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ABSTRACT: The enzyme UDP-N-acetylglucosamine (UDP-NAG) enolpyruvyltransferase (MurA) catalyzes
the formation of enolpyruvyl-UDP-NAG, a precursor in peptidoglycan biosynthesis. The residue at position
115 in MurA has been proposed to act as a general acid in the enzymatic reaction. This is also the primary
site of action of the antibiotic fosfomycin. In this paper, the pKa of Cys-115 has been determined to be
8.3, by titration ofEnterobacter cloacaeMurA with the alkylating agent iodoacetamide as a function of
pH. Use of site-directed mutagenesis has established that only C115 is essential for catalysis, and the
three other cysteine residues (C251, C354, and C381) are nonessential. Mass spectrometric analysis
demonstrated that C115 is not alkylated at pH<7, but is alkylated significantly at pH>7. Measurement
of the enzymatic inhibition by iodoacetamide as a function of pH showed maximum inhibition at pH>9,
with a second-order rate constant of inhibition of 44 M-1 s-1 at pH 10. The presence of either one of the
substrates did not influence the inactivation behavior, while the presence of both substrates resulted in a
5-fold reduction in the extent of alkylation. The covalent species that results from PEP bound to C115 of
MurA exhibited 50-100-fold increased resistance against alkylation by iodoacetamide. These results imply
that C115 is appreciably protonated at physiological pH and, therefore, is capable of acting as a proton
donor in the enzyme-catalyzed reaction. However, it also implies that C115 is appreciably deprotonated
at physiological pH also, whereupon the resultant thiolate nucleophile may play an important role in the
formation of the covalentO-phosphothioketal species, whose role in catalysis is yet to be established.

MurA1 catalyzes the first committed step in the formation
of the bacterial cell wall heteropolymer peptidoglycan
(murein). Murein is a unique structural component of the
cell wall of eubacteria, and hence, its biosynthetic pathway
is an important target for antibiotics currently in use or under
development (1). The MurA reaction involves the unusual
transfer of the intact enolpyruvyl moiety from phospho-
enolpyruvate to the 3′-hydroxyl group of UDP-N-acetylglu-
cosamine with concomitant release of inorganic phosphate
(2, 3). MurA is inhibited specifically by the antibiotic
fosfomycin, 1(R),2(S)-1,2-epoxypropylphosphonic acid, which
is in pharmaceutical use (4).

Another enolpyruvyltransferase, 5-enolpyruvylshikimate-
3-phosphate synthase (EPSPS), catalyzes the sixth step of
the shikimate (prechorismate) pathway, which leads to the
aromatic amino acids and their many derivatives (5). The
shikimate pathway occurs in microorganisms, fungi, and
plants and, more recently, has been discovered in apicom-
plexan organisms (6), emphasizing the importance of this
pathway as an attractive target for the development of
therapeutically useful drugs. Since EPSPS is inhibited by
glyphosate (7), the active ingredient of Roundup, one of the
world’s most widely used broad-spectrum herbicides, EPSPS
catalysis and inhibition by glyphosate have been character-
ized in great detail (8).

The overall sequences of MurA and EPSPS are about 20%
identical (9, 10). Structural analysis of EPSPS and MurA
has revealed similar three-dimensional topologies, consisting
of two globular domains (with an inside-outR-â-barrel
structure), connected by a hinge region (9, 11, 12). Recently,
about 10 putative active site residues in EPSPS have been
investigated by site-directed mutagenesis (13). Among the
residues that were found to be essential for EPSPS catalysis
(e.g., K22 and R100), there are highly conserved equivalent
residues in MurA, involved in ligand binding, as shown by
X-ray structural analysis (12, 14).

Catalysis by both MurA and EPSPS can be envisaged as
a series of proton transfer reactions: (i) C-3 of PEP is
transiently protonated and thus sp3-hybridized, (ii) the
nucleophilic attack by the hydroxyl group of UDP-NAG or
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EPSP is facilitated by deprotonation, and (iii) the released
orthophosphate receives a proton (Scheme 1). Despite
extensive studies on EPSPS, none of the residues directly
involved in those proton transfer reactions have been
identified unequivocally to date.

In MurA, a potential proton donor at position 115 is
necessary for enzymatic activity. The C115S or C115A
MurA mutants are inactive, while C115D or C115E mutants
exhibit considerable residual activity (15). The pH optimum
of the C115D mutant MurA is shifted toward a lower pH
value, compared with that of the wild-type enzyme. This
mutant was also found to behave differently toward the
inhibitor (Z)-F-PEP, and on the basis of those findings, a
pKa value of>9 was tentatively assigned to C115 (15). The
C115D mutant MurA from Escherichia coli exhibited
significant resistance against fosfomycin inhibition (15).
Among the MurAs sequenced to date, 22 possess a Cys
residue at the position corresponding to position 115 in the
E. coli enzyme, while seven sequences were found with an
aspartate residue at this position. In the latter group are the
MurAs from Mycobacteria, which have been found to be
fosfomycin-resistant (16). The sequence stretch, in which
residue 115 occurs, is one of the most highly conserved
regions in MurA (10), and structurally, it comprises a flexible
loop, held between two proline residues. This loop undergoes
pronounced conformational changes upon binding of ligands
(12, 14, 17).

Cysteine 115 can also act as a nucleophile. The site of
action of fosfomycin on MurA has been determined to be
Cys115 among the four Cys residues in the MurAs from
bothEnterobacter cloacaeand fromE. coli (since both are
Enterobacteria, the sequences of MurAs from those two
organisms are>95% identical) (18, 19). It has been shown
that MurA is able to bind PEP covalently via Cys115 as the
O-phosphothioketal of pyruvic acid (18, 19). In the presence
of UDP-NAG, this species is able to turn over to products.
Both observations imply that the role of C115 in these
reactions is that of a nucleophile, attacking C-2 of fosfomycin

or PEP. These findings gave rise to the hypothesis that in
MurA catalysis, C115 first protonates C-3 of PEP and then
nucleophilic attack by the Cys115 thiolate at C-2 of PEP
occurs, followed by nucleophilic attack by the 3′-hydroxy
group of UDP-NAG at C-2 of PEP (Scheme 1) (18, 20).
The covalent adduct and noncovalent tetrahedral intermediate
have been found to rapidly equilibrate (21-23). On the basis
of the kinetic properties of the C115D mutant MurA from
E. coli, it was suggested that the function of C115 as a
nucleophile is not mechanistically required in the catalytic
cycle (15).

To define better the role of the thiol group of C115 in
MurA catalysis, we have determined its pKa value in the
absence and presence of substrates. For this purpose, we used
iodoacetamide as a probe for the deprotonation of the C115
thiol group. As C115 is crucial for MurA activity, alkylation
can be monitored by following the decrease of activity upon
incubation with iodoacetamide. Alkylation of C115 was also
detected by means of mass spectrometry. Parallel experi-
ments using site-directed mutagenesis of the three other
cysteine residues in MurA were carried out to investigate
the role of these cysteine residues, if any, in catalysis.

MATERIALS AND METHODS

Chemicals.PEP, K+ salt, iodoacetamide, HEPES, MES,
sodium citrate, and ammonium bicarbonate of highest
available purity were from Fluka (Buchs, Switzerland, or
Milwaukee, WI). DTT was from Boehringer Mannheim
(Indianapolis, IN). Trizma base was from Fisher Scientific
(Fair Lawn, NJ). Dihydroxybenzoic acid was from Aldrich
(Buchs, Switzerland). EDTA was from J. T. Baker (Pillips-
burg, NJ). All other reagents were from Sigma (St. Louis,
MO).

Enzymes.Trypsin (EC 3.4.21.4) from bovine pancreas
(12 081 units/mg, chymotrypsin activity ofe0.2%) and
glucose oxidase (EC 1.1.3.4, 137 units/mg) were from Fluka.

MurA from Ent. cloacaewas expressed inE. coli and
purified as described previously (18). Protein concentrations

Scheme 1a

a The mechanism of the MurA reaction and the role of postulated active site general acids and bases. Reaction path A depicts the series of events
without involvement of a protein nucleophile binding PEP covalently. The active site acid “X” is probably either C115 or D115. Path B depicts its
behavior as a nucleophile that leads to the formation of the covalent species. The equilibrium labeled with a question mark is hypothetical.
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were determined using the Bradford method (24) with bovine
serum albumin as the protein standard or using an extinction
coefficient of 24 020 M-1 cm-1 at 280 nm (25).

MurB from E. coli was expressed as a glutathione
S-transferase (GST) fusion protein and purified as described
in ref 10.

The covalent adduct of MurA and PEP was obtained by
purification as described previously (18), omitting the
incubation step of MonoQ material with UDP-NAG before
it was subjected to chromatography on reactive yellow. About
70% of this material was found to occur as the covalent
species, as described in ref18.

Site-Directed Mutagenesis of Cys354 to Ser.A polymerase
chain reaction (PCR) cassette method was used for site-
directed mutagenesis to generate the mutant C354S MurA
(26). In the expression vector pKK233-2 with the MurA gene
in a NcoI insert (27), a BstEII-SspI fragment was replaced
with a PCR product, carrying the desired mutation. The
mutagenic primers had the following sequences: 5′ c acg
gtg att tct cac ggt gtt gag and 5′ cc gtg aga aat cac cgt gtt ac
(reverse). The underlined sequences encode the Cys-Ser
exchange. The DNA sequence of the mutant gene was
confirmed by sequencing on an ABI 373 DNA sequencer
(Applied Biosystems, Foster City, CA) using dye-terminator
chemistry.

Alkylation of MurA with Iodoacetamide and ActiVity
Assays.For the alkylation and activity-monitoring experi-
ments, ca. 1 mg (∼20 nmol) of pure protein was transferred
into the appropriate inactivation buffer by passage through
a PD10 desalting column (Amersham Pharmacia Biotech,
Piscataway, NJ). The final protein concentration was deter-
mined by measuring absorption at 280 nm. Iodoacetamide
was made fresh for each set of inhibition experiments in the
inactivation buffer and kept in the dark. Alkylation was
carried out at 22°C in the dark. The following buffers (50
mM) were used: CABS at pH 9.5-10.5, CHES at pH 9-10,
Tris-HCl at pH 8-9, HEPES at pH 6.5-8, PIPES at pH
6-7, and MES at pH 5.8-6.5. The buffers contained 2 mM
EDTA (Na+ salt) and were equilibrated with nitrogen gas
overnight. Except for the maximal and the minimal pH
values, rate constants were determined in two different buffer
systems independently for a given pH.

At given time points, aliquots from the inactivation assay
mixtures were diluted 50-fold for the coupled activity assay
described by Scho¨nbrunn et al. (17). The activity assay
mixture contained 1 mM DTT, which is a ca. 50-fold molar
excess over iodoacetamide and hence able to quench the
alkylation reaction completely, as deduced from linear
reaction rates obtained in a 3 min period. Inhibition assays
in the presence of substrates were preincubated for 15 min
before iodoacetamide was added.

Detection of Iodoacetamide-Labeled Fragments by MALDI-
TOF Spectrometry.MurA (100 µM) was incubated with a
10-fold molar excess of iodoacetamide in the appropriate
buffer (200 mM Tris-HCl at pH 7-9, 200 mM MES at pH
6-7, and 200 mM sodium citrate/phosphate at pH 5-6) in
a total volume of 100µL for 15 min at 22°C. Unreacted
iodoacetamide was removed by passage through a PD10
column (Amersham Pharmacia Biotech), with a change of
the buffer to 0.1 M ammonium bicarbonate (pH 8.7). The
protein fractions were pooled and concentrated by lyophiliza-
tion (Savant Speedvac) to a volume of 100µL. Trypsin was

added to a final concentration of 0.5 mg/mL, and the samples
were incubated for 3 h at 37°C. Ten microliters of the digest
was diluted with 40µL of 10% TFA. One microliter of this
sample was deposited on a MALDI sample plate and mixed
with 1 µL of a saturated dihydroxybenzoate solution in 0.1%
TFA/acetone (2:1, v/v). MALDI-TOF spectra of the peptide
fragments were recorded with a Voyager Elite mass spec-
trometer using the reflectron mode for increased mass
accuracy.

Determination of MurA ActiVity as a Function of pH.
Enzyme activity was determined on the basis of the release
of inorganic phosphate (30). MurA (0.4 µM) was incubated
in the following buffers (50 mM), all containing 1 mM DTT
and 2 mM EDTA: CABS at pH 9.5-11, Tris at pH 7.2-
9.5, and PIPES at pH 5.8-7.2. Measurements were carried
out at 22°C.

Analysis of Data.Data were analyzed and curves fitted
using Sigmaplot (version 4.1, Jandel Scientific). As described
in ref 28 for thioredoxin, the reaction of stoichiometric
concentrations of MurA and iodoacetamide follows second-
order reaction kinetics. The concentrations of alkylated MurA
(cMurAalkyl) were derived from MurA activity at time zero
()cMurA0) and the activity at a given time point. The
experimental data were fitted to the following equation:

The obtained rate constants were fitted to the Henderson-
Hasselbalch equation to derive the pKa value:

wherekmax is the highest andkmin the lowest measuredkapp

value, respectively. The pH-dependent turnover rates (V) were
fitted to

whereC represents the pH-independent value of the param-
eter,Ka andKb are the acid dissociation constants, and [H]
is the proton concentration.

RESULTS

Mutational Analysis of the Four Cysteine Residues in
MurA from Ent. cloacae.Data on the C115S MurA mutant
from Ent. cloacaeand the C115A mutant fromE. coli have
been published (18, 19). We have extended the mutational
analysis to the three other cysteine residues, i.e., C251, C354,
and C381 in MurA fromEnt. cloacae, by changing each
individually to serine. Preliminary results on the C251S and
C381S mutants have been published (18, 19). The C354S
mutation was obtained using a PCR-based protocol. Kinetic
evaluation of the mutant proteins was performed using the
coupled assay in which EP-UDP-NAG is reduced to lactyl-
UDP-NAG by MurB, the second enzyme in murein biosyn-
thesis. None of the single-point mutant proteins were found
to have significantly impaired catalytic activity (Table 1).
From this, we conclude that Cys115 is the only essential

kapp)
cMurAalkyl

tcMurA0(cMurA0 - cMurAalkyl)
(1)

kapp) kmin +
kmax - kmin

1 + 10pKa-pH
(2)

log V ) C
1 + ([H]/Ka) + (Kb/[H])

(3)
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cysteine residue required for enzymatic activity of MurA
from Ent. cloacae.

MALDI-TOF Spectrometric Analysis of Tryptic Fragments
of Free MurA after Incubation with Iodoacetamide at
Different pH Values.MALDI-TOF spectrometric analysis
has previously allowed identification of 82% of the tryptic
fragments of MurA (29). The alkylation of Cys115 results
in a stably modified peptide species so that a defined mass
shift of 57 is expected for the alkylated fragment. The loop
segment containing C115 and comprising residues 104-131
appears as a single MH+ ion with a mass (m/z) of 1618 Da.
Reaction of MurA with a 10-fold molar excess of iodoac-
etamide prior to tryptic digestion resulted in the disappear-
ance of this mass peak, and the concomitant appearance of
a mass peak at 1677 Da (Figure 1). The two peptides with
masses of 2025 and 1933 Da containing cysteines 354 and
381, respectively, were not affected by treatment with

iodoacetamide. The covalent adduct of C115 MurA with PEP
is not observable by means of mass spectrometry (18). When
the thiol proup of C115 was masked by formation of the
O-phosphothioketal adduct with PEP, no alkylated loop
fragment could be detected (not shown). As MALDI-TOF
spectrometric analysis is only semiquantitative, any deduction
relating peak height or area to the susceptibility to alkylation
as a function of pH is not possible. However, it should be
noted that complete alkylation of the C115-containing
fragment was observed at pH>7.

Kinetic Analysis of Site Specific InactiVation of MurA with
Iodoacetamide.To determine the pKa value of C115, MurA
was incubated with equimolar concentrations of iodoaceta-
mide at various pH values. DTT, present in the storage buffer,
would interfere, and was removed by gel filtration prior to
the experiments. The buffers were equilibrated with nitrogen
gas, and contained EDTA. The chosen conditions resulted
in second-order rate kinetics of inactivation, depending on
the pH value of the solution (Figure 2). The highestkapp,
measured at pH 10, was 44 M-1 s-1, and the lowest value
was determined to be 0.1 M-1 s-1 at pH 5.8. The presence
of either one of the substrates only marginally influenced
the titration behavior (Figure 3). With 1 mM UDP-NAG
present, the rate constants were slightly lower, although the
pKa value itself was unaffected. The presence of 1 mM PEP
did not change the behavior at all from that found with the
free enzyme. Incubation with both substrates resulted in a
pronounced protection against alkylation, and a 5-fold lower
kapp was obtained at pH 9 (5 M-1 s-1). The covalent adduct
(the O-phosphothioketal) exhibited significantly increased
stability. When alkylated with iodoacetamide, a 50-100-
fold lower kapp, as compared to that observed with free
enzyme, was determined (0.8 M-1 s-1 at pH 10 and 0.2 M-1

s-1 at pH 9).
pH Dependence of ActiVity. As the pKa value of C115

turned out to be indeed higher than 8, we determined the
pH profile of MurA activity for pH values between 6 and
11. Activity was measured by determining the rate of release
of inorganic phosphate (30), thus ruling out interference from
the pH-activity profile of the coupled enzyme, MurB. The
pH profile of MurA exhibited a typical bell-shaped curve
(see Figure 4), with two pKa values of 6.5 and 9.3.

DISCUSSION

Cys115 plays an important role in the formation of the
covalent adduct of MurA (18, 20) and the adduct with the
inhibitor fosfomycin (12, 18, 19). As outlined by Kim et al.
(15), the kinetic analysis of the MurA mutant C115D from
E. coli strongly emphasized the importance of an acid
function at position 115. The dependence of the pH optimum
of an enzymatic reaction reflects the pKa of a single ionizable
group only if the step involved is rate-limiting for the overall
reaction (31). In the case of an enzymatic reaction like that
catalyzed by MurA, any extrapolation from the reaction
velocity as a function of pH to specific acidic or basic amino
acid residues is further complicated by the fact that other
acidic or basic groups are involved in catalysis. Kim et al.
determined a pKa value of>9 from the inactivation behavior
of (Z)-F-PEP toward wild-type and mutant C115D MurA,
although they did not elevate the pH beyond 8. To shed more
light on the role of C115 in MurA catalysis, we have

Table 1: Kinetic Parameters of Wild-Type MurA and
Single-Point-Mutated MurAs at 37°Ca

kcat/KM

(×106 M-1 s-1)KM(PEP)
(µM)

KM(UDP-NAG)
(µM)

kcat

(s-1) PEP UDP-NAG

wild-type 8.3( 2 80( 7 3 ( 0.4 0.36 0.048
C115S ndb nd nd nd nd
C251S 9.3( 2 90( 10 2.8( 0.2 0.28 0.031
C354S 11( 2 85( 7 3.1( 0.3 0.28 0.036
C381S 9.8( 2.5 93( 11 2.7( 0.2 0.26 0.045

a The kinetic measurements were performed with the purified enzyme
using a coupled assay with EP-UDP-NAG-reductase (MurB), monitor-
ing the oxidation of NADPH. The concentration of the respective other
substrate was 1 mM. The values are the averages of three independent
measurements.b nd, not detectable.

FIGURE 1: Analysis of tryptic fragments of MurA treated with
iodoacetamide at pH 5.1 and 8.7 by MALDI-TOF mass spectrom-
etry. MurA (100µM) was incubated with 1 mM iodoacetamide in
the appropriate buffer for 15 min at 22°C. The enzyme was then
digested with 0.5 mg/mL trypsin. The mass peak atm/z 1620
(indicated with an arrow) represents the peptide fragment compris-
ing amino acid residues 104-120, whereas the mass peak atm/z
1677 (indicated with an asterisk) represents the same peptide
fragment with the covalent modification (IAA linked to Cys115).
The mass difference ofm/z 57 accounts for the mass of the added
acetamide moiety. The peak atm/z 1660 comprises amino acid
residues 295-310 and is the result of residual chymotrypsin activity
within the trypsin preparation.
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investigated the sensitivity of this residue toward alkylation
with the cysteine specific probe iodoacetamide, in an attempt
to determine the pKa value for this functional group.

Using site-directed mutagenesis, we have demonstrated
that C115 is the only catalytically essential cysteine residue
in MurA from Ent. cloacaerequired for enzymatic activity.
These observations are in keeping with X-ray crystal-
lographic data, which indicate that all other cysteine residues,
i.e., C251, C354, and C381, reside in a hydrophobic core of
domain I of MurA, a region not in the vicinity of the active
site of the enzyme (9). The ligand-bound structures of MurA
also showed none of them to participate in the active site
(12, 14).

The mass spectrometric analysis of tryptic fragments after
alkylation provided evidence that C115 is the only thiol group
modified by iodoacetamide and that the appearance of the
alkylated mass peak corresponding to the C115-containing
fragment is dependent on the pH. Other tryptic fragments
containing cysteine residues were not found to be alkylated.
Furthermore, the covalent adduct of MurA with PEP is
significantly protected against the alkylation reaction. Hence,
not only are the other three Cys residues not involved in the
function of MurA, they are obviously also not accessible to
iodoacetamide, or their pKa values are, due to their hydro-
phobic environment, shifted toward pH values higher than
those we chose in our experiments.

As C115 in MurA can be involved in covalent bond
formation, e.g., with fosfomycin or (Z)-F-PEP, and as this

results in inactive enzyme (18, 23), we decided to perform
a quantitative analysis of the reactivity of C115 by observing
the decrease in MurA activity as a function of incubation
time with iodoacetamide and pH. We performed our experi-
ments following the protocols outlined by Kallis and
Holmgren for thioredioxin (28). The pKa value of 8.3 for
the thiol group of C115, determined for the free enzyme, is
close to values reported for free cysteine, which range
between 8.3 and 9.1 (31, 32). Compared to that of thiore-
doxin, the apparent second-order rate constants of 0.1-44
M-1 s-1 for the reaction of C115 of MurA and iodoacetamide
are significantly lower. For thioredoxin, rate constants
between 50 M-1 s-1 at the lowest pH and 200 M-1 s-1 at
the highest pH were found in a bisigmoidal titration curve,
apparently reflecting the deprotonation behavior of two
cysteines, C32 and C35 (28). Second-order rate constants
similar to and even lower (0.1-10 M-1 s-1) than that for
C115 in MurA were reported by Marchal and Branlant (33),
for C308 in the apo form of nonphosphorylating glyceral-
dehyde-3-phosphate dehydrogenase. The pKa value of this
residue was found to decrease by 2 pH units, and the second-
order rate constants were found to increase 20-fold upon the
NADPH-dependent transition of the enzyme from the apo
to the holo form.

For C115, we found no shift in the pKa value and only a
slight reduction of the second-order rate constants in the
presence of 1 mM UDP-NAG. Catalysis of MurA has been
shown to follow an induced fit mechanism. While theKd

FIGURE 2: Inactivation kinetics of the reaction of equimolar amounts of iodoacetamide and MurA. For each set of experiments, 10 nmol
of MurA was transferred into the appropriate buffer and cleansed from DTT by passage through a PD10 column. Iodoacetamide was made
up fresh in the same incubation buffer. At the indicated time points, the assay mixture was diluted 50-fold into assay buffer containing 1
mM DTT to ensure complete quenching of protein alkylation. MurA activity was monitored in a coupled reaction with MurB. The concentration
of remaining MurA was derived from residual activity at given time points. The experimental data [(b) no ligand, (9) 1 mM UDP-NAG,
and (2) 1 mM PEP] and the respective fits to eq 1 (see Materials and Methods) are shown.

pKa Value of C115 in MurA Biochemistry, Vol. 39, No. 41, 200012675



value of free enzyme for PEP was reported to be 220-240
µM (34, 35), a KM value of 8.3µM for MurA toward PEP
under UDP-NAG-saturating conditions was determined
(Table 1). It has been shown that binding of UDP-NAG
induces conformational changes in MurA, presumably result-
ing in an overall more closed structure, and a local movement
of the C115-containing loop toward the catalytic cleft (29,
34), resulting in an increased affinity toward PEP. This
process is thought to lead to an activation of C115 by the
change of its environment compared to the unliganded state
(17). On the basis of our titration data, this activation results
neither in a shift of the pKa value nor in enhanced reactivity
of C115 with iodoacetamide. An unchanged pKa value of
C115 upon binding of UDP-NAG corroborates the function
of this residue as a proton donor, and deprotonation would
only be triggered by binding of PEP. The slightly decreased

rate constants for the reaction with iodoacetamide might
reflect a reduced accessibility of this residue.

The presence of both substrates at saturating concentrations
(1 mM) strongly protected MurA against alkylation. It was
previously shown that resistance of MurA toward proteolysis
is significant when both substrates are present (29). It was
also demonstrated that structural elements which contain
residues participating in catalysis are the most protected (29).
While the higher resistance against trypsin in the presence
of both substrates can be explained by a more closed structure
in the presence of substrates and products, the protective
effect against iodoacetamide probably derives also from the
appearance of covalent adduct, which was found to be the
most protected species (50-100-fold lower rate constants).

The pKa value of the functional group whose protonation
is critical for MurA activity is about 9.3, as derived from
the pH-activity profile (Figure 4). Thus, while at pH 9.3
only 5% of the cysteine residues of MurA are protonated,
as deduced from the inactivation data (Figure 3), still half
of the enzymatic activity is retained. This implies that
deprotonation of C115 is not a rate-limiting step in MurA
catalysis.

Walsh and co-workers have suggested that a rapid equi-
librium exists between the covalent species and the tetrahe-
dral intermediate (22, 23, 36). Given a pKa value of 8.3 for
C115, a considerable fraction of the cysteine residues would
occur in the highly nucleophilic thiolate form at pH 8. Hence,
a study of the appearance of the covalent species as a function
of pH will be important to understanding its role in MurA
catalysis, and the corresponding experiments are underway
in this laboratory. The function of C115 as a nucleophile
may not be required for catalysis, but the catalytic efficiency
of the MurA C115D mutant of theE. coli enzyme was found
to be greatly reduced (21). It will be interesting to compare
the catalytic efficiencies of MurAs naturally carrying an
aspartate residue at position 115. The precise role played by
the covalent species in the catalysis or maintenance of activity

FIGURE 3: Apparent second-order rate constants of the reaction of
iodoacetamide with MurA as a function of pH. The apparent second-
order rate constants were derived from the inhibition kinetics as
shown in Figure 2 and displayed as a function of pH. The curves
represent the fits to eq 2 (see Materials and Methods).

FIGURE 4: Maximal velocity of the enolpyruvyl transfer reaction
catalyzed by wild-type MurA as a function of pH. The activity
was determined by assessing the release of inorganic phosphate
under substrate saturating conditions (1 mM each) at 22°C. The
symbols represent the experimentally determined values, while the
curve is a fit to eq 3 (see Materials and Methods).
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of MurAs possessing a cysteine residue in position 115
remains to be established.
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