WO 91/ 02055 PCT/ USOOP4H 25375
ENHANCENENT OF NAPHTHALENE DI OXYGENASE 5 ACTIVITY DURI NG M CROBI AL
| NDI GO PRCDUCTI ON BACKGROUND OF THE | NVENTI ON The present invention
enconpasses a process for the enhancement of naphthal ene di oxygenase
act|V|ty 10 I n organi sns that have been stably transfornmed with a DNA
sequence encoding a mul tiple conponent naphthal ene di oxygenase enzyme. In
particul ar, the ewomM2essnt of naphthal ene di oxygenase activity PCI/es9od@n2s
i,n a mcrobe transformed with multiple copies of the ferredoxin gene, 15
in a mcrobe cultured in the presence of irop,_and in a mcrobe transforned
with a site specifically mtated ferredoxin Sene. | ndi go, or indigotin,
occurs as a glucoside in many plants of Asia, the East Indies, Africa, and
Sout h 20 Anerica, and has been used throughout history to dye textiles
with a lasting navy blue color. Before eluci- dation of the structure and
the synthetic production of this conpound, natural indigo was |iberated
fromplants by protracted fermentation processes and then introduced 25

into fabric as a sol uble, col cEMERKENENTOSY | NIreStAEENY D1okivEeNngsE | ed

i ndi can. The sol ubke i ndi car,WagT8aShirINy s PRIE ELtI QEH Dol ndoxy!l
and, upon exposuregto air -{hnrwﬂéimquwmngggﬂmqlg-ze&pa—rgarggg—g%$e$at|ng
the dark blue pignent in the fibers of the .fabric. - 30 _ The
chemi cal structure of indigo was deﬂmmxnkdmunl683mﬁndNHEnvnnerCIal|y

feasi bl e manufacturing . procesﬁ;&@%egsxelﬂmtqeﬂ% {&%Z.SSQLB JIQMss
successful industrial rocesses | nvol e alr oxida
or the enhancement of naphthalene dioxygenase activity

P 10 in organisms that have been stably transformed with a
DNA sequence encoding a multiple component naphthalene
dioxygenase enzyme. In particular, the enhancement of
naphthalene dioxygenase activity is evident in a microbe
transformed with multiple copies of the ferredoxin gene,

15 in a microbe cultured in the presence of iron, and in a

microbe transformed with a site specifically mutated
ferredoxin gene.

Indigo, or indigotin, occurs as a glucoside in
many plants of Asia, the East Indies, Africa, and South
20 America, and has been used throughout history to dye
textiles with a lésting navy -blue color. Before eluci-
" dation of the structure and the ‘synthetic production of
this compound, natural indigo was liberated from plants
by protracted fermentation processes and then introduced
25 into fabric as a soluble, .colorless glycosylated deriva-
tive called indican. The soluble indican was easily
hydrolyzed to glucose and indoxyl and, upon exposure to
air, the indoxyl would oxidize to indigo, generating the
dark blue pigment in the fibers of the fabric.
30 The chemical structure of indigo‘was deduced
in 1883 and a commercially feasible manufacturing
. process was developed about 1887. All known successful
' industrial processes involve the air oxidation of
indoxyl to indigo.
35 . U.S.  Patent 4,520,103 to Ensley describes a
process for transforming E. coli with a DNA expression



I ndoxyl to indigo. 35 U S. Patent 4,520,103 to Ensley describes
a process for transformng E. coli with a DNA expression W01/ 02055
PCT/ US90/ 04128 -2- vector that contains a gene for.the expression of the
nmulLti pl e conponent enzyne, naphthal ene di oxygenase, (NDO). The presence of
thi's enzyme in E. coli results in the ability of the nicrobe to synthesize
I ndi go when 5 the cells are cultured in the presence of a source of

i ndol e. Ensl ey et w091/0288% ence, 222:167 (1983) proposes that in POFUS90/04128
NDO- nedi at ed i ndol e to indigo biosynthesis, cis-indole-2,3-di hydrodi ol and

i ndoxyl are likely inter- nediates. 10 SUMVARY OF THE | NVENTI ON The present
I nvention relates to the enhance- nent of NDEYactivity during indigo
formati on by reconbi- nant mcroorgani sns. According to'this invention,
the 15  NDO activity mtbegtﬁa@r&wtakng@'&%eggegueﬁé Uy ?B¥%Pcﬁl eghgpged
using the foll ow ng thrﬁg,giocesses or -any combi nation & .the three
processes. One procesSUdHPLARCATRGRG RN 20S v PERD FRA LS AL 3Ky I8R388vi ng DNA
sequences that express(iOaphtiralpeseffe ofithigpgenzyee cmz Eaecohi clesults
conprises reductase, fgfradoxhi ARd Jer PRe S&i‘d‘r‘ébe@&%}ﬁﬁ!ﬁ'e@?ie SRHYRb! wfén t he
step of transform gg t1je OLgRN SIS Rufel Y RR91SPEGRIS D5ource of

indole. Ensley et al., Science, 222:167 (1983) proposes
that in the NDO-mediated indole to indigo biosynthesis,
cis-indole-2,3-dihydrodiol and indoxyl are likely inter-
.  mediates.
10
SUMMARY OF THE INVENTION
The present invention relates to the enhance-
ment of NDO aétivity during indigo formation by recombi-
nant microorganisms. According to this invention, the
‘15 NDO activity during microbial indigo production may be

enhanced using the following three processes or any
combination of the three processes.
One process for enhancing NDO activity in an
organism having DNA sequences that express a naphthalene
200 dioxygenase enzyme which comprises reductase, ferredoxin
and iron-sulfur polypeptides, comprises the step of
transforming the organism with a DNA sequence encoding
at least two ferredoxin polypeptides for each reductase
and iron-sulfur polypeptide. The DNA sequence encoding
25 at least two ferredoxin polypeptides for each reductase
polypeptide is also within the scope of this invention.
Another process for enhancing NDO activity in
an organism having DNA sequences that express a
naphthalene dioxygenase enzyme which comprises
30 reductase, ferredoxin and iron-sulfur polypeptides,
cbmprises the step of growing the organism in a culture
. broth containing an amount of iron effective to enhance
the NDO activity. Preferably, an effective amount of .
iron is from about 1.8 to 3.6 g/1 of Feso4-7H20.
35 A third process for enhancing NDO activity in
an organism having DNA sequences that express a



at least two ferredoxin polypeptides for each reductase and iron-sulfur
pol ypepti de. The DNA sequence encodi ng 25 at least two ferredoxin

pol ypeptides for each reductase pol ypeptide is also within the scope of
this invéntion. Another process for enhancing NDO activity in an organi sm
.havi ng DNA sequences that express a napht hal ene di oxygenase enzyne which
“conprises 30 reductase, ferredoxin and iron-sul fur polypeptides,
conpri.ses the st eWOool/09955Wi ng the organismin a culture broth cHREAUSVHZE
amount of iron effective to enhance the NDO activity. Preferably, an
“effective amount of iron is fromabout 1.8 tﬁ 3.6 g/l of [err] 35

A third process for enhancing NDO activity~in an organi sm havi ng DNA
sequences that express a W91/ 02055

PCT/ US90/ 04128 - 3- napiphehgléndidiexggoasse YreyiB Wit cH coRpPid&es .
reduct ase, ferredoxin agq &§on-s Ifua goléﬁggtlde§ co rlsgs %QﬁfftEp of
transformng the orgarfi®SHFWRTH £ SHRRASELT LEABOEY Ty Ta PPEYY £ anal og.
Preferably, 5 the fer restpxisearfdieo§tBNACE ctppnséornirddde cyganismydrhion
sequence.  The DNA Sequmnes: anen (e g o T or b
anal og ani no aci d %eqﬁgﬁbg?gfégéggéaaﬁ??ﬂ?ﬁ#?hegégg%§92¥8%ﬁ?§qi 'a?
i nvention. A preferredagdibPmat?oflef atheogitiea pPoarddeg at position 67

' of the ferredoxin amino acid sequence. The DNA sequence

encoding the ferredoxin analog and ferredoxin analog
amino acid sequence are also within the écope of this
10 invention. . ,

A preferred combination of the three processes
described above includes transforming an organism,
having DNA sequences that express a naphthalene

. dioxygenase enzyme which comprises reductase, ferredoxin

- 15 and iron-sulfur polypeptides, with a DNA sequence

encoding at least two ferredoxin polypeptides for each
reductase polypeptide and iron-sulfur polypeptide and
growing the. transformed organism in a culture broth
containing an amount of iron effective to enhance the

20 NDO activity. . '

Another preferred combination of processes
includes transforming an organism, having DNA sequences
that express a3 naéhthalene dioxygenase enzyme which
comprises reductase, ferredoxin and iron-sulfur

25 polypeptides. with a DNA sequence encoding a ferredoxin
analog and growing the transformed organism in a culture
broth containing an amount of iron effective to enhance
the NDO activity. '

A third preferred combination of processes

30 includes transforming an 6rganism, having DNA sequences
that express a naphthalene dioxygenase enzyme which
comprises reductase, ferredoxin and iron-sulfur
polypeptides, with a DNA ‘sequence encoding at least two
ferredoxin polypeptides for each reductase polypeptide

35 and iron-sulfur polypeptide, where the DNA sequence



descri bed above includes transform ng an organi sm havi ng DNA sequences
that express a naphthal ene di oxygenase. enzyme which conprises reductase,
ferredpxin 15 and iron-sul fur polypeptides, with a DNA sequence encodi ng
at_ | east two ferredoxin pol ypepti des for each reductase pol ypeptide and

i Pon-sul fur pol ypeptide and growi ng the transformed organismin a culture
broth containing an anmount of iron effective to enhance the 20 NDO
activity. Anot herw@op®20s5ed conbi nati on of processes includes t PERAISINIH12E
an organi sm having DNA sequences that express a naphthal ene di oxygenase
enzyme whi ch conprises reductase, ferredoxin and iron-sul fur 25

pol ypeptides, with a DNA sequence encoding'é ferredoxi n anal og and grow ng
the transformed organismin a culture broth containing an anount of iron

effective to enhance EH@odwaaEEH/éédﬁunAaBQiééi :Hfdet;?f:{rfr% Q@x@bt?ﬂéﬁ'}mgfi
processes 30 includes_ transf orn1nﬂ an o&ganlsnl avin sequences that

express a napht hal ene®BFpdAfeARs2 M ‘aﬂ’f'ﬁl"f’%’é %&HEF%%(? iron
ferredoxin and iron- saffentqwglypegnhanaa thﬁtNDQiaﬂﬂAVSEmuence encodi ng at

| east two ferredoxin polypeptigdgs ﬁ%se%%chnﬁét%‘f&@%@s@oé hi &8s 3P p1agnd
i ron-sul fur polyp tide

beT U250/ 04150 18 B SMBEaPE N SRATET S, SRCHIHNT ) SERESIPEMS  or med

analog. Preferably, the ferredoxin analog DNA sequence
encodes Cys at position 47, Ile at position 52 and Arg
at position 67 of the ferredoxin ahaibg amino acid
. sequence. The presently preferred plaémids are Fd-
10 911ABC and Fd-pAC1ABC. Host cells containing these
plasmids are also within the scope of the invention.
Another plasmid encompassed by this invention
comprises a DNA sequence'encoding at least two ferre-
doxin polypeptides for each reductase polypeptide'and
. - 15 the iron-sulfur polypeptide.' Preferably, thé plasmid is
Fd-911. 'Host cells containing these plasmids are also
within the intended scope of the invention.
Other aspects and advantages of the present
invention will be apparent upon consideration of the
20 following description of the drawings .and detailed
description which includes several illustrative examples
of the practice of the invention.

_ BRIEF DESCRIPTION OF THE DRAWINGS
25 : Figure 1 illustrates partial restriction maps
of three plasmid constructs which were used to separ-
ately express the three NDO polypeptides; an iron-sulfur
protein, a ferredoxin and a reductase, of the NDO enzyme
system; and

30 Figure 2 illustrates partial restriction maps
of the constructs .used to prepare the Fd-911 plasmid.

35



organismin a culture broth containing an amount of iron effective to
enhance the NDO activity. The present invention al so enconpasses a plas- 5
md cornprising a DNA sequence encoding a ferredoxin anal og. Preferably, the
f-erredoxi n anal og DNA sequence encodes Cys at position 47, lle at position
527and Arg. at position 67 of the ferredoxin anal og am no acid sequence. The
presently preferred plasmds are Fd- 10 911ABC and Fd- pAC ABC. Host

cel | s containi ng Moeé2essasni ds are also within the scope of thepCrrussu/o4ies
Anot her plasm d enconpassed by this invention conprises a DNA sequence
encoding at | east two ferre- doxin polypeptides for each reductase _
pol ypepti de and 15 the iron-sul fur pol ypeptii de. Preferably, the plasnid
is Fd-911. Host cells containing these plasmds are also within the .

i ntended scope of the inventionperdaiRgh 80PNt t he _
- present invention wll be appa Tt _ fol | owi ng
description of the draw ngs. andTR@tNHY eazywe cFINRiissh Ahitdrernprliraptidest al

illustrative exanples @fr&d\@tpsa_cpdalxpe@ft_iﬂbe(Rdwmﬂ.ieomlarBlﬁleEEhDEB_ﬁaId?Tl ON
OF THE DRAWNGS 25 37,000), af Qi-ﬁf-slalh‘.h!cUééfgoﬁﬁﬁafl'ﬁeg%gﬁérdﬁi,' on

maps of three plasmd copnstructs Ich were_ used to sepa y express
the three NDO pol yPept PRREEULZR V?%%}'-‘tstﬂhf’ﬂ}: b?bq )n,"’"‘a S EABR L rOXHAEnaSe
reduct ase, of the NDO trenysmlfystproteimd (36P) that contaird gwpes@bunits

i|lustrates partial regitd G Qhs//Rikbufl c! SH6rcR0TEr Hid1ecui8e d&igltgRare the
Fd-911 plasmd. 35 a about 55,000, 8 about 21,000). 1In substrate binding
studies, ISP binds to naphthalene and the reduction of
10 this enzyme-substrate complex by NADH in the presence of
R4, Fd and oxygen results in the conversion of ISP-bound
naphthalene to cis-naphthalene dihydrodiol.
The naphthalene oxidation limiting polypeptide
. was identified by adding the cell extract from cells
o 15 . expressihg only one polypeptide encoded by a single NDO
gene'to the cell extract of a cell expressing all three
polypeptides. Three plasmids, each containing an
isolated gene encoding one of three polypeptides of the
NDO enzyﬁe, were constructed. The constructions of the

20 th}ee plasmids, were done using recombinant techniques

known to those skilled in the art.

General methods used in the isolation of DNA,
the cleavage of DNA with restriction enzymes, the con-
struction of recombinant plasmids and the introduction

25 of the recombinant plasmids into microbial host cells

are known in the art and are described in many publica-
tions including Maniatis et al., Molecular Cloning-A
Laboratory Manual, Cold Spring Harbor Laboratory,
chapters 3, 4, 5, 8, 11 and 12' (1982) and Current

30 Protocols in Molecular Biology, edited by Ausubel et

~al., Greene Publishing Associates and Wiley :

. Interscience, chapters 1, 2 and 3 (1987). All DNA modi-
fying enzymes used in the examples and experiments
described below were purchased from Bethesda Research

35 Laboratories, Gainesburg, Maryland or New England

‘Biolabs, Beverly, Massachusetts.




WD 91/ 02055 .. . -~ PCT/US90/ 04128 -5-
DETAI LED DESCRI PTI ON OF 'THE | NVENTI ON The-NDO enzyne’ cansists of three

pol ypepti des: a reductase pol ypeptide (Rd, -nol-ecular wei ght about 37, 000),
an_iron-sul fur ferredoxin polypeptide (Fd, 5 nolecul ar wei ght about 13, 000) -
and a terninal oxygenase iron-sul fur protein (I1SP) that contains two -
subunits with an [err] subunit structure (nolecular weights: [err] about
55,000, [err] aboWO9P2e80). |n substrate binding studies, |SP FCOR{ISINH4128
napht hal ene and the reduction of 10 this enzynme-substrate conpl ex by NADH
in the presence of Rd, Fd and oxygen results.in the conversion of |SP-bound
napht hal ene to ci s-napht hal ene di hydr odi ol . 6I'he napht hal ene oxi dati on :
limting pol ypeptide was identified by adding the cell extract fromcells
15 ‘expressing only one pol ypepie degenisaie®.byt bdsia7g] eoMA2ngeaepisuniile

cel | extract of a cellge@XBhesed NG ﬁhiiﬂ{FHi%gxngQ%]}’&tFﬁts'{o%ée I8 TRA gl:?‘st e

S,
each containing an isol'atéd gene encodi n ree_pol ypeptides of the
NDO enzyne, were constGREFERCESTIfiescohRed &ﬁlp{'ins Bre NAE7oplasmig d8 Hasni ds,
wer e done using reconbiolsad irdctaphtbaterecdagradatimsandsks |dexdribed higm art .

CGener al net hods usgd if1st hpat S qt'isgg,p,jLDl\I@hetb@Agﬁgﬂ?gsﬁ c@fn‘%ﬁ%@é

restriction enzynes, the Eon- struction of. reconbin

f
introduction 25 of t¢ FBRJAS FRAV™PI 2ETHes (FRe SahA- pBRS hivasostored by

Ensley et al., Science, 222:167 (1983) and subsequently
sequenced. About 3500 base pairs (bp) of this DNA
sequence encode all of the NDO proteins. The genes

10 encoding these proteins are clustered and sequentially
located on the plasmid.

. ‘The starting material for the construction of
the pACl plasmid was the pCFM526 plasmid. The construc-
tion of the pCFM526 plasmid was described in U.S. Patent

15  4,710,473. The pACl plasmid was derived from pCFM526 by
substituting a DNA sequence containing a synthetic Py,
promoter and a ribosome binding site between the unique
AatII and Clal restriction sites for the original DNA
seqﬁence'of PCFM526. The substitution was performed by

20 digesting pCFM526 with AatII and Clal, isolating the
resulting 4000 bp fragment from agarose gél and ligating
the fragment with the following oligonucleotide:

: AatIl
25 5'- CAGATCCATAAATTATCTCTGGCGGTGTTGACATAAATACCACTGGCGGT-
TGCAGTCTAGGTATTTAATAGAGACCGCCACAACTGTATTTATGGTGACCGCCA-

Clal
GATAATGAGCACAT -3'
30 CTATTACTCGTGTAGC.
The pACl plasmid thus contained a Py promoter
as well as the other sequences of pCFM526 including a
heat-inducible promoter, a restriction site bank cloning
35 cluster, a plasmid origin of replication, a
transcription terminator, genes regulating plasmid copy
number, and a gene conferring ampicillin resistance.



are-known in the art and are described in many publica- tions including
_Mani atis et al., Ml ecular Coning-A Laboratory Manual, Cold Spring Harbor
Labor atery, ‘¢hapters 3, 4, 5, 8, 11 and 12 (1982) and Current 30

‘Pr'ot ocol s in Ml ecul ar Biology, edited by Ausubel et al., Geene Publishing
Associat es. and W ey , Interscience, chapters 1, 2 and 3 (1987). '
-All DNA nodi - fying enzynmes used in the exanpl es and experinents descri bed
bel ow wer e purchawedifoeessh Bet hesda Research 35  Laboratories, Gammesyorsags
Maryl and or New Engl and Bi ol abs, Beverly, Massachusetts. WO 91/ 02055
"PCT/ US90/ 04128 -6- The organism P.putida G/, contains a plasm d designated
as NAH7 which was the source of DNA for the éonstructs described bel ow. The
NAH7 .pl asmird is in- volved in naphthal ene degradation and is described in 5

U S. Patent 4,520,103. ‘'The e ; =N NDO _enzymnme
syst ema( teﬂe nahA gene) was c,IDyﬁfe %g?‘gﬁ‘g’r'g‘{/ %%Fl.??g%gﬁeéﬁcg,s&g%f fé?f‘ﬁ%%)
and subsequent |y sequeéldeflongdite ¥558ep3-%es)#NFRA M )thef thRP] mONXPERTUENCe

encode all of the NDO tideseofisthel mapyehaterid) dicgpgeattise] enhheae. priviecgone iar e
| ust d d ti ; n ' T agl i rj
clustered and sequentigldodihgCaiedse %&gﬁp\ﬂﬁicﬁ%@ fas ch/gtzsgbpfzgsér"n&gﬁgxg b8

Lo e constructT 8n habl Buk A bl 320 S D SR RS g T plibicay
available plasmid pUC9 to construct plasmid ISP-pEA2, as
shown in Figure 1. Plasmid ISP-pEA2 was then
transformed into E. coli strain JM105 as described by
Ensley et al., Microbial Metabolism and the Carbon

10 Cycle, edited by Hagedorn et al., Harwood Academic
Publishers, pp. 437-455 (1988).

The gene encoding the Rd polypeptide of the
NDO enzyme system was cloned into pACl by digesting the
ProR/Sac. plasmid, described below, with XholI, removing

15 the XhoI/XholI fragment and religating the plésmid to.
itself. The resulting construction eliminated about
2200 bp of the ProR/Sac plasmid DNA but retained all of
the Rd gene and was designated as Rd-pACl. Plasmid Rd-
PACl was also transformed into E. coli strain FMS.

20 In order to prepare a plasmid containing only
the Fd gene, the ProR/Sac plasmid was digested with KpnlI
to eliminate the region containing the ISP gene and the
digested plasmid was isolated from an agarose gel. This
was followed by a religation step to construct a plasmid

25 designated ProR/Kpn. This construct was'digested with
Clal and BamHI to release about a 1500 bp fragment
containing both the Rd and the Fd genes. This fragment
was further digested with DdeI to generate a 343 bp
fragment spanning the DdeI and KpnI restriction sites.

30 The Ddel site is 10 bp upstream of the initiation codon
of Fd while the Kpnl is 3 bp downstream of the -

, termination codon of Fd. The sticky end of the Ddel
site was blunt-ended using Sl nuclease and cloned into a
blunt-ended EcoRI site of the pACl plasmid. The KpnI

35 sites of both the Fd gene and pACl were kept intact for
proper ligation. This construct containing the Fd gene



15 4,710,473. The pAClL plasm d was derived from pCFMb26 by substituting
a DNA sequence containing a synthetic [err] pronoter and a ri bosone binding
site between the unique Aatll and Clal restriction sites for the original
DNA sequence of pCFMb26. The substitution was performed by 20  digesting
pCFMB26- with Aatll and Cal, isolating the resulting 4000 bp fragnment from
agarose gel and ligating the fragnment with the follow ng oligonucl eoti de:
Aat |1 .25 5' - CASANPIMUIFRAAT TATCTCTGGECGGET GT TGACATAAATACCACT GCCGAIET/US90/04128
TGCAGTCTAGGTATTTAATAGAGACCGCCACAACTGTATTTATGGTGACCGCCA- C al GATAATGAGCACAT
-3 30 CTATTACTCGIGTAGC. The pAC plasm d thus contained a [err] pronoter
as wel| as the other sequences of pCFMb26 Tntluding a heat-inducible ’
pronoter, a restriction site bank cloning 35 cluster, a plasmd origin of

replication, a transckjagt §84iddtdanak Ofd-ghR1es LN FAGpAt2Sd copy

nunber, and a gene conferrin lcillin resistance. V% 91/ 02055

PCT/ USO0/ 04128 - 7- The"FBFTOISH, BEBcBudls REF8:8dME+t o | sol ate and cl one

the three genes encodi ng t he: t fihge tpahsfanmed: cebls gfereheubyriedhahéngrown

di oxygenase enzyne. Thaagenstaaaed BEndiEidnal POhMRADIELEEK BHed iReREs P

fragment of 5 NAH7g DNQ WA COy ihelaS 85 G B o " Ra o ik o b0a f ' Greil! 1 C1 Y
Infusion (BHI) broth. Cells were grown to an optical
density of 0.5 {600 nm) at 30°C followed by a three hour
incubation period at 42°C. At the end of three hours at
42°C, the incubation was continued at 30°C for six hours

10 with the addition of indole at a rate of 100 mg/liter/h.

Cell extracts'were prepared as described by
Ensley et al., J. Bacteriol., 155:505 (1983). Briefly,
- cells were resuspended (1 g wet weight cells per 2 ml
buffer) in 50mM Tris buffer, pH 7.8, containing 10%

15 glycerol, 10% ethanol and 0.5 mM dithiothreitol (TEG
buffer). The cells were disrupted by two passages
through a French pressure cell at 7,000 1b/in2 at 4°cC
and the resulting mixture was centfifuged for one hour
to give a supernatant crude cell extract.

20 Crude cell extracts prepared from the combined
extracts of all three transformed cell lines reconstitu-
ted .the NDO activity in indole-eéxposed cells.

The NDO activity of the cell extracts was
monitored using a standard procedure. Samples of cells

25 were removed from the growth medium and diluted in Luria
broth which gave a cell density measured by absorbance
at 550 nm of approximateiy 0.25. This corresponded to a
whole cell protein concentration of approximately 0.05
mg/ml. A 0.5 ml aliquot of the diluted cell suspension

30 was transferred to a small test tube, and the suspension
was allowed to equilibrate at room temperature for five

- minutes. The assay reaction was started by the addition
of 50 nmoles of 14c-naphthalene dissolved in 5 ul of
dimethylformamide. The specific activity of the naph-

35 thalene was generally between 5,000 and 10,000
counts/min/nmole. The reaction was allowed to proceed




avail abl e plasm d pUCO to construct plasm d | SP-pEA2, as shown in Figure 1.
Plasm d | SP-pEA2 was then transfornmed into E. coli strain JMLO5 as
described by Ensley et al., Mcrobial Metabolismand the Carbon 10 Cycl e,
edlted by Hagedorn et al., Harwood Academ c Publishers, pp. 437-455 (1988).
,The gene encodi ng the Rd pol ypeptide of the NDO enzynme system was cl oned
-into pACl by digesting the ProR/ Sac plasmd, described below, wth Xhol,
renmovi ng 15 thqvalgplloéﬁbol fragment and religating the plasmi dmmsgommzs
The resul ti ng construction elininated about 2200 bp of the ProR/ Sac plasnid
*DNA but retained all of the Rd gene and was designated as Rd-pACl. Plasmd
Rd- pAC was al so transforned into E. coli=s®rain FMb. 20 ) In
order to prepare a plasnid containing only the Fd gene, -the ProR/ Sac

pl asm d was di gested hKQ to.elimpate the region _containing %\E ISP
gene and the di gested (fadhve BEAUYES FY aoch’a&’n"ﬁﬁ AFHEE MBI ThirE"

foll owed by a religatifivesmiputes.candfruktaldguphsof dhesmixters gyast eduoved

ProR/ Kpn. This constrand spastéh gﬂﬁ"aeée&\tidih Jrak ench Bawyek &@rdﬁteasspmbout
a 1500 bp fragnent containin atl € d the F

Jene ThIS
was further di gested ’ﬁ‘f' Dde eil energp)f‘téhagle?@l% ﬁéﬁf' % %‘f"‘hs
Ddel and Kpnl rest Bi ctyenoveftes. dzx}ng the Tade §P§%¢|%§ Geﬂb §FFeaﬁ1of
the initiation codon oOfodnd tékip éﬁ:thh:@ Kaalab@tsthmzﬁpvuﬁmeam ofhd he |,

termination codon of F, 1a-Ui &;@hg dn%hgk%qggg | e 0B Q% Whk- g{gg@gjﬂ

using Sl nuclease and ¢ one o a bl unt-en site of
pl asni d. The Kpnl 35 ©°f% |at1ésWB¥1%)(ﬁ“I¥ Pﬁﬁhﬁlﬁlgfé’ﬁemﬁ %&Gles\/\BF%d"f&'@ﬂt ApRingt
for the NDO mediated reaction were non-volatile and remained

10 on the plate. The amount of non-volatile lde-
naphthalene metabolites on the plate were measured by
liquid scintillation counting. The assay reaction using
radio labelled naphthalene is proportional to the
capacity of the enzyme to react with the -indole.

- 15 - .Experiments using crude cell extracts from the
clones containing isolated NDO polypeptides and those
prepared from indole~exposed cells indicated the Pd
component to be the most metabolite-limiting
polypeptide. This was demonstrated by addlng 1ncreas1ng

20 amounts of crude cell extracts, approximately 20 mg/ml
of total protein prepared frdm each clone, to the
extract prepared from induced host strain FM5 trans-
formed with all three NDO genes six hours after indole
addition. The data compiled in Table 1 indicates there

25 was a 2.5-fold increase in'éctivity with the addition of
the F4d polypeptide to the six hour crude extract.

As used herein, the phrase "enhanced
naphthalene dioxygenase activity" refers to a time
related increase in the naphthalene dioxygenase

30 enzymatic activity of a cell extract produced in a host
strain in accordance with this invention as compared to
the naphthalene dioxygenase enzymatic activity of a
standard cell extract. The comparative standard cell
extract is the cell extract of a host strain transformed

35 with a DNA sequence encoding a naphthalene dioxygenase
enzyme as described in U.S. Patent No. 4,520,103.



proper ligation. This construct containing the Fd gene WO 91/ 02055

PCT/ US90/ 04128 -8- was designated as Fd-pAd . Plasm d Fd-pAC was
transfQorned into E. coli strain FMb. The transforned cells were cul tured
and grown under standard conditions. Shaker flask experinents 5 were
pefformed using 500 nl of Difco Brain Heart Infusion (BH) broth. Cells
were grown to an optical density of 0.5 (600 nn) at [err] followed by a

t hree.hour i ncubaypowoepesi od at [err] At the end of three hours petr/jsoosokizs
the incubation was continued at [err] for six hours 10 wth the addition
of indole at .a rate of 100 ng/liter/h. Cell extracts were prepared as
described by Ensley et al., J. Bacteriol.,~ 185-505 (1983). Briefly, cells
wer e. resuspended (1 g wet weight cells per 2 ml buffer) in 50nM Tris
buffer, pH 7.8, containing 10% 15 gl ycerol, 10% ethanol and 0.5 niM
dithiothreitol (TEG buffer). The cells were disrupted by two passages

t hrough a French pressure cell at 7,000 Ib/in2 at 40C and the resulting

m xture was centrifuged for one hour to givepapiguper natant crude cell
extract. 20 Crude cel |l extracts prepared fromthe conbined
extracts of all three transfornmed cell lines reconstitu- ted.the NDO
activity in indol eSexposed ceNPQ AGHIIMMOIN G {HQUR, CELLYLAR EXTRAGK { racts was
noni tored using a standard procedure. Sanpl es of cell's

NDO Activity (cpm) ' Added Rd (ul extract)
10 4100 0
3500 o 2
2200 - 6
1800 10
"1750 i 20
15 ; '
Added Fd (ul extract)
4700
8000 _ "2
20 9800 _
11000 : 10
11900 .15
o : 12500 20
25 Added ISP (ul extract)
4100 0
5100 : 2
5000 ]
30 4900 10
' 5900 15 2
5800 | 20

35



25 were renoved fromthe gromh nmediumand diluted in Luria broth which
gave a cell density neasured by absorbance at 550 nm of approxi mately 0. 25.
This cqrresponded to a whole cell protein concentration of approximtely

0. 05 rrg/m A0.5mM aliquot of the diluted cell suspension 30 was
transferred to a small .test tube, and the suspension was allowed to

“equi librate at roomtenperature for five mnutes. The assay reaction was
started by the addpvi/ozessf 50 nnol es of 14C napht hal ene di ssol vedTiusotvo4128
ferr] of dinethylformam de. The specific activity of the naph- 35 t hal ene
‘'was generally between 5,000 and 10, 000 count s/m n/ nnmol e. The reacti on was
al l oned to proceed WD 91/ 02055 - 11

PCT/ US9Q 04128 -9- for five mnutes with occasi-onal vortex mixing. After

fivemnutes, a 20 [err] ali qu%eogoiﬂﬁ,m XE%‘EPJ?SS. rr]plvlqgtqg ?eqjtft ed on

a section of a thin Iayer chr omat ogr Iat napht ne in the

reaction mixture was BertiG@FegmpBod Hi‘iﬂtr‘l"g#h%h?)llé’c"énﬁh?fé'r §x§’E‘P%°drh of air
at room tenperature fdesabihds alddiby nmlruip&e cdpicesy olfathé d lgabel ted

napht hal ene was remVS@aPQ’f&ﬁf’edsEEfﬁm % e"‘é"d&c@%eé‘aﬁﬁt'ﬁ%kv&g%ens

nmet abolites produced during t reacti on _were non- atile and
remai ned 10 on the [Fapgtor mPﬁewéﬁBu‘?ﬂ 6‘ID N8RS Ehe BRASEPCR ?J%’lt hal ene
net abolites on the pl atenwermca!masuB etkdyr ibpgus tkes siedectiva imgtatibemtafng.
The ‘assay reaction usicRg F@dene.abel l'ed naphthalene is proportional to the

EXAMPLE 1
10 _

The generation of a DNA sequence containing
multiple copies of the ferredoxin gene enhanced NDO
activity and was constructed using a three step sequenée
to give the Fd-911 plaémid.

- 15 The ProR/SAc plasmid was constructed from the

' plasmid pN1816. The pN1816 plasmid, shown in Figure 2,
was constructed by initially isolating a 5500 bp PvuIl
to BglII fragment of NAH7 DNA containing the NDO '
genes. This fragment was cloned into the Hpal- and

20 BamHI- digested pACl plasmid. 1In addition to the naha

genes encoding the NDO polypeptides, the 5500 bp
fragment of NAH7 DNA contained approximately 800 bp of
Pseudomonas DNA upstream from the NDO genes and the nahB
gene encoding gi§-naphthalene dihydrodiol dehydrogenase

25 downstream from the nahA genes.

To delete the nahB gene from the pN1816
plasmid, the SacII site located 30 bp downstream from
the ISP gene was used to generate the ProR/Sac
construct, shown in Figure 2. The pN18l16 plasmid was

30 partially digested with SacII, and the resulting
~ restriction site sticky ends were blunted using Klenow
, treatment. The DNA was then digested with EcoRI
releasing a 4300 bp fragment containing the nahA
genes. This 4300 bp DNA fragment was cloned into the
35 pACl plasmid between the EcoRI and Hpal restriction
sites creating a plasmid construct designated ProR/Sac.




capacity of the enzyme to react with the indole. 15

Experi nments

using crude cell extracts fromthe clones containing isolated NDO

pol ypepti des and those prepared fromindol e-exposed cells indicated the Fd
conponent to be the nost netabolite-limting polypeptide. This was
denonst-rated by addi ng i ncreasing 20 anounts of crude cell extracts,
approximately 20 ng/m of total protein prepared fromeach clone, to the
extract prepared woomozossiuced host strain FMb trans- formed Wit ircaiussoiosrs
NDO genes six hours after indole addition. The data conpiled in Table 1

i ndicates there 25 . was a 2.5-fold increase in act
of the Fd pol ypeptide to the six hour crutelzxtract.
phrase "enhanced napht hal ene di oxygenase activity"

ivity with the addition
As used herein, the
refers to a tinme rel ated

i ncrease in the naphthal ene di enase 30 enz Lc acti it f. a cell
extract produced in a host str'gﬁ’(%gp r?%éﬁﬁr?ﬁﬂﬂ‘é%ﬁ‘f Pﬁé%‘ﬁt’i"%ﬁ’
conpared to the naphth@liers@:rdmx@bgbnaseoenz%mwma%ﬂd/lﬁof segulaftigndef d
cell extract. The CO”Qﬁééﬁl\éﬁp%@ém{Q seé:h GWeaﬁbstSoztdameﬁLIm@st wast of

a host strain transfor nmed 35 .wi en t.hal ene
di oxygenase enzyne as9 egeﬁ"ah%esm qremge ﬁ%lg Tilg&l\?lﬁ‘fﬁ«)l/ 02055
PCT/ US90/ 04128 - X0 Rcrqm:ells SMaryland on MND@%C)?PW onrd Nag fesivneted UL AR

EXTRACT _ A.T.C.C. No. 53911.

The next step of the construction required
modifying the 5' end of the NDO gene to give the Fd-pACl
plasmid. About 800 bp of DNA of unknown function in

10 front of the Rd gene in the ProR/Sac plasmid was deleted
to give the 911-pACl plasmid, shown in Figure 2. A
previously constructed plasmid, ATG#6, containing an
SstI site in front of the Rd start-site was utilized to
design the construct designated 911-pACl.
T 15 " ATG#6 plasmid was constructed by initially
' digesting ProR/Sac with EcoRI and HindIII and cloning
this fragment into similarly digested and commercially
available M13mpll. An SstI site was generated by site-
directed mutagenesis-at amino acid’ posxtxons 2 and 3 of
20 the Rd gene without alterlng the amino aclds at these
positions. The NAH genes including the ‘mutation were
removed from M13mpll .as an approxlmately 3500 bp
fragment by digestion with SstI and HindIII and the
SstI/HindIII fragment was cloned into pACI that had been
25 digested with EcoRI and HindIII along with en.oligomer
linker (AATTCAGGAGGAATAACATATGGAGCTC) having an EcCoRI
and SstI sticky ends to give the ATG#6 plasmid.

To construct the 911-pACl plasmid, the ATG#6
plasmid was digested with §§EI-and HindIII and the NAH

30 gene insert removed from M13mpll was ligated into
HindIII and Xbal digested pACl along with the linker
" (CTAGATGGAGCT) containin§ Xbal and SstI sticky ends to

give the 911-pAcl plasmid.

The synthetic oligomer linker contained the
35 initiation codon of Rd and allowed proper spacing
between the Rd gene and the pACl plasmid.



NDO Activity (cpm Added Rd (ul extract) 10 4100

0 3500 2 2200

61800 10 1750

20 15 Added Fd (ul extract) 4700 0 8000

2 20 .. .9800 5 11000

10 11900 _ 15 12500

20 25 . WO 91/02055 Added | SP (ul extract) 4100T/US90/04128
0 5100 2 5000 :

5 30 4900 10 5900

15 5800 20-38 - WD 91/ 02055

PCT/ US90/ 04128 -

enbodi nents of the invention.

the Fd gene to a
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11 - The followi ng exanples are illustrative of particul ar
Exanpl e 1 describes adding multiple copies .of

Preparation of Plasmid Fd-911

An additional copy of the Fd gene was inserted
in front of the cassette containing all of the NDO genes
in the 911-pACl plasmid. This construct was designated
as Fd-911, as shown in Figure 2. '

The Fd-pACl plasmid was digested with KpnI and
blunted with Klenow treatment. This DNA was further
digested with BindIII. The 911-pACl plasmid was first
digested with Clal and blunted with Klenow treatment.
The 911-pACl plasmid was further digested with HindIII
releasing a 3550 bp DNA fragment containing all four
genes. This 3550 bp DNA fragment was isolated by
agarbse gel electrophoresis and ligated into the KpnI
blunted/HindIII digested Fd-pACl plasmid to give the
desired gene construct, the Fd-91l1 plasmid.

The data in Table 2 indicates the result of
shaker flask experiments using strain FM5 transformed
with the Fd-911 plasmid and- shows enhanced NDO activity.

Table 2

NDO ACTIVITY WITH PLASMID Fd-911

Time (hours after

NDO Activity (cpm) heat induction)
5600 6
5700 8
4000 ' ' 10 :
2000 12
100 21



transforned cell. Exanple 2 describes culturing cells 5 transfornmed with
the NDO genes in the presence of iron. Exanple 3 describes site selective
mutation of the Fd gene. EXAMPLE 1 10 The generation of a DNA sequence
contalnlng mul tiple copies of the ferredoxin gene enhanced NDO activity and
was constructed using a three step sequence to give the Fd-911 plasnmid. 15
The ProR/ SAc plasm d was constructed fromthe plasm d pN1816. The pN1816

pl asm d, shown i nwo ®)4e20582, was constructed by initially isolatipgr/asséizs
bp Pvull to Bglll fragnent of NAH7 DNA containing the NDO genes. This
fragment was cloned into the Hpal- and 20 BanmHl - digested pAC plasnmid. In
addition to the nahA genes encodi ng the ND© pblypepti des, the 5500 bp
fragnment of NAH7 DNA cont ai ned approxi mately 800 bp of Pseudonbnas DNA
upstream from the NDO genes and the nahB genﬁ ﬁggﬁding ci s- napht hal ene

di hydr odi ol dehydrogenase 25 downstream fro A genes. To delete the
nahB gene fromthe pN1816 plasm d, the Sacll sité |ocated 30 bp downstream
fromthe | SP gene was wHagtkich g@ngféﬁexalﬁgh25§@Vﬁﬁu: construct, shown in
Figure 2. The pN1816 pl a nl 30 par |aI£ es%ed with SacII and the
resulting restriction sing- Kl enow treat ment .
The DNA was then digested with EbsRrddidliensphigizemIgocepl fqudghEntbroth has

containing the nahA genesn rdfct 48060 HadaNAditt By ByTnutasing @EEdct ndrd Nobe
activity, see e.g., Ensley et al., J. Bacteriol.,

149:948 (1982). However, iron, by as yet .an unknown
mechanism, yields a significant effect in increasing the
10 NDO activity during indigo production by the same
enzyme. '
Based on the results of crude cell extract
studies, experiments were initiated to test the effect
N of iron supplementation on NDO activity using whole
15 cells. Increasing FeSO,e7H,0 concentrations were tested
in BHI medium using E. coli FMS transformed with
ProR/Sac as the production strain. Results obtained
" from shaker flask experimenés, in which the medium was
supplemented with iron confirmed this observation. The
20 data shown in Table 3 indicates higher concentrations of
FeSO,¢7H,0 increased NDO activity in cell extracts.

25

30

35



35 pACl plasm d between the EcoRI and Hpal restri ction sites creati ng a
pl asm d construct designated ProR/ Sac. WO 91/ 02055

PCT/ USQ0/ 04128 - 12 - The ProR/ Sac plasmd was transformed into E. coli
strain FMb, a host organi sm used for regulation of the [err] expression
system. The host organi sm ‘FMb, was deposited with the Anerican Type
-Culture Collection, 5 Rockvill e, Maryland on May 19, 1989 and was

desi gnated A T.Cwo9ebe20s§3911. The next.step of the constructi oPCragEsn 4IRS
nmodi fying the 5° end of the NDO gene to give the Fd-pAC plasm d. About 800
‘bp of DNA of unknown function in 10 front of the Rd gene in the ProR/ Sac
pl asnmi d was deleted to give the 911-pACl pl &8mid, shown i-n Figure 2. A
previously constructed plasm d, ATG#6, containing an Sstl site in front of
the Rd start-site was utilized to design th Qasgruct desi gnated 911- pACl.
15 ATG#6 plasm d was construct e%-y—rm tially digesting

ProR/ Sac with EcoRl and Hindlll and cloning this fragment into sinmilarly

di gested and conmerci al |y avai | ablnpoVaA8ppriTy AN EELL EXTRACTAS gener ated by
site- directed nutagenesis at amno acid positions 2 and 3 of 20 the Rd
gene without altering the amino acids at these positions., The NAH

incl uding the nuta®ion were removed from M3npl | as an apiteoXPRRES| t§500
bp fragnent by digestion with Sshboamekildingl [tpmnd t he _heat induction)

NO IRON 2000 6
1000 8

10 400 11
ADDED IRON 2100 6
2000 8

1800 . 11

" Semman

—n 15
- The data in Table 3 indicates NDO activity
typically decreases both after indole feed and during
indigo productzon However, éupplementing the crude
cell extract with 0.3 umol FeSO,¢7H,0 maintained the NDO
20 activity in both ‘the 8 and 11 hour crude extracts to
nearly normal levels. '
Table 4 indicates the approximate saturating
levels of added FeSO,¢7H,0. A total of 1.8 g/1 or 3.6
g/1 of FeSO4e7H,0 was added with 0.6 g/l of indole over
25 a 6 hour period following induction. Approximately 70%
and 50% of the original activity remained after 6 and 10
hours following indole feed, respectively.

30

35



SstI/Hndlll fragment was cloned into pACI that had been 25 digested with
EcoRl and HindlIl along with an.oli-gomer | nker

( AATTCAGGAGGAATAACATATGGAGCTC) havi ng an EcoRl-xand Sstl sticky ends to give
the ATG#6 plasm d. To construct the 911-pAC plasmd, the ATG#6 plasm d was
di gested wi-th Sstl and Hindlll and the NAH 30 gene insert renoved from
ML3npl | was ligated into H ndlIl and Xbal digested pAC along wth the

| i nker. ( CTAGATGGAWOPI/0205%t ai ni ng Xbal and Sstl sticky ends to giRGA/U$96/04128
911- pAcl plasm d. The synthetic oligoner |inker contained the 35

initiation codon of Rd and al | owed proper spacing between the Rd gene and

t he pAC plasm d. WO 91/02055 - 16 -

PCT/ US9Q 04128 - 13 - Preparation of Plasm d Fd-911 An additional copy of
the Fd gene was inserted in front of the cas tte4containing all of the NDO
genes 5 in the 911-pACd plasmd. This co was desi gnated as

Fd-911, as shown in Figure 2. The Fd-pAC plasm d was digested with Kpnl
and bl unted with Kl enow treajpgeatTIvinys Wi vassMIo bher/siganietRon th
Hndlll. The 911-pAC plasmd was Tirst 10 digested wth Cal and
blunted with Kl enow treatnent. The 911-pACl plasnmid was further digested
with Hindl Il relea8ing a 3550 bp DNA fragnent contai ni ngT&re (hoyrs grfter

This 3550 bp DNA fragnment wasnpe @atiettPy(cpm) heat induction)
NO 9000 : 6
FeSO,¢7H,0 5000 8
10 ' 2000 10
1750 : 12
200 21
1.8 g/1 9000 6
15 ° FeSO,e7H,0 12000 8
9100 10
6300 12
o - 200 21
20 3.6 g/1 9000 ° - 6
FeS0,+7H,0 12000 ' 8
9100 10
6200 T 12
200 21
25

Additional experiments also showed the NDO.
activity may be enhanced by adding iron to the culture
broth used to grow cells transformed with a DNA sequence

30 encoding an extra copy of the Fd gene, exemplified by
the Fd-911 plasmid, and to grow cells transformed with a
. DNA sequence encoding a ferredoxin analog, as
exemplified by the Fd-911ABC plasmid. When the BHI
medium was supplemented with iron during indole feed,
35 NDO activity was retained for extended periods. The
supporting data is compiled in Table 5.



agarose gel el ectrophoresis and ligated into the Kpnl 15 bl unt ed/ Hi ndl I |

di gested Fd-pAd plasnid to give the desired gene construct, the Fd-911
“plasnjg. The data in Table 2 indicates the result of shaker fl ask
-experinments using strain FVMb transformed with the Fd-911 plasmd and shows
- enhanced NDO activity. 20 Table 2 NDO ACTIVITY WTH PLASM D Fd-911 25 Tine

-(hours after NDO Activity (cpm heat i nduction) 5600

6 30 . wOD1 055 8 4000 PCT/US90/04128
10 2000 12 100 21 35 WO

*91/ 02055 PCT/ US90/ 04128 - 14 -
EXAMPLE 2 Addition of Iron to Enhance NDO-AtFiwity During |Indigo Production
5 ' The addition of iron to cell culture broth has been reported

to héve little stimulating effect on NDO activity, see e, d.. sley et .al.

J. Bacteriol., 149:948 (1982). ThEofRSeIts jOfphhe b%/)‘%lygiltgrf-m%%ﬁﬁv\%xample
show NDO activity may be significantly enhanced by the
addition of iron to the crude extracts or to the growth

medium.
5
Table 5
NDO ACTIVITY WITH PLASMID Fd-pACl1ABC and Fd-911
10 ) Time (hours after
' NDO Activity (cpm) heat induction)
plasmid Fd-911ABC 8000 6
S, _ and 1.8 g/1 11000 8
. 15 FeS0,e7H,0 12000 10
12250 12
1800 - 21
plasmid Fd-911 5600 ' 6
20 and 1.8 g/1 . 8000 8
FeS04e7H,0 | 9250 10
8000 12
N ' : 3750 21
25
EXAMPLE 3

A ferredoxin gene derivative modified by site-

directed mutation.also enhanced NDO activity. The

30 change in the amino acid sequence at position 47 from
His to Cys made this position in consensus with about 23
other ferredoxin sequences reported in the literature.
The change in the amino acid sequence at position 52
from Met to Ile eliminated the sulfur group found in the

35 Met while keeping the charge at that position similar to
the naturally occurring amino acid. The change in the



mechani sm vyields a significant effect in increasing the 10 NDO activity
during indigo production by the sane enzyne. Based on the results of crude
cell extract studies, experiments were initiated to test the effect of iron
suppl ementati on on NDO activity using whole 15 cells. Increasing [err]
concentrations were tested in BH nediumusing E. coli FMb transforned with
ProR/ Sac as the production strain. Results obtained from shaker- fl ask
experiments, in wwolimkessmedi um was suppl enented -wi th iron conf ipOrassslusns
observation. The 20 data shown in Table 3 indicates higher
concentrations of [err] increased NDO activity in cell extracts. 25 30 35
W91/ 02055 - 18 - . PCT/ US90/ 04128 - 15
- Table 3 NDO ACTIVITY I N CELL EXTRACTS 5 -

-zrbgg (hours after NDO é?ntilnglégil%%glxence at posipz?gtg é?n%lilgrlgli%gg tlgOA]I“IJ?O\I |
400 elimingtepyhp HEieNat this pogitgipn and replaced it with
6 2000 an amifo acid having similar properties. These changes
in the ferredoxin polypeptide resulted in increased NDO
5 activity.

Site-directed Mutagenesis of the Fd Gene

The Fd gene was changed to give dlfferent
amino acids in the amino acid sequence at positions 47,
10 52, and 67. These changes were His to Cys, Met to Ile
and His to Arg, respectively. The oligomers used to
make these-mutations are shown below. Site-specific
changes are underlined.

15 Amino Gene

Oligomer - Acid Change Designation
CCTGTGCACGEQTGGTGCCGC His - Cys A
CCGCATCAGCGATGGTTATCTC Met - 1Ile B
TCGCCCTTGCGTCAAGGTCGG His - Arg c

20 ’

The FA-pACl plasmid was digested with XbaI and
HindIII and the resulting 345 bp fragment was cloned
into plasmid Ml13mpll, commercially available from New
England Biolabs, Beverly, Massachusetts. The changes to
25 the three DNA sequences by site~directed mutagenesis
were performed by essentially following.known procedures
described in Current Protocols in Molecular Biology,

edited by Ausubel et al., Greene Publishing Associates
and Wiley Interscience, chapter 8 (1987). After
30 nmutagenesis, the mutated Fd gene was removed from the
. M13mpll plasmid by digestion with Xbal and HindIII
, sites. This mutated Fd gene was cloned into the pACl
plasmid digeéted with Xbal and HindIII to give the new
plasmid, FA-pACIABC. The Fd-pAClABC plasmid was then
35 treated as described above in the construction of the
Fd-911 plasmid to construct a plasmid designated Fd-



1800 11 15 The data in Table 3 indicates NDO activity
typically decreases both after indole feed and during indigo production.
However, supplenenting the crude cell extract with 0.3 [err] maintained
tthe NDO 20 activity in both the 8 and 11 hour crude extracts to nearly
normal l.evels. Table 4 indicates the approxi mate saturating |levels of added
{err] Atotal of 1.8 g/l or 3.6 g/l of [err] was added with 0.6 g/l of

i ndol e. over 25 .- av@®9trezossperi od follow ng induction. Approxi maperssédifaizs
and 50% of the original activity remained after 6 and 10 hours foll ow ng
indole feed, respectively. 30 35 WD 91/ 02055

PCT/ US9Q 04128 16 - Table 4 NDO ACTIVITY WTH PLASM D ProR/ Sac and | RON 5

Time (hours after NDO Activity (cpm ~ heat induction) NO
30(1)8 ' ' 911A80y Tpg d0 ]showing 1L aea NDO, gt bty in a
12 200 - strain carrying the Fd-911ABC plasmid is compiled in

Table 5, discussed above.
While the present invention has been described
5 in terms of specific methods and compositions, it is
understood that variations and modifications will occur
to those skilled in the art upon consideration of the
present invention. |
Accordingly, it is intended in the appended
10 claims to cover all such equivalent variations which
come within the scope of the invention as claimed.
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1.8 g/l 9000 6 15 [err] 12000

8 9100 10 6300— 12 200 -
21 20 3.6 g/1 9000 wanl 6 [err] 12000
8 9100° | m 3\ M\!\‘M! . 12 200
21" 25 Additional experinents ald s activity may be enhanced

by adding iron to the culture broth Used to grow cells transformed with a
DNA sequence 30 weorsamdossg an extra copy of the Fd gene, exenpl iRGTEdS%9{04128¢
Fd-911 plasmd, and to grow cells transforned with a DNA sequence encodi ng
a ferredoxin analog, as exenplified by the Fd-911ABC pl asm d. Wen the BH
medi um was suppl emented with iron during imd® e feed, 35 NDO activity was
retained for extended periods. The supporting data is conpiled in Table 5.
WD 91/ 02055 T PCT/ US90/ 04128 - 17 -
The results of the exégﬁkﬁﬁnts in this exanple show NDO activity may be
significantly enhanced by the addition of iron to the crude extracts or to
the growt h medi um 1. A process for enhancing naphthalene

dioxygenase activity in an organism comprising the step
5 of: ' '
transforming an organism with a DNA sequence
encoding at least two ferredoxin polypeptides for
each reductase polypeptide and iron-sulfur
_ polypeptide, wherein said organism has DNA
10 sequences that express a naphthalene dioxygenase
enzyme which comprises reductase, ferredoxin and
iron-sulfur polypeptides.

2. The process as recited in claim 1 further
15 comprising the step of:
growing said transformed organism in a culture
broth corntaining an amount of iron effective to
enhance said naphthalene dioxygenase activity.

20 3. The process as recited in claim 1 further
comprising the step of:
transforming said organism with a DNA sequence
encoding a ferredoxin analog.

25 4. The process as recited in claim 3 further
comprising the step of:
growing said organism in a culture broth
containing an amount of iron effective to enhance
said naphthalene dioxygenase activity.
30

35



5 Table 5 NDO ACTIVITY WTH PLASM D Fd- pACLABC and Fd-911 10
NDO Activity (cpm heat i nduction) plasm d Fd-911ABC

Time (hours after
8000

15 - [err]

1800 .

.and 1.8 g/l

10 8000.

e i 8

- 12
o ’,
WO 91/02085 3750 21 25 EXAVPLE 3 A Per/useensins

gene derivative nodified by site- directed nutation al so enhanced NDO
change in the ami no acid sequence at position 47 from
His to Cys made this position in consensus-w It about 23 other ferredoxin
sequences reported in the literature. The change in the amino acid sequence

at position 52 fromMt to Ile gltlhrgt rf’%t(?gg?%h ofs%lng\gacgé%%{‘gﬂgfeden t'he 35
a rtro a

‘activity. The 30

Met whil e keepi-ng the charge at

nosimhar e naturally

occurring amno acid. dirxygeange aetividy in\gm Prgenpds® comprising the step

PCT/ US90/ 04128
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of:
growing an organism in a culture broth,
containing an amount of iron effective to enhance
said naphthalene'dioxjgenase_activity, wherein said
organism has DNA sequences that express a
naphthalene dioxygenase enzyme which comprises
reductase, ferredoxin and iron-sulfur polypeptides.

6. The process as recited in claim 5 wherein
said amount of iron is from about 1.8 to 3.6 g/1 of
FeSO0, e 7H,0.

7. A process for enhancing naphthalene
dioxygenasé activity in an organism comprising the step
of:

transforming an organism with a DNA sequence

encoding a ferredoxin analog, wherein said organism
has DNA sequences that express a naphthalene
dioxygenase enzyme which comprises reductase,
ferredoxin and iron-sulfur polypeptides.

8. The process as recited in claim 7 wherein
said DNA sequence encodes Cys at position 47, Ile at
position 52 and Arg at position 67 in said ferredoxin
analog. '

9. A DNA sequence encoding .a ferredoxin
analog, wherein said DNA sequence encodes Cys at
position 47, Ile at position 52 and Arg at position 67

, in said ferredoxin analog.

10. A ferredoxin analog, wherein the amino
acid sequence of said analog comprises Cys at position
47, Ile at position 52 and Arg at position 67.



- 18 - amno acid sequence at position 67 fromH s to Arg elimnated the
His at this position and replaced it with an am no aCIE having simlar
properties. These changes in the ferredoxin pofypepti deTHiGSSHEEFAHAS BEEN

incrreased NDO 5 activity. Si ﬂ nesi s offthe Eﬁ(fl.fb The Rd
gene was changed to give di fﬁm,m lﬂﬁm um;ﬂm,: in the “mﬂ%%g e—Sequenee

at positions 47, 10 52, and 67. ¢ Thes® chariges were His to Cys, Met to lle
and H.s to Arg, rwepemeéssel y. The oligoners used to nake these ROTAIS0/0a128
are shown below. Site- speci fic changes are underlined. 15

Am no Gene A i goner Aci d Change Desi gnati on
CCTGTGCACGT GTGGTGCCGC Hs - Cys - 22 - A CCGCATCAGCGATGGITATCTC
Met - " Ile B TCGCCCTTGCGTCAAGGTCGG Hs - Arg C 20
The Fd-pAC plasmd was digested with Xbal and-H ndlll and the resulting
345 bp fragnment was cloned-into plasmd M3npll, commercially avail abl e
from New Engl and Bi ol abs, Beverll, Nopbasmmidseeomprisiing:changes to 25 the
three DNA sequences by site-di reephadssdia@RNeantsdiny @ Betfedoa Byalog.
essentially follow ng known procedures described in Current Protocols in
Mol ecul ar Bi ol ogy, edited by Ausubel et al., G eene Publishing Associ ates
and Wley Intersci®nce, chapterl® (Tbg7mlaswideas ¥eCikedaBrPkdi®d 1ine

nutated Fd gene was r qffu¢edn’ §918 0ha bi@uide phasdésl dys digeatiitdbnwi1h Xbal
and H ndl 1| Ile at position 52 and Arg at position 67 of said

- ferredoxin analog.

10 13. The plasmid as recited in claim 12
wherein said plasmid is selected from the group
consisting of Fd-911ABC and Fd-pAClABC.

14. A host cell comprising a DNA sequence
15 encoding a ferredoxin analog.

15. A plasmid comprising:
. a DNA sequence encoding at least two
ferredoxin polypeptides for -each reductase polypep-—
20 tide and iron-sulfur polypeptide.

le. A plaSmia as recited in claim 15 wherein
said plasmid is Fd-91l.

25 - 17. A host cell comprising a DNA sequence

encoding at least two ferredoxin polypeptides for each
reductase polypeptide and iron-sulfur polypeptide.

30
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" sites. This nmutated Fd gene was cloned into the pAClL plasm d digested with
Xbal and Hindlll to give the new plasm d, Fd-pAC ABC. The Fd-pAd ABC
plaspid was then 35 treated as described above in the construction of the.
Fd<911 plasmd to construct a plasm d designated Fd- WO 91/ 02055

PCT/ US9Q 04128 - 19 - 911ABC. The data show ng extended NDO activity in a
strain carrying the Fd-91 1 ABC plasmd is conpiled in Table 5, discussed
above. Wiile the present invention has been described 5 in ternms of

speci fic nmethods and conpositions, it’issunderstood that variations and
nodi fications will occur to those skilled in the art upon consideration of
the present invention. Accordingly, it is intended in the appended 10
claims to cover all such equival ent ABSTRACTONS Whi ch conme within the scope
of the invention as clainmed. 15 20 25 30 35 WD 91/ 02055

PCT/ US90/ 0411 28

ENHANCEMENT OF NAPHTHALENE DIOXYGENASE ACTIVITY DURING
MICROBIAL INDIGO PRODUCTION

This invention relates to a process for the enhancement of naphthalene dioxygenase
activity in organisms that have been transformed with DNA encoding the expression
of a multiple component naphthalene dioxygenase enzyme. Cells containing the
naphthalene dioxygenase enzyme are capable of producing indigo when cultured in the
presence of indole. The invention includes procedures to enhance naphthalene
dioxygenase activity by transforming a host cell with a DNA sequence that encodes at
least two ferredoxin polypeptides for each reductase polypeptide and iron-sulphur
polypeptide, by growing transformed organisms in the presence of iron, or by
transforming a host cell with a DNA sequence that encodes a ferredoxin analog.



%ﬂwwz
©20-- CLAIMS 1. A process for enhancing napht hal ene di oxygenase act|V| ty
in an organi smconprising the step 5 of: transform ng an organismwth a

DNA sequeﬁee—eﬁfrodr—ng—a‘cﬁ—erast two ferredoxin polypeptides for each

reduct ase ron sul fur pol ypeptide, wh S m
has DNA 10 \il‘[ﬂ mlmﬁﬁ t hat express a napht hal erje"d A@Mﬁi ggE;_r e
whi ch conp « ferredoxin gad iron-sulfur rogpept | des. The
process as recited in claim1 further 15 conpri sing tihel 4tAlif 899 ¢ or\nng
said transfornmed organismin a culture broth containijng _an anount of }ifon
effective to enhance said napht hal ene di oxygenase actfivity. 20

3. The process as recited in claim1 further conprising.the_step of:
t ransf or m ng .sajpd paagmiids Eompirti saingNA sequence encoding a ferredoxin
anal og. 25 4. The process as recited i.n claim3 further

conpri sing the & &PPofSeFPHRF=RPALIRI ganik: %Iierﬁi%leulaﬂﬁlé’%'r ofReERHR ai ni ng

an am);mt g{) 'Sggalaf Rt | spih R Neriicsasai Ey9anht pakereodi ww,gerBseat
acti vi
Y position 52 and Arg at position 67 of said ferredoxin

analog.

12. The plasmid as recited in claim _11, wherein said
plasmid is selected from the group consisting of Fd-

911ABC and Fd-pACIABC.

13. A plasmid comprising :
a DNA sequence encoding at leasﬁ two ferredoxin
polypeptides for each reductase polypeptide and iron-
sulfur polypeptide. h

14. A plasmid as recited in claim_13 wherein said plasmid

is Fd-911.

15. A host cell comprising a DNA sequence encoding at
least two ferredoxin polypeptides'for each reductase

polypeptide and iron-sulfur polypeptide.

A6 os 033~ 3
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* - C L M S * WO 91/02055

PCT/ US90/ 04128 -21- 5. A process for enhanci ng naphthal ene di oxygenase
activifty in an organi smconprising the step of: growing an organismin a
cul ture broths 5 cont ai ning an anmount of iron effective to enhance.
sai d napht-hal ene di oxygenase activity, wherein said organi smhas DNA
*sequences that express a naphthal ene di oxygenase enzyme whi ch conprises
reduct.ase, ferred¥Qi9W/02058 iron-sul fur pol ypeptides. 10 6. The prreT?ES902K%128
fecited in claim5 wherein said anount of iron is fromabout 1.8 to 3.6 g/l
of [err] 15 7. A process for enhanci ng naphthal ene di oxygenase
activiity in an organi smcorprising the step of: transform ng an organi sm .
wi th-a DNA sequence encoding a ferredoxin analog& 3€ere|n sai d organi sm 20
has DNA sequences that express a naphthal ene di § nase enzyne which
conprises reductase, ferredoxin and iron-sul fur pol ypeptides. 8. The
process as recited in claim7 wherein 25 said DNA sequence encodes Cys at
position 47, Ile at position 52 and Arg at position 67 in said ferredoxin
anal og. 9. A DNA sequence encoding a ferredoxin

FIG.1

ISP 1SP8
ISP-pEA2 I
| Xhol
Kpol
Xhol
809 bp ad
Rd-pAC1 — i

A .
clal Q\Bomm
Xhol
—\ Ddel
/E:GRI Hpal/Pvull

N . Xbal
Xbal
Fd L/Bumi-u
Fd-pAC1 L\
pdel/EcoRl Kpol
Xhol
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30 anal og, wherein said DNA sequence encodes-Cys at position 47, Ile at
position 52 and Arg at position 67 .in said ferredoxin anal og. 10. A
-ferredem n anal og, wherein the anino. 35 aci-d.sequence of said anal og
conprises Cys at position 47, Ile at position 52 and Arg at position 67.
422- 4 AUG 1999 11. A pl asm’ d conprising a DNA sequence encoding a
Terredoxin anal og, wherein sai.d DNA sequence encodes Cys at position 47,

|I'e at - position SZVQHUOIQSQ at position 67 of said.ferredoxin analpeg 104128
.The plasmid as recited in claim 11, wherein said plasmd is selecte
the group consisting of Fd- 911ABC and Fd- pACl ABC. 13. A plasmd
conprising a DNA sequence encoding at |east two ferredoxin polypeptides for
each reductase pol ypeptide_and iron- sulfur pol ypeiaé)/ ge. 14. A plasmd as
recited in claimi3 Zsald plasmd is Fd-91 15. Ahost cel |

conprising a DNA sequencé éencod at _heast two ferred ype t] des. for
each reduct ase pol ypeptide and P% gglll p&)l?{)&ﬁ‘?% inanf Plasmhids

P Rd Fd ISP..1SPs  Bglll/BomH

_ pNIBI6 ,@ d
clul/l - sacl
pdel Kpnl

Xhol

/E?onl _
Xbal Hpal/Pvull

800 b BamH|
P Rd Fd ISP, ISP ,/

' Pro R/sac I
o clal/, nt Sacl/Hpal
@Nol __
Xbal Hpal/Pvull
I0b

Prd Fd 158, 15R /BU"‘”'

. oli-acl / IZ5II
- sacl/Hpal
- saél del Kpnl
Xbal Xbal
l Fd' Rd Fd ISP, ISPs ‘/aomul
Fd-91 N
\ .
sacl socl/HpuI
Ecorl/Ddel J|pdel Kpnl
Xho Xhol -
Kpol/clal
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