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ABSTRACT The mycobacterial phosphoglycosyltransferase WecA, which initiates
arabinogalactan biosynthesis in Mycobacterium tuberculosis, has been proposed as a
target of the caprazamycin derivative CPZEN-45, a preclinical drug candidate for the
treatment of tuberculosis. In this report, we describe the functional characterization
of mycobacterial WecA and confirm the essentiality of its encoding gene in M. tuber-
culosis by demonstrating that the transcriptional silencing of wecA is bactericidal in
vitro and in macrophages. Silencing wecA also conferred hypersensitivity of M. tuber-
culosis to the drug tunicamycin, confirming its target selectivity for WecA in whole
cells. Simple radiometric assays performed with mycobacterial membranes and com-
mercially available substrates allowed chemical validation of other putative WecA in-
hibitors and resolved their selectivity toward WecA versus another attractive cell wall
target, translocase I, which catalyzes the first membrane step in the biosynthesis of
peptidoglycan. These assays and the mutant strain described herein will be useful
for identifying potential antitubercular leads by screening chemical libraries for novel
WecA inhibitors.
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According to the latest WHO report, 10.4 million people developed tuberculosis (TB)
and 1.8 million lives were lost to this devastating disease in 2015 (1), making TB the

leading cause of mortality from infection. The global health threat of TB has been
heightened significantly by the alarming rise in drug-resistant disease, with 480,000
people developing multidrug-resistant (TB MDR-TB) in 2015, 9.5% of whom had exten-
sively drug-resistant (XDR-TB). To reduce the global burden of TB, there is a clear and
urgent need to develop new drugs for the treatment of this disease. Among other
requirements, new TB drugs should (i) be more effective than the current drugs in order
to shorten the duration of treatment, (ii) have novel mechanisms of action to combat
resistant forms of TB, (iii) be compatible with antiretroviral therapy to enable the
treatment of patients coinfected with HIV, and (iv) not antagonize existing TB drugs
used in first- and second-line regimens (2).

Fundamental to the discovery of antimycobacterial agents with novel mechanisms
of action are the identification, characterization, and validation of new TB drug targets.
The prominence of the cell envelope of Mycobacterium tuberculosis as a target for TB
drugs is underlined by the fact that two of the first-line drugs, isoniazid and etham-
butol, act on cell envelope biogenesis. Importantly, several new TB drug candidates
in preclinical or clinical development, including the benzothiazinone PBTZ169 (3),
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also inhibit components of M. tuberculosis cell envelope metabolism (http://www
.newtbdrugs.org/pipeline/clinical), underscoring the richness of biosynthesis of the cell
envelope as a source of targets for the development of new drugs (4). Among these
compounds, the caprazamycin derivative CPZEN-45 was shown by Ishizaki et al. to
inhibit the activity of the enzyme WecA, based on activity assays performed with
membranes from a derivative of Mycobacterium smegmatis mc2155 that lacks its own
wecA homologue (MSMEG_4947) and overexpresses wecA (Rv1302) from M. tuberculosis
H37Rv (5). Catalytic activity attributable to WecA in M. smegmatis and its sensitivity to
the uridine-nucleoside antibiotic tunicamycin were originally described more than 20
years ago (6) while defining the first steps in the biosynthesis of the mycobacterial
arabinogalactan. These steps involve the production of glycolipid 1 (GL1, decaprenyl-
P-P-GlcNAc) from UDP-GlcNAc and decaprenyl-P, which is then extended by rhamnosyl
transferase WbbL (7) to form glycolipid 2 (GL2, decaprenyl-P-P-GlcNAc-Rha) that serves
as a basis for polymerization of arabinogalactan (8) (Fig. 1). In a later study, Jin et al. (9)
showed that Rv1302 and MSMEG_4947 can functionally complement a wecA mutant of
Escherichia coli, and they confirmed the essentiality of MSMEG_4947 in M. smegmatis.

In Bacillus subtilis, both genetic and biochemical evidence revealed that the WecA
orthologue TagO, which is involved in the synthesis of teichoic acids, is a target of
CPZEN-45 (5). Remarkably, however, in the same organism, caprazamycin B, one of the
most active antitubercular agents from the group of naturally occurring caprazamycins
(10, 11), was shown to target translocase I, another enzyme from the same family
of polyprenyl phosphate–N-acetyl-hexosamine-1-phosphate transferases (5). Bacterial
translocase I (also known as MraY in various bacteria, or MurX in M. tuberculosis H37Rv)
catalyzes the first membrane step in peptidoglycan biosynthesis, i.e., the transfer of
MurNAc-pentapeptide-1-P from its activated donor UDP-MurNAc-pentapeptide to
polyprenyl-P (12), resulting in the production of lipid I (Fig. 1).

In the present study, we investigated WecA as a novel pharmacological target for TB
through a series of biochemical and chemical-genetic experiments. First, we biochem-
ically characterized the activity of mycobacterial WecA. We then analyzed the impact of
transcriptional silencing of wecA on the viability of M. tuberculosis in vitro and ex vivo
and on its susceptibility to putative WecA inhibitors. Finally, we developed simple
radiometric assays for WecA and translocase I for an evaluation of potential dual activity
or a switch in the activities of selected inhibitors.

FIG 1 Biosynthesis of lipid-linked intermediates involved in mycobacterial cell wall biogenesis catalyzed
by membrane proteins WecA and translocase I (MurX) in M. tuberculosis. WecA transfers GlcNAc-1-P on
decaprenyl-P to form glycolipid 1 (GL1) in arabinogalactan (AG) biosynthesis, while translocase I (MurX)
transfers phospho-MurNAc-pentapeptide to form lipid I intermediate involved in peptidoglycan (PG)
biosynthesis.
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RESULTS
Rv1302 from M. tuberculosis H37Rv and MSMEG_4947 from M. smegmatis

mc2155 have UDP-GlcNAc– decaprenyl-phosphate GlcNAc-1-phosphate trans-
ferase activity. To investigate the function of WecA proteins from M. tuberculosis and
M. smegmatis, we employed a prior successful approach for the functional character-
ization of several other enzymes involved in biosynthesis of the mycobacterial cell
envelope (13–16). The technique relied on constitutive production of recombinant
N-terminally or C-terminally His-tagged proteins in M. smegmatis using pVV2 (17) and
pVV16 (18) expression vectors, followed by comparison of the target enzyme activities
in cell-free assays using membrane/cell wall fractions of the control cells harboring an
empty vector versus the overproducers. In a pilot experiment, M. smegmatis trans-
formed with pVV16-rv1302 did not grow. We therefore switched to using the
acetamide-inducible pJAM2 system (19) to avoid possible toxicity issues due to the
overproduction of a protein with 11 predicted transmembrane segments, as predicted
using hidden Markov models (http://tuberculist.epfl.ch/tmhmm/Rv1302.html). Analysis
of proteins from the induced fractionated cells by SDS-PAGE and Western blotting
confirmed the presence of recombinant MSMEG_4947 in mycobacterial membrane and
cell wall (P60) fractions (Fig. 2A), while the production of Rv1302 was much lower and
minimally detectable only in the membranes (data not shown). The apparent molecular

FIG 2 Localization of recombinant MSMEG_4947 and examination of its activity in membranes. (A) M. smegmatis mc2155/pJAM2-
MSMEG_4947 was disrupted by sonication, and cell fractions were obtained by differential centrifugation. The presence of His-tagged
MSMEG_4947 in cytosol, membrane fraction, and cell wall (P60) fractions was analyzed by SDS-PAGE (left) and Western blotting (right).
(B) The activity of recombinant MSMEG_4947 was analyzed by enzymatic reaction mixtures containing membrane fractions from M.
smegmatis mc2155/pJAM2 (control) and M. smegmatis mc2155 pJAM2-MSMEG_4947 (overproducer) and UDP-[14C]-GlcNAc. Reaction
products [14C]-glycolipid 1 (GL1) and [14C]-glycolipid 2 (GL2) were extracted by organic solvents. Twenty percent of the lipid extract
was loaded on silica-gel TLC plate, developed in CHCl3-CH3OH-NH4OH-H2O (65:25:0.5:3.6), and then exposed to autoradiography film
for 3 days. (C) The amount of 14C-label incorporated into organic phase was quantified by scintillation counting. Data represent the
means � standard deviation (SD) of the results from two independent experiments (from two batches of cells) performed in triplicates.
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masses of these recombinant proteins (ca. 30 kDa) did not correspond to the expected
values, which were approximately 10 kDa higher. However, a similar behavior was also
described for WecA from E. coli (20, 21), suggesting that the anomalous migration on
SDS-PAGE can very likely be attributed to detergent binding, as described for mem-
brane proteins (22).

Membrane fractions prepared from M. smegmatis pJAM2 and M. smegmatis pJAM2-
MSMEG_4947 served as enzyme sources for an evaluation of recombinant WecA activity.
After incubation of UDP-[14C]-GlcNAc with mycobacterial membrane fractions, which
also provided decaprenyl-phosphate for the WecA-catalyzed reaction, the 14C-labeled
glycolipid products were extracted with CHCl3-CH3OH (2:1) and separated from the
water-soluble radioactive substrate UDP-[14C]-GlcNAc by a biphasic Folch wash. The
fractions were quantified by scintillation spectrometry and then analyzed by thin-layer
chromatography (TLC), followed by autoradiography. The TLC profile (Fig. 2B) revealed
two bands corresponding to [14C]-GL1 and [14C]-GL2. Biosynthesis of [14C]-GL2 in the
reaction mixture occurs due to the presence of endogenous TDP-Rha and rhamnosyl-
transferase activity in the membrane preparations, but because the entire radiolabeled
[14C]-GL2 is formed from its de novo-synthetized [14C]-GL1 precursor, both of these
products were included for overall quantification of the WecA-catalyzed reaction. A
comparison of the incorporation of [14C]-GlcNAc to organic fractions containing [14C]-
GL1/[14C]-GL2 catalyzed by membranes prepared from the control strains and over-
producers revealed an approximately 2-fold increase in the products in the reaction
mixtures comprising the recombinant proteins (Fig. 2C). Given that MSMEG_4947 is an
experimentally confirmed orthologue of Rv1302 (5), we concluded that these proteins
exhibit WecA activity in M. smegmatis and M. tuberculosis, respectively. As reported for
WecA from Thermotoga maritima (23), M. smegmatis WecA strictly requires Mg2� ions
for activity (see Fig. S1 in the supplemental material).

WecA from Mycobacterium thermoresistibile can be partially purified in an
active form. We next attempted to produce recombinant forms of the WecA ortho-

logues Rv1302 and MSMEG_4947 in E. coli for purification and further biochemical
characterization. Inspired by the success in expressing WecA from T. maritima using the
pET3210 expression vector in E. coli C43(DE3), as reported by Al-Dabbagh et al. (23), we
cloned Rv1302 and MSMEG_4947 into pET28a, pET29a, and pET-SUMO vectors and
analyzed the expression of the recombinant proteins in E. coli BL21(DE3), E. coli
BL21(DE3)/pLysS, E. coli C41(DE3), and E. coli C43(DE3) under various induction condi-
tions. Optimization of the conditions for overexpression was followed by solubilization
and purification trials. However, the results were unsatisfactory. Based on our successful
purification of mycobacterial acyltransferase PatA (24, 25) using the mycobacterial
expression system pJAM2, we then attempted solubilization and isolation of recombi-
nant WecA from induced M. smegmatis pJAM2-MSMEG_4947 cells. However, we were
again unable to obtain purified WecA protein in sufficient amounts using this approach.

We therefore decided to produce recombinant protein from M. thermoresistibile,
which is an attractive surrogate for the production of problematic mycobacterial
proteins (26). Importantly, WecA is highly conserved in mycobacteria (Fig. S2), with the
WecA from M. thermoresistibile ATCC 19527 sharing 84.5% amino acid identity to that
of M. tuberculosis H37Rv. The WecA M. thermoresistibile (WecAMth) coding sequence was
cloned into pET28a, pET29a, and pET-SUMO vectors. Based on expression trials in various
host strains, E. coli C43(DE3)/pET28a-wecAMth was selected as the expression system of
choice. The isolation procedure, which included solubilization of membrane proteins with
8% 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS), followed by
metal-affinity chromatography, yielded a protein fraction with WecAMth as the major
component (Fig. S3), as confirmed by mass spectrometry analysis. Importantly, WecA
from the E. coli host was not detected in the final fraction (Data Set S1), which confirms
that the WecA activity of this sample could be attributed specifically to recombinant
WecAMth (Fig. S3).
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WecA is essential in M. tuberculosis. Saturating transposon mutagenesis studies
have suggested that the wecA gene, Rv1302, is essential in M. tuberculosis (27, 28). To
confirm this, we constructed an anhydrotetracycline (ATc)-regulated conditional knock-
down mutant (cKD) in wecA by promoter replacement using the same approach as
applied for other genes in M. tuberculosis (29–32). The wecA Tet-Off mutant showed
ATc-dependent growth both in liquid culture and on agar (Fig. 3A and B). Quantitative
analysis of the effect of ATc treatment on wecA gene expression in the wild-type and
mutant strains was performed by droplet digital PCR (ddPCR) (Fig. 3C). In the absence
of ATc, the level of wecA transcript in the wecA Tet-Off mutant was comparable to that
in H37Rv. However, ATc treatment resulted in time-dependent reduction in the level of
wecA transcript to �25% of that in the untreated control after 24 h and �2.8% after

FIG 3 ATc dose-dependent growth of wecA conditional mutant of M. tuberculosis. (A) Growth of wecA
Tet-Off was monitored in standard Middlebrook 7H9 liquid broth supplemented with the indicated
concentrations of ATc (in parentheses; ng/ml), using the H37Rv and wecA-SCO strains as controls. Data
are means � SD of the results from three independent experiments. (B) Growth of the wecA Tet-Off
mutant is suppressed in the presence of ATc on agar. (C) Silencing of wecA transcript to ATc treatment.
Logarithmic-phase cultures of the wecA Tet-Off or H37Rv strains were treated with ATc for 24 and 48 h,
as indicated, and the concentrations of wecA transcript relative to sigA were determined by ddPCR, as
described in Materials and Methods. All of the data generated by QuantaSoft software included the 95%
confidence interval.
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48 h. Thus, the inhibitory effect of ATc on the growth of the wecA Tet-Off mutant
correlated with transcriptional silencing of wecA.

Transcriptional silencing of wecA is bactericidal in M. tuberculosis in vitro and
ex vivo. Having confirmed the essentiality of wecA, we then assessed the impact of
wecA silencing on the viability of M. tuberculosis. The wecA Tet-Off mutant was grown
in standard 7H9 broth, with or without ATc, and samples collected over 7 days were
plated on standard 7H10 agar containing the appropriate antibiotics to score CFU as an
indicator of viability (Fig. 4A). In the absence of ATc, the wecA Tet-Off mutant showed
growth comparable to that of the H37Rv control, and its ATc-dependent growth
phenotype was stable over the course of the experiment, i.e., no CFU were observed on
agar containing ATc (data not shown). In contrast, ATc treatment resulted in a pro-
gressive loss of viability, as evidenced by an �2-log10 decline in CFU over 7 days. The
effect of wecA silencing on the viability of M. tuberculosis ex vivo was then assessed by
infecting THP-1-derived macrophages with wecA Tet-Off or H37Rv. Infected macro-
phages were maintained in either standard RPMI medium or RPMI medium containing
ATc, and M. tuberculosis viability was assessed by CFU enumeration over a period of 7
days (Fig. 4B). In the absence of ATc, the wecA Tet-Off mutant grew as well as H37Rv
in THP-1 cells. ATc-induced silencing of wecA resulted in a slow decline in the viability

FIG 4 WecA is essential for the growth and survival of M. tuberculosis in both in vitro and intracellular
environment. (A) The effect of wecA silencing on the viability of M. tuberculosis grown in vitro was
assessed as described in Materials and Methods. The wecA Tet-Off and H37Rv strains were grown in the
presence or absence of ATc (200 ng/ml), and the effect of silencing on viability was assessed by plating
serial dilutions at the indicated times on 7H10 agar. (B) THP-1 cells were infected as described in Materials
and Methods and grown in standard RPMI medium in the absence or presence of ATc (400 ng/ml), and
the effect of wecA silencing on M. tuberculosis viability was assessed by plating serial dilutions as
described in Materials and Methods. The data represent the mean � SD from three biological replicates.
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of intracellular M. tuberculosis over the 7-day time course: the bacterial load remained
constant until day 3 and thereafter showed a gradual decline, dropping by �0.8 log10

CFU over 7 days. Together, these results establish WecA as a bactericidal target in M.
tuberculosis.

Optimization of radiometric assays for WecA and translocase I using crude
mycobacterial membranes and commercial substrates. Evidence of a shift in the
targets of caprazamycin derivatives in B. subtilis from MraY (translocase I) to TagO (a
WecA orthologue) upon chemical modification of the tested compounds (5) prompted
us to develop simple radiometric assays using the same enzyme source and commer-
cially available substrates to allow side-by-side evaluation of the effects of inhibitors on
both WecA and translocase I activities in mycobacteria. We chose to use the nonpatho-
genic strains M. smegmatis mc2155 and M. tuberculosis H37Ra as model organisms for
this purpose. Comparisons of WecA protein sequences between the enzymes from M.
tuberculosis H37Rv and M. tuberculosis H37Ra or M. smegmatis mc2155 revealed 99.8%
and 84.7% identical amino acid residues (Fig. S2); the same evaluations of translocase
I protein sequences yielded 100% identity between M. tuberculosis H37Rv and M.
tuberculosis H37Ra and 87.2% identity between M. tuberculosis H37Rv and M. smegmatis
mc2155 (Fig. S4). Therefore, we considered the model organisms to be suitable surro-
gates. Our initial attempt to assay translocase I activity was based on the WecA assay
(described above), using buffer A with membranes prepared from M. smegmatis or M.
tuberculosis and UDP-[14C]-MurNAc-pentapeptide as the substrate. However, simply
replacing UDP-[14C]-GlcNAc with UDP-[14C]-MurNAc-pentapeptide in the reaction mix-
ture did not result in the production of lipid I. We thus modified the reaction conditions
for translocase I according to the procedure described for E. coli membranes as the
enzyme source (33). The reaction was thus performed in buffer C, which resulted in
efficient lipid I production (Fig. 5). Contrary to previously published procedures where
the reaction was stopped by the addition of pyridinium acetate and the products were
extracted by repeated butanol washes (5, 34, 35), we proceeded exactly as stated
above to obtain the WecA reaction products, i.e., by biphasic Folch wash. This led
to the clean separation of lipid I product in the organic phase from the water-
soluble substrates (Fig. 5).

Subsequently, we modified the reaction mixtures for measuring WecA activity by
using buffer B (33), which increased efficiency of the WecA reaction by 60% for M.
smegmatis and by about 80% for M. tuberculosis (Fig. 5).

FIG 5 Optimization of WecA and translocase 1 assays. Organic and water phases were analyzed by TLC on silica-gel plates
developed in 2-propanol– concentrated NH4OH–H2O (6:3:1), followed by autoradiography. To evaluate the activities of
mycobacterial WecA and translocase 1, different buffer compositions were tested. (A) Buffer A (50 mM MOPS [pH 7.9], 10 mM
MgCl2, 5 mM 2-mercaptoethanol); (B) buffer B (50 mM Tris-HCl [pH 8.0], 40 mM MgCl2, 0.5 mM EDTA, 50 mM sucrose, 5 mM
2-mercaptoethanol, 0.5% CHAPS, 50 �M undecaprenyl-P); (C) buffer C (100 mM Tris-HCl [pH 7.5], 30 mM MgCl2, 0.15% Triton
X-100, 50 �M undecaprenyl-P, 100 �g/ml phosphatidyl glycerol).
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Evaluation of potential dual activities of selected inhibitors against WecA and
translocase I. For evaluation of the optimized WecA and translocase I assays, we
selected a panel of inhibitors of these enzymes: capuramycins SQ641 and SQ997,
tunicamycin, and X-J99620886 (Fig. 6A). The chemically modified natural compound
SQ641 is an analogue of capuramycin SQ997 with a lipophilic decanoyl side chain
attached to the sugar moiety (36). SQ641 kills M. tuberculosis faster than other common
anti-TB drugs and shows strong synergy with ethambutol, streptomycin, and SQ109
(37). The compound X-J799620886 was discovered in an old Sanofi-Aventis program,
and it differs from commercially available tunicamycin only in the length of a lipophilic
side chain.

In the initial screening, we tested all four compounds at a concentration of 200 �M,
which caused severe inhibition of both WecA and translocase I activities in the
membranes prepared from M. smegmatis and M. tuberculosis (Fig. 6B). To exclude
nonspecific inhibitory effects, we also examined galactan polymerization and synthesis
of the mycobacterial mannose-containing glycolipids phosphatidylinositol mannosides
(PIMs) and polyprenyl-phospho-mannoses (PPMs). Polyprenylphosphate-containing
substrates are utilized in these reactions similarly to WecA- and translocase I-catalyzed
reactions. The reactions were performed as described with recombinant GlfT1 and GlfT2
enzymes produced in E. coli (8) or with mycobacterial membranes for monitoring PIM
and PPM synthesis (15). Neither SQ641 nor X-J99620886, as representative inhibitors

FIG 6 Effect of selected translocase I inhibitors on mycobacterial WecA and translocase I activities. Selectivity of tested
compounds (200 �M) for WecA and translocase I activity was analyzed by radiometric assays using membrane fraction
isolated from M. smegmatis mc2155 or M. tuberculosis H37Ra. Twenty percent of the lipid extract was loaded on a silica-gel
TLC plate, developed in 2-propanol– concentrated NH4OH–H2O (6:3:1), and exposed to autoradiography film for 4 days. (A)
Chemical structures of the compounds tested in this study. (B) Products of the reaction mixtures (GL1 or lipid I) after
visualization by autoradiography.
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from our selection of compounds, inhibited any of the tested enzymes at 200 �M (Fig.
S5). Thus, the observed robust inhibition of WecA and translocase I was likely due to
specific effects of the tested drugs on these targets. However, there was a clear
difference in these effects: while residual WecA activity was observed in the reaction
mixtures with SQ641 and SQ997, the other two inhibitors, X-J99620886 and tunicamy-
cin, appeared to completely abolish the reaction. In contrast, higher residual activity
was found in the translocase I reaction for the X-J99620886 and tunicamycin inhibitors
than for SQ641 and SQ997 (Fig. 6B).

These findings were confirmed in dose experiments performed with SQ641 and
X-J99620886 in WecA and translocase I assays using membranes from M. tuberculosis
H37Ra. The results showed that SQ641 indeed preferentially inhibited translocase I
(50% inhibitory concentration [IC50], 0.165 �M) compared to WecA (IC50, 136 �M).
Conversely, X-J99620886 potently inhibited both activities, with IC50s of 0.01427 �M for
WecA and 13.32 �M for translocase I, indicating a preference for WecA in this case (Fig.
S6). Overall, the IC50s suggested that both compounds are very efficient inhibitors of
WecA and translocase I activity in mycobacterial membranes. However, each of these
compounds has a strong preference toward one of the tested enzymes: SQ641 for
translocase I and X-J99620886 for WecA. These results confirm that the assays can
successfully be used to resolve the selectivity of such dual-activity inhibitors.

Tunicamycin and X-J99620886 act on WecA in M. tuberculosis. The wecA Tet-Off
mutant provided a tool to investigate the target selectivity of biochemically confirmed
WecA inhibitors in whole M. tuberculosis cells using a checkerboard assay, in which the
concentrations of ATc and a WecA inhibitor were varied in a two-dimensional array (Fig.
7). An �16-fold reduction in the MIC90 of tunicamycin (from 0.5 �g/ml to 0.03 �g/ml)
was observed concomitant with the silencing of wecA (Fig. 7A). In contrast, wecA
silencing had no effect on M. tuberculosis susceptibility to the standard TB drugs
isoniazid or rifampin, whose mechanisms of action are unrelated to WecA inhibition
(Fig. S8). The selective hypersensitization observed supports the notion that WecA is a
target of tunicamycin in M. tuberculosis. The wecA Tet-Off mutant was also hypersen-
sitive to the compound X-J99620886, as evidenced by a 4- to 8-fold shift in MIC90 (from
0.12 �g/ml to 0.03 to 0.015 �g/ml) upon wecA silencing (Fig. 7B). These results
implicate WecA as a target of X-J99620886. In contrast, however, there was no signif-
icant change in the MIC of SQ641 against wecA-silenced M. tuberculosis (Fig. 7C),
consistent with its considerably weaker activity against WecA in the enzyme assay.

DISCUSSION

Mycobacterial phosphoglycosyltransferase WecA is emerging as a novel and highly
attractive target for the identification of new TB drugs, as a result of the progression of
caprazamycin derivative CPZEN-45 as a preclinical candidate based on its favorable
properties: aqueous solubility, toxicity profile (38), substantial in vitro activity against M.
tuberculosis, and efficacy in mouse models of TB (http://www.newtbdrugs.org/pipeline/
compound/cpzen-45). In this report, we demonstrate for the first time the enzymatic
activity of the WecA orthologue from M. smegmatis and provide evidence in support of
the findings of Jin et al. (9) that MSMEG_4947 and Rv1302 have WecA functions in
mycobacteria. Our efforts to obtain these proteins by overexpression in E. coli or M.
smegmatis failed. To date, the only successful WecA purification was described for an
orthologue from the thermophilic bacterium T. maritima (23), although a recent
attempt to replicate this procedure did not succeed in producing pure enzyme (39).
Although we were unable to purify mycobacterial WecA to homogeneity, we could,
however, demonstrate WecA activity in the partially purified orthologue from M.
thermoresistibile, which can serve as a starting point for efforts toward the structural
characterization of WecA from mycobacteria. Several recent reports on detailed struc-
tures of translocase I (MraY) (40–42), which belongs to the same family of polyprenyl
phosphate–N-acetyl-hexosamine-1-phosphate transferases, hold promise for similar
success with WecA enzymes.

MraY is an intensely investigated target for several classes of nucleoside antibiotics,
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FIG 7 Silencing of wecA in M. tuberculosis H37Rv confers hypersensitivity to WecA inhibitors. A two-
dimensional array of serial dilutions of ATc and WecA inhibitors were added to the cultures for
determining the susceptibility of H37Rv and wecA Tet-Off strains to the WecA inhibitors. (A) Tunicamycin;
(B) X-J99620886; (C) SQ641. Bacterial viability was assessed by the alamarBlue assay, as described in
Materials and Methods. The values in parentheses represent ATc concentration in ng/ml.
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including liposidomycins, mureidomycins, muraymycins, capuramycins, tunicamycins,
and caprazamycins, among others (43, 44). Despite substantial effort, none of these
compounds has yet progressed to human clinical trials (45). Structural information on
MraY enzymes cocrystallized with muraymycin and tunicamycin that leads to a better
understanding of the mechanisms of action and its inhibition is expected to aid in the
development of new drug candidates not only for translocase I, but also for its
paralogues, including WecA (41, 42). Given the similarities between WecA and trans-
locase I, the design of compounds targeting both enzymes would be a particularly
attractive option. In this context, a number of uridine-containing natural antibiotics
have already been shown to inhibit both enzymes, albeit differentially (35, 46). This was
further confirmed by our experiments with the capuramycin and tunicamycin deriva-
tives SQ641 and X-J99620886, each of which varied in their inhibitory activities against
WecA and translocase I by a factor of 103 (Fig. S6), in agreement with published data
(46). However, a recent report by Mitachi et al. (47) describes the synthesis of muray-
mycin D1 and its amides, which inhibit WecA and translocase I of M. tuberculosis with
much closer IC50s: muraymycin D1 and muraymycin D1 amide exhibited �60-fold
higher activity against translocase I than against WecA, while muraymycin D1 diamide
reached IC50s of 0.07 �M and 0.0096 �M for WecA and translocase I, respectively,
reflecting an �7-fold difference in inhibitory activity on these two enzymes. This
seminal work opens up an attractive possibility for a dual mechanism of action of the
selected nucleoside antibiotic-derived inhibitors.

Since dual activity of an inhibitor is a highly favorable property (45, 48, 49), we
developed simple assays to evaluate the inhibition of both mycobacterial WecA and
translocase I. While numerous methods were reported for monitoring WecA and/or
translocase I activities in different bacteria (33, 50, 51), to the best of our knowledge, a
parallel evaluation of inhibitory activities of antibiotics on mycobacterial WecA and
translocase I was reported for the first time only recently (47). Similar to our and
numerous other assays, Mitachi et al. (47) employed crude mycobacterial membranes
as a source of the tested enzymes. The activities of muraymycin D1 on WecA and
translocase I were determined by fairly complicated fluorescence-based assays (51, 52).
The value of these fluorescent assays is the potential to be converted to high-
throughput formats. The radiometric assays described in the present paper are more
suitable for low- or medium-throughput screening, although their transformation to a
high-throughput format similar to that described by Hyland and Anderson (33) can be
foreseen. Based on their reliability, yet simplicity, we envision these assays as being
useful for a rapid evaluation of the inhibitory properties of natural product derivatives
undergoing structural optimization. Efforts focused to improve the properties (such as
bioavailability) of original natural compounds, along with novel chemistry allowing the
development of procedures for total synthesis of the selected natural compounds, are
documented extensively in the literature (44, 47, 53, 54). Reliable and simple assays for
translocase I and WecA could thus help reveal possible target switching (5) and
prioritize the natural product derivatives that exert comparable dual inhibition of WecA
and translocase I enzymes in mycobacteria.

Target validation is a key step in the drug discovery process (55). In this study, we
genetically validated WecA as a bactericidal drug target in M. tuberculosis. The wecA
cKD mutant enabled us to assess the selectivity of molecules with demonstrated
activity against the WecA enzyme in M. tuberculosis by target-based whole-cell screen-
ing. The hypersensitivity of wecA-silenced M. tuberculosis to tunicamycin and
X-J99620886 suggested that WecA is a target for both compounds. These results,
however, do not preclude translocase I as another tunicamycin target in M. tuberculosis.
The hypersensitization of the wecA knockdown to tunicamycin was quite modest
compared to the other target/drug couples assessed by the same methodology (29, 56),
which may argue in favor of another target(s) for tunicamycin in addition to WecA. The
recently published structure of MraY with bound tunicamycin (42) is consistent with
this notion and could also be the case for other WecA inhibitors, such as CPZEN-45. In
contrast, the capuramycin derivative SQ641, which showed potent WecA inhibition in
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the enzyme assay, does not appear to act on this target in whole cells, as evidenced
using the wecA cKD mutant.

Natural products represent promising new leads for TB drug development, as
demonstrated by several successful examples over the past few years (57–60). On the
basis of the genetic validation of WecA as a bactericidal target and its pharmacological
validation as an enzyme inhibited by several classes of natural nucleoside antibiotics,
this enzyme represents an attractive target for the development of new medicines
against TB.

MATERIALS AND METHODS
Cloning of wecA and its expression in M. smegmatis. The Rv1302 gene from M. tuberculosis H37Rv

and the MSMEG_4947 gene from M. smegmatis mc2155 were amplified using oligonucleotide primers
Rv1302-pJAM-Fwd and Rv1302-pJAM-Rev or MSMEG_4947-pJAM-Fwd and MSMEG_4947-pJAM-Rev,
containing BamHI and XbaI restriction sites (Table S1). The PCR fragments were digested and ligated into
the similarly digested pJAM2 vector. The DNA sequences of the inserts were confirmed by sequencing
and recombinant pJAM2 plasmids carrying Rv1302 from M. tuberculosis H37Rv or MSMEG_4947 from M.
smegmatis mc2155 were transformed into M. smegmatis mc2155. Cells were grown in MM63 medium [5
mM (NH4)2SO4, 10 mM KH2PO4,18 mM FeSO4·7H2O (pH 7.0)] supplemented with 1 mM MgSO4, 0.025%
(vol/vol) tyloxapol, 0.2% (wt/vol) succinate, and kanamycin (20 �g/ml) until the optical density at 600 nm
(OD600) reached �0.5 (mid-log phase). Induction was initiated by the addition of acetamide at a final
concentration of 0.2% (wt/vol). The expression of Rv1302 and MSMEG_4947 was tested at 37°C and 30°C.
Optimal expression was achieved at 37°C after 4 h of induction for Rv1302 and 6 h of induction for
MSMEG_4947. The resulting MSMEG_4947 product is a truncated version lacking the N-terminal 16 amino
acids.

Cloning of wecA and its expression in E. coli. For the production of recombinant His-tagged
mycobacterial WecA protein in E. coli, three homologs of the mycobacterial wecA gene were selected:
Rv1302 from M. tuberculosis H37Rv, MSMEG_4947 from M. smegmatis mc2155, and wecA from M.
thermoresistibile ATCC 19527. The primers used for amplification of these genes are listed in the Table S1.
The PCR fragments cloned into pET28a (N-terminal His tag) and pET29a (C-terminal His tag) plasmids
were digested with NdeI and HindIII enzymes. Constructs based on pET-SUMO plasmids carrying Rv1302,
MSMEG_4947, or wecA from M. thermoresistibile were prepared according to the user manual of the
Champion pET SUMO expression system (Thermo Fisher Scientific). The prepared recombinant plasmids
were then transformed into different expression strains, E. coli BL21(DE3), E. coli BL21(DE3) pLysS, E. coli
C41(DE3), and E. coli C43(DE3), in which optimal expression was investigated at different time points
during incubation at 37°C, 25°C, or 18°C and after induction with 1 mM or 0.4 mM isopropyl-�-D-
thiogalactopyranoside (IPTG). The presence of recombinant mycobacterial WecA protein was analyzed in
cell lysates and supernatants (15,000 � g, 20 min) of the lysates by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting.

Production, solubilization, and purification of WecA M. thermoresistibile. One liter of Luria-
Bertani (LB) medium supplemented with kanamycin (20 �g/ml) was inoculated (1:100) with a fresh
overnight preculture of E. coli C43(DE3)/pET28a-wecAMth grown in the same medium at 37°C, and the
culture was incubated at the same temperature with shaking at 130 rpm until the OD600 reached �0.5.
The cultures where then kept at 4°C for 1 to 2 h and the OD600 measured again (�0.6 to 0.7).
Recombinant protein expression was induced with 0.4 mM IPTG by incubation at 25°C for 17 h. The cells
were collected by centrifugation (3,500 � g for 20 min at 4°C), washed twice with 25 mM Tris-HCl (pH
7.5), and stored at �20°C before use. Approximately 4 g (wet weight) of E. coli C43(DE3)/pET28a-wecAMth

cell pellet was suspended in 16 ml of buffer PA (25 mM Tris-HCl [pH 7.5], 300 mM NaCl, 10 mM MgCl2,
10% glycerol, 2 mM �-mercaptoethanol, 1 mM phenylmethylsulfonyl fluoride [PMSF]), and the cells were
disrupted by sonication in 15-s pulses with 40-s cooling intervals between pulses, for a total of 20 cycles.
The cell lysate was then centrifuged at 15,000 � g for 20 min at 4°C, and the supernatant was
subsequently centrifuged at 100,000 � g for 1 h at 4°C. The membrane fraction was homogenized in 4
ml of buffer PA supplemented with 136 mM CHAPS (8% [wt/vol]), and proteins were solubilized by gentle
rocking at 4°C for 2 h. The mixture was then centrifuged at 100,000 � g for 1 h at 4°C. The concentration
of detergent was reduced by repeated filtration steps using an Amicon Ultra 15-ml centrifugal filter unit
(10K molecular weight cutoff [MWCO]; Merck Millipore; 3,500 � g, 15 min, 4°C per one spin) and buffer
PA. The sample was finally recovered in buffer PB (25 mM Tris-HCl [pH 7.5], 300 mM NaCl, 10 mM MgCl2,
10% glycerol, 2 mM �-mercaptoethanol, 0.1 mM PMSF, 0.5% CHAPS). Binding of His-tagged WecA from
M. thermoresistibile was performed using a Talon cobalt resin (Clontech) with 2 h of incubation at 4°C. The
mixture was then centrifuged at 90 � g for 3 min at 4°C to separate nonbound proteins and
subsequently washed with 3 ml (two column volumes) of buffer PB. The resin was then suspended in 3
ml of buffer PB and transferred to a Poly-Prep chromatography column (Bio-Rad). Elution of the proteins
from the affinity resin was performed with stepwise imidazole gradient (25 mM, 50 mM, 150 mM, 300
mM, and 1 M imidazole in buffer PB). Fractions containing His-tagged WecA protein were pooled and
desalted with an Amicon Ultra 4-ml centrifugal filter (10K MWCO; Merck Millipore) by washing with buffer
PB. For the final purification of WecA from M. thermoresistibile, rechromatography with Talon cobalt resin
was performed in the same manner. Protein concentration was determined with a bicinchoninic acid
(BCA) assay (Pierce BCA protein assay kit; Thermo Scientific).
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Protein identification by mass spectrometry. Following protein separation by SDS-PAGE and
Coomassie brilliant blue staining, the gel pieces of interest were destained, reduced, and alkylated using
dithiothreitol and iodoacetamide. The proteins were digested using sequencing-grade modified trypsin
(Promega) overnight at 37°C. Extracted peptides were dried and dissolved in 0.1% trifluoroacetic acid and
2% acetonitrile (ACN). The samples were loaded onto a trap column (Acclaim PepMap100 C18, 75 �m by
20 mm; Dionex, CA, USA) and separated with a C18 column (Acclaim PepMap C18, 75 �m by 150 mm;
Dionex) on an Ultimate 3000 RSLCnano system (Dionex) in a linear 25 min gradient (3 to 43% B) and flow
rate of 300 nl/min. Two mobile phases were used: 0.1% (vol/vol) FA (A) and 80% (vol/vol) ACN with 0.1%
FA (B). Eluted peptides were sprayed directly into an Orbitrap Elite mass spectrometer (Thermo Scientific,
MA, USA), and spectral data sets were collected in the data-dependent mode using Top15 strategy for
the selection of precursor ions for the higher-energy collisional dissociation (HCD) fragmentation (61).
Each of the samples was analyzed in two technical replicates. The obtained data sets were processed by
MaxQuant version 1.5.3.30 (62), with a built-in Andromeda search engine using carbamidomethylation
(C) as a permanent modification and oxidation (M) as a variable modification. The search was performed
against the E. coli protein database (UniProt), and the expected recombinant WecA sequence (M.
thermoresistibile) included in a separate Fasta file.

For analysis of the proteins in solution, the samples were supplemented with 1 M Tris-HCl (pH 7.8)
to final concentration of 25 mM, reduced in the presence of 5 mM dithiothreitol (30 min, 60°C), and
alkylated by the addition of 15 mM iodoacetamide (20 min, room temperature, in the dark). The
alkylation reaction was quenched by additional 5 mM dithiothreitol. Two micrograms of modified
sequencing-grade trypsin (Promega) was added to the protein mixture, and the samples were incubated
overnight at 37°C. The reaction mixture was acidified by the addition of 0.5% trifluoroacetic acid, and the
peptides were purified by microtip C18 solid-phase extraction (SPE) and dried in the vacuum centrifuge.
The samples were analyzed in technical triplicates by liquid chromatography-mass spectrometry (LC-MS),
as described above, with the exception of longer separation column (50 cm) and longer gradient (240
min).

Construction of a wecA cKD mutant of M. tuberculosis. To construct a mutant of M. tuberculosis in
which the wecA promoter was replaced by the Tet-regulated promoter pmyc1tetO (63), a suicide plasmid
carrying an amplicon spanning the ribosomal-binding site (RBS) (20 bp) and 322-bp 5=-terminal region
of wecA, cloned as a SphI/NotI fragment in pSE100 (64), was electroporated into M. tuberculosis H37Rv
and the transformants selected on Middlebrook 7H10 agar supplemented with oleic acid-albumin-
dextrose-catalase (OADC) and hygromycin (Hyg). Individual colonies were grown to mid-log phase in
Middlebrook 7H9 broth supplemented with OADC and Hyg. The site specificity of homologous recom-
bination in the putative single-crossover (SCO) recombinants was confirmed by PCR using the primers
listed in Table S1. Modulation of wecA expression using ATc was achieved by electroporation of
pGMCK-OX38-T28 (65) into the SCO recombinant, wecA-SCO, to generate conditional mutants in the
Tet-Off configuration (wecA Tet-Off). Integration into the chromosome was facilitated by codelivery of an
additional suicide vector, pGA-OXP15-intL5, transiently expressing integrase (65). The transformants were
selected on Middlebrook 7H10 supplemented with OADC, Hyg, and kanamycin (Km), in the presence and
absence of ATc (200 ng/ml).

Gene expression analysis by droplet digital PCR. Total RNA extraction from M. tuberculosis
cultures, cDNA synthesis, designing of Primers/TaqMan minor groove binder (MGB) probes and ddPCR
were performed as described previously (30).

Analysis of cidality caused by wecA silencing in vitro and in vivo. To test the wecA-silencing effect
on viability of M. tuberculosis, the wecA Tet-Off mutant and H37Rv strains were grown at 37°C in standard
Middlebrook 7H9 broth to mid-exponential phase. An inoculum (�5 � 104 CFU/ml) was added to
standard Middlebrook 7H9 broth either with or without ATc (at 200 ng/ml, when used). Viability was
assessed by plating serial dilutions at days 0, 1, 3, 5, and 7 on standard 7H10 agar containing the
appropriate required antibiotics, in the presence (200 ng/ml) or absence of ATc. Aliquots withdrawn for
CFU enumeration were washed with 1 ml of 7H9 broth to remove residual ATc and resuspended in 1 ml
of fresh 7H9 broth prior to plating. Plates were incubated for 4 weeks before scoring CFU. For an
evaluation of the survival of wecA-silenced M. tuberculosis in THP-1-derived macrophages, the experiment
was performed as described previously (56, 66).

Drug susceptibility testing against M. tuberculosis strains. An alamarBlue fluorescence-based
broth microdilution assay was used to assess the MICs of compounds against M. tuberculosis strains, as
described previously (30, 56).

Preparation of crude enzyme fractions from mycobacteria. For enzyme experiments, mycobac-
teria were grown as follows: M. smegmatis mc2155 in Nutrient broth (Merck), M. smegmatis mc2155/
pJAM2 and M. smegmatis mc2155/pJAM2-msmeg_4947 in MM63 medium (described above), and M.
tuberculosis H37Ra in standard Middlebrook 7H9 broth (BD) supplemented with 10% albumin-dextrose-
catalase (ADC) enrichment, 0.2% glycerol and 0.05% Tween 80. Enzymatic fractions were prepared as
described previously (6), with slight modifications. The cell pellets (4-g to 10-g batches) were sus-
pended in buffer A (50 mM morpholinepropanesulfonic acid [MOPS] [pH 7.9], 10 mM MgCl2, 5 mM
2-mercaptoethanol) or buffer D (20 mM Tris-HCl [pH 7.5], 10 mM MgCl2, 5 mM 2-mercaptoethanol) at a
ratio 1 g of cells per 5 ml of buffer and disintegrated by sonication (30-s pulses with 90-s cooling intervals,
20 cycles) at 4°C. The cell lysates were fractionated to obtain the membrane fraction and cell envelope
(P60) fraction as described previously (6). The final membrane and cell envelope fractions were resus-
pended in appropriate buffers at ratios of 0.3 ml of buffer/10 g of cells and 0.8 ml of buffer/5 g of cells,
respectively.

WecA from M. tuberculosis Antimicrobial Agents and Chemotherapy

November 2017 Volume 61 Issue 11 e01310-17 aac.asm.org 13

http://aac.asm.org


Enzyme assays. The basic WecA assay was performed as described previously (6), with minor
modifications. The reaction mixtures contained 50 mM MOPS (pH 7.9), 10 mM MgCl2, 5 mM
2-mercaptoethanol, and 0.25 �Ci of UDP-[14C]GlcNAc (specific activity, 300 mCi/mmol; American Radio-
labeled Chemicals) in a final volume of 80 �l. The reactions were initiated by the addition of membrane
fraction (�300 �g protein) to the mixture. After incubation at 37°C for 1 h, reactions were stopped by
the addition of 1.5 ml of CHCl3-CH3OH (2:1) followed by the addition of 170 �l of water to reach a final
ratio of CHCl3-CH3OH-H2O of 4:2:1. The upper water phase and bottom organic phase were separated,
and the organic phase containing radiolabeled lipids was dried under the stream of nitrogen. To remove
residual UDP-[14C]GlcNAc, the organic phase was subjected to a repeated biphasic wash with CHCl3-
CH3OH-H2O (4:2:1). The final dried organic phase was dissolved in 50 �l of CHCl3-CH3OH-concentrated
NH4OH-H2O (65:25:0.5:3.6). Lipids from organic phase were loaded on aluminum-coated silica 60 F254

plate (Merck) and analyzed by TLC in CHCl3-CH3OH-concentrated NH4OH-H2O (65:25:0.5:3.6) followed by
autoradiography using Kodak Bio-Max maximum-resolution (MR) films. Incorporation of the [14C]-GlcNAc
from the water-soluble UDP-[14C]GlcNAc substrate to glycolipids was quantified by scintillation counting.

For a determination of both WecA and translocase I activities and the effects of the selected
inhibitors, mycobacterial membranes were prepared in buffer D. The WecA assay was performed in the
final volume of 50 �l containing 50 mM Tris-HCl (pH 8.0), 40 mM MgCl2, 0.5 mM EDTA, 50 mM sucrose,
5 mM 2-mercaptoethanol, 0.5% CHAPS, 50 �M undecaprenyl-P (buffer B), and 0.25 �Ci of UDP-
[14C]GlcNAc. The translocase I assay was performed in a final volume of 50 �l of containing 100 mM
Tris-HCl (pH 7.5), 30 mM MgCl2, 0.15% Triton X-100, 50 �M undecaprenyl-P, 100 �g/ml phosphatidyl
glycerol (buffer C), and 0.05 �Ci of UDP-MurNAc-[14C]pentapeptide (prepared as described in supple-
mental Materials and Methods and in Fig. S7, or commercially obtained from the BacWAN facility,
University of Warwick, Coventry, UK). Reactions were initiated by the addition of membrane fractions
(180 to 200 �g of protein) isolated from M. smegmatis mc2155 or M. tuberculosis H37Ra. The reaction
mixtures contained 0 to 200 �M inhibitors, which were added from dimethyl sulfoxide (DMSO) stocks;
the final concentration of DMSO was 2%. Following 1 h of incubation at 37°C, the reaction mixtures were
processed as described above. TLC was developed in 2-propanol– concentrated NH4OH–H2O (6:3:1).
Incorporation of the [14C] label from water-soluble substrates to glycolipids was quantified by scintillation
counting, and these data were used for IC50 determination. IC50s were calculated using GraphPad Prism
6 software from a log-dose versus response curve.

The same conditions were used for establishing the activity of purified WecA from M. thermoresistibile
except for the source of the enzyme: the crude membrane fraction was replaced by 20 �g of proteins
from the sample after purification, and the 0.5 mM EDTA was omitted from the reaction buffer. The
reaction was carried out in the final volume of 80 �l.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/AAC
.01310-17.

SUPPLEMENTAL FILE 1, PDF file, 1.7 MB.
SUPPLEMENTAL FILE 2, XLS file, 3.2 MB.
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8. Beláňová M, Dianišková P, Brennan PJ, Completo GC, Rose NL, Lowary TL,
Mikušová K. 2008. Galactosyl transferases in mycobacterial cell wall synthe-
sis. J Bacteriol 190:1141–1145. https://doi.org/10.1128/JB.01326-07.

9. Jin Y, Xin Y, Zhang W, Ma Y. 2010. Mycobacterium tuberculosis Rv1302
and Mycobacterium smegmatis MSMEG_4947 have WecA function and
MSMEG_4947 is required for the growth of M. smegmatis. FEMS Micro-
biol Lett 310:54 – 61. https://doi.org/10.1111/j.1574-6968.2010.02045.x.

10. Igarashi M, Nakagawa N, Doi N, Hattori S, Naganawa H, Hamada M.
2003. Caprazamycin B, a novel anti-tuberculosis antibiotic, from
Streptomyces sp. J Antibiot (Tokyo) 56:580 –583. https://doi.org/10
.7164/antibiotics.56.580.

11. Takahashi Y, Igarashi M, Miyake T, Soutome H, Ishikawa K, Komatsuki Y,
Koyama Y, Nakagawa N, Hattori S, Inoue K, Doi N, Akamatsu Y. 2013.
Novel semisynthetic antibiotics from caprazamycins A-G: caprazene de-
rivatives and their antibacterial activity. J Antibiot (Tokyo) 66:171–178.
https://doi.org/10.1038/ja.2013.9.

12. Ikeda M, Wachi M, Jung HK, Ishino F, Matsuhashi M. 1991. The Escherichia
coli mraY gene encoding UDP-N-acetylmuramoyl-pentapeptide:
undecaprenyl-phosphate phospho-N-acetylmuramoyl-pentapeptide
transferase. J Bacteriol 173:1021–1026. https://doi.org/10.1128/jb.173.3
.1021-1026.1991.

13. Mikušová K, Yagi T, Stern R, McNeil MR, Besra GS, Crick DC, Brennan
PJ. 2000. Biosynthesis of the galactan component of the mycobacte-
rial cell wall. J Biol Chem 275:33890 –33897. https://doi.org/10.1074/
jbc.M006875200.
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