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ABSTRACT: MurAs (enolpyruvyl-UDP-GIcNAc synthases)
from pathogenic bacteria such as Borrelia burgdorferi (Lyme
disease) and tuberculosis are fosfomycin resistant because an
Asp-for-Cys substitution prevents them from being alkylated by
this epoxide antibiotic. Previous attempts to characterize naturally
Asp-containing MurAs have resulted in no protein or no activity.
We have expressed and characterized His-tagged Lyme disease
MurA (Bb_MurAgys). The protein was most soluble at high salt
concentrations but maximally active around physiological ionic
strength. The steady-state kinetic parameters at pH 7 were k., =
1.07 £0.03 5", Kpppep = 89 % 12 4M, and Ky upp.gienae = 45 &

kcat

7 uM. Mutating the active site Asp to Cys, D116C, caused a 21-fold decrease in k., and rendered the enzyme fosfomycin sensitive. The
pH profile of k., was bell-shaped and centered around pH 5.3 for Bb_ MurAyy, with pK,; = 3.8 &= 0.2 and pK,, = 7.4 = 0.2. There was
little change in pK,; with the D116C mutant, 3.5 = 0.3, but pK,,, shifted to >11. This demonstrated that the pK,, of 7.4 was due to D116,
almost 3 pH units above an unperturbed carboxylate, and that it must be protonated for activity. This supports D116’s proposed role as a
general acid/base catalyst. As fosfomycin does not react with simple thiols, nor most protein thiols, the reactivity of D116C with
fosfomycin, combined with the strongly perturbed pK,, for D116, strongly implies an unusual active site environment and a chemical role
in catalysis for Asp/Cys. There is also good evidence for C11S having a role in product release. Both roles may be operative for both Asp-

and Cys-containing MurAs.

MurA (enolpyruvyl-UDP-GIcNAc synthase) catalyzes the
first committed step in peptidoglycan biosynthesis and is
the target of the antibiotic fosfomycin.' > It transfers the
carboxyvinyl group from phosphoenolpyruvate (PEP) to UDP-
N-acetylglucosamine (UDP-GIcNAc), forming enolpyruvyl-
UDP-GIcNAc (EP-UDP-GIcNAc). The only other known car-
boxyvinyl transferase is AroA (EPSP synthase), target of the
herbicide glyphosate.**

Fosfomycin alkylates an active site Cys residue in susceptible
MurAs; however, Asp-containing MurAs are fosfomycin resis-
tant, including those from Mycobacterium tuberculosis,”” Chla-
mydia trachomatis (chlamydia),® Chlamydia pneumoniae,
Treponema pallidum (syphilis), and Borrelia burgdorferi (Lyme
disease).” Lyme disease is the most common vector-borne
disease in North America; it is transmitted from ticks to birds,
humans, and other mammals.

Cys-containing MurAs have been characterized in
detail.”'®"** In Escherichia coli MurA (Ec_MurA), C115° is
essential for activity; k., decreased >2000-fold in the C115A and
C115S mutants.”"" The C115D mutant had activity,” showing
that Asp could partially replace Cys. Cys was proposed to be a
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general acid/base catalyst in protonating/deprotonating C3,'*
though that role was brought into question when evidence for its
role in product release was reported."

No natively Asp-containing MurA has previously been charac-
terized. C. trachomatis MurA conferred fosfomycin resistance when
expressed in E. Coli but could not be purified.® M. tuberculosis MurA
expressed in E. Coli had no catalytic activity.® We were similarly
unable to obtain active tuberculosis MurA from E. Coli under a
variety of conditions. Tuberculosis MurA was transiently expressed
in Mycobacterium smegmatis, but expression was unstable and
eventually lost. The D117C mutant expressed in M. smegmatis
rendered cell extracts fosfomycin-sensitive.

MurA is a proven antimicrobial target, and the murein path-
way continues to be an important target for antibiotic
development,**™*° but the recalcitrance of natively Asp-contain-
ing MurAs has blocked detailed mechanistic studies and anti-
biotic development. We have now expressed, purified,
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and characterized active His-tagged B. burgdorferi MurA
(Bb_MurAHé) .

B EXPERIMENTAL PROCEDURES

Cloning. The Bb_MurA sequence was cloned from B. burg-
dorferi strain B31 genomic DNA (American Type Culture
Collection) and inserted into the pET23a vector (Novagen)
between the Ndel and BamHI restriction sites. Because the start
codon in the genome sequence is ambiguous, both potential start
codons were tested. The “long form” was identical to the coding
region in GenBank Gene ID 1195318, starting at nucleotide
position 490599. A C-terminal His tag was created by converting
the stop codon to GIn, giving an added sequence of
QDPNSSSVDKLAAALEHHHHHH. The “short form” was 15
amino acids shorter at the N-terminus, starting from the Met
codon at the same position as other MurA sequences (see Figure
1). The data in Figures 2—S were generated with the short form
Bb_MurAHé.

Expression and Purification. A 50 mL overnight culture of
E. Coli BL21* DE3 cells containing the Rosetta plasmid
(Novagen) in SO mL of lysogeny broth (LB) plus S0 #g/mL
ampicillin and 20 ug/mL chloramphenicol was inoculated into
two 1 L cultures and grown until ODgg & 0.5; then protein
expression was induced with 1 mM IPTG for § h. Expression at
18 °C did not improve the protein yield. Cells were harvested by
centrifugation at 5000g for 20 min, resuspended in 14 mL of wash
buffer (S0 mM Na-HEPES, pH 7.0, 150 mM NaCl, 20 mM
imidazole), and stored at —20 °C. Before cell lysis, 200 uM
phenylmethanesulfonyl fluoride, 50 uL of protease inhibitor
cocktail (Sigma), and 100 #g/mL DNase I (Sigma) were added.
Cells were lysed by two passages through a homogenizer at
10000 psi at 4 °C, followed by centrifugation at 16000g for 10
mm Bb_MurA was purified by affinity chromatography using

-charged Chelating Sepharose (2 mL column volume; GE
Healthcare) Cell lysate was loaded onto a column that was
stripped with EDTA and recharged with NiSO, before each use
and washed with § mL of wash buffer (20 mM imidazole, SO0 mM
Na-HEPES, pH 7.0, 150 mM NaCl) at 1 mL/min; then washing
was continued for 12—18 h at 0.1 mL/min. After intermediate
washes at 1 mL/min with imidazole increased to 100 and 200
mM, it was eluted with imidazole increased to 500 mM. Eluted
Bb_MurAys was exchanged into storage buffer (50 mM
Na-HEPES, pH 7.0, 650 mM NaCl, 1 mM DTT), flash frozen
in dry ice/ethanol, and stored at —75 °C. Purity of the eluted
protein, as assessed by SDS—PAGE, was >95%. Protein con-
centration was determmed from A,g, using a value of &,59 = 1.46
x 10* M~ ' cm ™, as determined by the method of Edelhoch.*”

Rate Assays. Initial velocities were measured in a 96-well
plate format by detecting phosphate product formation with the
Malachite Green/ammonium molybdate assay.”**” For steady-
state kinetic determinations, rate assays were conducted at 37 °C
in 50 mM Na-HEPES, pH 7.0, 150 mM NaCl, 1 mM DTT, and
80nMto 1 uM enzyme. Under these conditions, catalytic activity
was stable for up to 3 h. Selwyn’s test was used to detect time-
dependent enzyme inactivation;>® for reactions run at different
enzyme concentrations, plots of [product] vs [enzyme] X time
will be superimposable unless there is time-dependent enzyme
inactivation.

Steady-State Kinetic Constants. Initial velocities were mea-
sured at high, fixed [UDP-GIcNAc] and varying [PEP] and then
with high, fixed [PEP] and varying [UDP-GIcNAc]. The fixed

Scheme 1
E*P*U—>E + products
f X, &
EU —L BfU =22 Efy
E = Bb_MurAy(D116C)
U = UDP-GIcNAc

P = PEP
f = fosfomycin

E+U=—

concentrations were 1.6 mM for Bb_MurAy, and 0.8 mM for
Bb_MurAy4(D116C). Rates were fitted to eq 1:°7°"*

kea:[UDP-GIcNAC| [PEP]

vo Ky, upp-clenacKn, pEp
[UDP-GIcNAC][PEP)

[E], . [UDP-GIcNAc]  [PEP]
1+ +
K, upp-GleNac Ky, upp-clenacKwm, pEP
(1)
Equation 1 assumes a random sequential mechanism for two
substrates, as used for the homologous enzyme AroA.>
(keat/ Kni)upp-Glenac Was determined by direct fitting to
29
eq 2:

Ky, pEP

(km> [UDP-GIcNAC|[PEP]

Yo _ Knm/ upp-glenac

[E], [UDP-GIcNAc|  [PEP]
1+ +

Ky, ubp-GleNac

Ky, pep
[UDP-GIcNAC][PEP]

Ky, upp-clenacKnm, pEp

(2)

Ky, pep

and (ke../Knt)pep by suitable modification of eq 2.

pH Dependence. The pH dependence of k., was probed by
running reactions with saturating substrate concentrations, i.e.,
1.6 mM each of UDP-GIcNAc and PEP, at 37 °C in 150 mM
NaCl, 1 mM DTT, and S0 mM buffer: glycine (pH 2 to 3,10, 11),
potassium acetate (pH 4 to S), K-MES (pH $S to 7.6), or
Tris+HCI (pH 6.6 to 8.6). As the ionic strength due to NaCl
was near Bb_MurA’s optimum (see Figure 2), small variations
arising from buffer ionization would not significantly affect v,.
Rates were fitted to eq 3:

o Keaty max X 10PH = PKar 5 1opKee = pH

m = (10pH*pKﬂl + 1)(10pKaz*pH_~_ 1) (3)

where Keymax is the maximal value of k.., pK,; is for the acid,
ascending limb, and pK,, is for the basic, descending limb.
Multiple replicates of the Bb_MurAye pH profile were per-
formed before the problem of low k. values was solved by
overnight washing during purification (see Results). Data from
that preparation were normalized from kcat apparent = 0.28 s “lat
pH 7 to the true value of k., = 1.07 s ! (see Figure 4A, data
points with error bars). A single replicate of the pH profile with
fully active Bb_MurAy (points without error bars) confirmed
the validity of the normalization.

Fosfomycin Inhibition. The dissociation constant, K;, was
determined by combining 1 #M Bb_MurA4(D116C) and 1
mM UDP-GlcNAc and then adding 1 mM PEP and 0—10 mM
fosfomycin simultaneously to start the reaction. Phosphate
production was measured at as short times as possible to
minimize the amount of covalent inhibition.

Fosfomycin binding is uncompetitive with respect to UDP-
GlcNAc and competitive with respect to PEP (Scheme 1). For
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Figure 1. Amino acid sequences of B. burgdorferi MurA, other representative Asp-containing MurAs, and E. Coli MurA. The N-terminal region and the
region around active site Asp/Cys residue are shown. Numbering is according to Bb_MurA. GenBank accession numbers, in order, are NP_212606,

X96711, AAD32216, and BAA78108.

uncompetitive inhibition, K; ,pparent = Kitrue when [substrate] >
Ky.”' As [UDP-GIcNAc] was 1 mM (48 X Ky upp-ienac); it
could be neglected, and only PEP was included in fitting to the
competitive inhibition equation (eq 4) to Ki:

Vinax|PEP]

fosf i
Ku, per < L+ [fos omycm]) + [PED)

(4)

Vo —
K;

The alkylation rate, k;,,, was determined by preincubating 2
uMBb_MurA with 2 mM UDP-GIcNAc and 0.2 mM fosfomycin
for defined times, then adding an equal volume of 2 mM PEP,
and measuring the residual activity. Under these preincubation
conditions, the enzyme was saturated with both UDP-GIcNAc
and fosfomycin, so k... could be calculated from the first-order
decrease in residual activity as a function of preincubation time,
eq S:

Vo, residual — Vinax eXP( - kinactt) +c <5>

The constant term, ¢, accounted for the residual activity, ~9%,
present after extended preincubation with fosfomycin.

B RESULTS

Start Codon. The apparent Bb_MurA start codon at position
490599 in the B. burgdorferi genome sequence’ gave a predicted
amino acid sequence starting 15 amino acids before most MurAs
(Figure 1). Another Met residue aligned with the start of most
MurA sequences, making the Bb_MurA start codon ambiguous.
The long form had activity but appeared less stable in our hands
(data not shown). As the short form was sufficient for activity and
was more stable, it was used for the rest of this study. The true
start codon is not yet known.

Protein Production. Low yields of purified Bb_MurA, ~0.3
mg/L of culture, necessitated adding a C-terminal His tag for
purification. The His tag may have affected the activity, but
C-terminally His-tagged Pseudomonas aeruginosa MurA>* and
Ec MurA (data not shown) are fully active, and k. for
Bb_MurAys was close to Ec_MurA, implying that its catalytic
activity was not significantly affected. Early Bb_MurAy4 prep-
arations had low k., values, some <0.01 s ', though Ky values
did not change. This low activity was eventually resolved by
washing the protein overnight while bound on the Ni*" affinity
column. This increased the apparent k., values and implied that a
noncovalent ligand was being eluted upon extended washing.
The ligand identity is not known, but purified recombinant
Ec_MurA was previously found to contain bound UDP-N-
acetylmuramic acid, the next product in peptidoglycan biosynth-
esis, and a potent Ec_MurA inhibitor.'®

Salt and Temperature Dependence of Activity. Bb_Mur-
Ay was soluble to ~15 uM (0.7 mg/mL) at 650 mM NaCl and
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Figure 2. The specific activity (vo/[E]o) of Bb_MurAys as a function of
ionic strength. Assay conditions were 50 mM Na-HEPES, pH 7.0, and 1
mM DTT, at 37 °C, with NaCl concentrations varied.

Table 1. Steady-State Kinetic Parameters for Bb_MurAy¢
and Its D116C Mutant”

Bb MurAys  Bb_ MurAys(D116C)
ea (s71) 1.07 £ 0.03 0.050 = 0.002
(keae/Knt)pgp (M '-s7 1) (12£0.1) x 10* (4£1) x 10°

(keat/ Knp)upp-gienac (M '+s™1) (2.4 +03) x 10 (24 +0.5) x 10°

Kypep (UM) 89 £ 12 12+ 4
Knm,upp-clenac (UM) 45+ 7 21+5
pKy 38402 3.5403
pKs 7.4 +£02 >11°

“ Initial velocities, vo/[E]o, at pH 7.0 were fitted to eq 1 to determine the
values of Ky KM,PEP/ and KM,UDP.GlcNAc~ (kcat/ KM)PEP and (kcat/
Kym)upp.clenac were found by fitting to eq 2. pK,; and pK,, were
determined by fitting rates to eq 3. ® The fitted value of pKyp was 11.6 +
0.4; however, the highest pH value at which k., was measured was pH
11, so the fitted value is not considered reliable and is simply recorded
as >11.

was much less soluble at lower ionic strength. Its maximum activity
was at physiological ionic strength, I = 0.15 (Figure 2). The optimum
temperature was 37 °C (data not shown), with time-dependent
inactivation at =42 °C, as detected by Selwyn’s test>® Borrelia
spirochetes are viable below 30 °C, temperatures encountered in
their tick vectors, but have decreased survival times at higher
temperatures>® and cannot synthesize proteins at 42 °C.*°

Steady-State Kinetic Parameters. The steady-state kinetic
parameters for Bb_MurAps and Bb MurAys(D116C) were
determined (Table 1, Figure 3). Initial velocities were routinely
measured by following phosphate formation,**** but EP-UDP-
GlcNAc synthesis was confirmed by anion-exchange chromatog-
raphy, as described previously'® (data not shown).

pH Dependence. The pH dependence of k., was investi-
gated (Table 1, Figure 4). Substrate concentrations were satur-
ating, so the rates reflected k.. A limited pH profile with
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Figure 3. The steady-state kinetic parameters for Bb_MurAy, with
substrates (A) PEP and (B) UDP-GIcNAc and for the mutant
Bb_MurAy(D116C) with (C) PEP and (D) UDP-GIcNAc. The
reactions were run at pH 7. The vo/[E]o vs [S] data which were fitted
to eqs 1 and 2 are shown in the main panels. Hanes plots ([S] /vy vs [S])
are shown in the insets.

Bb_MurAy at low substrate concentrations, i.e., under k,./Ky
conditions, gave a similar bell-shaped curve (data not shown).
The previously reported pH profile for wild-type Ec_ MurA was
essentially flat around neutral pH, while k. for Ec_MurA-
(C115D) decreased from pH 5.5 to pH 9.0.”

Reaction of the D116C Mutant with Fosfomy-
cin. Bb_MurAy(D116C) was covalently inhibited by fosfomy-
cin. The concentration dependence without preincubation gave a
dissociation constant, K; = 5.7 & 0.4 uM (Figure SA). The
fosfomycin concentration required for 50% inhibition was much
greater than K; because the concentration of the competitive
substrate, PEP, was much greater than Ky pgp. The time depen-
dence at saturating inhibitor concentration gave ki, = 0.021 £
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Figure 4. The pH profile of k. for (A) Bb_MurAys and (B)
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Figure S. Inhibition parameters for Bb_MurAy(D116C) alkylation by
fosfomycin. (A) K; determination; v, vs [fosfomycin] data were fitted to
eq 4. (B) kinacr determination; vy residual vS time data were fitted to eq S.
The t = 0 sample contained 200 uM fosfomycin, accounting for the
decreased Vg esiqua value relative to (A).

0.003 s~ !, the rate of C116 alkylation (Figure SB). There was
~9% residual activity, corresponding to 0.3% of wild-type
activity, that did not disappear with extended preincubation
times. The residual activity was confirmed by following EP-
UDP-GIcNAc production by HPLC. This may have been
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Figure 6. The general acid/base catalytic residue, putative PEP cation intermediate, and the tetrahedral intermediate of the MurA-catalyzed reaction.
The active site D116 residue is proposed to be the general acid/base catalytic residue.

genuine activity of the alkylated enzyme, though it may also have
been an artifact from, for example, oxidation of the C116 thiol
rendering it alkylation resistant. Cys oxidization to the sulfenic,
sulfinic, or sulfonic acids would give residues with similar shapes
and acidities to Asp. Bb_ MurAys was noncovalently inhibited by
fosfomycin, with inhibition being relieved by dialysis.

B DISCUSSION

MurA is a proven antimicrobial target, but only the Cys-
containing enzymes are susceptible to fosfomycin. Tuberculosis,
chlamydia, syphilis, and Lyme disease are all caused by bacteria
that are naturally Asp-containing and therefore fosfomycin
resistant. Developing new inhibitors against these enzymes
requires that their activities be characterized in detail, but Asp-
containing MurAs have proven refractory to study.

Kinetic Constants. At pH 7, k., was 1.07 s~ for Bb_Mur-
Ape. This was slightly lower than Ec_MurA’s, 3.8 s ) though
pH 7 was close to Ec_MurA’s optimal pH, while Bb_ MurAyg’s
optimal pH was nearer pH S (see below) Ky,upp-cienao 45 UM,
was similar to Ec_MurA’s, at 15 ,uM Kyu,pep was 89 (M, while
the value for Ec_MurA is difficult to determine but reported to be
in the range of 0.2—4 uM.”*73*

The decrease in k., for the D116C mutant was 21-fold at pH
7. This is a fraction of MurA’s overall catalytic enhancement,
>10”-fold,® and demonstrates that Cys was largely able to
replace Asp. The Ky values decreased slightly, so that the overall
effect on k_,./Ky; was only a 3-fold for PEP and 10-fold for UDP-
GIcNAc. The reciprocal mutation in Ec_ MurA, C115D, caused a
change in k,, that rang7ed from a 10-fold increase at pH6toal0-
fold decrease at pH 9.

Fosfomycin Inhibition. Cys-containing MurAs attack the
epoxide functional group of fosfomycin, becoming alkylated
and irreversibly inhibited. Like Ec_MurA,” 140 B  MurAgye-
(D116C) only reacted with fosfomycm in the presence of
UDP-GIcNAc. The inhibition constants, ki, = 0.021 s~ ' and
K, = 5.7 uM, were similar to Ec_MurA, where ki, = 0.12's~ '
and K; = 8.6 uM.* Thus, kip,e was only S-fold slower in the
D116C mutant than Ec_MurA, even though k., was 76-fold
lower (3.8 vs 0.05 s~ ).

Fosfomycin does not normally react with simple thiols, nor
with most protein Cys residues." Under forcing conditions it is
eventually hydrolyzed to the diol, rather than being alkylated.
Both Haemophilus influenzae MurA and Ec_MurA react with
fosfomycin only at C115, not at other free Cys residues.*>*" The
fast alkylation of the D116C mutant illustrated that C116 is not a
normal protein thiol. Rather, like Ec MurA, the active site
environment modifies its reactivity by increasing the Cys thiol’s
nucleophilicity and/or increasing the electrophilicity of the
relatively inert epoxide functional group.

pH Dependence. The pH profile of k., for Bb_ MurAys was
centered around pH $.3, surprisingly low for an organism that is
not known to have an unusual intracellular pH. pK,, was similar
to an unperturbed carboxylate pK, and did not change signifi-
cantly in the D116C mutant, i.e., from 3.5 to 3.8.

The dramatic shift in pK,, in the D116C mutant (Figure 3)
demonstrated that pK,, = 7.4 reflected the D116 side chain and
that it must be protonated in the rate-limiting step. The
unperturbed pK, for an Asp side chain is 3.4 pH units lower, at
4.0.** Such large perturbations in pK, occur when they are
needed to bring catalytic amino acids into the appropriate
protonation state at physiological pH. pK,, for the D116C
mutant was >11, more than 2 fH units above the unperturbed
pK, of 8.3—9.1 for a Cys thiol.**** It appears that the active site
environment of Bb MurA is poised to perturb the pK, of
whatever residue is present at position 116. The pK, value for
Enterobacter cloacaec MurA (Enc_MurA) C11S was unperturbed,
at 8.3, based on its reactivity with iodoacetamide.** This would
be expected for natively Cys-containing MurAs, as an unper-
turbed Cys side chain would already be in the correct, thiol,
protonation state.

The source of Bb_MurA(D116)’s high pK, is not known.
Aligning Bb_MurA against the Ec MurA—fosfomycin-
UDPGIcNAC structure*®” showed that two potentially cationic
residues close to Ec_MurA C115, H394 (S A) and H334 (11 A),
are neutral in Bb_MurA, Q403 and F356, respectively. This
could potentially raise D116’s pK,, though protein pK,’s are
difficult to predict, and it is not clear that these two changes
would be sufficient to cause the observed pK, perturbation.

Asp116 in Catalysis. Two roles have been proposed for
C115, and because of its positional homology, Bb_MurA D116
may play the same roles. As each role occurs in different parts of
the catalytic cycle, it is possible that both proposals are correct.

The more recent proposed function for C11S was that it is
involved in product release.'” The Enc_MurA(C115S) mutant
catalyzes only a single turnover because it appears to be unable to
release the products, EP-UDP-GIcNAc and phosphate. The
crystal structure revealed a “closed” conformation in the Mur-
A-product complex, while the (Cys contalmng) Aquifex aeolicus
MurA - product crystal structure® formed a “staged” conforma-
tion, one of the steps in product release.”’ Thus, the active site
Cys appears to be required for product release, though its specific
role is unknown. The evidence for a role in product release
caused the authors to question whether C115 acts as a general
acid/base catalyst.

C11S was previously proposed to act as a general acid catalyst
to protonate C3 of PEP (Figure 6)."* General acid catalysis is
essential for enolpyruvyl reactivity; we showed that the enolpyr-
uvyl group of EPSP, AroA’s product, is completely unreactive to
nucleophilic attack without C3 protonation, even under extreme
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conditions (1 M KOH, 90 °C, 16 days).* The enolpyruvyl group
of PEP should also be unreactive without prior protonation, as
observed under basic, albeit less harsh, conditions.*” The homo-
logous enzyme AroA can catalyze exchange of solvent protons
into C3 of PEP,*° showing that it can protonate C3 in spite of its
low pK, value, <—4.>' There is also good evidence that Ec_MurA
protonates C3 to form cationic intermediates during both
formation and breakdown of the tetrahedral intermediate®
(Figure 6). The rapid formation of the phospholactoyl side
product between Ec_MurA(C115) and PEP, with k../Ky ~
10* M~ '-s7!, demonstrates that C115, which is located on a
flexible loop that closes over the active site, is close to bound PEP
during catalysis.u’47 Returning to Bb_MurA, the pK,, of D116,
7.4, demonstrates that the enzyme strongly perturbs its environ-
ment to ensure a significant proportion of the correct proton-
ation state for activity. This provides strong support for its role as
a general acid catalyst.

D116 is expected to play a similar role to C115 in catalysis.
Mutations in either direction (Asp-to-Cys in Bb_MurAy, or
Cys-to-Asp in Ec_MurA) result in active enzymes, with ke,
decreasing 21-fold in Bb_MurAye. This is a small fraction of
MurA’s overall catalytic enhancement, >10°-fold, compared with
the noncatalyzed reaction.*

The relatively high activity of the Ec_ MurA(C115D) mutant
demonstrates that, even in mutant context, the Asp side chain
permitted product release’ and presumably would be capable of
playing the same role in Bb_MurA.

Implications for Inhibitor Design. Fosfomycin can some-
times be very effective, able to treat urinary tract infections in a
single dose.>® Nevertheless, its spectrum is limited by the need
for active transport into bacterial cells' and by the fact that it only
inhibits Cys-containing MurAs. It reacts because of the Cys
residue’s unusual nucleophilicity, but this nucleophilicity is not
intrinsic to its catalytic role.

The present work strongly supports a general acid/base
catalytic role for D116 and, by extension, supports the same role
for C11S, which had been called into question. If D116 and C115
play the same roles in their respective enzymes, that raises the
possibility of designing broad spectrum inhibitors that effectively
inhibit both classes of MurA. After protonating C3, the thiolate
or carboxylate forms of C115/D116 could further stabilize the
putative cationic intermediates electrostatically, as we have
proposed for the corresponding residues in AroA.*’ Cationic
intermediate mimics could be inhibitors, though, aside from
glyphosate, amine-based inhibitors have so far met with limited
success.”*>® Given the fact that D116’s carboxylate form, with
pK.» = 74, will dominate under physiological conditions, a
cationic inhibitor could be even more effective against Asp-
containing than Cys-containing MurAs, where pK, ~8.3.*

It is not as clear how to design inhibitors to exploit C115/
D116’s proposed role in product release. Beyond observing that
the Enc MurA(C115S) mutant cannot release products'®
or form the staged conformation,™ it is not clear how C115
promotes product release. Nonetheless, in some circumstances,
substrate and inhibitor release is exceedingly slow,'>*! and at
least one inhibitor blocks conformational transition, albeit from
open to closed conformers.>’

B CONCLUSIONS

Natively Asp-containing MurAs have resisted characterization
since the 1990s. B. burgdorferi MurA is the first to be prepared in

active form and characterized. Its steady-state kinetic constants at
pH 7 were similar to E. Coli MurA’s, but the pH optimum was
around pH 5.3. Mutation of the active site Asp residue to Cys
(D116C) decreased k., 21-fold at pH 7. The mutation shifted
the basic limb of the pH profile from 7.4 to >11, demonstrating
that the D116 side chain must be protonated for the enzyme to
be active. This supports its proposed general acid/base catalytic
role, and it may also have a role in product release. The D116C
mutation made the enzyme susceptible to covalent inhibition by
the antibiotic fosfomycin. Given fosfomycin’s unreactivity with
simple thiols, this demonstrated that the active site environment
modifies the reactivity of the Cys side chain and/or the inhibitor
to allow alkylation to occur.
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Il ABBREVIATIONS

AroA, EPSP synthase; Bb_MurA, Borrelia burgdorferi MurA;
Bb_MurAys Bb_MurA bearing a C-terminal Hiss tag;
Ec_MurA, Escherichia coli MurA; Enc_MurA, Enterobacter
cloacae MurA; EPSP, enolpyruvylshikimate 3-phosphate; EP-
UDP-GIcNAg, enolpyruvyl-UDP-GIcNAc; PEP, phosphoenol-
pyruvate; UDP-GIcNAc, uridine diphosphate N-acetylgluco-
samine.

B ADDITIONAL NOTE

“The sequence numbers of the active site Cys/Asp residues are as
follows: Bb_MurA, D116; Ec_MurA and Enc_MurA, C115; M.
tuberculosis MurA, D117.

B REFERENCES

(1) Kahan, F. M,, Kahan, J. S., Cassidy, P. J., and Kropp, H. (1974)
Mechanism of action of fosfomycin (phosphonomycin). Ann. N.Y. Acad.
Sci. 235, 364-386.

(2) Hendlin, D,, Stapley, E. O., Jackson, M., Wallick, H., Miller, A. K.,
Wolf, E.J., Miller, T. W., Chaiet, L., Kahan, F. M., Foltz, E. L., Woodruff,
H. B, Mata, J. M, Hernandez, S., and Mochales, S. (1969) Phospho-
nomycin, a new antibiotic produced by strains of Streptomyces. Science
166, 122-123.

(3) Schonbrunn, E., Sack, S., Eschenburg, S., Perrakis, A., Krekel, F.,
Amrhein, N., and Mandelkow, E. (1996) Crystal structure of UDP-N-
acetylglucosamine enolpyruvyltransferase, the target of the antibiotic
fosfomycin. Structure 4, 1065-1075.

2210 dx.doi.org/10.1021/bi1017842 |Biochemistry 2011, 50, 2205-2212



Biochemistry

(4) Steinrucken, H. C., and Amrhein, N. (1980) The herbicide
glyphosate is a potent inhibitor of S-enolpyruvyl-shikimic acid-3-phos-
phate synthase. Biochem. Biophys. Res. Commun. 94, 1207-1212.

(5) Anderson, K. S., and Johnson, K. A. (1990) Kinetic and structural
analysis of enzyme intermediates: Lessons from EPSP synthase. Chem.
Rev. 90, 1131-1149.

(6) De Smet, K. A., Kempsell, K. E., Gallagher, A., Duncan, K, and
Young, D. B. (1999) Alteration of a single amino acid residue reverses
fosfomycin resistance of recombinant MurA from Mycobacterium tuber-
culosis. Microbiology 145, 3177-3184.

(7) Kim, D. H., Lees, W.]., Kempsell, K. E., Lane, W. S., Duncan, K.,
and Walsh, C. T. (1996) Characterization of a Cys115 to Asp substitu-
tion in the Escherichia coli cell wall biosynthetic enzyme UDP-GIcNAc
enolpyruvyl transferase (MurA) that confers resistance to inactivation by
the antibiotic fosfomycin. Biochemistry 35, 4923-4928.

(8) McCoy, A.J., Sandlin, R. C., and Maurelli, A. T. (2003) In vitro
and In Vivo functional activity of Chlamydia MurA, a UDP-N-acetylglu-
cosamine enolpyruvyl transferase involved in peptidoglycan synthesis
and fosfomycin resistance. J. Bacteriol. 185, 1218-1228.

(9) Morshed, M. G., Konishi, H., Nishimura, T., and Nakazawa, T.
(1993) Evaluation of agents for use in medium for selective isolation of
Lyme disease and relapsing fever Borrelia species. Eur. J. Clin. Microbiol.
Infect. Dis. 12, 512-518.

(10) Marquardt, J. L., Brown, E. D., Walsh, C. T., and Anderson, K. S.
(1993) Isolation and structural elucidation of a tetrahedral intermediate
in the UDP-N-acetylglucoamine enolpyruvyl transferase enzymatic
pathway. J. Am. Chem. Soc. 115, 10398-10399.

(11) Wanke, C., and Amrhein, N. (1993) Evidence that the reaction
of the UDP-N-acetylglucosamine 1-carboxyvinyltransferase proceeds
through the O-phosphothioketal of pyruvic acid bound to Cys115 of
the enzyme. Eur. ]. Biochem. 218, 861-870.

(12) Brown, E. D., Marquardt, J. L., Lee, J. P., Walsh, C. T., and
Anderson, K. S. (1994) Detection and characterization of a phospho-
lactoyl-enzyme adduct in the reaction catalyzed by UDP-N-acetylglu-
cosamine enolpyruvoyl transferase, MurZ. Biochemistry 33, 10638-
10645.

(13) Kim,D.H., Lees, W.].,and Walsh, C. T. (1995) Stereochemical
analysis of the tetrahedral adduct formed at the active site of UDP-
GIcNAc enolpyruvyl transferase from the pseudosubstrates, (E)- and
(2)-3-fluorophosphoenolpyruvate, in D,O. J. Am. Chem. Soc. 117, 6380~
6381.

(14) Skarzynski, T., Kim, D. H., Lees, W. J., Walsh, C. T., and
Duncan, K. (1998) Stereochemical course of enzymatic enolpyruvyl
transfer and catalytic conformation of the active site revealed by the
crystal structure of the fluorinated analogue of the reaction tetrahedral
intermediate bound to the active site of the C11SA mutant of MurA.
Biochemistry 37, 2572-2577.

(1S) Eschenburg, S., Kabsch, W., Healy, M. L., and Schonbrunn, E.
(2003) A new view of the mechanisms of UDP-N-acetylglucosamine
enolpyruvyl transferase (MurA) and S-enolpyruvylshikimate-3-phos-
phate synthase (AroA) derived from x-ray structures of their tetrahedral
reaction intermediate states. J. Biol. Chem. 278, 49215-49222.

(16) Byczynski, B, Mizyed, S., and Berti, P. J. (2003) Nonenzymatic
breakdown of the tetrahedral (0t-carboxyketal phosphate) intermediates
of MurA and AroA, two carboxyvinyl transferases. Protonation of
different functional groups controls the rate and fate of breakdown.
J. Am. Chem. Soc. 125, 12541-12550.

(17) Zhang, F.,and Berti, P.]J. (2006) Phosphate analogues as probes
of the catalytic mechanisms of MurA and AroA, two carboxyvinyl
transferases. Biochemistry 45, 6027-6037.

(18) Mizyed, S.,, Oddone, A., Byczynski, B., Hughes, D. W., and Berti,
P. J. (2005) UDP-N-acetylmuramic acid (UDP-MurNAc) is a potent
inhibitor of MurA (enolpyruvyl-UDP-GIcNAc synthase). Biochemistry
44, 4011-4017.

(19) Eschenburg, S., Priestman, M., and Schonbrunn, E. (2005)
Evidence that the fosfomycin target Cys11S in UDP-N-acetylglucosa-
mine enolpyruvyl transferase (MurA) is essential for product release.
J. Biol. Chem. 280, 3757-3763.

(20) Yoon, H.]., Lee, S. J., Mikami, B., Park, H. J., Yoo, J., and Suh,
S. W. (2008) Crystal structure of UDP-N-acetylglucosamine enolpyr-
uvyl transferase from Haemophilus influenzae in complex with UDP-N-
acetylglucosamine and fosfomycin. Proteins 71, 1032-1037.

(21) Jackson, S. G., Zhang, F., Chindemi, P., Junop, M. S., and Berti,
P. J. (2009) Evidence of kinetic control of ligand binding and staged
product release in MurA (enolpyruvyl UDP-GIcNAc synthase)-cata-
lyzed reactions. Biochemistry 48, 11715-11723.

(22) Han, H, Yang, Y., Olesen, S. H, Becker, A, Betzi, S, and
Schonbrunn, E. (2010) The fungal product terreic acid is a covalent
inhibitor of the bacterial cell wall biosynthetic enzyme UDP-N-acetylglu-
cosamine 1-carboxyvinyltransferase (MurA). Biochemistry 49, 4276-4282.

(23) Deng, G.]J., Gu, R. F.,, Marmor, S, Fisher, S. L., Jahic, H., and
Sanyal, G. (2004) Development of an LC-MS based enzyme activity
assay for MurC: Application to evaluation of inhibitors and kinetic
analysis. J. Pharmaceut. Biomed. Anal. 35, 817-828.

(24) Antane, S., Caufield, C. E., Hu, W., Keeney, D., Labthavikul, P.,
Morris, K., Naughton, S. M., Petersen, P. J., Rasmussen, B. A, Singh, G.,
and Yang, Y. J. (2006) Pulvinones as bacterial cell wall biosynthesis
inhibitors. Bioorg. Med. Chem. Lett. 16, 176-180.

(25) DeVito,]. A, Mills, J. A, Liu, V. G., Agarwal, A, Sizemore, C. F,,
Yao, Z., Stoughton, D. M., Cappiello, M. G., Barbosa, M. D., Foster, L. A,
and Pompliano, D. L. (2002) An array of target-specific screening strains
for antibacterial discovery. Nat. Biotechnol. 20, 478-483.

(26) Wong, K. K, Kuo, D. W,, Chabin, R. M., Fournier, C., Gegnas,
L. D, Waddell, S. T, Marsilio, F., Leiting, B., and Pompliano, D. L. (1998)
Engineering a cell-free murein biosynthetic pathway: Combinatorial en-
zymology in drug discovery. J. Am. Chem. Soc. 120, 13527-13528.

(27) Pace, C. N,, Vajdos, F., Fee, L., Grimsley, G., and Gray, T.
(1995) How to measure and predict the molar absorption coefficient of a
protein. Protein Sci. 4, 2411-2423.

(28) Lanzetta, P. A., Alvarez, L. J., Reinach, P. S., and Candia, O. A.
(1979) An improved assay for nanomole amounts of inorganic phos-
phate. Anal. Biochem. 100, 95-97.

(29) Berti, P.J., and Chindemi, P. (2009) Catalytic residues and an
electrostatic sandwich that promote enolpyruvyl shikimate 3-phosphate
synthase (AroA) catalysis. Biochemistry 48, 3699-3707.

(30) Selwyn, M.J. (1965) A simple test for inactivation of an enzyme
during assay. Biochim. Biophys. Acta 105, 193-195.

(31) Segel, I H. (1975) Enzyme kinetics: Behaviour and analysis of
rapid equilibrium and steady-state enzyme systems, John Wiley and Sons,
New York.

(32) Gruys, K. J., Walker, M. C., and Sikorski, J. A. (1992) Substrate
synergism and the steady-state kinetic reaction mechanism for EPSP
synthase from Escherichia coli. Biochemistry 31, 5534-5544.

(33) Fraser, C. M, Casjens, S., Huang, W. M, Sutton, G. G, Clayton,
R,, Lathigra, R., White, O., Ketchum, K. A,, Dodson, R., Hickey, E. K,
Gwinn, M., Dougherty, B., Tomb, J. F., Fleischmann, R. D., Richardson,
D., Peterson, J., Kerlavage, A. R., Quackenbush, J., Salzberg, S., Hanson,
M., van Vugt, R., Palmer, N., Adams, M. D., Gocayne, J., and Venter, J. C.
(1997) et al. Genomic sequence of a Lyme disease spirochaete, Borrelia
burgdorferi. Nature 390, 580-586.

(34) El Zoeiby, A., Sanschagrin, F., Darveau, A., Brisson, J. R, and
Levesque, R. C. (2003) Identification of novel inhibitors of Pseudomonas
aeruginosa MurC enzyme derived from phage-displayed peptide li-
braries. J. Antimicrob. Chemother. 51, 531-543.

(35) Shih, C. M,, Telford, S. R, 111, and Spielman, A. (1995) Effect of
ambient temperature on competence of deer ticks as hosts for Lyme
disease spirochetes. J. Clin. Microbiol. 33, 958-961.

(36) Cluss, R. G., and Boothby, J. T. (1990) Thermoregulation of
protein synthesis in Borrelia burgdorferi. Infect. Immun. 58, 1038-
1042.

(37) Marquardt, J. L. (1993) Ph.D. Thesis, Department of Biological
Chemistry and Molecular Pharmacology, Harvard University, Cam-
bridge, MA.

(38) Dai, H. J.,, Parker, C. N, and Bao, J. J. (2002) Characterization
and inhibition study of MurA enzyme by capillary electrophoresis.
J. Chromatogr. B 766, 123-132.

2211 dx.doi.org/10.1021/bi1017842 |Biochemistry 2011, 50, 2205-2212



Biochemistry

(39) Clark, M. E., and Berti, P. J. (2007) Enolpyruvyl activation by
enolpyruvylshikimate-3-phosphate synthase. Biochemistry 46, 1933-
1940.

(40) Marquardt, J. L., Brown, E. D,, Lane, W. S., Haley, T. M,,
Ichikawa, Y., Wong, C. H., and Walsh, C. T. (1994) Kinetics, stoichi-
ometry, and identification of the reactive thiolate in the inactivation of
UDP-GIcNAc enolpyruvoyl transferase by the antibiotic fosfomycin.
Biochemistry 33, 10646-10651.

(41) Jin, B.-S., Han, S.-G., Lee, W.-K,, Ryoo, S. W,, Lee, S. J., Suh, S.-
W., and Yu, Y. G. (2009) Inhibitory mechanism of novel inhibitors of
UDP-N-acetylglucosamine enolpyruvyl transferase from Haemophilus
influenzae. J. Microbiol. Biotechnol. 19, 1582-1589.

(42) Harris, T. K, and Turner, G. J. (2002) Structural basis of
perturbed pK, values of catalytic groups in enzyme active sites. [UBMB
Life 53, 85-98.

(43) Fersht, A. R. (1985) Enzyme structure and mechanism, 2nd ed.,
W. H. Freeman, New York.

(44) Lindley, H. (1960) A study of the kinetics of the reaction between
thiol compounds and choloracetamide. Biochem. J. 74, 577-584.

(45) Krekel, F., Samland, A. K., Macheroux, P., Amrhein, N., and
Evans, J. N. (2000) Determination of the pK, value of C115 in MurA
(UDP-N-acetylglucosamine enolpyruvyltransferase) from Enterobacter
cloacae. Biochemistry 39, 12671-12677.

(46) Kelley, L. A, and Sternberg, M. J. E. (2009) Protein structure
prediction on the Web: A case study using the Phyre server. Nat. Protoc.
4,363-371.

(47) Skarzynski, T., Mistry, A, Wanacott, A.,, Hutchinson, S. E.,
Kelly, V. A, and Duncan, K. (1996) Structure of UDP-N-acetylgluco-
samine enolpyruvyl transferase, an enzyme essential for the synthesis of
bacterial peptidoglycan, complexed with substrate UDP-N-acetylgluco-
samine and the drug fosfomycin. Structure 4, 1465-1474.

(48) Kitamura, Y., Yokoyama, S., and Kuramitsu, S. (2007) Crystal
structure of UDP-N-acetylglucosamine 1-carboxyvinyltransferase from
Aquifex aeolicus VES. RIKEN Structural Genomics/Proteomics Initiative
(RSGI): Protein Data Base ID# 2YWVto be puslished.

(49) Benkovic, S. J, and Schray, K. J. (1968) The kinetics and
mechanisms of phosphoenolpyruvate hydrolysis. Biochemistry 7, 4090-4096.

(50) Anton, D. L., Hedstrom, L., Fish, S., and Abeles, R. H. (1983)
Mechanism of enolpyruvylshikimate-3-phosphate synthase exchange of
phosphoenolpyruvate with solvent protons. Biochemistry 22, 5903-5908.

(51) Kresge, A. J., Leibovitch, M., and Sikorski, J. A. (1992) Acid-
catalyzed hydrolysis of S-enolpyruvylshikimate 3-phosphate (EPSP) and
some simple models of its vinyl ether functional group. J. Am. Chem. Soc.
114,2618-2622.

(52) Kim, D. H,, Lees, W. ], Haley, T. M., and Walsh, C. T. (1995)
Kinetic characterization of the inactivation of UDP-GIcNAc enolpyruvyl
transferase by (Z)-3-fluorophosphoenolpyruvate: Evidence for two
oxocarbenium ion intermediates in enolpyruvyl transfer catalysis.
J. Am. Chem. Soc. 117, 1494-1502.

(53) Bonfiglio, G., Mattina, R, Lanzafame, A., Cammarata, E., and
Tempera, G. (2005) Fosfomycin tromethamine in uncomplicated
urinary tract infections: A clinical study. Chemotherapy S1, 162-166.

(54) Marzabadi, M. R,, Gruys, K. J., Pansegrau, P. D., Walker, M. C.,
Yuen, H. K, and Sikorski, J. A. (1996) An EPSP synthase inhibitor
joining shikimate 3-phosphate with glyphosate: Synthesis and ligand
binding studies. Biochemistry 35, 4199-4210.

(55) Marzabadi, M. R,, Font, J. L., Gruys, K. ], Pansegrau, P. D., and
Sikorski, J. A. (1992) Design and synthesis of a novel EPSP synthase
inhibitor based on its ternary complex with shikimate-3-phosphate and
glyphosate. Bioorg. Med. Chem. Lett. 2, 1435-1440.

(56) Pansegrau, P. D., Anderson, K. S., Widlanski, T., Ream, J. E.,
Sammons, R. D., Sikorski, J. A., and Knowles, J. R. (1991) Synthesis and
evaluation of two new inhibitors of EPSP synthase. Tetrahedron Lett.
32,2589-2592.

(57) Eschenburg, S., Priestman, M. A, Abdul-Latif, F. A, Dela-
chaume, C., Fassy, F., and Schonbrunn, E. (2005) A novel inhibitor that
suspends the induced fit mechanism of UDP-N-acetylglucosamine
enolpyruvyl transferase (MurA). J. Biol. Chem. 280, 14070-14075.

2212

dx.doi.org/10.1021/bi1017842 |Biochemistry 2011, 50, 22052212



