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Abstract L-Cysteine is an important amino acid in terms of
its industrial applications. We previously found marked
production of L-cysteine directly from glucose in recombi-
nant Escherichia coli cells by the combination of enhancing
biosynthetic activity and weakening the degradation path-
way. Further improvements in L-cysteine production are
expected to use the amino acid efflux system. Here, we
identified a novel gene involved in L-cysteine export using
a systematic and comprehensive collection of gene-
disrupted E. coli K-12 mutants (the Keio collection).
Among the 3,985 nonessential gene mutants, to/C-disrupted
cells showed hypersensitivity to L-cysteine relative to wild-
type cells. Gene expression analysis revealed that the 70/C
gene encoding the outer membrane channel is essential for
L-cysteine tolerance in E. coli cells. However, L-cysteine
tolerance is not mediated by TolC-dependent drug efflux
systems such as AcrA and AcrB. It also appears that other
outer membrane porins including OmpA and OmpF do not
participate in TolC-dependent L-cysteine tolerance. When a
low-copy-number plasmid carrying the f0olC gene was
introduced into E. coli cells with enhanced biosynthesis,
weakened degradation, and improved export of L-cysteine,
the transformants exhibited more L-cysteine tolerance and
production than cells carrying the vector only. We conclud-
ed that TolC plays an important role in L-cysteine tolerance
probably due to its export ability and that TolC over-
expression is effective for L-cysteine production in E. coli.
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Introduction

L-Cysteine is an important amino acid by virtue of its
applications in the pharmaceutical, food, and cosmetic
industries. Thus far, most L-cysteine has been obtained by
extraction from acid hydrolysates of the keratinous proteins
in human hair and animal feathers. This extraction method
remains problematic for waste treatment and its yield is
low. Additional applications would be feasible if the cost of
L-cysteine production could be cut down, e.g., by a
fermentation process. The aim of our research was to
develop a process for L-cysteine fermentation directly from
glucose in Escherichia coli.

The biosynthesis of L-cysteine in E. coli involves two
reactions in which the hydroxyl group of L-serine is
replaced by a thiol. The first step consists of the
O-acetylation of L-serine by serine acetyltransferase (SAT;
EC 2.3.1.30), the product of the cysE gene. The second is
catalyzed by O-acetylserine sulthydrylase, which forms
L-cysteine from O-acetyl-L-serine (OAS) and sulfide
(Kredich and Tomkins 1966). Because high levels of
L-cysteine have been reported to be inhibitory or even
toxic to cells (Datta 1967; Delaney et al. 1992; Harris and
Lui 1981; Kari et al. 1971; Park and Imlay 2003; Serensen
and Pedersen 1991), intracellular L-cysteine content in
E. coli is strictly controlled. Excess L-cysteine inhibits the
activity of SAT, a key enzyme in the biosynthetic pathway
(Kredich 1983), and therefore, L-cysteine could not be
overproduced in the cell. Even if it was overproduced, it
would be degraded to pyruvate, ammonia, and sulfide by at
least five L-cysteine desulfhydrase (CD) enzymes (Awano
et al. 2003, 2005). We have so far constructed recombinant
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E. coli cells that overproduce L-cysteine and L-cystine by
expressing feedback inhibition-insensitive SAT (Nakamori
et al. 1998; Takagi et al. 1999a, b) and disrupting the major
CD genes. One of the crucial metabolic steps to achieve
high-yield L-cysteine production in such a fermentation
process lies in the enhancement of the export of L-cysteine
out of the overproducing cells.

Four proteins have been so far identified as L-cysteine
exporters in E. coli. Both YdeD and YfiK were discovered
to considerably augment OAS and L-cysteine production
when these proteins were overexpressed (DaBler et al.
2000; Franke et al. 2003). An ATP-binding cassette-type
transporter, CydDC, exported L-cysteine from the E. coli
cytoplasm to the periplasm (Pittman et al. 2002). We
recently found that the multidrug transporter Ber in the
major-facilitator family type is involved in the export and
overproduction of L-cysteine (Yamada et al. 2006). In
contrast, two transport systems have been identified for
L-cysteine uptake; one is shared with diaminopimelic acid
and several L-cysteine analogues, and the other is more
specific for L-cysteine (Berger and Konings 1972).
However, its relationship to L-cysteine production has
not yet been reported. All of these proteins are believed to
be inner membrane proteins, and it has not been explained
how L-cysteine is exported across inner and outer
membranes. The periplasmic and outer membrane proteins
involved in L-cysteine transport should also exist in E. coli
cells.

Recently, the Keio collection, a complete set of
viable single-gene knockout E. coli K-12 mutants, was
released (Baba et al. 2006). Because high levels of
L-cysteine have been reported to be toxic to cells (Harris
1981; Yamada et al. 2006), we used these mutants to
screen for a novel gene required for L-cysteine tolerance
(degradation or extrusion). We assumed that a lack of such
genes will decrease cell viability in L-cysteine-containing
medium. The screening revealed that the outer membrane
channel TolC is related to L-cysteine tolerance in E. coli
probably due to its export ability. This is the first report on
an outer membrane L-cysteine transporter. We also
showed that the TolC channel is effective in L-cysteine
overproduction.

Materials and methods

Strains and plasmids

The E. coli strains and plasmids used in this study are listed
in Table 1. The genomic sequenced strain MG1655

(CGSC7740; supplied by Ajinomoto), which was derived
from strain K-12, was used throughout the present study.
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Strain W3110 was used as the host for cloning of the t0/C
gene. Strain BW25113 (lacl? rnBt4 lacZwyi6 hsdR514
araBAD 33 thaBAD; p7g) and two independent sets of a
single-gene knockout mutant collection of all the 3,985
nonessential genes of BW25113 (the Keio collection; Baba
et al. 2006), which was created by replacing the open
reading frame coding regions with a kanamycin resistance
cassette (Datsenko and Wanner 2000), were used for the
gene screening. Strain JW 3686 was a BW25113-based
tnad::Km" (kanamycin resistant) transductant. Strain
MG1655Atnad was constructed by P1 transduction from
JW3686 to MGI1655. Strains MG1655 harboring
pCEM2561 and pYdeD and MG1655AtnaA harboring
pDES were designated as L-cysteine producer and over-
producer, respectively.

The middle-copy-number pCA24N-based plasmids
(pTolC, pOmpA, pOmpC, pOmpF, pOmpT, and pOmpX;
Kitagawa et al. 2005) and pUCI119-based plasmids
(pUCacrAB, pUCacrEF, pUCemrAB, and pUCmacAB,;
supplied by A. Yamaguchi; Nishino and Yamaguchi 2001;
Yamada et al. 2006), each of which carries the
corresponding wild-type gene, were used for the genetic
complementation study. The low-copy-number vector
pLS219 (supplied by N. Tsukagoshi) was derived from
pMW219 by replacing the bacterial kanamycin resistance
gene with a bacterial spectinomycin resistance gene.
Plasmid pLSTolC (supplied by N. Tsukagoshi) is
pLS219-derived recombinant plasmid, which contains a
2.5-kb EcoRI-Hindlll fragment carrying the E. coli
W3110 t0lC gene. Plasmid pCEM256I is a derivative of
pBluescript II SK(+) (Toyobo, Osaka, Japan) carrying the
bacterial ampicillin resistance gene and the altered cysE
gene encoding the Met256Ile mutant SAT, which was
constructed as reported previously (Nakamori et al. 1998).
The middle-copy-number vector pSTV29 and pACYC184
were purchased from Takara Bio (Ohtsu, Japan) and
Nippon Gene (Tokyo, Japan), respectively.

To obtain the ydeD gene, a polymerase chain reaction
(PCR) was performed with a set of primers 5'-CGC GGA
TCC AAT GGT CAT AAA TGG CAG CGT AGC GC-3'
and 5’-CGC GGA TCC GCA GGG CGT TGC GGA ACA
AAC-3" with chromosomal DNA of MG1655 as a
template. PCR product was digested with BamHI and
subsequently cloned into pSTV29 to give pYdeD. Plasmid
pDES (supplied by Ajinomoto) is a derivative of
pACYC184 containing the altered cysE gene encoding
the L-cysteine feedback inhibition-insensitive mutant SAT
(Thr167Ala), the wild-type ydeD gene encoding inner
membrane L-cysteine transporter (DaBler et al. 2000), and
the altered serd gene encoding the L-serine feedback
inhibition-insensitive mutant D-3-phosphoglycerate dehy-
drogenase (Thr410stop). Each gene fragment is under
control of the constitutive promoter of the E. coli ompA
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Table 1 Bacterial strains and plasmids used

E. coli strain or plasmid Genotype Reference or source
Strains
MG1655 Wild-type Ajinomoto
BW25113 lacl? rrnBry4 lacZyw;yi6 hsdR514 araBAD a3 rhaBADy p7g Baba et al. (2006)
W3110 IN(rrnD-rrnE)1 rph-1 Aono et al. (1998)
JW3686 lacl® rrnBryy lacZwye hsdR514 araBAD ayss rhaBADy pyg thad: Km® Baba et al. (2006)
MG1655AtnaA tnaA::Km® (weakening cysteine degradation) This study
MG1655 pCEM2561 (enhancing cysteine synthesis) This study
MG1655 pYdeD (enhancing cysteine excretion) This study
MG1655 pCEM2561 and pYdeD (L-cysteine producer) This study
MG1655AtnaA tnaA::Km"®, pDES (L-cysteine overproducer) This study
JW0452 lacl® rrnBry4 lacZwye hsdR514 araBAD ayss rhaBADy pog acrA:Km® Baba et al. (2006)
JW0451 lacl® rrnBry4 lacZyye hsdR514 araBAD ayss rhaBADy pog acrB::Km® Baba et al. (2006)
JW3233 lacl® rrnBryy lacZwye hsdR514 araBAD ayss rhaBADy s acrE::Km® Baba et al. (2006)
JW3234 lacl® rrnBra lacZwye hsdR514 araBAD ayss rhaBADy pyg acrF::Km® Baba et al. (2006)
JW2660 lacl® rrnBrys lacZwyis hsdR514 araBAD ayss rhaBADyprg emrd:Km® Baba et al. (2006)
JW2661 lacl® rrnBryy4 lacZwyi¢ hsdR514 araBAD ay33 rhaBADy p7g emrB::Km® Baba et al. (2006)
JW0862 lacl® rrnBria lacZwyg hsdR514 araBAD ayss rhaBADy s macA:Km® Baba et al. (2006)
JW0863 lacl® rrnBrys lacZyyis hsdR514 araBAD ays; rhaBADy prg macB::Km® Baba et al. (2006)
JW0940 lacl® rrnBris lacZwyg hsdR514 araBAD ayss rhaBADy g ompA:Km® Baba et al. (2006)
JW2203 lacl® rrnBry4 lacZwyi¢ hsdR514 araBAD ay33 rhaBADy p7g ompC::KmR Baba et al. (2006)
JW0912 lacl® rrnBri4 lacZywyie hsdR514 araBAD aw33 rhaBAD; p7g ompF: = Km® Baba et al. (2006)
JWO0554 lacl® rrnBry4 lacZwyi¢ hsdR514 araBAD ay33 rhaBADy p7g ompT::KmR Baba et al. (2006)
JW0799 lacl® rrnBryy4 lacZwyi¢ hsdR514 araBAD ay33 rhaBADy p7g ome::KmR Baba et al. (2006)
JW5503 lacl® rrnBria lacZwyg hsdR514 araBAD ayss rhaBAD pyg tolC::Km® Baba et al. (2006)
JW3832 lacl® rrnBrys lacZywyis hsdR514 araBAD aps; rhaBADypog dsbA:Km® Baba et al. (2006)

Plasmids

pACYC184 Cm® Yamada et al. (2006)
pYdeD pSTV29, ydeD on 1.5 kb DNA fragment This study

pDES PACYC184 with serd (T410 Stop), ydeD and altered cysE (T167A) genes Ajinomoto

pBluescriptll SK(+)

under the control of the OmpA promoter
AmpR

pCEM2561 pBluescriptll SK(+), altered cysE (M2561) on 1.2 kb DNA fragment

pPMW219 Km®

pLS219 Spc®, pMW219, replacement of the kanamycin resistance gene with
spectinomycin resistance gene

pLSTolC pLS219, folC gene on 2.5 kb DNA fragment

pCA24N Cm®

pOmpA pCA24N, ompA gene on 1.3 kb DNA fragment

pOmpC pCA24N, ompC gene on 1.4 kb DNA fragment

pOmpF pCA24N, ompF gene on 1.4 kb DNA fragment

pOmpT pCA24N, ompT gene on 1.2 kb DNA fragment

pOmpX pCA24N, ompX gene on 0.65 kb DNA fragment

pTolC pCA24N, 10IC gene on 1.85 kb DNA fragment

pDsbA pCA24N, dsbA gene on 0.8 kb DNA fragment

pUCI118 AmpR

pUCacrAB pUCI119, acrdB gene on 6.0 kb DNA fragment

pUCacrEF pUCI119, acrEF gene on 5.9 kb DNA fragment

pUCemrAB pUC119, emrAB gene on 3.9 kb DNA fragment

pUCmacAB pUC119, macAB gene on 3.7 kb DNA fragment

Nakamori et al. (1998)
Nakamori et al. (1998)
This study

Aono et al. (1998)

Aono et al. (1998)

Kitagawa et al. (2005)
Kitagawa et al. (2005)
Kitagawa et al. (2005)
Kitagawa et al. (2005)
Kitagawa et al. (2005)
Kitagawa et al. (2005)
Kitagawa et al. (2005)
Kitagawa et al. (2005)

This study

Nishino and Yamaguchi (2001)
Nishino and Yamaguchi (2001)
Nishino and Yamaguchi (2001)
Nishino and Yamaguchi (2001)

gene encoding outer membrane protein A precursor. The
altered serd gene is oriented in the same direction, the
altered cysE and ydeD genes are in the opposite direction
of replication origin, as described previously (Winterhalter
and Leinfelder 1997).

Media and cultivation
Unless otherwise stated, Lennox (L) broth [1% Bacto

Tryptone (Difco Laboratories, Detroit, Mich.), 0.5% Bacto
Yeast Extract (Difco), 0.5% NaCl], Luria—Bertani (LB)
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medium (1% Bacto Tryptone, 0.5% Bacto Yeast Extract,
1% NaCl), and SM1 minimal medium [100 mM
potassium phosphate buffer (pH 7.0), 75.7 mM
(NH4),SO4, 1.7 mM NaCl, 1.0 mM MgSO,, 0.1
mM CaCl,, 7.2 uM FeSO,, 3.4 mM trisodium citrate,
0.6 uM Na,MoOy,, 40.4 uM H3BO;, 2.9 uM CoCl,, 1 uM
CuSOy4, 8.1 pM MnCl,, 1 pM ZnSO,4, 3.0% glucose
(wt/vol) as the carbon source] were used for the general
cultivations. If necessary, ampicillin (50 pg/ml), chloram-
phenicol (40 pg/ml), kanamycin (50 pg/ml), tetracycline
(10 pg/ml), or/and spectinomycin (100 pg/ml) was added.
For solid media, 1.5% (wt/vol) agar was added. Where
indicated, SM1 was supplemented with L broth,
L-methionine, and thiosulfate. The pH was adjusted to
7.0 using NHj. Cultures were incubated aerobically by
vigorous shaking at 34°C or 37°C. Growth was monitored
by measurement of the optical density at 660 nm (ODgg).
Glucose concentration was measured by Glucose C2 kit
(Wako, Osaka, Japan).

Screening of the genes involved in L-cysteine tolerance

The media used for primary screening was LB medium
containing kanamycin (25 pg/ml), 1.0% agar, and
L-cysteine. The mutants from Keio collection restored in
384-well microplates were carefully inoculated with a 384-
pin plastic replicator onto the surface of the screening
plates. The plates were incubated at 37°C for 18 to 20 h.
L-Cysteine sensitivity was assessed by examining the
growth phenotype on the screening agar medium containing
0, 15, 20, and 25 mM of L-cysteine. The mutants being
incapable of growing even in the absence of L-cysteine,
and/or the clones which showed different growth between
two sets, were excluded from the results.

Preparation of membrane proteins

E. coli cells grown in L medium were harvested from the
culture (ODggo of 0.6) by centrifugation (10 min at
5,000xg), suspended in cold 50 mM phosphate buffer
(pH 7.2), and broken by sonication. Unbroken cells were
removed by the centrifugation. The supernatant was
centrifuged at 100,000xg for 45 min at 4°C. The
precipitate was washed and incubated in the same
phosphate buffer containing 0.5% sodium dodecyl sarco-
sinate (sarcosyl) for 30 min at room temperature at a
protein concentration of 3 mg/ml. The suspension was
centrifuged at 100,000xg for 45 min at 10°C. The
supernatant was recovered and used as the sarcosyl-
soluble fraction (the inner membrane protein fraction).
The precipitate was suspended with 0.5% sodium dodecyl
sulfate (SDS) and used as the sarcosyl-insoluble fraction
(the outer membrane protein fraction).
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SDS-polyacrylamide gel electrophoresis

Samples were dissolved in a solubilization buffer contain-
ing 1% (wt/vol) SDS, 2.5% (vol/vol) (3-mercaptoethanol,
20% (vol/vol) glycerol, and 16 mM Tris—HCI (pH 6.8) and
incubated in a boiling water bath for 5 min. The samples
were loaded on SDS-polyacrylamide gels.

Determination of L-cysteine

The amount of L-cysteine in culture supernatants was
determined according to the method of Gaitonde (1967).
Before adding a Gaitonde reagent (250 mg ninhydrin
dissolved in a mixture of 4 ml of HCl and 16 ml of acetic
acid), L-cystine in the samples was reduced by incubation
with 5 mM dithiothreitol in 100 mM Tris—HCIl buffer
(pH 8.6) for 10 min. The reaction products were diluted
with 99.5% (vol/vol) ethanol prior to measurement of the
absorbance at 560 nm.

Results
Screening of the genes involved in L-cysteine tolerance

Mutants of the Keio collection were first screened on solid
LB medium containing various L-cysteine concentrations
(0-25 mM), since it is well known that E. coli cells undergo
growth inhibition by L-cysteine. Among the 3,985 deletion
mutants, we obtained 24 strains (0.6%) that are more
sensitive to L-cysteine than the wild-type strain, but no
mutants displayed L-cysteine tolerance. The genes deleted
in these 24 mutants that were clearly defective in growth by
L-cysteine were considered to be those required for
tolerance to L-cysteine. Table 2 shows the function of each
gene product. It is noteworthy that several mutants were
missing the gene for redox homeostasis (dsb4, cydB, nuoL,
nuoB, nuoC, and nfnB), L-cysteine desulfurase (iscS), or
transporter (f0l/C and to/B). We further studied the f0/C gene
encoding an outer membrane channel.

The t0lC gene was identified as a gene involved
in L-cysteine tolerance

To confirm whether or not the 70/C gene is involved in
L-cysteine resistance in E. coli, low-copy-plasmid pLSTolC
carrying fo/C or the empty vector pLS219 was introduced
into the AtlC strain (JW5503). The transformed cells
grown in L plus kanamycin and spectinomycin medium
were spotted onto an L agar plate containing L-cysteine. As
shown in Fig. la, overexpression of the fol/C gene
complemented the L-cysteine sensitivity of the Atol/C
mutant. This result shows that the #0/C gene was indeed



Appl Microbiol Biotechnol (2009) 81:903-913 907

Table 2 List of deletion mutants which had no growth on LB medium plus 15 mM of L-cysteine in primary screening

Gene  Gene product and function Cys sensitivity®  Localization
(mM)

tolC Transport channel 5 Outer membrane

tolB Periplasmic protein 10 Periplasm

dsbA  Periplasmic protein disulfide isomerase I 5 Periplasm

cydB  Cytochrome d terminal oxidase, subunit II <15 Inner membrane

cpxA Sensory histidine kinase in two-component regulatory system with CpxR <15 Inner membrane

dgkA  Diacylglycerol kinase <15 Inner membrane

trmU  Predicted lysogenization regulator <15 Inner membrane

nuoL ~ NADH:ubiquinone oxidoreductase, membrane subunit L 15 Inner membrane

nuoB  NADH:ubiquinone oxidoreductase, chain B 15 Cytoplasm

nuoC ~ NADH:ubiquinone oxidoreductase, chain C,D 15 Cytoplasm

nfnB Dihydropteridine reductase, NAD(P)H-dependent, oxygen-insensitive 15 Unknown

sdhB  Succinate dehydrogenase, FeS 15 Subunit cytoplasm

iscS Cysteine desulfurase (tRNA sulfurtransferase), PLP-dependent 5 Unknown

rimM  16S rRNA processing protein 10 Unknown

ydaT  Rac prophage; predicted protein <15 Unknown

vdaS  Rac prophage; predicted DNA-binding transcriptional regulator <15 Unknown

dnaK  Chaperone Hsp70, co-chaperone with DnaJ <15 Cytoplasm

Hfq HF-I, host factor for RNA phage Q beta replication <15 Unknown

hyaE  Protein involved in processing of HyaA and HyaB proteins <15 Unknown

hypF  Carbamoyl phosphate phosphatase and maturation protein for[NiFe] hydrogenases cytoplasm <15 Cytoplasm

galU  Glucose-1-phosphate uridylyltransferase <15 Unknown

apaH  Diadenosine tetraphosphatase <15 Cytoplasm

fabH  3-Oxoacyl-[acyl-carrier-protein] synthase III <15 Cytoplasm

trud Pseudouridylate synthase I <15 Cytoplasm

?Cys sensitivity represents the concentration of L-cysteine in the agar medium in which colony formation is hardly observed.

involved in L-cysteine resistance. TolC overexpression with
middle-copy-plasmid pTolC also gave a similar result, but
cell growth did not completely revert to the level of the
wild-type cells (BW25113 carrying pCA24N) (Fig. 1b). It

is contemplated that overexpression of the outer membrane
protein might influence on the expression of other genes,
thereby inhibiting growth (Click et al. 1988). We concluded
that TolC overexpression with low-copy-number plasmid

a +15mMCys C AtolC  BW25113
o [ O T, 7 . .
S & 8§ &
fgesefo- §5 85
¥ § &4
AtolC  (pLS219)
250K »
LT _
° 150K »
100 K >
75 Kp < YncD
b L +15mM Cys

v OOKEN
l- -—-—’-—-—-

(pTolC)
AtolC
(pTolC)

Fig. 1 Effect of the 70/C gene on L-cysteine tolerance of E. coli.
Growth phenotypes on L-cysteine containing medium of wild-type
(BW25113) and AtolC mutant cells harboring low-copy-number
vector pLS219 or pLSTolC (a) and middle-copy-number vector
pCA24N or pTolC (b). Overnight culture of each cell and dilutions
of 1072, 107*, and 107 (firom left to right) were spotted and incubated

37K>|u-b — pr— OmpF+C

< OmpA

onto L agar plates containing 10 mM L-cysteine at 37°C for 12 h. (¢)
SDS-polyacrylamide gel electrophoresis of BW25113 and AtolC
mutant cells harboring pL.S219 or pLSTolC. After cultivation of each
cell in L medium at 37°C for 12 h, the outer membrane protein fraction
was isolated and separated in a 12% SDS-polyacrylamide gel. Protein
was stained with Coomassie brilliant blue R-250
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pLSTolC is preferable for further study. The actual
expression of the TolC protein was confirmed by SDS-
polyacrylamide gel electrophoresis of the sarcosyl-insoluble
fraction (outer membrane fraction; Fig. 1c).

Because TolC is a well-known component of multidrug
efflux pumps in E. coli, we assumed that L-cysteine
sensitivity of the ArolC mutant results mainly from the
deficiency in L-cysteine transport. Hence, we examined
whether or not the TolC protein constitutes an efflux pump
such as an AcrAB complex (Fig. 2a).

L-Cysteine tolerance of E. coli is not mediated
by TolC-dependent drug efflux systems

It is known that TolC forms a channel and serves as an
essential element of some mechanisms responsible for
tolerance to various compounds, including hydrophobic
antibiotics and organic solvents (Koronakis et al.
2004). To examine whether or not L-cysteine is exported
to medium by constituting a known efflux pump other
than the TolC protein, cells of each deletion mutant
(acrd, acrE, emrAd, and macA encoding the periplasmic
membrane fusion protein and acrB, acrF, emrB, and
macB encoding the inner membrane pump) were spotted
onto agar medium containing L-cysteine (Fig. 2b). None
of the gene deletions influenced the growth phenotype of
wild-type cells, indicating that L-cysteine was exported
to the medium by a single TolC or unknown efflux
system.

b

AcrA

Fig. 2 Effects of the TolC-dependent drug efflux systems on L-
cysteine tolerance of E. coli. (a) Schematic representation of tripartite
efflux pumps in Gram-negative bacteria, using as an example the
AcrAB-TolC efflux pump from E. coli. The outer membrane channel
TolC interacts with an inner membrane transporter, AcrB, which
provides export energy, and a protein of the adaptor family, AcrA,
which brings TolC and the inner membrane transporter together.
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L
BW25113
AtolC
AacrA
AacrB
AacrE
AacrF

AemrA
AemrB

AmacA
AmacB

Other outer membrane porins are not involved
in the TolC-dependent L-cysteine tolerance

The TolC protein is made of three monomers (Koronakis et al.
2004), which is typical of many outer membrane porins that
form narrow channels to allow the passage of nutrients into
the cell. We first tested the L-cysteine sensitivities of various
mutants that are defective in the outer membrane porin
(OmpA, OmpC, OmpF, OmpT, and OmpX). As shown in
Fig. 3a, none of those mutants exhibited growth inhibition.
The ompC and ompF mutants appeared to grow slowly on
the plate containing L-cysteine relative to the other mutants,
but the difference between the growths of all mutants was
not significant after incubation for >36 h (data not shown).
On the other hand, to further examine whether or not those
genes could complement the L-cysteine sensitivity of the
AtolC mutant, the plasmid carrying each of these genes was
introduced into AfolC mutant cells (Fig. 3b). Interestingly,
overexpression of these genes did not confer L-cysteine
tolerance to to/C-disrupted cells. These results suggest that
the function of TolC on L-cysteine is absolutely different
from those of other porin proteins.

Overexpression of TolC confers L-cysteine tolerance
in E. coli cells

YdeD was previously reported to be an inner membrane
L-cysteine transporter, which excretes both the precursor
(OAS) of the inducer molecule (N-acetylserine; NAS) and
the major end product (L-cysteine) from the E. coli
cytoplasm to the periplasmic space (DaBler et al. 2000).

+ 10 mM Cys

Substrates are extruded from both the cytoplasm and periplasm (Elkins
and Beenken 2005). (b) Growth phenotypes on L-cysteine containing
medium of E. coli strains. Overnight culture of each BW25113, AwlC,
AacrA, AacrB, AacrE, AacrF, AemrA, AemrB, AmacA, and AmacB
mutant cell and serial dilutions of 107" to 107 (fiom left to right) were
spotted and incubated onto L agar plates containing 10 mM L-cysteine
at 37°C for 12 h
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a
BW25113
AtolC
AompA

+10 mM Cys

AompC
AompF
AompT

AompX

s e

Fig. 3 Effects of the outer membrane porins on L-cysteine tolerance of
E. coli. Growth phenotypes on L-cysteine containing medium of strains
BW25113, ArwlC, AompA, AompC AompF, AompT, or AompX (a)
and ArolC mutant harboring pCA24N, pTolC, pOmpA, pOmpC,

Overexpression of YdeD conferred E. coli cells with drastic
tolerance to L-cysteine. We therefore transformed MG1655
cells with pLSTolC carrying the t0/C gene and/or pYdeD
carrying the ydeD gene and subsequently examined the
effect of their overexpression on the growth of E. coli cells
in the presence of L-cysteine (Fig. 4a). In agreement with
the previous results (DaBler et al. 2000), E. coli cells
overexpressing YdeD exhibited greater tolerance to
L-cysteine than wild-type cells. We also found that co-
overexpression of TolC improves the growth of cells
overexpressing only YdeD in the presence of L-cysteine.
At the stationary growth phase, it appears that cells
overexpressing single TolC showed slightly higher
L-cysteine tolerance than those carrying the vector only.
Furthermore, BW25113A0IC cells overexpressing both
YdeD and TolC showed significantly higher L-cysteine
tolerance than those overexpressing YdeD alone (Fig. 4b).

a
35 ¢

Growth (OD,,)

0 5 10 15 20 25
Culture time (h)

Fig. 4 Effects of the TolC and YdeD proteins on L-cysteine tolerance
of E. coli. Growth (ODggo) of strain MG1655 with pSTV29 and
pLS219 (open triangles), with pSTV29 and pLSTolC (closed
triangles), with pYdeD and pLS219 (open circles), or pYdeD and
pLSTolC (closed circles) (a) and strain BW25113 AtolC with pSTV29

b + 10 mM Cys

AtolC (pCA24N)
(pTolC)
(pOmpA)
(pOmpC)
(pOmpF)
(pOmpT)
(pOmpX)

pOmpE, pOmpT, or pOmpX (b). Overnight culture of each cell and
serial dilutions of 107! to 107 (a), and dilutions of 102,107 and 107°
(b; from left to right), were spotted and incubated onto L agar plates
containing 10 mM L-cysteine at 37°C for 12 h

Improvement of the growth by the co-expression of TolC
and YedD was significant in fo/C-disrupted BW25113 cells
relative to MG1655 cells. This is probably because TolC is
constitutively expressed in MG1655 (the wild-type strain)
at the basal level (Aono et al. 1998). These results strongly
suggest that the TolC protein plays an important role in
L-cysteine export from the E. coli periplasm to the medium.

TolC overexpression contributes to L-cysteine productivity
in E. coli cells

We previously found marked production of L-cysteine plus
L-cystine from glucose in E. coli cells expressing the altered
cysE gene encoding the mutant SAT (Nakamori et al. 1998;
Takagi et al. 1999a, b). Also, overexpression of YdeD
caused increases in L-cysteine levels in medium (DaBler
et al. 2000). It was therefore expected that L-cysteine

b
35 -

Growth (OD,)

Culture time (h)

and pLS219 (open triangles), with pSTV29 and pLSTolC (closed
triangles), with pYdeD and pLS219 (open circles), or pYdeD and
pLSTolC (closed circles) (b). Cells were grown in SM1 medium plus
10 mM L-cysteine at 37°C. Values indicate means of results and SDs
of results from three independent experiments
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Fig. 5 Time courses of growth

[ODggo (solid lines) and glucose @ b
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productivity would be further improved by introducing both
pLSTolC and pYdeD into cells that express the mutant
SAT. Plasmid pCEM256I, which carries an altered cysE
gene encoding the Met256lle mutant SAT, which is less
sensitive to feedback inhibition, was first introduced into
MG1655 cells to enhance L-cysteine biosynthesis. Next, the
resultant cells were transformed by pYdeD and/or
pLSTolC, and were subsequently cultivated at 37°C for
L-cysteine production. Figure 5 shows the time course of
growth and glucose consumption (Fig. 5a) and L-cysteine
plus L-cystine production (Fig. 5b). The difference of the
available L-cysteine level in each cell may have been a
cause for the difference of growth between MG1655
harboring pYdeD and pLSTolC and MG1655 with pYdeD
(Fig. 5a). The MG1655 cells harboring both pCEM2561
and pYdeD accumulated 70 mg/l of L-cysteine plus

Fig. 6 Time courses of growth
(ODgg0; a) and L-cysteine plus
L-cystine production (b) by cells 5r
of strain MG1655Atmad with
pACYC184 and pLS219 (open
triangles), pACYC184 and
pLSTolC (closed triangles),
pDES and pLS219 (open
circles), or pDES and pLSTolC
(closed circles). Values indicate
means and SDs of results from
three independent experiments.
Cells were grown at 34°C in
SM1 medium containing 10% L
broth, 3% glucose, and 450 mg/
| L-methionine. After cultivation
for 6 and 12 h, 10 and 20 mM
sodium thiosulfate was added,

Growth (OD,)

0 1

L-cystine after 24 h of cultivation (designated as L-cysteine
producer). It is noteworthy that when the f0/C gene was
overexpressed, the extracellular L-cysteine level (119 mg/l)
was approximately 70% higher than that of the L-cysteine
producer. However, the decrease in L-cysteine production
commenced after 24 h of cultivation, probably due to the
CD enzymes.

To improve and maintain L-cysteine productivity, plas-
mid pDES carrying the altered cysE, ydeD, and altered serA
gene was introduced into MG1655AtmaA cells (Awano et
al. 2003). The transformed cells were designated as L-
cysteine overproducers. We also investigated TolC’s effects
on growth and L-cysteine productivity in the L-cysteine
overproducer (Fig. 6). As shown in Fig. 6b, after 40 h of
cultivation, MG1655AmaA cells carrying pDES and
pLSTolC produced a slightly yet significantly higher
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AtolC / pTolC
AtolC | pDsbA

Fig. 7 Effects of the outer membrane channels on DTT sensitivity of
E. coli. Growth phenotypes on DTT containing medium of strains
BW25113, AdsbA, and AtolC harboring pCA24N, pTolC, or pDsbA.

amount of L-cysteine plus L-cystine (1,127+75 mg/l) than
MG1655AtnaA cells carrying only pDES (958+71 mg/l).
These results indicate that TolC overexpression is effective
for L-cysteine overproduction in E. coli cells.

Discussion

Four of known L-cysteine transporters (YdeD, CydDC,
YfiK, and Ber) are involved in the efflux of L-cysteine from
the E. coli cytoplasm. All of them are inner membrane
proteins that transport L-cysteine from the cytoplasm into
the periplasmic space. This is the first report to indicate that
the outer membrane channel probably releases L-cysteine
into the medium. Our results strongly suggest that passive
or facilitated diffusion through the TolC porin increases the
outer membrane permeability to L-cysteine. We also
conclude that TolC is important for L-cysteine tolerance
and overproduction.

It was previously reported that overexpression of the
YdeD or Ber protein in E. coli is important for effective
L-cysteine production (DaBler et al. 2000; Yamada et al.
2006). Elucidation of the molecular mechanisms involved
in L-cysteine export from the periplasm to the medium
remains one of the most intriguing problems of L-cysteine
excretion. High concentrations of L-cysteine have also been
reported to be inhibitory or even toxic to E. coli cells. The
complete collection of viable single-gene knockout E. coli
K-12 mutants (Baba et al. 2006) was used to screen for a
novel L-cysteine transporter in this study. We found that the
TolC channel is apparently involved in L-cysteine tolerance
(Fig. 1 and Table 2). We assumed that the mutants that
cannot survive in the presence of excess L-cysteine must
lack the gene(s) essential for excluding L-cysteine (degra-
dation or extrusion) from the cells. Among 3,985 gene
deletion mutants, only f0o/C-disrupted cells were found to be
sensitive to L-cysteine (5 mM). However, five CD enzymes
involved in L-cysteine degradation (tryptophanase,

After cultivation for overnight, dilutions of 102, 10 107, and 107°
of each cell (from left to right) were spotted and incubated onto LB
agar plates containing 5 or 10 mM DTT at 37°C for 12 h

cystathionine -lyase, MalY protein, O-acetyl L-serine
sulfthydrylase-A, and O-acetyl L-serine sulfhydrylase-B;
Awano et al. 2003, 2005) did not show sensitivity to
L-cysteine under these experimental conditions. This is
probably because single CD gene deletion mutants still had
CD activity (Awano et al. 2003). Interestingly, a null mutant
of the iscS gene (Fuentes et al. 2007), which encodes
L-cysteine desulfurase that converts L-cysteine to L-alanine,
was sensitive to L-cysteine (Table 2). These results also
suggested that this enzyme is important for controlling
intracellular L-cysteine level by a different reaction with the
known CD enzymes (catalyzing conversion of L-cysteine to
pyruvate, ammonia, and sulfide).

The TolC protein plays a common role in the expulsion
of diverse molecules, which include protein toxins and
antibacterial drugs, from the cell (Koronakis et al. 2004).
We presumed that TolC-dependent L-cysteine tolerance is
due to L-cysteine extrusion. In several efflux pumps, TolC
acts with an inner membrane translocase and an accessory
or adaptor protein, e.g., AcrAB and AcrEF from the
resistance nodulation division (RND)-type drug transporter
family, EmrAB from the major facilitator (MF) family, and
MacAB from the ATP-binding cassette (ABC) family. For
example, the AcrAB-TolC efflux pump is essential for
E. coli cells to maintain organic solvent tolerance (Aono
et al. 1998; Fralick 1996; White et al. 1997). AcrEF-TolC
plays an important role in the normal maintenance of cell
division, which might be related to its transport function
(Lau and Zgurskaya 2005). EmrAB-TolC was identified as
a transporter involved in multidrug resistance (Lomovskaya
and Lewis 1992). MacAB-TolC confers resistance against
macrolide antibiotics (Kobayashi et al. 2001). If these
tripartite multidrug efflux systems are involved in
L-cysteine extrusion, deficiency in any one of the genes
will result in L-cysteine sensitivity. Interestingly, each
mutant showed the same level of growth inhibition as
wild-type cells, indicating that these proteins do not
contribute to L-cysteine tolerance (Fig. 2b). It is possible
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that TolC might form another novel tripartite efflux pump
for L-cysteine export. Because cysteine is likely to diffuse
easily through general porin channels, the effect of TolC is
probably due to a small contribution of a broad substrate-
range efflux process (Lee et al. 2000) in the collaboration
between the cytosol-to-periplasm transporters and the
tripartite transporters.

According to an X-ray crystallographic examination at
2.1 A resolutions (Koronakis et al. 2000), TolC is open to
the outside medium but is closed at its periplasmic entrance
with an effective diameter of ~3.9 A. This pore size might
be sufficient to allow L-cysteine diffusion across the E. coli
outer membrane. As shown in Fig. 3b, other outer
membrane porins did not complement the L-cysteine
sensitivity of AzolC mutant cells. Deletion mutants of these
genes, including the ompF gene, which encodes the 11-A-
wide outer membrane porin OmpF (Koronakis et al. 2004),
did not display the L-cysteine sensitivity (Fig. 3a). The
porin TolC has a different function or functions than other
outer membrane porins for L-cysteine diffusion and is
important for the maintenance of the basal level of
L-cysteine tolerance in E. coli by exporting excess
L-cysteine accumulated in periplasm to outside the medium
(Figs. 3 and 4). Intriguingly, these results suggest that
growth inhibition by L-cysteine may occur in the periplasm,
where disulfide bonds are formed, and predominantly in
oxidizing environment. The presence of reductants such as
L-cysteine or glutathione may perturb the redox homeosta-
sis, leading to growth inhibition (Pittman et al. 2002; 2005).

It was previously reported that . coli cells overexpress-
ing the inner membrane protein YdeD, which belongs to
the PecM family of transporters, excreted considerable
amounts of L-cysteine, OAS, and maybe NAS (DaBler et al.
2000). Interestingly, the z0l/C deletion mutant was sensitive
to these compounds but not to L-serine (data not shown),
suggesting that YdeD transports these compounds from the
cytoplasm into the periplasm and that TolC subsequently
releases them into the outside medium. We predicted that
overexpression of both proteins could drastically increase
L-cysteine productivity. In fact, overexpression of TolC
indeed slightly increased L-cysteine production (Figs. 5 and
6). Such an approach could be promising for the effective
fermentative production of L-cysteine. It should be noted
that overexpression of TolC did not show an enormous
effect on the growth phenotype. This is probably because
the TolC protein is highly expressed in E. coli cells at the
basal level. On the other hand, to/C-disrupted cells that
overexpress TolC could grow well in the presence of
L-cysteine (Figs. la and 4b), indicating that TolC is
important for L-cysteine tolerance.

It is known that TolC on the outer membrane forms a
channel for various compounds not only organic solvents or
hydrophobic antibiotics, but also hydrophilic compounds

@ Springer

such as aminoglycoside (Rosenberg et al. 2000) or
L-cysteine as reported in this study. Krishnamoorthy et al.
reported that even replacement of ArcB in the E. coli
AcrAB-TolC complex by MexB in the Pseudomonas
aeruginosa ActA—MexB-TolC complex was still partially
functional (Krishnamoorthy et al. 2008). This implies that
the diversity of substrates could result from the flexible
interaction of constituting components. Although it is
unknown whether YdeD interacts directly with TolC, it is
possible that the artificial fusion of YdeD with TolC or the
periplasmic adaptor protein, e.g., AcrA, may form a novel
efflux for L-cysteine extrusion directly from the cytoplasm,
resulting in higher L-cysteine productivity. The effect of
TolC overexpression on L-cysteine tolerance was smaller
than expected before, compared with the hypersensitivity of
the null mutant. This ambiguous observation implied that
TolC should have another essential function besides that of
a channel. As shown in Fig. 7, we found that the t0/C null
mutant was more sensitive to dithiothreitol (DTT) than the
DTT-hypersensitive dshb4 null mutant. It seems likely that
the bifunctional TolC protects E. coli cells from reductants
or is involved in redox homeostasis in the cells
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