having an acyl group that can be
transferred to monacolin J or a related compound so as to make simvastatin
or a related compound using LovD and/or a LovD variant as disclosed herein.
A wide variety of such agents  15 are known in the art that are further
shown herein to have this activity (see, e.g. the illustrative
acyl-thioesters in Table 1). In addition to those known in the art and
further shown by the instant disclosure to have this activity, any
potential acyl donor/carrier known in the art (or synthesized de novo) that
further has an ability to acylate C8 of monacolin J so as to produce
simvastatin can be easily identified by comparative  20 experiments with
the acyl donors disclosed herein (e.g. acyl-SNAC). Typically in such
experiments, the acyl thioester is a butyrlyl-thioester, a
N-acetylcysteamine thioester or a methyl-thioglycolate thioester.
Optionally, the acyl thioester comprises medium chain length (C3-C6) acyl
group moieties. In certain embodiments of the invention, the acyl thioester
is able to cross the cellular membranes of Escherichia coli or Aspergillus
teams cells 



25 growing within a fermentation media. Typically, the acyl thioester is
selected from the group consisting of
a-dimethylbutyryl-S-methyl-mercaptopropionate (DMB-S-MMP),
dimethylbutyryl-S-ethyl mercaptopropionate (DMB-S-EMP) and
dimethylbutyryl-Smethyl thioglycolate (DMB-S-MTG) and
dimethylbutyryl-S-methyl mercaptobutyrate (DMB-S-MMB).       As shown by
the instant disclosure, the nature of the instant invention allows one to
readily identify a compound as a "acyl thioester to regioselectively
acylate the C8 hydroxyl group of monacolin J" with minimal experimentation.
In one illustrative procedure for identifying a compound as a "acyl
thioester to regioselectively acylate the  5 C8 hydroxyl group of monacolin
J", a first step is to make a mixture of monacolin J and A tenrus. In a
second step, this mixture is then combined with a test compound in a
fermentation mixture and allowed to grow. In a third step, the mixture is
then tested for the presence of simvastatin, for example by using a HPLC
analysis, wherein the presence of simvastatin identifies the compound as
having this activity. In view of the high  10 throughput screening
methodologies known in this art (see, e.g. Kittel et al., Metab. Eng. 2005,
7(1): 53-58, which is incorporated herein by reference), such methods can
be performed on a large number of test samples so as to easily determine
where and which species of acyl donor compounds possess a utility that
allows them to be used in the embodiments of the invention disclosed
herein. 15Embodiments of the invention also include articles of manufacture
and/or kits designed to facilitate the methods of the invention. Typically
such kits include instructions for using the elements therein according to
the methods of the present invention. Such kits can comprise a carrier
means being compartmentalized to receive in close confinement one or more
container means such as vials, tubes, and the like, each of  20 the
container means comprising one of the separate elements to be used in the
method. For example, one of the containers can comprise a vial, for
example, containing a plasmid encoding a LovD variant as disclosed herein,
optionally within a microbial host such as E. Co/i or A tenrus (e.g. A
temus having a disruption in the LDKS gene) and another vial containing an
acyl-SNAC compound or the like, both of which can be added 25to a
fermentation mixture to produce simvastatin.       In a typical embodiment
of the invention, an article of manufacture containing materials useful for
production of simvastatin is provided. The article of manufacture comprises
a container and a label. Suitable containers include, for example, bottles,
vials, syringes, and test tubes. The containers may be formed from a
variety of materials such 30as glass or plastic. The container can hold a
composition of matter (e.g. an acyl carrier and an organism) which can
produce simvastatin, for example. The label on, or associated with, the
container indicates that the composition is used for examining cellular
polypeptides. The article of manufacture may further comprise a second
container comprising another compound or substrate for addition to the
fermentation  5 mixture for example. This compound or substrate, for
example, might be used to increase the production of certain intermediaries
in the production of simvastatin, such as monacolin J. It may further
include other materials desirable from a commercial and user standpoint,
including other buffers, diluents, filters, needles, syringes, and package
inserts with instructions for use. 10Further biological aspects of the
invention are discussed in the following 



sections. BIOCHEMICAL ASPECTS OF EMBODIMENTS OF THE INVENTION An
appreciation of certain aspects of the invention is facilitated by
discussions of  15 biochemical aspects of LovD. In the immediately
following sections, the LovD acyltransferase is the A. teams LovD
polypeptide shown in SEQ ID NO: 1, and is typically referred to as "LovD"
or the "LovD enzyme". As shown in the Examples below, LovD variants are
useful in contexts in which wild type LovD is used. Portions of these
sections discuss previously known biochemical aspects of wild type LovD
(e.g.  20 those disclosed in International Publication No. WO 2007/139871)
in order to more clearly demonstrate the utility of embodiments of the
invention disclosed herein.       In International Publication No. WO
2007/139871, the promiscuity of the LovD enzyme towards alternative acyl
donors was demonstrated. This disclosure teaches that the acyl
carrier/donor does not need to be attached to the LDKS. Alternative thiol
25 containing carriers are suitable, including acyl-CoA (coenzyme A) and
more importantly, the membrane permeable acyl-SNAC. LovD does not need to
interact with LovF and can accept an acyl group from a variety of different
donors. Moreover LovD can transfer a variety of acyl substrates to the
C8-hydroxyl group of monacolin J to yield an assortment of lovastatin
analogs. LovD can regioselectively acylate the C8 hydroxyl 30position in
monacolin J with a variety of acyl substrates. Amongst the successful acyl
groups is a-dimethylbutyryl-SNAC, which yields simvastatin in the presence
of LovD and monacolin J. The transacylation activity of LovD has been
confirmed in vitro and can be reconstituted in a heterologous host. LovD
directly acylates monacolin J with adimethybutyrate to yield the
pharmaceutically important simvastatin. a-Dimethylbutyryl-  5 SNAC is
cell-permeable. The cell permeable properties of a-dimethylbutyryl-SNAC has
an important implication: the compound can be supplied as a precursor in
vivo to an organism, such as a prokaryote or an eukaryote, expressing LovD.
The prokaryote or eukaryote, when fermented in the presence of monacolin J
(either made endogenously, or supplied exogenously to the fermentation
media) can directly afford simvastatin. E. co/i,  10 for example, can be
used as a microbial host for the bioconversion of monacolin J into
simvastatin. In International Publication No. WO 2007/139871, both
monacolin J and dimethylbutyryl-SNAC were added to a growing culture of an
E. co/i strain overexpressing the LovD enzyme, with simvastatin then being
isolated from the fermentation broth of the culture in good yield. 15As
noted above, LovD can catalyze the final acyl transfer step during
lovastatin biosynthesis and can regiospecifically acylate the C8 hydroxyl
group in monacolin J. LovD can display broad substrate specificity towards
the decalin aglycon, the acyl carrier, and the acyl group. When
supplemented with the unnatural substrate a-dimethylbutyrylSNAC, LovD can
produce the pharmaceutically important simvastatin both in vitro and 



20 in vivo. When an a-dimethylbutyryl-thioester precursor is supplied to a
LovF-deficient strain of A. teams, the lovastatin biosynthetic pathway can
be redirected to afford simvastatin directly.       International
Publication No. WO 2007/139871 teaches the tolerance of LovD towards
different acyl substituents by performing the transacylation assay with
various  25 commercially available acyl-CoAs. Assays were performed with 1
mNI monacolin J, 4 mNI acyl-CoA and 10 uM LovD for 10 hours. The results
clearly indicate LovD polypeptide displays preference towards medium chain
length (C3-C6) acyl groups with butyryl-CoA being the optimal alkylacyl-CoA
substrate. The bulkier benzoyl-CoA was one of the best acyl substrate
examined, with nearly 70% conversion of simvastatin to 30the corresponding
8-ben2oxy-lovastatin analog (apparent kat = 0.16 min 1). Introducing a-p
unsaturation significantly decreased the reaction rate, as seen in the 6%
acylation of monacolin J in the presence of crotonyl-CoA. Acetoacetyl-CoA
and p-hydroxylbutyrylCoA were both excellent substrates of LovD, in good
agreement with the isolation of monacolin X (see, e.g., A. Endo, K. et.
al., J. Antibiot, 1986, 38, 321-327) and monacolin  5 M (see, e.g., A.
Endo, D. et. al.,/ Antibiot. 1986, 39, 1670-1673) from the natural host,
respectively. Among the CoA substrates assayed, LovD was inactive towards
malonyland palmitoyl-CoA.       International Publication No. WO
2007/139871 further examined the substrate specificities of LovD towards
alternative acyl carriers, especially those that are simpler to  10 prepare
synthetically, and can penetrate cell membrane under in vivo conditions.
Nacetylcysteamine thioesters (SNAC) have been used extensively as probes
and precursors in studying natural product biochemistry (see, e.g. Auclair
et al., Science, 1997, 277, 367- 369). Methyl-thioglycolate (SMTG) was
recently shown to be a cost-effective substitute for SNAC in the
precursor-directed biosynthesis of erythromycin (see, e.g., S. Murli, K. S.
15 et. al., App!. Environ. Microbiol. 2005, 71, 4503-4509). Both SNAC and
SMTG thioesters substituted for butyryl-CoA efficiently, with apparent kat
values of 0.09 min1 and 0.23 min 1, respectively, further highlighting that
protein-protein interactions between LovD and LovF, as well as the
interaction between LovD and the phosphopantetheine arm are not required
for acyl transfer. 20International Publication No. WO 2007/139871 teaches
that synthesized a-S- methylbutyryl-SNAC and a-dimethylbutyryl-SNAC can be
used in assays for the in vitro chemoenzymatic synthesis of lovastatin and
simvastatin, respectively. The results are shown in Figure 8 of
International Publication No. WO 2007/139871. This disclosure teaches that
the natural, a-S-methylbutyrate side chain was surprisingly a poorer
substrate  25 compared to butyryl-, pentanoyl- and hexanoyl-SNAC. The
apparent kat (- 0.04 min 1) of lovastatin synthesis is more than 50% slower
than that of LovD towards butyrylSNAC. This provides evidence that the wild
type LovD has not been optimized towards transferring the branched
substrate. Addition of a second methyl substituent at the cc-position
further attenuated the rate of acylation, likely attributed to the
increased steric 30hindrance of the dimethyl moiety. This disclosure in
International Publication No. WO 



2007/139871 in combination with the disclosure provided herein provides
evidence that LovD can be mutated towards desirable properties such as
those relating to transferring the branched substrate, decreased
aggregation; an improved thermal stability; an improved catalytic activity;
an improved kat/Km value; an improved soluble expression 5level; and/or an
improved whole cell activity at 25C. (e.g. using the directed protein
evolution methods such as those disclosed in Example 2 below). Throughout
this application, various publications are referenced. The disclosures of
these publications are hereby incorporated by reference herein in their
entireties. 10EXAMPLES        The Examples below provide illustrative
methods and materials that can be used in the practice the various
embodiments of the invention disclosed herein. Skilled artisans are aware
that aspects of this technology that can be adapted for use with
embodiments of the invention disclosed herein are taught in International
Publication  15 No. WO 2007/139871; Xie et al., Chem Biol. 2006
13(11):1161-9; Xie et al., Appl Environ Microbiol. 2007 Apr;73(7):2054-60;
Xie et al., Biotechnol Bioeng. 2009 1;102(1):20-8; Xie et al., J Am Chem
Soc. 2009;131(24):8388-9; and Gao et al., Chem Biol. 2009 Oct 30;
16(10):1064-74; the contents of each of which are incorporated by
reference. 20 EXAMPLE 1: SITE-DIRECTED MUTAGENESIS OF LOVD LEADS TO
ELEVATED WHOLE-CELL SIMVASTATIN PRODUCTION            This Example
demonstrates how site-directed mutagenesis of LovD leads to 25LovD variants
capable of elevated whole-cell simvastatin production. 



In this Example, we use site-directed mutagenesis to improve the solubility
of LovD. The resultant mutant A1N3 was more efficient than the wild type in
the whole cell experiment. We also optimized the High-cell-density
fermentation to produce more recombinant proteins in shorter time to
increase the whole cell LovD activities, which 30can be served as a
platform to produce simvastatin in large scale. Combined optimization on
LovD protein and fermentation gave us much higher simvastatin production
than before, and the -20 g/L yield of simvastatin can be an attractive
alternative to current multi-step methods.       Briefly, when using the
Escherichia coli bioH deficient strain YT2/pAW31 as the whole cell
biocatalyst, the overexpressed acyltransferase, LovD, catalyzed the
conversion 5 of 15 mNI Monacolin J (MJ) acid and 18 mM DMB-S-MNIP to
simvastatin acid in 12 hours. SDS-PAGE analysis of LovD showed that more
than half of the LovD protein in E. co/i was expressed insolubly, and the
native gel study of LovD showed that recombinant expression of LovD formed
-20% oligomer even at high DTT concentration. To determine the cysteine
residues responsible for oligomerization, each 10 of the nine cysteines in
LovD was substituted for alanine by site directed mutagenesis to create
nine mutants (named Al-A9). The results indicated that seven out of the
nine cysteines are essential for the intact monomer structure of LovD,
while the first and third cysteines may form intermolecular disulfide bonds
leading to oligomerization. Further study on these mutants showed that
breaking intermolecular disulfide bonds (Al and A3) 15 increased the
solubility of the resultant protein and improved whole cell bioconversion
(defined as activity). Due to the higher activity of Al and A3, we further
explored the effects of other residues on these two sites such as Ser (S),
Thr (T), Asn (N), and Glu (Q). We found that Al and LovD C6ON (N3) have
higher whole cell activity than the other mutants at the relevant sites.
Both mutants showed -25% higher activity than the 20 wild type. As we
expected, the double mutant AlN3 combined the benefit of the two mutations
and gave the highest whole cell activity, with -50% improvement when
compared to the wild type. When using YT2/A1N3 as the whole cell
biocatalyst, optimized high-cell-density fermentation study showed that the
mutant can completely (>99.5%) convert 45 mNI MJ acid to simvastatin acid
within 18 hours, while under the 25 same conditions the wild type YT2/pAW31
can only reach 91% conversion even with prolonged time (26 hours). Equipped
with the mutant AlN3 and the optimized fermentation method, the whole
process can be easily scaled up for industrial production of simvastatin.
30 MATERIALS AND METHODS GENERAL PROCEDURES 



E. co/i XL-1 Blue (Stratagene) were used for the DNA cloning. The
substrates Monacolin J (MJ) acid, and DMB-S-MNIP were prepared as described
previously (see,  5 e.g. Xie et al., 2007; Appl Environ Microbiol 73:
2054-2060). YT2 was used as protein expression host. All reagents were
purchased from standard sources. Analysis of compounds were performed with
HPLC with a reverse phase C18 column (Alltech Apollo 5u, 150 mm x 4.6 mm);
linear gradient: 60% CH3CN in water (0.1% trifluoroacetic acid [TFA]) to
95% CH3CN in water (0.1% TFA) for 10 min, and the 10flow rate was 1 ml/min.
SITE-DIRECTED MUTAGENESIS:     LovD C40A (Al), C49A (A2), C60A (A3), C72A
(A4), C89A (A5), C21 6A (A6), C266A (A7), C380A (A8), C395A (A9), C405
(S1), C605 (S3), C4OT (T1), C6OT (T3),  15 C4ON (N1), C6ON (N3), C40Q (Q1),
C60Q (Q3) mutations were created by site directed mutagenesis using pAW31
as template DNA and the primers listed below. Double mutant AlN3 was
created by using Al as template, LovD C60A PvuII F and LovD C60A PvuII R as
primers. Most primers were designed by directly changing the codon sequence
to desired amino acid codon sequence, while some were introduced one
20restriction site by silent mutation for easy cloning. The introduced
mutations were verified by DNA sequencing.       Only the forward primers
are listed below. The reverse primers are the reverse complement of the
forward primers. F denotes forward primers. The number shows the position
of the mutated amino acid. The characters before and after the number
25show that the amino acid before change and after change. The bordered
bases correspond to the genetic codes for amino acids to be mutated. LovD
C40A NheI F: ATCATGGCCCGAGAGOGGCAATCTAAATTAT (SEQ ID NO: 6);   LovD C49A
MluI F: TCTAAATTATACGCGTGCCITTCGGGGCTCGGAC (SEQ IDNO:7);LovD C60A MfeI F: 



30 GTGCGACGGGACGA CAATCATGCCGCCGCTACAGGTC (SEQ ID 5 LovD C266A F:
GCCGATGGAGAGGA CTTCGGCGGCCAGG (SEQ ID NO: 12); LovD C380A F: CCCAAAGCCGGCCT
GCC CCCTTGCGTTCTT (SEQ ID NO: 13); LovD C395A F: TGGAATGACCCGGTC
CGTGATCTGACACG (SEQ ID NO: 14); LovD C4OS F: GGTCATCATGGCCCGAGATT
CAGTGGCAATCTAAATTATA 10 (SEQIDNO:15);LovD C6OS F:
GACGGTGCGACGGGACGAGTECAATCAGCTGCCGCCGCTAC (SEQ ID NO: 16);LovD C4OT SpeI F:
CGGTCATCATGGCCCGAGATGTGGCAATCTAAATTATAC (SEQ ID NO:17);LovD C6OT F: 15
GGACGGTGCGACGGGACGA CAATCAGCTGCCGCCGCTAC (SEQ ID NO: 18); LovD C4ON F:
CGGTCATCATGGCCCGAGATAACAGTGGCAATCTAAATTATA (SEQ ID NO: 19); LovD C6ON F:
GGACGGTGCGACGGGACGAGCAATCAGCTGCCGCCGCTAC (SEQ ID  20 NO:
CGGTCATCATGGCCCGAGAT NO:21); 



GGACGGTGCGACGGGACGAG NO: 22). 25  LovD C40Q F: GTGGCAATCTAAATTATAC (SEQ ID
andLovD C60Q F: ATCAGCTGCCGCCGCTACA (SEQ ID  EP-PCR AND CONSTRUCTION OF
MUTANT LIBRARY       Ep-PCR procedure was modified from established
protocols. The reaction consisted of 0.35 mM dATP, 0.4 mM dCTP, 0.2 mNI
dGTP, 1.35 mM dTTP, 4 mNI MgC12, 0.25 mNI MnC12, and 2.5 U Taq polymerase.
The reaction mixture was submitted to 25 cycles PCR: 94C for 1 min, 55C for
1 min and 72C for 3 mins. The resulting PCR products were digested with
Dpnl, further digested with EcoRI and Ndel, and ligated to pET28(a). The
ligation mixture was transformed to YT2 and plated on LB agar containing 35
mg/L kanamycin. 5 PROTEIN EXPRESSION AND PURIFICATION: 



Each mutant was transformed into E. co/i YT2 strain and selected by
Kanamycin (Kan). The transformant was grown in 500 ml LB-Kan media at 37 C
to 0D600 0.4-0.6, then 0.1 mM IPTG was added to induce protein expression
at 20 C for 16 hours. Cells 10 were collected by centrifugation,
resuspended in 30 ml Buffer A (50 mM Tris-HC1, pH 8.0, 2 mM DTT, 2 mM
EDTA), and lysed by sonication. Cell debris and insoluble proteins were
removed by centrifugation (16,000 g, 4 C, 1 h). To the cleared lysate, 2 ml
of Ni-NTA resin (Qiagen) was added. Each mutant was purified using a step
gradient of buffer A with increasing concentration of imidazole. Pure
(>95%) LovD proteins were 15  eluted in buffer A containing 250 mM
imidazole, and then buffer exchanged into buffer A without imidazole.
Glycerol was added to a final concentration of 10%, the proteins were
aliquoted, and flash frozen. WHOLE-CELL BIOCATALYSIS: 20Whole-cell
catalytic synthesis of simvastatin acid from MJ acid and DMB-S-MMP were
performed as described (see, e.g. Xie et al., 2007; Appl Environ Microbiol
73: 2054- 2060). The LovD wild type and all mutants were cultured
side-by-side for comparison. A single colony of the freshly transformed
strains was used to inoculate a 5 ml LB culture supplemented with 35 mg/L
kan and grown overnight at 37 C. The next morning, 100 25  Ill of the
overnight culture (0.2%) was inoculated into 50 ml LB medium with Kan. When
0D600 reached 0.4-0.6, 0.1 mM IPTG was added to the culture and expression
of LovD was performed at 20 C for 16 hrs. To mimic the high density
fermentation conditions, the cells were concentrated 10-fold before
addition of substrates. A 14 ml aliquot of the culture was collected by
centrifugation (4 C, 4000 g, 10 min). The cell 30pellet was gently
resuspended in 1330 ml of the supernatant, followed by addition of 70 ml of
a MJ acid stock solution (300mNI in water) to make final concentration 15
mNI. The concentrated culture was then resuspended and separated into seven
200 pi samples, 1 pi of pure DMB-S-MMP was added to each sample (final
concentration -20 mM). The cultures were then shaken at 300 rpm at room
temperature. At each time point, a  5 total extraction was performed by
adding 10 pi of 20% SDS to completely lyse the cells, followed by
liquid-liquid extraction with 500 pi EA/2/0 TFA. The organic phase was
removed, evaporated, and redissolved in 500 pi ACN for HPLC analysis.
SELECTION OF HIGH ACTIVITY MUTANTS (SCREENING) 10N. crassa was grown on SDA
slants for 10 days and spores were harvested with 1% Tween-80. 100 ml of
molten SDA was seeded with 0.3-0.5 x108 spores and poured into a 230x230 mm
plate. Colonies from mutation library were cultured in 96 well plates
containing 250 pi LB medium (with 35 mg/L kanamycin). The cells were grown
at 37C to saturation and transferred to duplicated plates. Protein
expression was induced with 



15 0.1 mM IPTG at 0D600 of 0.5 and the expression was performed at 25C for
16 h. 5 mNI MJA and 10 mM DMB-SMMP were added to initiate the reaction.
After a certain reaction time (45 mins to 4 hours depending on the activity
of the parent), cells were removed with centrifugation (2,000 g, 4C, 5
min). The amount of supernatant spotted on the SDA plate was typically 1-3
1.1,1. The plates were incubated at 30C for 16-18  20 hours. The improved
mutants were selected following visual comparison of the inhibition zones.
DETERMINING WHOLE-CELL BIOCATALYSIS ACTIVITY Wild type LovD and all mutants
were cultured in parallel for comparison. A  25 single colony of the
freshly transformed YT2 competent cells was used to inoculate a 5 mL LB
culture supplemented with 35 mg/L kanamycin. Following overnight growth at
37C, 100 pi of the culture was inoculated into 50 mL LB medium supplemented
with 35 mg/L kanamycin. When 0D600 reached 0.4-0.6, 0.1 mNI IPTG was added
to the cultures and expression of all LovD variants was performed at 25C
for 16 hr. To mimic 30the high density fermentation conditions, the cells
were then concentrated 10-fold before addition of substrates. A 10 ml
aliquot of each culture was collected by centrifugation (4C, 2,000 g, 10
min). The cell pellet was gently resuspended in 1 ml of the medium
supernatant, followed by addition of 70 1.11 of MJA (300 mNI stock) to a
final concentration of 15 mM. The concentrated culture was then divided
into seven 200 1.11  5 aliquots and 1111 of pure DMB-SMMP was added to each
sample to a final concentration of 20 mM. The small cultures were then
shaken at 300 rpm at 25 C. At each time point, a complete extraction of one
culture aliquot was performed by adding 10111 of 20% SDS for cells lysis,
followed by extraction with 500 !al ethyl acetate containing 1%
trifluoroacetic acid TFA. The organic phase was removed, evaporated, and
redissolved in  10 500 1.11 acetonitrile for HPLC analysis. The whole-cell
activity was determined by fitting the linear regions of the conversion
time course plot. TM MEASUREMENT BY CIRCULAR DICHROISM (THERMOSTABILITY)
Samples were prepared by adding 50 lig of proteins to 250111 10 mM Tris-HC1
15 buffer (pH 7.0). The sample was placed in a quartz cuvette with a 1 cm
path length and heated in a Peltier-controlled cell at a rate of 1C per
min. Ellipticity was monitored at 222 nm in a Jasco spectropolarimeter
(Jasco Inc., Easton, MD). The midpoint of the denaturation curve was
determined with Microcal Origin 5.0 software (OriginLab Corporation,
Northampton, MA). 20 



KINETIC ASSAY OF LOVD \vim TYPE AND MUTANTS:     To obtain Km values for MJ
acid and kca" the DMB-S-MMP concentration was fixed at 2 mM, while the
concentration of MJ acid was varied from 0.25 mM to 2 mNI. Dimethyl
sulfoxide (DMSO) was added to a final concentration of 10% to facilitate
the  25 solubilization of DMB-S-MNIP. To compare the turnover rate of all
mutants and the wild type protein, the MJ acid concentration was set at 1
mM and the DMB-S-MNIP was set at 2 mNI, the protein concentration was fixed
at 10 uM, after the reaction was performed at room temperature for 2 hours,
the reaction was quenched by adding EA/2/0 TFA. The organic phase was dried
and redissolved in ACN for HPLC analysis. 30 HIGH DENSITY Fl FED-BATCH
FERMENTATION    We used the same method described in our previous paper
with some modification (see, e.g. Pfeifer et al., 2002; Appl Environ
Microbiol 68(7):3287-92). Vitamin solution except biotin was excluded from
both inoculation minimal media and fermentation  5 media because the YT2
strain which has bioH gene knocked out requires biotin to grow normally.
The strain YT2/pAW31 or YT2/A1N3 was grown overnight in 5 ml LB medium
(with 35mg/L kan) at 37 C and 250 rpm, 1 ml overnight culture was used to
inoculate a 100 ml Fl medium (with 35mg/L kan). The Fl medium was grown for
another 12 hours, a 25 ml aliquot was spun down, and the cell pellet was
resuspended in  10 10 ml Fl medium and inoculated into a 2.5-liter Applikon
Biobundle vessel containing 1 liter of Fl medium. The cells were grown at
37 C, the pH was maintained at 7.1 throughout the experiment with 2 M HC1
and half concentrated NH4OH. The agitation rate and air flow rate were
adjusted to maintain the dissolved oxygen (DO) level above 20%, typically
the agitation maintained at 1200 rpm and the aeration was controlled at  15
0.4-0.5 liters/min. As soon as the glucose was consumed in the fermentor,
which was indicated by a fast increase in DO level, a peristaltic pump
delivered 0.3 ml/min of the feed solution to the fermentor. When the 0D600
reading reached 20, the temperature of the fermentation was decreased to 25
C by cooling water, 0.5 mNI IPTG was added to the fermentor to induce
protein expression. The protein expression was maintained for  20 another
12 hours, then the feeding and aeration were stopped, agitation was
decreased to 250 rpm and pH was gradually adjusted to 7.8, both substrates
MJ acid and DMB-SMMP were added to the fermentor to initiate the
bioconversion. MJ acid was dissolved in water (adding NaOH to help
dissolve) to make a final concentration of 500 mNI, DMB-S-MMP was added
pure. The feeding rate was controlled at 4.0 mM/h (MJ acid)  25 to minimize
the disturbance of the cells and finished in about 10 hours. HPLC was used
during the whole process to check the rate of the conversion. PURIFICATION
AND DOWNSTREAM PROCESS         When the conversion was complete or reached
at equilibrium, 20 g SDS was added 



30to the fermentor and stirred for 30 min to completely lyse the cells, the
pH was adjusted to 5.0 by adding 6M HC1 and stirred for 10 mins, 1 L ethyl
acetate (EA) was added and stirred for another 30 min to extract the
product. The mixture was poured into a separation funnel and waited for
about 1 hour and separated. The water phase was extracted again with 1 L
EA. The EA phase was combined (-2L) and concentrated by 5 rotor vapor to
around 500 ml, the EA solution was then washed with saturated NaC1 aqueous
solution and dried by anhydrous Na2SO4 and filtered. The EA solution was
concentrated to a final volume of 150 ml and treated with 50% saturated
NH4OH and 50% methanol to a final pH=9.6. The solution was kept at 4 C for
1 hour and filtered through filter paper and washed with EA extensively to
give white solid, which was dried 10 under vacuum overnight and weighed.
The purity of the final product was determined by HPLC. EXPERIMENTAL
RESULTS Two of the nine mutants showed higher whole cell activity after
alanine scanning 15mutagenesis (see, e.g. Morrison et al., 2001; Curr Opin
Chem Biol 5(3):302-7):     LovD protein was purified to homogeneity by one
step Ni-NTA column (Figure 2a). From the native gel of wild type lovD, we
found that even at high DTT concentration, -20% of the LovD protein still
formed oligomer. The disulfide bonds between the proteins are spurious for
protein crystallization because the monomer and 20 oligomer are different
species (see, e.g. Nemoto et al., 2006; J Appl Physiol 100(5):1688- 91).
One of our purposes was to remove the intermolecular disulfide bonds. By
replacing the cysteine residues with alanine, we hope the resultant LovD
mutant can keep the acyl-transferase activity while breaking the
intermolecular disulfide bonds. We also found that more than 50% of the
expressed LovD protein was insoluble when 25 overexpressed in E. co/i. We
reasoned that the solubility of LovD may be changed when the intermolecular
disulfide bonds between wild type LovD was eliminated (see, e.g. Lindberg
et al., M. 2004; Proc Natl Acad Sci U S A 101(45):15893-8).       There are
nine cysteines in LovD protein at the position of C40, C49, C60, C72, C89,
C216, C266, C380, C395 (C1-C9). First we used homolog analysis to identify
which 30of the nine cysteine residues are likely to be surface exposed, and
might therefore form undesirable disulfide bonds. By using the EstB
esterase as a template which has moderate sequence homology of -20% (see,
e.g. Wagner et al., 1997; Acta Crystallogr D Biol Crystallogr 53(Pt
5):596-8), five cysteines Cl, C2, C3, C7, and C9 were found to be possible
residues forming the responsible disulfide bond. We mutated all nine
cysteine  5 residues to alanine one by one to create nine single mutants
named A1-A9. The sequence of the mutants was verified by DNA sequencing. 



We ran the native gel of all the mutant proteins together with the wild
type LovD protein (Figure 2b). From the native gel, A3 formed almost all
monomers, and Al had slightly more monomers compared to the wild type LovD
protein. The rest mutants 10 didn't change the percentage of oligomer while
some mutants such as A4, A5 and A7 were not very stable and formed
inclusion body fast. A9 produced no soluble proteins at all. The results
indicated that only the first and third cysteines may form intermolecular
disulfide bonds leading to oligomerization. We then tested the in vivo
activity of the nine mutants in comparison to the wild 15 type LovD. Both
the mutants and the wild type LovD strains were grown in LB media,
expressed and concentrated 10 times to mimic the high density fermentation
after 16 hours expression at 20 C. Both MJ acid and DMB-S-MMP were added to
final 15 mNI and 18 mM respectively to start the reaction. At 8 hours, 100
pi sample culture was taken out to check the total conversion from MJ acid
to simvastatin acid. Figure 3  20 showed relative activities of all the
mutants compared to the wild type, the wild type conversion was normalized
to 100%. From the results we can see that most of the mutations were
unfavorable and showed lower whole cell activity (A2, A4-A8) or no activity
(A9). We reason that those cysteines may form intramolecular disulfide
bonds which stabilize the structure of the protein. Most of the mutants
likely disrupted the  25 intramolecular disulfide bond, loosing the
3-dimenstional structure of the protein and making the protein unstable to
form inclusion bodies (see, e.g. Wakabayashi et al., 2007; J Biol Chem
282(38):27841-6). The results gave us an idea on which cysteine stabilized
the structure of protein and which cysteine was not helpful on stabilizing
the structure. Al showed highest activity among all the mutants with -25%
improved activity based on 30conversion compared to the wild type, and A3
has slightly higher activity compared to the wild type. The C9 position is
crucial for LovD stability because there was no soluble protein can be
detected when A9 was expressed. THE HIGHER WHOLE CELL ACTIVITY WAS DUE TO
HIGHER SOLUBILITY  5 There are three possibilities that could contribute to
the higher whole cell activity. One is that the mutants are more soluble
compared to the wild type, another is that the mutants have higher turnover
rate than the wild type LovD, or a combination of both. To discover why Al
and A3 showed higher activities in the whole cell experiment while the
others lost activities, we measured the protein expression level of all the
mutants. All 10 nine mutants and the wild type LovD proteins were purified
at the same time and under the same conditions. The proteins were purified
from 50 ml LB culture. LovD was eluted in the last fraction which contains
250 mM imidazole. The concentration of the last fraction was determined by
Bradford Assay using BSA as the standard. Interestingly, we found that the
ratio of the soluble protein between the mutants and the wild type was  15
consistent with the ratio of the conversion between the mutants and the
wild type (Figure 3). The solubility of Al was 28% more than the wild type
while the conversion rate of Al at the 8 hours time point was 31% higher
than the wild type. Figure 3 showed that the different solubility of the
mutant proteins may be the only reason for different whole cell activities.
20To further prove that the whole cell activity of LovD mutants was caused
by 



different solubility of the protein, an in vitro assay was used to
determine the kcat and Km of LovD mutants. The concentration of DMB-S-MMP
was fixed at 2 mM and MJ acid concentration was varied from 0.25 mM to 2.0
mM. The kcat of LovD wild type, and selected mutants Al, A3 were determined
as 0.62, 0.62, and 0.64 min 1, the Km of MJ acid  25 were 0.64, 0.68, and
0.66 mNI respectively. The kinetic constants between these three enzymes
showed that there was actually no difference between them. For the rest
LovD mutant proteins, we only checked the conversion of one time point. The
assay fixed MJ acid and DMB-S-MMP concentration at 1 mNI and 2 mM, LovD
proteins are fixed at 10 uM, a 2 hours' conversion showed that they have
the same turnover rate. In the whole 30cell experiment, the concentration
of both substrates were much higher than Km of MJ acid and DMB-S-MNIP, so
the whole cell activity was only related to the kcat and the amount of
soluble protein. The in vitro kinetic assay further confirmed that the
different whole cell activity was only due to different solubility of the
mutants. 5 DOUBLE MUTATION AlN3 SHOWED HIGHEST WHOLE CELL ACTIVITY
After alanine scanning mutagenesis, we found that the first and the third
cysteine substitutes showed higher activity compared to the wild type. We
reason that further exploration on these two sites may give better mutants.
Due to the different physical properties and size between cysteine, which
is polar and slightly larger, and alanine, 10 which is nonpolar and
smaller, we changed cysteine to other amino acids such as serine (S),
threonine (T), asparagine (N), glutamine (Q). The mutants were derived with
the same site-directed mutation methods and named as 51, S3, T1, T3, N1,
N3, Q1, and Q3 respectively. We used the same in vivo experiment to check
the whole cell activities of all the mutants. The conversion showed that Al
still had the highest activity at the first 15 position while N3 had the
highest activity at the third position (Figure 4). Both mutants have -25%
improvements according to 8 hours conversion. We then combined the two
mutations to create a double mutant AlN3 through site-directed mutation. In
Figure 5, we drew the time course of LovD wild type, Al, N3, and AlN3. The
assay used the same conditions described before and we checked conversion
every two hours. As we 20 expected, AlN3 combined the beneficial properties
of the two mutations and completed the reaction in -8 hours. AlN3 was about
50% faster than the wild type and about 20% faster than the single mutant
Al and N3. In vitro assay and protein expression level experiments also
demonstrated that the higher activity of the double mutant AlN3 was due to
the higher solubility of the protein. The results of the double mutant AlN3
25  showed that the mutations at different position of the protein are
synergistic (see, e.g. Geddie et al., 2004; J Biol Chem 279(25):26462-8).
HIGH-CELL-DENSITY FERMENTATION          Our final goal was to prove that
our process can be used in large scale simvastatin 30production, so we
optimized the high-cell-density fermentation and tested both the wild type
LovD and the double mutant A1N3. Both glucose limitation (glucose as the
limited source) and DO limitation (dissolved oxygen as the limited source)
were studied to compare the whole cell activities (see, e.g. Qoronfleh,
1999; Appl Biochem Biotechnol 80(2):107-20). We found that the specific
LovD activity from glucose limitation was 



5 much higher than the activity from DO limitation even though they have
very similar 0D600 reading, possibly due to the accumulation of glucose and
acetate which affected the cell growth and recombinant protein expression.
So during our fermentation, we kept DO level above 20% to minimize the
glucose and acetate concentration. We also found that expression at 25 C
gave the highest whole cell activity. Increasing 10 temperature resulted in
more LovD precipitation while decreasing temperature resulted in slow cell
growth and required longer expression time. Another important factor
related to the whole cell activity of LovD was the pH value. The cells were
grown and expressed at pH=7.1, which was not efficient for the reaction. A
pH at 7.8 gave the highest whole cell activity in turning MJ acid into
simvastatin acid, so before adding 15 substrates, we gradually increase pH
to 7.8. Substrates addition was also very important during the conversion.
High concentration of MJ acid and DMB-S-MMP were harmful to the cells, so
we added both substrates slowly to minimize the disturbance of the cells.
Slow addition of substrates to the fermentor still resulted in a prompt
decrease in the optical density of the cells (Figure 6). After the
substrates were added to the fermentor, 20 HPLC was used to track the
formation of simvastatin acid. It took 18 hours for YT2/A1N3 to completely
convert 45 mM MJ acid to simvastatin acid while YT2/pAW31 had 91%
conversion in 26 hours. Even with prolonged reaction time, the conversion
by pAW31/YT2 cannot be increased. The average reaction rate was 2.5 mM/h
for YT2/A1N3 and 1.6 mNI/h for YT2/pAW31, which means the double 25  mutant
was 150% more efficient in whole cell activity than the wild type during
large scale fermentation.     During downstream purification process, the
cells were completely lysed to release the product because almost half of
the product remained in the cells. It is hard to recover pure simvastatin
either in acid form or in lactone form directly from the culture 30broth,
we recovered the product in ammonium salt form. After the cells were lysed,
the pH was adjusted to 5.0 slowly to avoid localized high concentration of
HC1 to make simvastatin lactone form. After the product was extracted by EA
and concentrated, 50% methanol and 50% saturated NH4OH mixture was added to
the EA solution to convert simvastatin acid simvastatin ammonium salt
(SAS). Once SAS was formed, the salt will  5 precipitate out from EA phase.
SAS was dried overnight and weighed to calculate the yield. For this best
mutant AlN3, the highest MJ acid amount we can add to completely convert to
simvastatin was 45 mM. Addition of more substrates resulted in lower final
conversion. Starting with 45 mM MJ acid in one liter fermentor, 36 mmol SAS
can be finally recovered from the cell broth. The total yield from MJ acid
to SAS was 80%.  10 Most of the loss was during the extraction steps. With
the optimization on the recovery process and further improvement of the
protein, more products can be recovered and the total yield will be higher.
In conclusion, we explored each of the nine cysteines in LovD by alanine
scanning mutagenesis. We found that two of the nine cysteines (Cl and C3)
are responsible for  15 intermolecular disulfide bonds formation, and that
the rest cysteines are important for stabilizing the structure of the
protein (C2, C4-C8). C9 is essential for LovD to fold correctly to become
soluble. Two mutants, Al and A3, showed higher whole cell activities
because they were more soluble than the wild type. Different residue
substitutes at the first position and the third position showed that Al and
N3 have faster 20 conversion than the other mutants. Double mutant AlN3
showed the highest activity among all the mutants which means the two
mutations acted synergistically. After optimization on High-cell-density
fermentation, we compared the reaction rate of LovD wild type and mutant
AlN3 using Fl minimal media. The mutant YT2/A1N3 showed improved ability
and can convert 45 mM MJ acid to simvastatin acid in 18 hours, while 



25 the wild type YT2/pAW31 took longer time and can only reach 91% at the
same conditions. We used random mutagenesis and DNA shuffling approaches to
further improve the thermostability and turnover rate of LovD based on
AlN3. 30  EXAMPLE 2: DIRECTED EVOLUTION AND STRUCTURAL CHARACTERIZATION OF
A SIMVASTATIN SYNTHASE           This Example demonstrates how
site-directed mutagenesis of LovD leads to  5 LovD variants capable of
elevated whole-cell simvastatin production.     In this Example, we
employed directed protein evolution (see, e.g. Arnold et al., (1999) Curr.
Opin. Chem. Biol. 3, 54-59) to improve the SV synthase activity of LovD.
After seven rounds of screening, LovD mutants with significantly improved
catalytic activities and higher thermal stability were isolated. In
parallel, seven X-ray crystal  10 structures including the parent LovD GO,
an improved mutant G5, and the co-crystal structures of G5 with MJA, LVA
and SVA were obtained. The crystal structures provide atomic resolution
details regarding the mechanism of catalysis, substrate and product
binding, protein-protein interactions with LovF, and a likely explanation
for the effects of beneficial mutations on catalysis. 15Tailoring enzymes
found in natural product biosynthetic pathways catalyze a wide array of
reactions, including acyltransfer (see, e.g. Loncaric et al., (2006) Chem.
Biol. 13, 309-317), glycosylation (see, e.g. Zhang et al., (2006) Science
313, 1291-1294), hydroxylation (see, e.g. Rix et al., (2002) Nat. Prod.
Rep. 19, 542-580) and halogenation (see, e.g. Neumann et al., (2008) Chem.
Biol. 15, 99-109). A number of these enzymes  20 decorate biologically
inactive precursors into pharmaceutically active molecules via
regioselective and stereoselective transformations. As a result, tailoring
enzymes are attractive candidates as biocatalysts towards synthesis of
semisynthetic derivatives and drug libraries (see, e.g. Zhou et al., (2008)
Curr. Opin. Biotechnol. 19, 590-596). LovD is an acyltransferase found in
Aspergillus terreus and is responsible for converting the inactive  25
precursor monacolin J acid (MJA) into the cholesterol-lowering drug
lovastatin (LV, acid form lovastatin acid: LVA) via acylation of the
a-S-methylbutyrate side chain (see, e.g. Kennedy et al., (1999) Science
284, 1368-1372 and Xie et al., (2006) Chem. Biol. 13, 1161-1169) (Figure
7). The importance of the hydrophobic a-S-methylbutyryl side chain for
binding of LVA to HMG-CoA reductase has been structurally confirmed (see,
e.g. 30Istvan et al., (2001) Science 292, 1160-1164). Chemical modification
of the LV side chain to a-dimethylbutyrate yielded the semisynthetic
derivative simvastatin (SV, acid 



form simvastatin acid: SVA), which is the active pharmaceutical ingredient
in the blockbuster drug Zocor0 (see, e.g. Hoffman et al., (1986) J. Med.
Chem. 29, 849-852). Semisynthesis of SV from LV is a multiple-step chemical
process and is therefore an intensely pursued target for devising an
efficient biocatalytic approach (see, e.g. Morgan  5 et al. WO 2005040107
and Berg et al. WO 2007147801). As a result, LovD is a prime candidate to
serve as such a biocatalyst.     LovD is a 413-amino acid protein predicted
to have an a/P hydrolase fold based on primary sequence analysis (see, e.g.
Kennedy et al., (1999) Science 284, 1368-1372). Among enzymes of known
structure that are homologous to LovD is cephalosporin  10 esterase, EstB
(PDB ID 1CI9, 26% sequence identity) from Burkholderia gladioli (see, e.g.
Wagner et al., (2002) Protein Sci. 11, 467-478). The likely general base
Tyr188, as well as a conserved SXXK patch that contains the active site
nucleophile 5er76, were indicated through alignment of LovD with EstB
(Figure 8A) (see, e.g. Petersen et al., (2001) J. Biotechnol. 89, 11-25).
During LVA biosynthesis, the a-S-methylbutyrate side chain is  15
synthesized by the lovastatin diketide synthase (LDKS) LovF, and is then
transferred by LovD regioselectively to the C8 hydroxyl of MJA via an
unprecedented polyketide offloading mechanism (see, e.g. Xie et al., (2009)
J. Am. Chem. Soc. 131, 8388-8389). The protein-protein interaction between
LovD and the acyl carrier protein (ACP) domain of LovF facilitates this
highly efficient tailoring reaction in A tenrus. We have  20 previously
explored the substrate promiscuity of LovD and have shown that it can also
synthesize SVA by using the small molecule substrate
a-dimethylbutyryl-S-methylmercaptoproprionate (DMB-SMNIP) as an acyl donor
(see, e.g. Xie et al., (2007) 73, 2054-2060) (Figure 7). Using Escherichia
coli as an expression host, a whole-cell biocatalytic platform for
converting MJA to SVA was established that can produce SVA  25 with low
throughput (see, e.g. Xie et al., (2007) 73, 2054-2060). However, as with
many enzymes that have been removed from their natural context, LovD is
catalytically suboptimal as a biocatalyst and suffers from poor thermal
stability (see, e.g. Arnold, F.H. (2001) Nature 409, 253-257). The
catalytic activity of SVA synthesis using DMB-SMMP is attenuated -1,300
fold when compared to the natural substrate attached to LovF (see, 30e.g.
Xie et al., (2009) J. Am. Chem. Soc. 131, 8388-8389), indicating there is
ample opportunity for optimization by protein engineering efforts.
Furthermore, the structural basis of LovD function and substrate selection
had not been elucidated, limiting our ability to rationally optimize the
binding of the unnatural dimethylbutyryl substrate and improve LovD
efficiency as a SV synthase. 5As discussed below, we employed directed
protein evolution (see, e.g. Arnold et al., (1999) Curr. Opin. Chem. Biol.
3, 54-59) to improve the SV synthase activity of LovD and then characterize
the crystal structures of these LovD variants to provide atomic resolution
details regarding the mechanism of catalysis, substrate and product
binding, protein-protein interactions with LovF, and a likely explanation
for the effects of 10beneficial mutations on catalysis. RESULTS 



DEVELOPMENT OF AN AGAR-BASED DIFFUSION SCREENING METHOD We developed a high
throughput screening method to assay for E. co/i expressing 15 LovD mutants
with improved properties in the synthesis of SVA from MJA and DMBSMMP. The
assay relied on the growth inhibition of Neurospora crassa by statins, a
property that was previously exploited in the screening of high LV
producing A. teams strains (see, e.g. Kumar et al., (2000) J. Microbiol.
Methods 40, 99-104). We found that SVA can inhibit the growth of N. crassa
at sub-microgram quantities, while inhibition by  20 MJA requires hundred
milligram quantities. To demonstrate the sensitivity and feasibility of the
assay, an E. co/i culture expressing wild type LovD was supplied with 10
mNI MJA and 15 mM DMB-SMMP. At different time points, 2 1.1L aliquots were
directly spotted on a Sabouraud's dextrose agar (SDA) plate embedded with
N. crassa at a density of 0.3-0.5 x 108 spores/L. After 16 hours of
incubation at 30C, different inhibition zones 25 were observed for samples
containing different degrees of conversion of MJA to SVA (as verified by
HPLC) (Figure 9A). Based on this screening strategy, any significant
contribution to whole cell LovD activity, such as improvements in
solubility, catalytic efficiency and stability can lead to a detectable
phenotypical change. SCREENING OF LOVD VARIANTS WITH ENHANCED WHOLE CELL
ACTIVITIES The starting LovD (generation zero or GO) used in directed
evolution is the  5 previously characterized double mutant C40A/C6ON (see,
e.g. Xie et al., (2009) Biotechnol. Bioeng. 102, 20-28). GO was rationally
engineered to be less prone to disulfide-mediated aggregation and was used
for crystallization studies (see, e.g. Xie et al., (2009) Biotechnol.
Bioeng. 102, 20-28). The mutant libraries were created by either saturation
mutagenesis or error-prone Polymerase Chain Reaction (ep-PCR) that  10
generated an average of 2.5 amino acid changes per round (see, e.g. Fromant
et al., (1995) Anal. Biochem. 224, 347-353). During each round of
screening, the mutant library was ligated into pET28(a) and electroplated
into YT2 competent cells (see, e.g. Xie et al., (2007) Metab. Eng. 9,
379-386). The individual mutants were cultured in 96-well plates, followed
by induction of LovD expression, addition of MJA and DMB-SMNIP, and  15
spotting onto N. crassa embedded plates. FIG. 13 shows the gradual
improvement in whole cell activity obtained following four rounds of ep-PCR
(G1, G2, G4, G6), one round of saturated mutagenesis (G7), and two
iterations of combining individual beneficial mutations (G3, G5), with the
best mutant G7 displaying -11 fold increase in whole cell activity as a SV
synthase compared to GO (Figure 9B). The mutant G2.1 20 contains amino acid
changes at D12G and G2755. Construction of the corresponding single mutants
using G1 as template showed that D12G alone had a large negative effect,
while G2755 alone had a weak positive effect compared to G1. This result
suggests the two mutations in G2.1 act synergistically to enhance LovD
activities. Combination of mutations from G2.1 and the A190T mutation in
G2.2, which was recovered from the 25 same round of ep-PCR, yielded the
next generation mutant G3. Ep-PCR using G3 as a template yielded G4.1 and
G4.2, each containing a different double mutation combination of A10V/K26E
and H161Y/K227R, respectively. Site directed mutagenesis confirmed that
both A10V and K227R had negative effects on the activities of LovD. Removal
of these mutations and combination of K26E and HI 61Y yielded an 30
improved mutant G5, which was -6-fold improved in whole cell activity
compared to GO. At this point, structural studies were performed on the G5
mutant to provide 



insights into the accumulated beneficial mutations. In parallel, an
additional round of epPCR afforded G6 that contained the beneficial
mutations V334D and L361M. Saturation mutagenesis was employed to optimize
the combined effects of mutations at positions 334 and 361. The best mutant
recovered was G7, of which the whole cell  5 activity was increased an
additional 20%. Surprisingly, we found that while position 334 was altered
to phenylalanine, the previously deemed beneficial L361M mutation reverted
back to leucine. Site-directed mutation of L361M in G7 confirmed that
leucine was indeed the more favorable residue in the context of the V334F
mutation. 10 IN VITRO CHARACTERIZATION OF LOVD VARIANTS       To dissect
the contributions that led to the increases in whole cell activity, kinetic
parameters (kca" Km), soluble protein levels and thermal stability of all
the improved mutants were characterized and listed in FIG. 13. The binding
affinities (Km) of LovD mutants toward MJA and DMB-SMMP were each within a
narrow range (0.7 mM to 0.9 15 mM for MJA and 0.6 mNI to 0.7 mNI for
DMB-SMNIP). The lack of improvement in Km towards either substrate is not
surprising considering the high concentrations of substrates used in the
screening assay (-10 Km of MJA and DMB-SMMP). The observed improvements in
whole cell activity are mainly due to increases in the kcat of the mutants
and levels of soluble proteins. The kcat and soluble protein levels were
simultaneously  20 increased -3 fold and -1.5 fold from G1 to G3,
respectively. Impressively, the protein expression levels of G3 reached 205
mg/L. In contrast, improvements in kcat were the sole contribution to the
increases in whole cell activities from round 4 to round 7. Most notably, a
single V334F mutation from G5 to G7 nearly doubled the catalytic turnover
rate. In addition, increases in thermal stability were reflected in the
whole cell activities  25 of the mutants when expressed at elevated
temperatures (Figure 14). Whereas the GO-G3 mutants have no detectable
activity when expressed at 32C, the later generation mutants retained
significant SV synthase activities, with the G7 mutant exhibiting
comparable activity to that of GO at 25C. Furthermore, the G7 mutant
remained active even when expressed at 37C. The increased thermal
stabilities of the mutants have 30important practical implications in using
LovD as a biocatalyst for SV semisynthesis.        To examine the
activities of the mutants towards synthesis of the natural biological
product LVA, we performed kinetic assays using oc-methylbutyryl-SMNIP
(MBSMMP) and MJA. A similar trend in the improvements of kcat toward LVA
synthesis was observed (Figure 15), indicating the LovD relative substrate
specificity towards the acyl 5 group (either MB or DMB) has not changed.
Interestingly, when LovF was used in the kinetic assay for LVA synthesis
(Figure 7), we observed a progressive loss of activities of the LovD
mutants (Figure 15). The G7 mutant exhibited a 27-fold decrease in
activities towards LovF compared to the GO parent, most likely attributed
to the deterioration of the required protein-protein interactions for
catalysis (see, e.g. Xie et al., (2009) J. Am. 10  Chem. Soc. 131,
8388-8389). Therefore, the mutations accumulated during directed evolution
may have gradually altered the conformation of LovD to impair its
communication with LovF, while not affecting binding of the SMNIP-bound
acyl group. OVERALL STRUCTURE OF LOVD 15Seven LovD crystal structures were
determined to help illuminate the mechanism of 



the LovD-catalyzed reaction and possible basis for improved catalysis.
These include (1) GO, (2) selenomethionyl GO (GO-Semet), (3) the improved
mutant G5, (4) G5 in complex with substrate MJA, the G5 with 576A active
site mutated (called G5') in complex with (5) LVA, (6) SVA, and (7) MJA.
The resolution limits of the structures 20  range from 2.5 to 2.0 A except
for GO. The native GO structure was resolved at 3.4 A, but was improved to
2.5 A in the GO-Semet variant. Refinement statistics are provided in Figure
20.     The crystal structure of LovD GO-Semet revealed a variation of the
oc/P hydrolase fold (see, e.g. Heikinheimo et al., (1999) Structure 7,
R141-R146 and Nardini et al., (1999) 25  Curr. Opin. Struct. Biol. 9,
732-737). It consists of two domains. The first domain (residues 1-92 and
204-413) is a central seven-stranded antiparallel I3-sheet flanked by
cc-helices on either face (Figures 8B and 16A). A cis-peptide bond is
formed between G1u388 and Pro389, contributing to a kink in the sheet. The
second domain is smaller (residues 93-203) and primarily cc-helical. A deep
and narrow cleft (11 x 6 A) is formed at the interface between the two
domains. At the bottom of the cleft is the catalytic Ser76 that acts as the
nucleophile in the acyltransfer reaction. COMPARISON BETWEEN LOVD AND ESTB
5Encircling the active site cleft is a broad, ring-shaped ridge, which is
absent from the homologous enzyme EstB. Their structures are superimposable
with RMS deviation of only 1.5 A over 270 pairs of a-carbons (about 2/3 of
the structure) (Figure 8E). The similarity is striking for the core of the
two enzymes, but they differ notably in the loops peripheral to the active
site, both in size and architecture. In LovD, these loops give the  10
impression of a ring-shaped ridge or catcher's mitt over the active site
with fingers composed of five loops: residues 114-125, 147-173, 243-258,
321-327, and 388-391 (Figure 8C). The first and last of these loops are
longer in LovD than EstB by 11 and 19 residues, respectively. The second
loop is displaced 7 A from the active site compared to EstB, extending the
grasp of the "mitt". Most notably absent from the LovD molecule is  15 the
23-residue loop that if present would obstruct the grasp of the mitt and
cover the active site entrance (corresponding to residues 244-260 in EstB)
(Figure 8D). The shape and diameter of the ridge surrounding the active
site (a circle of 17 A diameter) satisfies the requirement of accommodating
LovD's natural binding partner, the ACP of LovF. Moreover, a positively
charged tunnel leading from the active site of LovD and the  20 positively
charged ridge surface further suggest that it binds to ACP, the surface of
which tends to be negatively charged (Figure 16B) (see, e.g. Lai et al.,
(2006) Biochemistry 45, 14869-14879). The distance between the rim of LovD
and active site 5er76 is -20 A, which is roughly the same as the length of
the phosphopantetheine (Ppant) arm of the ACP domain of LovF. 25 CRYSTAL
STRUCTURES OF THE MUTANT G5 



Knowledge of the LovD GO-Semet structure made it possible to locate in
three-dimensions the residues that when mutated (in combination) were shown
in this study to accelerate the catalytic activity of the LovD G5 mutant,
which has a -4 fold 30improvement in k cat. These residues are scattered
widely over space, forming no mutual contacts. Nor do they share a common
physical environment, being located in both buried and solvent exposed
regions. Moreover, distances of these residues to the active site Ser76 are
relatively large, ranging from 10 to 32 A for Thr190 and G1y12,
respectively (Figure 10). The lack of connectivity of the residues to each
other and to the active site 5 is a common phenomenon in numerous directed
evolution experiments (see, e.g. Hsu et al., (2005) Proc. Nat. Acad. Sci.
USA 102, 9122-9126, Oue et al., (1999) J. Biol. Chem. 274, 2344-2349, and
Zhao et al., (1999) Protein Eng. 12, 47-53).       The crystal structure of
G5, however, offered evidence to suggest that the increased activity
afforded by its six mutations can be attributed to their ability to 10
stabilize a more closed form of the active site cleft. Comparison of the
GO-Semet structure with G5 revealed a rotation about the domain-domain
hinge of 5, narrowing the cleft by about 0.5 A and producing motions up to
3 A for atoms furthest from the hinge (Figure 11A). Subsequent structures
of G5 bound to the LVA showed larger movements along the same trajectory
arising from a 14 hinge rotation. That 15  observation suggests that the
beneficial mutations in the G5 variant help promote a conformational change
required for catalysis.     Stabilization of the closed conformation of
LovD might enhance activity by positioning residues critical for catalysis.
For example, when the large domains of GOSemet, G5, and G5-MJA are
superimposed (residues 14-92 and 204-405), it is evident 20 that domain
rotation from GO-Semet to G5 closes the gap between the guanido group of
Arg173 and the C15 carboxylate of MJA by 0.5 A. This rotation could be
attributed to the G5 mutations (and perhaps to a difference in crystal
packing) but not to ligand binding, since the comparison is between two
unliganded structures. Ligand binding produces a further rotation from G5
to G5-MJA which closes the gap between Arg173 25 and MJA by an additional
2.2 A, so that a hydrogen bond is formed between the two groups. Similarly,
G5 mutations bring Phe148 and Tyr188 side chains from the GOSemet position
closer to substrate (G5-MJA), although their motion is smaller since they
lie closer to the hinge axis (Figure 17A).         The A86V mutation in
particular appears responsible for stabilizing closure of the 30hinge. Its
two additional methyl groups buried in the boundary between domains act as
a wedge pushing against Leu134 on the distal side of the hinge axis,
thereby closing the active site cleft on the proximal side of the hinge
axis (Figure 11A). The beneficial effects of the K26E and G275S mutations
are less obvious. The K26E mutation might improve stability of the enzyme
by breaking up a patch of positively charged residues (R22, K23,  5 K26,
and R28) on the surface of helix A (Figure 18A) (see, e.g. Schweiker et
al., (2007) Protein Sci. 16, 2694-2702). The G275S mutation appears to
improve stability of the enzyme by adding a hydrogen bond with the
N-terminal end of helix I and decreasing torsional flexibility of the
backbone (Figure 18B). 



10 CO-CRYSTALLIZATION OF LOVD WITH MJA, LVA AND SVA       Structures of
LovD G5' in complex with substrate and products illustrate the mode of
binding of these ligands and suggest a catalytic mechanism for acyl
transfer. The substrate MJA binds with its C8-hydroxyl group deep inside
the cleft between domains, forming hydrogen bonds with Ser76, Tyr188, and a
fortuitously bound formate molecule  15 (used as a cryoprotectant) (Figure
12A). The proximity of the C8-hydroxyl to the Ser76 hydroxyl is consistent
with the expectation that both hydroxyl groups initiate a nucleophilic
attack on the same acyl group during different steps in the reaction
sequence (Figure 19B). The two faces of the decalin ring system of MJA are
sandwiched between the aromatic rings of Trp390 and Tyr188 (Figure 16C).
Additional hydrophobic and van  20 der Waals interactions with the edges of
the ring system are observed with Phe363, 11e325, Tyr327, Phe148, Ler149,
and the peptide planes of G1y364, G1y365, and G1y366 (Figure 16C). The
hydrophilic tail of MJA (i.e. the C1 substituent on the decalin ring)
extends away from the active site into bulk solvent. The C11 hydroxyl group
hydrogen-bonds with the G1u388 side chain and the backbone amide of Trp390,
the latter being 25mediated by a water molecule. The C15 carboxylic acid
forms a salt bridge with Arg173.       The position of the
a-S-methylbutyryl group is revealed in the crystal structure of the LovD
G5' mutant in complex with LVA. As in the MJA complex, the decalin ring and
hydrophilic tail of LVA bind with similar geometry. Interestingly, the
additional methylbutyryl group extends parallel to the MJA hydrophilic tail
(Figure 12B). The 30proximity of the two tails gives LVA a hairpin shape,
with the decalin ring forming the hairpin turn between the two tails. The
hydrophobic side chain binding position is likely the site at which the
acyl donor binds. The proximity of the tails also suggests how MJA
competitively inhibits the acyl transfer reaction when it binds prior to
the methylbutyryl substrate (see, e.g. Xie et al., (2006) Chem. Biol. 13,
1161-1169). Because the hydrophilic  5 tail of MJA partly obstructs access
of the methylbutyryl group to the active site, ordered binding of the
substrates is required.       Structural comparisons between complexes of
LovD G5' with LVA and SVA suggest some strain is involved in accommodating
the non-natural product, SVA (Figure 12C). SVA contains an additional
methyl group compared to LVA, located on the a-S-  10 methylbutyryl moiety.
Superimposition using only cc-carbons in the large domains of the two
structures shows nearly identical arrangements of atoms in the large
domains and the decalin rings (Figure 12D). But contact between the
additional methyl group (attached at C2') and the side chain of Phe148
appears to push open the cleft between domains. As a result, Phe148 moves
approximately 0.8 A away from its position in the LVA complex  15 (Figure
17B). There is also a 30 rotation about the C1'-C2' bond of the
adimethylbutyryl moiety. The consequence of these rotations for the
relative catalytic rates of the two substrates appears minor; the movements
near the atoms directly involved in acyl transfer are small. This is
consistent with the ability of LovD to catalyze acyl transfer using an
cc-dimethylbutyryl group as substrate instead of the natural a-  20
methylbutyryl group. However, further amino acid mutations, such as the
aforementioned Phe148, could improve the fit to the cc-dimethylbutyryl
substrate, or other variations. The structures presented here provide a
framework for such design efforts. 



In this Example, we show that seven amino acid changes led to the - 11 fold
25 increase in the SV synthase activity of LovD. This level of enhancement
is significant considering GO was already an adequate SV synthase following
our previous efforts in substrate and strain optimization. Although the
kinetic activity of G7 is far below that of the natural reaction catalyzed
by LovD using acyl-LovF, G7 is a robust mutant for high volume synthesis of
SVA using the whole cell platform. Indeed, when applied in a high 30
density fermentation environment, more than 30g/L of MJA can be
quantitatively converted to SVA within one day. The relatively few rounds
of direct evolution to achieve the activities of G7 also demonstrate that
LovD is highly evolvable as a biocatalyst. The X-ray crystal structures
solved in this work provides insight into different  5 facets of LovD
enzymology. Among these, the spatial arrangement of the LovD catalytic
triad Ser76-Lys79-Tyr188 was captured and is shown to be consistent with
that of the esterase EstB (Figure 19). Tyr188 (as the phenolate) appears to
be the general base in initiating the two nucleophilic attacks required for
completion of the acyl transfer reaction (see, e.g. Oefner et al., (1990)
Nature 343, 284-288). The first nucleophilic attack 10 is by Ser76 on the
a-S-methybutyryl group and the second attack is by the C8 hydroxyl of MJA
on the acylated enzyme intermediate. In both reactions, the attacking
hydroxyl group must be activated by deprotonation (Figure 19C). Tyr188 is
well-positioned to deprotonate both hydroxyl groups, forming hydrogen bonds
with Ser76 in the apoenzyme and with MJA in the G5-MJA complex. Lys79 is
also well-positioned to aid in  15 activating the two hydroxyl groups by
forming a hydrogen bond relay with Tyr188 in the G5-MJA complex.
Site-directed mutation of either Tyr188 or Lys79 to alanine resulted in
complete loss of activity.       Details of the a-S-methylbutyryl binding
pocket suggest how the transition states for the acyl transfer reactions
are stabilized. As in the MJA complex, the C8 oxygen of 20 LVA maintains a
hydrogen bond to Tyr188, but the neighboring water molecule has been
displaced by the carbonyl oxygen of the a-S-methylbutyryl group. This
carbonyl oxygen forms a pair of hydrogen bonds with the backbone amides of
A1a76 (i.e. 5er76 in the GO-Semet) and G1y366. The geometry of the hydrogen
bonds appears ideal, with the amide hydrogen atoms pointed directly at the
two lone electron pairs on the carbonyl  25 oxygen. These hydrogen bonds
would appear well suited to stabilize a tetrahedral transition state. The
closest protein contacts with the aliphatic portion of the methylbutyryl
group are aliphatic or aromatic carbons: A1a75 (CI3), Phe148 (CC), Tyr146
(CC), and Asn270 (CI3). Notably, the a-S-methylbutyryl aliphatic carbons
are also surrounded by three positively charged side chains, Arg73, Lys79,
and Arg173, all within 304.1 A. These positive charges might help stabilize
the negative charge of the oxyanion 



hole that forms during acyl transfer. Indeed, the pocket's affinity for
negative charges is demonstrated by the fortuitous presence of a bound
formate anion in this position in the G5-MJA complex. The crystal
structures provide plausible explanations for the basis of enhanced  5
catalytic efficiency. Upon ligand binding, LovD undergoes a conformational
change analogous to the closing of the catcher's mitt. Movement of the
domains shown in Figure 11A positions the catalytic residues in closer
proximity to each other and to the ligands, and serves to enhance the rate
of catalysis. The G5 structure suggested that beneficial mutations afforded
an alternative way to pre-position the active site residues to 10 increase
the catalytic efficiency. Although the V334D and V334F mutations of G6 and
G7, respectively, were discovered subsequent to the structural work of G5,
the molecular explanation above can also be applied to rationalize the
beneficial nature of the additional single mutations. Va1334 is located in
the middle of a loop between helix K and sheet 12. The two side chain
methyl groups of Va1334 are directly in contact with  15 the side chain of
Asp320 on helix K, which serves as one of the domain-domain hinges and is
in contact with the loop where Tyr188 is located (Figure 11B). Mutation of
V334 could therefore result in movement of the domains around the helix K
hinge. For example, the mutation V334D in G6 would result in electrostatic
repulsion between Asp334 and Asp320. Similarly, the mutation V334F in G7
could result in steric clash  20 between the phenyl side chain and the side
chain of Asp320, further closing the active site cleft and bringing key
residues (e.g. Tyr188) into more optimal positions for catalysis. On the
other hand, the more compact conformations of LovD mutants are less
compatible with binding to LovF, which apparently favors the open
conformation of LovD. 25These results disclosed herein are significant in
part because Simvastatin (SV) is the active pharmaceutical ingredient of
the blockbuster cholesterol-lowering drug Zocor0. Semisynthesis of SV from
lovastatin (LV) is therefore an intensely pursued target for devising an
efficient biocatalytic approach. Our previously developed platform for the
biosynthesis of SV was powerful, but still suboptimal due to the lack of a
robust 30biocatalyst. In this work, we employed directed evolution to
engineer LovD. Several better mutants were obtained through a well designed
screening method and the best mutant "G7" displaying an -11-fold increase
in SV biosynthesis compared to the parent GO. Catalytic efficiency,
solubility and thermostability were improved simultaneously showing the
power of our selection system. More strikingly, we have determined seven  5
X-ray crystal structures including the parent LovD GO, an improved mutant
G5, and the co-crystal structures of G5 with MJA, LVA and SVA. The
structure information not only aided our understanding of the catalytic
mechanism of LovD, but also afforded a great insight into how mutations
affected the overall properties of LovD. Comparing the structures between
LovD GO and G5 suggests the beneficial mutations help promote a  10 more
compact conformation required for catalysis. The co-crystallization of LovD
with substrate MJA, product LVA and SVA reveals how acyl transfer reaction
proceeds via a ping-pong mechanism, how MJA becomes a competitive inhibitor
and how the catalytic cavity is adapted to accommodate its non-natural
product. Our work, therefore, can have significant impact on biocatalyst
development and provides deep insights into 15 fundamental understanding of
LovD enzymology. 



EXPERIMENTAL PROCEDURES EP-PCR AND CONSTRUCTION OF MUTANT LIBRARY 20Ep-PCR
procedure was modified from established protocols (see, e.g. Fromant et
al., (1995) Anal. Biochem. 224, 347-353). The reaction consisted of 0.35 mM
dATP, 0.4 mNI dCTP, 0.2 mM dGTP, 1.35 mNI dTTP, 4 mM MgC12, 0.25 mNI MnC12,
and 2.5 U Taq polymerase. The reaction mixture was submitted to 25 cycles
PCR: 94C for 1 min, 55C for 1 min and 72C for 3 mins. The resulting PCR
products were digested with 25Dpnl, further digested with EcoRI and Ndel,
and ligated to pET28(a). The ligation mixture was transformed to YT2 and
plated on LB agar containing 35 mg/L kanamycin. SELECTION OF HIGH ACTIVITY
MUTANTS            N. crassa was grown on SDA slants for 10 days and spores
were harvested with 301% Tween-80. 100 ml of molten SDA was seeded with
0.3-0.5 x10' spores and poured into a 230x230 mm plate. Colonies from
mutation library were cultured in 96 well plates containing 250111 LB
medium (with 35 mg/L kanamycin). The cells were grown at 37C to saturation
and transferred to duplicated plates. Protein expression was induced with
0.1 mM IPTG at 0D600 of 0.5 and the expression was performed at 25C for 16
h. 5 mNI 5 MJA and 10 mM DMB-SMMP were added to initiate the reaction.
After a certain reaction time (45 mins to 4 hours depending on the activity
of the parent), cells were removed with centrifugation (2,000 g, 4C, 5
min). The amount of supernatant spotted on the SDA plate was typically 1-3
Ill. The plates were incubated at 30C for 16-18 hours. The improved mutants
were selected following visual comparison of the 10inhibition zones.
SITE-DIRECTED MUTAGENESIS 



Site-directed mutations were performed using the standard Quickchange0
strategy using relevant templates. The primers were ordered from IDT
(Integrated DNA 15Technologies). All mutations were verified by DNA
sequencing (Laragen, Los Angeles, CA). SATURATION MUTAGENESIS The LovD G6
gene was randomly mutated at positions of V334 and L361. Since 20 the two
residues are close to each other, the two random mutations were introduced
in a single pair of primers. Two segments were amplified by PCR and linked
together using slice-by-overlap extension (SOE) PCR to give intact LovD
gene, which was subsequently introduced to pET28(a). 25 DETERMINING
WHOLE-CELL BIOCATALYSIS ACTIVITY Parent LovD GO and all mutants were
cultured in parallel for comparison. A single colony of the freshly
transformed YT2 competent cells was used to inoculate a 5 mL LB culture
supplemented with 35 mg/L kanamycin. Following overnight growth at 37C,
100111 of the culture was inoculated into 50 mL LB medium supplemented with
35 30 mg/L kanamycin. When 0D600 reached 0.4-0.6, 0.1 mNI IPTG was added to
the cultures and expression of all LovD variants was performed at 25C for
16 hr. To mimic the high density fermentation conditions, the cells were
then concentrated 10-fold before addition of substrates. A 10 ml aliquot of
each culture was collected by centrifugation (4C, 2,000 g, 10 min). The
cell pellet was gently resuspended in 1 ml of the medium 



5 supernatant, followed by addition of 70 Ill of MJA (300 mNI stock) to a
final concentration of 15 mM. The concentrated culture was then divided
into seven 200 Ill aliquots and 1 Ill of pure DMB-SMMP was added to each
sample to a final concentration of 20 mM. The small cultures were then
shaken at 300 rpm at 25 C. At each time point, a complete extraction of one
culture aliquot was performed by adding 10 Ill of 20% SDS  10 for cells
lysis, followed by extraction with 500 !al ethyl acetate containing 1%
trifluoroacetic acid TFA. The organic phase was removed, evaporated, and
redissolved in 500 Ill acetonitrile for HPLC analysis. The whole-cell
activity was determined by fitting the linear regions of the conversion
time course plot. 15 KINETIC ASSAY OF LOVD VARIANTS TOWARDS MJA AND
DMB-SMMP       To obtain Km values for MJA and k"" the DMB-SMMP
concentration was fixed at 2 mM, while the concentration of MJA was varied
from 0.25 to 5 mNI. To obtain Km values for DMB-SMMP and k"" the MJA
concentration was fixed at 2 mM, while the concentration of DMB-SMMP was
varied from 0.5 to 5 mM. Dimethyl sulfoxide  20 (DMSO) was added to a final
concentration of 10% to facilitate the solubilization of DMB-SMMP. At
different time points of the kinetic assay, an aliquot of the reaction
mixture was removed, quenched with 1% TFA and extracted with EA containing
1% acetic acid. The organic phase was separated, dried, resolubilized by
acetonitrile (ACN) and analyzed by a Beckman Gold HPLC using a reverse
phase C18 column (Alltech 25 Apollo 5pi, 150 mm x 4.6 mm) and a linear
gradient: 60% ACN in water (0.1% trifluoroacetic acid (TFA)) to 95% ACN in
water (0.1% TFA) for 10 min, 1 mL/min. Conversion of MJA to SVA was
measured by integration of the peaks at 238 nm. 30 KINETIC ASSAY OF LOVD
VARIANTS TOWARDS MB-SMMP       To compare the k of LovD mutants towards
lovastatin synthesis using MBSMMP as the substrate, both MJA and MB-SMMP
were fixed at 2 mM. DMSO was added to a final concentration of 10% to
facilitate the solubilization of MB-SMNIP. At  5 different time points of
the kinetic assay, an aliquot of the reaction mixture was removed, quenched
with 1% TFA and extracted with EA containing 1% acetic acid. The organic
phase was separated, dried, resolubilized by ACN and analyzed HPLC using
the same program described above. 10 IN VITRO ASSAY OF LOVD VARIANTS
TOWARDS LOVF       50 1.1M LovF was incubated with 1 1.1M LovD variants, 2
mM MJA, 2 mNI malonyl-CoA, 2 mM S-(5'-adenosyl)-L-methionine chloride
(SAM), 2 mNI NADPH in 100 mM PBS, pH 7.4. At 1 and 2 hours time points, an
aliquot of the reaction mixture was removed, quenched with 1% TFA and
extracted with EA containing 1% acetic acid.  15 The organic phase was
separated, dried, resolubilized by ACN and analyzed HPLC using the same
program described above. 



COMPARING EXPRESSION LEVELS OF SOLUBLE LOVD Each expression plasmid
encoding LovD mutant was transformed into E. co/i 20 BL21(DE3). The
transformant was cultured in 50 mL LB medium containing 35 mg/L Kan at 37C
to optical density (0D600) value of 0.4-0.6. Protein expression was induced
with 0.1 mNI IPTG and the subsequent expression was performed at 25C for 16
h. Cells were collected by centrifugation (2,000g, 4C, 15 min), resuspended
in 7 mL Buffer A (50 mNI Tris-HC1, pH 8.0, 2 mM DTT, 2 mM EDTA), and lysed
by sonication. Cell debris  25 and insoluble proteins were removed by
centrifugation (20,000g, 4C, 1 h). To the cleared cell lysate, 0.5 mL of
Ni-NTA resin (Qiagen, Valencia, CA) was added to each sample. The mutants
were then purified using a step gradient of Buffer A with increasing
concentration of imidazole (10, 20, and 250 mM). LovD variants were eluted
with 5 mL Buffer A containing 250 mNI imidazole. The protein concentrations
were qualitatively assessed by SDS-PAGE and quantitatively determined by
the Bradford protein assay using bovine serum albumin (BSA) as the
standard. T, MEASUREMENT BY CIRCULAR DICHROISM 5Samples were prepared by
adding 50 lig of proteins to 250p1 10 mM Tris-HC1 buffer (pH 7.0). The
sample was placed in a quartz cuvette with a 1 cm path length and heated in
a Peltier-controlled cell at a rate of 1C per min. Ellipticity was
monitored at 222 nm in a Jasco spectropolarimeter (Jasco Inc., Easton, MD).
The midpoint of the denaturation curve was determined with Microcal Origin
5.0 software (OriginLab 10 Corporation, Northampton, MA). ACCESSION NUMBERS
The coordinates and structure factors of GO, SeMet GO, G5, G5-MJA, G5'-MJA,
G5'-LVA and G5'-SVA have been deposited into the Protein Data Bank under
code 15 3HL9, 3HLB, 3HLC, 3HLD, 3HLE, 3HLF and 3HLG, respectively. FURTHER
EXPERIMENTAL PROCEDURES AND DATA Crystallization: LovD proteins were
purified as previously described (see, e.g. Xie et al., 



(2006) Chem. Biol. 13, 1161-1169) except for selenomethionyl GO, which was
purified  20 using minimal medium (see, e.g. Doublie, S. (2007) Methods
Mol. Biol. 363, 91-108). The proteins were dialysed overnight into 50 mNI
Tris pH 8.0, 150 mNI NaC1 and 5 mNI DTT (using Spectra/Por molecular porous
membrane tubing MWCO 6-8,000). LovD proteins were concentrated to a
desirable concentration (using Amicon Ultra 15 MWCO 30,000). 25 LovD GO
(7.6 mg/ml): Crystals of GO were grown at RT by a hanging drop vapor
diffusion method using a 2:1 protein to reservoir solution ratio for a
total drop size of 3 pl. Diffraction quality crystals were obtained in 3-4
days when using 20% PEG 3350, 0.1M HEPES pH 7.0, 0.25M (NH4)2504, and 10mNI
DTT, as a reservoir solution. In preparation for data collection crystals
were briefly soaked in 30%/70% mixture of glycerol/reservoir solution and
flash frozen. MJA was not observed to be present in the complex. LovD GO
selenomethionyl (5 mg/ml): Crystals of LovD selenomethionyl GO were grown
at RT by a hanging drop vapor diffusion method using a 1:2 protein to
reservoir 5solution ratio for a total drop size of 3 111. Diffraction
quality crystals were obtained in 5-6 days when using 22% PEG 3350, 0.1M
Bis-Tris pH 6.5, 0.25M (NH4)2SO4 , and 10mNI DTT, as a reservoir solution.
In preparation for data collection crystals were briefly soaked in 30%/70%
mixture of glycerol/reservoir solution and flash frozen. LovD G5 (69
mg/ml): Crystals of G5 were grown at RT by a hanging drop vapor  10
diffusion method using a 2:1 protein to reservoir solution ratio for a
total drop size of 3 pl. Diffraction quality crystals were obtained in 3-4
days when using 40% PEG 400, 0.1M HEPES pH 7.5, 0.25M MgC12, and 10mNI DTT
as a reservoir solution. In preparation for data collection crystals were
briefly soaked in 30%/70% mixture of glycerol/reservoir solution and flash
frozen. 15 LovD G5+ MJA (50 mg/ml): Crystals of G5 + MJA (100X molar excess
of MJA) were grown at RT by a hanging drop vapor diffusion method using a
1:1 protein to reservoir solution ratio for a total drop size of 4 111.
Diffraction quality crystals were obtained in 5-6 days when using 16% PEG
3350, 0.1M magnesium formate, 0.1M Bis-Tris, pH 6.5 and 10mM DTT, as a
reservoir solution. In preparation for data collection crystals were
20briefly soaked in 4M lithium formate and flash frozen. LovD G5' + MJA (66
mg/ml): Crystals of G5' + MJA (100X molar excess of MJA) were grown at RT
by a hanging drop vapor diffusion method using a 1:2 protein to reservoir
solution ratio for a total drop size of 3 111. Diffraction quality crystals
were obtained in 4-5 days when using 12.5% PEG 1000, 0.1M calcium acetate,
0.1M 



25 imidazole, pH 8.0 and 10mM DTT, as a reservoir solution. In preparation
for data collection crystals were briefly soaked in 30%/70% mixture of
glycerol/reservoir solution and flash frozen.   LovD G5' + SVA (60 mg/ml):
Crystals of G5' were grown at RT by a hanging drop vapor diffusion method
using a 1:1 protein to reservoir solution ratio for a total drop size 30of
4 pl. Diffraction quality crystals were obtained in 3-4 days when using 20%
PEG MME 550, 0.1M HEPES pH 8.0, 0.05M MgC12, and 10mNI DTT as a reservoir
solution. Stock solutions of 50% Glycerol and 30% PEG MME 550 were mixed in
a 70%/30% ratio, without MgC12. SVA (200mM) was added at equal parts to the
mixture above, where crystals were soaked for 10 minutes and flash frozen
prior to data collection. 5 LovD G5' + LVA (60 mg/ml): Crystals of G5' were
grown at RT by a hanging drop vapor diffusion method using a 1:1 protein to
reservoir solution ratio for a total drop size of 4 pl. Diffraction quality
crystals were obtained in 3-4 days when using 15% PEG MME 550, 0.1M HEPES
pH 8.0, 0.05M MgC12, and 10mNI DTT, as a reservoir solution. Stock
solutions of 50% Glycerol and 30% PEG MME 550 were mixed in a 70%/30% 10
ratio, without MgC12. LVA (200mM) was added at equal parts to the mixture
above, where crystals were soaked for 10 minutes and flash frozen prior to
data collection. Data Collection X-ray diffraction data were collected at
the Advanced Photon Source (APS) 15 beamline 24-ID-C using an ADSC Quantum
315 3X3 CCD array. Crystals were cooled to 100 K in a cryogenic nitrogen
stream. Data reduction and scaling were performed using DENZO/SCALEPACK
(see, e.g. Otwinowski et al., (1997) Method Enzymol. 276, 307-326). The
LovD GO data was indexed using XDS (see, e.g. Kabsch, W. (1993) J Appl.
Crystallogr. 26, 795-800), as the diffraction pattern showed evidence of
non- 20 merohedral or epitaxial twinning, and XDS is superior for indexing
such patterns. 5% of all reflections were selected at random from the
reciprocal lattice using the CCP4 program FREERFLAG36. The same set of free
R flags was maintained throughout the refinement. Care was taken to
maintain the free R flags in switching between refinement programs. The
data collected on G5'-MJA at the synchrotron was incomplete in the low 25
resolution shell due to overloads on the detector. Data from an in-house
source (Rigaku FR-E rotating anode generator equipped with HTC imaging
plate) were used to supplement reflections that were overloaded.  



Structure determination and refinement     The structure of LovD GO was
determined in space group P1 with molecular replacement using the program
BALBES (see, e.g. Long et al., (2008) Acta Crystallogr., Sect. D: Biol.
Crystallogr. 64, 125-132) and coordinates of EstB from B. gladioli as a  5
search model (PDB code 1C18) (see, e.g. Wagner et al., (2002) Protein Sci.
11, 467-478). The two sequences share 32% identity over 227 residues. Four
LovD molecules were found in the asymmetric unit. The first refinement
steps were performed with CNS (see, e.g. Brunger et al., (1998) Acta
Crystallogr. D Biol. Crystallogr. 54, 905-921), using simulated annealing
and conjugate gradient algorithms and the aid of a hydrogen bond  10
potential function (see, e.g. Fabiola et al., (2002) Protein Sci. 11,
1415-1423). Tight fourfold non-crystallographic symmetry restraints were
used throughout. Later rounds of refinement were performed with REFMAC5
(see, e.g. Murshudov et al., Acta Crystallogr., Sect. D: Biol. Crystallogr.
53, 240-255) to benefit from TLS parameterization of domain disorder (see,
e.g. Winn et al., (2003) Method Enzymol. 374, 300-321). After  15 each
refinement step, the model was visually inspected in Coot (see, e.g. Emsley
et al., (2004) Acta Crystallogr., Sect. D: Biol. Crystallogr. 60,
2126-2132), using both 2Fo-Fc and Fo-Fc difference maps. All hydrogen atoms
connected to carbon atoms and backbone nitrogen atoms were included at
their geometrically calculated positions and refined using a riding model.
20The structure of the selenomethionyl LovD GO was solved in space group C2
by molecular replacement using the program PHASER (see, e.g. McCoy et al.,
(2007) J. Appl. Crystallogr. 40, 658-674) and coordinates of LovD GO as a
search model. Again, four LovD molecules were found in the asymmetric unit.
The correctness of the molecular replacement solution was verified by the
appearance of discrete peaks in the  25 anomalous difference Fourier map
over selenomethionine side chains. Both CNS and REFMAC5 were used for
refinement. Tight four-fold symmetry restraints were used at first, and
then reduced to medium strength at the end of the refinement.       The
structure of the LovD G5 mutant was solved in space group P212121 by
molecular replacement using the program PHASER and coordinates of the
selenomethionyl LovD as a search model. A single LovD G5 mutant molecule
was found in the asymmetric unit. The structure was refined using REFMAC5
and COOT.       The structures of the LovD G5-MJA, G5'-MJA, S5'-SVA, and
S5'-LVA were isomorphous with the uncomplexed LovD G5 mutant. Phases were
obtained by the 5difference Fourier method, and refined as described above.
All models were validated with the following structure validation tools:
PROCHECK (see, e.g. Laskowski et al., (1993) J. Appl. Crystallogr. 26,
283-291), ERRAT (see, e.g. Colovos et al., (1993) Protein Sci. 2,
1511-1519), and VERIFY3D (see, e.g. Luthy et al., (1992) Nature 356,
83-85). The coordinates of the final model and the 



10merged structure factors have been deposited to the Protein Data Bank.
The corresponding PDB codes are listed in Figure 20.       The present
invention is not to be limited in scope by the embodiments disclosed
herein, which are intended as single illustrations of individual aspects of
the invention,  15 and any that are functionally equivalent are within the
scope of the invention. Various modifications to the models and methods of
the invention, in addition to those described herein, will become apparent
to those skilled in the art from the foregoing description and teachings,
and are similarly intended to fall within the scope of the invention. Such
modifications or other embodiments can be practiced without departing from
the true 20scope and spirit of the invention.  TABLES 5 Table 1A.
Acyl-thioesters as substrates of LovDIal Acyl ThioesterConyerslonm,Acyl
ThioesterConversion, RT SubstrateRT (rt-fin)mSubstrate VI , 00 0 7%,
5.189%, 4.6 



As.coA)11,s_coin, 0OHO 35%, 6.035%, 4.2 ,..)."-11.s...c0A o  52%, 6.8o6%,
6.5 -1...11.s.c0A    [a] The products of the reactions were verified by
LC-MS. Reaction conditions: 10 p.M LovD, 1 mNI monacolin J, 4 mM
acyl-thioester, 50 mM HEPES, pH 7.9, 25C, 10 hours. 10[b] Conversion is
measured by the percent monacolin J converted to the corresponding
lovastatin analog using HPLC (238 nm). [c] HPLC (C18 reverse phase)
retention time of the free acid form of product. 



Table 1B: Comparison of initial velocities of thioester substrates.
Thioester SubstrateAbbreviationInitial Velocity (Is, min')' 0 DMB-S-NAC0.02
0 0  DMB-S-MTG0.03 0 00 DMB-S-MMP0.60 00 DMB-S-EMP0.70 



0 0  LsrDMB-S-MMB0.78 0 00 /(1.Ls.LOHDMB-S-MPA0.08   a Reaction conditions:
1 mM MJ, 4 mNI thioester substrate, 10 uM pure LovD, 50 mM 5HEPES, pH 7.9;
initial velocity is defined as the rate of initial turnover in the linear
range.  Table 2. List of E. coli BW25113 mutants screened in this work.
BioH was shown to be the sole enzyme responsible for DMB-S-MMP hydrolysis.
No Gene 



Deletion No Gene Deletion No Gene Deletion 1 AgloB 16 AyegU 31 Apaal 



2 ArnhpC 17 AlpxL 32 AyegX 3 AybhA 18 AlpxM 33 AyfbT 4 



AybiV 19 AyedL 34 AypfH 5 dycaC 20 Addg 35 AYPfl 6 ArarA 



21 AcaiE 36 AygaP 7 AymdC 22 AwbbJ 37 AyqaB 8 dycfH 23 



AwcaF 38 AyghX 9 dycgM 24 AwcaB 39 AyghY 10 dyciA 25 AfrmB 



40 AygjP 11 dycjT 26 AtesB 41 AuxaA 12 dycjY 27 daes 42 



AyheT 13 dynbC 28 AtesA 43 Aphp 14 dyniC 29 AybgC 44 AyrfG 



15 AyecD 30 AybhC 45 deptB   Table 3: Comparison of protein yield from
different expression conditions' Fermentation ConditionLovD Concentration
(mg/L)b LB low density96 Fl low density34 TB high density980 



Fl fed-batch high density1500 a The reported yields represent the highest
observed yield under respective conditions.  b The protein yield is
estimated from in vitro assay using whole cell lysate as described in
Materials and Methods. The conversion observed is used to estimate the LovD
concentration using a turnover rate of 0.6 min I. 5 Table 4: Polypeptide
and Polynucleotide Sequence Information Aspergillus terreus LOVD
transesterase. Accession AAD34555 Kennedy et al. Science. 1999 May 21;
284(5418):1368-72 MG S II DAAAAADPVVLME TAFRKAVKSRQ I PGAV I MARDC S
GNLNYTRCFGARTVRR 10 DECNQLPPLQVDT PCRLASATKLLTT
IMALQCMERGLVDLDETVDRLLPDLSAMPVL EGFDDAGNARLRERRGKI TLRHLLTHT
SGLSYVFLHPLLREYMAQGHLQSAEKFGIQ
SRLAPPAVNDPGAEWIYGANLDWAGKLVERATGLDLEQYLQENICAPLGI TDMTFKL
QQRPDMLARRADQTHRNSADGRLRYDDSVYFRADGEECFGGQGVFSGPGSYMKVLHS
LLKRDGLLLQPQTVDLMFQPALEPRLEEQMNQHMDAS PHINYGGPMPMVLRRSFGLG 15 GI
IALEDLDGENWRRKGSL T FGGGPNIVWQ I DPKAGLCTLAFFQLEPWNDPVCRDLT RTFEHAIYAQYQQG
(SEQ ID NO: 1).      Penicillium citrinum MlcH transesterase ACCESSION
BAC20561 20Abe et al., Mol. Genet. Genomics 267 (5), 636-646 (2002) MAPS I
DVI PTAAS TAAGMI S DMEAAFKSAVKLKQ I PGAVVMARSMNGDI DYTRCFGA RTVERDECQRLPPME
I DT PLRLASATKLLTT IMALQCMEQGLVDLDENVNRLLPDLS 



DMQVLTGFDAAGNAIMRDREGI IKLRHLLTHT SGLSYAFLHPLLQEYMAKGYLKTAE 25
KFGIQSRLAPPAINDPGVEWIYGANLDWAGKL IERATGVDLEEFMQKNICEPLGI TD MT
FKLQQRPDMLARRS DQTRRNENGSLRYDDSVYFRHDGEECFGGQGVFCGPE S YMK
VLNSLMKHDGLLLKKDT IELMFQPALDAELEKKMNDHMDTT PHINYGAALPPVMRRN FGLGGI
IAMGDLDGHNWRREGSL T FGGGPNIVWQ I DP TVGLCTLVVFQLE PWNDP IC
KDLTRKFEKAMYSQVKCRN 30 (SEQ ID NO: 2). Aspergillus terreus LOVF Polyketide
Synthase AAD34559 Kennedy et al. Science. 1999 May 21;284(5418):1368-72 35
MT PLDAPGAPAP IAMVGMGCRFGGGATDPQKLWKLLEEGGSAWSKI PPSRFNVGGVY
HPNGQRVGSMHVRGGHFLDEDPALFDASFFNMS TEVASCMDPQYRL I LEVVYEALEA AGI PLEQVS
GSKTGVFAGTMYHDYQGS FQRQPEAL PRYF I TGNAGTMLANRVSHFYD LRGPSVS I DTACS
TTLTALHLAIQSLRAGESDMAIVAGANLLLNPDVFTTMSNLGFL 40 S SDGI
SYSFDSRADGYGRGEGVAAIVLKTLPDAVRDGDP IRL IVRETAINQDGRT PA I STPS GEAQECL I
QDCYQKAQLDPKQT SYVEAHGTGTRAGDPLELAVI SAAFPGQQ I QVGSVKANIGHTEAVSGLASL
IKVALAVEKGVI P PNARFLQP SKKLLKDTHI Q I PLC 



SQSWI PTDGVRRAS INNFGFGGANAHAIVEQYGPFAETSICPPNGYSGNYDGNLGTD QAHI YVL
SAKDENS CMRMVSRLCDYATHARPADDLQLLANIAYTLGSRRSNFRWKAV
CTAHSLTGLAQNLAGEGMRPSKSADQVRLGWVFTGQGAQWFAMGREL IEMYPVFKEA LLECDGYIKEMGS
TWS I IEELSRPETESRVDQAEFSLPLS TALQIALVRLLWSWNIQ 5 PVAVT SHS S GEAAAAYAI GAL
TARSAI GI S Y IRGAL TARDRLASVHKGGMLAVGL SR SEVGIYIRQVPLQSEECLVVGCVNS PS
SVTVSGDLSAIAKLEELLHADRI FARRLKV TQAFHS SHMNSMTDAFRAGLTELFGADPSDAANASKDVIYAS
PRTGARLHDMNRLRD P I HWVECMLHPVEFE SAFRRMCLDENDHMPKVDRVIE I GPHGALGGP
IKQIMQLPEL ATCDI PYLSCLSRGKS SLS TLRLLASEL IRAGFPVDLNAINFPRGCEAARVQVLSDL 10
P PY PWNHE TRYWKE PRI SQSARQRKGPVHDL I GLQE PLNL PLARSWHNVLRVS DL PW
LRDHVVGSHIVFPGAGFVCMAVMGI S TLC S SDHESDDI S Y I LRDVNFAQAL I L PADG EEGI
DLRLT I CAPDQSLGS QDWQRFLVHS I TADKNDWTEHCTGLVRAEMDQPPS SLS NQQRI
DPRPWSRKTAPQELWDSLHRVGIRHGPFFRNI TCIESDGRGSWCTFAIADTA
SAMPHAYESQHIVHPTTLDSAVQAAYTTLPFAGSRIKSAMVPARVGCMKI S SRLADL 15
EARDMLRAQAKMHS QS PSALVTDVAVFDEADPVGGPVMELEGLVFQSLGASLGT S DR DS TDPGNTCS
SWHWAPDI SLVNPGWLEKTLGTGIQEHE I SL I LELRRC SVHF I QEAM
ESLSVGDVERLSGHLAKFYAWMQKQLACAQNGELGPES S SWTRDSEQARCSLRSRVV AGS
TNGEMICRLGSVLPAILRREVDPLEVMMDGHLLSRYYVDALKWSRSNAQASELV RLCCHKNPRARI LE I
GGGTGGCTQLVVDSLGPNP PVGRYDFT DVSAGFFEAARKRFA 20 GWQNVMDFRKL D I E DD
PEAQGFVCG S Y DVVLACQVLHAT SNMQRTLTNVRKLLKPGG KL I LVE T TRDELDLFFT FGLL
PGWWL SEE PERQS T PSLS PTMWRSMLHTTGFNGVEV EARDCDSHEFYMI S TMMS TAVQAT
PMSCSVKLPEVLLVYVDS S T PMSWI SDLQGE IR GRNCSVT SLQALRQVP P TEGQ I
CVFLGEVEHSMLGSVTNDDFTLL T SMLQLAGGTLW VTQGATMKS DDPLKALHLGLLRTMRNE
SHGKRFVSLDLDP SRNPWTGDSRDAIVSVL 25 DL I SMS DEKEFDYAERDGVI HVPRAFS DS
INGGEEDGYALEPFQDSQHLLRLDIQT P GLLDSLHFTKRNVDTYEPDKLPDDWVE
IEPRAFGLNFRDIMVAMGQLESNVMGFECA GVVT SL SE TART IAPGLAVGDRVCALMNGHWASRVTT
SRTNVVRI PE TL S FPHAAS I PLAFT TAY I SLYTVARILPGETVL I HAGAGGVGQAAI I LAQL
TGAEVFT TAGSE TKR NLL I DKFHLDPDHVFS SRDS
SFVDGIKTRTRGKGVDVVLNSLAGPLLQKSFDCLARF 30 GRFVE I GKKDLEQNSRLDMS T FVRNVS FS
SVDILYWQQAKPAE I FQAMSEVILLWER TAIGL I HP I SEY PMSALEKAFRTMQS
GQHVGKIVVTVAPDDAVLVRQERMPLFLKPN VS YLVAGGLGGI GRRI CEWLVDRGARYL I I L
SRTARVDPVVT SLQERGCTVSVQACD VADESQLEAALQQCRAEEMPP I RGVI QGAMVLKDALVS
QMTADGFHAALRPKVQGSW NLHR I AS DVDFFVML S
SLVGVMGGAGQANYAAAGAFQDALAEHRMAHNQPAVT I DLG 35 MVQS I GYVAE T DSAVAERLQRI
GYQPLHEEEVLDVLEQAI S PVC S PAAPTRPAVIVT
GINTRPGPHWAHADWMQEARFAGIKYRDPLRDNHGALSLT PAEDDNLHARLNRAI SQ QES
IAVIMEAMSCKL I SMFGLTDSEMSATQTLAGIGVDSLVAIELRNWI TAKFNVDI SVFELMEGRT I
AKVAEVVLQRYKA (SEQ ID NO: 3). 40 Escherichia coli Carboxylesterase bioH
ACCESSION Q8FCT4 Welsch et al., Proc. Natl. Acad. Sci. U.S.A. 99 (26),
17020-17024 (2002)  



MNNIWWQTKGQGNVHLVLLHGWGLNAEVWRC I DEELS SHFTLHLVDLPGFGRSRGFG AL
SLADMAEAVLQQAPDKAIWLGWSLGGLVAS Q IAL THPERVQALVTVAS S PCFSAR
DEWPGIKPDVLAGFQQQLSDDFQRTVERFLALQTMGTETARQDARALKKTVLALPMP EVDVLNGGLE I
LKTVDLRQPLQNVSMPFLRLYGYLDGLVPRKVVPMLDKLWPHSE S Y 5
IFAKAAHAPFISHPAEFCHLLVALKQRV (SEQ ID NO: 4). Polynucleotide encoding
Aspergillus terreus LOVD transesterase. EMBLCDS:AAD34555 10Kennedy et al.
Science. 1999 May 21;284(5418):1368-72
ATGGGATCCATCATTGATGCTGCTGCGGCAGCGGATCCGGTTGTTCTGATGGAAACC
GCCTTCCGCAAGGCCGTGAAATCCAGGCAGATCCCCGGGGCGGTCATCATGGCCCGA
GATTGCAGTGGCAATCTAAATTATACGCGCTGCTTCGGGGCTCGGACGGTGCGACGG 15
GACGAGTGCAATCAGCTGCCGCCGCTACAGGTCGACACCCCCTGCCGGCTCGCCAGT
GCGACCAAGCTGCTGACCACGATCATGGCCCTACAATGCATGGAGCGCGGTCTCGTG
GACTTGGATGAGACGGTGGATAGGCTGCTTCCGGATTTGAGCGCGATGCCCGTGCTG
GAGGGGTTTGACGACGCGGGAAACGCAAGATTGCGAGAGCGTCGGGGGAAGATCACG
CTGCGGCACCTGCTGACGCATACATCGGGACTGTCGTACGTCTTCCTCCATCCGTTG 20
CTCCGGGAATACATGGCCCAGGGCCACCTCCAGTCGGCAGAAAAGTTTGGCATCCAG
AGTCGCCTGGCGCCGCCGGCCGTCAACGACCCTGGGGCGGAGTGGATCTACGGCGCC
AACCTGGACTGGGCGGGTAAGCTCGTCGAGCGGGCCACCGGCCTCGACCTGGAGCAG
TACCTGCAGGAGAATATCTGTGCGCCGCTGGGCATCACCGACATGACCTTTAAGCTG
CAGCAACGGCCGGATATGCTTGCGCGCCGGGCCGACCAAACGCACCGCAACTCGGCG 25
GATGGGCGCCTGCGCTACGACGACTCGGTCTACTTCCGGGCCGATGGAGAGGAGTGC
TTCGGCGGCCAGGGGGTGTTCTCGGGCCCTGGGTCCTATATGAAGGTGCTTCACTCG
CTGTTGAAGCGAGACGGGCTCCTGCTGCAGCCACAGACCGTGGACTTGATGTTTCAG
CCTGCCCTCGAGCCGCGACTCGAAGAGCAGATGAACCAGCACATGGACGCCAGCCCA
CATATCAACTACGGTGGGCCGATGCCCATGGTCCTTCGTCGCAGCTTTGGGCTGGGG 30
GGGATCATCGCCTTGGAGGATCTGGACGGAGAGAACTGGCGCCGAAAAGGTTCCTTG
ACCTTTGGGGGTGGCCCAAACATTGTGTGGCAAATCGACCCCAAAGCCGGCCTGTGC
ACCCTTGCGTTCTTCCAACTGGAACCCTGGAATGACCCGGTCTGTCGTGATCTGACA
CGCACATTCGAGCATGCCATCTATGCGCAGTACCAGCAGGGTTAA (SEQ ID NO: 5) 



35  WO 2011/044496PCT/US2010/052038 CLAIMS:   1. A variant of a LovD
polypeptide shown in SEQ ID NO:1, the variant LovD polypeptide comprising
an amino acid substitutions at amino acid residue position: A10; 5D12; K26;
A86; A190; H161; K227; G275; V334; or L361.   2. The variant LovD
polypeptide of claim 1, wherein:         the amino acid substitution
comprises any one of the 19 amino acids not found at the amino acid residue
position on the LovD polypeptide shown in SEQ ID NO:1; 10 and       the
variant further comprises amino substitutions at amino acid residue
positions C40 and C60.   3. The variant LovD polypeptide of claim 1 or 2,
wherein the variant LovD 15polypeptide comprises amino acid substitution:
A10V; D12G; K26E; C40A; C60N; A86V; H161Y; A190T; K227R; G2755; V334D;
V334F; and/or L361M.  4. The variant LovD polypeptide of claim 1 or 2,
wherein the variant LovD polypeptide comprises amino acid substitutions at:



20amino acid residue positions C40; C60; and A86; amino acid residue
positions C40; C60; A86; and A190; amino acid residue positions C40; C60;
D12; A86; and G275; amino acid residue positions C40; C60; D12; A86; C40;
C60; A190; and G275; amino acid residue positions C40; C60; D12; K26; A86;
C40; C60; H161; A190; 25and G275;    amino acid residue positions C40; C60;
D12; A86; A190; and G275; amino acid residue positions C40; C60; A10; 



D12; K26; A86; A190; and G275; amino acid residue positions C40; C60; D12;
K26; A86; H161; A190; and G275;             amino acid residue positions
C40; C60; D12; K26; A86; H161; A190; G275; 30 V334 and L361; or  amino acid
residue positions C40; C60; D12; K26; A86; H161; A190; G275; and V334.
5.The variant LovD polypeptide of claim 1 or 2, wherein the variant LovD
5polypeptide comprises amino acid substitutions: 



D12G, C40A, C6ON, A86V, A190T and G275S; D12G, K26E, C40A, C6ON, A86V,
H161Y, A190T and G275S; or D12G, K26E, C40A, C6ON, A86V, H161Y, A190T;
G275S and V334F. 106.The variant LovD polypeptide of claims 1-5, wherein
the variant exhibits: a decreased aggregation; an improved thermal
stability; an improved catalytic activity; an improved kat/Km value; 15an
improved soluble expression level; and/or an improved whole cell activity
at 25C as compared to the LovD polypeptide shown in SEQ ID NO:1. 7. An
isolated polynucleotide having at least a 95% sequence identity to a
20polynucleotide encoding a variant LovD polypeptide of claims 1-6. 



8. A vector comprising the polynucleotide of claim 7. 9. The vector of
claim 8 operably linked to control sequences recognized by a host 25cell
transformed with the vector. 10. A host cell comprising the vector of claim
9. 11. The host cell of claim 10 wherein the host cell is an Escherichia
coli, Aspergillus 30teams, Monascus ruber, Monascus pmpureus, Monascus
pilosus, Monascus vitreus, Monascus  pubigerus, Candida cariosilognicola,
Aspergillus ogea, Doratomyces stemonitis, Paecilomyces virioti, Penicillum
citrinum, Penicillin chgsogenum, Scopulariopsis brevicaulis or Trichoderma
viride.  12. A process for producing a variant LovD polypeptide comprising
culturing the 5host cell of claim 11 under conditions suitable for
expression of a polypeptide encoded by a polynucleotide of claim 6 so that
the variant LovD polypeptide is produced.  13. A chimeric molecule
comprising a variant LovD polypeptide of any one of claims 1-6, fused to a
heterologous amino acid sequence. 10 



14. A monoclonal antibody which specifically binds to a variant LovD
polypeptide of any one of claims 1-6.  15. A method of making a variant of
a LovD polypeptide shown in SEQ ID NO:1 15comprising:       using a
polynucleotide mutagenesis procedure to generate a population of mutants of
the LovD polynucleotide shown in SEQ ID NO: 5; and       expressing a
population of LovD polypeptide variants encoded by the population of LovD
polynucleotide mutants; 20so that a variant of a LovD polypeptide shown in
SEQ ID NO:1 is made.  16. The method of claim 15, wherein the
polynucleotide mutagenesis procedure is a saturation mutagenesis or an
error prone polymerase chain reaction procedure. 2517.The method of claim
15, further comprising screening one or more members of the population of
LovD polypeptide variants so as to identify a variant that exhibits: a
decreased aggregation; an improved thermal stability; an improved
acyltransferase activity; an improved kcat/Km value; an improved soluble
expression level; and/or an improved whole cell activity at 25C, as
compared to the LovD polypeptide shown in 30 SEQ ID NO:1.  WO
2011/044496PCT/US2010/052038  18. The method of claim 15, 16 or 17, wherein
the polynucleotide mutagenesis procedure is controlled so as to generate a
substitution mutation at a codon that encodes amino acid residue position:
A10; D12; K26; A86; A190; H161; K227; G275; V334; 



5and/or L361.  19. The method of claim 15, 16 or 17, wherein the
polynucleotide mutagenesis procedure is controlled so as to generate a
variant comprising C40A and C60N; and a further a substitution mutation at
a codon that encodes amino acid residue position: A10; 10 D12; K26; A86;
A190; H161; K227; G275; V334; and/or L361.  20. A method of making
simvastatin comprising the steps of:        (1) combining together
monacolin J; an acyl thioester that donates an acyl moiety to the C8
hydroxyl group of monacolin J in the presence of LoyD acyltransferase; and
a 15 variant of a LoyD acyltransferase polypeptide shown in SEQ ID NO:1,
the variant LoyD polypeptide comprising: amino acid residue positions C40
and C60; and       at least one amino acid residue position: A10; D12; K26;
A86; A190; H161; K227; G275; V334; or L361; and 20(2) allowing the variant
LoyD polypeptide to use an acyl group from the acyl thioester to
regioselectively acylate the C8 hydroxyl group of monacolin J; so that
simvastatin is made.  21. The method of claim 20, wherein the monacolin J;
the acyl thioester and the 25 variant LoyD polypeptide are combined in a
fermentation media in the presence of an isolated organism that produces
the LoyD acyltransferase wherein the isolated organism is at least one of: 



(a) Aspergillus teams;              (b) Aspergillus teams that does not
express LovF polypeptide of SEQ ID NO: 3; 30(c) Escherichia coli; or  (d)
Escherichia coli that does not express bioH polypeptide of SEQ ID NO: 4.
22.The method of claim 20, wherein the acyl thioester is selected to
possess at least one of the following properties: 5(a) is a
butyrlyl-thioester, a N-acetylcysteamine thioester or a
methyl-thioglycolate thioester; (b) comprises medium chain length (C3-C6)
acyl group moieties;       (c) is able to cross the cellular membranes of
Escherichia coli or Aspergillus teams cells growing within a fermentation
media; or 10(d) is selected from the group consisting of
a-dimethylbutyryl-S-methyl- mercap topropionate (DMB-S-MMP),
dimethylbutyryl-S-ethyl mercap topropionate (DMB-S-EMP) and
dimethylbutyryl-S-methyl thioglycolate (DMB-S-MTG) and
dimethylbutyryl-S-methyl mercaptobutyrate (DMB-S-MNIB). 



1523.The method of claim 22, wherein the acyl thioester is
a-dimethylbutyryl-S- methyl-mercaptopropionate, and wherein the
a-dimethylbutyryl-S-methylmercaptopropionate is present in the fermentation
media in a concentration range of 1mM-100mNI. 20 24.The method of claim 21,
wherein the monacolin J is produced by an isolated organism within the
fermentation media. 25.The method of claim 21, wherein the isolated
organism is grown under at least one of the following conditions: 25(a) at
a temperature between 25-40C; (b) for a time period between at least 4 to
at least 48 hours; (c) at a pH between 7-8; or (d) in a fermentation media
comprising LB, Fl or TB media.  WO 2011/044496PCT/US2010/052038 26.The
method of claim 20, further comprising purifying the simvastatin made by 



the method by at least one purification step comprising: (a) lysis of cells
of an isolated organism present in the combination; (b) centrifugation;
5(c) precipitation of a free acid form of simvastatin; (d) conversion of a
free acid form of simvastatin to a simvastatin salt; (e) filtration; or (f)
high performance liquid chromatography (HPLC). 10 27.The method of claim
20, wherein the method:        (a) produces a composition of matter
comprising 0%4% of the monacolin J that was initially combined with the
acyl thioester that donates an acyl moiety to the C8 hydroxyl group of
monacolin J in the presence of LovD acyltransferase; and/or            (b)
results in at least 95% of the monacolin J added to the combination being
15converted to simvastatin.  28. The method of claim 20, wherein the
variant LovD polypeptide comprises amino acid substitutions: D12G, C40A,
C6ON, A86V, A190T and G275S; 20D12G, K26E, C40A, C6ON, A86V, H161Y, A190T
and G275S; or 



D12G, K26E, C40A, C6ON, A86V, H161Y, A190T; G275S and V334F. 29. The method
of claim 20, wherein the variant LovD polypeptide exhibits: a decreased
aggregation; 25an improved thermal stability; an improved catalytic
activity; an improved kat/Km value; an improved soluble expression level;
and/or an improved whole cell activity at 25C 30 as compared to the LovD
polypeptide shown in SEQ ID NO:1.  WO 2011/044496PCT/US2010/052038 30. A
composition of matter comprising: monacolin J;           an acyl thioester
that donates an acyl moiety to the C8 hydroxyl group of 



5monacolin J in the presence LovD acyltransferase;       a variant of a
LovD acyltransferase polypeptide shown in SEQ ID NO:1, the variant LovD
polypeptide comprising an amino acid substitution at: amino acid residue
positions C40 and C60; and            at least one amino acid residue
position: A10; D12; K26; A86; A190; H161; 10 K227; G275; V334; or L361; and
simvastatin. 31. A composition of matter comprising: hydrolyzed pravastatin
tetra-ol; 15an acyl thioester that donates an acyl moiety to the C8
hydroxyl group of hydrolyzed pravastatin tetra-ol in the presence LovD
acyltransferase; a variant of a LovD acyltransferase polypeptide shown in
SEQ ID NO:1, the variant LovD polypeptide comprising an amino acid
substitution at amino acid residue      position: A10; D12; K26; C40; C60;
A86; A190; H161; K227; G275; V334; and/or L361; 20 and huvastatin. 



32. A method of making huvastatin comprising the steps of: (1) combining
together hydrolyzed pravastatin tetra-ol; an acyl thioester that  25
donates an acyl moiety to the C8 hydroxyl group of hydrolyzed pravastatin
tetra-ol in the presence of LovD acyltransferase; and a variant of a LovD
acyltransferase polypeptide shown in SEQ ID NO:1, the variant LovD
polypeptide comprising an amino acid substitution at amino acid residue
position: A10; D12; K26; C40; C60; A86; A190; H161; K227; G275; V334;
and/or L361; and         (2) allowing the variant LovD polypeptide to use
an acyl group from the acyl thioester to regioselectively acylate the C8
hydroxyl group of hydrolyzed pravastatin tetra-ol; so that huvastatin is
made. 5 33.The method of claim 32, wherein the variant LovD polypeptide
comprises amino acid substitutions: D12G, C40A, C60N, A86V, A190T and
G275S; D12G, K26E, C40A, C60N, A86V, H161Y, A190T and G275S; or 10D12G,
K26E, C40A, C60N, A86V, H161Y, A190T; G275S and V334F. 34.The method of
claim 32, wherein the acyl thioester is selected to possess at least 



one of the following properties:            (a) is a butyrlyl-thioester, a
N-acetylcysteamine thioester or a methyl-thioglycolate 15thioester;
(b) comprises medium chain length (C3-C6) acyl group moieties;        (c)
is able to cross the cellular membranes of Escherichia coli or Aspergillus
terreus cells growing within a fermentation media; or            (d) is
selected from the group consisting of oc-dimethylbutyryl-S-methyl- 20
mercaptopropionate (DMB-S-MMP), dimethylbutyryl-S-ethyl mercaptopropionate
(DMB-S-EMP) and dimethylbutyryl-S-methyl thioglycolate (DMB-S-MTG) and
dimethylbutyryl-S-methyl mercaptobutyrate (DMB-S-MMB). 35.A process for
making a simvastatin or huvastatin composition of matter 25substantially as
herein disclosed and exemplified 




