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On complex medium Escherichia coli strains carrying hybrid plasmid pBEC/EE:11.0, pSKBEC/BE:9.0,
pSKBEC/PP:3.3, or pSKBEC/PP:2.4 harboring genomic DNA of Ralstonia eutropha HF39 produced a blue
pigment characterized as indigo by several chemical and spectroscopic methods. A 1,251-bp open reading
frame (bec) was cloned and sequenced. The deduced amino acid sequence of bec showed only weak similarities
to short-chain acyl-coenzyme A dehydrogenases, and the gene product catalyzed formation of indoxyl, a

reactive preliminary stage for production of indigo.

Colonies of the gram-negative bacterium Ralstonia eutropha
are usually unpigmented, and only accumulation of polyhy-
droxyalkanoic acids results in opaque colonies. When a
genomic library of R. eutropha HF39 was constructed in Esch-
erichia coli XL1-Blue to study the genes of the 2-methylcitric
acid cycle in R. eutropha (Brdmer and Steinbiichel, submitted
for publication), blue-pigmented E. coli transformants oc-
curred at a frequency of approximately 1 in 500. Production of
pigments, identified as indigo (15), by E. coli recombinant
strains harboring genes of Pseudomonas and Rhodococcus spe-
cies has been described by other workers (6, 7, 12, 14). In this
report we describe identification of the blue pigment as indigo,
cloning and expression of the open reading frame responsible
for indigo formation, and experiments examining the physio-
logical background of indigo formation in recombinant E. coli
strains.

Identification of pigment-producing clones. A few blue col-
onies of the R. eutropha HF39 (21) genomic library using
cosmid pHC79 (10) in E. coli S17-1 (20), which was prepared
by the method of Hohn and Murray (11), were identified after
24 h of growth at 37°C on Luria-Bertani (LB) medium. The
hybrid cosmid from one dark blue colony, harboring an 11-kbp
EcoRlI restriction fragment, was isolated as described by Birn-
boim and Doly (3) and was designated pBEC/EE:11.0. Hy-
drolysis of pBEC/EE:11.0 with EcoRI-BamHI or PstI and li-
gation into pBluescript SK™ (Stratagene, San Diego, Calif.)
restricted with EcoRI-BamHI or Pst1 gave four different hybrid
plasmids, which were designated pSKBEC/BE:9.0, pSKBEC/
PP:3.3, pSKBEC/PP:2.4, and pSKBEC/PP:0.9. E. coli XL1-
Blue (4) strains carrying pPSKBEC/BE:9.0 and pSKBEC/PP:3.3
exhibited pigment production after 9 h of growth in LB me-
dium, and application of IPTG (isopropyl-B-D-thiogalactopyr-
anoside) (1 mM) had no effect on pigment production. The E.
coli strain carrying pSKBEC/PP:2.4 produced dye after 14 h of
growth in LB medium without IPTG and after 9 h of growth in
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the presence of IPTG (1 mM). E. coli(pSKBEC/PP:0.9) did not
produce the pigment. Light microscopy of E. coli(pSKBEC/PP:
3.3) grown for 7 days on LB agar plates solidified with 1.5%
(wt/vol) agar revealed dark inclusion bodies located mainly at
the cell poles. In thin sections these inclusion bodies covered
approximately 40% of the cytoplasm (Fig. 1A and B). Electron
microscopic images were obtained from a culture of E. coli
(pSKBEC/BE:9.0) cultivated for 12 h in LB medium and har-
vested by centrifugation (4,000 rpm, 10 min, 4°C in a Minifuge
RF; Heraeus, Osterode, Germany). The pellet was resus-
pended and incubated at 4°C for 90 min in 50 mM KH,PO,
buffer (pH 6.9) containing 0.3% (vol/vol) glutaraldehyde and
0.2% (wt/vol) paraformaldehyde. After incubation, the sample
was centrifuged and washed twice with KH,PO, buffer (pH
6.9). Further treatment and preparation of ultrathin sections
were performed as described previously (23). The images re-
vealed that the indigo inclusions had a diffuse structure, indi-
cating that they were not surrounded by a membrane (Fig. 1C).

Cloning and structure of the bec gene and heterologous
expression in E. coli XL1-Blue. As the 2.4-kbp PstI restriction
fragment encoded the information for pigment production,
hybrid plasmids pPSKBEC/PP:2.4 and pSKBEC/PP:3.3, which
also harbored a 0.9-kbp PstI fragment, were used as templates
for DNA sequencing performed with a Sequi Therm EXCEL
TM II long-read cycle sequencing kit (Epicentre Technologies,
Madison, Wis.), IRD 800-labeled oligonucleotides (MWG-
Biotech, Ebersberg, Germany), and a LI-COR 4000L auto-
matic sequencing apparatus (MWG-Biotech). One open read-
ing frame (1,251 bp) was identified (accession no. AF306552)
and amplified from genomic DNA of R. eutropha HF39 by
performing PCR with oligonucleotides 5'-AACTGCAGCAT
CCGGCGCGAGCAGGAA-3' and 5'-TTGAATTCGCTTG
CCGTAGTGAAGGTGCG-3' as described in Molecular Clon-
ing: a Laboratory Manual (19), using VENT DNA polymerase
(New England Biolabs) and an Omnigene HBTR3CM DNA
thermal cycler (Hybaid, Heidelberg, Germany). The resulting
hybrid plasmid harboring the open reading frame colinear with
the lacZ promoter of pBluescript SK™ was referred to as pSK/
BEC. The ATG starting at position 352 in Fig. 2 is most
probably the translational initiation codon of the structural
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FIG. 1. Light (A and B) (magnification, X10,000) and electron (C) (magnification, X43,000) microscopic images of recombinant E. coli
(pSKBEC/PP:3.3). (A and B) E. coli cells were grown for 7 days on LB agar plates. Panel B shows an enlarged representative cell of E. coli; the
arrow indicates the accumulated indigo. (C) Cells grown for 12 h in LB medium containing IPTG (1 mM), ampicillin (75 wg/ml), and tetracycline

(12.5 pg/ml) and fixed as described previously. Bar = 0.5 wm.

gene referred to as bec, as concluded from the tentative ribo-
some-binding site which preceded this putative start codon. A
protein with a molecular mass of approximately 47 * 1 kDa
was synthesized from the recombinant E. coli strain harboring
pSK/BEC after induction with 1 mM IPTG, as shown by so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis and

staining with Coomassie brilliant blue (16). This strain pro-
duced pigment on LB medium containing 1 mM IPTG. The
bec gene product has a calculated M, of 46,164 and a pI of 9.06.
A comparison of the deduced amino acid sequence of the
bec-encoded protein (416 amino acids) with the primary struc-
tures of other proteins revealed identities of 25 mol% with a
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1 CTCAGGCATGCCCATGGGGGCTCCGCTGGAGTTCATTAAATTTCATATATATTATT CGCGCCATGGGCATCGAGTACAAGCCCGGCGACCACCAATCGCG
101 ATGCGGGCGTTGGCTGGCGCACARARCCAGGCGAGCCCTGCCGCCATACARGAACAACCGGAGACAAGTCATGCT CATCGAGCAGAT CGARCACCGCTGE
24 - -Nygmmmn =12 Psil
201 CTEECGGCGTTCCGGCGCACGCTGGAACTCTGTGCCCTECAGCGGCGCTTCCCCGTGCACTGAACCACGCCGCTTCCCGGCARCGCAACACAAGAACCGC
S/D
301 CGCAGCGCCGCCACCGCATECEEEECEACCAGEARARCAGGAGACCGCGACATGCCATCCGGACAGCTCGACTTCATTCCCGCCATCGGTACGGCGGACT
M P S G o L DF I PATIGTATD
401 TTACCCCGCAACAAGCGCGCCTGCTGGCGCCTGECCARCCECCTCEGCCGCGAGCGCTTCGCCGCGCGCGCAGCACCTGEGACCGCGAGGCCAGCTTCCC
F TP QQARTLTLBAPGO Q?®P©P?»R P RALT RTERARTSTTW®WDTRTETA ASTF P
501 CTTCGCCAACTATGCCGACCTGCGCGAGGCCEGCCTGCTGECCCTGTGCGTGTCGCAGGCGTTCGGCGGCGAGGGCGCGGACTTTGCCACCTACTGCATG
F ANYADTILU RTESBAGTILTILATLTCV Y S QATFTGGETGS ATDTEFATTYCHM
601 GTCGGCGCCGAGATCGGCCGCTTCTGCGGEGCCACGGCGCTGACGTACAACATGCATATCTGCTCGACCATGTGGACCGGCGTGCTGTCCGACGGCATCG
vV GAEI GRTFCGATA ATLTZYNMEBHTITCSTM®W¥TGV LS DG I
701 ACATGACGCCTGAGCAGCGCGCCGAGCACGAAGCCCGGCGCGAGCTGCATTTCTCCCGCGTGGTGCGCGATGGCGCGGTCTATGCGCAGCGTTCTCCGAR
DM TPEQRAEHEA ARTERKRTETLHTFEFSRVV.RDGHAV YA QTR RS P K
801 GCTCCGCGCTGCCGCGGGCAAGGCGCCGTTCGGCACCACCGCGCGCARGGTCGAGGGCGGCTGGGTGCTGAACGGGCGCAAGATCTTCGCCTCGCTGTCG
LRAAAGE KA ATPTFGTTA ARTE KT YETGSG®W®WUV L NGRTEKTITFEF® ASTL S
901 GGCGCGGCCGACTACTACGGCATCCTGTGCACCGAGGACCGCGGCGACCAGCATCCCGACATGCGCGACACGCT CTATATCGCCGTGCCCGGCARGGCGG
G AADY<YOGIULOCTEDTZRTG DG QHPDM®ERTDTTLZYTIATVPGZK A
1001 AAGGGCTGACCGTGACCGGTGAGTGGGACCCGATGGGCATGCGCGGGACGGTATCGGGCACGCTGCTGCT CARGGACGTGTTCGTGCCCGACCATGAGCA
E G L TV TGETWTDTPMGM®RGTV S GTTULTZLTZLZE KT DVFV PDHE Q
1101 GCTGATGCCGCGCGGCGTCTACTACCGTGCCGCGCAGACCTGGCCGGCAATGTTCTTCACGCTGTCGCCGACCTACCTGGGCGTAGCGCCAGCTGCGTAC
LM PRGVYV YYURAATO QTTUW®PAMTFETFTTLS®PTJYULGVATPA AL Y
1201 GATTTCACCGTGCAGTACCTGCGCGGCGAGGTGCCGGGCCAGCCGCCEGTCAAGCGCCGCATGTACCCGACCAAGCAGATCGCGGTGGCGCAGATGCGCA
D F TV QQYJLRGEVT PGSO QPZPV KRI RMYZ®PTZ KT QTIA AYVATI QMR
1301 TCCAGCTGGAAACCATGCGCTCGATCATCTGGCGCGTGATCCATGAGGCCAGGCCCAATCCGACCARGAACGAGCGCCTGCGCCTGTACGCCGCGCACTA
I 9 LETMEBRSTITIOWRTYTIHTEA AT RTE?NT E?TTZ KTINTETRTELTI RTIELTYSAATE.Y
1401 CACCGTGATGGAAGGCGCCAAACGACATCGCCCGGCTGGCGATCCGCACTGCGGCGGCCAGTCGATGCTCARGGACCTGCGCTTGAGCGGCTCTACCGCG
T vV M EGAKRUEHRZPAGTDTPHTCG GG G QS SMTILZEKT DL RTILSG S T A
1501 ACTCGCGCTGCGGTGCGCCTGATGCTGCCCTGGACCGCCGAGCTGATCCTGGACCGCATGGGGCGCGAGACCCTGTACGRATCCGGCGAGCGCGACGAAT
T R A AV R LMZILPWTATETLTITLD® RMGTRETTLTYTESGERDE
1601 GACGCCGCCAGCCGCGCCATGCGCGCGGGCGCCGCCGEGCTGEGCGCGCTGCCGGCCATGCTGCATGECCATGCCGCCGCGGCGCCGGEGCGGCCGGCGT
*
1701 GCACTACCTGGGCCGCAGCTTEACTACGGEARGETGTGGC

FIG. 2. Nucleotide sequence of the 1,429-bp PCR product encoding bec and the flanking regions. The deduced amino acid sequence is shown
in one-letter code. S/D, putative Shine-Dalgarno sequence. The asterisk indicates a stop codon. The shading indicates an oligonucleotide binding
site. The sequence from —35 to —10 is a putative o’ recognition sequence. The sequence from —24 to —10 is a putative o>* recognition sequence.
The nucleotide sequence upstream of the PstI recognition sequence was located on the 0.9-kbp PstI fragment.

butyryl-coenzyme A dehydrogenase of Bacillus subtilis and
acyl-coenzyme A dehydrogenases of several organisms when
sequences deposited in the GenBank and Prosite databanks
were compared by using the programs BlastSearch 2.0.10 (1)
and DBGET (2). Furthermore, weak similarities to the bphC
gene product of Rhodococcus erythropolis (13), an indole di-
oxygenase, were observed (Fig. 3).

Determination of the activity of the bec gene product by
fluorescence spectroscopy. As we assumed that the bec gene
product was able to catalyze hydroxylation of indole to the
fluorophore indoxyl as a reactive precursor of indigo, forma-
tion of indoxyl was studied by fluorescence spectroscopy as
described by Woo et al. (24) by using excitation and emission
wavelengths of 365 and 470 nm. Indigo and indole exhibited no
fluorescence under these conditions. E. coli strains harboring
plasmids pSK/BEC, pSKBEC/PP:3.3, and pBluescript SK™
were grown in LB medium containing ampicillin (75 pg/ml),
tetracycline (12.5 pg/ml), and IPTG (1 mM) to an optical
density at 650 nm of 1.8. Cells were prepared by centrifugation
(4,000 rpm, 10 min, 4°C in a Minifuge RF; Heraeus) and
washed twice with buffer containing KH,PO, (2.15 g liter ')
and K,HPO, (5.3 g liter ') at a final pH of 7.0. The pellet was
resuspended in potassium phosphate buffer to an optical den-
sity at 650 nm of 2.5. The assay was performed with a final
volume of 3 ml at 30°C, and the reaction was started by adding

18 wl of a 100 mM indole dimethylformamide solution. The
enzyme activity of whole cells was determined by determining
the rate of indoxyl formation as a function of time by using
changes in the relative fluorescence evaluated with the soft-
ware Sfm25 (Kontron). The results are shown in Table 1. At
the beginning of the assay production of indoxyl by the bec
gene product was greater than consumption by dimerization,
which resulted in an increase in fluorescence. In the second
stage the levels of production and consumption of indoxyl were
obviously equal, and in the third phase there was a decrease in
fluorescence, most probably due to substrate limitation in the
enzyme assay. Cells of both E. coli(pSK/BEC) and E. coli(pSK-
BEC/PP:3.3) mediated formation of indoxyl, as shown by the
increase in relative fluorescence. Cells of E. coli harboring only
pBluescript SK™ exhibited no changes in relative fluorescence
over a 120-min time period.

Purification and characterization of the blue pigment. In-
digo was extracted by a modified method of Oshima (17). The
cells were harvested by centrifugation (4°C, 4,000 rpm, 10 min
in a Minifuge RF; Heraeus), were washed three times with
H,0, 70% (vol/vol) ethanol, and 96% (vol/vol) ethanol, and
then were lyophilized. The indigo was extracted with 5 volumes
of hot aniline (150°C) for 2 to 3 h. After this extraction, the
aniline was concentrated 20-fold at 60°C. The pigment was
precipitated by incubation for 24 h on ice. The crystals were
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bec 1  MPSGQLDFIP AIGTADFHPQ QARLLAPGQP PRPRALRRAR P FANYADEREA
bphcC 1 M----mmmom —----- E VLEQINAMAD DIF--AEGIE A RVA DDTAKKMKAI
soxC 1  MTLSPEKQHV R---PRDAAD NDPVAVARGL AEKWRATAVE DigAGGSA TAERED RAS
bpfA 1  MNQLWRRTVT ATAMPRDE@RD LLAEAVKIAP VVA--EAAPE B--LELRRAB DRS ING
bec 61  GRLALCUSQA FGGEGADFAT MHICSTMWTG VLSBGIDMTP
bphC 41 GSIRML HGGMEAHPRE } EVGVHPWQLA FADPKVQ
soxC 56 YGGWGADWPT G YHLTNAPMIE LIGSQEb:
bpfA 57 HGGWRAPTAV TYNAVGHMVC AFGDQALEIXF
bec 121  EQRAEHEARR ELHFSRVVRD GTTARKY--- ----------
bphC 101  WGSDPDTWMA SPYMP----- GGMCIPT--- --======-
S0XC 116  LYT------- ===-==-=-= —=--oo—- Q IAQNNWWTGN ASSENNSHVL DWKVSATPTE
bpfA 117 LGS------= ---memmmme mmemeeoo E IPRSAGVFAV TGRSAAV--- ----------
bec 167  EGGWVLNGRK IFASLSG YYGILCTEDR HPDMRDT LYIEV-BGKA

bphC 123 MKFSGRW QFSS WAFLGAMAC- -JKDGNMEMP PRMLHVIIPR E

soxC 150 GTK HFCS KGS LLEVFGVVQ- -BDSPQQGAI IAARNI-BTSR AG

bpfA 138 VSGKW GFSS|gOHHAG WIIVPGIPE- -EGGAPI--- ---KF-LVBK

bec 225 GTLLL HEQIMPRG WYYRBEQTW- ---------- - -PAMFFTLS
bphC 181 KDL YV DYRVMDCDE VIDGTAVRKY GRTEFL¥LMB WSNMFPLGIT
soxC 206 GSTDFHN{KV EPDEVEGAPN AFVLAFIQSE RGSL------ FAPIAQLIFA
bpfA 188 NTVVLDEEFV EEYRAIPFMD IVTGNYRTAS LAGDTYENQE EVEPFNMCAMSV
bec 272  PTYLGVAPAQ EVPGQPPVKR ---------- ------ - mmmmeeo--
bphC 241  AATIGICEGM RINAQGTAVK ----DDPY¥TL FAIGQATADI RAARDTLLAN
soxC 260  NVELGIAHGH QARPWTPAGI QQATEDPYTI RSYGEFTIAL QGADAAAREA
bpfA 248  GPAIGLG RGITYINYAR ------=--= ===--c-o-e —mmmmooo—-
bec 302 @ --------- R MYPTKQIAVA [MRIQLETMR S-IIWRVIHE ARPNPTKNER LRLYAAHYTV
bphC 297  VDR---MWDR VD"GKEVTFE AEGRQTQV Q—ﬂ? NIN- -------o-m mmmemeeoo
soxC 320 AHLLQTVWDK GDILTPEDRG EEMVKVSGVK o e e
bpfA 278  ---------- QEDAPITFH BLAEARMKLD Q- RKF@!DRI TTAVDEHAAS GAAWDVVERV
bec 352  MEGAKRHRPA GD-------- -PHCGGOSML KDLR#SGSTA TRAAVREMLP WTAELILDRM
BphC 332  ---------- —---- AIDQﬁ YPRCGGNALR MDKPIOR DAHAGQ I HVPGEVFHAA
SOXC 359  ---------- -o--- ISSG¥ FEVIGARGTH PRYGFDREWR NVRTHSLEDE VSYKIADVGK
bpfA 326 RCRADIAWAI KLTREACEI|j EHGSGANALR AQDK@GSIL) DIRTMSVEISF LLHSTNAELY
bec 403  GRETLYESGE RDE----

BphC 377  SLSRLGADPQ GPLRAMI

soxC 404  HTLNGQYPIP GFTS---

bpfA 386  GRILAGNEPD VPFI---

FIG. 3. Amino acid alignment. Amino acid residues which are the same in all of the proteins are marked in light grey, residues which are the
same in 75% of the proteins are indicated with white letters on a black background, and residues which are the same in 50% of the proteins are
marked in grey. bec, gene product of the bec gene of R. eutropha HF39; bpfA, indole dioxygenase of Rhodococcus opacus (14); bphC, hydroxylase
of Rhodococcus erythropolis (13); soxC, dibenzothiophene desulfuration enzyme C of Rhodococcus sp. (5).

filtered, washed with double-distilled water, and dried. The
solubility of the blue pigment produced by E. coli(pSKBEC/
BE:9.0) was identical to that of commercial indigo (Acros
Organics) or blue pigments produced by other recombinant

TABLE 1. Determination of indoxyl formation by changes in the
relative fluorescence of cultures of recombinant E. coli strains

Relative change

Optical density in fluorescence

Strain

at 650 nm (min)
E. coli(pSK/BEC) 2.53 0.34
E. coli(pSKBEC/PP:3.3) 2.54 0.64/2.29
E. coli(pBluescript SK™) 2.82 0

strains as described previously (9). Extracts of cells of E. co-
li(pSKBEC/BE:9.0), which were obtained by suspension of 30
mg of cells in 1 ml of dimethylformamide, shaking at 50°C for
30 min, and centrifugation (13,000 rpm, 10 min in a Biofuge A;
Heraeus), were analyzed by silica gel thin-layer chromatogra-
phy (thickness, 0.2 mm; 60 F,s,; Merck, Darmstadt, Germany)
performed with chloroform-diethyl ether (1:1, vol/vol) as the
solvent system and were compared with synthetic indigo. The
bacterial pigment separated into a predominant blue spot (R,
= 0.76) and a light pink spot (R, = 0.54) exactly like commer-
cial indigo. The intensity of the pink component increased with
the age of the extract, as observed by Hart et al. (9). The
absorption spectra of extracted bacterial pigments of E. coli
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FIG. 4. MALDI-TOF mass spectra of authentic indigo and bacterial indigo. (A) Mass spectrum of authentic indigo resuspended in dihydroxy-
benzoic acid, including indigo (m/z 263), Na*-indigo (m/z 285), and K" -indigo (m/z 301). (B) Mass spectrum of bacterially produced indigo
resuspended in dihydroxybenzoic acid, including indigo (m/z 263) and Na*-indigo (m/z 285).

(pSKBEC/PP:3.3) and E. coli(pSKBEC/BE:9.0) were obtained
with an Ultrospec 200 spectrophotometer [Pharmacia Biotech
(Biochrom) Ltd., Cambridge, England] at wavelengths ranging
from 200 to 800 nm in quartz cuvettes (diameter, 1 cm); the
spectra obtained with different solvents were recorded and
compared with the spectra of authentic indigo. The spectra of
the bacterial pigment and commercial indigo were identical,
whereas the absorption maxima in the different solvents were
at 610 nm in dimethylformamide, 619.5 nm in dimethyl sulfox-
ide, 502 nm (cold) or 630 nm (hot) in H,SO,, and 604 nm in
chloroform. The molecular weights of purified bacterial pig-
ment and commercial indigo were determined by matrix-as-
sisted laser desorption ionization—time of flight (MALDI-
TOF) mass spectrometry by using a LAZARUS III DE time of
flight mass spectrometer (constructed by H. Luftmann, Institut
fiir Organische Chemie, Miinster, Germany) operated at 19 kV
with delayed extraction and a path length of 2 m. A nitrogen
laser was used to generate the primary beam at 337 nm with a
pulse width of 3 ns. Purified dye (1 ng) was applied to the
stainless steel target (1 pl) mixed with an equal volume of a 0.1
M solution of 2,5-dihydroxybenzoic acid. The drop applied was

allowed to dry and crystallize before the sample was intro-
duced into the mass spectrometer ion source. The blue pig-
ment and authentic indigo exhibited the same m/z value, m/z
263, corresponding to the theoretical molecular weight of in-
digo. One additional signal with a mass number of m/z 285
corresponding to the sodium ion of indigo was observed in
both samples (Fig. 4).

Conversion of indole by E. coli(pSKBEC/PP:3.3). As indole
is used as a substrate by microorganisms for production of
indigo (17), conversion of indole by whole cells and crude
extracts of E. coli XL1-Blue harboring pSKBEC/PP:3.3 or
pBluescript SK™ was examined in a two-stage experiment. (i)
The cells were grown in 500 ml of M9 medium (19) containing
0.4% (wt/vol) fructose as the carbon source, ampicillin (75
pg/ml), tetracycline (12.5 pg/ml), and IPTG (1 mM) for 42 h.
After cultivation for 29, 35, and 40 h, 0.4% (wt/vol) fructose
was added to the cultures. The cells were harvested after 42 h
by centrifugation (4,000 rpm, 10 min, 4°C in a Minifuge RF;
Heraeus), washed with sterile M9 medium, and resuspended in
50 ml of M9 medium containing 0.4% (wt/vol) fructose, anti-
biotics, and IPTG. (ii) Indole at a concentration of 300 mg
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ml~! was added to the concentrated cultures, which were sub-
sequently cultivated at 37°C for 3 h on a rotatory shaker.
During this time conversion of indole was measured by re-
versed-phase high-performance liquid chromatography by us-
ing an RP-18 Merck LiChroSphere 100 column (250 mm by 4.6
mm [inside diameter]) and a Kontron high-performance liquid
chromatography apparatus equipped with a series 522 chro-
matographic pump. Elution of indole was monitored at 278 nm
with a Kontron DAD 540 diode array detector by using 40%
(vol/vol) acetonitrile-0.1% (vol/vol) phosphoric acid in double-
distilled water at a flow rate of 0.5 ml per min as the solvent
system. The indole concentration was determined in the su-
pernatant after centrifugation for 20 min at 13,000 rpm in a
Biofuge A (Heraeus). In the E. coli(pSKBEC/PP:3.3) culture
the concentration of indole decreased from 2.73 to 0.75 mM,
and the indigo concentration increased from 2.25 to 2.68 mM.
In E. coli(pBluescript SK ™) cultures no indole conversion or
indigo production was observed.

Influence of tryptophanase activity on indigo production in
recombinant E. coli strains. Indigo production in recombinant
strains of E. coli results from cooperation between metabolic
processes of E. coli and the genetic information encoded on
the genomic DNA fragment of R. eutropha. As indole is a
catabolic product during metabolism of tryptophan, the influ-
ence of the tryptophanase activity of the host strain on indigo
production was investigated. Two E. coli K-12 mutants
(JC12337 and AB2146) with a defect in the tryptophanase gene
(tnaA), obtained from the E. coli Stock Center (New Haven,
Conn.), were transformed (8) with hybrid plasmids pSKBEC/
PP:3.3 and pSKBEC/BE:9.0. The recombinant strains
[JC12337(pSKBEC/PP:3.3), JC12337(pSKBEC/BE:9.0), AB2146
(pPSKBEC/PP:3.3), and AB2146(pSKBEC/BE:9.0)] were
grown on M9 agar plates containing 0.4% (wt/vol) fructose,
ampicillin (75 pg/ml), and IPTG (1 mM). The strains exhibited
good growth on these media, but no indigo production was
observed. Supplementation of the medium with tryptophan (1
mM) had no effect on production of indigo, but supplementa-
tion with indole (1 mM) restored the ability to produce the
blue dye. These results demonstrated the central role of indole
during tryptophan metabolism for production of indigo in re-
combinant E. coli strains. In accordance with the findings of
Qing-Shan et al. (18), we propose the following pathway for
synthesis of indigo in recombinant strains of E. coli: indole,
which is generated from degradation of tryptophan, is hydroxy-
lated by the bec gene product to indoxyl; and two molecules of
indoxyl dimerize spontaneously to indigo, which can also be
converted to the red dye indirubine (22), which was also de-
tected in small amounts in this study.

We are indebted to H. Luftmann (Institut fiir Organische
Chemie, Westfilische Wilhelms-Universitdt Miinster) for the
MALDI-TOF analysis of indigo.
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