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ABSTRACT: O-Acetylpeptidoglycan esterase fromNeisseria gonorrheaeFA1090 is similar in sequence to
family CE-3 carbohydrate esterases of the CAZy classification system, and it functions to release O-linked
acetyl groups from the C-6 position of muramoyl residues in O-acetylated peptidoglycan. Here, we
characterize the peptidoglycan ofN. gonorrheaeFA1090 as being O-acetylated and find that it serves as
a substrate for the esterase. The influence of pH on the activity ofO-acetylpeptidoglycan esterase was
determined, and pKa values of 6.38 and 6.78 for the enzyme-substrate complex (VEt

-1) and free enzyme
(VEt

-1KM
-1), respectively, were calculated. The enzyme was inactivated by sulfonyl fluorides but not by

EDTA. Multiple-sequence alignment of theO-acetylpeptidoglycan esterase family 1 enzymes with members
of the CE-3 enzymes and protein modeling studies identified Ser80, Asp366, and His369 as three invariant
amino acid residues that could potentially serve as a catalytic triad. Replacement of each with alanine
was accomplished by site-directed mutagenesis, and the resulting mutant proteins were purified to apparent
homogeneity. The specific activity of each of the three esterase derivatives was greatly reduced on
O-acetylpeptidoglycan. Using the artificial substratep-nitrophenyl acetate, a kinetic analysis revealed
that the turnover number (VEt

-1) but notKM was affected by the replacements. These data thus indicate
thatN. gonorrheae O-acetylpeptidoglycan esterase, and by analogy the CE-3 family of enzymes, function
as serine esterases involving a Ser-His-Asp catalytic triad.

Peptidoglycan (PG)1 is a unique heteropolymer found
within the cell wall of most eubacteria. It is important to the
bacteria because it provides shape and structural rigidity and
resists the forces of turgor pressure for the cell. The repeating
unit of PG is composed of two alternating sugars,N-
acetylglucosamine linkedâ-1,4 to N-acetylmuramic acid
(MurNAc) with a peptide side chain ofL andD amino acids
linked to the C-3 lactyl moiety of the latter amino sugar
(Figure 1). An increasing number of bacteria have been
identified with a further modification, an O-acetylation, to
the C-6 hydroxyl of MurNAc (reviewed in refs1 and2). In
bacterial species known to O-acetylate their PG, no strain
has been found to be either completely devoid of the
modification or fully acetylated. The presence of this
modification to PG is significant because it hinders sterically
the activity of host defensive muramidases, such as the
lysozymes, and totally precludes the function of the lytic
transglycosylases, enzymes essential to the bacteria for the
biosynthesis of PG (reviewed in refs1 and2).

We recently discovered a new class of bacterial esterases
encoded in the genomes of a number of bacteria, both Gram-
positive and Gram-negative, that function to remove the
acetate from the C-6 position of muramoyl residues in PG
(Figure 1). Some of these bacteria, such asCampylobacter
jejuni, Helicobacter pylori, Neisseria gonorrheae, andBacil-
lus anthracis, represent major human pathogens. Sequence
alignment studies allowed us to arrange theseO-acetylpep-
tidoglycan esterases (Apes) into families, with family 1 being
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FIGURE 1: Structure of O-acetylated PG and functions ofO-
acetylPG esterase (Ape) and lytic transglycosylase (LT). PG is
composed of alternating MurNAc and GlcNAc residues, and
O-acetylation occurs on the C-6 hydroxyl group of the former to
generateN,O-diacetylmuramoyl residues (N,O-diAcMur). Ape
catalyzes the hydrolysis of O-acetyl groups, thereby renduring the
PG product available for cleavage by LTs, which require a free
C-6 hydroxyl group to generate their 1,6-anhydroMurNAc product.
R denotes the stem muropeptide.
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further subdivided into three subfamilies (3). From these
protein alignments, it was determined that members of the
Ape1 family have sequences significantly similar to those
of the family 3 carbohydrate esterases (CE-3) of the CAZy
classification system which is comprised of acetyl xylan
esterases. We subsequently cloned and expressed theape1a
gene fromN. gonorrheaein Escherichia coli. Comparing
Ape1a’skcat for p-nitrophenyl acetate (p-NP-acetate) with
the pseudo-first-order rate constant for the spontaneous
hydrolysis of this synthetic substrate at the same temperature
and pH, its catalytic power of 108-fold is similar to that of
acetyl xylan esterases. However, in addition to acetyl xylan
esterase activity, enzymatic studies confirmed that Ape1a
had greater specificity for O-acetylated PG substrates (4).
This latter characteristic is unique to this enzyme as previous
studies by others have determined that authentic acetyl xylan
esterases do not act on PG (5, 6).

Given its apparent essential function in removing O-acetyl
groups from PG thereby permitting the uninterrupted action
of the lytic transglycosylases, we have proposed that Ape1
may serve as an attractive target for the development of a
new class of antibacterial compounds (4). To explore this
possibility, an understanding of its structure-function rela-
tionship is essential. No catalytic mechanism has yet been
defined for the CAZy family CE-3 esterases. However,
structural and mechanistic studies conducted on a PG
N-acetylmuramic acid deacetylase fromBacillus subtilis(7),
the Streptococcus pneumoniaePG N-acetylglucosamine
acetylesterase (8), acetyl xylan esterases fromClostridium
thermocellum(9) andStreptomyces liVidans (9, 10), and a
chitin deacetylase fromColletotrichum lindemuthianum(11)
indicate that each of these family CE-4 deacetylases functions
as a metalloenzyme using a His-His-Asp zinc-binding triad
with proximal aspartyl and histidyl residues acting as the
catalytic base and acid. On the other hand, all other known
acetyl xylan esterase structures exhibit anR/â-hydrolase fold
and appear to involve a Ser-His-Asp catalytic triad (reviewed
in ref 12). Thus, it is believed that these latter enzymes,
belonging to families CE-1, -5, -6, and -7, function as typical
serine esterases with a Ser residue acting as the catalytic
nucleophile for hydrolysis, but detailed mechanistic studies
have not been conducted.

Alignment of the known and hypothetical amino acid
sequences of the Ape1 and CE-3 esterases led to the
identification of a number of invariant residues, including
potential residues that may participate in the catalytic
mechanism of the respective enzymes (3). In this study, we
have used kinetic, inhibition, and protein engineering ap-
proaches to delineate the mechanism of action ofN.
gonorrheaeApe1a, and by analogy the CE-3 enzymes, as
serine esterases.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Growth Media. The sources of
bacterial strains used, together with their genotypic descrip-
tion, are listed in Table 1 of the Supporting Information.N.
gonorrheaestrains FA1090 and 1291 were used for PG
isolation and were maintained on GC medium base supple-
mented with Kellogg’s defined supplement (13, 14) in a
humid, 5% CO2 environment at 35°C. E. coli DH5R was
maintained on LB broth or agar at 37°C. E. coli BL21-
λDE3(pLysS), used for protein expression, was maintained
on LB agar containing 35µg/mL chloramphenicol. For the
expression of high levels of proteins,E. coli BL21-λDE3
was always freshly transformed with plasmid constructs and
was grown in Super Broth (5 g of sodium chloride, 20 g of
yeast extract, and 32 g of tryptone) at 37°C with agitation.

Chemicals and Reagents.Fisher Scientific (Nepean, ON)
provided acrylamide, glycerol, pyridine, and Luria-Bertani
(LB) growth medium, while DNase I, RNase A, Pronase,
IPTG, and EDTA-free protease inhibitor tablets were pur-
chased from Roche Molecular Biochemicals (Laval, QC).
Mono S 5/5 was purchased from Amersham Pharmacia
Biotech (Uppsala, Sweden), and Ni2+NTA-agarose was a
product of Qiagen (Valencia, CA). T4 DNA ligase and
restriction enzymes were from New England Biolabs (Mis-
sissauga, ON), whilepfu turbo DNA polymerase and
restriction endonucleaseDpnI were purchased from Strat-
agene (La Jolla, CA). All other chemicals and reagents were
from Sigma Chemical Co. (St. Louis, MO).

To obtain appropriate yields,O-acetylPG was prepared
from lawns ofN. gonorrheaestrains grown on at least 15
agar plates. Cells from these plates were scraped off and
pooled in a minimal volume of 50 mM sodium phosphate

Table 1: Purification of Ape1a and Its Mutant Derivatives

enzyme total protein (mg) total activitya (µmol/min) specific activityb (µmol min-1 mg-1) purification (x-fold) yield (%)

Ape1a
cell lysate 567 103 0.182 1 100
Ni2+NTA-agarose 13.6 40.1 2.96 16.3 38.9
Source S 2.56 21.9 8.54 46.9 21.2

Asp366f Ala
cell lysate 495 15.3 0.0309 1 100
Ni2+NTA-agarose 11.2 5.08 0.453 14.7 7.91
Source S 1.2 1.68 1.4 45.3 7.35

His369f Ala
cell lysate 964 23 0.0238 1 100
Ni2+NTA-agarose 19.5 0.962 0.0494 2.07 4.18
Source S 4.52 0.532 0.118 4.93 2.31

Ser80f Ala
cell lysate 562 10.4 0.0185 1 100
Ni2+NTA-agarose 17.2 0.672 0.0392 2.12 6.46
Source S 4.37 0.396 0.0905 4.9 3.9

a Purification from 1 L cultures of respectiveE. coli transformants expressing the enzyme derivative.b Activity assayed using 2 mMpNP-acetate
substrate in 50 mM sodium phosphate buffer at pH 7.0 and 25°C.
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buffer (pH 6.0) at 4°C. The insoluble PG from the cell
suspensions was isolated as previously described by Dupont
and Clarke (15) with care being taken to maintain the pH
below 7.0 throughout the procedure to prevent unwanted base
hydrolysis of the ester-linked acetate. Purification of the
O-acetylPG from contaminating carbohydrates, nucleic acids,
and proteins was achieved by digestion withR-amylase,
DNase I, RNase A, and heat-treated Pronase as previously
described (15).

Quantification of PG O-Acetylation.The release of ester-
linked acetate from PG was achieved by incubating samples
in 1 M NaOH for 2 h at room temperature. The insoluble,
base-treated PG was subjected to centrifugation (5000g for
15 min), and the pellets were analyzed for muramic acid or
protein content following their hydrolysis in 4 or 6 M HCl,
respectively, at 105°C for 18 h, in vacuo (16). The
supernatants were analyzed for liberated acetate by two
methods. The first involved HPLC-based organic acid
analysis using an Aminex HPX-87H Bio-Rad column as
previously described (17). For the second, we employed a
coupled enzymatic assay (acetate kinase, phosphotransacety-
lase, pyruvate kinase, and lactate dehydrogenase) using the
commercially available acetic acid kit (Megazyme Interna-
tional Ireland Ltd., Wicklow, Ireland) according to the
manufacturer’s specifications.

Production and Purification of Ape1a.The production and
purification of the truncated, soluble derivative form of
Ape1a (previously named∆Ape1a) used throughout these
studies were as described previously (4) except for the
method of protein isolation. Briefly,E. coli BL21-λDE3-
(pLysS) cells were transformed with the appropriate plasmid
construct. These cells were grown in SuperBroth at 37°C
to an OD600 of 0.6 and then induced with 1 mM IPTG (final
concentration) for 3 h at 18 °C. Cells were isolated by
centrifugation (5000g for 15 min at 4°C) and stored at-20
°C until they were needed.

To purify the His6-tagged proteins, cell pellets were thawed
and resuspended in a minimal volume of lysis buffer [50
mM sodium phosphate (pH 8) and 500 mM sodium chloride].
Lysozyme (1 mg/mL), RNase A (10µg/mL), and DNase I
(5 µg/mL) were added to aid lysis, and in some cases,
ethylenediaminetetraacetic acid (EDTA) free protease inhibi-
tor tablets (1 per 15 mL of suspension) were added to prevent
undesired protein degradation. The suspension was incubated
at 4°C for 30 min before being subjected to lysis in a French
pressure cell (two passes at 18 000 psi). Unlysed cells were
removed by centrifugation (5000g for 15 min at 4°C), and
1 mL of Ni2+NTA-agarose was added for every 15 mL of
cleared lysate. The mixtures were incubated for 1 h at 4°C
with shaking before being applied to 15 mL disposable plastic
columns. Unbound proteins were eluted, and the matrix was
washed with approximately 10 column volumes of lysis
buffer. The matrix was further washed with approximately
10 column volumes of wash buffer containing 20 mM
imidazole and then 10 column volumes of wash buffer
containing 30 mM imidazole. Bound proteins were recovered
by batch elution in 10 mL of wash buffer containing
100 mM imidazole. The eluted protein mixtures were
dialyzed for 16 h against 2× 4 L of 25 mM sodium
phosphate buffer (pH 7).

The His6-tagged proteins were further purified by cation-
exchange chromatography on Mono S. The protein was

applied to the column following its equilibration in running
buffer [25 mM sodium phosphate buffer (pH 7.0)] at a flow
rate of 1 mL/min. Elution of the protein from the column
was accomplished by increasing the ionic strength of the
running buffer using a linear 0 to 1 M NaCl gradient. The
His6-tagged proteins were found to elute in buffer containing
approximately 75 mM NaCl.

Enzyme Assays.For routine detection of acetyl esterase
activity, 2 mM pNP-acetate in 50 mM sodium phosphate
buffer (pH 6.5) was used as a substrate in a 96-well microtiter
plate assay (4). Reactions involving a total volume of
300 µL were initiated by the addition of thepNP-acetate
and were allowed to proceed for at least 5 min. The progress
of reactions was monitored at 405 nm for the appearance of
p-nitrophenol, and 1 unit of esterase activity was defined as
the amount of enzyme required to release 1µmol of
p-nitrophenol min-1 (mg of protein)-1.

The specificity of His6-tagged Ape1 and its mutant
derivatives forN. gonorrheae O-acetylPG was tested using
an evenly dispersed 5 mg/mL suspension of insoluble PG
(by sonication for 1 min) in 50 mM sodium phosphate
buffer (pH 7.0). Triton X-100 was added to a final
concentration of 0.1%, and reactions were initiated via
the addition of enzyme. Reaction mixtures, performed in
triplicate, were incubated at 37°C and then reactions
terminated by acidifying the reaction mixtures with 1 M H2-
SO4. Samples of substrate incubated in the absence of added
enzyme served as controls for the spontaneous release of
any acetate. Insoluble material was removed from the
mixtures by centrifugation (5000g for 15 min) prior to
analysis for liberated acetate as described above. One unit
of activity is defined as the amount of enzyme required to
produce 1µmol of product in 1 min, and specific activities
are reported as the average of at least three independent
trials.

Effect of pH on Kinetic Parameters.The effect of pH on
the Michaelis-Menten parameters of Ape1a was determined
usingpNP-acetate as a substrate by two different methods.
In the first method, the hydrolysis ofpNP-acetate was
monitored as described above using substrate concentrations
of 0.5-4.5 mM in 50 mM sodium acetate buffer (pH 3-6)
and 50 mM sodium phosphate buffer (pH 5.5-8). Standard
curves ofp-nitrophenol at each pH that was tested were
generated to normalize the effect of pH on the absorbance
of p-nitrophenol, and no “product” inhibition was observed
with the use of the acetate buffer. The second method
monitored the production ofp-nitrophenol using a discon-
tinuous assay. Briefly, Ape1a was added to appropriate
concentrations of substrate in 25 mM sodium acetate buffer
(pH 3-6) and 25 mM sodium phosphate buffer (pH 5.5-8)
and incubated at 30°C. At specific time intervals, reactions
were stopped with the addition of 1% SDS (final concentra-
tion) and the pH of the reaction mixture was adjusted to
7 by the addition of 0.5 M sodium phosphate. The production
of p-nitrophenol at each time point could then be determined
by measuring the absorbance at 405 nm. For both methods,
each analysis was performed in triplicate and plots of initial
reaction velocities as a function of substrate concentration
were analyzed by nonlinear regression using Microcal Origin
6.0 assuming a one-site binding model. The pKa values of
the free enzyme and enzyme-substrate complex were also
determined in the same fashion by plottingVEt

-1KM
-1 versus
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the H+ concentration andV/Et versus the H+ concentration,
respectively.

Inhibition Studies.The inhibitory effect of different
reagents was tested in 50 mM sodium phosphate buffer (pH
6.5) containing 375µg of Ape1a in a microtiter plate assay.
Methanesulfonyl fluoride (MSF) dissolved in 2-propanol and
phenylmethanesulfonyl fluoride (PMSF) dissolved in ethanol
were tested at various concentrations over specific periods
of time, and then the specific activity of the treated enzyme
preparations was assayed directly by the addition of substrate
(2.5 mM pNP-acetate). Metal ions (Mg2+, Ca2+, Mn2+, and
Zn2+) as their chloride salts and EDTA were all tested at
concentrations of 1 mM. Each was incubated with the
enzyme for 30 min at 30°C before being assayed for residual
activity. Values are reported as the percent residual activity
relative to the untreated enzyme controls, and IC50 values
were determined.

Site-Directed Mutagenesis of ape1a. Asp366, His369, and
three Ser residues, Ser80, Ser152, and Ser308, in Ape1a were
replaced with Ala by site-directed mutagenesis of theape1
gene. Primers used for this mutagenesis are listed in Table
2 of the Supporting Information. Mutagenesis was carried
out using pACJW16 (for∆ape1a) as a template forpfuTurbo
DNA polymerase according to the QuickChange site-directed
mutagenesis kit (Stratagene, La Jolla, CA). Following PCR,
1 mL of DpnI was added to a 50µL PCR mixture and
incubated for at least 1 h at 37°C to remove the original,
methylated template. The resulting plasmids were used to
transformE. coli DH5R, and clones were screened for the
correct mutations by DNA sequencing. Each of the protein
products was purified to apparent homogeneity as described
above for wild-type Ape1a. Care was taken to use new (i.e.,
unused) chromatography media for each purification to
preclude potential contamination of the various mutant forms
of the enzymes with each other.

Structural Studies by Circular Dichroism Spectrometry.
Spectra were collected using a Jasco (Tokyo, Japan) J-810
spectrapolarimeter. Far-UV spectra were recorded in a 0.1
cm path length cell while an internal temperature of 25°C
was maintained with a Julabo (Allentown, PA) F25ME
heating water bath. An average of four accumulations was
used to generate spectra, with a scan speed of 50 nm/min, a
bandwidth of 1 nm, a data pitch of 0.2 nm, and a range of
260-180 nm. Further analysis of the spectra was performed
with DICHROWEB (http://www.cryst.bbk.ac.uk/cdweb/html/
home.html) using the Selecon 3 program with protein
reference set 3 (18, 19).

Enzyme Kinetic Studies.The Michaelis-Menten param-
eters of Ape1 and its mutagenic derivatives were determined
usingpNP-acetate as a substrate at concentrations of 0.05-
4.5 mM. Each analysis was performed in triplicate, and plots
of initial reaction velocities as a function of substrate

concentration were analyzed by nonlinear regression using
Microcal Origin 6.0 assuming a one-site binding model (4).

Other Analytical Techniques.Protein concentrations were
determined by either amino acid analysis using a Beckman
System Gold amino acid analyzer (Beckman Coulter Canada
Inc., Mississauga, ON) following the hydrolysis of samples
in 6 M HCl at 105°C for 24 h in vacuo or the bicinchoninic
acid assay (Pierce, Rockford, IL). SDS-PAGE was per-
formed by the method of Laemmeli (20) using 12% acry-
lamide gels and staining with Coomassie Brilliant Blue.
Sequence alignments were conducted using ClustalW version
1.8 (http://www.ebi.ac.uk/clustalw) followed by manual
adjustments, while secondary structure predictions were
performed using Jpred (http://www.compbio.dundee.ac.uk/
∼www-jpred/). Three-dimensional modeling of Ape1a was
performed using both Phyre (http://www.sbg.bio.ic.ac.uk/
∼phyre/)and3D-PSSM(http://www.sbg.bio.ic.ac.uk/∼3dpssm/
index2.html) (21-23).

RESULTS

Analysis of N. gonorrheae PG.The PG fromN. gonor-
rheaestrains FA1090 and 1291 was isolated and purified.
The general appearance and handling properties of the PG
from strain 1291 were typical of those from other bacteria
in that it had to be sonicated into suspension. In contrast,
the PG from strain FA1090, the genetic source ofN.
gonorrheaeApe1a used in this study, was different as its
suspension required only vortexing, and it had a whiter
appearance. This white appearance was reflected in the
appearance of the originating colonies on the plates. A
decrease in the white appearance of the PG could be
accomplished with multiple and prolonged Pronase diges-
tions, but it could not be removed completely by this process.
Amino acid analysis of hydrolyzed samples of the purified
PG from FA1090 confirmed the presence of elevated levels
of protein which we presume to be opacity-associated (Opa)
proteins characteristic of this and otherN. gonorrheaestrains
(24).

The percentage of PG O-acetylation for both of theseN.
gonorrheaestrains was determined by comparing the amount
of base-liberated acetate from isolated and purified samples
to their muramic acid contents. This method of data analysis
is not affected by the presence of contaminating protein in
the different PG samples. The O-acetylation values for strains
FA1090 and 1291 (56( 3.0 and 50( 1.8%, respectively)
were similar to previously reported values for otherN.
gonorrheaestrains (25, 26). Hence, it appears that the
presence of increased protein levels associated with the PG
of strain FA1090 does not affect its levels of O-acetylation.

Purification and ActiVity of Ape1a.The recombinant form
of the more soluble, truncated derivative ofN. gonorrheae
Ape1a was purified to>95% homogeneity from the cell
lysates ofE. coli transformants by a combination of affinity
and cation-exchange chromatographies. Yields and the levels
of purification achieved (Table 1) were similar to those
reported previously (4). Likewise, the specific activity
(Table 1) and Michaelis-Menten parameters (Table 2)
obtained with these enzyme preparations usingpNP-acetate
as the substrate were identical to those documented earlier,
recognizing the slightly different conditions employed be-
tween the studies.

Table 2: Kinetic Parameters of Ape1a and Its Mutant Derivativesa

KM (mM) V/Et (s-1) VEtKM (M-1 s-1)

Ape1a 0.51( 0.21 10.1( 4.1 2.0× 104 (100%)b

D366A Ape1a 0.70( 0.49 0.813( 0.57 1.2× 103 (6.0%)b

H369A Ape1a 1.1( 0.51 0.332( 0.15 3.0× 102 (1.5%)b

S80A Ape1a 0.97( 0.61 0.00029( 0.00023 2.9× 10-1 (0.0014%)b

a Reactions were conducted (in triplicate) in 50 mM sodium
phosphate buffer at pH 6.5 and 20°C. b Percentages in parentheses
were calculated relative to Ape1a.
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The specific activity of Ape1a was determined using
O-acetylPG from twoN. gonorrheaestrains as a substrate
in sodium phosphate buffer (pH 7.0) containing 0.1% Triton
detergent, which was added to aid in the dispersal of the
insoluble substrate (Table 3). The activity of Ape1a on
O-acetylPG fromN. gonorrheaestrain 1291 was very similar
to that previously reported usingO-acetylPG fromProVi-
dencia stuartii(1.29( 0.38µmol min-1 mg-1 compared to
1.63 ( 0.61 µmol min-1 mg-1) (4). However, the specific
activity of Ape1a on theO-acetylPG fromN. gonorrheae
FA1090 was less than 4% of that on strain 1291. This finding
was unexpected given that Ape1a was originally cloned from
the FA1090 genome, but it presumably reflects the presence
of extra protein associated with the PG from FA1090
(described above) which would hinder Ape1a activity.
Regardless of the reason, the PG from strain 1291 was used
for the remainder of the studies on Ape1a and its mutant
derivatives (described below).

Dependence of Ape1a on pH.The substratepNP-acetate
was used to determine the effect of pH on the catalytic
activity of Ape1a. The assay initially used for this process
involved the continuous monitoring ofp-nitrophenol produc-
tion at the different pH values that were tested. However,
this proved to be troublesome at low pH values as attempts
to correct the absorbance extinction coefficients at the
different pH values used resulted in unacceptable margins
of error. For this reason, we used a discontinuous method to
assay Ape1a at various pH values before adjusting the pH
to 7 to measurep-nitrophenol concentrations. This method
proved to be significantly more reliable, but confirmation
was obtained periodically by HPLC analysis of reaction
mixtures for acetate content.

The Michaelis-Menten parameters for the Ape1a-
catalyzed hydrolysis ofpNP-Ac were determined at different
pH values ranging from 3 to 8. The pH-rate plots prepared
from these data were sigmoidal (Figure 2), indicating the
dependency of the reaction on the ionization of one group.
The plot of VEt

-1 versus pH provided a pKes value of
6.38( 0.24 for the essential ionizable group in the enzyme-
substrate complex, while a value of 6.78( 0.23 was obtained
from theVEt

-1KM
-1 versus pH plot for pKe of a group on

the free enzyme. On the basis of these pKa values, the identity
of this ionizable group is likely the imidazolium of a histidyl
residue. Using this substrate, values ofKM were found to be
independent of pH (data not shown).

Inhibition Studies on Ape1a. To determine if Ape1a
functions as a metalloenzyme, like PGN-acetylmuramic acid

deacetylase (7) and PGN-acetylglucosamine acetylesterase
(8), inhibition experiments were conducted with the metal
chelator EDTA. As indicated in Table 4, incubation of this
reagent at concentrations as high as 10 mM for 30 min prior
to assaying resulted in an only minimal loss of activity.
Likewise, supplementing reaction mixtures with various
cations did not greatly enhance the activity of the enzyme.
In fact, rather than stimulating activity, the presence of Zn2+,
the cation at the active center of the deacetylases listed above,
caused a significant inhibition of Ape1a. These data thus
suggested that Ape1a is not a metalloenzyme. In contrast,
incubation of Ape1a with the sulfonyl fluorides MSF and
PMSF, inhibitors of serine protease/esterases, resulted in the
diminution of enzymatic activity. Incubation of the enzyme
with increasing concentrations of PMSF and MSF for
30 min provided IC50 values for inactivation of 1.7( 0.02
and 4.8( 0.05 mM, respectively.

Identification of Potential Catalytic Site Residues for
Ape1a. As the inhibition experiments described above
suggested Ape1a functions as a serine esterase, a search for
potential catalytic Ser, His, and Asp residues within the
Ape1a family and related CAZy family CE-3 esterases was
conducted. An amino acid sequence alignment of the
hypothetical sequences revealed the existence of a number
of totally invariant residues (Figure 3). Among these, Ser80
(N. gonorrheaeApe1a numbering) of N-terminal signature
motif I of the Ape1 enzymes (3) and both Asp366 and
His369 of C-terminal signature motif VII were identified as
possible candidates. Ser152 and Ser308 of the Ape1a
enzymes were likewise identified as potential catalytic
residues.

In the absence of a known three-dimensional structure of
any family CE-3 acetylesterase, the Phyre and 3D-PSSM

Table 3: Specific Activity of Ape1a and Its Mutant Derivatives on
N. gonorrheae O-AcetylPG

source strain
of O-acetylPG enzyme

specific activitya

(µmol min-1 mg-1)

FA1090 Ape1a 0.0492( 0.014 (3.8%)
1291 Ape1a 1.29( 0.038 (100%)
1291 Asp366f Ala Ape1a 0.332( 0.043 (26%)
1291 His369f Ala Ape1a 0.0547( 0.0011 (4.2%)
1291 Ser80f Ala Ape1a e0.001 (e0.08%)
1291 Ser152f Ala Ape1a 1.21( 0.031 (94%)
1291 Ser308f Ala Ape1a 1.29( 0.059 (100%)

a Reactions were conducted (in at least duplicate) in 50 mM sodium
phosphate buffer at pH 7.0 and 37°C with 5 mg/mL substrate.
Percentages in parentheses were calculated relative to Ape1a activity
on O-acetylPG from strain 1291.

FIGURE 2: Dependence of Ape1a kinetic parameters on pH. The
Michaelis-Menten parametersVEt

-1 (b) andVEt
-1KM

-1 (9) for
the Ape1a-catalyzed hydrolysis ofpNP-acetate were determined
in 25 mM sodium acetate buffer (pH 3-6) and 25 mM sodium
phosphate buffer (pH 5.5-8). The lines denote the theoretical curves
calculated using pKa values of 6.38 and 6.78, respectively.

Table 4: Effect of Reagents and Cations on Ape1a Activitya

reagent or cation concentration (mM) residual activity (%)

PMSF 5 2.9
1 59.1

MSF 5 54.2
EDTA 10 94.2

1 97.0
Mn2+ 1 66.8
Mg2+ 1 99.4
Ca2+ 1 116
Zn2+ 1 21.5

a Reactions were conducted (in triplicate) in 50 mM sodium
phosphate buffer at pH 6.5 and 20°C following incubation with an
effector for 30 min at 30°C.
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algorithms selected the structure of the GDSL enzyme
rhamnogalacturonan acetylesterase fromAspergillus aculea-
tus (PDB entry 1DEO) as the best fit. A fidelity score
(E value) of 3.0 e-15 was obtained using Phyre, and the
results predicted that the carboxylic acid side chain of
Asp366 and the imidazole side chain of His369 are ap-
propriately positioned to form a salt bridge within a cleft in
the enzyme. Unfortunately, the positions of Ser80 and Ser152
could not be located from this prediction because only the
core of the Ape1a sequence provided an appropriate fit using
the algorithm, and consequently, the N-terminal segment
involving residues Met1-Val196 was ignored in the model.
However, Ser308 was visualized in the model, and its
position was in the proximity of Asp366 and His369.

Purification of Site-Directed Mutants.With the identifica-
tion of three residues comprising the potential catalytic triad,
site-directed mutagenesis was employed to replace each with
an Ala residue. All five mutant genes encoding the Ser80
f Ala, Ser152f Ala, Ser308f Ala, His369f Ala, and
Asp366f Ala derivatives of Ape1a were overexpressed in
respectiveE. coli transformants as confirmed by SDS-
PAGE and Western blot analysis with an anti-His6 antibody
(data not shown). Each mutant enzyme was purified by the

same method employed for Ape1a which involves a com-
bination of affinity chromatography on Ni2+NTA-agarose and
cation-exchange chromatography on MonoS (4). Precaution
was taken to ensure that unused (new) chromatography media
were employed for these purifications to preclude any
potential contamination of the enzyme derivatives with each
other. While this protocol served to provide the enzymes in
an apparent homogeneous form (data not shown), the
recombinant derivatives were obtained in lower yields than
Ape1a. As seen in Table 3, the yields for the Ser80f Ala,
His369f Ala, and Asp366f Ala mutant proteins were at
least 3.5-fold lower than that of Ape1a. Nonetheless, in all
cases, sufficient concentrations of homogeneous protein were
obtained to permit further characterization of their structure
and enzymatic properties.

Determination of the Structure of Mutant Enzymes.
Circular dichroism (CD) spectrometry was employed to gain
some insight, albeit limited, into the folded state of the mutant
Ape1a enzymes. The CD spectra (Figure 5) were analyzed
with the algorithm on the Dichroweb server which reported
that the secondary structural elements of the His369f Ala,
Ser80f Ala, Ser152f Ala, and Ser308f Ala Ape1a
derivatives closely resembled that of wild-type Ape1a

FIGURE 3: Sequence alignment of family CE-3 acetylesterases involving bothO-acetylPG esterases and acetyl xylan esterases. Depicted in
this partial alignment are motifs I, IV, and VII of the seven total consensus motifs in the family 1O-acetylPG esterases (Ape) (3) and CE
family 3 acetyl xylan esterases (Axe). Boldface residues highlighted in gray denote at least 50 and 80% identity among all sequences, while
the filled circles identify residues proposed to comprise the catalytic center and oxyanion hole. The numbers in parentheses denote the
number of amino acids linking the presented consensus motifs. Abbreviations (accession numbers) follow. Ape:Ng, N. gonorrheae
(YP_207682);Nm, N. meningitidis(NP_284202);CV, ChromobacteriumViolaceum(NP_903734);Pl, Photorabdus luminescens(NP_927853);
Pf, Pseudomonas fluorescens(YP_262936);Pe, Pseudomonas entomophila(YP_606363);Su, Solibacter usitatus(ZP_00521423);Fj,
FlaVobacterium johnsoniae(1a, ZP_01245343; 1b, ZP_01245344);Pp, Pelodictyon phaeoclathratiforme(1a, ZP_00588219; 1b,
ZP_00588221);Cj, C. jejuni (NP_281792);Cc, Campylobacter coli(ZP_00366778);Cu, Campylobacter upsaliensis(ZP_00369960);Hh,
Helicobacter hepaticus(NP_860613);Bt, Bacteroides thetaiotaomicron(1b, NP_811595; 1c, NP_811594);Bf, Bacteroides fragilis(1b,
YP_101414; 1c, YP_101413);Pg, Porphyromonas gingiValis (1b, NP_905385; 1c, NP_905384);Zm, Zymomonas mobilis(YP_162180);
Mx, Myxococcus xanthus(YP_634625). Axe:Rf, Ruminococcus flaVefaciens(XynB, Q52753; CesA, Q9RLB8);Nf, Neocallimastix frontalis
(AF531435);Np, Neisseria patriciarum(U66253);An, Aspergillus nidulans(EAA66937); Nsp, Nomomuraeaspecies (Q7WZ50);GV,
GloeobacterViolaceus(Q7NGX3); Nc, Neurospora crassa(XM_323878).
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(Table 5). However, the Asp366f Ala mutant enzyme
appeared to be slightly altered with both theâ-strand and
helix content lower than those of the wild-type enzyme. This
apparent change was unexpected because examination of the
amino acid sequence of Asp366f Ala Ape1a using the
Jpred algorithm did not predict any secondary structural
alterations.

Enzymatic Properties of Ape1a and Its Mutant DeriVatiVes.
The specific activities of the five Ape1a mutant derivatives
using the PG fromN. gonorrheae1291 as a substrate are
presented in Table 3. These data indicate an increasing loss
of activity with the replacement of the residues with Ala in
the following order: Asp366, His369, and Ser80. In fact,
the activity of Ser80f Ala Ape1a on the insoluble PG
substrate was too low to be detected with any accuracy using
this assay. On the other hand, the specific activity of the
Ser152f Ala and Ser308f Ala derivatives was very
similar to that of wild-type Ape1a, indicating that these two
residues likely do not participate directly in the mechanism
of action of the enzyme. For convenience, the Michaelis-
Menten parameters of Ape1a and the three affected mutant
derivatives were determined forpNP-acetate as a substrate.
As seen in Table 2, there is little difference in the values of

the Michaelis constantKM of these enzymes. In contrast, large
differences in the catalytic constants of the enzymes (V/Et)
were found which, not unexpectedly, followed the same trend
that was observed with the specific activity measurements.
These changes in turnover number are reflected in the overall
catalytic efficiency (VEt

-1KM
-1) of the enzymes such that

the Ser80f Ala mutant was at least 5 orders of magnitude
less efficient than the wild-type enzyme. It should be noted,
however, that the observed activity of the Ser80f Ala
derivative was at the level of detection limits, and despite
attempts to account for the spontaneous hydrolysis of the
substrate, the Michaelis-Menten parameters calculated for
this enzyme are likely misleading. This view is consistent
with the level of experimental error associated with these
data.

DISCUSSION

We recently reported Ape1a as the first esterase to be
identified with activity on O-acetylated PG (4). On the basis
of its amino acid sequence, this enzyme was found to be
related to family CE-3 of carbohydrate estereases that is
comprised of acetyl xylan esterases (3). Despite the increas-
ing number of characterized and hypothetical enzymes
belonging to the CE-3 family, nothing was previously known
about their mechanism of action. In this study, we have
provided several lines of evidence to indicate that Ape1a,
and possibly the CE-3 enzymes too, functions as a serine
esterase. (i) The activity of the enzyme is dependent upon a
charged amino acid residue with pKa values for the free
enzyme and enzyme-substrate complex consistent with those
of histidine. (ii) Sulfonyl fluorides, but not metal chelator,
inhibit activity. (iii) Metal ions either had no effect or inhibit
catalytic activity. (iv) Replacement of the Ser, His, and Asp
residues invariant in all of the aligned sequences is important
for turnover but not substrate binding. (v) The relative
importance of these residues increases from Asp366 to
His369 and then Ser80. This trend of the loss of activity in
the respective site-directed mutants is consistent with Ser80
playing the most important role in a catalytic triad involving
His369 and Asp366 in a manner analogous to the classic
mechanistic action of the serine protease/esterase/lipase
superfamily of enzymes. Thus, we propose that a salt bridge
exists between the carboxyl group of Asp366 and the
imidazolium side chain of His369 in the active state of Ape1a
(and presumably the CE-3 enzymes). This salt bridge would
permit the imidazolium group to participate in a proton relay
to abstract a proton from its neighboring Ser80 residue,
rendering the latter nucleophilic and suitable to function as
a catalytic residue (Figure 6). This Ser nucleophile would
attack the carbonyl carbon of an ester-linked acetate group
on the substrate (1), leading to the formation of a tetrahedral
transition state (2) which would subsequently collapse to a
covalent acyl-enzyme intermediate (3) and the associated
release of the PG product. The acetate would then be
hydrolyzed from Ser80 (i.e., deacylation) in a reversal of
this process (4) with water playing the role of the departed
C-6 hydroxyl group of the muramoyl residue, thereby
returning Ser80 to its protonated state and making it ready
for another catalytic event.

If the mechanism described above does indeed apply to
Apela, then the transient negatively charged oxygen atom
associated with the transition state would have to be

FIGURE 4: Modeled three-dimensional structure of Ape1a. The
structure of Apela was modeled onAspergillus aculeatusrham-
nogalacturonan acetylesterase (PDB entry 1DEO) using 3D-PSSM.
The potential catalytic residues Asp366 and His369 and a compo-
nent of the oxyanion hole, Asn268, are depicted.

FIGURE 5: Circular dichroism spectra of Ape1a and its mutant
derivatives. Spectra of 2.4µM proteins in 10 mM sodium phosphate
buffer at pH 7.0 and 25°C were recorded in a 0.1 cm path length
cell with a scan speed of 50 nm/min. The spectra represent an
average of four accumulations: (9) Ape1a, (0) Asp366f Ala
Ape1a, (2) His369f Ala Ape1a, and (]) Ser80f Ala Ape1a.
Data for the Ser152f Ala and Ser308f Ala derivatives were
identical to those of wild-type Ape1a (not shown).
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stabilized by hydrogen bonds to appropriately positioned
residues forming an “oxyanion hole”. The identity of these
latter residues has yet to be determined, and knowledge of
the three-dimensional structure of Ape1a, or for that matter
any CE-3 enzyme, would be helpful. In this regard, we have
attempted to obtain appropriate crystals of Ape1a for
structural analysis, but unfortunately, the best resolution
achieved to date is only 3.2 Å (A. Matte and R. Shi, personal
communication). Nonetheless, a closer inspection of the
aligned amino acid sequences of the CE-3 enzymes suggests
that they may represent SGNH hydrolases. The SGNH
hydrolases are a subfamily of the GDSL esterases that have
recently been identified on the basis of the discovery of four
invariant residues found in separate conserved blocks
throughout the member proteins (27). The catalytic Ser in
block I, the amide of the Gly residue in block II, and the
Nδ2 atom of the Asn residue in block III each participate as
proton donors in the formation of the oxyanion hole, while
the His participates as the base in the catalytic triad. With
Ape1a, the respective invariant residues would correspond
to Gly125 of consensus motif I (3) and Asn268 of motif IV,
in addition to the catalytic Ser80 and His369 residues
(Figure 3). Unfortunately, again for the reasons stated above,
only Asn268 can be visualized in the modeled three-
dimensional structure of Ape1a, but indeed, its Nδ2 proton
would be positioned appropriately to comprise the oxyanion
hole in the active site cleft (Figure 4). In the absence of a
known structure, we have initiated genetic engineering

experiments to confirm the assignment of these residues as
comprising the oxyanion hole.

Although there was a dearth of information pertaining to
the mechanism of action of the CE-3 enzymes, structural
information for the acetyl xylan esterases belonging to
families CE-4, CE-5, CE-6, and CE-7 has been obtained and
has provided insight into their mechanisms. Whereas the
deacetylases of family CE-4 have been shown to be metal-
loenzymes (7-11), the enzymes of the other three families
are reported to function as serine esterases. These conclusions
have been largely based on structural considerations as
mechanistic studies have been performed with only the CE-7
acetyl xylan esterases fromBacillus pumilus(28) and B.
subtilis (29). These latter investigations involved the site-
specific replacement of the putative catalytic Ser residues
with Ala. However, while stating that the mutant enzymes
were inactive, neither study presented kinetic details. None-
theless, the three-dimensional structures of each of these
CE-5 (30-32), CE-6 (PDB entry 1ZMB), and CE-7 (29;
PDB entry 1VLQ) enzymes do appear to have active sites
comprised of Ser, His, and Asp residues positioned ap-
propriately to form a catalytic triad.

The active site environment of the GDSL serine proteases/
esterases has been found to be highly flexible, and relatively
large conformational changes occur upon substrate binding
(reviewed in ref27). This observation led to the suggestion
that the flexibility may facilitate binding to a wide range of
substrates and confer versatile functional properties (33). It

Table 5: Secondary Structure of Ape1a and Its Derivativesa

helix 1 helix 2 strand 1 strand 2 turns unordered total

Ape1a 0.08 0.1 0.172 0.103 0.209 0.39 1.049
Asp366f Ala Ape1a 0.07 0.07 0.141 0.095 0.215 0.408 0.999
His369f Ala Ape1a 0.09 0.1 0.172 0.101 0.201 0.376 1.033
Ser80f Ala Ape1a 0.08 0.09 0.172 0.103 0.2 0.366 1.004

a The CD data presented in Figure 4 were analyzed using Selecon 3 with protein reference set 3 (Dichroweb Server) and are presented as an
average of four accumulations.

FIGURE 6: Proposed mechanism of action of Ape1a and family CE-3 acetylesterases. R and R′ denoteâ-1,4-linked GlcNAc residues and
stem peptides, respectively.
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remains to be determined if such flexibility exists in the
active site pocket of Ape1a, but such would explain its ability
to utilize both acetyl xylan andO-acetylPG as substrates.
Presumably, the more simple xylan homopolymer can be
accommodated in the active site cleft that otherwise prefer-
entially binds to the complex heteropolymer PG. A flexible
active site might also account for the relatively poor
inhibition we observed with the sulfonyl fluorides. The
modification of the nucleophilic Ser residue in the Ser
proteases/esterases usually requires concentrations of the
reagents of no more than 1 mM to achieve absolute inhibition
within a matter of minutes (34). However, as with a number
of other related GDSL esterases, including the CE-5 acetyl
xylan esterase fromHypocrea jecorina(formerly Tricho-
derma reesei), elevated concentrations of the sulfonyl
fluorides for prolonged exposure times were required to
achieve complete inhibition of Ape1a. In the extreme case
of LipA, a lipase from aRalstoniasp., 57% of the enzyme
activity remained following treatment with 10 mM PMSF
(35). While steric hindrance was found to preclude acces-
sibility of the reagent to the catalytic Ser of palmitoyl-protein
thioesterase (36), it is possible that in the resting state of a
number of the other “resistant” serine esterases, the reagents
remain relatively inaccessible to the active site in a “closed”
conformation.

As noted earlier, the catalytic power of Ape1a was found
to be 108 when itskcat for p-NP-acetate was compared with
the pseudo-first-order rate constant for the spontaneous
hydrolysis of this synthetic substrate at the same temperature
and pH. Although this catalytic power is similar to that of
some xylan acetylesterases, it is considerably lower than that
associated with other Ser proteases and esterases. For
example, values on the order of 1010 and 1013 have been
reported for the Ser protease subtilisin (37) and acetylcholine
esterase (38), respectively, both of which catalyze the
deacylation of an acyl-Ser intermediate. One possible
explanation for this apparent reduced catalytic power could
concern the nature of the in vitro assay conditions employed
for the study of the enzyme. Ape1a is thought to be a
peripheral membrane enzyme, associated with the inner
leaflet of the outer membrane of Gram-negative bacteria, and
functions on a totally insoluble substrate, PG. Clearly, the
assay conditions employed in vitro do not mimic this
environment very well. Moreover, it is conceivable that the
in vivo conditions induce a more catalytically favorable
conformation of the enzyme. That different conformational
forms of Ape1a exist is suggested by our inability to obtain
high-resolution structural information with crystals of the
enzyme due to an apparent mosaicity of the crystals (A.
Matte and R. Shi, personal communication).

Previously, the activity of Ape1a was tested onO-acetylPG
from P. stuartii and not on PG from the enzyme’s native
background,N. gonorrheae(4). To do this, the PG fromN.
gonorrheae strains 1291 and FA1090 first had to be
characterized for their O-acetyl content as this was previously
unknown despite the fact that a number of other strains have
been examined (reviewed in refs1 and 2). Quantitative
analysis indicated that these PGs were O-acetylated to nearly
the same extent, but the ability of Ape1a to utilize them as
a substrate was found to differ significantly. Further analysis
of the respective PGs revealed the presence of associated
protein(s), with the more recalcitrant PG from strain FA1090.

Presumably, these cell wall-associated proteins are Opa
proteins characteristic of some Neisserial strains (24);
FA1090 is reported to have 11 distinct Opa proteins (39).
The apparent inhibition caused by the presence of these Opa
proteins suggests that, as with the activity of the lytic
transglycosylases and possibly other autolysins being inhib-
ited by the presence of O-acetyl groups on PG (40, 41), the
O-acetylPG esterases are likewise inhibited by the presence
of these PG-associated proteins. This would imply that, for
the normal metabolism of PG in these strains, one or more
proteases would be required to provide appropriate access
at specific sites for PG biosynthesis and turnover, which
could thus provide yet another level of control for these
processes.

As noted above, autolytic activity, especially that of the
lytic transglycosylases, has been shown to be regulated by
the presence of O-acetyl groups on the C-6 position of
muramoyl residues in PG (40, 41). Indeed, the lytic trans-
glycosylases strictly require a free hydroxyl group at this
C-6 position for their activity to form the 1,6-anhydromu-
ramoyl product. As Ape1a appears to be responsible for the
removal and/or remodeling of O-acetyl groups on PG, it must
play an at least indirect role in this regulation. The knowledge
gained in this study of the mechanism of action ofO-
acetylPG esterases may prove to be very useful in the design
of specific inhibitors which could lead to the development
of a novel class of antibacterial compounds that target
bacteria that produce O-acetylated PG. Among these are
many important human pathogens, includingNeisseria
menningitidis, Staphylococcus aureus(1, 2), as well as
species ofCampylobacter, Helicobacter, andB. anthracis
(3), in addition toN. gonorrheae.
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