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‘l'his applic#tion is a contim{htiou- in-part of U.S. Serial No.
177,631 Ffiled April §, _1988. which is hereby incorporated by
reference. ' |

5 The present znvection is directed to the use of recombinant
DNA techniques to confer upon microorganism host cells the capacity
for selected b:.oconversions. Hore specifically, t‘he invention is
directed to t:he cloning of toluene monooxygenase genes from a newly
1solatzed and characterized Pseudoponag strain, w mendocina

10 'KR 1. The present invention provides genetically enginca;ed
plasmids that allow proq.uction of toluena moﬁooxygenase enzymes and
proteins in a variety of Gram-negative .‘bacéer_ia in the aba'ehca of a
toxic inducer, and provides more efficient means of conducting
bioconversions decendent on this enzyme system.

15 | A bacterial strain :I.dentified as Pseudomonas mgnmm RR-1
(PmKR1) was :lsolat:ed by Richardason and Gibson from an algal mat
taken from a fresh water lake, Whited, Ph.D. Dissertation, The
University of Texas at Austin, Library Reference No, W586 (1986).
PuKR1 ut:ilizes toluene as a sole carbon and energy source, Other

20 bacterial strains have been isolated and described which metabolize
or degrade toluene, including rmdgm putida mz-2 (Pp mt-3)
(Williams snd Murray, 4. _Bagterfol, 120: 416-423 (1974) ana
Pseudoponas putida PpFl (PpFl) (Glbson, et al, Rlochemiatyy 9:1626-
1630 (1970)). In additlon, a bacterial strain designated G4,

25 _1solated from a waste treatment lagoon, can metabolize toluene'
(Shields et al., App -EBnviron, Hicrobiol 33: 1624- 1629 (1989)).

However, the genes. t:he enzymes and the pathways for toluene
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metabolism in these various bacterial scrains are distinct and‘non-
overlappi.ng | |

The cacabolic pathway for the degradation of toluene by Pp mt-
2 has been designated TOL. The genes fbr the TOL pathway are
encoded on !.sofuncti.onal catabolic plasmids found in certai.n strains
of Egeudoggn 'I'he reference p_lasm:l.d for the TOL degradative
pathway is pWWO originally fsolated from Pp mt-2. The ge_neﬁics_.a'nd
biochemisttj of the TOL'. pathway are well desc'ribed. Kunz and
Chapman, J. Bagterjol. 166:179-191 (1981); Williams and Murray, J,
Bacrerfol. 120:416-423 (1974); Williams and Worsey, J, Bacteriel.

125: 818 828 (1975). Worsey and Williams, J, Bacteriol, 124:7-13

(1975). Hur:ay. et al., Mm 28:301-310 (1972).-"In

- particular, detailed studies of the organization and regulation of

the TOL pathway genes of plasmid pWWO have been performed.

Franklin, et al., Ltw._és&_s;&_nsa 28: 7458-62 (1981);

Spooner et al., J, 'Gen", Microbiol, 132: 1347-58 (1986); Spooner, et
1., J. Bacteriol, 169: 3581.86 (1987): Inouye et al., J. Bacteriol,

169: 3587-92 (1987); Inouye et al., Gene 66: 301-306 (1988). A
~ brief summary of the TOL pathway is as follows: initial attack of

| toluene is at t:he'met:hyl group which undergoes successive oxidations

to form benzoic acid, which is further oxidized by formation of -a
sig-carboxylic acid diol, which is oxidized to form catachol, which
is then degraded by enzymag of a pets cleavage pat:hway to
acetaldehyde and pyruvate

A second catabolic pathway for the dégradat:ion of t:oluene_ by
PpFl hag been .est:abli.sbe_d-and dasignm:ed T0D. 1In Icontrast: to the

TOL pathway, the genés for the TOD pathway are located on the
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bacterial chromosome and are not Plasmid-encoded. Finette, et al.,
J, zactegigl. ;§9:1003-1009 (1984); Finetce Ph.D. Disserfatioh, The
University of Texas ar Austin, Library Reference No. F494 (1984),
The genet::.cs and biochemistry of the TOD pathway has been studied by
' 5‘ Finette, et al. (supra); {-‘1nette ' (g_up;_g_). Gibson, et al'.
o Blochemistry 9:1626-1630 (1970); Kobal, et al., Chem, So
:95:4420-442) (1973); Ziffer. et al., ;L_M_.,ﬂm_ih a5: 4048 4049
(1973); Dagley, et al., Nature 202:775-778 (1964); Gibson, et al.,
. Blochemistry 7:2653-2662 (1968). A brief summary of the TOD pathway
10 is as follows: the.initial attack of toluene ie.by a dioxygenase
enzyme system to form (+)-gcig-1(S) ,2(R)-dihydroxy-3-met:hy1cyclohexa-.
3,5-diene(cis-toluene dihydrodiol) which i3 oxidized to- ©3-
methylcatechol which is Ffurther degraded by enzymes of e_ meta
'cleavage pathway.' Zylstra and G:l.bson. _._mg]._,_ghgm_._ 2_4' 14940-
15 46 (1989) and MeCombie, Abgtr. Annu, Meet. Am. Soc Mierobiol K53:
155 (1984) have reported the cloning and sequencing of the tod genes
which encode the first three enzymes in the TOD pathway.
| A third catabolic pachway for the degradation of toluene has
been recently 1dent1f1ed {n PuKRl, It has been found that PmkR1
20 catabolizes toluene by a novel pathway which is completelj different
than efther of the two pathways descriﬁed'eboVe, Richardson and
Gibson, Abstr. Afmi. Meet. Au. Soc. Microbiol. K54:156 (1984). The
- catabolie pachway for tche degradacion of toluene by PmKR1l has been
.desxgnated ™0, because the first step in the pathway is catalyzed
25l by a unique enzyme couplex, toluene monooxygenase. 'The biocheniatry

of the partcially purified enzymes and proteins of'thie.pathﬁny has
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been recently studied by Whited, Ph.D. Dissertation, The Universicy
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of 'rexas at Auscin. Library Reference No W586 (1986).
More recently, a toluene cataholic pathway. ‘apparently
distinet from the three above-described pathways, has been described
5 in the trichloroet:hylene degrading bacterium G4 by Shields et al.
App. Environ Microbiol. 55: 1624 1629 (1989) 'rhe bact:erial st:rain
designated G4 was isolated from a waste treatment lagoon. St:rain G4
:.a_.uncharact:erized wich respect to genus and species. The toluene
.pat:hway of G4 appears to involve dihydr;axylacions of the arﬁmat:ic
10 ring by two nionooxygenat:iéns, filrst ortho and then meta. Tha
enzymes involved in these reactions have not been isolated and
studied, and therefore remain completely uncharacterized, -"

.‘fhe steps of the TMO pathway as outlined by Whitéd (supra) are
diagrammed in Figure 1. In the initial step toluene 1s oxidized to
15 p-cresol, followed by methyl group oxidation to form p-
hydroxybenzoate, followed by hydroxylation to protocat.eghu.ate and
subsequent gt,t__hg fing _cléavage. in the first atep of the TMO
pathway, .t:oluez_.xe 1s converted by toluene monooxygenasé' to p-eresol.
PmKRl elaborates a unique multicomponent euzyine system which
20 catalyzes this first 's_:ep monooxygenase reaction. The implications
of the teachings.of Whited, (supra), suggest that at ieast three
protein components may be involved: éomponent: a (possibly NADH
oxidoreductase, molecular weigh'ﬁ unkhmm) , component b (poi_sai'bly-an
oxygenase, at least 2 subunits) and component ¢ (red-brown, probably

25  ferredoxin, 23.000d.)..
Despite beginning bio.czhemical studies of the enzymes and

proteins of the-_;.-_'l_'_u_o_,j' "pa_thway (Whited, supra) and begimming genetic
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'studies (Yen et al. Abstraet Untvéréity of Géneva EMBO Workshop,
August 31- Sept:ember A - 1986), the art has not been provided with _
information regarding the genes encoding the enzymes and proteins of
the toluene monooxygenase system in PmKR1 or the usefulness of such
genes and gene products in certain microbial bioconwersiona. The
art has also not been provi.;ied wiﬁh mieroorganism host cells
harboring novel recombinant plasmids éontaining PmKR]l toluene °
monooxygenase genes 1n.wh1ch induction of the toluene monooxygenase
genes does not xnvolve use of rtoxic compounds or  simulctaneous
induction of other undesirable genes and. in which some of the
micro_org_anism host cells harboring such recombinant plasmids under
cextain condiﬁions express toluene monooxygemsé enzyme activity at
levels that equal, or under certain aésqy conditions. exceed thé

activity of wildtype PmKR1 cells.

LTy
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The present invention provides novel gene segments,
b:.olog:.cally functional plasmids and recombinant:‘plasmids, and
microorganism host cells, a11 of which contain the PumKR1 t:oluene_
monooxygenase genes. The present fanvention further provides a
microorganism host: cell harboring a novel recomb!.mmt plasmid
containing PmKR1 toluene monooxygenase genes, in which synthesis of
only toluene monooxygenase but not other undesirable enzymes can be
induced spécifically with an innocuous and inexpensive inducer and
at levels -that equal or, under certain -coziditions, axceed t.:he.-'
activity of wildtypa PmKRl cells, In a&dit:ion. the present
1nvention provides a method for using transformed microorganism host
cells containing the PmKR1 toluene monocoxygenase genes in microbial
bioconversions. Thus, the Present {nvention provides microorganisms'
ga.n'et:i.cally engineered to prod@e toluene monooxygenase anzymes and
proﬁeins spec'ific_ally and unday inn'ocubus conditions and tharefore
provides a more effiﬁiem: means of conducting biocomf_ersions wiﬁh
this enzyme system,

The present invention encompasses a biolog:lcally functional
plasmid derived from PmKR1l containing toluene monocoxygenase genes.
This plasmid (designated pAUT1) can b§ transferred by cohjugat:!.on
ta a microorganism host cell lacking the toluene ano'oxygenase gene
system and thus unable to convert toluene to p-.cresdl. In a
particularly pteferred embodiment of the present invention, the
microorganism host cell for the pAUT1 plasm:ld is Pgeudomonas putida
KT2440.

—_—
Thls Sheet Has Been

II"llIH"lIIIIlHlH"I



e’

02/21/98

B

18:26

10

15

20

25

T805 447 1080 AMGEN LAW m—e e

This Sheet Has Been Replaced

The presenc invention also encompasses the toluene

monooxygenase genes which have been isolated as various DNA gpne
segments from PmKRl and cloned into a suitable, autonomously-
replicating plasmid vector, resulting in a oeriés of recombinant
plasmids each of which contains a toluene monooxygenase gene
segment. Each such recombinant plasmid is biologicaliy funct:ional
and can be used to transform a microorganism host. cell, conferring
on che microorganism host cell the ability to _convert toluene to p-
cresol,

The present invention Ffurther encompasses a series of such
transformed micro_organism host cells. In a preferred embodiment of

the preéent: invention, the microorganism host cell is E. goli HE1D1,

the recombinant plasmid is pHY402 and the inducer is isopropyl-

thiogalactoside (IP'I‘G) The PMY402 recombinant Plasmid is the
pMMB66EH plasmid into which a 4.7 kb Xhol fragment encoding the
PmKR1 toluene monooxygenase genes has been inserted. 1In anothey

preferred .embodinen't: of the present invention, t:he microorganism

‘host cell is E. coli FMS, the recombinant plasmid {s pKMY287 and the

inducer is heat (42°C). 'I'he pKHY287 recombinant plasmid 1s the
pCFM1146 plasmid into which a 4.7 kb XhoI fragment enceding the

PuKR1 toluene monooxygenase genes has been ingerted. Under certain

assay conditioﬁs. these resulting recombinant host cells express

toluene monooxygehase et_xzjm activity at lovels. exceeding t:ho
activity of wildtype PmKRl cells from whioh the toluene
monooxygenase genes wexre iso,lat:ed.

Other preferred embodiments of the present invention include

the recombinant plasmids pl(MY336 and pKHYMO in 3 coli FMS cells

@012/078
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and a particularly preferred embodiment is plasmid pRMY342 {n

PpY2500 cells .(1-'pY2511) . These cells synthesized the highest levels
of TMO enzyme observed for reeombinant m‘icroorganisms described
herein, | | -

5 | Under alternative assay conditions, the levels of TMO activity
'deteeted in the recombinan: host calls equal but do not exceed the
“activity detected in wildtype PuKRl cells, Howevez:, it 1is
advantageous to use the recombinant host cells for eeftain microbial
biocconversions. Advantages' of using recombinent host cells with

10 cloned TMO genes according to t:he present invencion versus PuKR1
cells in these b:loconversiona include: (i) the abilit:y to use
innocuous inducers (e.g., IPTG, heat, salicylate) fnstead of toluane
for TMO enzyme 1nduction, and (i{) the ability to prevent further
.couversion of product by enzymes of subaequent: steps in t:he T™MO

15 pathway that are present in PmKR1 but not in che recombinant host
cells. . Thus, it is particularly advantageous to use the cloned T™MO
gene clust:er Lo generate recombinant plasmids and recombinant host
cells for certain bioconversions according to the present invention
because che need for toluene, wh!.ch is volatile and toxic, 1is

20 eliminated as inducer of MO enzyme activity. For 1arge_-sca.1e
bioconversions nsing fermentors or otherwise, the disadvantages of
toluene vapors in the bioconversion process are clearly evident.
For safety reasons, some laboratories simply do .not pemit the use
of toluene vapors in their fermentation procesgses. Additionally, ic

25 is part:l.cularly advanl:ageous to use the isola.ted and cloned TMO gene
. cluster in bioconvers_ions because it can be manipulated and

introduced into certain host cells’ that will not further convert the
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desired product obtained in the bloconyersion using the TMO genes.

.10.-_

In contrast, since wildcype PmKR1 cellls. cont:aiﬁ the genes for the
ént.:ira ™0 pathway and not just the TMO genés for the first step of
the p:la.t:hwa.y. .further. conversion of the product of the first step
5. 'monéoxyg_enase reaction by the'!_’ml(R]. cells is likely.
| The present invention is directed to the characcarizaﬁion and
nucleotidea sequence analysis of an 1so.1{at:ed gene. cluster of five TMO
genes (tmoA, B, ¢, D, E), localiz.ed on the 4,7 kb Xhol fragment from
PmKR1. The five-g_ene_cluster. when express_ed. in E. coli, gafe
10 significanl: TMO activic}. Expression of this gene cluster carrying
wutations in the individﬁal genes demonstfat:éd that each of the five .
genas is eésantial fo_r TMO activity. .The; present invention" is
further directed to the charaﬁcerizatioﬁ and nucleotide sequence
analysis of a sixth TMO gene ( t:moF)..' isolated on an ~1,.3 kb HindIII-
15 Xmal fragment downstream of the five essential TMO geneas, The
product of the Cmo.l'-‘. geﬁo is useful | to enhénce ‘the activity of the
produét:s of the tmoABC’DE genes. The gene cluster of six TMO gqn_es-
is localized on ﬁn ~6.7 kb HindIII-BapHI fragment or an ~4.7 kb
HindIII-Xpal fragment isolated from PukRl. Expression of the six-
. 20 gene cluster gave significaﬁ:ly._ higher ™0 enzyme activity than
exprassion of the fiva-gene clustar. o
The present .in_vention is directed to certai;n microbiai
bloconversions using Pkl or the transformed microorganism host
cells containing 'tl-'_le PmKR1l toluene monoo:.:ygenase genag, in
25 particular, the conversion of a selected phenyl compound to a
. selected phenolic compound. In a particularly preferred embodiment

of the present . 1nvention, a method is provided for making -
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hydroxyphenylacetxc acid using the transfhrmed microorganism hosc
cells containing the PmKRl toluena monooxygenase genes. The p-
hydroxyphenylacet;c acid is a valuable chemical intermediate in the
preparation of cert:ai_n antibiotics and certain ﬂ-adrene:gic_ blocking
5 agents. The present 1hvention ;g glao'directed to a method for the
micrébial producti&n of indigo'from indole usiﬁg PoFR1 cells or the
transformed microorganism host cells containing the PmKR1 toluéne

monooXxygenase genes. |
Iﬁe presen:'infention is also directed to an improved ﬁgthod
10 - for che degradative bioconveraion of trichloroechyiene using
transformed microorganism host cells con:aining the PmKR1 zmoABcDEF
gene cluster. Further aspects and advantages of the preaant
invention will become apparent to those skilled in the art upon

.consxderation of the following detailed description.

taced -

_———
i



02/21/986

18:27

10

15

20

25

T805 447 1080 AMGEN LAW

@o018/078

This Sheet Has Been Rep

S A

-12. _
D CR. 1) DRAWING:

'Figure 1 1llustrates the asteps of the Pmle toluene
monooxygehase ('mb) ‘pathway. |

| Figure 2 shows a map of the pKMY.235' plasmid vector.

F:.gure 3 1llustrates - a4 sumary of recombinant plasmids.
plasmid vectors and res:rietion maps of the PmKR1 DNA segments
‘containing toluene monooxygenase genes.

' Fighre 4 il-lescrat:es a4 summary of recombinant plasmids an.d.
rest:riction maps of the PmKR1 DNA segments contain:l.ng t:oluene
monocoxygenase genes. Arrows indicate transeriptioual direet:lon and'.

sizes of the TMO genes. Heavy lines underneath t:he map denote the

different 1nserts in the plasmids indi.cated .-

Figure 5 shows the nucleotida sequence of an ~4.7 kb PmKR1 DNA

reg:.on carrying the tmoABCDEF genes., A region of dyad syrmetry is

underl ined. '

Figure 6 shows the sequence homology of t:he Tmol proi:ein with
the ferredoxin (NahA,,) of naphthalene dioxygenase and the ferredoxin
(BdoB) of benzene dioxygenase. Vertical lines indicate identical
amino ac1d resxdues Double dots indicate evolutionarily relat:edl
amino acid residues based on the Gap program in UWGCG software
(Devereux et al., .J&Le_iugim 12: 387 395 (1984)) with the
similatit:y threshold set at 0.5. The amino acid sequences of t:he
TmoC protein and the naphthalene dioxygemse ferredoxin protein are
;l_educed from nucleotide saquences of the tmoC gene and the NashA, gene
of the NAH7 plasmid (see Yen and Serdar, SUpra), respectively. The
amino acid sequence of the benzane dioxygenase ferredoxin protein

vas determined by Morrice et al., FEBS Lett. 231: 336.340 (1988)



02/21/96 18:28  T805 447 1090 AMGEN LAW - - @o17/078

-13. .
from the protein B of P. putida ML2 (NCTB 12190). A methionine
residue {s inserted at the N;términua of this protein to reflect the .

nucleotide sequence.

-
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 DETAILED DESGRIPTION
The methods and materials that pro\-ride an illustration of the
practice of the invention and that comprise the presently preferred_
embodiments relate specifically to plasmid-borne DNA gene segments
5 of PmKRl origin encod:l.ng the genes for the toluene monooxygenasa
enzyme system. After cloning :I.nto_a_plasm:l_d. these plasnid-bome ;
"""" DNA gene segments 'caﬁ be in.croduced. and expressed iIn .ce-r'_t:aih
microorganism host cells, for example, by -conjugatlion . or
tran;formaciqn. | |
10 Microorganism host  cells con:aihing' PmKR] toluene
‘monooxygenase genes are useful in certain bioconversions.. For
example, many  phenyl compounds, - including toluéfe,
methylphenylacetic acid, ethylphenylacetic acid, acetanilide, 2-
phenylethanol, fluorobenzens and ethylbenzene may serve as
15° subs.crates and be converted to phenolic compounds by the TMO éy;tem '
as described herein. In addition, the broad subst:ra:e_ spécificity .
of the TMO system makes it potentially useful in biodegradation of |
toxic _coﬁpoﬁnds_. Methods for the co‘mp]_.ete' degradation of |
trichloroechylene (TCE) by the TMO syscem have beet_z described in co-
20 pending and co-assigned U.S. Patent Application Ser. No. 177,640,
filed August 26, 1988, and hereby incorporated by reference in its
entirety, and by Winter et al,, Blo/Technology 7: 282-285 (1989).
Improved methodé for the complate degradation of TCE utilizing an |
is@lated tmoABCDEF gene complex are describea herein. .
25 o The 4. 7 kb XhQI fragment ident;lﬂed from PmKR1 that encodes

TMO protein componem:s has now baen furt:her characterized This

Xhol fragment origina_;_lg.y designated as 4.6 kb by restriction enzyme



P

02/21/98

>’

18:28

10

15

20

25

805 447 1090 AMGEN LaW . ____@o1s/078

This Shee

\
//ﬂ/l///lﬂ/////ﬁl/?il?“’

analysis was determined by DNA sequence analysis to be 4.7 kb. Five

T™O genes (cmoABCDE) have been 1dentified within this region by DNA

sequencing analysis and N-terminal amino acid determination.
Expression of this five-gene cluster carrying mutations in the
individual genes demoxistrated' ‘thnt: each of the five genes is
egsential for T™MO activity. A sixth gene, tmoF, was 1solated on an
-1;3 kb HindIIT-Xmal fragment downstream of the five essential TMO
genes. The sixth gane, moF, 1s usaful along with cthe tmoABCDE
genes to yield enhanée_d TMO activity upen expresélpn. The gene
cluster of six TMO genes are locallzed on an ~6.7 kb HindIIX-BagHI
'fragmant or an ~tz.'7 kb'li;ndIIl-Xm_qI fragment from PmKRI. El:preasion
of the six-gene cluster g#va significantly higher TMO enzyme
acti\lri:y than expression of the five-gene cluster.

'l‘l'xe potential exists, using recombinant DNA tel:hnology. to
prepare variants, mutants or derivatives of one or more of the six
™0 genes., vwhich would encode a variant, mutant :;:r derivative TMO

protein. ' The complete gene sequance for aach of thae six TMO genes

is disclosed in Figure 5., Various modifications might result in

single or multiple amino acid deletions, substitutions, insertions

or ihversions. for example, by means of in vitro mutagenesis of the

underlying DNA by methods well-known in the art. In addition,

various fragments of one or more of t:he proteins encode by the TMO
genes, whather produced ;n vive or j.n vitro, may possess the
requisite useful IMO act:ivity Experimem:s have shown, for example.
that changes in t:he N-terminal sequences of TmoF do not

subst:ancially change its functional activity. All such variations,

modifications ox fragments resulting in a variant, mutant or
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the scope of this invention so long as ehey encode the functional
segment(s) of TMO protein(s) and the characteristic funcrional TMO
activicy renains'Substentially the same, e.g. unaffected in kind,
5 Functional TMO activity tesuits from a functional five-gene or six-
gene TMO gene complex, ae'measered_by the assays described he:ein,
for example, In Example 1l. From the-dlsclesure of the TMO DNA
sequences herein and the amino acid sequence of each of the six T™™MO
genes, a TMO variant, mutant or derivative may be prepared and
10 identified by those skilled in the art.

The invention is now iiluetratee by the following Exam@les,
with.reference to Che_accompanying drawingsf Plasmids previoubly
designated with the prefix "pKY" have been iedesignaced herein as :
"pKMY". The examples de not include detailed descriptions for

15 conventional methods employed in the isolation of DNA, the cleavage
. of DNA with restriction eneymes. the consatruction of ﬁeccors, the
insertion of DNA gene segments encoding polypepcides of interest
into such vectors (e.g. plasmids) or the {ntroduction of the
resulting recombinaut plasmids into microorganism hoat-cells. Such

26 methods are :well-known to those skilled in the art of genetic
engineering and are described in numerous publications including the

following laboratory manuals: Maniatis et al,, ula ing -
_ngéguuguLgx;ugnggl Cold Spring Harbor Laboratory (1982); Davis
et al. M..QL.BLM&]@:_BM Elsevier Science

25 Publishing Co. (1986): Cu & cula ogy,
edited by Ausubel et al., Creene Publishing Associstes and Wiley

Interscience (1987); Sambrook et al,, ecu Lloning: A
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Lgborato;x Manual (Second Edition). Cold Spring Harbor Laboracoty
Press (1989) In addition to uaing published methods, methods for
enzymat;c cleavage, modification. and ligation of DNA may be
achieved according to manufacturer’s instructions distributed by
53 various commercial suppliers of restriction enzymes, including New

England Biolabs, Inec. (NEB), Beverly, MA 01915 and Boehringer
Mannheim Biochemicals, Indianapolis, IN 46250.

EXAMPLE 1 _

Growth of PmEKR1 Calls
10 Pseudomonas mendocina KR-1 was-growﬁ overnight at 30° in éAs
medium or on a PAS agar plate (Chakrabarty, et al., Proc, Wetl,
Acad. Sci, U, S.A,, 70:1137-1140 1973) with toluene (supplied as
vapor) for growth and for 1ndﬁ§tion of the toluene moﬁooxygenase

gehes.

15  Eamea
Construction of PumKR1 BRLII Library in E. goli HB101

A. Preparation of PmKRl DNA
Total DNA was isolated from PmKR1 by conventional methods.
,Briefly. PmKRl was inoculated into PAS medium containing toluene
20 according to Example 1 and incubated with shakipg at 30°C overnight
(13-17 hours), After ineubation, PuKRl cells in the stationary
.growth Phase were collected by centrifugation. The cells were lysed

and total PmKR1l DNA was then extracted and purified as described by

Dhaese et al., Nuclalc Acid Res, 7: 1837-1849 (1979).
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B. . Prapar’;ation of Plaamid DNA .
Plasmid DNA may be 1solated éccording to the method of

Johnston and Gunsalus, Biochem, Bioohys. Res. Comm, 75: 13-19

. (1977). E. coli HB10O1 containing the pRK290 plasmid (Ditta, et al.,

5 Proc¢. Natl, Acad, Sei, U.S. A, 77: 7347-7351 (1980)) was inoculated

int:o L broth and incubated with' shaking at 37°C overnigh:. The
- bacterial cells were collecced by centrifugation, lysed and the bulk
of chromosomal DNA and cellular debris was removed by
centrifugation. The pRK290 plasmid DNA was then purified by
10 convem:ional t:echniques using cesium chloride/ethidium bronide
density grad:.ents |
| c. Preparation of Ra.conbimm:. Plasmid -
Total PmKR1 DNA pbt:ai.ﬁed in far: A above and pRK290 plasmid
DNA obtained in Part B above were separately treated with the
15  restriction endonuclease BglII, ' under coaditions‘ of complete
digestion. The Bglll digested PmkR1 DNA was mixed with BgllI
digested pRK290 Plasmid DNA and the mixture then incubated with DNA
ligase._
D.  Transformation with Recombinant Plasmid
20 Transformation of E. coli with plasmid DNA may be achieved
by the calcium chloride procedure originally described by Mandel and
‘Higa, J. Mol. Biol, 53: 159-162 (1970). The ligated DNA obtained in
-Part C above was used to transform E. coli HB10l and the transformed
cells were plated on selection plates of L-agar con;aiping 10 pg/ml
| 25 tetracycline. Only those ce_lla vhich are sﬁccessfully' transformed

and which contain {:-h_e PRK290 plasmid or a recombinant pRK290 plasmid

with PmKR1 DNA. c:i'_r__l .__'grow on the selection plates. Colonies which
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grew on the selection plates were tested for the presence of
recombinant Plasmids containing PmKRl toluene monooxygenase genes by

the conj ugat!.on and complementation screening assay of Exanple 3.

- EXAMPLE 3

Conjugation and Complementation Screening Assay

A complemeni:acion assay involving plasmid transfer via

-bacterial conjugacion was used to screen the PmKR1 BglII libtary |

made according to Example 2 and the PmKRl SacI library made
according to Example 8 in order to detect recombimm: plasmids
cont:aining PmKRl toluene monooxygenase genes, Accordingly, plasmids
were transferred between bacterial strains by the conjugation

("mating”) procedure (spot crosses) describec_l by Yen and Gunsalus,

Proc, Natl, acad. Sei. U.S.A,, 79:874-878 (1982). This procedure is

summarized briefly as follows,

Colonies were removed from the selection plates of Exhple 2

or Example 8 by gentle scraping in L-broth with a slide.  The

resulting bacterial cell suspension was washed to remove any
tetracycline and suspended in L-broth for the mating, Suspensions_
of donor cells, helper cells (if necessary) and fecip:lent cells in
logarithmic phase were mixed in equal volumes. Small aliquots of

the in:lxt:ura were placed on L-agar | Plates thus allowing all cell

types to grow. After overnight incubation qt_.30“c, the cells were

replated on a PAS agar selection plate containing 50 pg/ml
tetracycline. ' Toluene was provided as sole carbon source for
growth. Toluene v_;por was supplied to the selection plate by taping

a cotton-stoppered: toluene containing tube to the 1id of the plate.
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This selection plate permits oniy the desired trans-conjugates to
grow. In all experiment:s performed, the donor cells were from an E. |
coli HB10l library (either the BglII library of Example 2 or the
Sacl lz.brary of Example 8) carrying a recombinant plasm:'.d (pRK290
5 in Example 2 or pRHYZSS in Exanpla 8 containing PmKR1 gene segments)
to be transferred in the mating. The helper cells used were E. g@_l_
HB10l cells carrying the helper plasmid pRK2013 which provided the
transfarring funetions for those transferrlng plasmids which do not
carry the tra geoes. Alternatively, the helper .plasmid PRK2013 wasg

10 Intreduced directly into the donor cells to provide its tfansfetring |
| funci:ion. The reoipient strain was one of several miu:ant: strains of
Psog_domonas mgndocigg KR-1 (Pm Y4001, Pm Y4002, Pm Y4007) pfepared
as described in Example 4. Each of the mutant strains has a
defective toluene monooxygenase 5ene and is unable to convert
15 toluene to p-cresol. When a recombinant plasmid contalning the
" specific PmKRl toluene monooxygenase gene which is defective in the
recipient strain has been successfully cransferred during
| cotuugation, the resulting t:ramconjugate will be able to grow as a
colony on the selection plates containing toluene as the sole carbon

20 source for growth.

The colonies which grew on the selection plates were putifi'ed
by restreakiog each colony once or twice on a selection plate,
These transconjugates are further monipulated according to Example

50

This gp,,

\
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EXAMPLE & .
Praparl.tion of Pgseudomonas mendocing KR-1 Mutant s:ra:l.ns

PmKR1 cells werae mutagenized and the toluene monooxygenase

defective mutants were isalated according to the following protocol.

Cells were grown in 5 ml of L broth to O.D.w, of approximately 0.7

and resuspended into 2 ml of 50 mM citrate buffer PH 6.0 containing
N-methyl-N'-nitro-N-nitrosogu#nidine (nitrosoguanidine) at a
concentration of 0.1 mg per ml. After incubat;oﬁ at rooun t_emperatﬁre
for 20 minutas, tﬁe cellé wera washed twice with 2 ml of 1 M
phosphate buffer pl-l 7.0 and resuspended Into 50 ml of L broth.
After growth overnight, t:he cells were streaked on L agar plates
for single colonies. The individual colonies were picked -and
streaked onto PAS' piates containing toluene or p-cresol (2.5 mM) as

sole carbon source. The toluene monooxygenase defective mutants,

PmY4001, PuY4002 and PmY4007 were Lsolated as strains which grew on

p-cresol but not on toluene. The toluene monooxygenase assay as

.described in Example 11 further confirmed that these mutants have a

defective toluene moricoxygenase enzyme system,

Similar mutagenesis techniques may be used to obtain mutants

defectiva in the enzyme p-cresol  hydroxylase or p-

hydroxybenzaldehyde dehydrogenase of the TMO pathway.  After
nit:rosoguanidine treatment of PmKR) cells as described above, p-
crasol hyd_roxylése' defective mutants can be isolated as strains
which grow on p-hydroxybenzyl alcohol but not on p-cresol and p-
hydroxybenzaldehyde dehydrogenase defective mutants can be isolated

as strains which grow on -p-hydroxybenzoate but not p-

hydrokybenzylalcohoi or p-hydroxybenzaldehyde. /
- eet Has Been Replaced :

R
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EXAMPLE 5
Isdlotion of 9.4 kb BglYT Pragment
A number (12) of the transconjugate colonfas of PnYlLOOl.
com:aim.ng PmKR1 toluene monooxygenase genes isolated according to
5 Example 3 were further characterized as follows. Each colony was
grown and plasm:.d DNA was 1solated by conventional methods The
plasmid DNA from each isolate was used to transfom E. s_o_].j, HB101
cells. The plasmid in each transformant was t.ransferred to PmY4001
by ‘conjugation- accoi:'ding to Example 3 excapt that | the seleccion
10 plaves contained tetracycune and glucose (2 mg/ml) Each
transconjugate was test:ed for growth on toluene by plating the cells
_on PAS agar supplemented with 50 pg/ml terracycline and toluene
vapor. After the toluene monooxygenase complementing ac:i.vi.ty of
t:he plasmd was confirmed in the transconjugates each such HB101
15 t:ransformam: was grown and plasmid DNA was isolated by conventional
methods .

The DNA was digested with BglII and a 9.4 kb fragment was
~isolated from each transeonjugace colony which complementad each
i’mKRl mutant strain of Example 4 for toluene utilizationm. This

200 result indicated that the 9'.4' kb nglII fragment ffom PmKR1 contained
one or more toluene monooxygenase genes. Two $acl sites were mapped
close to one end of the 9.4 kb BglIX fragment. No TMO activity
could be det':o.ct:ed from the pRK290 plasmid (Example 2) carrying this
9.4 kb BglII f{nsert in either E. g¢oli HB1Ol or B. putida KT2440

25 (Bagdasarian et al., Gens 1§: 237-247 (1981)). Subclouing of this
insert into E. go_Li"ai:pression vectors pUC18 aod pUCLY9 (Yanisch-

ot Has Been Replaced

TN
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.Perren et al., Gene 33: 103-119 (1985)) did not lead to the
detect::’._on of any TMO activicy, Thus.. the 9.4 kb Bglrx frggmgnc dig
not appear to ¢ontain the enciﬁe IMO gene cluster required for

éctlv:l.t:y.

5 . : magu_g '
Construction of pKMY235 Plasmid Vector
The sta;ting material for the coﬁstmction of the pKMY235
"~ plasmid was the pKY2l7 plasmid described by Yen and Gunsalus J_,_'_

act_;_g;i . 162: 1008-13 (1985). The pKMY235 plasmid was constructed
10 accordmg to t:he following series of steps In t:he-first step, two
adjoining HindIII fragments (~1.1 and ~3.2 kb) from pKY217
containing tha nahR and nahG genes was cloned into the Hindriz site.
of the pKT240 plasmid described by Bagdasarian et al. » Gena 26: 273-
82 (1983). 'l‘he resulting plasmid from this first st:ep was
15 deslgnated PKMY219. 1In the second step, an -7 kb BagHI -Sacl
| fragmant from pKMY219 containing the -th and nghG genas was cloned
into ‘the BagHI and Sscl sites of the pKT231 plasmid described by
Bagdasarian et al, Gepe 16: 237-47 (1981). The Yesulting plasmia
wa# designated pKMYé23. In the next step, an -6 kb PatI fragment
200  from pKMY223 containing the nahR gene, ~200 base pairs of the _qgh’g
gene and the pKT231 gene conferring kanamycin resistance was cloned
into the PstI site of the plC19 plasmid descf:l.bed by Yanisch-Perron
et al., Gene 33: 103-119 (1985). The resulting plasmid was
designated pKMY256. The oriem:at:ion of the ~6 kb pgtl fragnent in
25  pKMY256 placed the mulci -cloning site of pUC19 from t:he $all to the

EcoRI site 1media:e1y downscraam to the Patl site in the nahg gena.

This Sheet Has Been Rep laced -
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In the final step, an -5.4 kb BSCEIT - EQoRT fragment from pKMY256

c.om:aining the gene conferring kanamycin resistance, the pahR gene,

=200 base pairs of the nghG gene and a multiple cloning site was

end filled with the large fragment of E. &oli DNA polymerase I and
5 1inserted into the PRK290 plasmid described by Ditta at al.. Proc,

Natl, Acad. Seci. U.S A, 217.73;ff7351 (1980) to replace the -1 kb

Smal fragment of pRK290. The resuiting plasmid was designated

pKHY235 and a map of pKMY235 is shown in Figure 2.

EXAMPLE 7
10 : Construction of PCFM1146 Plasmid Vector

| The plasmid pCFM1146 is an E. ¢oli cloning vector similar to
PCFM4722 (Burnette et al., Bio/Technology 6: 699-706.1988)). The
searting material for the cons!:ruct:l.on. of the pCFM1146 plasmid was
the'pc.I-'M836 p]_.aemid.- A detailed description of the constfuction of

15 - expression IVect:ors, iticluding pCH!836, is degcribed in U.S. Pater_u:_
No. 4,710,473, which is hereby incorporated by i:eference in {ts
entirecty, 'I.'he pCl-"H836 plasmid com:a;lns a heat inducible Promoter,

a restriction site bank (cloning cluster), plasmid origin of
replication, a transcription terminator, genes regulating plasmid

200 copy number, and a gene conferring kanamycin resistance but no
synthetic ribosome binding sit:e immediately preceding the cloning

" cluster. The'p(:m1146 plasmid (A.T.C.C. accesaion no. 67671,
depos:.c date April 5, 1988) was derived from pCl-‘H836 by substitucing

the small DNA sequence between the unique Clal and Xbal reetriction

-\ .

3" CGATTTGATY 3 This Sheet 1;

e i

25 sites with the following oligonucleotide



02/21/986

18:31

10

15

20

25

805 447 1080 AMGEN LAW : ‘@o029/078

This Sheet Has Been Rep! laced

i

and by destroying. the two endog’enqﬁs; Ndel restriction sites by

-25.

cleavage with Ndel and then end-filling with T4 polymerase enzyme,

followed by blunt end ligation.

EXAMPLE 8
construccit_m of PmKR]l SacT Libraxy im E. coli HB1O1

The PRMY235 plasmid vector prepared according_ .l:o Example-s was
used to construct a Sacl library in E. ¢oli HB10O1 according to
conventional t:echniqﬁes for cdnscrucfing genomic librarfes. Total
DNA from PuKR1 was Lsolated as described in Exémple 2, Part A, The
isolated PmKR! DNA was .tre;ated with the restriction endonuclease '
Sacl under conditions of iaart:ial digestion. In order to producé. a
populat:.on of DNA fragments enriched in those fragmants containing
some or all of the PmKRl toluene monooxygenase genes for use in
constructing this Sacl library, the partially digested PmKRI DNA
was fractionated by .si.ze using a 103-40% sucrose density gradiént_
according to conventional procedhres After centtifugation for 24 .
hours at 26, 000 .rpm in an SW-28 rotor. the DNA fractions were

collected and tested by hybridization. The 9.4 kb BglII fragment

isolated from the ggJ.II' ‘library constructed according to Example 3,

is known to complement each PmKRl mutant strain for toluene
ut{lization according to Example 5 and thus is likely to contain at
least one of the PmKRl toluene moncoxygenase genes. The plasinid
pUCL9 carrying the 9. 4 kb fragment was rad:l.olabeled and used as a
probe to selecc hybridizing fz.-a.ct:ions from t:ha sucrogse gradient.
The hybridizing fracr.'ions were pooled to provide a population of DNA

fragments enriched :I.n PmKRl toluene monooxygenase genes. This
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enriched populal:ioﬁ of DNA fragments was used to coﬁstfﬁc: the Sacl
libra;'y in .E. goli HBiOl. Théy ware randomly clomed into the Sacl

site of plasmid pKMY235 as follows. | _ |
The enr:lctied Sacl digested PuKRl DNA was mixed with Sacl
5 digested pKMY23S plasmid DNA. and incubated with DNA ligase. | The
ligated DNA was used to transf@lt‘m E. goli HB101l and the transformed
cells were plated onto selection plates of L-agar con_t:a!.ni.ﬁg_ 10
ug/ml tetracycline. Oniy those cells which were successfully
transformed and containing the pl(MY235 plasmid or a recombinant
10 pRMY235 plasmid with PmKRl DNA can grow on the selection plates.
.’rransformed colonies were t:est:ed for Pml(Rl t:oluene monooxygenage

gene's by the conjugation and complementation assay of Example 37

EXAMPLE 9

Isolation of 20.4 kb SacI FPragment
15 | A numﬁe;.' (10) of the transconjugates which utilized toluene as
a sole cérbon soﬁtce were furt:hei characterized by isolét:ing the
plasmid DNA, transforming E. coli .HBIOI and conjugating into
PmY4001 to test for growth on toluene according to Example 5. An E.
soli HB10l transformant containing a recombinant pKMY235 plaéﬁid
20 (designated pKMY266, A.T.C.C. accession no. 67672, deposit date
April S, 1988) carrying toluene monoo:iyganase genes was groﬁ and
..... plasmid DNA was isolated by conventional methods, Restriction
enzyme analysis of the insert in pKMY266 plasmid indicated that .i't:
~carried twe 10.2 kb Sacl fragments (previously deaignated two SacI

25  fragments of 10.2 kb and 10,3 kb, respectively). One of the 10.2 kb
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Sacl fragments contains -8 kb of the -9.4 kb mn fragmem:
described in Example S.

Plasmid PKMY266 containing the -20.4 kb (previously desi.gngt:ed

20.5 kb) Sacl insert deseribed above, allowed the utilization of

5 toluene .' by PmY400l. Despite the complementation pattern, no TMO

enzyme activity (accordiﬁg to t;he alternative method of Example 11)

could be detected in E. goli ﬁBlOl carfying pKHY256 Since the

ingert in pKMYZGG‘ consisted of two different Sacl’ fragmencs of

- identical size, each was subcloned and expressed in the high-copy-
10 number E. gg,u. expression vector pUCL9 described by Yanisc'h Parron_ .

et _al Gene 33: 103-119 (1985). This experiment: leda to the

successful mapping.of the TMO genes as described in Example - 10

below.

E!ﬂﬁ!LE_lQ
15 Constructi.on of Recombinant Flasmids to Map
the Toluene Honooxygamso Genes

- This exaﬁple presents results on the'mapping of the TMO genes '

and determination of TMO activities in various recombinant strains

based on earliar constrt_.lct:_.s and TMO a.ssay procedure (Example 11,

20 Part A). Further mipping 6f the TMO genea and detemination of 'mo
| activities in more recautly constructed strains based on the
Bt altemative ™0 assay procadure described in Exanple 11, Part B is_ '

ptesented in Example 16.
One of the SacIl fragmeﬁta described in Examﬁle 9, when cloned
- 25 into pUCl9 (pKMY277) -and expressed in E. coli JM109, led to the

synthesis of a blﬁe._pignent which was chloroform soluble and water
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insoluble. Production of the blue pigment was also observed from B.
putida cells hai'borii\g pRMY266 and was dependent .on the presence of
indole. This blue pigment was identified as indigoe. A low level of

TMO enzyme activity was detected from the E. goll JM109 carry:.ng'

pKMY277 (Table I). Further mapping of the toluene _mnnooxygenasa

genes correlated the lindigo-producing propexty with the presence of
toluene monooxygenase activity. (See Table I in Example 1l and also
Table III in Example 16).

The ~10.2 kb Sacl fragment of pRMY277 was digested with a
series of restriction enzymes and a partial rastrict:lon map was
generated as shown in Figura 3. Based on this restriction map, a

series of DNA fragments were deleted from one end of the 10.2" kb

.Sacl fragment in pKMY277 to generate plasmids pKMY280, pKHY281',

PKMY282 and pRMY283 shown in Figure 3. An 4.7 kb Xhol fragment of
PKMY282 was subcloned into the Sall site of pUCL9 to generate the
plasmid pMY40l. An ~4.6 kb BagHI - Sphl fragment of pMY40l was

inserted into the E. coli expression vector pUCl8 described by

_Yanisch-Perron ét ,al., Gene 33: 103-119 (1985) to generate the .

plasmid pMY404. The pUCLS plasmid 1s Ldentical to pUCLS except the

polycloning site 1s in an opposite orientation with 'respect to the

lac promotexr. As a result, the ~4.7 Xhol fragment was 1n§ert:ed inte

the pUCl8 plasmid in an opposite orientation to that in the pUC19
plasmid with respect to the lac promoter. The -4.7 kb Xhol fragment

of pKMY277 was also cloned into the broad hogt range pllasmid vector

PMMB66EH described by Furste et al., Geme 48: 119-131 (1986) to

construct the plasmid_ pHY402 In addition, as shown in Figure 3, an

-2.2 kb Sacl - BgllI fragmem: was deleted from the left end of the _
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~5.9 kb Sacl - m_l fragment of pmzaz by digesting PKMY282 DNA
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with SacI and Bgllil, £illing the ends with the large fragment of E.
coli DNA pc;lymerﬁse I and ligating the ends. The resulting plasmid
was designated pMY400. '.

5  As shown in Table I (accor:'ding to the assay of Example 11),
pMY402 containing cells respo;u_iad to IP’I‘G for 1hd_uct:ion of the
toluene monooxygenase 'g_ene:.s. This result located the toluene
monooxygenase genes in the -4.7 kb xhgl fragment and reveale-d t.he _
direction of transcription of the toluene monooxygenase genes as

10 from left to right showmn in F:l.gure 3. The dif_fe;ence in the .

| orientation of the -4.7 kb Xhol fragment in pMY40l and pHY46¢_& as
well as ch-e- difference in toluene monooxygenase ﬁctiv:l.ty in pMYaOL
and pMY404 containing célla (Table I) are also consistent with this
transcriptional direction of the toluene monooxygenase genes. In
- 15 ordér to exi)ress the toluene monocoxygenase genes at a high level'
t:he ~4.7 Kb Xhel fragment of pm282 was alsao cloned into the Xhel
site of the E. __g].,;. expression vector pCFM1146 (as described in
Example 7) to comstruct pKMY287.
ESAMPLE 11
20 Toluene Moncoxygenssa Assays
A. Co bn DL _ASS |
Cells were grown in PAS medium containing 0.4% glutamate or in
L broth to saturation, They were rg.suspended into an appropriate
wvolume of the same medium to an 0.D.gm of 3.0. An aliquot of the
25 cells was used for the determination of protein concentration by the
method of Bradford Anal, Biochem.  72: 248 (1976) uging the Bio-

Rad Protein Assay: an aliquot of 0.5 ml of cells was mixed with 4
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pmoles of p—éresol in 10 pl and 15 nmole of _radioactiw}e toluene

- +30-

(toiuene-ring-l‘C, Sigm; Chemical Co., 56.3 mCi/mmole) in 5 ;51'_ and

the mixture was incubated at room temperature with occasional
vortexing for 20 _ﬁi,nut:es_. After incubation, 20 ul of the mixfure

5 were spotted on a small. plece of a thin-layer chronqtography plate
and the pl_ate was air-dried f;n'.: twai:ty minutes, 'rhe' -nonvolatila
radiocactivity remained on the filter | was dete;ﬁined in & liquid
scintillation ecounter #nd was used to calculate the amount of
toluene degradation product on the plate énd_ ﬁhe 'spec.ific activity

10  of toluene monooxygenase. The results are presented iﬁ Table I. |

B. cond1c1§g§ .§g; 51'; ernat ive Assay |

Altematively, toluene monooxygenase activity couid be assayed

by a procedure simiiar t:o the assay described for naphthalene
dioxjgenase by Ensley et al., In al Metabe a bon

15 Qxc_Lg (Hagedorn et al., eds,), 'Harvard Academic Publishers, New York
-(1988) at p. ls37.. -Late 1og-’pha§e celis were diluted into L-broth to

a density of 0.D. ,,,,-0.5 for the assay.. The reactions were initiated

by adding 15 nmole of 4C-toluene (Sigma, 40-60 nCi/mmol) t;) 0.5 ml
of cells in L-broth. After_incubation at room temperature for 5 .

- 20 minutes, aliquots of 20 ,u.l were spotted omn small strips of thin-
layer chromatography plate. The plates were air-dried for 20
minuca§ ‘and counted in a scintillation counter to determine the
remaining radioaccivj.ty. Specific activiey of 'mo was expressed as
nmoles of nonvolatile material produced fro:_n 1"t.:-_t:ufh.te_ne per minute

_25 per milligram of vhole cell protein. The protein concénf:rat:ion wvas
decemxned by the mechod of Bradford, w 12: 248, using

the Bio-Rad protein assay kit obtained from Bio-Rad Laboratories,
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Richmond, CA 94804. For the protein determination, cells were

resuspended in 0.1 N NaOH and incubated in a boiling water bath for
20 minutes, then assayed with the kit. The results of this

alternative TMO assay are presented in Table IIT, Example 16.

. _
Expresazion of the Toluene Monooxygenase (TMO)
genes in E. coll and P. mendocina

Specific
Activity of
TMO (nmole Indigo

Plasmid Inducer  Host Cell min img™) Fametim
PAUT1 . Toluene P. mendocipa KR1 0.130 +
PAUT1 None P. mendocina KR1 0.010 +
pRMY266 None P. putida KT2440 0.020 +
pPKMY277 None E. goli JM109 0.010 +
pMY4O0S5 None E. coli HB101l 0.005 -
pMY405 IPTG E. coli HB1OL 0.015 +
pKMY280 None E. coli IM109 0.010 +
pKMY281 None E. coll JM109 0.010 +
pKMY282 None E. coll IM109 0.010 +
pKMY283 None E. coli IM100 0.005 -
pMY400 None E. coli JM83 0.005 -
pMY401 None E. coli JM83 0.035 +
pMY404 None E. coli JM83 0.010 +
pMYSL02 None E. coli HB101 0.005 -
pMY502 IPTG E. coli HB10O1 0.200 +
pKMY287  Heat E. coll ™5 0.500 +
puC19 None E. coli IM109 0.005 -
PMMBGGEH IPTGC E. ¢oli HB101 0.005 -
pCFM1146 = Heat E. goli PM5 0.005 -
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Conversion of &e:tain Phenyl'danpound- to
Certain Phenolic Compounds

A, Conversion by PmKR1 Cells

Many phenyl coﬁpoﬁnds;.including toluene, methylphenylacetic
acid, ethylphenylacetic acid.. 2-phanyiethanol, acetahilide.
fluorobenzene and ethylbenzene: may seyve as substrgtes'and thus be
converted to pheno;ic compounds via para-hydroxylation by the
t:olpene moﬁooxygenase system. of PuKR1. The follé_w.:lng | schemes

illustrate sevaral possible conversions:

Scheme A
CHy CHy .
' ! : " _
wherein:
I is toluane - .. This Sheet Has Been Replaced

I1 is p-cresol | _ ; I
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Scheme B
CH,CO0CH, | CH,CO0CH,
H
(] v
wherein:

III is methylphenylacetic acid

IV is p-hydroxjmechylphenylacecic acid

//II/I///II/////I/I//7?7M

V 13 2-phenylethanol
VI is p-hydroxy-2f§henylethénol
For each conversion, a phenyl compound substrate (for example,"

Formulas I, III, or V) was mixed with PmKR1 cells, incubated for a
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period sufficient cb effect the bioconver#ion and then assayed for
the presence of phenolic compounds as foliows. |
Pseut.lgmngs_ mendocing KR1 cells were grown at 25°C-30°C in 50
mi PAS medium supplemented with 0.4% gj.ucamate to stationary phase
(12-16 hours) in .the presence (induced) or absence (uninduced) of
toluene vapor suppliad from 25 ml toluene. An aiiquoc of 5.-50' ml

cells were resuspended into the same volume of the s#me medium or

concentrated 2.5 fold in the same medium, A given smount of the -

substrate equivalent to form a 15-30 mM soiution vas mixed with the
cells and the mixture was 1ncub-a:ed at 25°C-30°C with vigorotfs
shaking for 1-24 ﬁours. Typically the mixture was incubated _fot 5-
6 hours. Formation of phén&li.‘c compounds was determined according
to the asséy me.:hod of 'Gupta et al.,. Clin, Biochem. 16 (4): 220-
221 (1983). The assay results for conversion of several phenyl
sub'strates to phenolic compounds at various times and temperatures

of incubation are shown in Table II.

TABLE II
Synthesis of Phenolic Compounds by Toluene
Honooxygenase of Pseudomopas mendocing KRl
Substrate (Time and Temperature 0.D.ggy reaé:l.ug
of Incubation) in Assay '

acetanilide (6 hrs., 25°C)
fluorobenzene (24 hrs., 25°C)

ethylphenylacetate (6 hrs., 30°C)
ethylbenzena (6 hrs., 30°C)
2-phenylethanol (5 hrs., 30°C) .
substrate in uninduced culture

~X-R-N-R-F- Y
OHWENNO
WM~ W W W

*

T803 447 1080 AMGEN LAW ) - &038/078

This Sheet Has Been Replaced

1T

1l




02/21/98

18:34

10

15

20

25

B805 447 1090 AMGEN LAW | @038/078

\

i

Recombinant Plasmids encoding PmKR1l Toluene
Monooxygenase Genes

The same conversions according to Part A may be accomplished

" by using microorganism host cells containing the recombinant

plasmids of Examples 1.0, 16, .and 19. ~ Any of the recombinant
plasmids (except pl_(!ﬂ_'283 or pMY400) which encode functional PmKR1
toluene monooxygenase genes as described in Example 10 may be used.
to transform an appropriate microorganism host cell. A pr_eferred
method is to use pMY402 as the recombinant plasmid, E. ¢c0l4 HB101 as
the microorgahi;m host cell and IPTG as_- the inducer, as described in

Example 11. The resulting strain was designated EcY5072

| (HB101/pM¥402). Another preferred method is to use pKMY287° or

pm336_ as the recombinant plasmid, E. goli FMS as the mici‘borganism
ﬁost cell and heat (42°C for .1.'5 or 3 hrs.) as ﬁhe inducer. The
resulting strains wére designatad EcYSOéZ (FMS/pKMY287) and EcYS5236
(FM5/pKMY336), respectively, A particizlarly preferred method is to
use pKMY342 as the recombinant plasmid, PpY2500 as the microorganisn
host cell and sodium salicylate (0.35 mM in L-broth throughout cell
growth) as the induc'er.. ‘The resulting strain was designated PpY2511
(PpY2500/pRMY342) . |

| For each -cqmrersion, a phenyl compound (for example.' Formulas
I, III or V) is mixed with EcYS072 (HB1OL/pMY402), gcysoaz
(FMS/pKMYZS?). EcY5236 (FM5/pKMY336) or PpY2511 (PpY2500/pKMY342)
cells. The mixture is incubat:ed_l for a period sufficient to effect
the bioconvei:sion and then assayed as described in Part A for the
preser;ce .of rhenolic cqmpounds. . For each bioconvetaic_m with EcY5072

(HB101/pMY402) cells, -the cells are grown and assayed in the
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pfesence of IPIG to induce PmKRl toluene monooxygenase 'act:ivi.ty as
follows. Cells are grown in PAS medium containing 0.4% glutamate
and 1 mM IPTG or grown. in L broth with 1 mM IPTC to saturation. The
cells are resuspended in an apprépriate vo];_ume of the same medfum to
an 0.D.ggq of 3.0 and incubated with aubatrhce‘ and assayed as
described in Part A. For each bioconversion with EcY5082

(FMS/pKMY287) or EcY5236 (FMS/pKMY336) cells, the cells are grown

under the following temperature conditions to induce PmKRl toluene

monooxygenase activity. EcY5082 (FM5/pKMY287) or EcY5236
(FM5/pKMY336) cells are grown in L broth to an 0.D.ggq of 0.4. The
cﬁlcures are incubated with shaking at 42°C for 3 hou:_:s and then
shifted t:_o' 30°C to incubate for another 2 houra. Cells -are
resuspended in fresh L brgth to an O-D-sso. of 3.0 and incubated with
substrate and assayed as described in Part A. For indigo _p:odﬁction
(Exaxﬁple 15) using these two st::éins. the cells are 1ncﬁbated at
30° for 24 ho;u:s after induction at 42°C. For each bioconversion
with tﬁe PpY251] strain, the cells are grom and induced under the
following condicions, The célls are grown in L broth to saturatiou.
in the presence of 0.55 mM sodium salicylate to induce toluene
monooxygenase production, Cells are resuspended in the same medium

to an 0.D.g, of 3.0 and incubated with substrate and assayed as |
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EXAMPLE 13
Conversion of Toluene to p-uydro:yphenylacetic Acid
A, conversion by PmKR1 cell:
For the conversion of foluene substrate to p-

hydroxyphenylacetic acid, toluene is mixed with a PmKRl mutant

containing defective p-hydroxybenialdehyde dehydrogenase as

described in Example 4 and incubated for a period _su.fficient:_' to
effect the conversion of tolueme to p-hydroxybenzyl alcohol. In the
second step, the cell mixture containing the p-hydroxybenzyl alcohol

intermediate is reacted with nickel ‘(Ni) and carbon monoxide (CO) in

such concentrations and at such temperatures sufficfent to convert

the p-hydroxybenzyl Slc-ohol to p-hydroxyphenylacet:ic acid, according
€o the methods of U.S. Patents 4,482,497 4,659, 518; 4,631,348,

which are hereby incorporated by referemce. The conversion scheme

15 illustrated as follows:

CHy  CHy

toluene

monoozygeng)se O p~cresol hyd;oxyluse

OH
- toluene p=cresol

CH,OH ' CHaCOH

>

H : H

p—Hydroxybenzyl ) p—Hydroxyphenylacetic acid
aleohol : '

pla

Ced

\
- //”/////////////l///////
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B. Conversion by Microorganism Host calla Contnining
Racombinant Plasmids encoding rnxnl Toluene
Monooxygenase Genea
The same conversion according to Part A may be accompl.i.shad by
5 using m#crodrganism host cells hnrboring_recombinant plasmid(s)
carrying the p-ciesol hydroxylase gene and fhe TMO genes, Ihé P-
cresol hydroxylase genes mdy b; isolated by cloning of restriction
fragments from PmKR1l or plasmid pNDS0 (Hewetson et al., Genet. Res.
Camb. 32: 249-255, 1978) which allow p-cresol hydroxylase defective
10 mutants of PukRl (Example 4) to use p-cresol as a carbon and energy
source. Alternatively. it may be isolated by using the saquauce of
TMO genes asg a probe to clone overlapping restriction fragments that
contain the gene. The possibility exists that the ~L0.2 kb $acl
fragment containing the TMO gene cluatér (Example - 10) cbntains the
15 p-cresol hydfoxylasé genes. For use 1n the bioconversion deacribed
in Part A, the p-cresol hydroxylase genes may be ‘cloned and
exéressed in plasmxd pMY402, pRMY287, pKMY336 or pKHY342 (Examples
10, 16, and 19) each of which contains a functional 'I‘MO gene
cluster, Alternatively, the p-cresol hydroxylase genes may be
20 cloned and expressed in another plasmid which can be introduced into
| straing which contain plasmid pMY402, pKMY287, pRMY336 or pKMY342.
For the conversion as illustrated in Part A, toluene is mixed
with induced cells contgining the p-eresol hydroxylase g;nes and.thé
IMO genes. The mixture i{s incubated for a period sufficient to
25  effect the conversion of toluene to p-hydroxybenzyl alcohol, and
then is reacted with Ni and co accofding to Part A to effact the

conversion to p-hydroxyphenylacetic acid.

This Sheet Has Been Replaced
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EXAMPLE 14
Conversion of Hethylphenylacatiﬁ Acid to
' p-Hydroxyphenylacetic Acid
A. Conversion ﬁy PmER1 Cells |
5 For the conversion of methylphenylacetic acid substrate to P-
hydrexyphenylacetic acid, methylphenylacetic acid 1s mixed wicﬁ
PmKR1l grown as described in Example 12 and Incuhai:egl for a period
sufficient to effect the conversion of methylﬁhenylacetic acid to p-
hydroxymethylphenylacetic acid. In the second stei). the cell .
10 mixture conta:lniﬁg the p-hydroxyphenylacetic acid intermediate is
subjected to acid hydrolysis at acid concentrations and tex.n{:era.tures

. sufficient to convert the p-hydroxymethylphenjrlacetié acid to p-

hydroxyphenylacetic acid. The conversion scheme $s illustrated as

follows:

CHaCO,CHy : CH,CO,CHy

toluene \ ,
. _ monooxygeno.;e acid hydrolygs

H
phenylacetic acid : p~hydroxyphanylacetic acid
methyl ester methyl aster

CHaCO,H

p~hydroxyphenylacetic ocid

. m
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B. Conversion by Hic:oozganisn Host Galls Containing

Recombinant Plasmids encoding PmKR1 Toluena

Monooxyganase Genesg :

The same conversion according to Part A may be accomplished by

5  using microorganism'hogt cells containing the recombinant plasmids
of Examples 10, 16, and 19 that carry a functional THO.gene §1uster
isolated from PmKRl. = A preferred method is to use EcY5072
- (HB101/pMY402) cells. Another preferred method is Co use EcY5082
(FMS/pKMY287) or EcY¥5236 (FMS/pKHY336) cells. A particularly

_10 preferred method is to use Pp¥2511 (PpY?SOO/pKMY342) cells.

For the conversion as illustrated In Part A,
mechylphenylacetic acid is mixed with: EcY5072 (HB101/pMY402) cells
grown and induced with IPTG, EcYS082 (FMS/pKMY287) or Ec¥5236
(FMS5/pKMY336) cells grown ;nd induced with heat, or, PpY2511

15 (PpY2500/pKMY342) cells grown and induced with sodium saliéylace, as
describéd'in Example 12. The mixture is incubated for a period
sufficient to effect the bioconversion of p-hydroxymethylacetic acid
and then .the mixture is subjected to acid hydrolysis at acid

¢oncentrations and temperatures sufficient to yield »p-

20 hydroxyphenylacetic #cid.

This Sheet Has Been Rep laced
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Conversion of Indole to Indig. b

A, Conversion by PmKR1 Cells
| For the conversion of indole substrate to 1n41g§. Soipg/ml
‘25 indole was mixed with PmKR1 cells grown as_deacribed.in Example 12
'and incubated for a period sufficient to effect tﬁe conversion of

indole to indigo, gemerally 48 hours. The Indigo may be isolated
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from the cell mixture by the procedure deseribed by an].ey in
Example 5 of U. s Patam: No. 4,520,103,
B. Conversion by Microorgsniam Host Cells Containing
: Recombinant Plasmids encoding PaRR1 Toluene

Monooxygenase Genas

The same. convarsion according to Part A may be accomplished by
using microorganism host cells containing the recombinant plasmids
of Exa.mple_s. 10 and 16 that carry a functional TMO gene cluster
isolated from PmKR1. A preferred host strain is oné that produces
indole endogenously in the presence of an {nexpensive carbon source,
such as 'glucose An example' of such a host is E. co -or a
particular strain | of E. coli with an enhanced rate of indole
synthesis. A preferred method is to uge EcY_5082 (FMS5/pKMY287) or
BcY5236 (FMS/pKMY336) cells.

Fox the conversion as illustrated in Part A, EeYS5082
(FMS/p!(MY287) or EcY5236 (FM5/pKMY336) cells were grown in L- broth
and induced with heat as described in Example 12. The mixture is

incubated for a period sufficient to effect the bioconversion of

~ indole Eo indigo., The indigo may be isolated from the cell mixture

according to the procedure of Part A.

EXAMPLE 16

Mapping and Nucleotlde Sequence Anslysis of tmoABCDEF Gene Gluster

A Mapping

The region of the ~10.2 kb SacIl fragment (see Example 10)
encoding TMO proteins was determined by deletion mapping. Deletion
mapping was accbmpanigd by DNA sequencing to reveal restriction

sites. Various regions of the Sacl 'fragment: (Figures 3 and 4) were
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_cloned_. individually into the E. g¢oli expression vector pPCFM1146
{Example _7) which can express foreign genes from a heat-induéible
phage P, promoter. Each of the tecombinan: plésnids was introduced
intoe the E. goli strain FMS, which containg the integrated phage
lambda repressor. gene Clys (Sussman and Jacob, Com

Sel. 234: 1517-1519 (1962)), as described by Burnette et al.,
(supra). The résulcing strains were assayed for TMO activity by the
alternative 'assajv described :l_n E:éample 11 under induced and
unj.ndﬁced conditions,

The following plasmids were-conatruc_ted for mapping: pMY421,

- PMY437, pRMY336, pMY448, pMY429, and pKMY340. Cloning of an -2.6 kb

HindIII fragmem: of plasmid pMY401 (Example 10) containing” the
tmoABCD genes (Figure 3) into pUCl9 (Yanisch-Pexron et.al. , {8y supya))
produced plasmid pMY419, Subst_it:ution of the Xbal-Asp718 fragment
ot; pKMY287 (previously designated pKY287 in Example 10 ) with a
corresponding Xbal-Asp718 fragment of pMY41.9 containing ﬁhe EmoAB
genes generated plasmid pHYh21_ (Figux_'e 4).

Seversl intermediate plasulds were involved in the
construction of pMY437 (Figure 4). Deletion of an ~-0.9 kb Sspl
fragment downstream from the tmoABCDE genes in plasmid pMY40L
(Example 10) produced plasmid pMY424, Insertion of a &91 linker
into the Sspl site of pMY4264 generated plasmid pMYdSS. sﬁbstitution
of an Asp718-Xhol fragment of pMY421 éontaining the tmoDE genes with
the corresponding Asp718-Xhol fragment of pMY436 generated plasmid
pMY437. | |

Construccion of plasmid pMYMS (Figure 4) 1nvolved using the

plasmids pMY476 and’ pKHY336 Insertion of the -0.8 kb HindIII
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fragmant: within the tmof gene (Figure 4) into the Smal site of pUC19

produced pMY476. Substitution of the Asp718-BagHI fx;agmem: of
PMY42)l containing tﬁe | tmoDE genes with the .longer mﬁ.a-mm
fragment of pKMY282 (previ_ously designated pKY282 in Example 10:.
Figures 3 and 4) _qom:ain:lﬁg _the' tmoDEF genes preduced plasmid
pkHY336. Substitution of the ml-mui fragment of pKMY336

containing part of the tmoE gene with the ~0.76 kb EspI-BamHI

fragment of pMY476 produced plasmid pMY448 (Figure 4). Deletion of

an ~1.2 kb Neol fragment from the 5’ end of the fmoA gene in pKHY28f
produced plasmid pMY429 (Figure 4).

Cénstruction of plasmid pKMY340 involved uaing the plasﬁid
PKMY277 (previously designated pKY277 in Example 10) and pMYZ21
(described above). Deletion of an ~2.3 kb BagHI fragment from ﬁhe
region &ownscream from the 't:moABCDE_I" ' gene cluster in pKMY277.

genarated a plasmid designated pKMY280 (previously designated pKY280

‘in Example 10). Replacement of the ~2 kb Asp718.BamHl fragment of

PMY421 containing the tmoDE genes with the ~4.8 kb Au718-§gmHI
fragment of pKMY280 containing the tmoDEF genes produced pRMY340,
‘Inducible TMO actiﬁitj (as.measu::_ed by the alternative assay
described in Example 11) wals observed from a strain carrying any of
the recombinant plasmids pKMY287 (Example 10), pMY437, pMva2l,
pPKMY336 or pKMY340, but not from the strain carrying pMY429 ay
pMY44L8 (I-‘igure 4, Table III). This result further demonstrated |

transcript:ional direct:ion of the TMO genes and defined more -

_precisely the minimal DNA region required for TMO activi:y. The TMO
‘gemes are transcribed from left to right based on the map shown in

Flgure 4. Plasmids pKMY287, pMY437 and pMY421 gave similar levels
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of TMO activity (Table III). Plasmids pKﬁ!SSG_and pKMY340, each
carrying the tmoF gene, along with the tmoABCDE genes gsva enhanced
1ev§ls of TMO activity (Table 111). Among the recombinant plaseids
yielding in&ucibie T™MO activicy, pMY437 carries the smallest ilnsert.

5 (Figure 4). This insert is am ~3.6 kb fragment defined by the
- recognition sites of HindIIY and Sgol (Figure 4). The essential TMO
genes are therefore located between these two sites on the ~10.2 kb

sacl fragment. | '

_ There is a perfec: cqrrelation between the presance of TMO

10 activiﬁy and the indigo-producing capability among these st:ai?s
‘tested. Indigo was produced only in strains having ™0 activicy but

aot in strains lacking TMO activity (Tables I and III). The indigo-
plus strains all contain the 1nﬁact tmoABCDE gene cluster and e;ch

of the 1ndxgo minus strains misses an essential TMO component gene.

15 Indigo production can therefore serve as a good indicator for the

presenée of the TMO gene cluster when these genes are investigated.

\
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IABLE 111 _
TMO Activities and Indigo-Forming .Pr0perl:les
of Recombinant E. ¢ol{ Plasmids Carrying
Different PmKR1 DNA Fragments.

' Specific Activity of TMO® Indigo
Plasmid* (nmole min™? mg™!) Formation®
‘pCFM1146, Induced 0.1 -
pMY429, Uninduced 0.1 -
pMY429, Induced 0.1 -
pMY448, Uninduced 0.1 -
pMY448, Induced 0.1 -
pKMY287, Uninduced 2.0
PKMY287, Induced 7.0 +
pMY437, Uninduced 0.5 +
pMY437, Induced 7.3 +
piMY421, Uninduced 0.9 +
pMY421, Induced 10.0 +
pKMY336, Uninduced 0.6 +
pKMY336, Induced 19.0. +
pKMY340, Uninduced 0.7 +
pKMY340, Induced 20.0 +

sgach plasmid 1isted except pCFM1146 is the E. coli expression vector

pCFM1146 carrying

plasmids are defined in Figure 4.

TMO genes.

The different inserts in these

bTMO specific activities in toluene-induced and uninduced PuKR1 cells

are 30 and 0.5 nmole of non-volatile material formati

per minute per mg of protein, respaectively.

- ¢4, indigo formation; -, absence of indigo formation

n £rom toluene

-
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B. . Sequencing

Initially, the MI -Xhol DNA region extending' from coordinaté
0.4 to 5.1 on t:hé map shown in Figure 4 was sequenced in its
entirety in both orientatious. The nucleotide sequencé of this Xhol
fragment carrying the TMO genes- was determined by the dideoxy method
of Sanger et al., M,_Aﬂd.__m‘. 14 5453 67 (1977) on
double-stranded DNA using the Sequenase™ DNA sequencing kit obtained
from United States Biochemical' Corporation, CI.evaland Ohio 44122.
DNA samples were denatured in 0.2 M NaOH fot' 10 minut:es and
neutrahzed with 0.2 M amonium acetate (pH 4.5) before use 1n !:he

sequencing reactions. The -4.7 kb &1_9,1 : fragment: and various

deletion deriva:ives wvere cloned into pUC"Q or pUC18 (Yanisch-
Perron et al., (__g;a)) for DNA sequencing Both caommercially
available and synthqti.c- primers were used for sequencing feaétions.
The nucleotide sequence corresponding to the _!Li,ndIII-s_nI reg!.on.
required to give TMO ac.tiviﬁj is presented in Figure 5. Five open
reading frames were identified in this region.

Each of the five open reading .frame; was confirmed by
determining the N-ﬁe’minal amino acid sequence of the corr_espoﬁding
gene product produced .i.n' E. coll from plasmid pMY421 (see .'rable VI
in Example 18 below) and by cloning esch of the regions containing
an open reading 'fr':,ame and demohstrating cofresﬁonding activiﬁy {see
Example 17 belo-w) . The genes defined by these five open reading
frames were désignated tmoA, tmoB, tmoC, tmoD and tmoE in the order
of .t:ransc._ript:ion (Figure 4). Part of a sixth open reading 'fraﬁe was
also detected nearl the 3" end of the Xhol fragment. This led to

further sequence anslysis of the region downstream of the tmoABCDE



02/21/98  18:38 B80S 447 1090 AMGEN LAW - 0517078
This Sheet Has Been Rep.

A Illl

gene cluster. The sequence of the entire sixth open reading frame

47-

i{s also shown in Figure 5. This sixth open reedlng frame was_
designaced tmoF, continuing in the order of transcription. This
open reading frame was confirmed by determining the N-terminal amino
5 acid sequence of l:he correspondlng' gene product in E, coli from
plasmid pMYMc-O (see Table VI in Example 18 below). Plasmid pM‘IMO
encodes the sixth open reading frame and expresses a functi.onal TmoF
protein in the E. goli FMS hoet cells. It was const:ructed by
deleting the ~3.4 kb HindIII fragment from the 5° end of the
10  tmoABCDEF gene cluster in pKMY336. -
The TMO genes are organized as a very closely spaced clusater.
In addition to the Shine-Delgarmo. (5-D) sequence (&m 254:- 34-
38 (1975)) preceding each gene, only very short non-coding regions
separate the genes (Eigure 5). Downstream from the cmaABCDE gene
15 .cluster. there is a GC-rich region of dyad symmecry followed by a
| series of .thymidine_ residues (Figure 5), a structure characteristic
of al rho-indepenclent transeription terminator (Platt, Ann, Rev,
Biochem, 55: 339-372 (1986)). However, fuxtherfdownscream. is a
sixth open reading frame encodi.ng TmoF. The fact that the plasmi-ds a
20  pKMY336 and. pRMY340 gave higher TMO activity than did the other
plasmids as shown above in Table III (Part A ‘of this Example)
{ndicates transcriptional read-through at the t:emi.ution region
described above.
The base composition of the tmoABCDEF cluster .I.s.unusua'l for
25 P. mendocina genes. The G+C content of the DNA fragxhent_ presented
in Figure 5 is 48.8%. This low value {s significantly different

from the feported G+C __eontent. of 62.8-64.3% for the P. mendocipa
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genome (Palleroni, et al., ._I_,_ng_._mr_'g_bigl._ 60: 215-231 (1970)).

Consistent with the low G4+C content, there is no codon us#ge :

preference for guanine aﬁd cytosine at the third position of each
codon in the TMO genes (T#ble IV). The PmKR1 stain, initially typed
as described in Whited (§gn£g),.has been retyped and ﬁhe'identity of
this strain has been confirmed. A simple explanation of the low G+C

content of the TMO genes is that these genes originated from another

bacterial species, that were later transferred into R. men dg_c,-ina on.

a plasmid. ' Consistent with such a hypothesis is the observation

that the toluene utilizing property can be transferred from PmKRl to

P. putida KT2440. This observation suggested the presence of the

toluene plasmid pAUTL (Table I of Example 11) in PmKRl. -

\
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TABLE IV

' Codon Usage of the tmoABCDEF Genes.

Amino
5 Aecid Codon A B C D E F Total

Gly GGG 4 0 1 ] -1 9 15

Gly GGA S 0 3 3 1 5 17

Gly GGU 14 1 3 2 S 6 31

10 Gly GGC 10 1 4 1 1 3 20

Glu GAG 15 5 5 2 14 12 53

Glu GAaA 24 3 7 10 12 17 73

"~ Asp - GAU 19 5 5 5 13 8 S5

Asp GAC 15 1 3 2 6 4 31

1S Val GUG 4 4 1 2 3 10 24

~ Vval GUA 5 3 4 1 3 6 22

Val GUU 9 6 0 2 1 3 21 -

Val Guc 4 1 3 0 5 -5 18

' Ala . GCG 7 2 1 1 3 9 23

20 Ala GcA 18 2 1 3 5 7 36

Ala GCU 7 2 1 5 10 6 31

Ala (2] o] 12 1 2 1 5 5 26

. Arg AGG 1 0 0 1 2 1 5

Arg AGA 1 1 0 0 1 1 4

25 Ser AGU 4 0 2 0 10 3 19

Ser AGC 8 1 3 1 7 1 21

 Lys AAG 14 1 2 0 8 7 32

Lys AAA . 11 2 3 3 7 11 37

Asn AAU 8 2 2 3 7 9 31

30 Asn AAC 9 1 2 3 6 7 28

Met AUG 21 4 3 3 12 8 51

Ile . AUA 3 1 0 1 1 -1 7

Ile AUU 7 0 4 3 7 11 32

Ile AUC 14 1 4 6 2 4 . 1

35 Thr ACG 4 0 1 -0 3 -3 11

Thr ACA 4 0 3 3 3 C 2 15

Thr - ACU -3 2 1 1 4 5 16

Thx ACC 11 1 2 2 -5 3 24

Trp UGG 22 0 2 0 13 2 39

40 End " UGA 1 -0 0 0 1 0 2

Cys R ie) 1 .. 3 0 1. 2 8

Cys UGeC 3 0o . 2. 0 3 5 13
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Amino )
Acid Codon A B c D E F Total
5 :
End - UAG 0 1 0 0 0 o 1
End UAA 0 0 1 1 ] 1 3
Tyr UAU 14 0 1 1 6 6 28
~ : Tyz UAC 8 1 3 1 8 4 25
10 Leu we 10 1 0 4 10 4 29
Leu VA - 2 1 3 1 1 4. 12
Phe - 04 1)] 12 3 1 2 4 11 33
Phe vue 12 2 2 2 4 6 28
Ser UGG 4 1 0 0 4 6 15
15 Ser uca 3 1 0 0 A 6 14
Sex ucu 4 0 1l 0 2 2 9
Ser vce 4 1 2 1 3 5 16
Arg  CGG 2 2 o 1 1 1 7
Arg CGA 0 1 0 1 3 2 7
20 Arg cGU 15 3 0 1 6 7 32
Arg CGC 7 o 1 3 6 1 18
Gln CAG 14 1 2 5 11 5 38
Gln CAA 7 1 0 1 7 4 20
His . cCaU 9 2 3 1 3 4 22
25 His CAG 6 1 2 0 10 1 20
Leu cUG 9 1 1 2 15 11 39
Leu CUA 3 1 1 1 3 6 15
Leu cuu 7 1 1 0 8 5 22
Leu CuC 4 0 1 1 1 6 13
30 Pro cCce 9 0 1 3 5 7 25
Pra CCA . 5 3 1 1 5 4 19
Pro CCcu 5 1 1 0 2 5 14
Pro cce 4 0 1 0 5 2 12

R
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EXAMPLE 17

Identification of tmoABCDE as Essential ’fHO Genes
A. Plasmid pKMY341 ai:d Singla-gene Mutant Detivativés

To determine if each of the designated tmoABGDE genei as
described in Example 16 encodes' a TMO protein componént necessary
for TMO activity, a single mutation was Introduced into each of the

genes and its effect on . TMO. activity was determined. A plasmid,

pKMY341, was initlally comstructed by cloning the tmoABCDE genes

into the E. goli plasmid T7-5, followed by introducing a DNA
sequence change into the individusl genes. The pT7-5 plasmid is a
ColEI-based plasmid containing the fg-lactamase gene and a multiple

cloning site downstream frdm a T7 RNA polymerase-specific promoter

obtained from S. Tabor (see, e.g., Tabor and Richardson, Proc. Natl.

Acad. Sci, 82: 1074-1078 (1985)).

'rhé -plésmic_l pKMY341 carrying the tmoABCDE genes was
constructed by cloning the ~4.7 kb XbaX-BanHl fragment of 1;101‘1336
(Example 16) into the Xbal and BagHI sites of pT7-5. The pla;mids
pMY459, pMY458, pMY4B2Z, pMY4B4, and pMY472 lt':a.rry mutations in the

tmoA, tmoB, tmoC, tmoD, tmoE genes, respectively. Cleavage of the

.'ﬂg_gI site in the tmoA gene (Figure &) of pKMY34l followed by end-

£illing and ligation generated plasmid pM¥459. The same treatment

at the Ngol site in the tmoB gene, at the A3p718 site in the fmoC
gene, and at t:he. Clal site in t:hé tmoD gene, generated the mutations
in plasmids pMY458, pMY482, and pMY484, respectively (Figﬁre 4).
Cleavage of the BanII site in the tmoE geme (Figure 4) followed by

removing the overharigs and ligation generated the mutation in

plasmid pMY472. '
This Sheet Has Been Replaced
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Enzyme ass_a.ys-revealed that each of the mutations completely
eliminated TﬁO activity in E. goli cells as showm in Table V.
Complementation Between Individually Cloned tmo

Genes and the tmoABCDE Gene Cluster Carrying
Corresponding Mutations. '

BRacterial ' Specific Activity of

Strain (EcY#)* Plasmid® tmo Genes TMO (rmole min™® mg™?)
5246 pKMY341 ABCDE 107
- 5283 pMY459 A"BCDE 0.06
5282 pHY458 AB"CDE 0.04
5286 pMY482 ABG™DE 0.08
5287 pMY484. ABCD'E 0.05
5285 pMY472 ABCDE" 0.10
5258 pMY438 A 0.09
5265 pMY447 B 0.03
5288 pMY4T4 c 0.04
5289 | pMY479 D 0.02
. 5224 pKMY327 E 0.04
5291 pMY438, A, ABCDE 2.0

pMY459
5290 o pMYs4?, B, ABCDE 3.9
pMY458 _
5297 PMY4T4, C, ABC'DR 7.4
. pMYa82 . :
5298  pMY479, D, ABCD'E 2.0
| pMY484
5292 | pKMY327,  E, ABGDET  10.3
pMY4T2 |

ABach of the strains was constructed by introducing an appropriate
plasmid or plasmids into the E. goli strain HB1Ol. All cultures
wvere grown in the presence of 0.35 mM sodium salieylate which
induced the TMO genes cloned into pKMY319. o

I’cmxs(::I:m.:.t:i.on_c»f all plasmids 1s described Examples 16 and 17.
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B. | COmplemantacioh Tests Between Huean£ Dexivativer of Plasmid
. pKMY341 and Plasmids Carrying a Single TMO Gene '

'To determine whether lack of TMO activity was due to lack of

5 expression of the TMD geﬁes i.nl the presence of a polar mutation
which itself .is not located in a TMO gene, complementation tests

~—r becﬁeen piasmids pMY459, pMYAS58, pMY4B2, pMY484 and pMY4T72
(constructed as .c_le.sctibed in part A above) and pl#sm:lds carrying
-only one of the CmoABCDE genes were conducted. Plésmlds pMY438,

10 | pMY&447, pMY4T4, pMY4T79, and pKMY327 were constructed to conﬁain the
tmoA, B, €, D, and E genes. respectively, i.n.l:he broad host raﬁge_'
expression va.‘ctof pl(MY3]_.9. Plasmid pKMY319 i{s described and claimed

in do-pendihg and co-assigned U.S. Patent Application Sefi#l No,
07/590,280; filed on Sept:eml:.uer' 28, 1990, hereby incorporat:ed by

15 reference in its entirety. Plasmid pKMYBlg is a plasmid vector in
w}ﬁch express_idn of f.orei.gn genes can be regulated by t:hg NahR

protein and an in&ucer. such as sodium salicylate,

Pla'smids pMY438, pMY447, pMYls'M,' pHYA?é. and pMY327 are

derivatives of pKMY319 that carry tmoA, tmoB, tmoC, tmoD, and tmoFE,

Zﬂ respectively, and were constructed as follows For the const:ructi.on
of plasmid pMY438, pMY430 was initially constructed by cioning an
"=1.6 kb Dral fragment containing the tmoA. gene (Figure 4) into the

— : smal site of pUC19 in an orientation that placed the Xbal site of
pUCl9 at the 5’ end of the tmoA gene. Plasmid pMY438 was

25 cpnstmcéed by cloning the ~1.6 kb Xbal-Sgel fragment of pMY430
carrying the tmoA gene into the Xbal and SacI sites of pKMY319. |
Plasmids pKM‘_!_33i and pMY446 were used in the construction of

" pMY447. The plasmid pKMY332 was obtained by deleting an ~2 kb Hpal-
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(Figura 4). Cloning of an ~0.7 kb XbaI-Asp718 fragment of pKMY332
containing the tmoB gene into the XAbal and Asp718 sites of  the
pKMY319 preduced-plaemid pMY446. Further deiet:ion of an 0.2 kb

5 Xbal -y_g.g.l. fragment upstream frem the tmoB gene in pMY446 (?i.gure 4)
generat:ed plasmid pﬁ‘_!h“_. "

COnstrueti.on of plasmid pMY474 involved 'consttuccihg
intermediate plaemids pMY4l4, pMY426, pMY452, and pMY466. Cloning
of an ~0.4 kb Asp718-Clal fragliem: of pKMY282 coni:eining the 3* end

10 port:l.on of the tmoC gene (Figure 4) into the Agn?ls and Aecl sites
of pUC19. produced Lnt:_emediat:e plasmid pMY414. Deletion of an ~0.1
kb m_l‘_ll-gpl_x,i fragmeric downastream from the tmoC gane {Figure~4)
generate'd 1nterme.dia|:e' plasmid pMY426. Ligation of a Sagl linker
to an end-filled MdIII site in pMY426 and insertion of the Asp718-

15 i:_n_c_-:I fragmem: of pMY42_6 'int:e pRMY319 generated intermediate plasmid

pMY452. Cloning of, an ~1.9 kb Clal-Asp718 fragment of pKMY34l
containing the tmoAB genas and the 5' enﬁ of the tmoC gena (Figure

4) into ‘the Clal and Asp718 sites of pMY452 produced intermediate

plasmid pMY466. -D'elet:io_z.\ of a 1.8 k$ ClaI fragment upstream from

20 the tmoC gene in pMY466 generated plasmid pMY474.

Intefﬁedi.ate plasmids pMY404, pMY470, and pMY478 vere
generated and used in the construction of plasmid pMY479. (ﬂoning
of the —4.7 kb BamHI-Sphl fragment of pMY40l carrying the tmoABCDE
genes into the plasmid pUC18 (Yanisch;Perro'n et al., (supxs) ).

25 produced intermediate plasmid pH‘IAO& (see Example 10) Deletion of
the ~3 kb B __gHI fragment of pMY404 carrying the r:moABc genes (Figure

4) generated intermediate plasmid pMY470. An -0.4 kb HindIII



02/21/96

_18:40

10

15

20

25

T805 447 1090 AMGEN LAW R @o59/078

-55-

fra'gmenf of pMY470 carrying t:he. tmoD gene (f‘igure 4) was end-filled
and ligated along with another end-filled 0.8 kb HipdIII fragment of
pMY470 into the Smal site of p!JClQ (Yanisch-Perron et al., (supra))
t:olform 1nteﬁed1ace plasmid pHYéﬂB. In pMY478, a Ehgl site Qas
generated upstream from the £moD gene as a result of ligation of two
endl-f,illed HindIXl sites. Glon;!.ng of the ~0.4 kB Nhel-Sacl fragment
of pMY478 caz_'rying the tmoD gene into the Xbal and mI sites of
pKMY319 generated plasmid pMY479.

Plasmid pl(MY327‘was constructed from the intermediate plasmid
pKMY324., Cloning of the Xhol fragment of pKMY282 carrying the
tmoABCDE genes it.n:o pKMY319 produced 1m:ermediat:e' plasmid pKMY324,
Deletion of an ~3.1 kb Clal fragment of pKMY324 upstream from the
tmoE gene (Figure 4) generated plasmid pKMY327.

Each of these plasmids was introduced by transformation into
a strain which contained a c.o:.:respor'xd,ing member of the plasmids

pMY459, pMY458, pMY482, pMY484, and pMY472 and the TMO activity in

~each of the resulting strains was determined after induction as

shown in Table V above. A plasmid cafrying a mutation in any member

of the tmoABCDE genes was complemented by the plasmid which carries

that particular gene in synthesizing the TMO enzyme (Table V). This

result demonstrated that the mutation in each of the tmo genes, did

not abolish the expression of the downstream tmo genes. Since each

of the mutations prevented the synthesis of a functional TMO system
'(Table V), this indicated :ha.t; each of the tmoABCDE genes plays an

" 'essential role in directing the synthesis of the TMO enzyme system,

cet Has Been Replaced
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EXAMPLE 18 |
~ Purification and Analysis of TMO Proteins

TMO proteins except TmoF were partially purified from PmKR1 or

E. coli FM5 cells carrying the plasmi'd_ pMY421 by DEAE céllulose

5 chromatography according to Whited, (supra), except that TEGD buffer
(50 mM Tris, pH 7.45; 108 glycerol; 10% ethanol; 1 mM
dithiochreitol) instead of PEG buffer was used in the c;:lunm. The
Tmof protein was purified from E. goli FM5 cells carrying the
plasmid pMY440, by i.s_olacing the protein after polyaéryimide gel

10 electrophoresis of the FM5/pMY440 lysate. | .

_ Sodi@ dodecyl . sulfate polyacrylamida gel. electrophor#sis-
(SDS-PAGE) was perforﬁed essentially according to Laemmli, Natire

227: 680-685 (1970). Protein samples were heated at 65°C for 15

minutes in a loading buffer containing 2% SDS, 5% 2-me£captoel:hanol.

15 10% .g]-.ycerol,' 0.02% brémophenol blue, and 62.5 mM Tris-Cl (pH 6.8)

. before they were loaded on the gel,

For determination of N-terminal aminol acid sequences,

. pa_n"t:ially purified TMO proteins were further purified by SDS-PAGE

_ and electroblotted onto polyvinyldifluoride membrane according to
20 Matsudaira, J. Biol. Chem. 262: 10035-38 (1987) with slight
modifications. The protein bands . immobilized on ‘the
polyvinyldifluoride membrane were visualized by Coomassie 'blue
staining and destained with 50% methanol and 7% acetic acid. The
stained bands were excised with a razor blade and sequenced in an

25 Applied Biosystems Model 477 automated protein sequencer as
degeribed by Lu et al., Int, J, Pgnt:igg Protein &gg. 33: 237-49
(1989).

eplaceu
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Conditions to generate tryptic fragments were described by
Klein et al., Axghb_gigghgmﬁ_nignhxgb 215 531- 537 (1990). The
tryptic feptidss were isolated by rgverse-phase HPIC in an
acetonitrile-trifluorocacetic acid 'gradienc elution systém.. -’I'he
1Solated-peptides weté pooled aﬁd 1oadad onto a glass-fiber disc

precycled with polybrene for automatic sequence analysis. Iy situ

~cyanogen bromide cleavage of protein samples and sequence analysis

of the cleaved mixture were also described by Klein et al., (g_t_xm;g) .
- The N-terminal amino acid sequences of the tmoA, B, €, D, E

and F géne products are shown in Tsble VI. These N-terminal amino

 acid sequences for each of the TmoA, B, C, D and E proteins encoded

bf' the HindIXX-Sspl région and by the deII.-_MI .region ft;r— the
TmoF protein (as described in Example 16 and Table IV) agrees
completely with that predicted from the nucleotide sequence of the
correspond:.ng open reading frame (I-‘lgure 5). The estimated
molecular weights of the purified TmoA, B, C, D E and F proceins
are also shown in Table VI, along with their predicted molecular
weights based on the nucleotide sequence of the tmoA, B, C, D, E and
F genes Qhown in Figure 5. The observed and expected protein
molecular weights correlate closely for the tmoA,B.C,D, and E geﬁe
éroducts, but .not for cﬁe 'tch gene product. The nucleotide

sequence of the tmoc'gene has capacity to encode a protein with a

molecular veight of approximately 12,000 as shown in Table VI.

However, on S_DS-PACE, the observed molecular weight of the TmoC
protein was approximately 25,000 (Table V1), almost exactly twice
the size of the expectpd-molecuiar weight. A 25 kilodalton (kDa)

protein was also isoléted from PoKR1 and {dentified to be the same
et Has Been Replaced
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25 k_Da tmoC produc_t jisolated from r;he | recombinant E. gcoli by
comparing the N-teriminal amino acj.d sequences. Further
chgracter:!..za_.t:li_.on of the .25 kDa protein demoﬁs:rat:ed_ tﬁat: it is
encoded sole;ly by the tmoC gene. This protein was isolated from'g.
5 eoli and furﬁher purified from SDS 'po]..yacrylanide gels. Fragments
of the protein were obtainad :Lxl -sépaxata experiments after trypsin
digestion or cyanogen bromide treatment. N-terminal amino acid
sequence analysis demonst:ra'ted that all of the fragments were
cleavage products of the TmoC protein. - This r_esuit suggested that
10 | the 25 kDa protein was a dimexr of the tmoC product not fully reduced

under the conditionms used for the SDS-PAGE.

. JABLE VI

. N-terminal Sequence and Molecular Weights
" of the tmoABCDEF Gene Products Produced
15 from Recombinant E. goli FM5 Host Cells
: . _Carrying Plasmid pMY421® or pMY440°

odu acu
_ . Predicted = Estimated
20 Region of = From From . N-terminal Sequence
Nucleotide Nucleotide Purified Determined From
Gene Sequence Sequence Protein Purified Protein®
: tmoA* 37-1536 57,982 55,000 AMHPRKXDWYELTR
25 etmoB* 1558-1809 9,588 9,500 SAFPVHAAFEXDFLVQLVV
_ VDLNDSMDQVA '
tmoC* 1818-2153 12,326 25,000 SFEKIXSLDDIWVGEMETFETS
tmoD* 2217-2525 11,618 . 11,500 STLADQALHNNNVGPIIR
o : IIRAGD
30 tmoE* 2539-3519 38,386 35,000 - SFESKXPMRTWSXL

tmoF® 3548-4575 35,983 38,000 MFNIQSDDLLHHFE

¢The letter X indicatés undetermined smine acid.
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The definitive funcﬁions of _each of the TMO genes is mot
known. However, there -is evidence at least to suggest a role for
the tmoC éene. Compa;:i_son of the amino acid sequences deduced from
the TMO gones with chose of known prot:oins reveal homology between
the tmoC pfoducc and several othexr ferredoxin proteins functioning
in dioxygenase oystems_. Among the 1l4 amino acid :ésiduéo in the
TmoC protein, 36 residues (31.6%) are identical to those of the
benzene dioxygenase ferredoxin protein at corresponding positions
and 14 residues (12.3%) are represent:ed by evolutionarily related
amino acids in the benzene dioxygenase ferredoxin at corresponding
positions (Figure 6). S:Lmil_.ar homology exists between the TmoC
frotein and the naphthalene dioxygenase fgrre&oxio pr'otoin (Figure
6). The ferred_oiin component of the toluene dioxygenase system from
PpFl differs from the benzene ferredoxin prot:e_in by only six amino
aoid residues (Zylstra and Gibson, J, 519'1. Chem, ZL 14940-46
(1989)). It therefore. shares similar homology with the TmoC
protein. The region of maxipum homology between tha TmoC protein
and the other lferredo:.dng is located between posit:ions 53 and 77
(Figure 6). Among the 23 amino aoi.d residues in t:'h'.is reglon, the .
TmoC protein shares 10 (43%) with the benzene dioxygomae ferr':edoxin-
and 9 (39%) with the naphthalene dioxygenase ferredoxin (Figure 6).
In gddicion.. the two dioxygenase ferredoxins share 13 (56.5%) am:.r,oo
acids in this region (Figure 6). It is interesting to note '-t:l_aot
this region contains two conserved cysteine residues (at oosltions
33 and 74, fespectively) each of which is followed by a conserved
histidine in the \-ric.._inicy. Benzene d:loxygemso'.ferredoxin (Geary et

al., (supra)) and -t;olixene dioxygenaso farredoxin (Subramanian et

Sheet Has Been Replaced
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al., J1, 81.9'1,' ghg'm, 260: 2355-63 (1985))., éach contains a single
[2Fe-2S] clustex with. a fadox pot:ent!.ai significantly higher than
(2Fe-25] clusters _coordina;t:ed to four cysteine residues. It has

been suggested by GCline et al., J, Biol. Chem, 260: 3251-54 (1985),

_that in addition to 'i:ysteines. histidine residues may provide

nitrogen ligands to the [2Fe-2S] cluster which may contribute to the

higher redox potential ‘of the cluster. It is likely that this

region of maximim homology between the t:ﬁo dioxygenase ferredoiins
is involved in the Sinding of .t:hé {2Fe-2$] ¢luster. The fact that:_
the TmoC protein shares overall homology with these two ferredoxins
and does so especially in this region suggests ﬁa: it is a

ferredoxin of the toluene monooxygenase system.

EXAMPLE 19
Daegradative Bioconvaersion of TCE by Microorganism
Host Cells Containing Recombinant Plasmids Carry:lng
PmKRI Toluene Honooxygamu Genes

TCE degradation catalyzed by the toluene monooxygen_é,se of
PmKR]1 has been demonstrated by Winter et al., Bio/Technology 1: 282-
285 (1989) and claimed in co-assigned U.S. Patent Application Serial
No. 177,640 incorporated by reference. Plasmid pKMY342 is plasmid

§m319- carrying two copies of the tmoABCDEF 'gene clustar and is

~described in co-pending and co-assigned U.S. Patent Application

Serial No. 07/590,280, f£iled on September 28, 1990. It gives higher
TMO activity that the recombinant plasmids previously described for

TCE degradation and can xeplicate in all Gram-negative bacteria

‘tested 'c.o date, It is therefore a particularly preferred and

improved b‘l*afs'mi..q-..;_ for use in TCE degradation. Other fecombinant

ect Has Been Replaced
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plasmids such as pKMY336 and pKMY340 (Example 16) that give higher
TMO activity than the plasmidai:. descriﬁed in U.S.S.N. 177.64_0 are
al_so useful for TCE degi‘adation.
In a particulérly preferred embodiment, Pseudomonas putida
5 Y2SIi cells harboring recombi:na_nt: plasmi& i:KHY362 are grown to mid-
log phase in L-broth with 0.35 mM sodium salicylate as inducer,
The celis are washed in L-broth fot the degradative b:locorﬁrersibn of
TCE, as follows. Cells are resuspended to an .OD,,O of -0.5 in L.
broth, and 4 ml of the cell suspension is added to serum vials. TCE
10 _(Ald.i‘igh, (Milwaukee, Wisconsin), specfropixotoinet:ric grade) is
diluted {n N ,N-dimethylfoﬁmidé (DMF) (Aldrich, spectrophotometriec.
grade) to 10 mM or 20 M anci 4 pl added to cell susfension to glve
a 'fi-nal TCE concentration of 10 pl‘! (1.3 ppm) or 20 pH (2.6'ppm).
Vials are stoppered. vortexed, and-lo sl of gas phase érp withdrawn
15 using -a gas-t:'ight: syfinge at various times fof analysis. Gas phase
samples are analyzed on a Hewlett-Packard 5890A gas chromatograph
equipped with & 25 meter 5% phenyl methyl silicone column (Hewlett
Packard, Palo Alto, California) and a %3N{ electfon c.apt-:ure detector,
The 1njector; -oveﬁ. and detector t:emperatures- are 120", 1005; and
- 20 - 3005, respectively. Tﬁe carrier gas is helium and the makeup gas is;
| 95% : argon-5% methane. Peak areas are calculated by a Hewlett-
Packard 3392A 'Im:egrat:or'. Data are reported as the percentage of
TGE remaining at various times after a_ddi.ti.o'n' to the cell
suspension. The amount of TCE present at zero time is taken to be
25 100s. |
' This Sheet Has Been R,
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WHAT IS GLAIMED IS:

1. An isolaﬁed tmaABCDE gene complex,

2. An isolated cmoABcDEF gene complex,

3, A recopbingn: plasmid comprising an isolated tMBCDE
gene complex. o _

4. A racombinant plasmid comprising an isolated tmoABCDEF
gene complei. . | |

"~ 5. A i'e.c'ombinam: plasmid comprising a DNA segment

-cqntainigg a toluene moncoxygenase gene which encodes a Tmo protein;

6. A te.com‘b'inant: plasmid according to Claim 5, wherein
the toluene monooxygenase gene encodes a Tmo A protein.

7. A rec.ombinant plasmid according to Claim 5, wherein
the toluene monooxygenase géne eneoda§ & TmoB protein.

8. A recombinant plasmid accoxding to Claim §, wherein
fﬁe toluene monooxygenase gene encodes a TmoC protein.

9. A recoml;inanﬁ plasm{d according to Claim 5_., wherein

the toluene monooxygenase gene encodes a TmoD proteiri.

-10. A recombinant plasmid according to Claim 5, wherein

‘the toluene monooxygenase gene encodes a TmoR protein,

11. A recombinant plasmid according to Claim 5, wherein
the toluene monooxygenase gene encodes a TmoF protein. |

12. A microorganism host cell ‘transformed with ;hé
recoﬁbinanc plasmid according to Claim 3,

13. A microorganism host cell transformed with the
recombinant plasmid according to Claim &.

14, A microorganism host cell transformed with .the
ﬂ‘~___#~#-~__’_’/___,.

This Sheet Has Beett Replaced
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15 A microorganism host cell transfoxmed with the
recombinant plasmid according te Claim 6.
16. A wmicroorganism host cell transformed with the
recombinant plasmid according to Claim 7. |
17, A 'microorganiam _host cell transformed with the
recombinant plasmid according to Claim 8.
18. A -microofganism host cell transformed with the
recoﬁbinant: plasmid according to Claim 9. |

19. A microorganism host cell transformed with the

recombinant plasmid according.to Claim 10.

20. A higtoorganism host cell transfo_rme& with the
rvecombinant piasmid .according to Claim 11.

21. A DNA sequence encoding substantially the same amino
acid sequences for proteins having substantially the same activitf
as represented in Fig_ure S for tmoABCDEF gene products.

22. A DﬁA sequence for tmoABCDEF genes as ‘feﬁresem:ed in.,
Figure 5. | |

23.  An isolated protein having an amino acid sequence of a
TmoA protein as represented in Figure 5, or having substantially the
sane amino acid sequence and substantially the same act:i\.ri.ty of the
TmoA pro:éin as represented in Figure 5,

24. An isolated protein .having an aﬁino acid sequence of a
TmoB protein as repr'.esent:ed in Figure 5, or having subsatantially the |
same amino acid sequence and substantially the same activity of the
TmoB protein as represented in Figure 5, |

25. An isolated protein having an amino acid sequence of a

TmoC protein as represeﬁted in Figure 5, or having substantially the
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same amino acid sequence and substan_ti;liy the same acﬁivitzy of the
TmoC prof:ein. as represénted in Figure S |

26, An isolated ﬁrétein having an amino acid sequence of a |
TmoD pfotein_ as repz‘esanﬁed :Lh Figure 5, ox hafring #ubstantially the
same amino acid saquencé and substantially the same activity of the
TmoD protein as represénted in Figure 5,

27. _An isolated protein having an amino acid sequence of a
TmoE protein as represented in Figure 5, or having substantially the
same amino acid sequénce #nd subst.an:ially thé same activity of the
TmoE protein as repr.:gsez_tted.in Figure 5. )

28. An igolated protein having an amiho acid sequence of a

TmoF protein a.;: re_présented in Figure 5, or having substantially the

same amino acid sequence and subatantially the same activity of the

TmoF protein as represented in Figure 5.

29. A microbial _eﬁzymatic method for making p-
hydroxyﬁhenylacetié acid from methylphenylacetic acid comprising (a)
reacting methylphenylacetic acid with microorganism host cells
according to Clatm 12, the mici.-oorganisn host ceils having been
treated with aﬁ inducer of toluene monooxygenase genes, and (b)

hydrolyzing with acid for a sufficient time until the

 methylphenylacetic acid 1is substantially converted to p-

hydroxyphenylacetic acid,
30. A microbial enzymatic method for making indigo from

indole comprising using microorganism host cells according to Claim

12, the microorganism host cells having been treated with an inducer

of toluene monooxygenase genas,
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3. An improved meéhod for _the microbial degradation of TCE
. comprising reacting a TCE~§oncaining substance with microorganism.
host cells according to Claim 13, the microorganism host c.ells'

having been treated with an inducer of toluene monooxygenase genes.
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