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The purpose of this study was to compare the killing of Actinobacillus actinomycetemcomitans with that of
Capnocytophaga spp. by purified cathepsin G and elastase in vitro. Both were sensitive to killing by purified
cathepsin G, but only the Capnocytophaga spp. were killed by elastase. Killing by cathepsin G exhibited
logarithmic kinetics, was enhanced slightly by alkaline pH, and was enhanced greatly under hypotonic
conditions. Treatment of cathepsin G with diisopropyl fluorophosphate significantly reduced its bactericidal
activity against Capnocytophaga spp. but not against Escherichia coli or A. actinomycetemcomitans. The
bactericidal effects of cathepsin G against Capnocytophaga sputigena and A. actinomycetemcomitans were
inhibited by a-1-antichymotrypsin, aL-1-antitrypsin, and a-2-macroglobulin but not by bovine serum albumin.
We conclude that (i) cathepsin G kills Capnocytophaga spp. and A. actinomycetemcomitans, (ii) elastase kills
Capnocytophaga spp., (iii) the bactericidal activity of cathepsin G is enzyme dependent against Capnocytophaga
spp. and enzyme independent against A. actinomycetemcomitans, and (iv) natural plasma antiproteases may
control both enzyme-dependent and enzyme-independent bactericidal activities of cathepsin G.

Cathepsin G and leukocyte elastase are members of the
neutrophil neutral serine protease family. Cathepsin G is a
chymotrypsinlike cationic protein encoded on human chro-
mosome 14 that exhibits at least three 24- to 29-kDa glyco-
protein isoforms and accounts for 1 to 2% of the total protein
of neutrophils (5, 8, 27). Cathepsin G kills certain bacteria
and fungi independent of enzymatic activity (10, 15). It has
recently been observed that two small oligopeptide frag-
ments of cathepsin G kill Staphylococcus aureus and Neis-
seria gonorrhoeae, demonstrating both the presence of
distinct microbicidal domains and a possible mechanism of
enzyme-independent killing (2).
The biologic function of the enzymatic activity of cathep-

sin G is enigmatic. Some possible biologic functions of
cathepsin G which may be dependent upon enzymatic activ-
ity include enhancement of phagocytosis, activation and
degradation of complement, stimulation of granulocyte
chemotactic activity, increases in vascular permeability, and
aggregation of platelets (25). We have observed that the
killing of Capnocytophaga sputigena, but not of Escherichia
coli, requires enzymatically active cathepsin G; thus, cathep-
sin G kills certain bacteria by another enzyme-dependent
pathway (11).
Leukocyte elastase consists of at least three elastolytic,

cationic, 24- to 29-kDa glycoprotein isoforms encoded on
chromosome 11 (22, 27). Leukocyte elastase kills the Acine-
tobacter spp., which are gram negative, and produces lysis
of S. aureus (24). Elastase, but not cathepsin G, produces
marked proteolysis of the Acinetobacter outer membrane
proteins. Nevertheless, the microbicidal potential of elastase
is generally considered to be low (6).

Actinobacillus actinomycetemcomitans and Capnocy-
tophaga spp. are gram-negative, facultative bacteria which
have been associated with periodontal and systemic infec-
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tions in humans (18, 28, 29). Neutrophils kill A. actinomyce-
temcomitans and Capnocytophaga spp. under aerobic and
anaerobic conditions, suggesting that nonoxidative mecha-
nisms play a significant role (1, 14, 23). The identities of the
nonoxidative mechanisms remain to be ascertained. We
have found that A. actinomycetemcomitans and Capnocy-
tophaga spp. are differentially sensitive to certain nonoxida-
tive neutrophil bactericidal mechanisms. Whereas both Cap-
nocytophaga spp. and A. actinomycetemcomitans are
sensitive to the rabbit defensin NP-1, only Capnocytophaga
spp. are sensitive to the bactericidal effects of purified
human neutrophil defensins in vitro (12, 13). The purposes of
this report are to compare the in vitro sensitivities of A.
actinomycetemcomitans and Capnocytophaga spp. to the
bactericidal properties of purified human neutrophil cathep-
sin G and elastase, to determine the effects of the enzymatic
activities of these compounds, and to determine whether
plasma antiproteases modulate both enzyme-dependent and
enzyme-independent bactericidal activity.

MATERIALS AND METHODS

Bacterial growth conditions. Bacteria, including C. sputi-
gena ATCC 33123; Capnocytophaga gingivalis ATCC
33124; Capnocytophaga ochracea ATCC 27872; A. actino-
mycetemcomitans ATCC 29523 (serotype a), FDC Y4 (sero-
type b), and NCTC 9709 (serotype c); and E. coli ML-35
were grown as described previously (11-13). The bacterial
cell concentration was determined turbidometrically (an
optical density at 540 nm of 0.1 to 0.3 was equivalent to 109
cells per ml).

Reagents. Purified human neutrophil cathepsin G and
elastase were obtained from a commercial supplier (Biode-
sign International, Kennebunkport, Maine). The purity and
integrity of these reagents were verified by cationic poly-
acrylamide gel electrophoresis (PAGE) performed at pH 5.2
with a 20% acrylamide resolving gel and a 3% acrylamide
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TABLE 1. Amino acid composition of cathepsin G and elastase
used in this study compared with anticipated composition based

on sequence information

No. of residuesa

Cathepsin Gb ElastasecAmino acid
This Reference This Reference
study 16 study 19

Isoleucine 10 13 8 10
Leucine 15 19 20 21
Valine 14 16 23 27
Threonine 15 12 7 6
Alanine 14 12 24 22
Glycine 28 21 27 24
Histidine 6 5 6 5
Phenylalanine 5 7 9 9
Tyrosine 4 5 2 2
Tryptophan NDd 2 ND 3
Proline 15 13 11 9
Cysteine 5 6 7 8
Serine 17 15 14 12
Methionine 2 5 2 4
Aspartate or asparagine 19 18 22 21
Glutamate or glutamine 23 23 16 15
Arginine 41 34 23 19
Lysine 2 6 0 0

Total 230 232 215 218

a Data for cathepsin G based upon 232 residues, and data for elastase based
upon 218 residues, with subtraction for tryptophan.

b Extrapolated from cloned DNA sequence.
Determined by complete amino acid sequence.

d ND, not determined.

photopolymerized sample gel, both containing 0.5% Triton
X-100 and 0.01% digitonin (Sigma) (5, 21), and sodium
dodecyl sulfate-PAGE performed as described by Laemmli
(9) with a 12% acrylamide resolving gel. The commercial
elastase contained no detectable cathepsin G, and the com-
mercial cathepsin G contained no detectable elastase. Nei-
ther was contaminated with other neutral serine proteases,
including proteinase 3 (p29b) and azurocidin. The amino acid
compositions of both elastase and cathepsin G were consis-
tent with compositions inferred from sequence information
(Table 1). For microbicidal assays, cathepsin G and elastase
were suspended in distilled water and stored at -85°C until
use. Plasma ot-1-antitrypsin (AT; Sigma Chemical Co., St.
Louis, Mo.), ca-1-antichymotrypsin (AC; ICN Biomedical
Inc., Costa Mesa, Calif.), and at-2-macroglobulin (A2M;
Sigma) were dissolved in sterile distilled water and/or de-
salted against water by ultrafiltration using Centriflo cones
(Amicon Corp., Danvers, Mass.). Protein concentrations
were verified by the dye-binding method of Bradford (3)
using bovine serum albumin (BSA) as a standard. Plasma
antiproteases were preincubated with cathepsin G for 2 h
prior to testing for the inhibition of microbicidal or enzy-
matic activities.

Inactivation of cathepsin G with DFP and PMSF. Cathepsin
G was inactivated with 20 mM diisopropyl fluorophosphate
(DFP; Sigma), in 50 mM phosphate (pH 7.0) for 2 h on ice.
Residual DFP was eliminated by microdialysis (1.25 x 105
final dialysis ratio) against three exchanges of distilled water
for 6 h at 4°C, and the inactivated enzyme was concentrated
to 1 mg/ml with a SpeedVac (Savant Instruments, Farm-
ingdale, N.Y.). A stock solution of phenylmethylsulfonyl
fluoride (PMSF; Sigma) was prepared at 20 mg/ml in di-
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FIG. 1. Bactericidal activity of cathepsin G (100 ,ug/ml) against
A. actinomycetemcomitans ATCC 29523, FDC Y4, and NCTC 9709
as a function of time. The assay was performed with 10 mM sodium
phosphate-1% TSB (pH 8.0) over 4 h at 37°C. Points and vertical
lines represent the mean and standard deviation of four trials.
Symbols: 0, ATCC 29523 plus cathepsin G; 0, ATCC 29523 alone;
A, FDC Y4 plus cathepsin G; A, FDC Y4 alone; M, NCTC 9709 plus
cathepsin G; O, NCTC 9709 alone.

methyl sulfoxide and was diluted in 10 mM sodium phos-
phate (pH 7.0) to provide final concentrations of 50 p.g/ml to
inactivate enzymes for electrophoretic analysis and 10 jxg/ml
to use in the bactericidal assay. Controls for 0.05% dimethyl
sulfoxide were used in bactericidal assays when appropriate.
Microenzyme assays. End point enzyme assays for cathe-

psin G and elastase were performed in microtiter format with
the specific esterase substrates N-benzoyl-D,L-phenylalanyl-
2-naphthyl ester (BPNE; Sigma) (50 ,ugIml) for cathepsin G
and N-benzyloxycarbonyl-L-alanyl-2-naphthyl ester (ZANE;
Bachem Inc., Torrance, Calif.) (50 ,ug/ml) for elastase (11,
20).

Bactericidal assay. Bactericidal activity was quantified as
described elsewhere (11), except that the bactericidal assays
were performed with 10 mM phosphate (pH 8.0) containing
1% (vol/vol) Trypticase soy broth (TSB) at 37°C and the
reactions were terminated by 1:10 dilution in 10 mM sodium
phosphate (pH 8.0) unless otherwise specified. Survivors
were enumerated as CFU per milliliter, and when appropri-
ate, bactericidal activity was quantified as the loglo reduc-
tion in CFU (8[logjO killing]).

RESULTS

Bactericidal activity of cathepsin G. A. actinomycetem-
comitans ATCC 29523, FDC Y4, and NCTC 9709 were used
to examine the bactericidal kinetics of cathepsin G. Micro-
bicidal activity against all three organisms was observed
(Fig. 1). Although A. actinomycetemcomitans FDC Y4 died
in buffer alone, the rate of death was increased by the
presence of cathepsin G at a concentration of 100 ,uglml. A
reduction in CFU of 1 to 2 orders of magnitude (8[logjO
killing] = 1 to 2) was observed over 2 h.
Comparing killing by cathepsin G and elastase. A. actino-

mycetemcomitans ATCC 29523, FDC Y4, and NCTC 9709
were used to compare the bactericidal potency of cathepsin
G and elastase. Bactericidal activity against A. actinomyce-
temcomitans was observed at concentrations of cathepsin G
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FIG. 2. Bactericidal activity of cathepsin G (Cat G) and elastase (Ela) against A. actinomycetemcomitans ATCC 29523 (A), FDC Y4 (B),
and NCTC 9709 (C) and bactericidal activity of cathepsin G, DFP-inactivated cathepsin G (DFP-Cat G), and elastase against C. sputigena
ATCC 33123 (D) as a function of concentration. The assay was performed with 10 mM sodium phosphate-1% TSB (pH 8.0) for 2 h at 37°C.
Points and vertical lines represent the mean and standard deviation of four trials.

above 20 ,ug/ml (Fig. 2A to C). Elastase did not kill A.
actinomycetemcomitans NCTC 9709 and was weakly bacte-
ricidal against A. actinomycetemcomitans ATCC 29523 and
FDC Y4. In comparison, both elastase and cathepsin G
exerted strong bactericidal effects against C. sputigena
ATCC 33123 (Fig. 2D). DFP-inactivated cathepsin G was
much less potent than either cathepsin G or elastase in killing
C. sputigena ATCC 33123. Because we feared that the
bactericidal activity of elastase (a highly proteolytic enzyme)
may decrease rapidly under assay conditions, we examined
the effects of preincubating fresh commercial elastase for 1 h
at 37°C at pH 8.0. The bactericidal activity of elastase (100
p.g/ml) against C. sputigena ATCC 33123 was stable at 37°C
and pH 8.0 over the 1-h preincubation period (8[log1o killing]
= 3.2 + 0.0 without preincubation and 3.6 + 0.0 after 1 h of
preincubation [mean + standard deviation]). Therefore, the
ineffective killing activity that elastase exerted against A.
actinomycetemcomitans was not likely to be due to enzy-
matic autolysis.

Inhibition by DFP and PMSF. Bactericidal activity of
cathepsin G against C. gingivalis ATCC 33124 and C.
ochracea ATCC 27872 was observed at concentrations

above 50 jig/ml (data not shown), as observed for C.
sputigena ATCC 33123 (Fig. 2D). Inactivation with DFP
greatly reduced the bactericidal activity of cathepsin G
against Capnocytophaga spp. but had only modest effects on
the killing of A. actinomycetemcomitans (Fig. 3). DFP-
inactivated cathepsin G exhibited microbicidal activity
against A. actinomycetemcomitans strains and E. coli
ML-35 which was virtually equal to killing by the native
enzyme. Both DFP and PMSF inactivation reduce enzyme
activity by >95% (11). Elastase (100 ;xg/ml) and PMSF-
inactivated elastase both killed C. sputigena ATCC 33123,
but killing by PMSF-inactivated elastase was relatively
diminished (8[log10 killing] = 2.9 + 0.3 and 1.2 + 0.2,
respectively, after 2 h at 37°C and pH 8.0).

Effects ofpH and ionic strength on bactericidal activity. The
effect of pH and ionic strength on the killing of A. actino-
mycetemcomitans was assessed with 10 mM sodium phos-
phate-1% TSB by using a 2-h incubation period at 37°C.
Killing of A. actinomycetemcomitans ATCC 29523 by ca-

thepsin G was decreased by lower pH (Fig. 4A) and higher
ionic strengths (Fig. 4B). Elastase did not kill A. actinomyce-
temcomitans at any pH tested. Killing of C. sputigena
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FIG. 3. Bactericidal activity of cathepsin G and cathepsin G
inactivated with DFP (both at 100 ,ug/ml) against C. sputigena
ATCC 33123; C. gingivalis ATCC 33124; C. ochracea ATCC 27872;
A. actinomycetemcomitans ATCC 29523, FDC Y4, and NCTC
9709; and E. coli ML-35. The assay was performed with 10 mM
sodium phosphate-1% TSB (pH 8.0) for 2 h at 37°C (A. actinomyce-
temcomitans strains were incubated for 4 h at 37°C). Bars and
vertical lines represent the mean and standard deviation of four
trials.

ATCC 33123 by elastase was diminished below pH 6.8 (Fig.
4C).

Effect of plasma antiproteases on the esterolytic activity of
cathepsin G. The plasma antiproteases AT and AC inhibited
the esterolytic activity of cathepsin G. Using 5 ,ug of
cathepsin G per ml (0.2 nM) with 23.4 ,uM AT, or 2 ,uM AC
produced 97% + 3% or 84% + 1%, inhibition, respectively.
The normal plasma concentrations of AT and AC are 23.4
and 4.4 ,uM, respectively (7). Confirming other reports, A2M
did not affect the esterolytic activity of cathepsin G against
the small synthetic substrate (BPNE) used in our assay (7).

Effect of plasma antiproteases on killing. The plasma an-

tiproteases AT, AC, and A2M are known to interfere with
the enzymatic and bactericidal activities of cathepsin G (7,
26). It was therefore of interest to determine how effectively
they inhibited the killing of C. sputigena ATCC 33123 (killed
by an enzyme-dependent mechanism) and A. actinomyce-
temcomitans NCTC 9709 (killed by an enzyme-independent
mechanism) by cathepsin G. The 2-h preincubation of ca-
thepsin G with plasma antiproteases was compared with a
sham (control) preincubation, which was found to have no
effect on either the enzymatic activity, electrophoretic integ-
rity, or bactericidal activity of cathepsin G (not shown).
Killing of both C. sputigena ATCC 33123 and A. actino-
mycetemcomitans NCTC 9709 by cathepsin G was blocked
at physiologic levels of AT, AC, and A2M (23.4, 4.4, and 0.5
,uM, respectively) (Fig. 5A and B). BSA at identical micro-
molar concentrations did not appreciably alter the bacteri-
cidal activity of cathepsin G. Similarly, we observed that
physiologic levels of AT, AC, and A2M (but not BSA at
identical concentrations) blocked the killing of E. coli ML-35
(not shown), another organism which we have observed is
killed by cathepsin G in an enzyme-independent manner. On
a molar basis, A2M was the most efficacious, completely
blocking killing at concentrations as low as 1 ,uM (Fig. SC).
AC and AT were almost equally effective, blocking killing at
2 and 10 ,uM, respectively.

DISCUSSION

In this study, we examined the microbicidal properties of
purified human neutrophil cathepsin G and elastase against
the potential periodontal pathogens A. actinomycetemcom-
itans and Capnocytophaga spp. Cathepsin G exhibited
strong microbicidal effects against Capnocytophaga spp.
and A. actinomycetemcomitans. Elastase was almost as
effective as cathepsin G in killing C. sputigena ATCC 33123
but was not effective against A. actinomycetemcomitans.

Mildly alkaline conditions and low salt concentrations
favored the killing of A. actinomycetemcomitans by cathep-
sin G; these results are similar to results reported for nonoral
bacteria (17). It is known that human phagolysosomes alka-
linize initially (4); however, the ionic composition of phago-
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FIG. 4. Effect of pH (A) and salt concentration (B) on the killing of A. actinomycetemcomitans ATCC 29523 by cathepsin G (100 ,ug/ml).
The effect ofpH was determined with 10 mM sodium phosphate-1% TSB for 4 h at 37°C. The effect of salt was determined with 10mM sodium
phosphate-1% TSB (pH 8.0) for 4 h at 37°C. (C) Effect of pH on the bactericidal activity of elastase (100 ,ug/ml) against C. sputigena ATCC
33123 (2 h, 37°C). Points and vertical lines represent the mean and standard deviation of four trials.
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FIG. 5. Inhibition of killing ofA. actinomycetemcomitans NCTC 9709 (A) and C. sputigena ATCC 33123 (B) by plasma antiproteases. The
plasma antiproteases used were AT, AC, and A2M. BSA was used as a control. Numbers preceding the abbreviations for the antiproteases
represent the micromolar concentrations. The assay was performed with 10 mM sodium phosphate-1% TSB (pH 8.0) for 2 h at 37°C. Bars
and vertical lines represent the mean and standard deviation of four trials. (C) Dose-response curve of plasma antiproteases in inhibiting the
killing of C. sputigena ATCC 33123 by cathepsin G. Points and thin vertical lines represent the mean and standard deviation of four trials.

lysosomes is unknown. Nevertheless, this suggests an im-
portant role for cathepsin G in the early phases of killing
within phagolysosomes. The killing of C. sputigena ATCC
33123 by elastase was also favored by these conditions;
however, the effect of pH on killing of C. sputigena ATCC
33123 by cathepsin G is not as great (11).
There are two mechanisms whereby cathepsin G kills

microorganisms. One mechanism is enzyme independent,
and the other is enzyme dependent (11). The killing of
Capnocytophaga spp. but not A. actinomycetemcomitans
by cathepsin G required an intact enzyme. It can be con-
cluded that both mechanisms function against oral microor-
ganisms. Enzymatic activity may play some role in the
killing of C. sputigena ATCC 33123 by elastase, which was

reduced by PMSF.
The molecular interactions involved in enzyme-dependent

killing are unknown; however, the bactericidal activity
against Capnocytophaga spp. by neutral serine proteases
may require partial enzyme autodegradation. Two clostri-
pain-generated peptide fragments of cathepsin G are micro-
bicidal against S. aureus and N. gonorrhoeae. One fragment
is an externally oriented heptapeptide (HPQYNQR), and the
other is a buried N-terminal pentapeptide (IIGGR) (2). En-
zyme-dependent bactericidal activity may be due to insensi-
tivity to HPQYNQR and sensitivity to IIGGR. Killing by the
IIGGR domain may require autolytic exposure of that site.
Plasma antiproteases, particularly A2M, can inhibit the

bactericidal activity of cathepsin G against nonoral microbes
(26). We found that plasma antiproteases blocked killing of
periodontal bacteria by cathepsin G at physiologic concen-

trations. This was a fairly specific effect and was not
observed when BSA was used at comparable molar concen-

trations. We observed that AT and AC (but not A2M)
blocked the esterolytic activity of cathepsin G. A2M entraps
neutral serine proteases without inactivation of the enzy-
matic site; thus, it inhibits the proteolytic activity but not the
esterolytic activity of cathepsin G against small substrates
(7). We have also found that the optimum concentration of
AC against the esterolytic activity of cathepsin G was 2 ,uM,
providing an inhibitor-to-enzyme ratio of 1,000:1. This coin-

cided with the lowest concentration of AC that completely
inhibited the killing of C. sputigena ATCC 33123. Higher
concentrations (4.4 ,uM [normal plasma concentration]) vir-
tually abolished detectable enzyme inhibition but not killing
inhibition. Regardless, inhibition of enzymatic activity is not
important with respect to blocking the microbicidal activity
of cathepsin G. In this study, plasma antiproteases were
shown to specifically inhibit both enzyme dependent and
enzyme independent microbicidal activities.

In conclusion, (i) cathepsin G kills both Capnocytophaga
spp. and A. actinomycetemcomitans; (ii) killing of Capno-
cytophaga spp., but not A. actinomycetemcomitans, by
cathepsin G required enzymatic activity; (iii) elastase kills
Capnocytophaga spp. but not A. actinomycetemcomitans;
and (iv) serum antiproteases block both enzyme-dependent
and enzyme-independent killing activities of cathepsin G.
More studies will be required to determine the molecular
mechanisms involved in the apparently enzyme-dependent
killing of these microorganisms and to ascertain the effects of
plasma antiproteases on the bactericidal activities of other
members of the neutral serine protease family.
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