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This application is a contint·,ation• in-part of U.S. Serial No. . . " 
177, 631 filed April 5, 1988 • which is hereby incorporated by 
reference. 

The present invention is directed co the U$e of recombinant 
DNA techniques to confer upon microorganism host cells the capacity 
for selected btoconversions. Kore specifically, the invention is 
directed to the clbning of toluene monooxygenase genes from a ne~ly 
isolated and characceri~ed Pseudom0n41 straiu, P.geudomonas mendociy 

10 KR-1. The present invention provides genetically enginee~ed 

15 

plasmids that allow prot'.uction of toluene monooxygenase enzymes and . . ,, 
prot:eins in a variety of Gt'am-negative bacteria in che abs.ence bf' a 
toxic inducer, and provides moi'e efficient: means of conduccing 
bioconversions dependent on this enzyme system. 

A bacterial strain identif f.ed as Pseu4omonas ggendociruJ KR-1 
(PmlCR.l) was isolated by R:lchardSon . and Gibson from an algal-mat 
taken fro111 a fresh wate:r lake. \lhited, Ph.D. Dissertation, The 
University of Texas at Austin, Library Reference No. WS86 (1986). 
PmlC1U utilizes toluene as a sole carbon and energy source. Other 

20 bacterial strains have been isolated and de8cribed which metabolize 
or degrade toluene, including raeudomonas putida mt-2 (Pp mt-2) 
(Williams and Murray, J. Bacteriol, .122: 416·423 (1974) and 
Pseudomonas putida PpFl (PpFl) (Gibson, et al. Biocbemisl(Iy .2:1626-
1630 (1970)) .. In addition. a bacterial strain designated G4, 

25 isolated from a waste treatment lagoon, can metabolize toluene 
(Shields et al., App. ·Environ. Kicrobiol. ~: 1624-1629 (1989)). 
However, the genes~ the enzymes and the pathways for toluene 
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metabolism in these various bacterial strains are ·distinct and non­
overlapping. 

The cata.bolic pathway for the degradation of toluene by Pp mt-

2 has been designated TOL. The genes for the TOL paehway are 

5 encoded on f.sofunctional catabolic plaslllids found in certain strains 

of beudomonas. The reference plasmid for the TOL degradat:ive 

pathway is pWWO originally isolated from Pp mt-2. The genetics and 

biocheJ1istry of the TOL pathway are well described. Kunz and 

Chapman, J. Bactariol. 1!!.§.:179-191 (1981); Villi.ans arid Murray, iJ.a. 
10 8acter1ol. J.Z.Q.:416-423 . (1974); YUliams and Yorsey, J. Ba&teriol.... 

125:818_;828 (1976); \lorsey and Villi8Jlls, J. Bacterial. lli:7-13 

(1975); Murray, et al., Eur. J. Biochcm ... .2.8.:301-310 (J.972).--In 

particular, detailed studies o.f the organization and regulation of 

the TOL pathway genes of plasmid pWVO have been performed. 

15 Franklin, et al., Proc. Natl. Ac!d. Sci. USA 1!! 7458~62 (1981)·: 

Spooner et al., J, Gen. Microbiol. ll2: 1347-58 (1986); Spooner. et 

al., J. Baetariol. ill: 3581·86 (1987): Inouye et al,., .,J. Bacteriol. 

1§.2: 3587-92 (1987); Inouye et al., ~ii: 301·306 (1988). A 

brief sunimary of the TOL pathway is as follows: initial attack of 

20 toluene is at the 111ethyl group t11hich underr;oes successive oxidations 

to form benzoic acid. which is further oxidized by fol:Dlation of -a 

.£i.l·carboxylic acid diol, which is oxidized to form catachol, which 

is then degraded by enzymes of a ml.tA cleavage pathway to 

acetaldehyde and pyruvate. 

2S A second catabolic pathway for the degradation of toluene by 

PpFl has been establis~ed and designated TOD. In contrast to the 

TOL pathway, the genes ·for the TOD pathway are located on the 

i"' • 
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bacterial chromosome and are not pl•~mid·encoded. Pinette. et al., 

J. Bact:eri?l· 160:1003-1009 (1984); Fine.tee • .Ph.D. Disset"tation, The 

University of Texas at A~tin, Library Reference.No. F494 (1984). 

The genetics and biochentistry of the TOD pathway has been studied by 

5 F1nette, et al. (.3YRI4): Finette (supn); Gibson, et· aL 

Biochemist~ !:1626-1630 (1970); Kobal, ee al., J, Am· Chem, Soc . 
il:4420-4421 (l973); Ztffer, et al., J. Alp. Chepl. Soc. ,ll:4048-4049 

(1973): Dagley, et al., Nature .2.04:775-778 (1964)i Gibson, et al., 

Bioc~emistzy 1:2653-2662 (1968). A brief summary of the TOD pathway 

10 Is as follows: the initial attack of toluene is by a dioxygena~a 

exu:yme system to form(+) ·£ll-l(S). 2(R.) ·dihydroxy-3-methylcyclohexa-

3, 5-diene(m-toluene dihydrodiol) which :l.s oxidized co- - 3-
methylcatechol which is fU:rthar degraded by enzymes of a !!!!2Q 

cleavage pathway. Zylstra and Gibson, J, Biol. Cbem. 1§!: 14940-
15 46 (1989) and Mccombie, Abstr. Annu. Meet. Am. Soc, Microbiol. K~: 

155 (1984) have reported the cloning ancl sequencing of the tod genes 

which encode the flrst three enzymes in the TOD pathway. 

A chird cacabolic pathway for the degradation of toluene has 

been recently identified in PmICR.l. It has been found that PmlC1U. 

20 cat:abolizes toluene by a no,,el pathway which 1s completely different 

than either of t:he two pathways described above. R.ichardson and 

Gibson·, Abstr. Ai1.nu. Meet. Am. Soc. Microbial. ~:156 (1984). The 

catabolic pathway for the degradation of toluene by PmKR.l has been 
designated TKO, because the first step ln the pathway is catalyzed 

25 by a unique enzyme complex, toluene monooxygenaae. ·The biochemisti:y 

of the ~artially purif:ied enzymes and pr9teins of this pathway has 

.------1-
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been recently studied by Yhited, Ph.D. Dissertation, The University 
of Texas at Austin, Library Reference ~o. W586 (1986). 

More recently, a toluene catabolic pathway, ·apparently 
distinct from the three above-described pathways, has been described 

5 in the trichloroethylene-degrad~ng bacterium G4 by Shields et .al., 
'· 

App. Environ. Microbiol. ,ll: 1624-1629 (1989). 'l1le bactel'ial strain 
designated G4 was isolated from a waete treatment lagoon. St:r:ain G4 
is uncharacterized with respect to genus and species. The toluene 
pathway of G4 appears to involve dihydroxylations of the aromatic 

10 t'ing by two monooxygenations, -first: ortho and then meta. The 

enzymes involved in these reactions have not bean isolated and 
studied, and there:fore remain compl~tely uncharacterized, 

The steps of the TMO pathway as outlined by Yhited (supra.) are 
diagrammed in Figure l. In the initial step toluene is oxidized to 

15 p•cresol, followed by methyl group oxidation to font p-
hydroxybenzoate, followed by hyd~oxylation to protocatechuate and 
subsequent ~ ring cleavage. In the first step of the TM.O 

pathway, toluene 1s converted by toluene monooxygenase to p-cresol. 
Pm.K1tl elaborates a unique multicomponent em:yme system which 

20 catalyzes this fi~st step monooxygenase reaction. The implications 

of the teachings of Whited. (supra), suggest that at least three 
protein components may be invol'ited: component a (possibly NA.DH 
oxidoJ:eductase. molecular weight unkn01Jrl\), component b (possibly an 
o:xygenase, at least 2 subunits) and component c. (red·brown, probably 

25 ferred.oxin, 23,000d.). 

Despite begillning biochemical studies of the enzymes and 
proteins of the:.TMO.:·pathway .(Whited, s:unra) and beginning genetic ·.· .. 
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studies (Yen et al. Abstract:. Univers_ity of Geneva EMBO Yorkshop, 

August 31-September 4, 1986), the art has not been provided -ith 

information regarding the genes encoding t:he enzymes and prot:eins of 

the t:oluene monooxygenase syst:em in Pml<Rl or the usefulness of such 

5 genea and gene products in certain microbtal bioconvarsions. Tb• 

art: has also not been provided with mic~oorganism host. cells 

harboring novel recombinant plasmids containing .PmKR.l toluene · 

monooxygenase genes, in which induction of the toluene monooltygenase 

genes does not involve· use of toxic compounds or· simultaneous 

10 induction of other undesirable genes and in which some of the 

microorganism host cells harboring such recombinant plasmids under 

certain conditions express toluene monooxygenase enzyine activiey- at 

levels that equal, or under certain assay conditiQns, exceed the 

act1vit:y of wildtype Pnl1Ql1. cells. 

· This Sheet Ii 

I IDIJi)iiiiCCd 
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StnQWtt or m IDDTIOI 

The present invention provides novel gene segmencs , 
biologically functional plas111ds and recombinant' 0

• ··plasmids I and 

microorganism host cells, all of which contain the PmlClU. coluene 
mon~o:itygenase genes. ·The present :lnvention further provides a 
microorganism host cell harboring a novel recombinant plasmid 
containing Pm!CR.l toluene manooxygenase genes, in which synthesis of 
only toluene monooxygenase but not other undesirable enzymes can be 
induced specifically with an innocuous and inexpensive inducer and 

10 at levels ·that equal or, under ce:rtain conditions, exceed the 
activity of wildtype PmKR.l cells. In addition, . the present· 
invention provides a method for using transfonaed microorganism bost . 
cells containing the PmIClll toluene monooxygenase genes in microbial 
bioconversions ~ Thus, the prese~t invention provi0es microorganisms 

lS genetically engineered to produce toluene ~onooxygena.se enzymes and 
proteins specifically and under imiocuaus conditions and therefore 
provides a more efficient means of conducting bioconversions with 
this enzyme system. 

the present invention encompasses a biologically functional 
20 plasmid derived from PmKR.l containing toluene qonooxygenase genes. 

This plasmid (designated pAtJTl) can be transferred by conjugation 
to a microorganism host cell lacking the toluene monooxygenase gene 
system and thus unable to convert toluene to p-cresol. ln a 
particularly preferred embodiment: of the present invention, the 

25 microorganis• host cell for the pAUTl plasmid is Pseud9mon1s outid.! 
KT2440. 
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The present invention also encompasses the toluene 
monoo~ygenase genes which have been isolated as various DNA gene 
segments from Pazl(Rl and cloned into a suitable, autonomously· 
replicating plasmid vector, resulting in a series of recombinant 

S plasmids each of which contains a toluene monooxygenase gene 
segment. Each such recombinant plasmid is biologically functional 

10 

and can be used to transform a microorganisa host cell, conferring 
on_ the microorganism host cell the ability to convert toluene top-
cresol. 

The present invention further encompasses a series of such 
transformed microorganism host cells. In a preferred embodiment of 
the present invention, the microorganis~ host cell is .£. ~ HJnn1. 
the recombinant plasm.id i_s pMY402 and t:he inducer is· isopropyl-
thiogalactoside (IPTG). The p.KY402 recombinant plasmid is the 

15 pMM.B66EH plasm.id into which a 4. 7. kb 2Ql2I fragment encoding the 
PmKB.l toluene monooxygenase genes has been inserted. In another 
preferred embodiment of the present invention, the microorganism 
host cell is J . .S,2ll FMS, the recombinant: plasmid is plCMY287 and the 
inducer is beat (42°C). The plCKY287 recombinant plasmid is the 

20 pCFM1146 plasmid into which a 4. 7 kb xtw.I fragment encoding the 
PmlQU t:ol~ene monooxygenase genes has been inserted. Unde:r cert:a:ln 
assay conditions, these resulting recombinant host cells express 
toluene monooxygenase enzyme activity at levels exceeding the 
activity of wildt:ype PmlClU cells froa which the toluene 

25 monooxygenase genes were ho.lated. 

Other preferre~_embodiments of the present invention include 
the recombinant plasmids pKMY336 and pICMY340 in I. ~ FM5 cells 
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and a particularly preferred e111bodiment is plasmid plCMY342 in 

PpY2500 cells (PpY25ll). These cells synthesized the highest levels 

of TMO . enzyme observed for recoinb1nant Diicroorganisms described 

herein. 

Under alternative assay conditions, the· levels of TKO activity 

detected in the recombinant host calls equ.al but do not exceed the 

·activity detected in wildtype PJalCR.l cells·. However, it is 

advantageous to use the recombinant hose cells for certain microbial 

bioeonversions. Advantages of using reco•binant host cells with 

10 cloned TKO genes according to the present invention versus ~l 

cells in these bioconversions include: ( i) the ability t:o use 

innocuous inducers (e.g., IPTG~ heat. salicylate) instead of toluene 

for TMO enzyme induction. and (11) the ability to prevent further 

conversion of product by en%}'mes of subsequent seeps in the nm 

15 pathway that are present in PmlCR.1 but not in the recombinant host 

20 

cells. Thus, it is particularly advantageous to use the cloned TMO 

gene cluster to generate recombinant plasmids and recombinant host 

cells for certain bioconversions according to the present invention 
because the need for toluene, which is volatile and toxic, is · 

eliminated as inducer of TMO enzyme activity. For large-scale 

bioconversions using fermencors or otherwise, the disadvantages of 

toluene vapors in the bioconversion process are· clearly evident. 

For safety reasons, so~e laboratories simply do not permit the use 

of toluene. vapors in their fermentation processes. Additionally, it: 

25 is particularly advantageous co use the isolated and cloned TKO gene 

cluster in bioconversions because it can be manipulated and 

int.roduced into certain host cells· that will not further conirerc the 
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desired product obtained in the bioco~version using the '?MO genea. 

In contrast, since wildtype PmICR.l cells contain the. genes for the 

entire TMO pathway and not just the THO genes for the first step of 

the pathway, further conversion of t:he product of the first step · 

· monooxygenase reaction by the PmlCRl cells is likely. 

The present invention is directed to the characterization and. 

nucleotide sequence analysis of an isolated gene cluster of five ~ 

genes (t'moA, B, C, D, E), _localized on the 4. 7 kb Xb2I fragment from 

PmlCRl. The five-gene cluster, when expressed in i. sgll, gave 

10 significant TMO activity. Expression of this gene cluster carrying 

mutations in the individual genes demonstrated that each of the five 

genes is essential for TMO a:ctivity. The present: invention· is 

further directed to the characterization and nucleotide sequence 

analysis of a sixth 'l'MO gene (tmoF).. isolated on an -1.3 kb HilJ,dIII-

15 XmAI fragment downstream of the five essential THO genes. The 

product of the tmoF gene is useful to enhance the accivity of the 

products o~ the tmoABCDE genes. The gene cluster of six 'l'HO genes 

is localized on an -6. 7 kb BJ.ndIII·luHI fragment or an -4. 7 kb 

H!D6Ill·Xll!I fragiaent isolated from Pmiatl. Expression of the six· 

20 gene cluster gave significantly higher TKO · enzyme activity than 

expression of the five-gene cluster. 

The present invention is directed to certain microbial 

bioconvarsions using PmlClll or the transformed microorganism host 

cells containing the PmlCRl toluene monooxygenaaa genes. in 

25 particular, the conversion of a selected phenyl compound to a 

selected phenolic compound. In a particularly preferred embodiment 

of the present; .·invention, a method is provided for making P· 



02/21/96 18:27 U-805 447 1090 fal015/07S 
... 

. ~,;. 

hydroxyphenylacetic acid using the transformed microorganism host 

cells containing the PmKRl toluene monooxygenase genes. The p-

hydroxyphenylacetic acid is a valuable chemical intermediace in the 

preparacion of cercain antibiotics and certain Jl-adrenergic blocking 

5 agents. The present invention ts ~lao direcced co a method for the 

microbial production of indigo fro• ind.ole using PmlCR.l cells or the 

transformed microorganis~ host cells containing the PmlCR.l toluene 

monooxygenase genes. 

The present invention is also directed to an 111proved method 

10 for the degradative bioconversion of t~ichloroethylene using 

transformed microorganism host cells containing the Pml<R.l tl.UOABCDEF 

gene cluster. . Further aspects and advantages of the prellent 

invention will become apparent co chose skilled in the art upon 

consideration of the following detailed description. 

··{': : 
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Q.IU DQCllIPTIO!J or THI DMVINGS 
· Figure l illustrates the steps of the PmlQtl toluene 

monooxygenase (TMO) pathway. 

Figure 2 shows a map of the plQlY235 plasmid vector. 
S Figure 3 illustrate• a summary of recombinant plasmids, 

plasmid vectors and ;estriction 111aps of the PmlCR.l DNA segments 
containing toluene monooxygenase genes. 

Fig\lre 4 illustrates a sU111111ary of recombinant plasm1dS and 
restriction maps of the PmlQll DNA segments. containing toluene 

10 monooxyganase genes. Arrows indicate transcriptional direction and 
sizes of the TMO genes. Heavy lines underneath the map denote the 
different inserts in the plasmids indicated. 

F~gure S shows the nucleotide sequence of an -4.7 kb Pml<R.l DNA 
~egion carrying the tmoABCDEF genes. A region of dyad symmetry is 

15 underlined. 

Figure 6 shows the sequence homology of the TmoC protein with 
the f erredoxin (Na~) of naphthalene dioxygenase and the ferredoxin 
(Bdol) of benzene dioxygenase. Vertical lines ipdicate identical 
amino acid residues. Double dots indicate evolutionarily related 

20 4Dl1no acid residues based on the Gap progr8JI in tfflGCG soft\fare 
(Devereux et al.,_Nuclcic Agid& Res. 12.: 387-395 (1984)) with the 
similarity threshold set at O.S, The amino acid sequences of the 
TmoC protein and the naphthalene dioxygenase f erredoxin protein are 
deduced from nucleotide sequences of the t:moC gene and the N~ gene 

25 of the NAH7 plasmid (see Yen and Serdar, mmI.A), respectively. The 
amino ~id sequence of the bel1%ene dioxygenase ferredoxin protein 
was determined by KOrr~ce et al. •. FEBS Lett. lli: 336·340 (1988) 
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from the protein B of f. putida KL2 (NCIB 12190). A methionine 

residue is inserted at: t:be ~·terminus of this protein to reflec.t: t:he 

nucleot:ide sequence . 

............. 

-· 

.· ... 
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The •ethods and materials that provide an illustration of the 
practice of the invention and that comprise the p~esently preferred_ 
embodiments :relate specifically to plasmid-botlle DNA gene segments 

5 of .Pml<R.l origin encoding the ~~nes fo:r the toluene monooxygenasa 
engyme system. ~fter cloning into_a plasmid, these plasmid-borne 

10 

DN~ _gene segments can be int~oduced and expres15ed in certain 
microorganism host cells, for exaaple, by conjugation or 

transformation. 

Microorganism host cells containing PmKR.l toluene 
11\onooxygenase genes are useful in certain l>ioconve:rsions. Fo:r: 
ex8lAple ,· 11any phenyl compounds, including toluene, 
Dlethylphenylacetic acid, ethylphenylacetic acid, acetanilide, 2-
phenylethanol, fluorobenzane and echylbenzene may serve as 

15 · substrates and be converted to phenolic COIGJ>ounds by the 'IMO system· 
as described herein. ln addition, the broad substrate specificity 
of the TMO system makes it potentially useful in biodegradation of 

toxic compounds. Methods for the cdinplete degradation of 
trichloroethylene (TCE) by the TMO 'Jystem have been described in eo-

20 pending and co-assigned U.S. Patent Application Ser. No. 177,640, 
filed August: 26, 1988, and hereby incot"porated by refet"ence in its 

entirety, and by Winter et al., Bio/Technolo&,y 1: 282-285 (1989). 

25 

Improved methods for the complete degradation of TC! utilizing an 
isolated tmoABCDEF gene comple~ are described herein. 

~e 4.7 kb &121 fragment identified from PndQl1 that encodes 
TKO protein components:. has now been further characterized. 'l'h1s 

!1321 fragment orig1114lly designated as 4.6 kb by restriction enzyme 
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analysis was determined by DNA sequence analysis to be 4. 7 kb. Five 

TMO genes (tmoABCDE) have been identified within this region by DNA. 

sequencing analysis and N-terminal amino acid determination. 

Expression of this five-gene cluster carrying mutations in the 

5 individual genes del!lonst:rated that each of the five genes is 

essential for TKO acti"1ty. A sixth gaue, tmoF, was isolated on an 

-1.3 kb !il.ndIII-XmaI fragment downstream of the five essential TMO 
genes. Tha sixth gene, aDoF, is useful along with the tmoABCDE 

genes to yield enhanced TMO activity upon expression. The gene 

10 cluster of six TMO genes are localized on an -6.7 kb HJ.nclIII-lmaHI 

fragment or an -4. 7 kb !:!!,ndIII-lmAl frapent from Pm!CRI. Expression 

of the sb.-gene cluster gave significantly higher TMO em:~e 

accivity than expression of the five-gene cluster. 

The potential axises, using recombinant DNA technology. to 

15 prepare variants, mutants or derivatives of one or •ore of the six 

TMO genes, which would encode a variant. mutant or dertvative TKO 

protein. The complete gene sequence for ••ch of the s~x TKO genes 

is disclosed in Fi~re 5, Various 11odifications might result in 

s 1ngle or multiple amino acid deleti_ons, subs ti tut tons, insertions 

20 or inversions, for example, by means of in x!tro mutagenesis of the 

underlying D~A by methods well .. known in the art. In add! ti on,· 

various frapents of one or more of the proteins encode by the THO 

genes. whether produced in nD or J.D yitro, may possess the 

requisite useful TMO activity. Experiments have shown, for example, 

25 that changes in the N-terminal sequences of TmoF do not 

substantially change its functional act:ivity. Ali such variations, 

modifications or fragments resulting in a variant, mutant or 
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derivative of one or more of the six TMO genes are included within 

the scope of this invention so long as they encode the functional 

segment(s) of TMO protein(s) and the characteristic functional TKO 

activity remains substantially the same, e.g. unaffected in kind, 

5 Functional TMO activity results frolll a functional fi,,.e-gene or six-

gene TKO gene complex, as measured by the assays described herein, 

for example, in Example 11. From the disclosure of the TMO DNA 

sequences herein and the amino acid sequence of each of the six TKO 

genes. a TMO variant, mutant or deri,,.ative iuay be prepared and 

10 identified by those skilled in the art. 

The invention is now iilustrated by the following Examples,. 

with refe~ence to the accompanying drawittgs. Plasmids previoualy 

designated with the pref ix "pKY" have been redesignated herein as 

ltpl(MY". The examples do not include detailed descriptions for 

15 conventional methods employed in the isolation of DNA, the cleavage 

of DNA with-~estriction etiZymes, the construction of vectors, the 

insertion of DNA gene segments encoding polypeptides of interest 

into such vectors (e.g. plasmids) or the introduction of tbe 

resulting recombinant plasmids into mic~oorganism host· cells. Sueh 
20 methods are . well-known to those skilled. in the art of genetic 

engineering and are desc:ribed in numerous publications including the 

following laboratory manuals: Maniatis et al., Mole~ular Cloning -

A I.aboratoX:Y Mauval, Col~ Spring Harbor Laboratory (1982); Davis 

et al. , Basic Methods in Molecular · Biolou, Elsevier Science 

25 Publishing Co. (1986); Cur;rent Pmtocols in Molecular Biology, 

edit:ed by Ausubel ·et al~. Greene Publishing Associates and 'lliley 

!nterscience (1987)-;. Sambrook et al,, Molecular . Clonin1: A 
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t,aboratoJ:Y Manual (Second Edition), Cold Spring Harbor Laboratory 

Press (1989). In addition to using published methods, methods for 

enzymatic cleavage, modification, and ligation of DNA may be 

achieved according to manufacturer's instructions distributed by 

5 various commercial suppliers of restriction enzymes, including New 

10 

15 

Engh.nd Biolabs, Inc. (NEB), Beverly, MA 01915 and Boehringer 

Mannheim Biochemicals, Indianapolis, IN 46250. 

Growth of PmJCB.l Cell• 

Pseudomonas mendocina KR-1 was grown overnight at 3()0 in PAS 

medium or on a PAS agar plate (Chalcrabarty, et al., Proc. Natl. 

Ac.ad. Sci. U.S.A., lQ:ll.37-1140 1973) with toluene_ (supplied as 

vapor) for growth and for induction of the toluene monooxygenase 

genes. 

B1AMPLE 2 

Conati:uction of PmDl J&lII Librarf in I· ~ BB101 

A. Preparation of Pmll1 DNA 

Total DNA was isolated from Pln!Qll by conventional methods • 

. Briefly, PmKR.l was inoculated into PAS medium containing toluene 

20 according to Example 1 and incubated with shaking at 30°C overnight: 

(13-17 hours). After incubation, PmKRl cells in the stationary 

growth phase were collected by centrifugation. The cells were lysed 

and total PmlCRl DNA was then elttracted aud purified as described by 

Dhaese et al., Nucleic heid R@s. 1: 1837-1849 (1979). 



02/21/96 18:29 

.. 

.._ ..• · 

'6'805 447 1090 AMGEN i..AW 'Ibis ~.Q_22/078 

#!liiliil~ 
-18~ ... 

B. Preparation of Plasmid DllA 

Plasmid DNA may be isolated according to the method of 

Johnston and Gunsalus, Riocbq. Biopbya, Res. Cog. ll: 13-19 

(1977). £ . .S2ll HBlOl containing che pRK290 plas•id (Ditta, et al., 
5 Pr.oc. Natl. Acad. Sci. U.S.A. ll: 7347-73.51 (1980)) was inoculated 

inco L broch and incubated with ahaking at 37ac overnighc. ?he 
baccerial cell.s were collected by centrifugation, lysed and the bulk 

of chromosomal DNA and cellular debt'is was reuaoved by 

centrifugation. The plUC290 plasDlid DNA was then purified by 
10 conventional techniques using cesium chloride/echidium bromide 

density gradients. 

c. Preparation of R.ecombinant Plasmid . -
Total PmXRl DNA obtained in Part A above and p.RK290 plasuaid 

DNA obtained in Part 8 above were separately treated with the 
15 restriction endonuclease !&l.II, under conditions of complete 

digestion. The Bglll digested PmlCR.l DNA was mixed with !&l.II 

digested pRK290 plasmid DNA and the mixcure then incubated with DNA 

11gase. 

D. TranafoJ:mAtion with llecO.blnant Plasaid 

20 Transformation of I. sLI.i •ith plasmid DNA may be achieved 
by the calcium chloride procedure originally described by Mandel and 

Higa, J. Hol. Bioj 1 ,ll: 159 .. 162. (1970). The ligated DNA obtained in 
. Part C above was used to transform J . .22ll HBlOl and the transformed 

cells were plated on selection plates of L-agar containing 10 pg/lltl. 

25 tetracycline. Only those cells which are s~ccessfully'transforuaed 
and which contain the P.RK290 plasmid or a recombinant pRK290 plasmid 

with PmKR.l DNA can . grow on the selection plates. Colonies which 
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grew on the selection plates were tested for the presence of 
recombinant plasmids contatning l'llKRl toluene monooxyganase genes by 
the conjugation and complementation screening assay of Example 3. 

Conjugation and Compleaentation Screening Assay 

A complementation assay involving plasmid transfer via 
bacterial conjugation was used to screen the P!nl<Rl .B&J.II library 
made according to Exmaple 2 · and che PmKRl .s.&£1 lib:r:ary made 

according to Example 8 in order to detect recombinant plasmids 
10 containing PmlCR.l toluene. monooxygenase genes. Accordingly, plasmids 

15 .. 

were transferred between bacterial strains by the conjugation 

(nmattng") procedure (spot crosses) described by Yen and Gunsalus, 
Proc. N4tl. Acad. Sci. U,S.A.a.,, 12:874-878 (1982). This procedure is 
summarized briefly as follows, 

Colon.tes were removed from the selection plates of Example 2 
or Example 8 by gentle scraping in L-broth with a slide. · The 

resulting bacterial cell suspension was washed to relllOve any 

tetracycline and suspended in L-broth for the 11tating. Suspensions 
of donor cells, helper cells (if necessary) and recipient cells in 

2·0 logarithmic phase were mixed in equal volunaes. Small aliquots of 

the mixture were placed on L-agar places thus allowing all cell 
tyPes to grow. After overnight incubation at. 3oac, the calls were 

replaced on a PAS agar selection plate containing 50 µg/ml 

tetracycline. toluene was provided aa sole carbon source for 
25 growth. Toluene v~por .!'as supplied to the selection plate by taping 

a cocton-stoppere~·toluene containing eube to the lid of the plate. 

I 
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This selection plate permits only the desired trans-conjugates to 
grow. In all experiments performed, tha donor cells were from an 1. 
col! HBlOl libra:ry (either the A&l.II library of Example 2 or the 

11£1 library of Example 8) carrying a r•combinant plasmid (pRJ.<290 
5 in Example 2 or pKK"l23S in Example 8 containing PmI<lll gene segments) 

to be transferred in the mating. The helper cells used were i. W,1 

HB101 cells carrying the helper plas~id pRK2013 which provided the 
transferring funations for those transferring plasmids 1'Jhich do not 
carry the cxa genes. Alternatively, the helper plasmid pRk2013 was 

10 introduced directly into the donor cells to provide its transferring 
function. The recipient strain was one of several mutant strains of 
Pseudomonas undocina KR-1 (Pm Y400l, Pm Y4002, Pm Y4007) prepared 

as described in Example 4. Each of the mutant strains has a 
defective toluene monooxygenase gene and is unable to convert 

15 toluene to p-cresol. When a recombinant plasmid containing the 
specific Pml<Rl toluene monooxygenase gene which is defective in the 
recipient strain has been successfully transfert'ed during 

conjugation, the resulting transconjugate 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 purifbd 

by restreaking eac_h colony once or twice on a selection plate'. 
These transconjugates are further manipulated according to Example 
5. 

Tb.is Sheet .U 
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Preparation of Paeud9mona1 mtn4ocin, Ell-1 Mutant Strains 

PmKR.l cells were mutagenized and the toluene monooxygenase 

defective mutants were isolated according to the following_ protocol. 

Cells were grown in 5 ml of L broth co O.D. 680 of approximately 0. 7 

and resuspended into 2 ml of SO mM citr~te buffer pH 6.0 containing 

N-methyl-N'-nitro-N-nitrosoguanidirte (nitrosoguanidine) at a 

concentration of 0 .1 mg per ml. After incubacion at: room t.empex-ature 

fo~ 20 minutes, the. cells were washed twice with 2 ml of 1 H 

10 phosphat:e buff er pH 7 . 0 ancl resuspended into SO 1111 of L broth. 

After growch overnight, the cells were streaked on L agar plates 

for single colonies, The individual colonies were picked -and 

streaked onto PAS plates containing toluene or p-cresol (2.S mM) as 

sole carbon source. The toluene monooxygenase defective mµtants, 

15 PmY4001, PmY4002 and PmY4007 were isolated as strains which grew on 

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

.described in Example 11 further confiDDed tiu..t these mutants have·a 

defecti~e toluene monooxygenase enzyme system. 

Similar mutagenesis techniques may be used to obtain mutants 

20 defective in the enzyme p-cresol hyd:roxylase or p­

hydroxybe~aldehyde dehydrogenase of the TMO pathway. After 

nitroaoguanidine treatment of PmlCRl cells as described above, p­

cresol hydroxylase defective mutants can be isolated as strains 

which grow on p-hydt'oxybenzyl alcohol but not on p-cresol and p-

25 hydroxybenzaldehyde dehy4rogenase defective mutants can be isolated 

as strains which gr~ on · p-hydroxybenz:oate but not p­

hydroxybenzylalcohol or p-hydroxybenzaldehyde. 
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gAHPLE 5 

Iaolat_ion of t. 4 kb J&1II ll'rasa-nt 

A number (12) of the t::t'ansconjugat:e colonies of PmY4001 
containing PmlCRl toluene monooxygenase genes isolated according to 

5 Example 3 were furt.her characterized as followa. Each colony was 
grown and plasmid DNA was isolated by conventional methods. The 
plasmid DNA from each isolate ~as used to transform J. £211 HB101 
calls. The plasmid in e_ach transfonnant was transferred to PmY4001 
by conjugation according to ~ample 3 except chac the selection 

10 places contained tetracycline and glucose (2 mg/ml). Each 

cransconjugate was tested for growth on toluene by plating the cells 
on PAS a.gar supplemented w:lth 50 pg/ml tetracycline and toluene 
vapor. After the. toluene monooxygenase complementing activity of 
the plasmid was confiraed in the transconjugates each such J:IBlOl 

15 transformant was g~own and plas~id DNA was isolated by conventional 
methods, 

The DNA was digested with Jl&l.II and a 9.4 lcb fragment was 
. !Solaced from each transconjugate colony which complemented each 

PmKR.1 mutant: strain of Example 4 for toluene ut:ilizat:ion. This 
20· result indicated that the 9.4 kb l&l,.II fragment from PmlCR1 cont:ained 

one or more toluene monooxygenase genes. two .iGI sit:es twere mapped 

close t:o one end of the 9. 4 kb .bl.II fragment. No '!'MO activity 
could ba detected from the ptuc290 plas~id (!lcample 2) carrying this 
9 .4 kb bl.II lnser_t in •it:her 1. ,£2ll HBlOl or ?. pu~id.& KT2440 

25 (Bagdasarian et al~, Gene 16.: 237-247 (1981)). Subcloning of this 
inse:rt into l· WJ.·· expression vectors pUC18 and pUC19 (Yanisch-
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. P_erron et al. 1 Gene ll: 103·119 (1985)) did not lead to the 
detection of any TKO activity. Thus, the 9.4 kb .blII fragment did 
not appear to contain the entire 'l'MO gene cluster required for . 
activity. 

llQt1JS 6 . 

Construction of pJQIY235 Plasmid Vector 

The starting material for the construction of the pKMY235 
plasmid was the pKY217 plasmid described by Yen and Gunsalus, · J.... 
Racteriol. 1.§.2.: 1008-13 (1985). Tha plCHY235 plasmid was const~ted 

10 according to the following series of steps. In tha·first step, two 
adjoining HindIII fragments C-Ll and -3.2 kb) from pKY217 
containing the D.AhR and ll!!Q genes was cloned into the BJ.ndIII site 
of the pKT240 plasmid des.cribed by .Bagdasarian et al.. ~ 26~ 273· 
82 (1983). The resulting plasmid from this first step was 

15 designated pl<MY219. In the second step, an -7 kb AgHI -~I 
fragment from plCMY219 containing the ;glh& and nlhG. genes was cloned 
into the JkuDHI and SacI sites of the pKT2~1 plasmid described by 
Bagdasarian et al. ~ li: 237-47 (1981). The resulting plasmid 
was designated pKMY223. In the next seep. an -6 kb 11£! fragment 

20· from pl<MY223 containing the nib& gene, -200 base pairs of the nabQ 
gene and the pKT231 gene conferring lcanamycirt resistance was cloned 
into the E§.tI site of che pUC19 plasmid described by Yanisch-Perron 

at al,• ~ ,ll: 103-119 (1985). The resulting_ plasmid was 
designated pl<MY256. The orientation of the -6 kb fl:tl fragment in 

25 pt<MY256 placed the muld~cloning site of pUC19 from the ~I to the 
~I site immediacely~trealll to the 11.tI site in the Dlb2 gene. 

iliiliii[iimf 
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In the final step, an -5 .4 kb Jll.t.EII • 1;2RI frapent from pKMY256 

containing the gene conferring kanamycin resistance, the nlbl, gene, 

-200 base pairs of the !llha gene and a multiple cloning site was 

end-filled with the large fragment of !. £Q].1 DNA polymerase I and 

5 inserted into the pR1(290 plasmid described by Ditta et al., Proc. 

Natl. Acad. Sci. U.S.A. ll: 7347-7351 (1980) to replace the·-1 kb 

SmaI fragment of pRX290. The resulting pias111id w•s designated 

pKMY235 and a map of plO!Y235 is shown in Figure 2. 

10 construction of pCVI0.146 Plasmid Vector 

The plas111id pCFMll46 is an I . .'211 cloning vector similar to 

pCFM4722 (Burnette et al., Bio/Technglou i: 699-706-1988)). The 

starting material for the construction of the pCFMll46 plasmid was 

the pCFM836 plasmid. A detailed description of the construction of 

15 expression vectors, including pCFM836, is described in U.S. Patent 

No. 4, 710,473, which is hereby lncorporated by reference in its 

entirety. The pCPK836 plaS111id contains a heat inducible promoter. 
a restriction sit' bank (cloning cluster), plasmid origin of 

replication, a transcription terminator, genes regulating plasmid 

20 copy nWRber, and a gene conferring kanamycin resistance but no 

synthetic ribosome binding site immediately preceding the cloning 

cluster. The pCFM1146 plas111d (A. T .c.c. accession no. 67671, 

deposit: date April S, 1988) was derived from pCFM836 by su.bstituting 

the small DNA sequence between the unique '141 and Xb.al restriction 
25 sites with the followi~g oligonucleotide 

· $' CGAlTrGATT 3' 

3• TAAACTAAGATC ,, 
This Sheet Has Been R Ia 

11111111111111111111111r 
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and by destroying the two endogenous NdeI restriction sites by 

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

followed by blunt end ligation. 

PiJ6HPLI 8 

Construction of PmD.1 .IGI Library iu 1. -~ HBlOl 

The p.RMY235 plasmid vector prepared according to Example 6 was 

used to construct a §.!Sl library in £. WJ. HB101 according to 

conventional techniques for constructing genomic libraries. Total 

DNA from rlllKRl was isolated as described in Example 2. Part A. The 

10 isolated Pmml DNA was treated with the restrict:i~n endonuelease · 

SacI under conditions of partial digestion. In order to produce a 

population of DNA fragments enriched in those fragments containing 

some or all of the PmlCR.l toluene monooxygenase genes for use in 

constructing this ,S,,a.QI library. the pax-tially digested PmICR.1 DNA 

15 was fractionated by size using a 101-40• sucrose density gradient 

according co conventional procedures. After centrifugation for 24 

hours at 26,000 _rpm. in an SV-28 rotor, the DNA fractions· were 

collected and tested by hybridization. The 9.4 kb A&).II fragment 

isolated from the lgl.II .library constructed according to Example 3, 

20· is known to complement each PmlQll DlUtant strain for toluene 

utilization according to Ex&111ple 5 and thus is likely to contain at 

least one of the FmKR.l toluene monooxygenase genes. The plasm.id 

pUC19 carrying the 9.4 kb fragment was ra.diolabeled and used as a 

probe to select hybridizing fractions from the 11ucroae gradient.. 

25 The hybridizing fracci~ns were pooled to provide a populat-1on of DNA 

fragments enriched ·tn -Pmn.1 toluene monooxygenase genes. This 
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enriched population of DNA fragments was used to construct the .IA.G.I 

library in .E.. S2l! HB101. They wa~e randomly cloned into the SacI 

site of plasmid pKMY235 as follows, 

The enr:tched ~I digested PmlCR.1 DNA was mixed 11rith ~I 

5 digested pKMY235 plasmid DNA and incubated with DNA ligase. The 

ligated DNA wa.s used to transfotna I. '2li .tmlOl and the transform.eel 

cells were plated onto selection plates of L-agar containing 10 

pg/ml tetracycline. Only those cells which were successfully 

transformed and. containing the p1CMY235 plasmid or a recombinant 

10 pKHY235 plasmid with PmICR.l DNA can grow on the selection plates. 

Transformed colonies were tested for PmlCR.l toluene lllOnooxygenase 

genes by the conjugation and complementation assay of Example 3: 

EXAKPLE 2 

Isolation of 20.4 lr.'b IY,I l'rapumt 

15_ A nUJllber (10) of the t:ransconjugaces which utilized toluene as 

a sole carbon source were further characterized by isolating the 

plasmid DNA, transforming l· ~ HBlOl, and conjugacing 1nto 

PmY400l to test for growth on toluene according to Example S. An!. 

~ HB101 transformant containing a reco~binant plCMY235 plasmid 

20 (design•ted pl<MY266, A.T.C.C. accession no. 67672, deposit date 

April 5, 1988) carrying toluene monooxygenase genes was grown and 

plasaaid DNA was isolated by conventional methods, Restriction 

enzyme analysis of the inse:r:t in pKMY266 plas•id indicated that it 

carried two 10. 2 kb .s.G,I fragments (previously designate.d two SacI 

25 fragments of 10. 2 kb end 10. 3 kb, respectively). One .of the 10. 2 kb 
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Sac! fragments contains -8 kb ·of the -9. 4 kb kl.II fragment 

described in Eltample 5. 

Plasmid p1CHY266 containing the -20.4 kb (previously designated 

20. $ kb) ~I insert described abova, allowed the utilizat:1.on of 

5 toluene by PmY4001. Despite the complementation pattern, no THO 

enzyme activity {according to the alternative method of Example 11) 

could be detected in ). Wl HB101 carrying pKHY266. Since the 

insert: in pl<.M'Y268 consisted of two different ~I fragments of 

identical size, each was subcloned and eXpressed in the high-copy-

to number 1. ~ expression vecto:t" pUC19 described by Yan!sch•Perron 

15 

et: al., Gene 33: 103-119 (1985). Thia expe:t"iment led to the 

successful mapping of the 'l'MO genes as described in Example - 10 

below. 

W1PL1 10 

Construction bf Recombinant Pl•smida to Kap 
the Toluene Kon.oosygenase Gene• 

· This example presents results on the mapping of the TMO genes · 

and determination of TMO activities in various recombinant strains 

based on earlier constructs and TMO assay procedure (Example 11, 

20· Part A) . Further mapping of the TKO genes and determination of 1='MO 

activities in more recently constructed strains based on the 

alternative TKO assay procedure described in Example 11, Part B is. 

presented in Example 16. 

One of the Sac! frapenta described in Ex8ltple 9, when cloned 

25 into pUC19 (pl<MY277) and expressed in 1. ~ JK109, led to the 

synthesis of a blue.,pigment which vas chlorofom soluble and water 
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insoluble. Production of the blue pigment was also observed from z. 
putida cells harboring pl<MY266 and was dependent on the presence of 

indole. This blue pigment was identified as indigo. A low level of 

TMO enzyme •ctivity was detected from the I . .scill JMl09 carxying 

5 p1QIY277 (Table I). Further mapping of the toluene monooxygenase 

genes correlated the indigo-producing prope:tty with the presence of 

toluene monooxygenase activity. (Sea Table I in 81c.ample 11 and also 

Table III in Example 16). 

The -10. 2 kb b,£1 f:tagment of pl<MY277 was digested with a 

10 series of restriction engymes and a partial restriction map was 

generated as shown in Fig\ire 3. Based on this restriction map, a 

series of DNA fragments were deleted from one end of the 10. 2· kb 

. Sac!· fragment in pl<MY277 to generate plasmids plCMY280, pKMY281, 

pl<MY282 and p1CMY283 shown in Figure 3. An -4. 7 kb Xb2I frapent of 

lS p~282 was subcloned into the hlI site of pt1Cl9 to generate the 

plasmid pMY40i. An -4. 6 kb JyHI - §2l)I fragment of pMY401 was 

inserted into the l· sill expression vector pUC18 described by 

Yanisch-Perron et .al., Gene .ll: 103-119 (1985) to generate the 

plasmid pMY404. The pUC18 plasmid is identical to pUC19 except the 

20 polycloning site is in an opposite orientation with respect to the 

l&! promoter. As a result, the -4. 7 Xlw.I fragment was inserted into 

the pUCl8 plasmid in an opposite orientation t:o t:hat in the pUCl9 

plasmid with respect to the~ promoter. The -4. 7 kb ~I fragment 

of pKMY277 was also cloned into the broad ho.st range plasmid vector 

25 pMMB66EH described by Furste et al., Gene .Y,: 119-131 (1986) to 

construct the plasmid_pMY402. In addition, as shown in Figure 3, an 

-2.2 kb Sac! • kl.II .f':ragment was deleted from the left end of the 
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-5.9 kb ~I • X;m&I f rapent of p1CMY282 by digesting plCMY282 DNA 
--

with Sac! and ~II, filling the ends ~ith the large fragment of J. 

coli DNA polymerase I and ligating the ends. The resulting plasmid 

was designated pMY400. 

As shown in Table I (according to the assay of Example 11), 

pMY402 containing cells responded to IPTG for iiicluction of the 

toluene monooxygenase genes. 'l"his result located the toluene 

monooxygenase genes in the -4.7 kb Xhstl fragment and revealed the 

direction of transcription of the toluene monooxygenase genes as 

10 from left to right: shown in Figure 3. The difference in the 

orientation of the -4,7 kb Xb21 fragaent in pMY401 and pMY404 as 

well as the difference in toluene monooxygenase activity in pM¥401 

and pMY404 containing cells (Table I) are also consistent with this 

transcriptional direction of the toluene monooxygenase genes. In 

15 order to express the toluene monooxygenase genes at a high level, 

the -4. 7 kb ~1 f.t'agment of pl<MY282 was also cloned into the Xh21 

20 

site of the 1. gill expreseion vector pCFKll46 (as described in 

Example 7) to construct plCMY287. 

WJIPLE 11 

Toluene Kolloozygenase Assays 

A. conditions for ASSAY 

Cells were grown in PAS mediwa containing 0. 4• glutlUllate or in 

L broth to saturation. They were resuspended into an appropriate 

~olume of the same medium to an 0. D. 880 of 3. 0. An aliquot of the 

25 cells was used for the determination of protein concentration by the 

method of Bre.df~r:d,. AnaJ. Biochega. ll,: 248 (1976) U1Jing the Bio­

Rad Protein Assay,. An aliquot of 0.5 ml of cells was mixed with 4 
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pmoles of p-cresol in 10 ~l and 15 nmole of radioactive toluene 

(toluene-ring- 14C, Sigma Chemical Co., 56.3 mCi/mmole) in 5 µl and 

the mixture wa~ incubated at room temperature with occasional 

vortexing for 20 minutes. After incubat_ion, 20 pl of the mixture 

5 were spotted on a small piece of a thin-laye~ Qhromatography plate 

and the plate was air-dried for twenty minutes. The . nonvolatile 

radioactivity remained on the filter was determined in a liquid 

scintillation counter and was used to calculate the amount of 

toluene degradation product on the plate and the specif le activity 

10 of toluene monooxygenase. The results are presented in Table I. 

B. Condttions for Alternative A8say 

Alternatively, toluene monooxygenase accivity could ~e asuyed 

by a procedure similar to the assay described for naphthalene 

diox.ygenase by Ensley et al., in Microbial Me_taboliom and the Carbon 

15 Cxcle (Hagedorn et al. , eds.) , Harvard Academic Publishers, New York 

(1988) at P• 437. Late log..;phase cells were diluted into L·broth to 

a density of O.I>. 550 ... 0.5 for the assay. The reactions were initiated 

by adding 15 nmole of 14C-toluene (Sigma, 40-60 mCi/-.ol) to 0.5 ml 

of cells in l.-broth. After incubation at room cemperature. for 5 . 

20 minutes, aliquots of 20 µl were spotted on small strips of thin-

layer chromatography plate. The plates were · air-dried for 20 

minutes and counted in a scintillation count:e~ to determine the 

remaining radioactivity. Specific accivity of TKO was expressed as 

rmtoles of nonvolatile material produced from 1~c-toluene per minute 

25 per milligram of whole cell protein. The protein concentration was 

determined by the method of Bradford, An&l. Biocbem . .21: 248, using 

the Bio-Rad protein assay kit obtained from lio-a&d Laboratories, 

. ···-- -----r 



02/~21/96 18:33 

5 

10 

15 

20" 

25 

30 

..__, .. 

"6'805 447 1090 AMGEN LAW ta! 035/078 

1IDi'1i1i1i1~r 
-31-

R.ichraond, CA 94804. For the protein determination, cells were 

res\.ispended in 0.1 N NaOH and incubated in a boiling water bath for 

20 minutes, then assayed wich the lcit. The resul cs of this 

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

Plasmid 

pAUTl 
pAUTl 
p.KMY266 
pKMY277 
pMY405 
pMY405 
pKMY280 
pICMY281 
pICMY282 
pKMY283 
pMY400 
pKY401 
pMY404 
pKY402 
pMY402 
pIQfY287 
pUCl9 
pMMB66EH 
pCFK1146 

TABLB I 

Expression of th• Toluene JlonoOE)t&en&se (TKO) 
genes in I· S2l1 and .t. undocina 

Inducer 

Toluene 
None 
None 
None 
None 
IPTG 
None 
None 
None 
None 
None 
None 
None 
None 
IPTG 
Heae 
None 
IPTG 
Heac 

Host Cell 

f. me!lf:12fei.DA l<Rl 
1. meDdQ5'!!l!! Dl 
?. pu,14f XT2440 
,E. ~ JM109 
J. S2ll HB101 
1. W.f. HBlOl 
I· S2li JM109 
J. S2l1 JH109 
g . .sail JM109 
1. SAU JM109 
I. S2lJ. JM83 
,§.·sill JM83 
J. ~ JM83 
I· S2l1 HBlOl 
.§. ,gglJ. HBlOl 
I.~ FM5 
£, Wi JM109 
I· £211 HB101 
,I. £mil FMS 

Spec1fic 
Activity of 
'l'HO (IUllole 
min-1-g-1) 

0.130 
0.010 
0.020 
0.010 
0.005 
0.015 
0.010 
0.010 
0.010 
0.005 
0.005 
0.035 
0.010 
0.005 
0.200 
0.500 
o.oos 
0.005 
0.005 

Indigo 
P'mt:fm 

+ 
+ 
+ 
+ 

+ 
+· 
+ 
+ 

+ 
+ 

+ 
+ 
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!IAHPLI 12 
Conversion of Certain Phenyl Compound• to 

Certain Phenolic Compounds 

A. Convet'ston by Pml<Rl Cells 

rai 03,6/078 

Many phenyl compounds, including toluene, metbylphenylacetic 

acid, ethylphenylacetic acid, 2-phenylethanol, acetanilide, 

fluorobenzene and ethylbenzene, may serve as subst:t'ates and thus be 

converted to phenolic compounds via para-hydroxylation by the 

toluene monooxygenase system. of PmlCR.l. The following schemes 

10 illustrate several possible conversions: 

Scheme A 

> 
II 

wheJ:ein: 

I is toluene 
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Schelle B 

Ill IV 

wherein: 

III is methylphenylacetic acid 

IV is p·hydroxyuiethylphenylacetic aci~ 

Scheme C 

y 

wherein: 

v is 2-phenylethSJ\ol 

VI is p-hydroxy-2-phenylethartol 

OH 

VI 
; 
I 
i 
! 
' 

________ J __ 

la! 037 /078 

For each conversion, a phenyl compound substrate (for example,. 

10 Fonnulas I, III, or V) _was mixed with PmlCR.l cells, incubated for a 
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period sufficient to effect the bioconversion and then assayed for 

the presence of phenolic compounds as follows. 

eseudompnas mendocina KR.l cells were grown at 25°C-30ac tn 50 

ml PAS medium supplemented wtth 0.4l glutamate to stationary phase 

S (12·16 hours) in the presence (induced) or absence (uninduced) of 

coluene vapor supplied from 2.5 ml toluene, An aliquot of 5-50 ml 

cells were resuspended into the s-.e volume of the same medium or 

concentrated 2. 5 fold in the same medium. A given amount of the 

substrate equivalent to form a 15-30 mK solution was mixed with the 

10 cells and. tha. mixture was incubated at 2sac.30°C with vigorous 

shaking for 1·24 hours. Typically the mixture was incubated for 5· 

6 hours. Fot'Dlation of phenolic compounds was determined accord~ng 

to the assay method of Gupta et al., Clin. Biocbem. li (4): 220· 

221 ( 1983) . The assay results for conversion of several phenyl 

15 substrates to phenolic compounds at various times and temperatures 

of incubation are shown in Table II. 

'r.A.BLE II 

Synthesi• of Phenolic Compound• by Toluene 
Honoozygenaae of Ps•ucJomona• men4oc:l,a l'lU 

20 

Subatrate (Time and Temper•ture 
of Incubation) 

acetanilide (6 hrs., 25°C) 
25 fluorobe~ene (24 hrs. , 25°C) 

methylphenylacetate (6 hrs .• 3e0c) 
ethylphenylacetate (6 hrs., 30°C) 
ethylben.zena (6 hrs., 30°C) 
2-phenylethanol (5 hrs., ~0°C) · 

30 substrate in uninduced- culture 

O.D. 880 i:eading 
:l.n Assay 

1.07 
0.73 
0.23 
0.13 
0.37 
0.16 
0.03 
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B. Conversion by Hicroorganlsa Host Cells Containing 
Recombinant Plasmids encoding PmlR.l Toluene 
Honoozygenase Genes 

~039/078 

The same conversions according to Pare A may be accomplished 

5 · by using micX'oorganism host cells containing the recombinant 

plasmids of Exmaples 10, 16, and 19. Any of t:he recombinant 

plasmids (except pKMY283 or pMY400) which encode functional PmICRl 

toluene monooxygenase genes as described in Example 10 may be used 

to transform an appropriate microorganism host cell, A preferred 

10 method :ts to use pMY402 as the recombinant plasmid, l· S2ll HBlOl as 

t:he microorganism host cell and lPTG as the inducer, as described in 

Example 11. The r~sulting strain was designated EcYS072 

CHBl01/pMY402). Another preferred method 1s to use p1QIY287'. or 

pKMY336 as the recombinant plasmid, _&, ~ FMS as the mict"oorganism 

15 host cell and heat (42°C for LS or 3 hrs.) as the inducer. The 

resulting strains were designated EcY5082 (FM5/pKMY287) and EcY5236 

(FMS/pKMY336), respectively. A particularly preferred method is to 

use plCMY342 as the recombinant plasmid, PpY2SOO as the microorganism 

host cell and sodium salicylate (0.35 lllM in L-broth throughout: cell 

20 growth) as the inducer. The resulting strain was designated PpY2511 

(PpY2500/pl<MY342). 

For each conversion, a phenyl compound (for example, Formulas 

I, lII or V) is mixe.d with EcY5072 (HB101/pKY402), EcY5082 

(FK5/pl<MY287), EcY5236 (FMS/pl(MY336) or PpY2511 (PpY2500/pKMY342) 

25 cells. The mixture is incubated for a ~eriod sufficient co effect 

the bioconversion and then assayed as described in Part A for the 

presence of phenolic c~mpounds .. For each bioconveraion with EcYS072 

(HB101/pMY402) cells·.. the cells are grown and assayed in the 
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presence of IPTG to induce PmKR.1 toluene monooxygenase activity as 

follows. Calls are grown in PAS medium containing 0.4t glutamate 

and l mM IPTG or grown in L broth with 1 mK IPTG to $aturatf.on. The 

cells are resuspended in an appropriate volume of the same ~edium to 

5 an O.D. 880 of 3.0 and incubated with substrata and assayed as 

described in Part A. Fo~ each bioconvarsion· with EcYS082 

(FMS/pKMY287) or EcY5236 (FH5/pICMY336) cells. the cells are grown 

under the following temperature conditions to induce PmlCR.l toluene 

monooxygenase activity. EcY5082 (FH5/plCMY287) or EcY5236 

10 (FMS/pKMY336) cells a.re grown in L broth to an O.D. 15150 of 0.4. The 

cultures are incubated with shaking at 42°C for 3 hours and then 

shifted to 30°C to incubate for another 2 hours. Cells - tt.re 

resuspended in fresh L broth to an O.D. 660 of 3.0 and incubated with 

substrate and assayed a~ described in Part A. For indigo production 

15 (EX8Jllple 15) using these ~wo strains, the cells are incubated at 

30° for 24 hours after lnducti~n at 42°C. For each bioconversion 

with the PpY2511 strain. the cells are grown and induced under the 

following conditions. The cells are grown in L broth to saturation 

in the presence of 0. 35- mM sodium salicylate to induce toluene 

20 •onooxygenase production~ Cells are resuspended in the saDle medium 

to an O.D. 660 of 3.0 and incubated with substrate and assayed ~s 

described in Part A. 
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Conversion o~ Toluene to p-R7dro:cyphenylacetic Acid 

. A. Con•ers ion by PmD.l Cella 

For the conversion of toluene substrata to p-

5 hydroxyphenylacet:ic acid, toluene is mixed with a l'mlClll mutant 

containing defective p-hydroxybenzaldebyde dehydrogenase as 

described in Elca.mple 4 and incubated for a period sufficient to 

effect: cha conversio~ of t:oluene to p .. hydroxybanzyl alcohol. In t:he 

second step, the cell mixture containing the p-hydroxybenzyl alcohol 

10 intermediate is reacted with nickel (Ni) and carbon uionoxide (CO) in 

such concentrations and at such temperatures sufficient to convert 

the p-hydroxybenzyl alcohol to p-hydroxyphenylacetlc acid, according 

co the meth<>ds of U.S. Patents 4,482,497j 4, 659 ,518; 4,631,348, 

which are he~eby incorporated by reference, The conversion scheme 

15 is' illustrated as follows: 

6 
·toluene 

toluene 
monooxygcnaae 
----> 

Ni/CO 
----> 

p-cresol hydroxyla9e ---->. 

OH 

p-cresol 

I , 

p-Hydroxybenzyl 
alcohol 

p-Hydro>eyphenytacetic acid 
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B. Conversion by Microorganism Boat Cella Containing 
Recoabinan~ Plas•ida encoding Pmlll1 Toluene 
Mottoozygenase Genes 

Iii 042/078 

The same conversion accorcl1ng to Part A may be accomplished by 

5 u.sing oticroorgantsm hose cells harboring recombinant plas1aid(s) 

carrying the p-cr6sol hydro~ylaae gene and the TMO genes. The p-

cresol hydroxylase genes may be isolated by cloning of restriction 

fragments from Pml<Rl or plasmid pND50 (Hewetson et al .• Genet. Res. 

Camb. Jl: 249·2S.5, 1978) which allow p•creaol hydt"oxylase defective 

10 mutants of Pml<R.l (Example 4) to use p·creaol as a carbon and energy 

source. Alternatively, it may be isolated by using the sequence of 

TMO genes as a probe to clone overlapping restriction fragments that 

contain the,gene. The possibility exists that the -10.2 kb ~acI 

fragment containing the TMO gene cluster (Example 10) contairw the 

LS p-c~a$ol hydroxylase genes. For u.se in the bioconversion described 

in Part A, the p-cresol hydroxylase genes may be . cloned and 

expressed in plasmid pMY402, pKMY287 1 p1CMY336 or pIQIY342 (Ex811lples 

10, 16, and 19) each of which contains a functional TMO gene 

cluster. Alternatively, the p·cresol hydroxylase genes may be 

20 cloned and eXpressed in another plasmid which can be introduced into 

strains which contain plasmid pKY402, pICMY287, plCMY336 or pl<MY342. . . 

For the conversion as illuatrated in Part A, toluene is mixed 

with induced cells containing the p·c:t"esol hydroxylase genes and the 

TMO genes. The mixture is incubated for a period sufficient to 

· 25 effect t:ha conversion of toluene to p-hydroxybenzyl alcohol, and 

then is reacted with Ni and CO according to Part A to effect the 

conversion to p-hydroxyphenylacetic acid. 

... 

I. 
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WllPLI 14 

Conversion of Hethylphenylacetic Acid to 
· p-Bydroxyphenylacetlc Acid 

A. Converslon by PmlRl. Cella 

For the conversion of methylphenylacatic acid substrate to p-

hydroXy-phenyla.cetic acid, metb.ylphenylacetf.c acid 18 mixed with 

PmICRl grown as described in Example 12 and incubated for a period 

sufficient to effect the conversion of methylphenylacetic acid top-

hydroxymethylphenylacetic acid. In the second step, the cell 

10 111ixture containing the p-hydroxyphenylacetic acid internaediate is 

subjected to acid hydrolysis at 11cid concentrations and te.Peraturas 

sufficient to convert: the p-hydroxymechylphenylacetic acid to p-

hydroxyphenylacecic aci6. '11te conversion scheme is illustrated as 

follows: 

phenylacetic acid 
methyl ester 

acid hydrolysis ----> 

p-hydroxyphenylocetlc acid 
methyl aster 

p-hydroxyphen)'lacetic oeid 

This Sheet Ii 

llllliiilJiced 
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B. Conversion by Microorganism Bost Calls Containing 
P.ecombinant Plasmids *ncoding PmKlU. Toluene 
Monooxygenase Canea 

lal044/078 

The same conversion according to l'art A may be accomplished by 

S using microorganism host cells containing the recombinant plasmids 

of Examples 10, 16, and 19 ·that carry a functional TKO gene cluster 

isolated from PmkRl. A pr~ferred method is to use EcY5072 

(HB101/pMY402) cells. Another preferred method is to use EcY5082 

(FK5/pl<MY287) or EcY5236 (FM5/pICMY336) cells. A particularly 

10 preferred met:hod is to use PpY2511 (PpY2500/ptcMY342) cells. 

For the conversion &$ illustrated 1n Part A, 

met:hylphenylacet:ic acid is mixed with: EcY5072 (HB101/pMY402) cells 

grown and induced with IPTG I EeY5082 (FK5/plCMY287) or EcY-5236 

(FM5/p1QfY336) cells grown and induced with heat, or, PpY2511 

15 (PpY2500/pKMYl42) cells grown and induced with sodium salicylate, as 

described · in Example 12. The mi'C.ture is incubated for a period 

sufficient to effecc the bioconversion of p·hydroxymethylacetic acid 

and then the mixture is subjected to acid hydrolysis at: acid 

concentrations and t:e•peratures sufficient to yield p-

20 hydroxyphenylacetic acid. 

WllPLE 15 

Conversion of Indole to Isidig .. ~-·· 

A. conversion by 1-lQl.1 Cell• 

For the eonvers ion of 1ndole subs crate to indigo, SO · .Pg/m.l 

25 indole was m_ixed with PmlCR.l cells grown as described in Example 12 

and incubated for a p~riod suffleient to effect the conversion of 

indole to indigo, ge11erally 48 hours. The indigo may be isolated 
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from the cell mixture by the procedure ct8scribed by 

Example 5 of U.S. Patent No. 4 1 520,103. 

B. Conversion by Hicroorganiam Host Cells Containing 
Recombinant Plasmids encodina PmDl Tol~ne 
Honoozyganase Genes 

Ensley in 

The same conversion according to Part A may be accomplished by 

using microorganism host cells containing che recombinant plasmids 

of Examples 10 and 16 that carry a functional THO gene cluster 

isolated from PmlCR.1. A preferred host strain is one that produces 

10 indole endogenously in the presence of an inexpensive carbon source, 

15 

such as glucose. . An example of such a host 1s 1. ~ or a 

particular st;ain of _s. S2li with an enhanced rate of 1nd0le 

synthesis. A preferred mathod is to use EcY5082 (FM5/pKMY28r)-or 

EcY5236 0™5/pI<MY336) cells. 

Fo~ the conversion as illustrated in Part A, EcY5082 

(FM5/pKMY287) or EcY5236 (FM5/plCMY336) cells were grown in L-broch 

and induced with hea.t as described in Example 12. The mixture is 

incubaced for a period sufficient to effect tha bioconversion of 

indole to indigo, The indigo may be isolated from the cell mixture 

20 according co t~e procedure of Part A. 

gAllPLI 16 
• 

·Jfapping and Nucleotide Sequence Analysis of tJmABCDEF Gene Cluster 

A. Happing 

The region of .the .. io.2 kb wI fragment: (see Example 10) 

25 encoding THO proteins was dete:r:mined by deletion mapping. Deletion 

mapping was accompani~d by DNA sequencing to t'EIVeal restriction 

sites. Various regions of the .8.!£! fragment (Figurea 3 and 4) were 
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cloned individually into the .B.. "11 expression vector pCFM1146 

(Example 7) which can express foreign genes from a heat-inducible 

phage PL p~omoter. Each of the recouabinant plasmids tvas introduced 

into the ,g, W! strain FM5, which contains the integrated phage 

5 lambda repressor gene CI857 (Sussman and Jacob, Compt. Rend. Acad~ 

~ 254: 1517-1519 (1962)), as described by .Burnette et al., 

(supra). The resulting .strains were ass:ay~d for TKO activity by the 

alternative assay described in Example 11 under induced and 

unind.uced conditions. 

10 The following plasmids were constructed for mapping: pMY4_21, 

pMY437. plCMY336, pMY448, pMY429, and pKKY340. Cloning of an -2. 6 kb 

Hindltl fragment of plasmid pMY401 (Example 10) containing· the 

tlDDABCD genes (Figure 3) into pUCl9 (Yan1sch-Perron et.al., (supra)) 

produced plas~id pMY419. Subs~itution of the ~I-A!R718 fragment 

15 of pKMY287 (previously designat:ed pKY287 in Ex.uaple 10) with a 

corresponding ~I-~718 fragment of pMY419 containing the cmaAB 

genes genera_ted plasmid pMY421 (Figura 4) . 

Seve~al intermediate plasmids were involved in the 

construction of pMY437 (Figure 4). DeletioQ. of an -0.9 kb bRI 

20 fragment downstream frona the tmoABCDE genes in plasmid pMY401 

(Example 10) produced plasmid pMY424. Insertion of a lbQI link.er 

into the S,qI site of pMY424 generated plasmid pMY436. Substitution 

of an W,718~Xbs!l fragment of pMY421 containing the cmoDE genes with 

the corresponding AG.718-Xho.I fragment of pMY436 gonerated plasmid 

25 pMY437. 

Construction of plasmid pMY448 (Figure 4) involved using the 

plasm.ids pMY476 and .Pl<MY336, Insertion of the -0.8 kb Jil.DdIII 
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fragment within the tmoE gene (Figure 4) into the iDu\I site of pUC19 

produced pMY4 76. Substitution of · t:he Au1718·!liu!IHI fragment: .of 

pMY421 containing t:he tmoDE genes with the _longer &m718-1AmHI 

fragment of p1CMY282 (previously designated pKY282 in EXAUlple 10: 

5 Figures 3 and 4) containing t:he' tmoDEF genes produced plasmid 

pKMY336. Substitution of the 11RI-111!1HI fragment: of plCMY336 

cont:ain:lng part of the t:moE gene with the -0. 76 kb E!l?,I-AAmHI 

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

an -1. 2 kb NcoI fragment. from the 5' end of the tmoA gerte in pl<KY287 

10 produced plasmid pMY429 (Figure 4). 

Construction of plasmid p1CMY340 involved usi-ng the plasm-ids 

pKMY277 (previously designated prl277' in Example 10) and p!l!'421 

(described above). Deletion of an -2.3 kb~! fragmenc from the 

region downstream from the tmoABCDEF · gene cluster in plCMY277. 

15 genen.t:ed. a plasmid designated p1QIY280 (previously de•ignat:ed pKY280 

in Example 10). Replacement of the :-2 kb 6.U718·~I frapent of 

pMY421 containing the tmoDE genes wit:h the .. 4. 8 kb AflR.718-.hmffI 

fragment of pICMY280 containing the_ tmoDEF genes produced plCMY340. 

·rnducible THO activity (as measured by the alternative assay 

20 described in Example 11) was observed from a strain carrying any of 

the recombinant plasmids pl<KY287 (Example 10), pMY437. pMY421, 

pl<MY336 or pKMY340, · but not fro111. the strain carrying pKY429 or 

pMY448 (Figure 4, Table III). This result: further demonstrated 

transcriptional direction of the TKO genes and defined more · 

25 · precisely the minimal DNA region required for 'l'MO activity. The THO 

genes are transcribed from left to right based on the map shown in 

Figure 4. Plasmids p~287, pMY437 and pMY421 gave similar levels 
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of TMO acdvity (Table Ill). Plasmids plCHY336 and pKKY340, each 

carrying the tmoF gene, along vi th the tmoABCDE genes gave enhanced 

levels of TKO activity (Table Ill). Among the recombinant plasmids 

yielding inducible TMO activity, pMY437 carries the smallest insert 

5 (Figure 4). This insert ts a~ -3,6 kb fragment:. defined by the 

recognition sites of !UndlIJ anc:l 11:21 (Figure 4). '!he essential TMO 

genes are therefore located between these two sites on the -10.2 kb 

~l fragment. 

There ls a perfect c:orrelation between the presence of nm 

10 act:ivity and t:he indigo-producing capability among these st:rai?S 

tested. Indigo was prod\lced only in strains having TKO activity b\lt 

not in strains lacking TKO activity (Tables I and 111). The indigo-

pl\IS strains all contain the intact:. tmoABCDE gene cluster and each 

of the indigo-minus strains utisses an essential TKO component gene. 
I 

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

presence of the TMO gene cluster ~hen these genes are investigated. 

This Sheet Has Been RepJ d 

I Ill/Ill/Ill~ ml Ml /If . · 
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TULE III 

IMO Activities and Indigo-Fo:tming Properties 
of Recombinant I. ~ Plasmids Carrying 

Different PmD.1 DNA Fragments. 

~049/078 

Plasmid• 
Specific Activity of Tl'/IJJ 

(tsmole min·1 mg-1) 

Indigo 
Formationc 

·pCFM1146, Induced 0.1 

p!lY429, Uninduced 0.1 
pMY429 1 Induced 0.1 

pM'l448, Uninduced 0.1 
pKY44~. Induced 0.1 

pKKY287, Uninduced 2.0 + 
PJ.QfY287, Induced 7.0 + 

pMY437, Uninduced 0.5 + 
pMY437. Induced 7.3 + 

pMY421 1 Uninduced 0.9 + 
pMY421. Induced 10.0 + 

plQlY336. Un:f.nduced 0.6 + 
pl<MY336, Induced 19.0 + 

pKMY340, Uninduced 0.7 + 
plCMY340. Induced 20.0 + 

25 •zach plasmid listed except pCFK1146 b the ,i. ~ expression vector 

pCFMll46 carrying TMO genes. . The different inserts in these 

plasmids are defined in Figure 4. 

'bTMO specific activities in toluene-induced and uninduced Pmtall cells 

are 30 and 0. 5 nmole of non-volat:ile material forution fr01ll toluene 

30 per minute per mg of protein. respectively. 

e+. indigo formation; -. absenc• of indigo foxmat:ion 

.... 
·: ..•. · ... 
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B en Replaced . 

\\i\i\\~\\\\\\\\ ·. . . 

B. .sequencing 

Initially, the Xh21-~l DNA region extending from coordinate 

0. 4 to S • l on the map shown in Figure 4 was sequenced in its 

entirety in both orientations. The nucleotide sequence of this Xh2I 

5 fragment carrying the TMO genes.was determined by the dideoxy m~thod 

. .._/ of Sanger et al., Proc. Natl. Acad. Sci. li: 5463-67 (1977) on 

double-stt'anded DNA using the Sequenase• DNA sequencing kit obtained 

.... _. 

from United States Biochemical Corpot'&tion, Cleveland, Ohio 44122. 

DNA samples were denatured. ·in 0. 2 M NaOH for 10 minutes and 

10 neutralized with 0.2 M ammonium acetate (pH 4.5) before use in the 

sequencing reactions. The -4. 7 kb ~I . fragment and various 

deletion derivatives. were cloned into pUC19 or pUC18 (Yanisch-

Perron et al., (~)} for DNA sequencing. Both commercially 

available and synthetic primers were used for sequencing re·actions. 

l5 The nucleot:ide sequence corresponding to the !Y.ndlll-.SOI region 

required to give TMO activity is presented in Figure 5. Five o~en 

reading frames were identified in this region. 

Each of the five open reading frames was confirmed by 

determining the N- ee·rminal amino acid sequence of the corresponding 

20 gene product produced in 1. ~ from. plasmid pKY421 (see Table VI 

in Example 18 below) and by cloning each of the regions containing 

an open reading frame and demonstrating corresponding activity (see 

£xample 17 below). The genes defined by these five open reading 

fremes were designated tmoA, tmoB, tmoC, tmoD and tmoE in the order 

25 of transcription (Figure 4). Part of a sixth open reading ·frame was 

also detected near the 3 ,, end of the Xb.Q.1 fragment. This led to 

further sequence a~iysis of the region downstream of the r:moABCDE 



.__. 

02/!l/96 18:38 '8'805 447 1090 AMGEN LAW iai 051/078 

.. 
..47-

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

is also shown in Figure 5. This sixth open readtng frame was 

designated tmoF, continuing in the order of transcription. This 

open reading fr&Dle was confirmed by deterntining the N-terminal amino 

5 acid sequence of the corresponding gene product in L. ~ ft'om 

plasmid pMY440 (see Table VI in Example 18 below). Plasmid pMY440 

encodes the sixth open reading frame and expresses a functional Tmo'F 

protein in the !'. ~ FM5 host cells. It was constritcted by 

deleting the -3 .4 kb HindlII fragment from the 5" end of the 

10 tmoABCDEF gene cluster in p1CMY336. 

The tMO genes are organized as a very closely-spaced cluster. 

In addition to the Shine-Delgarno (S•D) sequence (Nature lli:- 34-

38 (1975)) preceding each gene, only very short non-coding regions 

separate the genes .(Figure 5). Downstream from the tOIOAIJCDE gene 

15 cluster, _there is a GC·rich region of dyad symmetry followed by a 

series of thymidine residues (Figure 5), a structure characteristic 

of a rho-independent i:ran~cript:ion terminator (Platt, Ann. p.ev. 

!iocham. 2,2: 339-372 (1986)). However, further doWnstream, is s. 

sixth open reading frame encoding T!noF. The fact that the plasmids 

20 pKMY336 and pKMY340 gave higher THO activity than did the other 

plasmids as shown above in Table III (Part A ·of this Example) 

indicates transcriptional read· through at the termination region 

described above. 

The base composition of the t:llloABCDEF cluster ls unusual for 

25 ~- mendocina genes. The G:t-C content of the DNA fragment presented 

in Figure 5 is 48.8\. This low value is significantly different 

from the reported G+C content of 62.8-64.3t for the f. mend.ocina 

·. 
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genome (Palleroni, et al., J. Gan. Microbiol . .fi.Q.: 215-231 (1970)). · 

Consistent: wieh the lov C+C content, there is no codon usage 

preference for guanine and cytosine at the third position of each 

codon in the TKO gene$ (Table IV). The PmlCRl stain, initially typed 

5 as described in Whited (§!!RI!). has been retyped and the identity of 

this strain has been confit"med. A simple eXplanation of. the low G+c 

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

bacterial species, that were later transferred into?. mendocina on 

a plasmid. Consistent with such a hypothesis is the observation 

10 that the toluene utilizing property can be transferred from PmKlll to 

?. uuti4a K'.l.'2440. This observation suggested the presence of the 

t~luene plasmid pAUTl (Table I of Example 11) in PmKR.l. 

: 
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TABLE IV 

Codon Usage of the t:moABCDEF Genes. 

Amino 
5 Acid Codon A B c D F Total 

Gly GCG 4 0 1 0 1 9 15 
Gly GGA 5 0 3 3 1 5 17 
Gly GCU 14 l 3 2 5 6 31 

10 Gly GGC 10 l 4 1 l 3 20 

Glu GAG 15 5 5 2 14 12 53 
Glu GAA 24 3 7 10 12 17 73 
Asp· GAU 19 5 5 5 13 8 55 
Asp GAC 15 1 3 2 6 4 31 

15 Val GUG 4 4 l 2 3 10 24 

Val GUA s 3 4 1 ·3 6 22 
Val GUU 9 6 0 2 1 3 21 
Val GUC 4 1 3 0 5 s 18 

Ala GCG 7 2 1 l 3 9 23 

20 Ala GCA 18 2 l 3 5 7 36 
Ala. GCU 7 2 l 5 10 6 31 
Ala GCC 12 1 2 1 5 5 26 

Arg AGG l 0 0 l 2 l 5 

Arg AGA 1 l 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 l 2 0 8 7 32 

Lys AAA 11 2 3 3 7 11 37 

Asn MU 8 2 2 3 7 9 31 
30 Asn AAC 9 1 2 3 6 1 28 

Met AUG 21 4 3 3 12 8 51 
Ile AUA 3 1 0 l 1 1 7 

Ile AtJlJ 7 0 4 3 7 ll 32 

~ .. ._,.,, Ile AUC 14 1 4 6 2 4 31 

35 Thr ACG 4 0 1 0 3 3 11 

Thr ACA 4 0 3 3 3 2 15 
Thr ACU .3 2 l 1 4 5 16 
Thr ACC ll l 2 2 5 3 24 

Trp UGG 22 0 2 0 13 2 39 

40 End ·.UGA l 0 0 0 1 0 2 
Cys ucu 1 . :l 3 0 1. 2 8 
Cys UGC 3 0 2 . 0 3 5 13 
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TABLE IV Continu@d 

Amino 
Acid Codon A B c D E F total 

5 

End UAO 0 1 0 0 0 0 l 
End UAA 0 0 l 1 0 l 3 
Tyr UAU 14 0 l 1 6 6 28 
Tyr UAC 8 l 3 1 8 4 25 

10 Leu UUG 10 l 0 4 10 4 29 
Leu truA . 2 1 3 l l 4 12 
Phe. WU 12 3 1 2 4 11 33 
Phe uuc 12 2 2 2 4 6 28 

Ser UCG 4 1 0 0 4 6 15 
15 Ser UCA . 3 1 0 0 4 6 14 

Ser ucu 4 0 1 0 2 2 9 
Ser ucc 4 1 2 1 3 5 16 

Arg .CGG 2 2 0 l l l 7 
Arg CGA 0 1 0 l 3 2 7 

20 Arg CCU 15 3 0 l 6 7 32 
Arg CGC 7 0 1 3 6 l 18 

Gln CAG 14 l 2 5 11 5 38 
Gln CAA 7 l 0 1 7 4 20 
His CAU 9 2 3 l 3 4 22 

25 His CAC 6 1 2 0 10 1 20 

Leu CUG 9 l 1 2 15 11 39 
Leu CUA 3 l i 1 3 6 15 
Leu cuu 7 1 l 0 8 5 22 
Leu CUC 4 0 l 1 1 6 13 

30 Pro CCG 9 0 1 3 5 7 25 
Pro CCA. 5 3 1 1 s 4 19 
Pro CCU 5 1 1 0 2 5 14 
Pro CCC 4 0 l 0 5 2 ·12 

....... _ ..... 
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WKPL1 12 

Identification of tmoABCDB •• !asentlal THO Genes 

A. Plasmid p1CHY341 and Sinsl•-sene Mutant DerivatiYes 

To determine if each of the designated tmoABCDE genes as 

S described in EXaiaple 16 encode3· a TKO protein co111Ponent necessary · 

"-" for TMO activity, a single mutation was introduced into each of the 

genes and its effecc on.TKO. activity was detenained. A plasmid, 

pKMY341, was initially constructed by cloning the cmoltBCDE genes 

into che g. coli plasmid T7-5, followed by introducing a ONA 

10 sequence change into.cha individu.al genes. The pT7-5 plasmid ls a 

ColEI-based plasmid containing the P-lactamase gene and a •ultiple 

cloning sice downstream from a T7 RNA polY..,erase-specific promoter 

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

Acad. Sci. !2,: 1074-1078 (1985)). 

15 The ·plasmid pl<MY341 carrying the tmoABCDE genes was 

conscructed by clonlng che -4.7 kb XhAI·lmlHI fragment of pKMY336 

(Example 16) into the XlulI •nd Aa,mHI sites of pT7·5. The plasmids 

pMY459. pMY458, pKY482, pMY484, and pMY472 carry mutations in the 

r.:moA, tmoB, tmoC, tmoD, tmoE genes, respectively. Cleavage of the 

20 ls.21 site in the _tmoA gene (Figure 4) of pl<MY341 followed by end­

filling and ligation generated plasmid pMY459. The same treatment 

at the ~I site in the cmoB gene, at the 61l1718 site in the t:moC 

gene, and at the ClaI site in the tmoD gene, generated the mutations 

in plasmids pHY458, pMY482, and pKY484, respectively (Figure 4). 

25 Cleavage of che J!!DII site in the tinoE gene (Figure 4) followed by 

removing the overhangs and ligation generated the mutation in 

plasmid pKY472. · ·\> 
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Enzyme assays revealed that: each of the mut:ations co~pletely 

eliminated TMO activity tn £ . .£2lj. cells as shown tn Table V. 

TABL! V 

Complementation Between Individually Cloned tmo 
Genes and the tmoABCDE Gene Cluster Carrying 

Corresponding Mutations. 

Bacterial Specific Activity of 
·strain (EcY#)• Plasmidb tmo Genes TKO (nmole min-1 mg-1) 

5246 plCMY341 ABCDE 10.7 
. 5283 pMY459 A-RCDE 0.06 

5282 pMY458 AB·coE 0.04 
5286 pMY482 ABC-DE 0.08 
5287 pMY484 ABCD-E 0.05 
5285 pMY472 ABC DE- 0.10 

5258 pMY438 A 0.09 
5265 pMY447 B 0.03 
5288 pMY474 C. 0.04 
5289 pMY479 D 0.02 
5224 pKMY327 E 0.04 

5291 pMY438, A, A-BCDE 2.0 
pMY459 

5290 pMY447, B, AS-CD! 3.9 
pMY458 

5297 pMY474. C, ABC-D& 7.4 
pMY482 

5298 pMY479, n. ABco·z 2.0 
pMY484 

5292 pKM'l327, E, ABCDE. 10.3 
pMY472 

•Each of the strains was constructed by introducing an appropriate 
. . 

plasmid or plasmids into.the 1. ~strain HB101. All cultures 
were grown in the presence of 0. 35 mK sodium salieylate which 
induced the TMO genes cloned into plCMY319. 

bconstruction of all plasmids is describe 

1'hi 

1iilil1111~ 
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B. Complement•tion Tests Between Mutant De~ivatives of Plasmid 
pICMY341 and Plasmids Carrying a Single THO Gene 

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

5 expression of the TMO genes in the presence of a polar mutation 

which itself is not located in a 'l'HO gene, complementation tests 

between plasmids pKY459, pMY458, pMY482, pMY484 and pMY472 

(cons_tructed as described in part A above) and plasmids carrying 

only one of the t:moABCDE genes were conducted. · l'lasmtds pMY438. 

10 pMY447, pMY474, pMY479, and pl<MY327 were constructed to contain the 

r:moA, B, C, D, and E. genes, respectively, in the broad host range 

expression ve.ctor pKMY319. Plasmid pKMY319 is described and cla~!:'led 

in co-pending and co-assigned U.S. Patent Application Serial No. 

07 /590, 280, filed on September 28, 1990, hereby incorporated by 

15 reference in its entirety. Plasmid pKKY319 is a plasmid vector in 

which expression of foreign genes can be regulated by the Nabll 

protein and an inducer. such as sodium sal1cylate. 

Plasmids pMY438, pMY447, pMY474.· pMY479, and pMY327 are 

derivatives of plQIY319 that carry t:moA, t.moB, tmoC, t:moD, and tmoE, 

20 respectively• and were constructed as follows. For the const:ruction 

of plas~id pMY438, pMY430 was initially constructed by cloning an 

· -1.6 kb 12I.f.l fragment containing the tmoA.gene (Figure 4) into the 

£ma.I site of pUC19 in an orientation that placed the ll2.II site of 

pUC19 at the 5' ·end of the tmoA gene. Plasmid pMY'438 was 

25 constructed by cloning the -1 .. 6 kb Xllill-~I fragment of pMY430 

carrying the tmoA gene into the ~l and ~I sites of pKMY319. 

Plas~ids pKKY332 and pKY446 were used in the construction of 

pMY447. The plasmid pl<MY332 was obtained by deleting an -2 kb Hnat-

I. 
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~I fragment of pI<MY287 at the 5 • end of the TM.O gene cluster 

(Figura 4). ClQning of an -0.7 kb XbAI-A§R718 fragment of pl<MY332 

containing the tmoB gene into the Xllill and Asp718 sites of. the 

plCMY319 produced.plasmid pMY446. Further deletion of an -0.2 kb 

S Xl!.!,I·~I fragment: upstream from the t.moB gene in pMY446 (Figure 4) 

generated plas~id pMY447. 

Construction of plasmid pMY474 invol...,ed ·constructing 

intermediate plasmids pMY414, pMY426, pMY452, and pMY466. Cloning 

of an -0.4 kb As,718-Clal fragnient of p1CMY282 containing the 3' end 

10 portion of the tmoC gene (Figure 4) into the Al»,718 and As.G,I sites 

of pUC19.produced intermediate plasmid pKY414. Deletion of an -0.1 

kb .A§.RMI·SphI fragment. downstream from the oooc gene (Figurer4) 

generated intermediate plasmid pMY426. Ligacion of a ~I linker. 

to an end-filledHiJlc:IIII site in pMY426 and insertion of the Alll,718-

15 Sacl fragment of pMY426 into pICMY319 generated tntel:Dl8d1ate plasmid 

pMY452. Cloning of an -1. 9 kb m..&l-Aq718 fragment of plQlY341 

containing the r:.moAB genas and the 5' end of the tmoC gana (Figure 

4) into the .Ql.&l and.A.12718 sites of pMY452 produced intermediate 

plasmid pMY466. Deletion of a 1.8 kb .Qlal fragment ups~ream from 

20 the t:moC gene in pMY466 generated plasmid pMY474. 

Intermediate plasmids pMY404, pMY470, and pMY478 were 

generated and used in the construction of plasmid }>!«479. Cloning 

of the -4.7 kb BamHI-bhl fragment of pMY401 carrying che r:moABCDE 

genes into the plasmid pUC18 (Yanisch-Perron et al. , (supra)) 

25 produced intermediate plasmidpMY404 (see Example 10). Deletion of 

the -3 kb ~I fragme~t of pMY404 carrying the tmoABC genes (Figure 

4) generated interm..,tiat:e plasmid pKY470. An -0.4 kb HilldIII 
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fragment of pKY470 carrying the cmoD gene (Figure 4) was end-filled 

and ligated along with another end-filled 0.8 kb H!ndlll fragment of 

pMY470 into the Smal site of p~Cl9 (Yanisch·Perron et al., (supra)) 

to form intermediate plasmid pKY478. In pMY478, a ~I site was 

5 generated upstream from the cmoD gene as a result of ligation of two 

end-filled HindIII sites. Cloning of tha -0.4 kb Bb.@.I-.11.£1 fragment 

of pMY478 carrying the tmoD gene into the Xl2&I and ~I sites of 

p1CMY319 generated plasmid pMY479. 

Plasmid plCMY327 was constructed from the intannedlate plasmid 

10 pl<MY324. Cloning of the Xbsll fragment of pKMY282 carrying the 

cmoABCDE genes into pKMY319 produced intermediate plasmid p1CMY324. 

Deletion of an -3.l kb ~I fragment of plCMY324 upstream from-~he 

tmoE gene (Figure 4) generated plasmid pKKY327. 

Each of these plasJ11ids was introduced by transformation into 

15 a strain which concaineci a corresponding member of the plasmids 

pKY459, pMY458, pMY482, pKY484, and pMY472.and the TKO activity in 

each of the resulting strains was determined after induction as 

shown in Table V above. A plasmid carrying a mutation in any inembeJ: 

of the tmoABCDE genes was complemented by the plasmid which carries 

20 that particular gene in synthesizing the 'IMO emynte (Table V). This 

result demonstrated that the mutation in each of the tmo genes. d~d 

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

of the mutations prevented the synthesis of a functional TKO system 

(Table V), this indicated that each of the ct»OABCDE genes plays an 

25 essential role in directing the synthesis of the TKO enzyme system. 
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Pur1f1ca~1on and Analysis of Tl!IO ~otatn• 

TMO proteins except TmoF were partially PUJ:'if led from PmKRl or 

E,. coli FM5 cells carrying the plasmid pKY421 by D!AE cellulose 

5 chr.omat:ography according to Wbi~ed, (.EUU'.A) , except that TBGD buffer 

( 50 DIM Tris , pH 7 . 45; 10' glycerol; 10'5 ethanol: 1 mM 

dith:lothreitol) instead. of PEG buffer was used in the column. The 

TmoF protein was purified· from J. .G.ill FMS cells carrying t:he 

plasmid pKY440, by isolacing the protein after polyacrylamide gel 

10 electrophoresis of the FM5/pKY440 lysate. 

Sodium dodecyl sulfate polyacrylamide gel electrophot"esis 

(SDS·PAGE) was performed essentially according to Laemmli, Nature 

.2.21.: 680·685 (1970). Protein samples were heated at 65°C for 15 

minutes in a loading buff er containing 2' SDS •. 5" 2-mercaptoe thanol, 

15 10% glycerol, 0.02t ·bromophenol blue, and 62.5 mM. Tris-Cl (pH 6.8) 

before they were loaded on the gel, 

For determination of N-terminal amino acid sequences. 

partially purified TMO proteins were further purified by SDS·PAGE 

and electroblotted onco polyvinyldifluoride membrane according to 

20 Matsudaira, J. Biol, Cbem, 2.§.2.: 10035~38 (1987) with slight 

modifications. The protein bands . immobilized on the 

polyvinyldifluoride membrane were visualized by Coomassie blue 

staining and destained with 50• •ethanol and 7• acetic acid. The 

stained bands were excised with a razor blade ~nd sequenced in an 

25 Applied Biosystems Model 477 automated protein sequencer as 

described by Lu et al.. Int. J. Peptide Protein Rea, .U: 237-49 

(1989). 
.. 

\ii\ii\i 
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Conditions t:o generate trypt:ic fragments were described by 

Klein et. al. I Arch. Biochem. Bigpbys. m: 531-537 (1990). The 

tryptic peptides were isolated by reverse-phase HPLC in an 

acetonitrile-trifluoroacetic $Cid gradient elution system. The 

5 isolated peptides wete pooled and loaded onto a glass-fiber disc 

precycled with polybrene for automatic saquance analysis. In 1itu 

cyanogen bromide cleavage· of protein samples and sequence analysis 

of the cleaved mixture were also described by Klein et al. , (suvra.). 

The N·terminal amino acid sequences of the tmoA, B, C, D, E 

10 and F gene products are shown in Table VI. These N·terminal amino 

15 

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

by the H.IJ!dlII-Ss9I region and by the HJ.DdIII~!!DAI region for~the 

TmoF protein (as described in Example 16 and Table IV) agrees 

completely with that predicted from the nucleotide sequence of t:he 

corresponding open reading frame (Figure 5). The estimated 

molecular weights of the purified Til.oA, B, C, D, E and F proteins 

are also shown in Table VI, along with their predicted molecular 

weighcs based on the nucleotide sequence of the tmoA, B, C, D, E aod 

F genes shown in Figure 5. The observed and expected protein 

20 inolecular weights correlate closely for the tmoA,B,C,D, and E gene 

products. but not for the · tmoC gene product. The nucleotide 

sequence of the tmoC gene has capacity to encode a protein with a 

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

However, on SOS-PAGE. the observed molecular weight of the TlnoC 

25 protein was approximately 25,000 (Table VI), almost exactly twice 

the size of the expect~d molecular weight. A 25 kilodalton (kDa) 

protein was also isolate~ from PmlCRl and identified to be the same 
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25 lcDa cmoC product isolated from the recombinanc I.. Wi by 

comparing the N- terilinal amino acid sequences. Further 

charactel"iza.tion of che 25 kDa protein demonstrated that it is 

encoded solely by the tmoC gene. This protein was isolated from 1. 

5 .sRli. and further purified from SDS polyacrylamide gels. Fragments 

of the protein were obtained in separate eKperiments after trypsin 

digestion or cyanogen bromide treatment. N•terminal amino acid 

sequence ~nalysis demonstrated that all of the fragments were 

cleavage products of the TmoC protein. This result suggested that 

10 the 25 kDa prot:ein was a dimer of the t:moC product not fully reduced 

under the conditions used for the SDS-PAGE. 

15 

20 

25 

30 

Gene 

t:moA• 
tmoB• 

cmoc• 
t:moD• 

t:moE• 
tmor 

-. 

TABJ.E VI 

N-termtnal Sequence and Kolecular·Veights 
of the tmoABCDEF Gene Products Produced 
from.Recombinant 1 . .£21.1 FM.5 Host Cells 

Carrying Plasmid pMY421 • or pMY440b 

Product Kolecular Weicht 

Region of 
Nucleotide 
Sequence 

37-1536 
1558·1809 

1818-2153 
2217·2525 

2539-3519 
3548-4575 

. Predicted · Estimated 
From From 
Nucleotide Purified 
Sequence Protein 

57,982 55,000 
9,588 9,500 

12,326 25,000 
11,618 11,500_ 

38,386 35,000 
35,983 38,000 

N-terminal Sequence 
Determined From 
Purified Proteinc 

AMHPRICXDWYELTR. 
SAFPVHAAFEXDFLVQLVV 
VDLNDSMDQVA 
SFQCIXSIJ)DnMmm'FEJ.'S 
STLADQALHNNNVGPIIR 
IIRAGD 

· SFESKXPMRNSXL 
KFNIQSDDWIHFE 

. cTh4!1 letter X indicates undete:t11lined amino acid. 
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The definiti'le functions of each of the TKO genes is not 

known. However, there is evidence at least to suggest a role ·for 

the tmoC gene. CoDlpari~on of the amino acid sequences deduced. from 

the TMO genes with those of law111\ proteins reveal homology between 

5 the tmo.C product and. several other ferredox:l.n proteins functioning 

in dioxygenase system~. Among the 114 amino acid residues in the 

TnloC protein, 36 residues (3l.6t) .are ident:lcal to those of the 

benzene dioxygenase ferredoxin protein at cor~esponding positions 

and 14 res.idues (12. 3') are represented by evolueionarily related 

10. amino acids in the benzene dioxygenase ferredoxin a_t corresponding 

positions (Figure 6). Similar homology exists between· the TmoC 

pr~tein and tbe naphthalene dioxygenase ferredoxin protein (Fi-gure 

6). The ferred.oxin component of the toluene dioxygenase systliml from 

PpFl differs from the benzene ferredoxtn protein by only six amino 

15 acid residue.s (Zylstra and Gibson, J. Biol. Chem,. li!: 14940-46 

(1989)). It therefore shares similar homology with the TmoC 

protein. The region of aiaximum homology between the TlioC protein 

and the other ferredoxins is located between positions 53 and 77 

(Figure 6). Among the 23 amino .acid residues in this region, the 

20 TmoC protein shares 10 (43') with the benzene dioxygenaae ferredoxin 

and 9 (39t) with the n•phthalene dioxygenase ferredoxin (Figure 6). 

In addition, the two dioxygenase ferredoxins share 13 (56.S') amino 

acids in this region (Figure 6). It is interesting to noee . that 

chis· region contains two conserved cysteine residues (at positions 

25 53 and 74, respectively) each of which is followed by a consetved 

histidine in the vici~ity. Benzene dioxygenase ferredoxin (Geai:y et 

al.. (sYPra)) an~·,_·t~luene dioxygenase ferredoxin (Subramanian et 
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al., J, BioL Chem, 260: 2355-63 (1985)), each contains a single 

[2Fe-2S] cluster with a redox potential significantly higher than 

(2Fe-2Sl clusters coordinated to four cysteine residues. It has 

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

chat in addition to cyst:eines, histidine resid~es may provide 

nitrogen ligauds to the {2Fe-2SJ cluster which may contribute to the 

higher· redox potential . of the cluster. It 1s likely that this 

region of maximtim homology between the two dioxygenase ferredoxins 

is involved in the binding of .the (2Fe-2S] cluster. The fact that 

10 the TmoC protein shares overall homology with these two ferredoxins 

and does so especially in this region suggests that it is a 

15 

f erredoxin of the toluene monooxygenase system. 

JIAHPLI 19 

Degradati~e Bioconversion of TOE by Kicroorganisa 
Host Cells Containing aecoabinant Plasmids Carrying 

PmlJlI Toluene Konooxygenaae Genea 

TCE degradation cataly%ed by the toluene monooxygenase of 

PmKR.1 has been demonstrated by Winter et. al. , Bio/Technology !: 282 • 

285 (1989) and claimed in co-assigned U.S. Patent Application Serial 

20 No. 177,640 incorporated by reference. Plasmid plQIY342 is plasmid 

pl<MY319 carrying two copies of the tmoABCDEF gene cluster and is 

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

Serial No. 07 /590, 280, filed on September 28, 1990. It: gives higher 

TKO accivity that the recombinant plasmida previously described for 

25 TCE degradation and. can ·replicate in all Gram-negative bacteria 

tested to date. It is therefore a particularly preferred and 

improved plasm~~'( for use in TCE degradation. Other recombinant 
·~ . ~ 
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pl.a.smids such as plCMY336 and p1CMY340 (Example 16) that give higher 

THO activity than the plasmids described in U.S.S.N. 177,640 are 

also useful for TCE degradation. 

In a particularly preferred embodiment, Pseudomapas putida 

S Y2511 cells harboring recombinant plasmid plQlY342 are grown to mid· 

log phase in !.-broth with 0.35 mM sodium salicylate as inducer, 

The cells are washed 1n L-broth for the degradative bioconversion of 

TCE, as follows. Cells are resuspended to an 00550 of -0.S in L· 

broth, and 4 ml of the cell suspension is added to serum vials. TCE 

10 (Aldrich, (Milwaukee, Wisconsin), spectrophotometric grade) is 

diluted tn N,N-dimethylformamide (DMF) (Aldrich, spectrophotometric-

grade) to 10 mM or 20_.mM and 4 pl added to cell suspension co gtve 

a final TCE concentration of 10 µK (1.3 ppm) or 20 µM (2.6 ppm). 

Vials are stoppered, vortexed, and 10 pl of gas phase ar~ withdr~wn 

15 using a gas·tight syringe at: various times for analysis. Gas pha.se 

samples are· analyzed on a Hewlett-Pacbrd 589()A gas chromatograph 

equipped.with a 25 meter 5• phenyl methyl silicone column (Hewlett 

Packard, Palo Alt:o, California) and a 83N1 electron capture detector. 

The injector, ·oven, and detector temperatures are 120°, 100°, and 

20 3000, respectively. The carrier gas is helium and the makeup gas is 

9St argon-St methane. Peak areas are calculated by a Hewlett~ 

Packard 3392A Integrator. Data are reported as the percentage of 

TCE ~emaining at various times after addition to the cell 

suspension. The amount of TCE present at zero time is taken to be 
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WA.T IS Gt.AIMED IS: 

l. An isolated t1110ABCDE gene complex, 

2. An isolated tmt')AB.CDEF gene co~lex. 

3, A recombinant plasmid cosapr1sing an isolated tmoABCDE 

gene complex. 

4. A racoud>inant plasmid comprising an isolated tmoABCDEF ....._.. .. 
gene complex. 

S. A recombinant plas~id comprising a DNA segment 

containing a toluene monooxygenase gene which encodes a Tmo protein. . . 

6. A recombinant plasmid according to Claim S • wherein 

the toluene monooxygenase gene encodes a Tino A protein. 

7 ~ A recombinant plasm.id according to Claim S, wherein 

the toluene monooxygenase gene encodes a TmoB protein. 

·a. A recombinant plasmid according to Claim S, wherein 

the toluene monooxygenase gene encodes a TmoC protein. 

9. A recombinant plaslllid accord.ing to Claim 5, wherein 

the toluene monooxygenase gene encodes a TmoD protein. 

10. A recombinant plasmid according to Claim 5, wherein 

the toluene monooxygenase gene encodes a Tmol protein. 

11. A recombinant plasll1d according to Claim 5, wherein 

the toluene monooxygenase gene encodes a TmoF protein. 

12. A microorganism hoet cell transformed with the 

recombinant plasmid according to Claim. 3. 

13. A microorganism host cell tra.nsf ormed with the 

recoJUbinant plasmid according to Claim 4. 

14. A .. microorganism host cell transformed with the 

recombinant plasm~d'according to Claim 5. 

Replaced 

\\ii\~i \\\ \\\\ 
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. 15. A microorganism host cell transfol:'Jlaed with the 

recombinant plasmid according to Claim 6. 

16. A microorganism host cell transformed with the 

recombinant plasmid according to Claim 7. 

17. A microorganism host cell transfotllled with the . 
recombinant: plasmid according to Claim 8. 

18. A :microorganism host .cell transformed 1i1itb the 

recombinant plasmid according to Claim 9. 

19. A mici:-oorganism host cell transformed wt th the 

recombinant plasmid according to Claim 10. 

20. A mi~roorganism host: cell transformed with the 

recombinant plasmid accoraing to Claim 11. 

21. A DNA sequence encoding substantially the same amino 

acid sequences for proteins having substantially the same activity 

as represented in Figure S for cmoABCDEF gene products. 

22. A DNA sequen~e for tmoABCDEF genes as · represented in 

Figure 5. 

23. An isolated protein having an amino acid sequence of 4 

TDlOA protein as represented in FigtJ.re 5, or having substantially the 

S811le 8.llino acid sequence and substantially the same activity of the 

TmoA protein as represented in Figure 5. 

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

TmoB protein as represented in Figure s. o~ h&ving substantially the 

sue amino acid sequence and sul)stantially the same activity of the 

TmoB protein as re-presented in Figura 5~ 

25. An isolat~d protein having an amino acid sequence of a 

TmoC protein as represe~ted in Figura 51 or having substantially the 
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same amino acid sequence and substan~ially the same activity of the 

TmoC protein as represented in Figure S. 

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

TuloD protein as repiasented in Figure 5, or having sub•tantially the 

s~ amino acid sequence and s~hstantially the same activity of the 

TmoD protein as represented in Figure 5, 

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

TmoE protein as represented in Figu~e 5, or having substantially the 

same amino acid sequence and substantially the same activity of the 

TmoE protein as represented in Figure 5. 

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

TmoF protein as ~ep~esented in Figure 5. or having substantially~he 

same amino acid sequence and substantially the same activity of the 

TmoF protein as represenced in Figure 5. 

29. A microbial enzymatic method for making p-

hydroxyphenylacetic acid from methylphenylacetic acid comprising (a) 

reacting methylphenylacetic acid with microorganisa host cells 

according to Claim 12 t th~ microorganism host cells having been 

5 treated with an inducer of toluene monooxygenase genes, and (b) 

hydrolyzing with acid for a sufficient time until the 

iaethylphenylacetic acid is substantially converted to p-

hydTo1C}'phenylacetic acid, 

30. A microbial et1Zysaadc method for making indigo from 

1.ndole comprising using microorganism host cells according co Claim 

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

of toluene monooxyge~e genes. 
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31. An improved method for the microbial degradation of TCE 

comprising reacting a ?CE-containing substance ~1th microo~ganism 

host cells according to Claim 13, the microorganism host cells 

having been treated with an inducer of toluene monooxygeriase genes. 
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