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ABSTRACT: Modification of the bacterial cell wall heteropolymer peptidoglycan by addition of an acetyl
group to the C-6 hydroxyl group ofN-acetylmuramoyl residues is known to inhibit the activity of
muramidases (lysozymes) of innate immune systems. The O-acetylation of peptidoglycan also precludes
the action of intrinsic lytic transglycosylases, enzymes that require a free C-6 hydroxyl group to generate
their 1,6-anhydromuropeptide products. This class of autolysins is ubiquitous in peptidoglycan-synthesizing
bacteria as they are responsible for insertion of pores and flagella, spore formation, and the general
metabolism of peptidoglycan. We recently discovered a cluster of genes in theNeisseria gonorrhoeae
chromosome that are proposed to participate in peptidoglycan O-acetylation (Weadge, J. T., Pfeffer, J.
M., and Clarke, A. J. (2005)BMC Microb. 5, 49). In the current study, we demonstrate that one of these
genes,ape1functions as anO-acetylpeptidoglycan esterase. Theape1gene was cloned and overexpressed
in Escherichia colias a fusion protein with a hexa-histidine tag. The expressed protein was purified to
apparent homogeneity and assayed for activity as an esterase using three different assays involving high-
performance liquid chromatography and chromogenic detection methods which measured the release of
ester-linked acetate from a variety of polymer and soluble substrates. These assays demonstrated that
Ape1 has a higher specific activity on O-acetylated peptidoglycan compared to O-acetylated xylan.
Consequently, Ape1 represents the first enzyme characterized as anO-acetylpeptidoglycan esterase. The
physicochemical and kinetic parameters of Ape1 were determined using soluble chromogenic substrates
for convenience. Thus, its pH optima for stability and activity were observed to be 6.0 and 6.2, respectively,
while its optimum temperature for activity was 55°C. Two forms of truncated Ape1 are generated inE.
coli, one lacked the complete predicted N-terminal signal sequence, while the second involved a proteolytic
cleavage within this signal sequence. The smaller truncated form was localized predominantly to the
periplasm, whereas the larger form was mainly associated with the outer membrane, and to a lesser extent,
the cytoplasmic membrane, sites expected for the maintenance of peptidoglycan.

The structural rigidity and shape of bacteria is conferred
by a sacculus of peptidoglycan which completely surrounds
the cytoplasmic membrane. This unique cell wall heteropoly-
mer is comprised of alternatingN-acetylglucosaminyl-â-1,4-
N-acetylmuramoyl residues with attached peptide. The
presence of the latter permits interpeptide cross-linking
between neighboring strands of peptidoglycan to provide a
continuous three-dimensional macromolecule that withstands
the internal turgor pressure of the cell. Given its essential
role in the vitality of bacterial cells, the peptidoglycan
sacculus is the target of lytic enzymes such as lysozyme
(muramidases), which are released by a eukaryotic host as
the first line of defense against invasion. As seen elsewhere
in nature, such as with the xylans of plant cell walls
(reviewed in ref1), the decoration of peptidoglycan with
simple aglycon moieties provides protection from lytic action.
For many pathogenic bacteria, this modification involves the
O-acetylation of the C-6 hydroxyl group of muramoyl
residues (reviewed in refs2, 3) (Figure 1).

The O-acetylation of peptidoglycan occurs in many
bacteria, both Gram-positive and Gram-negative, including
a number of important human pathogens such asStaphylo-
coccus aureus, Neisseria gonorrhoeae, andN. menningitidis
(2, 3). The findings of a recent study have added species of
Campylobacter, Helicobacter,and Bacillus, including B.
anthracis, to this list (4). The extent of this modification
varies with species and strain, but typically falls within the
range of 20-70% (relative to muramoyl residues) (2-4).
O-Acetylated peptidoglycan has been shown to evade
degradation by lysozymes in a concentration-dependent
manner (5-9). On the basis of structural information
obtained by X-ray crystallography with lysozyme-substrate
complexes and theoretical considerations, it is thought that
the presence of the acetyl groups at the C-6 hydroxyl of
muramoyl residues would preclude productive binding of
peptidoglycan in subsites B, D, and/or F of lysozyme’s active
site (5). The consequences of this inhibition can be significant
as the persistence of O-acetylated peptidoglycan within the
mammalian host has been shown to lead to complement
activation, pyrogenicity, somnogenesis, and arthrogenicity
(2, 3).

In addition to blocking the action of host muramidases of
the innate immune system, O-acetylation also influences the
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activity of bacterial autolysins (10), enzymes involved in the
biosynthesis and turnover of peptidoglycan, insertion of
appendages, and secretion systems (recently reviewed in refs
11, 12). This is especially the case for the major class of
autolysin involved with these processes, the lytic transgly-
cosylases. Whereas these enzymes act on peptidoglycan at
the same site as lysozyme (viz. specifically between MurNAc
and GlcNAc residues), the lytic transglycosylases are not
hydrolases but instead cleave theâ-1,4 linkage with the
concomitant formation of 1,6-anhydormuramoyl residues
(Figure 1) (13). Thus, the presence of free C-6 hydroxyl
groups on muramoyl residues is a strict requirement for lytic
transglycosylase activity.

Given that the lytic transglycosylases, together with the
penicillin-binding proteins, have been demonstrated to
comprise complexes involved in peptidoglycan biosynthesis
(12, 14), it would be expected that bacteria possess a means
to specifically remove O-linked acetate as required, but there
is a dearth of information about the pathway for the
O-acetylation of peptidoglycan, and nothing is known
regarding its removal. Early studies with bothProteus
mirabilis andN. gonorrhoeaeindicated O-acetylation to be

a maturation event that closely follows after the incorporation
of new strands into the peptidoglycan sacculus (15). This
implies that a source of acetate from within the cytoplasm
would have to be transported across the cytoplasmic mem-
brane prior to being attached to the newly ligated muramoyl
residues in peptidoglycan.

We recently reported the discovery of a gene cluster within
the genomes of a number of bacteria that O-acetylate their
peptidoglycans, includingN. gonorrhoeae, which encode
hypothetical proteins that may participate in this process
(Figure 2) (4). Sequence alignment searches suggested that
at least one of the open reading frames within the respective
clusters encodes a hypothetical protein with similarity to
O-acetylxylan esterases. AsN. gonorrhoeaedoes not utilize
xylan or cellulose as a carbon source, nor does it possess a
xylanolytic system of enzymes, we proposed that this protein
functions as anO-acetylpeptidoglycan esterase (Ape)1 which

1 Abbreviations: APE,O-acetylpeptidoglycan esterase;pNP, p-
nitrophenyl; MeUm, 4-methylumbelliferyl;RNA, R-naphthyl, pat,
peptidoglycanO-acetyltransferase; cat, chloramphenicol acetyltrans-
ferase.

FIGURE 1: Reaction catalyzed by lytic transglycosylases and structure of O-acetylated peptidoglycan. (A) The lytic transglycosylases (LT)
cleave peptidoglycan between theN-acetylmuramoyl (MurNAc) andN-acetylglucosaminyl (GlcNAc) residues of peptidoglycan to produce
1,6-anhydroMurNAc and GlcNAc. The R denotes the stem peptide on MurNAc residues. (B) The O-acetylation of peptidoglycan occurs
at the C-6 hydroxyl group of MurNAc residues, thereby precluding the formation of 1-6-anhydroMurNAc by LT activity.

FIGURE 2: Genetic organization and restriction enzyme map of OAP cluster. Ape,O-acetylpeptidoglycan esterase; pat, peptidoglycan
O-acetyltransferase; cat, chloramphenicol acetyltransferase (4).
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acts on peptidoglycan to removeO-acetyl groups. This study
presents data in support of this hypothesis and thus represents
the first report of anO-acetylpeptidoglycan esterase.

EXPERIMENTAL PROCEDURES

Chemicals and Reagents.DNase I, RNase A, Pronase,
IPTG, and EDTA-free protease inhibitor tablets were pur-
chased from Roche Molecular Biochemicals (Laval, PQ,
Canada), while Fisher Scientific (Nepean, ON, Canada)
provided acrylamide, glycerol, pyridine, and Luria Bertani
(LB) growth medium. All other growth media were pur-
chased from Difco Laboratories (Detriot, MI). Mono S 5/5
and Superdex 75 were 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, Canada), and unless otherwise stated, all other
chemicals and reagents were from Sigma Chemical Co. (St.
Louis, MO).

O-Acetylated peptidoglycan was isolated fromProVidencia
stuartii PR50 (used because of its relatively highO-acetyl
content), treated withR-amylase, DNase I, RNase A, and
heat-treated Pronase, and then purified as previously de-
scribed (16). Commercially available birchwood xylan
(Fluka) was per-acetylated with acetic anhydride in pyridine
for 48 h at room temperature. Solubilization of the per-
acetylated xylan was then accomplished by heating in 25
mM sodium phosphate buffer, pH 6, at 70°C for 1 h
according to the method of Johnson et al. (17). Following
exhaustive dialysis against 16 L of 25 mM sodium phosphate
buffer, pH 6, the O-acetylated xylan preparation was lyoph-
ilized and stored until required.

Bacterial Strains and Growth Media. The sources of
plasmids and bacterial strains used in this study, together
with their genotypic description, are listed in Table 1.N.
gonorrhoeaestrains FA1090, FA62, and CH811 were used
for PCR amplification of genes, sequence specific mutagen-
esis, and/or complementation experiments. They were all
grown for 24 h at 35°C in an anaerobic container on GC
medium base supplemented with Kellogg’s defined supple-
ment (18, 19) in a humid, 5% CO2 environment. This
medium was supplemented with kanamycin (18µg/mL) and

chloramphenicol (5µg/mL) where appropriate.Escherichia
coli DH5R andP. stuartiiPR50 were 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 grown in Super Broth
(5 g of sodium chloride, 20 g of yeast extract, and 32 g of
tryptone) at 37°C with agitation. All strains were maintained
for long periods by storage at-70 °C in 25% glycerol.

Identification and Genomic Analysis of an O-Acetyl
Peptidoglycan (poa) Gene Cluster. The raw nucleotide
sequence data of theN. gonorrhoeaeFA1090 genome project
(20) was searched for hypothetical proteins involved in
acetate transport using thePseudomonas aeruginosaprotein
sequence for AlgI as the probe (algI encodes a putative
acetate translocator involved with the biosynthesis of alginate
(21)). Identification of open reading frames, protein transla-
tions, and isoelectric points (pI) were performed using Clone
Manager 5. Signal sequence predictions were performed
using signalP version 2 (http://www.cbs.dtu.dk/services/
SignalP-2.0/). Searches for homologues to the characterized
N. gonorrhoeaegenes were carried out using the NCBI
protein-protein BLAST database to tentatively identify
functions for each of the genes in the cluster (http://
www.ncbi.nlm.nih.gov/BLAST/). Protein alignments were
performed using ClustalW Version 1.8 software (http://
www.ebi.ac.uk/clustalw), and shading was done using BOX-
SHADE Version 3.21 (http://www.ch.embnet.org/software/
BOX_form.html).

Cloning of ape1.Whole cells from an overnight GCMBK
plate culture ofN. gonorrhoeaeFA1090 were diluted with
double-distilled H2O to adjust optical density at 550 nm of
the suspension to 0.5. This suspension was used as the
chromosomal DNA template for PCR amplification. Oligo-
nucleotide primers (prepared by the Guelph Molecular
Supercenter) were designed for the PCR amplification of
ape1and∆ape1, a truncated derivative lacking the predicted
N-terminal signal sequence, from theN. gonorrhoeaestrains
FA1090, FA62, and CH811. Restriction sites for cloning
were incorporated into both the forward and complementary
reverse primers. Forape1,the forward primer (5′-ATCTAG-
TACACACAG CCATGGACCCCAAACACTTC-3′) intro-

Table 1: Bacterial Strains and Plasmids Used in This Study

strain or plasmid relevant characteristicsa reference or source

E. coli strains
DH5R K-12 φ80d lacZ∆M15 endA1 hsdR17(rK

- mK
-) supE44 thi-1 gyrA96 relA1

p(lacZYA-argF) U169 F-
Life Technologies, Inc.

BL21[λDE3] pLysS F- ompT hsdSB (rB
- mB

-) gla dcm met(DE3) pLysS (CmR) Novagen
ACJW14 BL21[λDE3] pLysS harboring pJWAC14 this study
ACJW16 BL21[λDE3] pLysS harboring pJWAC16 this study

P. stuarttiPR50 51
N. gonnorheaeFA1090 52

FA 62 53
CH811 54

plasmids
pET30a(+) IPTG inducible expression vector; KmR Novagen
pET28A(+) IPTG inducible expression vector Novagen
pACJW13 pET28a(+) derivative containingape1on aNcoI/HindIII fragment; KmR this study
pACJW14 pET28 a(+) derivative containing correctedape1on aNcoI/HindIII fragment; KmR this study
pACJW16 pET28 a(+) truncated derivative ofape1lacking N-terminal signal sequence of

20 amino acid residues on aNcoI/HindIII fragment; KmR
this study

pACJW17 pJWAC14derivative containing KmR cassette from pET30a; KmR this study
a CmR and KmR, resistance to chloramphenicol and kanamycin, respectively.
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duced anNcoI site (underlined) that mutated the codon
following the start codon for the gene; however, this change
was needed for cloning of the gene into pET28a(+). The
complementary reverse primer (5′-CCCCTGACAAGCTTT-
TGCCTGATTGCG-3′) introduced aHindIII site (underlined)
that mutated the stop codon. For∆ape1, the forward primer
(5′-CCACGCACGCCATGGCACTGCCCCG-3′) introduced
anNcoI site (underlined) following the signal sequence, and
the complementary reverse primer was the same as above.
PCR amplifications were performed with the Expand Long
Template Polymerase kit from Roche Molecular Biochemi-
cals according to the manufacturer’s specifications. The
resultingape1and∆ape1PCR products were digested with
NcoI and HindIII and ligated into the matching restriction
sites of pET28a(+), generating plasmids pACJW13 and
pACJW16, respectively. Site-directed mutagenesis was per-
formed to correct the codon following the start codon in the
ape1 gene sequence so that it matched the chromosomal
sequence coding for an asparagine. Thus, the coding (5′-
GGAGATATA CCATGAACCCCAAACACTTC-3′) and
noncoding primers (5′-GAAGTGTTTGGGGTTCAT GG-
TATATCTCC-3′) were prepared and used according to the
manufacturers specifications for the QuikChange site-directed
mutagenesis kit (Stratagene), thereby generating plasmid
pACJW14. DNA sequence analysis ensured that the cloned
segment had the correct sequence. The pACJW14 plasmid
construct was engineered such that its expression produced
a C-terminal hexa-histidine tagged Ape1 protein. Expression
of ∆ape1 from pACJW16 produced an Ape1 derivative
(∆ape1) which also possessed a C-terminal hexa-histidine
tag but lacked an N-terminal signal sequence.

Production and Purification of Ape1 and∆ape1.For the
overexpression of bothape1and∆ape1, E. coli BL21 (DE3
pLysS) cells transformed with pACJW14 or pACJW16
(generatingE. coli ACJW14 and ACJW16, respectively)
were grown in SuperBroth at 37°C to an OD600 of 0.6 and
then induced for 3 h at 18°C with the addition of IPTG to
a final concentration of 1 mM. Cells were isolated by
centrifugation (5000g, 15 min, 4°C) and stored at-20 °C
until 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 (5µg/mL) were added to aid lysis, and EDTA-free
protease inhibitor tablets (1 per 15 mL of suspension) were
added to prevent protein degradation. The suspension was
incubated at 4°C for 30 min before being subjected to
sonication (intervals of 5 s bursts with 10 s cooling periods
for a total of 2 min). Unlysed cells were removed from the
lysate by centrifugation (5000g, 15 min, 4°C), and 1 mL of
Ni2+NTA-agarose was added for every 10 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 in the mixtures were allowed to
flow through, and the matrix was subsequently washed with
approximately 10 column vol of lysis buffer. The matrix was
further washed with approximately 10 column vol of wash
buffer 1 (50 mM sodium phosphate, pH 8, 500 mM sodium
chloride, and 20 mM immidazole) and 10 column vol of
wash buffer 2 (50 mM sodium phosphate, pH 8, 500 mM
sodium chloride, and 30 mM immidazole). Bound proteins
were then batch-eluted from the column in 10 mL of elution

buffer (50 mM sodium phosphate, pH 8, 500 mM sodium
chloride, and 75 mM immidazole). The eluted protein
mixtures were dialyzed for 16 h against 2× 4 L of 25 mM
sodium phosphate buffer, pH 7.

The His6-tagged Ape1 and∆ape1 were further purified
by cation-exchange chromatography on MonoS. 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 protein from the column was
accomplished by increasing the ionic strength of the running
buffer using a linear 0-1 M NaCl gradient. The His6-tagged
proteins eluted in buffer containing approximately 75 mM
NaCl.

Zymogram Analysis. Zymogram analysis was performed
essentially as described by Rosenberg et al. (22) and Degrassi
et al. (23) using 2 mMR-naphthyl acetate (RNA-acetate) in
25 mM phosphate buffer, pH 7.0, as substrate. After
incubation for 15 min, gels were stained with 0.5% tetra-
zotizedO-dianisidine in the same phosphate buffer.

Enzyme Assays.For routine detection of acetyl esterase
activity, 2 mMp-nitrophenol acetate (pNP-acetate) in 50 mM
sodium phosphate buffer, pH 7.0, was used as substrate in a
96-well microtiter plate assay. Reactions involving a total
volume of 300µL were initiated by the addition of thepNP-
acetate and were allowed to proceed for at least 5 min. The
reaction progress was monitored at 405 nm for the appear-
ance ofp-nitrophenol.

The specificity of His6-tagged Ape1 on both soluble and
insoluble polymeric substrates was investigated by incubating
the enzyme with the substrates in 50 mM sodium phosphate
buffer, pH 7.0, at 37°C. With O-acetylated peptidoglycan
substrates, the insoluble material was sonicated for 1 min
continuously to generate an evenly dispersed solution. Final
reaction mixtures contained 5 mg/mL O-acetylated pepti-
doglycan in the phosphate buffer containing 0.1% Triton
X-100. All assays were stopped by acidifying reaction
mixtures with 1 M H2SO4, and then insoluble material was
removed by centrifugation (5000g, 10 min) prior to analysis
for liberated acetate. Samples of peptidoglycan incubated in
the absence of added enzyme served as controls for the
spontaneous release of acetate.

Three methods were employed for the quantification of
released acetic acid: HPLC-based organic acid analysis (24)
using an Aminex HPX-87H Bio-Rad column, a coupled
enzymatic assay using a commercially available kit according
to the manufacturer’s specifications (Boehringer Mannheim),
and the colorimetric assay for esters developed by Hestrin
(25). One unit (U) 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.

The Michaelis-Menten parameters of both Ape1 and
∆ape1 were determined forpNP-acetate andRNA-acetate
using concentrations ranging from 0.05 to 8 mM. Plots of
initial reaction velocities as a function of substrate concentra-
tion were analyzed by nonlinear regression using the Mi-
crocal Origin 6.0 program and assuming a one-site binding
model.

Dependence of Ape1 Stability and ActiVity on Temperature
and pH. To determine the effect of temperature on His6-
tagged Ape1 stability, samples of enzyme in 50 mM
phosphate buffer, pH 7.0, were incubated at temperatures
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ranging from 25 to 65°C for 24 h. At 15 min intervals,
aliquots were removed and assayed at 37°C for activity using
pNP-acetate as substrate. The optimal temperature for activity
was determined by assaying the enzyme in the same buffer
at increasing temperatures to 65°C.

For the determination of the effects of pH on stability,
the His6-tagged Ape1 enzyme was incubated for 1 h in
buffers ranging from pH 3 to 8.0 (100 mM sodium acetate,
pH 3.0 to 5.5; 100 mM sodium phosphate, pH 5.0 to 8.0).
Reaction volumes were then adjusted to pH 7.0, and the
activity was assayed usingpNP-acetate at pH 7.0 as substrate.
The optimal pH for activity was determined by assaying the
enzyme in the pH range from 3 to 8 (25 mM sodium acetate,
pH 3.0 to 5.5; 25 mM sodium phosphate, pH 5.0 to 8.0).

Localization Studies of Ape1.The cellular localization of
His6-tagged Ape1 was investigated by Western immuno-
blotting using an anti-His6 antibody (Santa Cruz Biotech-
nologies) and alkaline phosphatase detection after the SDS-
PAGE separation of isolated cell fractions. Membrane
fractions were purified as described previously (26, 27) with
some modifications. Following the overexpression of His6-
tagged Ape1 from a 1 L culture of E. coli ACJW14, the
cells were harvested by centrifugation (5000g, 15 min, 4°C).
The cell pellet was resuspended in 20 mL of 100 mM
HEPES, pH 7.8, containing lysozyme (1 mg/mL), RNase A
(10 µg/mL), DNase I (5µg/mL), 2 EDTA-free protease
inhibitor tablets, and 20% sucrose and incubated at 4°C for
30 min before being passed through a French Pressure cell
twice at 18 000 psi. Unruptured cells were removed from
the suspension by centrifugation (5000g, 15 min, 4°C). The
supernatant was applied to a sucrose step gradient (1 mL of
72% sucrose and 3 mL of 15% sucrose in 30 mM Tris buffer,
pH 8.0) and subjected to ultracentrifugation at 183 000g for
1 h in a Beckman SW 41 rotor. Membranes were removed
from the interface with a syringe, and 1.5 mL was layered
onto a second sucrose step gradient (0.9 mL of 72% sucrose,
1.1 mL of 65% sucrose, 3 mL of 50% sucrose, 3 mL of
35% sucrose, and 1.5 mL of 25% sucrose in 30 mM Tris
buffer, pH 8.0). The second gradient was again subjected to
ultracentrifugation at 183 000g for 18 h, and the separated
membrane bands were removed with syringes. Each mem-
brane fraction was subsequently washed four times with
sterile deionized H2O and collected by ultracentrifugation
(183 000g, 1 h) between washings. The membrane pellets
were then resuspended in a minimum volume of sterile
deionized H2O and stored at-20 °C until required.

Periplasmic and cytoplasmic fractions were purified from
separate batches of cells grown and induced as above. The
pelleted cells were resuspended in 20 mL of 30 mM Tris
buffer, pH 8.1, containing 20% sucrose and treated with
lysozyme (1 mg/mL) and 10 mM EDTA (final concentra-
tion). Following incubation at 4°C for at least 30 min, the
periplasmic components were recovered in the supernatant
after centrifugation (5000g, 15 min, 4°C) and stored at-20
°C. The cell pellet was frozen and then thawed to aid in
lysis before being resuspended in 30 mL of 3 mM EDTA,
pH 7.3, containing RNase A (10µg/mL), DNase I (5µg/
mL), and 2 EDTA-free protease inhibitor tablets. The
suspension was sonicated for intervals of 5 s bursts with 10
s cooling periods for a total of 2 min. Unlysed cells were
removed from the lysate by a low-speed centrifugation
(5000g, 15 min, 4°C), and then membranes were removed

by ultracentrifugation (160 000g, 1 h). The supernatant
containing cytoplasmic components was stored at-20 °C.

As indicators of purity of the various cell fractions, each
fraction was tested in triplicate for the presence of NADH
oxidase (cytoplasmic membrane) and 2-keto-3-deoxyoctonate
(KDO) (outer membrane) using the methods of Osborn et
al. (28) and Karkhanis et al. (29), respectively.

Chromosomal Mutation of ape1 in N. gonorrhoeae.
Creation of an insertional mutant ofape1in N. gonorrhoeae
was based on a protocol established in the Dillon laboratory
(30, 31) and involved two separate PCR events. First, the
ape1gene on pACJW14 was modified to incorporate unique
restriction sites using inverse PCR. Briefly, this involved the
amplification of the entire plasmid outward from the middle
of the ape1gene. The coding primer (5′-GCGCCTGCAG-
GCCGTCTGAA CGAAATGGCGTGCCGAC-3′) contained
a PstI site (underlined) and anN. gonorrhoeaeuptake
sequence (boldface). The noncoding primer (5′-GCGCGG-
TACCGCCGTCTGAA GTTGACGGTCAGGGTTTGTTCG-
3′) contained aKpnI site (underlined) and anN. gonorrhoeae
uptake sequence (boldface). The second PCR event was the
amplification of the kanamycin resistance cassette from
pET30a using the forward primer (5′-GCGCGGTAC-
CTTTCTCATAGCTCACGCTG-3′) and the complementary
reverse primer (5′-GCGCCTGCAGTTCAAATATGTATC-
CGCTC-3′) containing KpnI and PstI sites (underlined),
respectively. TheKpnI-PstI digeted amplicons from both
PCRs were ligated together to form pACJW17, which would
act as a suicide vector inN. gonorrhoeae.DNA sequence
analysis ensured that both the insertion and orientation of
the kanamycin resistance cassette were correct. Three strains
of N. gonorrhoeae, (CH811, FA1090, and FA62) were
transformed with pACJW17 according to the protocol
described by Janik et al. (32). Transformants were selected
on GCMBK media supplemented with kanamycin and
screened for successful gene replacement by PCR analysis.

Other Analytical Techniques.Protein concentrations were
determined using a bicinchoninic acid assay (Pierce, Rock-
ford, IL). SDS-PAGE was performed by the method of
Laemmli (33) using 12% acrylamide gels and Coomassie
Brilliant Blue staining. Matrix-assisted laser-desorption
ionization time-of-flight (MALDI-TOF) mass spectrometry
was performed on the purified protein samples at the
Biological Mass Spectrometry Facility, University of Guelph,
following their exchange into 10 mM ammonium acetate
buffer, pH 7.0, using YM30 microcon filtration units. Amino-
terminal protein sequencing was performed at both the
Institute of Biological Sciences, National Research Council
of Canada, Ottawa, and the NAPS Unit, University of British
Columbia, Canada.

RESULTS

Initial Identification of ape1 and Its Deduced Amino Acid
Sequence. N. gonorrhoeae is known to O-acetylate its
peptidoglycan (9); however, the genes involved in this
process remain unknown. To help identify potential genes
associated withO-acetylation, a BLAST search of theN.
gonorrhoeaegenome was conducted usingalgI, aP. aerugi-
nosagene encoding a putative acetate transporter involved
with the O-acetylation of its extracellular alginate (21, 34)
as the probe. A homologue of AlgI with 33% amino acid

N. gonorrhoeae O-Acetylpeptidoglycan Esterase Biochemistry, Vol. 45, No. 3, 2006843



identity (51% similarity) was discovered in the raw sequence
data of the unfinished genome project ofN. gonorrhoeae
FA1090 (20). This ORF was found to be associated with a
potential cluster of ORFs with hypothetical functions as-
sociated withO-acetyl groups on carbohydrates (Figure 2).
The 3′-end of one of these ORFs (accession number
AAW89270) involving 1193 nucleotides encoded a hypo-
thetical protein with 48% similarity to an acetyl xylan
esterase (EC 3.1.1.72) fromRuminococcus flaVefaciens, an
enzyme which belongs to the family 3 carbohydrate esterases
(CE3) of the CAZy classification (http://afmb.cnrs-mrs.fr/

CAZY) (35). Alignment of the N. gonorrhoeaeORF
sequence with each of the CE3 esterases led to the identifica-
tion of conserved sequence motifs (Figure 3). We note that
this ORF does not share sequence similarities to peptidogly-
can N-acetylglucosamine deacetylases (EC 3.1.1.-) from
Streptococcus pneumoniae(36) and Bacillus cereus(37),
members of family CE4, or the recently discoveredN-
acetylmuramic acid deacetylase (EC 3.5.1.-) fromBacillus
subtilis (38).

Each of the other members of family CE3 are acetyl xylan
esterases (EC 3.1.1.72); no de-N-acetylases belong to this

FIGURE 3: Amino acid sequence alignment of the CE3 carbohydrate esterases and Ape1. Residues common to at least 50% of acetylxylan
esterases are in boldface, those with identity to Ape1 are hatched, and invariant residues among all sequences are in red. The asterisks
denote the possible identities of the residues comprising the catalytic triad of the active sites of the respective enzymes. Abbreviations
(accession numbers):N.g., N. gonorrhoeaeFA1090 (AAW89270);R.f., Rumminococcus flaVefaciens(CesA, Q9RLB8; XynB, Q52753);
N.p., Neocallimastix patriciarum(O13497);N.f., Neocallimastix frontalis(AAQ10006.1);A.sp.,Actinomadurasp. (Q7WZ50);N.c., Neurospora
crassa(XP_323879.1);G.V., GloeobacterViolaceus(Q7NGX3).
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family. As N. gonorrhoeaeis not a xylanolytic bacterium
and its genome does not appear to encode xylanases, we
postulated that the hypothetical esterase functions on pep-
tidoglycan to specifically catalyze de-O-acetylation. We
tentatively named this geneape1for O-acetylpeptidoglycan
esterase 1 (EC 3.1.1.x).Ape1encodes a hypothetical protein
of 44 087 Da and with a pI of 8.72. Analysis of the predicted
amino acid sequence using the SignalP program indicates
the presence of an N-terminal signal sequence of 20 amino
acid residues. A second ORF immediately upstream from
ape1was found to share 17.3% identity and 39.7% similarity
with Ape1 at the amino acid sequence level. This ORF was
tentatively named Ape2 (20), but its activity and function
are currently unknown.

Cloning and Expression of ape1.The entireape1gene
was amplified by PCR usingN. gonorrhoeaegenomic DNA
as template, and it was subsequently cloned into theE. coli
protein overexpression system, pET28(+). However, nucleo-
tide sequencing of the resulting construct, pACJW13,
revealed sequence anomalies when compared to the unfin-
ished genome sequence. Multiple PCR amplifications and
sequencing ofape1 from three N. gonorrhoeaestrains,
FA1090, CH811, and FA62, were performed to confirm the
correct gene sequence. Once established, the correct gene
was then cloned into pET28a(+) to generate plasmid
pACJW14.

Optimal production of His6-tagged Ape1 fromE. coli
BL21[MDE3] pLysS freshly transformed with pACJW14
generatingE. coli ACJW14 was obtained after induction with
1 mM IPTG followed by a 3-h incubation at 18°C. This
lower induction temperature was required to maintain the
solubility of a larger fraction of the expressed protein. When
SDS-PAGE analysis was used, significant amounts of
protein expression were evident by the intense band located
at approximately 42 kDa in Coomassie Blue-stained gels
(hypothetical, 44 kDa) (Figure 4). The expressed enzyme

was released from cells disrupted by sonication, but large
amounts remained in the insoluble fraction as aggregates.
However, enough of the His6-tagged Ape1 was still present
in the soluble fraction to proceed with its purification.
Confirmation for the presence of the His tag was obtained
by Western immunoblotting using a monoclonal antibody
specific for the tag (Figure 4, lane 8).

Purification of Ape1. Immobilized metal affinity chroma-
tography on Ni2+NTA-agarose was employed as the first step
for the purification of Ape1. As seen in Figure 4, this resulted
in the isolation of the majority of the enzyme present in the
soluble, crude fraction, but both higher and lower molecular
weight contaminants were present. As Ape1 is predicted to
have a relatively high pI value of 8.72, cation-exchange
chromatography was selected for the second purification step.
Chromatography of the partially purified Ape1 on MonoS
successfully removed the contaminating proteins and thus
provided apparent homogeneous preparations of the enzyme
(Figure 4).

As seen in Figure 4, Ape1 was purified in two distinguish-
able forms. Both were demonstrated to be active as acetyl
esterases by zymogram analysis, and both were shown to
possess the His6 tag as detected by Western immunoblotting
(Figure 4). Given the C-terminal location of the hexa-His
tag, these data suggest that the two isolated proteins are
distinct derivatives of the same enzyme that presumably has
been N-terminally processed. The combined purified prepa-
ration of these two forms of enzyme was found to have a
specific activity of 9.98µmol/(min‚mg protein) usingpNP-
acetate as a substrate which represents a 26-fold purification
factor (Table 2). The overall yield of 3.4% is quite low and
reflects the fact that much of the total produced protein was
lost as insoluble precipitates.

NH2-Terminal Sequencing and Mass Spectrometry. In
silico analysis of the Ape1 sequence using the program Signal
P indicated the presence of a signal sequence involving the
20 N-terminal residues with a cleavage site between Ala20
and Leu21 (Figure 5). Thus, in an attempt to confirm that
the two isolated proteins represented individual derivatives
of the same enzyme, the combined enzyme fraction was
subjected to NH2-terminal sequencing. Unfortunately, how-
ever, no sequence could be obtained for either protein even
after multiple attempts by two independent sequencing
facilities, indicating that the proteins may be N-terminally
modified in some fashion. Whether this modification occurs

FIGURE 4: Purification of Ape1 and zymogram analysis of esterase
activity. Lanes 1-7, SDS-PAGE analysis (staining with Coom-
massie Brilliant Blue) of fractions isolated at different stages of
purification. Lane 1, uninduced cell-culture lysate (soluble and
insoluble material); lane 2, cell-culture lysate following 3-h
induction with 1 mM IPTG; lane 3, unlysed cells and insoluble
material following lysis by sonication; lane4, cell lysate following
ultracentrifugation; lane 5, flow-through fraction from immobilized
metal-ion affinity column; lane 6, eluted fraction from the im-
mobilized metal-ion affinity column; and lane 7, eluted protein from
chromatography on Mono S. The two arrows denote the mobility
of the two forms of isolated Ape1, and the molecular markers (kDa)
are indicated on the left. Lane 8, Western immunoblot of lane 7
using anti-His6 antibody to detect the purified His6-tagged Ape1.
Lane 9, zymogram analysis of purified Ape1 fraction usingRNA-
acetate as the substrate to detect esterase activity.

Table 2: Purification of Ape1 and∆ape1a

enzyme
fraction

total
protein
(mg)

total
activityb

(µmol‚
min-1)

specific
activityb

(µmol‚
min-1‚
mg-1)

purification
(fold)

yield
(%)

Ape1
cell lysate 278 106 0.381 1 100
Ni2+-NTA agarose 2.34 13.4 5.72 15 12.6
Mono S 0.36 3.59 9.98 26.3 3.39

∆ape1
cell lysate 532 81.1 0.152 1 100
Ni2+-NTA agarose 10.7 23.2 2.16 14.2 28.6
Mono S 2.12 21.7 10.2 67.1 26.8

a Enzyme purification from 1 L cultures ofE. coli ACJW14 (Ape1)
and ACJW16 (∆ape1).b Activity assayed using 2 mMpNP-acetate as
substrate in 50 mM sodium phosphate buffer, pH 7.0, at 25°C.
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naturally or arises during the handling and purification of
the enzyme is currently not known.

Analysis of the enzyme preparation by MALDI-TOF mass
spectrometry provided molecular masses of 42 583 and
42 002 Da. The full-length Ape1 including its predicted
signal sequence has a theoretical mass of 44 089 Da, thus,
indicating that both isolated forms of the enzyme had been
processed. The lower mass corresponded to that expected
for truncated Ape1 lacking its predicted signal sequence
(Met1-Ala20). The second and higher mass corresponded
(within 1 mass unit) to a truncated derivative of the enzyme
which includes the seven C-terminal amino acid residues of
the signal sequence, indicating the presence of a second
cleavage site between residues Phe13 and Ala14.

Production and Purification of Truncated Ape1 (∆ape1).
Given the variable processing of wild-typeN. gonorrhoeae
Ape1 in transformedE. coli, a truncated derivative of the
enzyme lacking the entire N-terminal signal sequence of 20
amino acid residues was engineered. Thus, cells ofE. coli
BL21[λDE3] pLysS freshly transformed with pACJW16
harboring∆ape1were grown to late exponential phase and
harvested. The expressed protein was isolated and purified
as for Ape1 with a respectable overall yield of 26.8% (Table
2) and was analyzed kinetically as described below.

Specificity of Ape1.The specificity of Ape1 was investi-
gated by incubating the enzyme with various acetylated
substrates and monitoring the release of acetate by three
different assays. When the synthetic substratepNP-Ac was
used, the specific activity of Ape1 was determined to be 9.98
µmol/min which was, within experimental error, identical
to that for ∆Ape1 (Table 2). For this reason, subsequent
studies involved only Ape1.

In addition to being active onpNP-Ac, Ape1 also catalyzed
the hydrolysis ofRNA-acetate with almost the same specific
activity (Table 3). Interestingly, the enzyme was considerably
more active on 4-methylumbelliferyl-acetate (MeUm-
acetate), indicating its preference for more complex substrates
in terms of the acetyl carrier moiety. In contrast, activity
was barely detectable with either butyrate or decanoate
serving as the carrier, indicating that Ape1 is not a lipase.

In terms of potential natural substrates, Ape1 was tested
as an acetylxylan esterase using peracetylated birch wood
xylan at pH 7.0 as substrate. As shown in Figure 6, the
enzyme was observed to release acetate from a 5 mg/mL
suspension of the substrate, and an average specific activity
of 1.4 nmol/(min‚mg protein) was calculated. However, the
enzyme was more active on O-acetylated peptidoglycan
isolated fromP. stuartii at the same concentration (Figure
6). Moreover, Ape1 released more acetate from this latter
substrate, even though the effective concentration of acetate
is lower given its presence is only associated with the C-6
of muramoyl residues of the heteropolymeric peptidoglycan

compared to the C-2 and C-3 of every xylose residue of the
peracetylated xylan homopolymer. These data are significant
because, previously, authentic acetylxylan esterases have
been shown to be totally devoid of activity on peptidoglycan
(39, 40). No release of acetate was detected when the enzyme
was incubated for extended periods of time with either
chemically de-O-acetylatedP. stuartii peptidoglycan (pre-
pared by prior treatment with 10 mM NaOH) orE. coli
peptidoglycan which is not O-acetylated naturally (5). In
addition, Ape1 did not release acetate from chitin, chito-
oligosaccharides (degree of polymerization, 2-6), or N-
acetylglucosamine (Table 3, Figure 6). Taken together, these
data confirm that Ape1 does not act as either a lipase or an
N-acetylglucosamine deacetylase but instead functions as an
O-acetyl esterase. Thus, this is the first report of an
O-acetylpeptidoglycan esterase.

Characterization of Enzymatic Properties. For conven-
ience, the dependence of Ape1 activity and stability on pH
and temperature was determined using the synthetic substrate
pNP-acetate. As seen in Figure 7, Ape1 activity was found
to have a temperature optimum of 55°C, but the enzyme
was only stable for any extended period of time (up to 24 h)
at temperatures below 37°C. Thus, incubation of the enzyme
for just 1 h at 50°C resulted in greater than 60% loss of
original activity. The enzyme could be maintained at-20
°C for extended periods of time (more than 4 weeks) without
the loss of activity.

FIGURE 5: N-Terminal sequence and mass of Ape1 and its isolated
derivatives. The arrow denotes the predicted cleavage site.

Table 3: Enzymatic Specificity of Ape1

substrate
specific activitya

(µmol‚min-1‚mg-1)

pNP-acetate 9.98( 0.21
pNP-butyrate 4.49× 10-4 ( 7.8× 10-5

pNP-decanoate 6.93× 10-4 ( 9.8× 10-5

RNA-acetate 6.29( 0.26
MeUm-acetate 247( 76
peracetylated xylan 1.36( 0.34
O-AcPG 1.63( 0.61
PG NDb

MurNAc NDb

GlcNAc NDb

(GlcNAc)6 NDb

chitin NDb

a Enzyme in 50 mM sodium phosphate buffer, pH 7.0, was incubated
at 37 °C with soluble substrates at 2 mM concentration or 5 mg/mL
for insoluble substrates.b ND, not detected.

FIGURE 6: Time course of Ape1-catalyzed release of acetate release
from insoluble substrates. The enzyme in 50 mM phosphate buffer,
pH 7.0, at 37°C was incubated with 5 mg/mL of (b) peracetylated
birch wood xylan, (9) O-acetylatedP. stuartii PG, or (2) either
de-O-acetylated PG,E. coli PG, or chitin. At the times indicated,
aliquots were removed and released acetic acid from the insoluble
substrates was quantified using the HPLC assay. Representative
data are presented.
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Ape1 was stable over a relatively narrow range of pH
centered at 6.0 (Figure 8). After incubation for 1 h at pH
5.5 and 6.5, less than 70% and 40% residual activity,
respectively, was observed. For the determination of the
dependence of the enzyme’s activity on pH, correction had
to be made for the affect of pH on the absorption coefficient
of the chromogenicp-nitrophenol. Thus, individual absorp-

tion coefficients forp-nitrophenol were determined at the
various pHs tested and applied to calculate each respective
reaction rate. A plot of these reaction rates as a function of
pH was bell-shaped with the optimal pH for Ape1 activity
centered at 6.2. However, we note that this experiment was
complicated by the facts thatpNP-acetate undergoes spon-
taneous hydrolysis at pH values above 7 and the rate of this
hydrolysis increases with increasing pH. Thus, while the
background of the spontaneous hydrolysis was accounted for
in the calculations, it is likely that its increasing rate begins
to significantly compromise the analysis of the enzyme-
catalyzed reaction. For this reason, the pH study was limited
to conditions of pH 8 and below.

Given the intrinsic problems associated with using in-
soluble peptidoglycan as a substrate for detailed kinetic
analyses (16), the Michaelis-Menten parameters of Ape1
were determined for only the two chromogenic synthetic
substratespNP-acetate andRNA-acetate. As expected from
specific activity measurements, the overall efficiency of the
enzyme acting on the two substrates was virtually the same,
as reflected byV/EtKm values (Table 4). Likewise, very little
difference in both theV/Et andKm values was noted between
Ape1 and∆ape1 when acting onpNP-acetate as substrate.

Cellular Localization of Ape1.To investigate the cellular
localization of Ape1, various cell fractions ofE. coli
ACJW14 were prepared by density gradient ultracentrifu-
gation and then analyzed by SDS-PAGE and Western
immunoblotting, taking advantage of the C-terminal His6 tag
for its identification. Following the two density gradient
centrifugation steps, we obtained three distinct membrane
bands. NADH oxidase and KDO assays confirmed that, as
expected, the low-density band corresponded to the inner
membrane (extent of contamination less than 10% (28)), the
high-density band was the outer membrane, and the middle-
density band comprised a mixture of both (Table 5). The
two pure membrane fractions were isolated and, together with
the isolated periplasmic and cytoplasmic fractions, were
analyzed for the presence of Ape1 (Figure 9, Table 5). These
analyses revealed that the smaller truncated form of the
enzyme was predominantly localized to the periplasm,
whereas the larger truncated form was mainly associated with

FIGURE 7: Effect of temperature on Ape1 stability and activity.
(A) The stability of Ape1 was determined by incubating enzyme
samples in 50 mM phosphate buffer, pH 7.0, at 25 (b), 37 (2), 45
([), 50 (9), and 55°C (1) for 24 h. At the times indicated, aliquots
were removed and assayed at 37°C for activity usingpNP-acetate
as substrate. The data are presented as averages of three trials. (B)
The optimal temperature for activity was determined by assaying
the enzyme in the same buffer for 5 min at the temperatures
indicated. The error bars denote SD (n ) 6).

FIGURE 8: Effect of pH on Ape1 stability and activity. (A) The
stability of Ape1 was determined by incubating enzyme samples
for 1 h in buffers ranging from pH 4.5 to 7.1 at 25°C and then
assaying for activity usingpNP-acetate in 50 mM phosphate buffer,
pH 7.0, as substrate. (B) The optimal pH for activity was determined
by assaying the enzyme at 25°C in (9) 25 mM sodium acetate
and (b) 25 mM sodium phosphate buffers at the indicated pH
values. The error bars denote SD (n ) 6).

Table 4: Kinetic Parameters of Ape1a

substrate
KM

(mM)
V/Et

(s-1)
V/EtKM

(mol-1‚s-1)

Ape1 RNA-acetate 0.27( 0.08 3.99( 0.28 1.48× 104

pNP-acetate 0.53( 0.12 6.95( 0.34 1.31× 104

∆ape1 pNP-acetate 0.66( 0.09 7.85( 0.26 1.12× 104

a Reactions were conducted in 50 mM sodium phosphate buffer, pH
7.0, at 25°C.

Table 5: Cellular Localization of Ape1 inE. coli Acjw14a

specific activity

cellular
fraction

KDO
(µmol)

NADH oxidase
(nmol‚min-1‚mg-1)

Ape1b

(µmol‚min-1‚mg-1)

cytoplasm 1.14( 0.67 0.0086( 0.00052 0.121( 0.0046
inner membrane 1.35( 0.035 22.4( 0.32 0.0284( 0.0015
periplasm 1.30( 0.43 8.70( 0.12 0.142( 0.0011
outer membrane 22.4( 0.21 2.66( 0.024 0.0482( 0.0029

a Contents associated with cells from a 1 L culture.b Detected as
total esterase activity using 2 mMpNP-acetate as substrate in 50 mM
sodium phosphate buffer, pH 7.0, at 25°C.
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the outer membrane, and to a lesser extent, the cytoplasmic
membrane. These data are consistent with the requirement
of the enzyme’s activity on peptidoglycan to permit the
unimpeded action of the lytic transglycosylases which are
directly associated with the inner leaflet of the outer
membrane and form complexes with the penicillin-binding
proteins associated with the outer leaflet of the cytoplasmic
membrane (12). In control experiments, esterase activity was
not detected in cellular fractions obtained fromE. coli BL21
harboring pET28A(+).

InactiVation of ape1 in N. gonorrhoeae.To investigate
the importance and physiological function of the Ape1 in
N. gonorrhoeae, attempts were made to mutate its chromo-
somal gene by insertion of a kanamycin cassette using the
allelic exchange strategy described by Pagotto et al. (19).
To facilitate the directional insertion of the kanamycin
cassette amplified from pET30a(+) into ape1, the gene
sequence on pACJW14 was modified to include the neces-
sary unique restriction sites. By this process, 78 base pairs
were removed from the middle ofape1by the insertion of
the cassette, but more than 400 bases pairs remained on either
side of the cassette to allow for homologous recombination.
This plasmid, named pACJW17, served as the suicide vector
for the transformation of threeN. gonorrhoeaestrains,
FA1090, FA62, and CH811. Selection for transformants on
GCMBK supplemented with kanamycin yielded very few
colonies, and PCR analysis revealed that none of these
experienced a successful double crossover event. These
transformations were repeated several times with no success
suggesting thatape1may be essential for the viability ofN.
gonorrhoeae.

DISCUSSION

WhereasN-acetylglucosamine deacetylases associated with
peptidoglycan metabolism have been described in the
literature since their discovery in 1957 (41), this is the first
report of anO-acetyl esterase with specificity directed toward
peptidoglycan. Moreover, our inability to disrupt the chro-

mosomalape1gene provides strong, albeit indirect, evidence
that the enzyme is important for the viability ofN. gonor-
rhoeae,a bacterium that O-acetylates its peptidoglycan. This
view is consistent with the important role that the lytic
transglycosylases play in the biosynthesis, maintenance, and
modification of peptidoglycan as Ape1 would serve to
remove O-acetyl groups on muramoyl residues thereby
controlling and/or permitting the unimpeded action of the
lytic enzymes. Indeed, the lytic transglycosylases strictly
require a free hydroxyl group on C-6 of muramoyl residues
for their activity leading to the formation of 1,6-anhydro-
muramoyl product. The localization of Ape1 to the periplasm
and its possible association with both the cytoplasmic and
outer membranes is consistent with this important and,
presumably, essential functional role.

Ape1 was initially identified as an acetyl xylan esterase
based on sequence comparisons (4), and it can be assigned
to family CE3 of the carbohydrate esterases which, to date,
is composed of enzymes with specificity only to acetyl xylan.
This assignment is primarily based on sequence similarities
to conserved motifs associated with putative active site
residues of these esterases, including catalytic residues, which
would be largely conserved regardless of the substrate
specificity of the respective enzymes. The xylan substrate
of these enzymes is a plant cell wall polymer ofâ-1,4-D-
xylose that, similar to the more decoratedâ-1,4-linked
peptidoglycan polymer, can be substituted to various degrees
with O-acetyl groups which serve to protect the polymer from
the hydrolytic action of xylanases. The xylans are themselves
produced to form layers over the main structural plant cell-
wall polymer cellulose thereby protecting it from cellulolytic
enzymes (1). The esterases are thus required and produced
by xylanolytic microorganisms for the efficient hydrolysis
of both xylan and cellulose (40). Given thatN. gonorrhoeae
is neither xylanolytic or cellulolytic, the physiological
function of Ape1 must be different, and this was borne out
in our investigation of its substrate profile. A comparison of
its specific activity with those of authentic acetyl xylan
esterases indicated that Ape1 is relatively inefficient when
acting on xylan. However, in contrast to the other esterases,
Ape1 is more active on peptidoglycan than xylan; in fact,
authentic acetyl xylan esterases are devoid of activity on this
complex heteropolymer (39, 40). This situation is analogous
to the ability of lysozyme to hydrolyze peptidoglycan as its
natural substrate and, to a lesser extent, the more structurally
simple homopolymer chitin (polyN-acetylglucosamine),
while chitinases are only able to act on the latter. Thus, Ape1
is proposed to de-esterify peptidoglycan as its true substrate
but can accommodate the more simple acetylated xylan in
its active site, while the converse is not possible for authentic
acetylxylan esterases.

Despite their discovery almost 20 years ago (42), not much
is really known about the mechanism of action of the acetyl
xylan esterases. Sequence alignment studies have indicated
the existence of a number of invariant amino acid residues
within the various families of the enzymes, but no structure-
function studies have been performed. However, the three-
dimensional structures of the catalytic core of the family 5
acetylxylan esterases fromHypocrea jecorina(formerly
Trichoderma reesei) (PDB 1QOZ) (43) and Penicillium
purporogenum(PDB 2AXE) (44) have been determined.
Modeling studies based on theH. jecorinaesterase structure

FIGURE 9: Cellular localization of Ape1 inE. coli. (A) Coommassie
Brilliant Blue stained SDS-PAGE gel loaded with different cellular
fractions ofE. coli. Lane 1, uninduced cell-culture lysate; lane 2,
cell-culture lysate following 3-h induction with 1 mM IPTG; lane
3, cell culture supernatant; lane 4, cytoplasmic fraction; lane 5, low-
density cytoplasmic membrane fraction; lane 6, periplasmic fraction;
and lane 7, high-density, outer membrane fraction. The two arrows
denote the mobility of the two forms of isolated Ape1. Molecular
markers (kDa) are indicated on the left. (B) Corresponding Western
immunoblot using anti-His6 antibody to detect His6-tagged Ape1
in the cell fractions.
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together with both structural and biochemical data obtained
with another family 5 esterase, a cutinase fromFusarium
solani (EC 3.1.1.x; PDB 1CUS) (45), have provided some
insight into a possible mechanism which is proposed to
follow that of classical serine proteases/esterases involving
a catalytic triad of conserved amino acids (43). Thus, a basic
His residue which is salt-bridged to an Asp removes a proton
from the hydroxyl group of a Ser rendering its oxygen
nucleophilic (Figure 10). This nucleophilic oxygen then
attacks the carbonyl carbon of the acetyl group of an ester
substrate (1) to form a tetrahedral intermediate which
collapses to form an acyl enzyme intermediate (3) with the
concomitant release of the free sugar product (2). The acyl
enzyme is then hydrolyzed through a reversal of the process
to liberate the acetate product (4) and return the Ser residue
to its protonated state. Alignment of the family 3 enzymes
does indicate the presence of invariant Asp, His, and Ser
residues (Figure 3), and so it is tempting to speculate that
Ape1 and the other family 3 carbohydrate esterases also
function as classical serine esterases involving the participa-
tion of this triad in a charge relay system.

The pH optimum of 6.2 for the activity of Ape1 acting on
the chromogenic substrates is similar to that observed for
other O-acetyl esterases including theP. purpurogenum
acetylxylan esterase (46). This pH optimum and the bell
shape of the curve for Ape1 activity as a function of pH are
consistent with the proposed mechanism of action of the
enzyme involving ionizable residues. However, while can-
didate catalytic residues exist within the conserved motifs
of the family 3 carbohydrate esterases, further detailed
investigation is required to confirm their participation in a
catalytic triad involving the charge relay mechanism.

Mass spectrometric analysis of purified Ape1 revealed that
it was expressed in recombinantE. coli as two N-terminally
truncated forms. The higher molecular mass form was found

to be associated with both the cytoplasmic and outer
membranes and would appear to have been generated by
cleavage at an unpredicted processing site. This processing
of Ape1 and its resulting retention of a membrane anchor
may be simply an artifact of the high protein expression
levels associated with the recombinantE. coli as differential
signal sequence processing of anotherO-acetyl esterase
expressed inE. coli has been demonstrated previously by
Blum and co-workers (47). Similarly, Poutanen and Sundberg
also found that theH. jecorina acetylxylan esterase was
expressed as two isoforms (48). With Ape1, cellular process-
ing at its predicted cleavage site led to the production of a
soluble enzyme that remained in the periplasm and available
to deacetylate peptidoglycan in the sacculus. The enzyme
may remain free to serve this function or perhaps associate
with the multienzyme complex(es) comprised of the lytic
transglycosylases and penicillin-binding proteins that function
to catalyze the final stages of peptidoglycan biosynthesis
(49-52). By formation of this association, the activity of
the esterase would be confined only to regions on the
peptidoglycan sacculus that are being remodeled and/or
synthesized and thus would provide an elegant means for
the cell to control its action. This possible association of
Ape1 with multienzyme complexes is currently under
investigation.

Attempts to inactivate the chromosomal copy ofape1in
N. gonorrhoeaewere unsuccessful. The protocol adopted to
generate the insertional mutant has been used previously to
investigate cell division inN. gonorrhoeae(30, 31). In these
earlier studies, the chromosomal genes encoding the cell-
division proteins MinC and MinD were disrupted success-
fully to help delineate their function in the division process.
With ape1, it is conceivable that the insertion of the
kanamycin cassette into the gene affected the polarity of one
or more downstream genes. Alternatively, and more likely,

FIGURE 10: Catalytic mechanism proposed for the hydrolysis of ester-linked acetate fromO-acetylmuramyl residues by Ape1. A catalytic
His residue which is salt-bridged to an Asp removes a proton from the hydroxyl group of a catalytic Ser rendering its oxygen nucleophilic.
The nucleophilic oxygen is poised to attack the carbonyl carbon of the acetyl group of the esterified muramoyl residue of the peptidoglycan
substrate (1) to form a tetrahedral intermediate which subsequently collapses to form an acyl enzyme intermediate (3) with the concomitant
release of the free muramoyl product (2). The acyl enzyme is then hydrolyzed through a reversal of the process to liberate the acetate
product (4) and return the catalytic Ser residue to its protonated state.
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Ape1 may be essential for cell viability. This would be
consistent with the presumed role of the enzyme in providing
sites for the unimpeded activity of the lytic transglycosylases
and other autolysins.

We have previously shown that various bacterial autolysins
are inhibited by the presence of O-linked acetate on pepti-
doglycan (10). These enzymes are essential for the biosyn-
thesis of the sacculus during cell growth, and its localized
remodeling for the insertion of flagella, pili, and transport
systems (11) and failure to remove this acetate by Ape1 may
result in bacteriostasis or even cell death. For this reason,
we believe that Ape1 may serve as a new potential target
for the development of a new class of antibiotics specific
for important human pathogenic bacteria.
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