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Organisms of Chlamydia spp. are obligate intracellular, gram-negative bacteria with a dimorphic develop-
mental cycle that takes place entirely within a membrane-bound vacuole termed an inclusion. The chlamydial
anomaly refers to the fact that cell wall-active antibiotics inhibit Chlamydia growth and peptidoglycan (PG)
synthesis genes are present in the genome, yet there is no biochemical evidence for synthesis of PG. In this
work, we undertook a genetics-based approach to reevaluate the chlamydial anomaly by characterizing MurA,
a UDP-N-acetylglucosamine enolpyruvyl transferase that catalyzes the first committed step of PG synthesis.
The murA gene from Chlamydia trachomatis serovar L2 was cloned and placed under the control of the
arabinose-inducible, glucose-repressible ara promoter and transformed into Escherichia coli. After transduc-
tion of a lethal AmurA mutation into the strain, viability of the E. coli strain became dependent upon expression
of the C. trachomatis murA. DNA sequence analysis of murd from C. trachomatis predicted a cysteine-to-
aspartate change in a key residue within the active site of MurA. In E. coli, the same mutation has previously
been shown to cause resistance to fosfomycin, a potent antibiotic that specifically targets MurA. In vitro activity
of the chlamydial MurA was resistant to high levels of fosfomycin. Growth of C. trachomatis was also resistant
to fosfomycin. Moreover, fosfomycin resistance was imparted to the E. coli strain expressing the chlamydial
murA. Conversion of C. trachomatis elementary bodies to reticulate bodies and cell division are correlated with
expression of murA mRNA. mRNA from murB, the second enzymatic reaction in the PG pathway, was also
detected during C. trachomatis infection. Our findings, as well as work from other groups, suggest that a
functional PG pathway exists in Chlamydia spp. We propose that chlamydial PG is essential for progression
through the developmental cycle as well as for cell division. Elucidating the existence of PG in Chlamydia spp.

is of significance for the development of novel antibiotics targeting the chlamydial cell wall.

Chlamydiae, of which there are four species, are gram-neg-
ative, obligate intracellular eubacteria. Chlamydia psittaci and
Chlamydia pecorum are important animal pathogens, while
Chlamydia trachomatis and Chlamydia pneumoniae are impor-
tant human pathogens that cause sexually transmitted ocular
and respiratory infections. Chlamydiae have a unique biphasic
developmental cycle that allows the bacteria to survive in two
different habitats (38). The infectious elementary bodies (EBs)
are small, osmotically stable, metabolically inactive particles
that survive in the extracellular environment to attach to host
epithelial cells and become internalized. Once inside, the bac-
teria reside in a specialized phagosome, termed the chlamydial
inclusion, in the host cell cytoplasm. In the inclusion, the EBs
differentiate into large, osmotically fragile, metabolically active
reticulate bodies (RBs), which use host cell ATP and nutrients
and divide by binary fission. The cycle remains synchronous for
approximately the first 20 h postinfection (hpi), after which
some RBs continue to divide while others begin to differentiate
back to EBs. The host cells continue to support growth of the
bacteria (30 to 72 hpi) before the cells lyse, releasing EBs, RBs,
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and intermediate forms. Released EBs initiate subsequent
rounds of infection in surrounding cells.

While chlamydiae are classified as gram-negative bacteria,
the chlamydial cell envelope differs from those of other eubac-
teria. Cell wall lipid and amino acid compositions are similar to
those of other gram-negative organisms, and lipopolysaccha-
ride is detected in the outer membrane (27). However, unlike
most gram-negative as well as gram-positive bacteria, chlamyd-
iae do not contain detectable levels of peptidoglycan (PG). PG
is a polymer of alternating N-acetylglucosamine (GlcNAc) and
N-acetylmuramic acid (MurNAc) units with an L- and D-amino
acid-containing pentapeptide linked to MurNAc (26). This
polymer layer determines the shape of the bacteria and pro-
tects the bacteria from osmotic shock. PG also plays a role in
cell division. Several observations support the notion that chla-
mydiae lack PG. These include the inability to detect a PG
layer by electron microscopy, the failure of antibodies against
PG to react with chlamydiae, and the inability to detect mu-
ramic acid, a marker for PG, by using gas chromatography-
mass spectrometry (5, 9). Disulfide cross-linking of the chla-
mydial major outer membrane protein and cysteine-rich
proteins in the outer membrane of EBs are believed to substi-
tute for PG and provide structural strength to the cell wall (14).

Paradoxically, unlike other bacteria that lack PG, chlamyd-
iae contain penicillin-binding proteins and are sensitive to an-
tibiotics that inhibit PG synthesis (2, 23). Matsumoto and Ma-
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FIG. 1. Pathway of PG synthesis. In the cytoplasm of E. coli, eleven enzymes (MurA to MurG, Murl, MraY, Alr, and Ddl) catalyze the synthesis
of the disaccharide-pentapeptide subunit of PG. Of these eleven enzymes, Chlamydia spp. encode nine; Alr and Murl (boxes shaded in gray) are
missing (28, 34). MurC and Ddl (boxes with speckled gray) are encoded as a fused protein in Chlamydia spp. Antibiotics that inhibit cell wall
synthesis are underlined, while gray-shaded bolts identify the enzymes targeted.

nire demonstrated by transmission electron microscopy that
penicillin treatment of C. psittaci-infected L cells prevented RB
binary fission and resulted in the formation of abnormally large
RBs (21). These “penicillin forms,” which resume normal
shape after penicillin removal, have been reported in every
species of Chlamydia. Lin and Moulder reported similar ob-
servations for C. psittaci-infected cells treated with D-cy-
closerine (19). Correspondingly, genome sequencing of C. tra-
chomatis serovars D and L2 and two strains of C. pneumoniae
has revealed that both species contain a nearly complete path-
way for PG synthesis similar to the pathway in Escherichia coli
(Fig. 1). The paradox of phenotypic and genomic evidence for
PG in Chlamydia and the absence of detectable PG has been
termed the chlamydial anomaly (23).

To date, there have been no reports demonstrating the func-
tionality of an enzyme in the chlamydial PG pathway. We
decided to take a genetic approach to demonstrate the func-
tionality of the chlamydial MurA, the enzyme that commits
UDP-GIcNAc to PG synthesis. MurA, a UDP-GIcNAc enol-
pyruvyl transferase, catalyzes the addition of enolpyruvate
from phosphoenolypyruvate (PEP) to UDP-GIcNAc. In E.
coli, murA is an essential gene. A single copy of murA exists in
the genome, and deletion of this gene is lethal (4). MurA is
also the site of action for the antibiotic fosfomycin, a structural
analog of PEP that binds irreversibly to the active site of MurA
(16).

Unlike most other bacteria of clinical significance, a system
for genetic manipulation of Chlamydia is not available. Char-

acterization of chlamydial genes is thus far limited to expres-
sion in a heterologous host system such as E. coli. In this
report, we show that MurA from C. trachomatis functions as a
UDP-GIcNAc enolpyruvyl transferase in vitro and in vivo.
MurA from C. trachomatis complements a lethal deletion of
the essential murA gene in E. coli. Genome sequencing re-
vealed that the chlamydial MurA contains a cysteine-to-aspar-
tate change in the active site of the enzyme. A similar change
in the E. coli MurA renders the enzyme resistant to fosfomycin.
We also demonstrate that C. trachomatis is resistant to high
concentrations of fosfomycin. This innate resistance to fosfo-
mycin appears to be due to the activity of the chlamydial
MurA, as in vitro activity of the chlamydial MurA is also
resistant to high concentrations of fosfomycin and fosfomycin
resistance can be conferred upon E. coli expressing the chla-
mydial MurA. Expression of C. trachomatis murA mRNA and
mRNA from other PG pathway genes is cell cycle dependent.
Collectively, our data support the notion that Chlamydia or-
ganisms contain PG and suggest that PG in Chlamydia plays a
role in RB development and division.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The strains used in this study are
listed in Table 1. Strains were grown at 37°C in Luria-Bertani (LB) medium with
aeration or on LB agar. When appropriate, medium was supplemented with
ampicillin (100 pg/ml), kanamycin (50 pg/ml), chloramphenicol (15 pg/ml),
arabinose (0.1%), or glucose (0.2%). Fosfomycin was obtained from the Sigma
Chemical Company (St. Louis, Mo.).
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TABLE 1. Bacterial strains and plasmids

Strain or plasmid Description fgfl; ;Zil(?é
Strains
CodonPlus E. coli BL21-CodonPlus-(DE3)-RIL [F~ ompT hsdS(rg~ mg~) dem™ Tet" gal X (DE3) endA Hte Stratagene
(argU ileY leu Cam")]
ZK1746 E. coli W3110 tna2 AlacU169 Aara AmurA::kan (pBAD30-Z) 4
ATMS80 CodonPlus transformed with pAJMS5 This work
ATMSS81 ATMS80 AmurAy,::kan This work
ATMS586 CodonPlus transformed with pAJM6 This work
ATMS87 ATMS86 AmurAc,::kan This work
2457T S. flexneri 2a wild type 8
C. trachomatis C. trachomatis serovar 1.2 H. Caldwell
Plasmids
pBAD30 Arabinose-inducible expression vector; Amp'; p15SA origin; low copy number 12
pBAD33 Arabinose-inducible expression vector; Cm"; p15A origin; low copy number 12
pBADI18 Arabinose-inducible expression vector; Amp'; pMB1 origin; moderate copy number 12
pBAD30-Z pBAD30::murAy,; coding sequence and RBS® of murA from E. coli (W3110) 4
pAIMS pBAD18::murAy,; coding sequence and RBS of murA4 from E. coli (W3110) This work
pAIMo6 pBAD18::murA,; coding sequence and RBS of murA4 from C. trachomatis serovar L2 This work

“ RBS, ribosomal binding site.

pAJMS and pAJM6 contain the —10 region and the coding sequence of the
murA gene from E. coli K-12 and C. trachomatis serovar L2, respectively, under
the control of the ara promoter of the pBAD vectors. pPBAD was chosen for its
arabinose-inducible, glucose-repressible regulation of gene expression. The E.
coli murA gene was released from pBAD30-Z (4) as a 1.4-kb Xbal-Kpnl fragment
and ligated into Xbal-Kpnl-digested pBAD33. This plasmid was then digested
with Sacl-Sphl, and the liberated murA fragment was ligated into Sacl-Sphl-
digested pBAD18 to create pAJMS. The chlamydial murA was PCR amplified,
using Taq polymerase (Qiagen, Valencia, Calif.), from C. trachomatis serovar L2
genomic DNA. The upstream primer (5'-CGGAATTCGAAGGAACTGAAAT
GCCTG-3'") contained an EcoRI restriction site (underlined) and the —10 region
and the start codon (bold), whereas the downstream primer (5'-GCGAATTCT
TAAACATACACAGATAC-3") contained an EcoRI restriction site (under-
lined) and the stop codon (bold). Both primers were designed on the basis of the
genome sequence of C. trachomatis serovar D (http://chlamydia-www.berkeley
.edu:4231/). The PCR fragment was gel purified and cloned into the EcoRI site
of pBAD30. This plasmid was then digested with Sacl-Sphl, and the liberated
murA fragment was ligated into the SacI-Sphl-digested pBADI18 to create
pAIM6. Sequencing of the cloned C. trachomatis serovar L2 murA gene was
performed by the Biomedical Instrumentation Center at the Uniformed Services
University of the Health Sciences.

Deletion of the chromosomal copy of murA. The strategy used to delete the
essential murA gene from the chromosome of E. coli has been described previ-
ously (4). BL21-CodonPlus-(DE3)-RIL (CodonPlus) was first transformed with
pAIMS or pAJM6 and selected on medium containing ampicillin and chloram-
phenicol to generate ATMS580 or ATMS586, respectively. Next, a generalized
transducing lysate of P1L.4 grown on ZK1746 was used to transduce these strains
to kanamycin resistance. Transductants were selected on LB agar containing
ampicillin, chloramphenicol, kanamycin, and arabinose. Potential AmurA::kan
mutants were screened for arabinose-dependent growth by inoculating glucose-
containing medium and observing growth after overnight (O/N) incubation at
37°C. Arabinose-dependent mutants were then screened for AmurA and the
presence of the kan gene by PCR. Primers A (5'-CACTACTGGCGGAAGAA
CCGG-3') and B (5'-ACAGAACGCAGTTGATGCGTAG-3") amplify a
750-bp fragment from an internal site of the E. coli murA gene to an internal site
in the 5" upstream flanking gene (yrbA4). Primers K (5'-CACCCCTTGTATTA
CTGTTTATGT-3") and B amplify a 550-bp fragment to the yrbA gene from a
site internal to the kan gene. Because the yrbA gene is not present in pAJMS5 or
pAJIMS6, any PCR product obtained from primers A and B results from ampli-
fication of the genomic murA.

Growth and viability curves. Strains were grown O/N at 37°C with aeration.
O/N cultures were diluted in 12.5 ml of LB medium containing appropriate
antibiotics and arabinose (or glucose) to give an initial optical density at 600 nm
(ODg) reading of 0.001. Cultures were grown at 37°C with aeration, and the
ODg of the samples was measured at various times to obtain the growth curve.
For the viability curve, the same procedure was followed except that dilutions of
the sample were plated on LB agar containing arabinose such that 30 to 300 CFU
were obtained per plate.

Phase-contrast microscopy. Cells were grown to mid-exponential (ODgg, =
0.6) and stationary phase (O/N cultures) at 37°C and viewed with an Olympus
BX60 system microscope. All images were obtained with a SPOT RT CCC digital
camera (Diagnostic Instruments, Inc.).

Assay of MurA activity. O/N cultures (3 ml) of ATM581 and ATM587 were
harvested and washed three times with ice-cold 50 mM Tris, pH 7.5. Cells were
resuspended in 1 ml of 50 mM Tris [pH 7.5]-2 mM dithiothreitol (DTT) and
sonicated three times using a sonication probe for 15-s pulses. Cell debris was
removed from the samples by centrifugation for 5 min, and the sample super-
natant was desalted using a Pharmacia NAP-10 column equilibrated with 50 mM
Tris [pH 7.5]-2 mM DTT. The protein concentration of the lysates was deter-
mined using the Bio-Rad protein assay (Bio-Rad, Hercules, Calif.).

The assay mixture (final volume, 50 wl) contained 50 mM Tris at various pH
levels, 2 mM DTT, 10 mM UDP-GIcNAc, and 10 pg of bacterial extract protein.
Samples were preincubated for 15 min at 37°C, and the reaction was started by
the addition of 5 pl of 10 mM PEP. After 1 or 4 h of incubation for ATM581 and
ATMS87 lysates, respectively, 800 pl of color reagent (1% ammonium molyb-
date, 1 N HCI, 0.15% malachite green) was added to stop the reaction and
measure the release of orthophosphate (P;). Results are expressed as ODgg
values corrected for the background reading in the absence of UDP-GIcNAc. To
determine MurA activity in the presence of fosfomycin, the preincubation sam-
ples contained fosfomycin at concentrations ranging from 10 to 500 wg/ml (7).

MIC and MBC of fosfomycin. MIC assays for C. trachomatis serovar L2 and
Shigella flexneri 2a were performed with various concentrations of fosfomycin in
a plaque assay (1, 24). Confluent monolayers of L2 mouse fibroblast cells were
infected for 90 min at 37°C in 5% CO, with 6 X 10® PFU of C. trachomatis
serovar L2 or 6 X 10° CFU of S. flexneri 2a. After 90 min, the infection medium
was removed. C. trachomatis- and S. flexneri-infected cells were incubated for 14
and 3 days, respectively, at 37°C in 5% CO, after the addition of a 5-ml agarose
overlay (0.75% low-melting-point agarose) containing Dulbecco’s modified Ea-
gle’s medium, fetal bovine serum (10%), gentamicin (20 wg/ml), cycloheximide
(20 pg/ml), and various concentrations of fosfomycin. For C. trachomatis-in-
fected cells, a second 5-ml agarose overlay was added at day 7. To visualize
plaques at the end of the incubation period, cells were stained with 0.5% neutral
red for 2 h at 37°C in 5% CO,.

To determine the minimal bactericidal concentration (MBC) of fosfomycin for
CodonPlus, ATM581, and ATM587, strains were grown O/N at 37°C with aer-
ation and diluted 1:100 into fresh medium containing arabinose. Cultures were
grown to mid-exponential phase and adjusted to an ODg, of 0.5 to normalize all
cultures to the same initial OD. Dilutions (100 pl) of each culture were plated on
LB agar containing arabinose and various concentrations of fosfomycin.

Reverse transcription-PCR (RT-PCR). L2 mouse fibroblast cells were infected
with C. trachomatis serovar L2 at a multiplicity of infection of 1 for 2 h at 37°C
in 5% CO,. After the infection period, the infection medium was replaced with
medium containing Dulbecco’s modified Eagle’s medium, fetal bovine serum
(10%), and gentamicin (20 wg/ml). At various times postinfection, the cells were
removed and total RNA from each sample was extracted using Trizol reagent
(Invitrogen, Carlsbad, Calif.) according to the manufacturer’s specifications.
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Total RNA was reverse transcribed using the Thermoscript reverse transcription
system (Invitrogen), and the resulting cDNA was screened for murA and murB
transcripts by PCR using Taq polymerase. Primers OAM2 (5'-CTTGTAGCCT
CCTTACTTTCGGA) and OAM3 (5'-GTGATGTGTGCTCCAACAAGA)
were expected to generate a 400-bp fragment from C. trachomatis murA mRNA.
Primers OAMI10 (5'-CGGGATTAGAATTTGCCGTA) and OAMI1 (5'-ATA
TCTGCCCGCCTCCTATC) were expected to generate a 400-bp fragment from
C. trachomatis murB mRNA.

Nucleotide sequence accession number. The sequence of the C. trachomatis
serovar L2 murA has been deposited in GenBank under accession number
AY152390.

RESULTS

Cloning of murA from C. trachomatis. To determine whether
the chlamydial murA encoded a functional enzyme, we cloned
the gene from C. trachomatis serovar L2. The —10 region and
the complete coding sequence of murA from C. trachomatis
serovar L2 were PCR amplified using primers designed from
the published genome sequence of C. trachomatis serovar D
(34). The resulting PCR product was cloned into pBAD1S8 to
place the gene under the arabinose-inducible, glucose-repress-
ible ara promoter. The resulting clone, pAJM6, was sequenced
a minimum of four times on each strand to confirm that the
insert contained the C. trachomatis murA. Amino acid align-
ment of the MurA of C. trachomatis serovar D and C. pneu-
moniae against our C. frachomatis serovar L2 sequence re-
vealed 99 and 66% similarity, respectively. The sequence of E.
coli MurA was 32% similar to that of MurA of C. trachomatis
serovar L2.

Complementation of E. coli AmurA by murA.,. Previous
studies in E. coli revealed that a single copy of murA exists in
the genome. By cloning the wild-type E. coli murA under the
control of the arabinose-inducible, glucose-repressible ara pro-
moter, loss of murA from the E. coli chromosome was shown to
be lethal, as the AmurA4 mutants are viable only in the presence
of arabinose (i.e., when the cloned murA is expressed in trans)
(4). To determine whether the chlamydial murA gene was able
to complement a lethal murA deletion in E. coli, CodonPlus
was transformed with pAJM6 (pBADI18::murA, [the murA
gene of C. trachomatis]), and then a AmurA::kan mutation was
introduced by transduction to kanamycin resistance. Transduc-
tants arose at a frequency of 7.1 X 10~7. One transductant was
chosen as ATMS87 (ctMurA). As a control, E. coli CodonPlus
was transformed with pAJMS (pBADI18::murAy,. [the murA
gene of E. coli]) and transduced to kanamycin resistance as
described above. Transductants arose at a frequency of 4.3 X
107°. One transductant was chosen as ATM581 (ecMurA).
After 18 h of growth on LB arabinose medium at 37°C, a
marked difference in colony size was observed between
ATMS581 and ATMS587, with the strain expressing murA, be-
ing smaller. To test growth dependence on the expression of
the cloned murA, ecMurA and ctMurA were inoculated into
LB medium containing 0.2% glucose or 0.1% arabinose.
Growth occurred for both strains only when murA expression
was induced with arabinose, although there was some leaky
expression of the E. coli murA.

We confirmed deletion of murA in ATMS581 and ATMS587
by PCR. To distinguish chromosomal mur4 from plasmid
murA, we chose a primer that anneals upstream of murA to the
yrbA gene and a primer that anneals internally to murA. Plas-
mid-encoded murA does not contain sequences from yrbA and
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therefore does not produce false-positive PCR data. Only the
E. coli CodonPlus control generated a fragment by PCR using
yrbA and murA primers. In contrast, PCR using the primer that
anneals to yrbA and a primer that anneals to kan, ATMS581,
and ATMS587 but not the E. coli CodonPlus control generated
fragments. Together, these data confirmed the chromosomal
deletion of murA and insertion of kan (data not shown).

In the presence of arabinose, the ODg, of O/N cultures of
ctMurA was significantly lower than that of ecMurA (data not
shown). This observation, as well as the fact that ctMurA grew
slower than ecMurA on agar supplemented with arabinose,
suggested that while chlamydial murd complemented the
AmurA of E. coli, it affected the kinetics of growth differently
than the cloned E. coli murA gene.

Growth and viability curves. The growth rate of ecMurA
and ctMurA was measured by OD and compared to that of the
parent strain (murA™"). Figure 2A depicts the time course of
growth for each strain in the presence of arabinose or glucose.
As expected, under glucose-repressing conditions neither
AmurA mutant was able to grow. When the cloned murA strain
was induced by the addition of arabinose to the culture, the
growth rate of ecMurA paralleled the growth rate of wild-type
E. coli CodonPlus over time. ctMurA also exhibited a similar
growth rate, but a much longer lag phase occurred before the
culture entered the logarithmic stage. This lag phase might be
the result of the chlamydial MurA being less active than the E.
coli MurA, a poor ribosomal binding site recognition in the
chlamydial coding sequence, poor expression due to codon
usage differences in E. coli, or fewer viable cells in the O/N
culture of the E. coli strain expressing the chlamydial MurA.
Both complemented mutants reached similar plateaus when
grown with arabinose, demonstrating higher OD, values than
that of the wild-type parent. This result suggested that either
more cells were present or the cell morphology had been
altered.

To determine the viable numbers of ctMurA and ecMurA
under inducing and repressing conditions, bacteria were grown
in LB medium containing arabinose or glucose and plated on
agar containing arabinose. In the presence of arabinose or
glucose, the number of viable cells of ecMurA was the same as
that for the wild-type parent during the first 4 h of growth (Fig.
2B). After 4 h, however, ecMurA grown in glucose-containing
medium quickly lost viability. The initial increase in bacterial
numbers of ecMurA under glucose-repressing conditions was
probably due to residual activity of MurA remaining in the
cells from O/N growth with arabinose. Viability decreased as
turnover of MurA occurred because no new MurA was being
made under the repressing conditions. The number of viable
ecMurA cells in the presence of arabinose paralleled the num-
ber of viable E. coli CodonPlus cells throughout the course of
the experiment (Fig. 2B). Consistent with the ODy,, readings
in Fig. 2A, the viability of ctMurA in the presence of arabinose
was similar to that of E. coli CodonPlus and ecMurA except for
an initial lag period (Fig. 2C). However, the initial and final
viable counts of ctMurA were each 1 order of magnitude lower
than those of E. coli CodonPlus and ecMurA even though the
ODy values for each culture were identical at time zero. In
contrast to what was observed for ecMurA in the presence of
glucose, no initial growth of ctMurA occurred and viability of
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FIG. 2. Growth and viability of ecMurA and ctMurA under arabi-
nose-inducing and glucose-repressing conditions. E. coli CodonPlus
(squares), ecMurA (triangles), and ctMurA (circles) were inoculated
into medium containing arabinose (filled symbols) or glucose (open
symbols). At various times, the ODg,, was measured to monitor the
growth of the cultures (A) or dilutions were plated on LB medium
containing arabinose to assess the viability of the cultures (B and C).
Viability platings were performed in triplicate.

the culture gradually diminished to approximately 100 to 1,000
CFU/ml after 10 h.

Cellular morphology. Cell morphology was examined using
phase-contrast microscopy. Compared to the uniformly small
rod shape of E. coli CodonPlus from O/N cultures (Fig. 3A),
the morphology of both complemented mutants appeared
longer and more filamentous (Fig. 3B to D). One striking
characteristic of approximately 25% of the ctMurA cells was
the presence of bulbs polarized at one end of the bacterium
(Fig. 3C to D). Similar bulbs have been observed in cell wall
mutants of E. coli (6, 17, 30, 33). During logarithmic growth,
these bulbs were observed as transparent holes in the center of
both daughter cells as they were dividing (Fig. 3F). Similar
bulbs were not seen in logarithmic cultures of ecMurA (Fig.
3E).
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In vitro activity of Chlamydia MurA. The addition of enol-
pyruvate to UDP-GIcNAc by MurA releases P;. This phos-
phate release can be measured optically and used to indirectly
assess the activity of MurA. DNA sequence analysis predicted
that the C. trachomatis serovar L2 MurA contains a cysteine-
to-aspartate (C — D) change at amino acid 119 in the active
site of the enzyme. Kim et al. previously showed that an E. coli
MurA mutant containing the same C — D substitution in the
active site alters the pH optimum for the enzyme (18). The
activity of the wild-type E. coli MurA remains relatively con-
stant over a pH range of 5 to 9. In contrast, the mutant MurA
has greater activity than the wild-type MurA at pH values less
than 7 and dramatically loses activity at pH values greater than
7 (18). To test whether the activity of the Chlamydia MurA was
also pH sensitive, the release of P; from a crude lysate of
ctMurA was measured over a pH range of 5.5 to 8.0. Because
measurement of P; release required saturation kinetics, we
determined that saturation was reached by 1 h for ecMurA,
whereas it took 4 h to reach saturation for ctMurA (data not
shown). Figure 4 represents the chlamydial MurA activity at
different pH values. As predicted from the E. coli mutant data,
P; release was maximal at pH values lower than 7.0. Further in
vitro characterization of the chlamydial MurA activity was
performed at pH 6.6.

Previous studies have also demonstrated that the C — D
conversion in the MurA active site renders the enzyme resis-
tant to fosfomycin (7, 18). To determine whether the same
phenotype was true for the chlamydial MurA, crude lysates of
ecMurA and ctMurA were tested for their ability to release P;
in the presence of various concentrations of fosfomycin. As
expected, wild-type E. coli MurA activity was nearly abolished
in the presence of concentrations of fosfomycin as low as 0.5
pg/ml (Fig. 5A) and no further reduction in activity was seen at
concentrations up to 10 pg/ml. Incubation of ecMurA for 4 h
in the presence of fosfomycin did not increase the amount of P;
release from that seen at 1 h of incubation (data not shown),
suggesting that the E. coli enzyme is completely inactivated at
these concentrations of fosfomycin. Unlike ecMurA, ctMurA
was strikingly resistant to fosfomycin, and MurA activity was
detected in the presence of concentrations of fosfomycin up to
500 wg/ml (Fig. 5B). Taken together, these data suggest that
the chlamydial MurA is a functional enzyme that can catalyze
the addition of enolpyruvate to UDP-GIcNAc and is resistant
to fosfomycin.

In vivo resistance of C. trachomatis MurA to fosfomycin.
Chlamydiae are obligate intracellular eubacteria. Because
chlamydiae require host eukaryotic cells for growth, MIC as-
says cannot be performed in broth or on L agar. To determine
whether resistance of ctMurA to fosfomycin in vitro correlated
to resistance in vivo, we examined growth of Chlamydia in a
plaque assay (1). In this assay, Chlamydia is allowed to infect
confluent monolayers of mouse fibroblast cells. After a 120-
min infection period, the infection medium is replaced by an
agarose overlay. This overlay contains nutrients to support the
viability of the eukaryotic cells. When newly replicated EBs are
released from infected cells, the agarose overlay keeps the
released EBs localized such that they can reinfect only neigh-
boring cells. As infection, release, and reinfection of the eu-
karyotic cells by Chlamydia proceeds, a plaque is formed in the
monolayer of eukaryotic cells that can be observed after the
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FIG. 3. Morphology of ecMurA and ctMurA cells. O/N cultures of E. coli CodonPlus (A), ecMurA (B), and ctMurA (C and D) and logarithmic
phase cultures of ecMurA (E) and ctMurA (F) were visualized by phase-contrast microscopy. Black arrows point to bulbs, which were present in
approximately 25% of the ctMurA cells.

cells are stained with neutral red. Each plaque arises from number of plaques that form in the presence and absence of
initial infection of a single eukaryotic cell. Effectiveness of any the compound.

inhibitor of chlamydial growth can be assessed by addition of In our laboratory, we also use the plaque assay to determine
the compound to the agarose overlay and comparison of the the effects of compounds on the intracellular growth of S.
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FIG. 4. pH dependence of C. trachomatis serovar L2 MurA activity
in vitro. Whole-cell lysates of ctMurA were preincubated with 10 mM
UDP-GIcNAc, 2 mM DTT, and 50 mM Tris at the pH indicated. 10
mM PEP was added to each sample to start the reaction. After 4 h of
incubation, release of inorganic phosphate was measured by adding
color reagent and measuring the ODgg, of the sample (described in
Materials and Methods). Inorganic phosphate release was measured in
triplicate.

flexneri, a facultative intracellular bacterial pathogen closely
related to E. coli. Like Chlamydia spp., S. flexneri infects mouse
fibroblast cells and spreads to neighboring cells, forming
plaques in the monolayer (24). However, Shigella is sensitive to
fosfomycin when grown on L agar. Therefore, as a control for
drug penetration into fibroblast cells, plaque formation by S.
flexneri 2a was determined in the presence and absence of
fosfomycin. At a fosfomycin concentration of 1 wg/ml, plaque
formation by S. flexneri 2a was completely abolished (data not
shown), suggesting that the drug can be taken up efficiently by
eukaryotic cells and can inhibit plaque formation by fosfomy-
cin-sensitive organisms.

Next, we tested the effect of fosfomycin on C. frachomatis
serovar L2 in the plaque assay. As seen in Fig. 6A, concentra-
tions of fosfomycin up to 1,000 wg/ml did not significantly
inhibit plaque formation of C. trachomatis in the plaque assay.
Although no dose-dependent inhibition of the ability of C.
trachomatis serovar L2 to form plaques was observed, a dose-
dependent decrease in the average plaque size was observed at
concentrations up to 500 wg/ml (Fig. 6B). At higher concen-
trations of fosfomycin, the average plaque size returned to
sizes similar to that seen in the absence of fosfomycin. It is not
understood why the plaque sizes increased at higher concen-
trations of the antibiotic. It is unlikely that toxic effects of
fosfomycin on the fibroblast cells account for the increase in
plaque size, as uninfected fosfomycin-treated controls dis-
played normal morphology in this assay. In this same assay, C.
trachomatis serovar D and C. psittaci strains Call0 and GPIC
were also resistant to fosfomycin and formed plaques at con-
centrations of fosfomycin up to 500 wg/ml (data not shown).

Because the in vitro and in vivo data suggested that the
chlamydial MurA was responsible for the resistance of Chla-
mydia to fosfomycin, we wanted to verify this resistance by
asking whether the chlamydial MurA was able to impart resis-
tance to the sensitive E. coli strain. Therefore, the MBC of
fosfomycin was determined for E. coli CodonPlus, ecMurA,
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FIG. 5. In vitro MurA activity in the presence of fosfomycin.
Whole-cell lysates of ecMurA (A) and ctMurA (B) were preincubated
with a mixture containing 10 mM UDP-GIcNAc, 2 mM DTT, the
indicated fosfomycin concentration, and 50 mM Tris at pH 7.5 (A) or
pH 6.6 (B). 10 mM PEP was added to start the reaction. After 1 h
(A) or 4 h (B) of incubation, release of inorganic phosphate was
measured by adding color reagent and determining the ODg of the
sample. Inorganic phosphate release was measured in triplicate.

and ctMurA. Figure 7A shows the MBC of fosfomycin for E.
coli CodonPlus. A dramatic decrease in viability was observed
at a concentration as low as 5 pg/ml, and growth of this strain
was completely inhibited at a fosfomycin concentration of 200
pg/ml. When the Chlamydia murA gene was expressed in trans
(ctMurA), the strain displayed complete resistance to fosfomy-
cin at concentrations up to 1,500 wg/ml (Fig. 7B). This resis-
tance was due to enzyme activity of Chlamydia MurA and not
to high-level expression of murA ., from a moderate-copy-num-
ber vector. Some resistance to fosfomycin was also observed
for ecMurA (murAy, cloned on the same moderate-copy-num-
ber plasmid as murA.,), but this strain exhibited increased
sensitivity as the fosfomycin concentration increased (Fig. 7B).
The difference in levels of bacterial growth between ecMurA
and ctMurA was 4 orders of magnitude at a fosfomycin con-
centration of 1,500 pg/ml. These data suggest that C. tracho-
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FIG. 6. MIC of fosfomycin for C. trachomatis serovar L2. Conflu-
ent mouse fibroblast monolayers were infected with C. trachomatis
serovar L2 as described in Materials and Methods. At 2 h postinfec-
tion, a 0.5% agarose overlay containing the indicated concentration of
fosfomycin was added. (A) The log,, of the number of PFU per
milliliter was calculated after 14 days. (B) Plaque size was measured
for 10 individual plaques, and the average was plotted against the
fosfomycin concentration.

matis serovar L2 resistance to the cell wall inhibitor fosfomycin
is due to synthesis of a resistant form of MurA.

RT-PCR of murA from C. trachomatis serovar L2. The ge-
nome sequences of C. trachomatis and C. pneumoniae contain
homologues of genes in the PG biosynthesis pathway, includ-
ing murA. While we were able to demonstrate in vitro activity
of Chlamydia MurA and in vivo activity in E. coli, we wanted to
determine whether mur4 mRNA was expressed in Chlamydia
bacteria at any time during the chlamydial developmental cy-
cle. L2 mouse fibroblast cells were infected with C. trachomatis
serovar L2, and total RNA was extracted from Chlamydia-
infected cells at various times postinfection. Figure 8 depicts
the time course of expression for C. trachomatis murA mRNA.
mur4 mRNA transcripts were detected as early as 2 hpi and
expressed throughout the time course of the chlamydial
infection. This expression profile was similar to that of C.
trachomatis hsp60 (reference 31 and data not shown). We also
examined the expression of C. trachomatis murB mRNA. murB
encodes a UDP-GIcNAc enolpyruvyl reductase, which reduces
UDP-GIcNAc enolpyruvate to UDP-MurNAc (Fig. 1). Mur-
NAc is the hallmark constituent of PG. We were able to detect
murB mRNA transcripts; however, expression lagged behind
the expression of mur4 mRNA (Fig. 8).
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FIG. 7. MBC of fosfomycin for E. coli CodonPlus, ecMurA, and
ctMurA. Logarithmic phase cultures were diluted in LB medium and
plated on LB agar containing the indicated fosfomycin concentrations.
The log,, of the number of viable cells per milliliter was calculated for
E. coli CodonPlus (squares) (A) and ecMurA (triangles) and ctMurA
(circles) (B) and plotted against fosfomycin concentration.

DISCUSSION

Despite the lack of evidence for the presence of PG in
Chlamydia, a nearly complete E. coli PG synthesis pathway is
encoded in the genomes of each Chlamydia species (Fig. 1).
Until now, functional assessment of any enzyme in the PG
biosynthesis pathway in Chlamydia had not been performed.
Here, we have demonstrated that the chlamydial MurA func-
tions as an UDP-GIcNAc enolpyruvyl transferase and commits

-+ U 2 4 6 8

10 12 14

murA

murB —— e

FIG. 8. Detection of C. trachomatis serovar L2 gene transcripts by
RT-PCR during infection. RT-PCR analysis was performed for murA4
and murB mRNA isolated from infected cells at the indicated time
points after infection. —, RNA-DNA negative control; +, genomic
DNA positive control; U, uninfected cells.
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UDP-GIcNAc to PG synthesis. Using the strategy of Brown et
al. (4), we demonstrated the activity of the chlamydial MurA by
assessing its ability to restore viability to an E. coli AmurA
mutant. Growth and viability of the E. coli mutant was depen-
dent on the arabinose-induced expression of the cloned chla-
mydial murA (Fig. 2A and C).

The altered morphology observed in ctMurA cells is quite
interesting. Approximately 25% of the cells formed bulbs.
These bulbs were polarized when the bacterial cultures were in
stationary phase yet were found in the centers of both daughter
cells as they were dividing. It is unclear what caused these bulbs
to form or why they occurred in only 25% of the population. A
similar phenotype has been reported in other cell wall mutants
of E. coli, including htrB, pbpA, and pbpB mutants (6, 17, 30,
33). HtrB is a lauroyl transferase, a late-functioning acyltrans-
ferase of lipid A biosynthesis, and is required for growth above
32°C. The presence of bulbs in AfrB mutants depends on the
initial OD of the culture when the culture is shifted to higher
temperatures. At ODg, values below 0.05, the cells form bulbs
and bulges, but when the cells are shifted to 42°C at higher
ODy, values, the phenotype shifts from bulbs and bulges in
the cells to a filamentous phenotype (17). We have not ex-
plored whether the 25% of ctMurA cells that form bulbs shift
to a filamentous phenotype when the OD of the cultures is
higher than 0.05. Regardless of the initial OD of the h#B
mutant cultures, the cells eventually ceased dividing and lost
viability (17). It is possible that this 25% of ctMurA cells also
cease dividing, and this might explain the order-of-magnitude
difference in total viable cells between ctMurA and ecMurA
cultures.

In E. coli, PBP2 and PBP3 are classified as high-molecular-
mass penicillin-binding proteins and are essential to E. coli
development (10). PBP2 and PBP3, which are encoded by
pbpA (mrdA) and pbpB (ftsI), respectively, are transpeptidases
involved in establishing the cell shape and in cell division.
PBP2 maintains the cell’s rod shape. This has been demon-
strated by the formation of round cells in pbpA(Ts) mutants
and in E. coli treated with mecillinam, a B-lactam antibiotic
that specifically targets PBP2 (3, 33). PBP3 is involved in the
formation of septal PG and is essential for cell division. In
pbpB(Ts) mutants and in E. coli cultures treated with cepha-
lexin, a B-lactam antibiotic that specifically targets PBP3, cell
division ceases and filamentation occurs (3, 33). Bulbs and
bulges have not been identified in Chlamydia treated with
B-lactam antibiotics, although Chlamydia genomes encode ho-
mologues of PBP2 and PBP3. However, abnormalities in mor-
phology and cell division are observed. It should be noted that
chlamydial RBs are not rod shaped but, rather, are round.
Recently, it was shown that mecillinam specifically binds to the
chlamydial PBP2 homologue in vitro and inhibits chlamydial
development in vivo, although the effect of mecillinam on cell
morphology was not studied (35). It is not known whether the
chlamydial PBPs have transpeptidase activity, as these enzymes
have to date been characterized only by their ability to bind
radiolabeled B-lactams (2, 35). It is possible that the roles of
PBP2 and PBP3 in the formation of chlamydial PG differ from
their roles in E. coli.

We found that ctMurA displayed altered growth kinetics
compared to the wild-type parent (murA™) and ecMurA. A 5-
to 6-h lag occurred before ctMurA cultures entered the expo-
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nential phase of growth (Fig. 2A). One possible explanation
for this lag is the viability difference observed in ctMurA cul-
tures (Fig. 2B and C). Although the initial ODg, values of the
ctMurA, ecMurA, and wild-type E. coli CodonPlus cultures
were identical, the viability of ctMurA was 1 order of magni-
tude lower than that of ecMurA and wild-type E. coli Codon-
Plus. Nevertheless, this explanation cannot account for the lag
in time before the cells began to divide (Fig. 2C). A difference
in the activity of the chlamydial MurA is more likely to be
responsible for the altered growth and viability kinetics. The
optimal enzyme activity of the chlamydial MurA is at pH val-
ues lower than 7, and a significant decrease in activity is seen
at pH 7.5. In E. coli, the cytoplasmic pH is maintained at 7.5
over an extracellular pH range of 5 to 9 (25, 32).

The correlation between the pH optimum of chlamydial
MurA activity and the pH of the chlamydial inclusion is also
interesting. Schramm et al. found that at 2 hpi, the pH of
inclusions formed by C. trachomatis serovar L2 is neutral and
drops to a pH of 6.26 at 4 hpi before stabilizing at pH 6.6 at 12
hpi (29). Because of the method used to measure the pH, they
were unable to measure the pH after 12 h. Recently, Grie-
shaber et al. were able to measure the pH of the chlamydial
inclusion at 20 hpi and reported a pH of 7.25 (11). We suggest
that the C — D change in the active site of the chlamydial
MurA is the result of evolutionary pressure to select a variant
enzyme with optimal activity within the unique environment of
the chlamydial inclusion. Our data suggest that the chlamydial
MurA is required during early stages of the chlamydial life
cycle, when EBs convert to RBs and RBs begin to expand in
size and divide. At these times, the pH of the inclusion is such
that MurA is optimally active. Later in the developmental
cycle, the environment of the inclusion potentially changes,
which may render the chlamydial MurA less active, to accom-
modate other events. Perhaps Chlamydia is able to recycle PG
and therefore needs less MurA during late stages of the de-
velopmental cycle.

Fosfomycin is a broad-spectrum antibiotic that irreversibly
binds to the active site of MurA (16, 37). Fosfomycin forms a
covalent adduct with a cysteine residue in the active site of
MurA, thus rendering the enzyme inactive (16, 20). In E. coli,
replacement of the cysteine in the active site of MurA with
aspartate renders the bacteria resistant to fosfomycin (18).
Mycobacterium tuberculosis is innately resistant to fosfomycin,
and M. tuberculosis MurA is resistant to fosfomycin in vitro.
Sequence analysis of the M. tuberculosis murA revealed a cys-
teine-to-aspartate change in the MurA active site. Engineering
an aspartate-to-cysteine change in the active site of M. tuber-
culosis MurA renders the enzyme sensitive to fosfomycin in
vitro (7). Our sequence analysis of C. trachomatis serovar L2
MurA predicted a similar C — D change in the active site. C.
trachomatis serovar D and C. pneumoniae MurA sequences
also contain an aspartate residue instead of cysteine in the
active site of the enzyme (28, 34). In this work, we have dem-
onstrated that, similar to M. tuberculosis, Chlamydia spp. are
innately resistant to fosfomycin. Although we have shown that
fosfomycin can enter the eukaryotic cell in a plaque assay and
effectively kill the intracellular pathogen Shigella, we cannot
rule out the possibility that Chlamydia is innately resistant to
fosfomycin due to the inability of the drug to enter the inclu-
sion. However, it has been determined that the pore size of the
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chlamydial inclusion is between 45 and 520 Da (11, 15). Fos-
fomycin, which is approximately 185 Da in size, is small enough
to pass through this pore. Therefore, we do not believe that the
innate resistance to fosfomycin is due to an inability of the drug
to reach Chlamydia. Rather, fosfomycin resistance in Chla-
mydia can be attributed to the activity of the chlamydial MurA.
Correlating with our in vivo resistance data, the in vitro chla-
mydial MurA activity was uninhibited at high concentrations of
fosfomycin. Resistance to high concentrations of fosfomycin
was also conferred to an E. coli AmurA mutant expressing the
chlamydial murA. Although overexpression of the fosfomycin-
sensitive E. coli MurA in ecMurA increased resistance to fos-
fomycin (Fig. 7B), this strain was still sensitive to high concen-
trations of fosfomycin. However, ctMurA was resistant to high
concentrations of fosfomycin, suggesting that the activity of the
chlamydial MurA accounted for the resistance of ctMurA.
Fosfomycin is generally not used to treat chlamydial infections.
Therefore, it is reasonable to conclude that the C — D con-
version in the active site of the chlamydial MurA is not the
result of antibiotic pressure to select for a fosfomycin-resistant
variant of Chlamydia. Rather, evolutionary selective pressure
for an enzyme better adapted to the environment of the chla-
mydial inclusion is the likely explanation for this alteration in
the active-site residue.

Within 2 h after infection by C. trachomatis, EBs begin to
convert to RBs. A size and volume increase in the RBs be-
comes evident at 8§ to 12 hpi. This increase continues over
several hours. Around 12 hpi, RBs begin dividing by binary
fission. After 18 hpi, increasing numbers of RBs begin differ-
entiating back to EBs while others continue to divide. At ap-
proximately 36 to 72 hpi, the cells lyse and EBs are released to
initiate another round of infection (13). Our RT-PCR data
suggest that PG is involved in size expansion of RBs and
chlamydial cell division. Chlamydia murA mRNA transcripts
are expressed shortly after the eukaryotic cells are infected
with EBs, while there is a 6-h lag before murB mRNA tran-
scripts are expressed. Shaw et al. reported that murG (Fig. 1)
was not expressed at 6 hpi but was expressed at 12 hpi (31). We
propose that the expression of mRNA transcripts from each
PG pathway gene differs in relation to its place in the pathway
and the developmental cycle. Chlamydia murA mRNA is ex-
pressed as soon as EBs begin converting to RBs, possibly
generating a pool of UDP-GIcNAc enolpyruvate. Approxi-
mately 6 h later, murB mRNA and potentially other PG genes
are expressed, allowing UDP-MurNAc and all or part of the
attached pentapeptide to be generated. Between 6 and 12 hpi,
murG and possibly other PG genes are expressed and the
disaccharide-pentapeptide subunit is synthesized and flipped
to the periplasm. In the periplasm, penicillin-binding proteins
cross-link the subunits, giving rise to PG layers that expand the
size and volume of RBs and facilitate cell division. Further
support for this model includes the expression of php2 mRNA
transcripts at 6 to 8 hpi (data not shown) and the effectiveness
of cell wall antibiotics, which interfere with RB development
and cell division (19, 21, 35).

Chlamydial genomes are relatively small and for the most
part encode pathways to synthesize compounds that the organ-
ism cannot acquire from the host. Therefore, from an evolu-
tionary point of view, it is highly unlikely that Chlamydia would
retain a nearly complete pathway for PG synthesis if these
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genes did not encode functional products. Because nearly all
the PG synthesis homologues are present in Chlamydia, it is
unlikely that the PG synthesis enzymes are involved in other
cellular processes. Chlamydia lacks both the alanine and glu-
tamine racemases (Alr and Murl, respectively) required for a
complete PG synthesis pathway. It has been speculated that
Chlamydia can acquire these pD-amino acids from the host.
However, there does not appear to be conclusive evidence to
support this idea. More likely, Chlamydia bacteria encode a
racemase(s) that is not similar to racemases in other bacteria.
The presence of p-alanine in chlamydial PG is supported by
the sensitivity of Chlamydia to p-cycloserine, which inhibits the
p-alanine ligase.

Many recent publications have indirectly suggested that the
question regarding the presence of PG in Chlamydia needs to
be reevaluated. For example, synthesis of MurC/DdIA was
identified in a proteome analysis of C. pneumoniae EBs, while
MurG was detected in a combined genomic-proteomic analysis
of surface-exposed proteins in C. pneumoniae EBs (22, 36). It
should be noted that previous attempts to detect PG have been
performed with purified EBs. Our data strongly suggest not
only that PG is capable of being synthesized in Chlamydia but
also that the presence of PG in Chlamydia should be reana-
lyzed in RBs. Biochemical evidence of PG in Chlamydia would
be of significance in that it would open up a new avenue to the
treatment of chlamydial infections through the application of
preexisting and novel drugs that target chlamydial PG synthe-
sis.
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