
Vol. 55, No. 11INFECTION AND IMMUNITY, Nov. 1987, p. 2579-2584
0019-9567/87/112579-06$02.00/0
Copyright C) 1987, American Society for Microbiology

Degradation of Gonococcal Peptidoglycan by Granule Extract from
Human Neutrophils: Demonstration of N-Acetylglucosaminidase

Activity That Utilizes Peptidoglycan Substrates
ROBERT STRIKER,' MARK E. KLINE,' RICHARD A. HAAK,' RICHARD F. REST 2

AND RAOUL S. ROSENTHAL'*
Department of Microbiology and Immunology, Indiana University School of Medicine, Indianapolis, Indiana 46223,1

and Department of Microbiology and Immunology, Hahnemann University School of Medicine, Philadelphia,
Pennsylvania 191022

Received 26 May 1987/Accepted 21 July 1987

The degradation of purified Neisseria gonorrhoeae peptidoglycan (PG) by granule extract derived from
normal human polymorphonuclear leukocytes was examined. Hen egg lysozyme-resistant, extensively 0-

acetylated [3H]PG (O-PG) from strain FA19 and lysozyme-sensitive, non-O-acetylated ['4CJPG (non-O-PG)
from strain RD5 (each containing label in both glucosamine and muramic acid) were mixed and incubated with
granule extract at pHs 4.5, 5.5, and 6.5. The rate of degradation of O-PG was uniformly slower than that of
non-O-PG in the same tube, but ultimately, even the O-PG was rendered completely soluble. Molecular-sieve
high-performance liquid chronmatography revealed that both PGs were degraded by granule extract at the pH
values tested to disaccharide peptide monomers and peptide-cross-linked oligomers, reflecting the action of
human lysozyme. Of particular interest was the appearance of a peak containing free N-acetylglucosamine
which was quite prominent in reaction mixtures at pH 4.5, less prominent at pH 5.5, and not detectable at pH
6.5. Free N-acetylglucosamine was not released from control PG samples at any pH in the absence of granule
extract. Treatment of purified gonococcal PG monomers with granule extract at pH 4.5 yielded exclusively free
N-acetylglucosamine and muramyl peptides with no N-acetylglucosamine. These data suggest that granule
extract contains a previously undescribed pH-dependent N-acetylglucosaminidase with specificity for PG as
well as an N-acetylmuramidase activity that degrades O-PG less efficiently than it does non-O-PG.

The underlying hypothesis for this study is that peptido-
glycan (PG) fragments released from Neisseria gonorrhoeae
contribute to the intense inflammatory reactions character-
istic of local and disseminated gonococcal disease, e.g.,
urethritis and arthritis, respectively. To test this hypothesis,
our main objectives have been to identify and purify those
PG fragments that might arise in vivo and to test their
biological activities in diverse assays that are associated with
modulation of inflammation and immunity. In general, we
have found that various classes of physiologically realistic
PG fragments possess numerous activities consistent with
the notion that PG plays a role in gonococcal disease, e.g.,
toxicity (14), ability to activate complement (15), arthri-
togenicity (6), and ability to stimulate the release of func-
tional interleukin-1 and prostaglandin E2 (T. J. Fleming and
S. L. Myers, Abstr. Annu. Meet. Am. Soc. Microbiol. 1987,
B7, p. 26).
The structural bases for these and other (11, 12)

gonococcal PG-mediated activities are not completely re-
solved. However, a recurrent theme to date is that sev-
eral activities are potentiated by the persistence of high-
molecular-weight PG. This persistence correlates closely
with PG hydrolase resistance afforded by extensive substi-
tution of glycan chains with O-acetyl residues (2, 6, 15,
19-21). Thus, for exatnple, extensively 0-acetylated PG
(O-PG) exhibits greater resistance to commercial and human
lysozyme (muramidase) and is more highly arthropathic than

* Corresponding author.

is its non-0-acetylated counterpart (6, 20). A similar rela-
tionship between enhancement of arthritogenicity and lyso-
zyme resistance mediated by structural changes itl PG (in-
cluding 0 acetylation) is well documented for experimental
inflammatory disease induced by group A streptococcal and
staphylococcal cell walls (4, 5, 8, 10, 23, 28).
To isolate and define the structure of gonococcal PG

fragments that might occur in vivo, we have been concerned
with soluble PG products generated by mechanisms that
depend on host as well as bacterial PG hydrolases (18, 20-22,
25, 26). As part of the comprehensive approach to this
problem, we are analyzing PG fragments released by the
interaction between gonococci and polymorphonuclear leu-
kocytes (PMN), the principal inflammatory cells evident in
gonococcal disease. Current experiments determined the
rates and extents of degradation of gonococcal PGs by an
extract of granule contents derived from purified human
PMN. We have found that PG fragments solubilized by PMN
granule extract (GE) reflect the actions of a previously
undescribed N-acetylglucosaminidase activity as well as an
N-acetylmuramidase activity that degrades O-PG less effi-
ciently than it does non-0-acetylated PG (non-O-PG).

MATERIALS AND METHODS

PG. Intact (insoluble) PG was purified from two bacterial
sources by a previously described trichloroacetic acid-
sodium dodecyl sulfate extraction procedure (9, 22) as
modified to include extraction with sodium dodecyl sulfate at
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96°C and pH 5.1 and treatment of the sodium dodecyl
sulfate-insoluble residue with proteinase K (20). Lysozyme-
sensitive, ['4Clglucosamine-labeled, non-O-PG was obtained
from N. goniorrhoeaie RD5. Lysozyme-resistant, [3H]glu-
cosamine-labeled O-PG was obtained from N. gonorrhoeae
FA19. Approximately 45% of the disaccharide peptide
monomer subunits composing FA19 O-PG are substituted at
C-6 of N-acetylmuramic acid with O-acetyl residues (13a,
29). Label added to cultures as glucosamine was present in
purified intact PG and PG fragments as both amino sugars
(N-acetylglucosamine and N-acetylmuramic acid) of the
glycan backbone, and the final intact PG from either strain
contained no detectable radiochemical contamination at an
assay sensitivity that should have easily detected as little as
1% non-PG radiolabeled constituents (18). In addition,
amino acid analysis revealed that purified intact PG con-
tained less than 1% (wt/wt) non-PG amino acids.

Purified radiolabeled disaccharide peptide monomers and
other purified PG fragments which were used as chromato-
graphic standards or as substrates for GE were prepared as
described elsewhere (13a, 14, 22). These classes of PG
reagents included 0-acetylated monomers derived from
strain FA19 PG, non-0-acetylated monomers derived from
strain RD5 PG by muramidase action, and 1,6-anhydro-N-
acetylmuramic acid-containing monomers derived from
strain RD5 PG by the action of Escherichia coli transgly-
cosylase.
GE. GE was prepared by extraction with 0.2 M sodium

acetate (pH 4.0) of granule pellets (20,000 x g, 20 min, 3C)
from postnuclear supernatants (250 x g, 20 min, 3C) of
homogenized suspensions of Ficoll-Hypaque-purified human
neutrophils (R. F. Rest, Methods Enzymol., in press).

Reaction conditions. In most experiments in which intact
PGs were used, [r4CInon-O-PG (ca. 375 p.g and 2 x 105 dpm)
and [3H]O-PG (ca. 375 ,ug and 5 x 105 dpm) were mixed and
treated at 37°C with GE (final concentration, approximately
28 ,ug protein per ml) in 1.0 ml of 0.05 M Tris-maleate buffer
at pH 4.5, 5.5, or 6.5. At intervals, samples were taken to
assess the rates and extents of degradation of PG (see
below). GE treatment of both PGs simultaneously in the
same tube was employed because this dual-label procedure
allows the most direct comparison possible between O-PG
and non-O-PG. In some experiments, radiolabeled intact PG
or purified [14C]glucosamine-labeled PG fragments, e.g.,
uncross-linked disaccharide peptide monomers and peptide-
cross-linked bisdisaccharide peptide dimers (14, 22), were
used individually as substrates for GE at pH 4.5.

Analytical procedures. To determine the rate of degrada-
tion of PG, radiolabeled O-PG and non-O-PG were incubated
with GE as described above. At intervals, duplicate samples
were obtained and the amount of trichloroacetic acid-
insoluble (macromolecular) PG remaining was quantitated as
described previously (20). Descending paper chromatogra-
phy for 30 h in butanol-acetic acid-water (4:1:5, upper phase)
was performed as described elsewhere (18, 25). Molecular-
sieve high-performance liquid chromatography (HPLC) was
performed as described elsewhere (29) except that present
studies used three columns connected in series: (i) TSK SW
guard column (7.5 cm by 7.5 mm, inside diameter), (ii) TSK
3000SW (60 cm by 7.5 mm, inside diameter), and (iii) TSK
2000SW (60 cm by 7.5 mm, inside diameter), all purchased
from Varian Instruments, Palo Alto, Calif. Radioactivity was
quantitated by a method described previously (18) but mod-
ified (7) to include the use of Soluene 350 (Packard Instru-
ment Co., Downers Grove, Ill.) for samples dried on paper
and Insta-gel (Packard) for aqueous samples.
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FIG. 1. Simultaneous degradation of intact [3H]O-PG (ca. 375
pg, 5 x 105 dpm) and ['4C]non-O-PG (ca. 375 ,ug, 2 x 105 dpm) by
PMN GE (28 p.g of protein) at 37°C at pHs 6.5, 5.5, and 4.5 in 1.0 ml
of 0.05 M Tris-maleate buffer. TCA, Trichloroacetic acid.

RESULTS

Degradation of O-PG and non-O-PG by PMN GE. Intact
[3H]O-PG and [14C]non-O-PG were mixed and treated with
GE at pHs 6.5, 5.5, and 4.5. At each pH tested, GE degraded
O-PG to trichloroacetic acid-soluble material at a slower rate
than it degraded non-O-PG in the same tube (Fig. 1). Thus,
by this criterion, O-PG was relatively resistant to GE, just as
0-PG is relatively resistant to purified hen egg white lyso-
zyme, purified human PMN lysozyme, and PG hydrolase
activity in normal human serum (20). However, unlike hen
or human lysozyme (but similar to human serum), O-PG was
ultimately completely degraded by GE to trichloroacetic
acid-soluble fragments (Fig. 1). Figure 1 represents the
results of a single experiment; each of two additional exper-
iments performed similarly confirmed the large difference in
the rates of degradation of O-PG and non-O-PG. In addition,
O-PG was typically solubilized slightly faster at pH 4.5 than
at pH 6.5 in these experiments.
The mixtures of [3H]O-PG and [14C]non-O-PG were

treated with GE until completion of the reaction, i.e., until
neither additional time of incubation nor addition of fresh
GE further increased the extent of solubilization of PG as
determined by molecular-sieve HPLC. Under these condi-
tions, at each pH, O-PG was consistently degraded less
extensively than was non-O-PG in the same tube (Fig. 2). In
fact, non-O-PG was broken down exclusively to prodtucts
which were the same size as or smaller than PG tetramers,
independent of the pH of the reaction. The data in Fig. 2
represent one of three experiments, each of which yielded
similar HPLC chromatograms and identical conclusions.
Quantitation of the distribution of individual soluble PG
fragments (obtained by integrating the HPLC peaks in Fig. 2)
further revealed that O-PG was degraded more extensively,
i.e., consisted of a smaller proportion of oligomers greater
than trimers, at pHs 4.5 and 5.5 than at pH 6.5 (Table 1, Fig.
2). Thus, lower pH favored a shift in the distribution of
GE-soluble O-PG to the lower-molecular-weight fragments.
The presence of uncross-linked monomers and peptide-

cross-linked oligomers in GE digests of non-O-PG and O-PG
reflected the action of a glycan-splitting muramidase activity
(an expected constituent of GE), and the final distribution of
these fragments (Fig. 2, Table 1) indicated that O-PG was
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relatively resistant to human GE muramidase. Of particular
interest, however, was the fact that GE treatment of each PG
also yielded a peak (termed a submonomer; Fig. 2, Table 1)
that eluted near the total volume. The submonomer peak
was quite prominent at pH 4.5, less prominent at pH 5.5, and
not detectable at pH 6.5. Control samples of the PGs
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TABLE 1. Digestion of gonococcal PG by purified GE:
distribution of PG fragments at completion of the reactiona

% Total dpm recovered as:
pH and PG IHighers Trimers Dimers Monomers Submonomers

6.5
Non-O-PG 14 23 41 21 <1
O-PG 45 14 23 17 <1

5.5
Non-O-PG 8 18 38 25 11
O-PG 28 15 28 24 5

4.5
Non-O-PG 4 12 27 23 34
O-PG 23 11 24 21 21

aCalculated from the data in Fig. 2.
b Larger than trimers.

incubated at pH 4.5 in the absence of GE yielded neither
submonomers nor any other soluble PG fragments. Thus,
some GE-generated products had molecular weights that
were lower than that of a disaccharide peptide monomer,
suggesting that GE contained a PG-degrading activity in
addition to muramidase.

Determination of the specificity of the pH-dependent non-
muramidase activity in GE. To characterize further the
PG-degrading activities, GE-soluble products were sub-
jected to additional radiochemical analyses. On the basis of
the apparent sizes of fragments composing the submonomer
peak, it seemed likely that the submonomer could be either

E (i) free radiolabeled N-acetylglucosamine (which would sug-
aQ, gest the presence of N-acetylglucosaminidase activity in

NO GE), (ii) free N-acetylglucosaminyl-N-acetylmuramic acid
(which would suggest the presence of amidase activity), or
(iii) a mixture of individual free amino sugars and, possibly,
disaccharides (which would suggest the presence of both
glucosaminidase and amidase activities). On the basis of the
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FIG. 2. Molecular-sieve HPLC on connected columrns of TSK

3000SW and TSK 2000SW of [3H]O-PG and ['4C]non-O-PG that had
been treated with GE until reaction was complete. The total volume
(Vt) and the elution volumes of purified PG monomer, dimer, and
trimer standards are indicated.
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FIG. 3. Paper chronmatography in butanol-acetic acid-water
(4:1:5, upper phase) for 30 h of acid-hydrolyzed submonomers
obtained from GE treatment at pH 4.5 of [3H]O-PG and [14C]non-
O-PG (bottom), homologous unhydrolyzed submonomers (middle),
and [14C]glucosamine and [3H]N-acetylglucosamine (GlcNac) stan-
dards (top).
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FIG. 4. Molecular-sieve HPLC of purified "4C-labeled disaccha-
ride peptide monomer that had been treated with GE at pH 4.5 until
the reaction was near completion. The total volume (Vt) and the
elution volume of the monomeric starting material are indicated.
The bars indicate the fractions which were pooled to constitute
peaks a and b.

nature of the radiolabeled submonomer fraction released
from intact PGs (Fig. 3), it seemed likely that the first of
these possibilities was correct. That is, unhydrolyzed iso-
lated submonomer comigrated with free N-acetylglucos-
amine, while acid-hydrolyzed (4 N HCI, 5 h, 100°C)
submonorner yielded free glucosamine (Fig. 3), as expected
for an N-acetylglucosamidase activity which releases N-
acetylglucosamine from the nonreducing end of glycan
chains. If this were the case, then one would also expect to
find various other glycan segments in which the terminal
N-acetylglucosamine was removed; these glycan segments
might even include glucosamine-free muramyl peptide
monomers. However, detection of such products may be
compromised by the complexity of soluble PG fragments
generated by GE (Fig. 2) and by the limitations of molecular-
sieve HPLC.

Direct observation of both products expected from the
action of a glucosaminidase on PG were obtained when
purified low-molecular-weight PG fragments were used as
substrates for GE at pH 4.5. For example, molecular-sieve
HPLC of GE-treated "'C-disaccharide peptide monomers
derived from strain RD5 yielded two peaks. The first peak
(Fig. 4, peak a) had an elution volume indistinguishable from
that of the monomeric starting material; the second peak
(Fig. 4, peak b) comigrated with submonomer near the total
volume and accounted for slightly less than half of the 14C
disintegrations per minute recovered. Paper chromatogra-
phy (Fig. 5) revealed that peak a was a glucosamine-free
muramyl peptide that was apparently not separated from
disaccharide peptide starting material by molecular-sieve
HPLC and that peak b was free N-acetylglucosamine. Other
purified fragments with unsubstituted hydroxy groups at C-6
of muramic acid, e.g., muramidase-derived peptide-cross-
linked dimers, trimers, and tetramers, were also readily
degraded to muratnyl peptides and free N-acetylglucos-
amine. Interestingly, PG monomers containing a substituted
hydroxy group at C-6, e.g., monomers acetylated at C-6 or
1,6-anhydro-N-acetylmuramic acid-containing monomers,
were relatively poor substrates for the N-acetylgluco-
saminidase activity (data not shown). These findings
strongly confirm that PMN granules possess a previously

undescribed N-acetylglucosaminidase activity with speci-
ficity for PG.

DISCUSSION
The essential finding of this work is that PMN granules

possess a hexosaminidase activity capable of removing
N-acetylglucosamine from nonreducing ends of PG sub-
strates at low pH in addition to a muramidase activity which
degrades gonococcal O-PG less efficiently than it does hon-
O-PG substrate. The presence of muramidase in PMN GE
was expected, since lysozyme (muramidase) has long been
recognized as an easily detectable constituent of azurophil
and specific granules and of serum (24, 27). In fact, by simply
assuming for the purposes of routine lysozyme assays that
the lysis of bacterial target cells, typically Micrococcus
lysodeikticus, was a specific measure of lysozyme content,
many investigators may have overestimated lysozyme activ-
ity and possibly overlooked bacteriolytic enzymes with
other specificities. However, the presence of a mammalian
N-acetylglucosamninidase activity that uses PG as substrate
has, to our knowledge, not been described elsewhere, al-
though we previously inferred its existence in human serum
(20). Of course, it is unclear from current data alone if this
glucosaminidase actually functions primarily as a PG
hydrolase or if PG simply represents a secondary substrate
for ah enzyme that serves a more generalized N-acetyl-
glucosaminidase function. For exanmple, P-N-acetylglu-
cosaminidases that utilize artificial substrates, e.g., 2-acet-
amido-2-deoxy-,-D-glucopyranoside or streptococcal cell
wall polysaccharide, and have pH optima between 4.0 and
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FIG. 5. Identification of peaks a and b derived from GE-treated
"4C-monomer as a muramyl peptide with no glucosamine and free
N-acetylglucosamine (GlcNac), respectively. Samples were acid
hydrolyzed (or left unhydrolyzed) as indicated and subjected to
paper chromatography as described in the legend to Fig. 3. The bars
indicate the migration of 3H-labeled internal standards as des-
ignated.
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4.5 are already known to exist in mammalian sera (3) and in
PMN (1, 16).
The presence in PMN GE of N-acetylglucosaminidase

activity plus the previous discovery in mammalian sera (13,
20, 30) of a peptide-splitting N-acetylmuramyl-L-alanine
amidase activity (interestingly, not detected in GE) reinforce
the often overlooked fact that lysozyme is not the sole
enzyme in higher animals that can release or modify soluble
PG fragments. Given our objective to define physiologically
achievable PG fragments that might be released during
natural infections, this consideration seems relevant. Thus,
the relative resistance of O-PG to the combined activities in
PMN granules might enhance the persistence of macromo-

lecular O-PG at sites of local inflammation and, thereby,
potentiate the inflammatory potential of PG (6). This is
consistent with our preliminary findings (21) that, compared
with non-O-PG, O-PG is relatively persistent in rats receiv-
ing intravenous administration of radiolabeled PGs. Ongoing
studies are continuing this approach by comparing the
degradation of O-PG with that of non-O-PG during phago-
cytosis of viable gonococci by PMN.
What, if any, is the impact of N-acetylglucosaminidase

activity on the structure and biological properties of PG?
There is no reason to believe that the enzyme, by itself,
contributes significantly to the cleavage of glycan chains into
low-molecular-weight fragments (products which generally
have reduced biological activities). After all, based on cur-

rent evidence, it is possible that only glycosidic bonds
involving terminal N-acetylglucosamine residues at non-

reducing ends are cleaved. Yet, by simply modifying sub-
strates made available primarily by the action of other
enzymes, the newly described N-acetylglucosaminidase
might be an important link in a chain of reactions aimed, in
concert, at the biodegradation of PG. Further, based on the
enhancement of activity at acidic pH, this PG hydrolase
might function optimally at relatively late stages in PMN-
mediated degradative processes when, at least according to
some (17), the phagolysosomal pH may be low. Whatever its
function for the PMN, however, this N-acetylglucos-
aminidase activity would likely generate classes of muramyl
peptides that lack glucosamine and thereby contribute to the
structural diversity of biologically active PG fragments that
arise in vivo.
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