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thus proving to be an effective extracellular killing agent.
They observed that approximately 2% of the total 14C-
labeled, piliated gonococci ingested by PMNs survived for at
least 165 min. Two important conclusions can be drawn from
these experiments. First, in the absence of oxygen, PMNs
kill 98% of the ingested gonococci, thereby implicating
oxygen-independent antimicrobial mechanisms as contribut-
ing significantly to intraleukocytic killing of gonococci. Sec-
ond, despite such effective intraleukocytic killing of gono-
cocci, a small but reproducible number survive.

Oxygen-Independent Killing of Gonococci by PMNs

The finding (16) that an oxygen-independent antimicrobial
mechanism(s) contributed significantly to intraleukocytic
killing of gonococci was consistent with the earlier work of
Rest et al. (83), who showed that PMNs obtained from
normal healthy donors and patients with chronic granuloma-
tous disease displayed identical phagocytic killing capaci-
ties. This observation was significant because chronic gran-
ulomatous disease renders phagocytes incapable of
generating toxic 02 radicals necessary for oxidative killing
systems (reviewed in part in reference 104). Hence, intraleu-
kocytic killing of gonococci by chronic granulomatous dis-
ease PMNs is due entirely to a nonoxidative process.

It is also important to note that neutrophils derive all their
energy through glycolysis (104). Hence, an anaerobic envi-
ronment places no constraints on their energy needs. In fact,
it is tempting to speculate that the lack of toxic oxygen
radicals within a PMN may prolong its life, or at least make
it more enjoyable.
The illuminating work of Britigan et al. (9-11) suggests

that even under aerobic conditions, gonococci may be killed
by normal PMNs by nonoxidative processes. They showed
that gonococci exposed to serum- or phagocyte-derived
lactate rapidly consumed the available molecular oxygen.
Thus, gonococcal oxygen consumption would deplete the
oxygen available to PMNs in a microenvironment, thereby
reducing their capacity to mount an oxidative burst.
The emerging realization that gonococci survive and grow

under anaerobic or hypoxic conditions (15, 49, 50, 56) and
coexist with strict anaerobes in vivo (35) is another reason
why the nonoxidative antimicrobial system of PMNs is an
important topic for study. Largely through the work of Clark
and co-workers (55, 56), we know that anaerobic conditions
can be tolerated if gonococci are provided with a surrogate
electron acceptor such as sodium nitrite and that anaerobi-
osis regulates the synthesis of gonococcal OMPs. Hence,
gonococci growing anaerobically in vivo may little resemble
the same strain propagated in vitro in broth or on agar in an
oxygenated environment. How might anaerobic conditions
influence gonococcal pathogenesis, given that the repertoire
of surface antigens might change? First, in the absence of a
surrogate electron acceptor, gonococci are in a state of
bacteriostasis. Casey et al. (15) found that this resulted in
gonococcal resistance in vitro to antimicrobial granule pro-
teins. Addition of sodium nitrite, however, permitted growth
in anaerobic broth and resulted in a level of granule protein
susceptibility similar to that in aerobically grown gonococci.
This is consistent with the earlier work of Rest and co-
workers (14, 81, 88, 89), who showed that granule proteins
kill actively growing gonococci better than they kill station-
ary-phase gonococci.
The antimicrobial action of certain cationic granule pro-

teins is thought to be a major determinant of nonoxidative
killing of bacteria within phagolysosomes (104). These toxic

proteins are stored in the cytoplasmic granules and are
released into the vacuole, where they rapidly bind to the
microbial surface. To date, several proteins have been
isolated from extracts of granules and shown to possess
antimicrobial action in vitro (38, 69, 98-101, 104). Those
possessing antigonococcal activity are CAP 37, CAP 57, and
cathepsin G (98-101). The low-molecular-weight defensins
(38), having potent antibioticlike activity against several
bacteria, fungi, and viruses, have surprisingly little (if any)
antigonococcal activity in vitro.

Shafer et al. (98-101) have studied extensively the anti-
gonococcal activity of cathepsin G and concluded that it is a
likely participant in the killing of gonococci in phagolyso-
somes. Although this protein is a seine protease with
chymotrypsinlike specificity (69, 93), it kills gonococci and
other pathogens by a mechanism independent of proteolysis;
neither boiling for 5 min nor treatment with the potent seine
protease inhibitor diisopropyl fluorophosphate diminishes
the bactericidal action of cathepsin G (69, 70, 100, 101).
Thus, one can exclude proteolytic damage to the outer
membrane as a mechanism of killing. The highly cationic
nature of cathepsin G (pI > 12.5) is a probable reason why it
binds avidly and in a saturable manner to gonococci (98). A
single diplococcus has approximately 105 binding sites for
cathepsin G. These binding sites are masked by LPS, since
a mutation which truncates LPS enhances gonococcal sus-
ceptibility to cathepsin G and increases the specific binding
of cathepsin G 10-fold. Analysis of the saturable binding of
cathepsin G to gonococci revealed a binding constant of 108
M-1.

PI and PIII appear to bind cathepsin G (98, 99). This was
first appreciated when the degradation of PI and PIII by
enzymatically active cathepsin G was discovered (99). Such
degradation was more extensive in an LPS mutant (WS 1)
that exhibited hypersusceptibility to the lethal action of
cathepsin G. More recent work with enzymatically inactive
cathepsin G showed that antibody to cathepsin G coimmu-
noprecipitated cathepsin G, PI (serovar lA1), PIII, and a
45-kilodalton OMP. This interaction between cathepsin G
and gonococcal OMPs is also enhanced in the LPS mutant.
However, recent studies (W. M. Shafer and V. C. Onunka,
unpublished observations) show that loss of PIII by inser-
tional mutagenesis (8) does not influence the level of gono-
coccal susceptibility to cathepsin G.
Although binding of cathepsin G or other antimicrobial

proteins to the microbial surface is a necessary step in the
antimicrobial process, it is probably not sufficient for killing.
A postbinding event(s) leading to the death of the target
microorganism is required. The nature of the event remains
to be determined. Nevertheless, some progress has been
made in determining the mechanism by which gonococci
succumb to antimicrobial proteins. Gonococci incubated in
the presence of lethal amounts of unfractionated granule
extracts continue protein and nucleic acid synthesis (14) and
retain respiratory activity, but are impaired in PG synthesis
(88) and show a limited capacity to divide (89). This was
evidenced by a reduced incorporation of radiolabeled glu-
cosamine into PG during incubation of gonococci with
granule extracts. Such gonococci exhibit altered septa, and
their OMs have an amorphous appearance. Further evidence
for an involvement of PG in the lethal mechanism of anti-
bacterial proteins (including cathepsin G) is that a mutation
(penA2) (22, 28, 105) known to modify (28) penicillin-binding
protein 2 (PBP-2) (a transglycosylase-transpeptidase) in-
volved in the terminal stages of PG synthesis (105) renders
gonococci hypersusceptible to both crude granule extracts
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(22) and cathepsin G (98-101). Hence, cathepsin G may exert
its antigonococcal activity against gonococci by binding to
the surface, thereby causing damage to the OM, which then
permits interference with enzymes (such as PBP-2) involved
in the terminal stages of PG synthesis. How does a mutation
that decreases the binding of penicillin to PBP-2 increase
susceptibility to cathepsin G? It appears that granule pro-
teins inhibit the binding of radiolabeled penicillin to PBPs,
suggesting that granule proteins such as cathepsin G may
have significant affinity for PBPs (R. F. Rest, unpublished
data). Thus, mutations that alter PBPs may enhance the
binding of cathepsin G, thereby leading to an inhibition of
PG synthesis.

Recently, an 870-base-pair complementary deoxyribonu-
cleic acid sequence having the coding capacity for a full-
length molecule of cathepsin G has been isolated (93), cloned
into X gtll, and subcloned behind a T7 ribonucleic acid
polymerase promoter in pT7-6 (W. M. Shafer, G. Salvesen,
and J. Travis, submitted for publication). With this plasmid
expression system, recombinant cathepsin G has been pro-

duced in Escherichia coli. The isolated recombinant poly-
peptide has bactericidal activity against gonococci that is
identical to that of the lysosomal cathepsin G. The fact that
recombinant cathepsin G kills gonococci (and other cathep-
sin G-susceptible bacteria) indicates that the antibacterial
domain(s) of cathepsin G resides within its primary struc-
ture. It should now be possible, through recombinant deoxy-
ribonucleic acid and mutagenic techniques, to identify such
"antimicrobial" domains of cathepsin G. This will be of
great benefit in determining the mechanism of killing.

Degradation of Gonococci by Lysosomal Enzymes

Degradation of gonococcal antigens is of importance since
surface antigens or potentially toxic substances (LPS and
PG) may be altered. Such action could modify antigenicity or

biologic activity. Only a few studies to date, however, have
examined this topic.

Proteases (notably the neutral serine proteases elastase
and cathepsin G) degrade a number of gonococcal OMPs.
PIB and PI~s are susceptible to PMN elastase (30, 85). This
occurs in vitro when highly purified elastase and gonococci
or OM preparations are used and in situ when gonococci are

present in phagolysoson s. Elastase also has the capacity to
cleave highly purified pili with at least one cleavage site in or

near the highly conserved CNBR-2 domain of pilin (106).
Such cleavage of pili in antigen-presenting macrophages may

alter the domains of pilin thought to be important in biologic
and immunologic activity. Cathepsin G is a much weaker
protease than elastase, but it can degrade PIII and the major
iron-regulated OMP termed MIRP 37 (99). The PIA molecule
appears to be somewhat resistant to cathepsin G, but the PIB
subclass can be degraded (Shafer et al., unpublished). Other
hydrolyses in granules may also participate in digestion of
the gonococcal cell envelope. Certainly lysozyme (present in
both specific and azurophil granules [104]) may have a role in

degrading gonococcal PG in phagolysosomes. An unrelated
lysosomal enzyme has been described by Striker et al. (108)
that is activated by acidic conditions and appears to remove

terminal glucosamine residues in PG. Since this enzyme is
activated by acidic conditions, it probably performs a PG-
modifying activity in the terminal stages of phagolysosome
development when the environment is acidic. The number of
lysosomal hydrolyses that can attack substrates like PG
(108) may give rise to diverse types of PG fragments that are

thought to be liberated in vivo and may regulate human

physiology. In this respect, recent studies by Powers and
Shafer (unpublished observations) indicate that cathepsin G
can cleave PG fragments of strain RD5 liberated after
digestion with lysozyme. Cathepsin G cleavage of PG was
predicted, since molecular modeling of the active site of
cathepsin G revealed that diaminopimelic acid fits into the
active site.
What is the fate of the gonococcal antigens liberated from

digested gonococci or modified after the antigens themselves
have been degraded? Is their presence in tissues and/or fluids
significant for the pathology of the different forms of gonor-
rhea? Do they have immunomodulatory activities? For in-
stance, both gonococcal PG and LPS have toxic activities
when prepared from bacteria grown under laboratory condi-
tions. What are their activities in vivo after being processed
by phagocytic cells? Answers to these questions are not
available. However, this should be a fertile area of research
in years to come, particularly since more information is
becoming available regarding the structure of gonococcal
LPS and PG, as well as the PMN hydrolyses that modify
their structure.
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