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Abstract

The Capnocytophaga are inhabitants of the hypoxic human
gingival crevice that are normally prevented by neutrophils
from causing periodontal and systemic infection. To identify
potential nonoxidative bactericidal mechanisms against Cap-
nocytophaga within human neutrophils, gel filtration chroma-
tography was used to fractionate neutrophil granule extracts.
Seven granule fractions, designated A through G, were ob-
tained. The Capnocytophaga were most sensitive to killing by
fraction D. Fraction D exhibited substantial bactericidal activ-
ity under aerobic and anaerobic conditions. The bactericidal
activity associated with ion-exchange subfractions D8-D11,
which contained primarily cathepsin G as assessed by enzy-
matic activity, amino acid composition, and NH2-terminal
sequence. Heat-inactivation, diisopropylfluorophosphate,
PMSF, and N-benzyloxycarbonylglycylleucylphenylalanyl-
chloromethyl ketone inhibited bactericidal activity against
Capnocytophaga sputigena but not Escherichia coli. We con-
clude that (a) human neutrophil cathepsin G is an important
antimicrobial system against the Capnocytophaga, (b) the bac-
tericidal activity of cathepsin G against Capnocytophaga is ox-
ygen independent, and (c) an intact enzyme active site is in-
volved in the killing of C. sputigena but not E. coli. We suggest
that human neutrophil cathepsin G is an important antimicro-
bial system against certain oral bacteria and that cathepsin G
kills bacteria by two distinct mechanisms. (J. Clin. Invest.
1991. 87:1585-1593.) Key words: polymorphonuclear leuko-
cyte * bactericidal * nonoxidative - chymotrypsin-like - cationic
proteins

Introduction

The Capnocytophaga Spp. are gram-negative, capnophilic,
facultative, gliding bacteria indigenous to dental plaque (1). In
the oral cavity, Capnocytophaga have been associated with lo-
calized juvenile periodontitis, a rapid, destructive form ofperi-
odontal disease associated with intrinsic defects in neutrophil
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chemotaxis (2). Conversely, oral infections by Capnocytophaga
Spp. have apparently resulted in reversible, acquired systemic
defects in neutrophil chemotaxis (3). In addition to their associ-
ation with periodontal disease, Capnocytophaga are capable of
producing systemic infection in man (4); and notably, in associ-
ation with granulocytopenia (5, 6). Many blood isolates ofCap-
nocytophaga are insensitive to serum bactericidal activity (7).
Thus, it can be concluded that neutrophils must play an impor-
tant role in controlling both periodontal and systemic infection
by the genus Capnocytophaga.

The molecular aspects of phagocyte interactions with Cap-
nocytophaga Spp. have yet to be described. Neutrophils are
capable of killing Capnocytophaga in vitro (8). In general, neu-
trophils kill bacteria by both oxidative and nonoxidative mech-
anisms (9). The nonoxidative mechanisms include (a) cationic
peptides known as the defensins; (b) the neutral serine protease
family (NSP)' including cathepsin G, elastase, azurocidin (pos-
sibly identical to CAP37), proteinase 3, and p29b (possibly
identical to AGP7 and proteinase 3); (c) the bactericidal/per-
meability-increasing protein (B/PI); (d) enzymes such as lyso-
zyme; and (e) cofactor-binding proteins including apolacto-
ferrin, and possibly, cobalophilin (10-18). Many of these sub-
stances kill bacteria in a manner independent of enzymatic
activity (10, 12, 15-17, 19). Cathepsin G, a chymotrypsin-like
enzyme, has been reported to kill certain bacteria nonenzyma-
tically (15, 20, 21, 22). As such, the function ofthe chymotryp-
tic activity of cathepsin G is unknown.

We examined the bactericidal activity oflysosomal constitu-
ents from human neutrophils against Capnocytophaga under
aerobic and anaerobic conditions, and identified cathepsin G
as one ofthe primary oxygen-independent bactericidal mecha-
nisms. Furthermore, we demonstrated that an active enzyme
was required for the killing ofCapnocytophaga by cathepsin G.

Methods

Bacteria and growth conditions. Capnocytophaga sputigena ATCC
33123, C. gingivalisATCC 33124, C. ochraceaATCC 27872, and Esch-
erichia coli ML-35 were grown overnight at 370C, in 5% C0J95% air
on chocolate agar consisting of trypticase soy agar (BBL Microbiology
Systems, Cockeysville, MD), 0.1% yeast extract (Difco Laboratories,
Detroit, MI), 5% heat-hemolyzed defibrinated horse blood (Mission
Laboratories, Fontana, CA) 0.002% equine hemin III (Sigma Chemical
Co., St. Louis, MO), 0.0001% menadione (Sigma Chemical Co.), and
IsoVitale X supplement (BBL Microbiology Systems). E. coli ML-35

1. Abbreviations used in this paper: AU-PAGE, acid/urea polyacryl-
amide gel electrophoresis; DFP, diisopropylfluorophosphate; FPLC,
medium pressure liquid chromatography; N-MSAAPVCK, N-meth-
oxy-succinyl-alanylalanylprolylvalyl-chloromethyl ketone; NSP, neu-
tral serine protease; TPCK, N-a-tosyl-phenylalanine-chloromethyl ke-
tone; TSB, trypticase soy broth; Z-GLPCK, N-benzyloxycarbonyl-gly-
cylleucyl -phenylalanyl-chloromethyl ketone.
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was a generously provided by Dr. R. I. Lehrer, UCLA School ofMedi-
cine. Bacteria were removed from plates and placed in trypticase soy
broth containing 0. 1% yeast extract, 0.002% equine hemin III, 0.0001%
menadione, and 0.1% sodium bicarbonate (TSB), grown to mid log
growth phase (109 cells/ml), adjusted to 108 cells/ml in TSB, and di-
luted 1:100 in a buffer consisting of 10 mM sodium phosphate, pH 7.0,
producing a final 1% vol/vol concentration ofTSB. In anaerobic stud-
ies, the organisms were grown for 24 h in an anaerobic chamber
(Forma Scientific, Marietta, OH) containing 85% N2, 10% H2, and 5%
C02; inoculated into anaerobically pre-equilibrated TSB, grown to
mid log phase; and inoculated into anaerobically pre-equilibrated 10
mM sodium phosphate as described above. The bacterial cell concen-
tration was determined turbidometrically (optical density at 540 nm of
0.1-0.3 was equivalent to 109 cells/ml).

Preparation ofPMN granules. Fresh human neutrophils were puri-
fied from granulocyte-enriched, leukocyte concentrates (Hemacare,
Sherman Oaks, CA), using gelatin flotation, hypotonic lysis and Percoll
sedimentation (23). Approximately 1.2 X 1010PMN per leukocyte con-
centrate were obtained by these methods. Neutrophils were washed
once in saline to remove Percoll then resuspended in an isotonic buffer
consisting of 0.03 M Tris-HCl, 0.01 M NaCl, 0.11 M KCI, 5 mM
MgCI2, and 7 mM 2-mercaptoethanol, pH 7.5. This suspension was
centrifuged, 300 g for 6 min. The neutrophil pellet was resuspended in
an hypotonic buffer consisting of0.01 M Tris-HCl, 8.4 x 10-4M NaCl,
9 X Io-' M KCl, 1.5 x IO-' M MgCl2, pH 7.5, and equilibrated for 10
min. Granules were released from intact, swollen neutrophils by man-
ual homogenization in a Potter-Elvejhem homogenizer. A hypertonic
buffer, consisting of 0.046 M Tris-HCl, 0.02 M NaCl, 0.22 M KCl, 8
X lO- M MgC12, and 0.0 14 M 2-mercaptoethanol, pH 7.5, was then
added (1.1 part per 10 parts hypotonic buffer). This suspension was
centrifuged at 300 g for 6 min to remove nucleii, ruptured and unrup-
tured cells, and other debris. The turbid, granule-laden suspension was
then chilled to 4°C and centrifuged at 32,000 g, 4°C, for 20 min. The
dark green pellets were stored at -85°C until needed.

Preparation ofgranule extracts andpurifiedgranuleproteins. Gran-
ules were suspended in 0.5% cetyltrimethylammonium bromide, 0.02
M sodium acetate, 0.2 M NaCl, pH 4.7, and disrupted by homogeniza-
tion in a Duall glass homogenizer at 4°C. The suspension was centri-
fuged at 32,000 g for 20 min at 4°C, and the clear green supernatant,
containing 78.5 mg protein, was collected and 60 mg protein was
loaded immediately on a Sephadex G-100 (Pharmacia-LKB Biotech-
nology, Piscataway, NJ) gel filtration column, 1.6 X 100 cm, equili-
brated in 0.02 M sodium acetate, 0.2 M NaCl, pH 4.7 (Buffer A), 4°C.
The flow rate was 12 ml/h, and 3-ml fractions were collected.

Medium pressure liquid chromatography (FPLC). Further isolation
of microbicidal substances was achieved using medium pressure liquid
chromatography (FPLC) by applying fraction D to a Mono-S HR 5/5
column (Pharmacia-LKB Biotechnology) equilibrated in Buffer A.
Buffer B consisted of0.02 M sodium acetate, 2.0 M NaCl, pH 4.7, and
was used to achieve a salt gradient. Final separation of proteins for
amino acid analysis and NH2-terminal peptide sequence was achieved
by reversed-phase FPLC using a ProRPC HR 5/2 column (Pharmacia-
LKB Biotechnology) equilibrated with 0.1% trifluoroacetic acid in
water and a gradient formed by 0.1% trifluoroacetic acid in acetonitrile.

Microassays. Lysozyme (E.C. 3.2.1.77) was assayed by monitoring
the decrease in optical density at 450 nm of a suspension of cell wall
fragments ofMicrococcus lysodeikticus in 0.1 M phosphate buffer, pH
7.0 at 25°C (24). The lysozyme assay was performed using a kinetic
microplate reader (Molecular Devices, Palo Alto, CA). Cathepsin G
and elastase endpoint assays were also performed in microtiter format.
In the elastase assay, samples were suspended in 0.1% Brij 35, 0.05 M
Tris-HCl, 1.0M NaCI, and 0.1% trisodium EDTA, pH 8.5. The cathep-
sin G assay was performed in 0.1% Brij 35, 0.05 M Tris-HC1, and 0.1%
trisodium EDTA, pH 7.5. The reaction was initiated by the addition of
substrate N-benzyloxycarbonyl-L-alanyl-2-naphthyl ester, 50 ,g/ml,
for elastase and N-benzoyl-D,L-phenylalanyl-2-naphthyl ester, 50 ,g/
ml, for cathepsin G (25). This mixture was incubated for 90 min at
370C, and terminated by the addition ofsoybean trypsin inhibitor at a

final concentration of 300 jig/ml. Released naphthal was detected by
coupling to fast garnet, added at a final concentration of40 /Ag/ml. The
sample was assayed spectrophotometrically at 520 nm using the micro-
plate reader. Protein concentration was determined in microtiter for-
mat by the method of Bradford (26).

SDS-PAGE. SDS-PAGE was performed using the method of
Laemmli (27) with a 12% resolving gel (12% T, 2.6% C) and a 3%
stacking gel (3% T, 2.6% C) in a mini-gel system (Hoefer Scientific
Instruments, San Francisco, CA). Electrophoresis was initiated by ap-
plying 53 V until the tracking dye formed a narrow band in the stacking
gel, after which the voltage was increased and maintained at a constant
105 V (initially, 12.5 mA/gel). Gels were stained for protein using
0.125% Coomassie blue R-250 (Sigma Chemical Co.) in 50% metha-
nol: 10% acetic acid, and destained sequentially with 50% methanol:
10% acetic acid followed by 5% methanol: 7% acetic acid. The amount
of sample added per was 5 Mg protein for Coomassie stain procedures
and 2.5 Mg protein for blotting.

Acid-Urea Polyacrylamide Gel Electrophoresis (AU-PAGE). AU-
PAGE was performed in "tall" minigels (Hoefer Scientific Instru-
ments) by a modification of the method of Panyim and Chalkley (28).
Briefly, 12.5% acrylamide gels were modified to incorporate 3 M urea
and preelectrophoresed in 5% acetic acid at 150 V for 2 h. Samples were
dissolved in deionized 6 M urea containing 7% acetic acid, and subse-
quent electrophoresis was performed at 200 V until the methylene
green tracking dye eluted from the bottom ofthe gel. Gels were stained
in 0.125% Coomassie Blue R-250 in 40% methanol, 15% formalde-
hyde, 5% acetic acid, and destained in 25% methanol, 3.7% formalde-
hyde as previously described (19).

Bactericidal assay. Bacteria were incubated with granule extract
materials in a total volume of 40 1M in 0.01 M sodium phosphate, pH
7.0, containing 1% vol/vol TSB, and maintained at 370C (using a tem-
perature block), unless otherwise indicated. When indicated, inhibitors
were preincubated with the granule fractions for 10-120 min before
admixture with bacteria. Additives used includedPMSF(SigmaChemi-
cal Co.), N-a-tosyl-phenylalanine-chloromethyl ketone (TPCK; Sigma
Chemical Co.), N-benzyloxycarbonyl-glycylleucylphenylalanyl-chlo-
romethyl ketone (Z-GLPCK; Enzyme System Products, Dublin, CA),
methoxy-succinyl-alanylalanylprolylvalyl-chloromethyl ketone (N-
MSAAPVCK; Sigma Chemical Co.), a- I-antitrypsin (Sigma Chemical
Co.), and chymotrypsin A4 (Boehringer-Mannheim Biochemicals, In-
dianapolis, IN). TPCK is relatively unreactive against cathepsin G, but
Z-GLPCK and N-MSAAPVCK are highly specific inhibitors against
cathepsin G and elastase, respectively (29). The bactericidal reaction
was terminated by 1:10 dilution in 10 mM sodium phosphate, pH 7.0,
and the resultant suspension was immediately spread on Laked blood
agar plates using a Spiral plater (Spiral Systems, Bethesda, MD). Anaer-
obic assays were modified such that all reagents and cells were equili-
brated anaerobically as described (30), under an atmosphere contain-
ing 85% N2, 10% H2, and 5% CO2. After 48-72 h of incubation, CFU
were enumerated. Bactericidal activity in dose-response assays was
quantified as the logl0 reduction in CFU, and calculated by the for-
mula: 5l[og1o killing] = log10 no - logl0 n,, where n is the bacterial
CFU/ml at time 0 or time t. The no was adjusted to 2-5 X I05 CFU/ml
in all cidal assays. Variance of b is described, where applicable, as a
maximum estimate of the standard deviation, by the formula SD5
= log10 n, - log10 (nt - SD), where SD is the standard deviation of the
CFU/ml.

Diisopropylfluorphosphate(DFP) inactivation. Purified human neu-
trophil cathepsin G was also obtained from commercial sources
(Biodesign International, Kennebunkport, ME). This cathepsin G was
> 98% pure as assessed by SDS-PAGE (according to the vendor) and
was virtually identical to subfractions D8-D1 1 by our own SDS-PAGE
analysis. Serine protease activity of purified commercial cathepsin G,
500 Mg, was inactivated with 20 mM DFP (Sigma Chemical Co.), in 50
mM phosphate, pH 7.0, 2 h, on ice. DFP was eliminated by microdialy-
sis against three exchanges of distilled water for 6 h at 4°C.

Reversed-phase FPLC. Reversed-phase FPLC was performed using
a ProRPC HR 5/2 (Pharmacia-LKB Biotechnology) column (Cl-C4
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equivalent). Subfraction D8-Dl I was applied usinj
The column was permitted to equilibrate in 0.1%
Elution was performed using a 20-ml lineargradien
nitrile containing 0.1% trifluoroacetic acid. Sample
by vacuum centrifugation using a SpeedVac (SE
Farmingdale, NY).

Amino acid composition. The amino acid comp
sample was analyzed with and without performic

f

samples were hydrolyzed in 6 N HC1, deoxygenate
24 h at100IC. The samples were analyzed using ai
acid analyzer (Beckman Instruments, Fullerton, C

NH2-Terminal amino acid analysis. NH2-Tei
analysis was performed on - 900 pmol ofProRPC
automated Edman degradation using a protein
475A; Applied Biosystems, Inc., Foster City, CA).

Results

Fractionation by gelfiltration. Four peaks (tw
pooled into seven fractions designated A-G

represented the valley A-B region, and col

since it has been reported to contain

bactericidal properties(16). The SDS-PAGE

higher molecular weight fractions, sh
The major components of each

figure legend where possible. The f
zone with relative molecular masses

30,000. Identities of myeloperoxidase, lacto
cathepsin G, lysozyme, and the defensins

Western blot procedures (not shown).

salted by dialysis,4°C, against 0.005%
al

trated to dryness by lyophilization.
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Figure 1. Chromatographic profile of a granule extra(
gel filtration using Sephadex G-100. Total protein rec

fraction: (Vo) 3.2 mg, (A) 25.1 mg, (B) 7.2 mg, (C) I
mg, (E) 6.3 mg, (F) 2.3 mg, (G) 1.8 mg (Bradford pro

void volume, Vo, was turbid, containing CETAB that
at4°C. SDS-PAGE of G-I00 fractions A-E, 12% gel
ditions. 5 Ag protein was added to each lane. Fractii
lactoferrin (Lf) and myeloperoxidase heavy and lighl
ML, respectively); fraction B contained lactoferrin; fr
D contained most of the NSPs; and fraction E cont
pure lysozyme (Lz). Coomassie-stainable componen

and G comigrated with the solvent front in this systel
shown.

g a 1O ml superloop. tained the antimicrobial human neutrophil peptides, defen-
trifluoroacetic acid. sins, and were desalted by reversed-phase chromatographyIt

0-40% aceto-
using a PepRPC 5/5 column (Pharmacia-LKB Biotechnol-bs concentrated
ogy) and concentrated to dryness by lyophilization.avant Instruments,

Susceptibility to the G-JOO fractions under aerobic and an-

.osition of 1-5 Ag of aerobic conditions. The Sephadex G-100 fractions wereacid oxidation. The screened for bactericidal activity at 100,tg/ml. Under aerobic1, and incubated for conditions, fractions C and D were bactericidal against the
n automated amino three strains of Capnocytophaga and E. coli ML-35 (TableI).
A). Fraction B exhibited variable cidal activity against C. sputigena
rminal amino acid and C. gingivalis. Fractions F and G exerted modest killing'-purified protein by against C. ochracea, producing > 1 log1o order of killing (i.e.,
sequencer (model 6log1o > 1.0) under these assay conditions. Fraction exhib-

ited the most potent microbicidal activity, producing a blog10
> 3.0 for each tested strain. Anaerobiosis decreased microbial
susceptibility of all G-100 fractions. The only fraction with
convincing microbicidal activity under anaerobiosis was frac-
tion D, with 6log10 between 2 and 3 against the Capnocyto-

io doublets) were phaga at100 ,g/ml. In terms ofconcentration dependency, theZig. 1).Fraction B D fraction also exhibited more killing potency than the other

Ilected separately fractions, showing blogl0 of 1-2 at 50 ,g/ml, and > 3 at 100

inic protein with ug/ml (Fig. 2).
patterns of the

Subfractionation of D using Mono-S. Mono-S cation-ex-
own in the inset. change chromatography was used to separate fraction D into
identified in the two main groups of protein-containing subfractions (desig-Found in a broad nated "subfractions Dl-D 4" and "subfractions D8-D11," re-
een 22,000 and spectively), which were subdivided as shown in Fig. 3. On SDS-
Aferrin, elastase, PAGE, D8, D9, DIO, andDl 1 exhibited one, main, diffuse or:reconfirmed by

multiplet band which differed in relative molecular masses,nsA-E w ere de- among each other, with a range between 24,000 and 28,000
cid, and concen- (Fig. 3, inset). SubfractionDl 1 exhibited the lowest molecular
s F and G con- mass,with a range between 22 and 23,000 Mr; whereas subfrac-

tion D8 exhibited the highest, with a range between 24 and
28,000 Mr. Subfractions D8-Dl 1 all exhibited high arginine
content, consistent with cathepsin G (Table II); however, sub-

D E fraction DIO exhibited relatively higher levels of tyrosine than
expected for cathepsin G. Subfractions D8-Dl 1 eluted at 0.8
M NaCl and hydrolyzed the chymotrypsin substrate N-ben-
zoyl-D,L-phenylalanyl-2-naphthyI ester. These observations
identified the major component of subfractions D8-Dl 1 ast-

_
NSP cathepsin G. Subfraction Dl hydrolyzed Micrococcus leiso-

deikticus and represented lysozyme, a possible contaminationa
O Lz from peak E. Peak Dl was not tested further in this study.

Subfractions D2-D4 eluted at 0.3 to 0.4 M NaCl, contained
esterolytic activity for N-benzyloxycarbonyl-L-alanyl-2-

________ naphthyl ester, and represented the various isomers of elastase.
The amino acid composition of subfraction D4 was consistent

__________
T-

Twith elastase (Table II).
80 90 Susceptibility to Mo-subfractions.Theact h bactericidal ac-

tivity of Mono-S subfractions againstC. sputigena ATCC
ct fractionated by 33123 was tested in three different buffers: 10 mM phosphateCo
vered in each buffer, I0mM tris-140 mM saline, and I0mM phosphate-buf-1
1.4 mg, (D) 10.0 fered 140 mM saline, all at pH 7.0 (Fig. 4). The microbicidal
itemn assay). activities of FPLC-purified subfractions D3, D4, D8-D, 1,
t precipitated

screened at Ag/ml. Subfraction l was the only major1,
reducing con-

peak obtained by Mono-S subfractionation of Sephadex G-I00
on A contained

fraction E. Subfraction El consisted ofhuman neutrophil lyso-

acaions CMhand zyme and was included herein for comparison. Subfractionstnedrelatively D9 and DIO were the most bactericidal, and the microbicidalitsoffractionsF activities of subfractions D3 and D4 were virtually negligible.m
and are not Killing was inhibited in the presence of both normal saline

and Tris.
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Table I. Killingofthe Capnocytophaga Spp. bySephadex G-JOOFractions A, B, C, D, E, F, andG underAerobicandAnaerobic Conditions

Organism A B C D E F G Control

Aerobic
C. sputigena ATCC 33123 0.06 0.31 2.69 3.70 0.03 0.33 0.00 0.06
C. ginigivalis ATCC 33124 0.01 0.72 0.73 3.39 0.07 0.05 0.11 0.07
C. ochracea ATCC 27872 0.06 0.07 2.43 3.68 0.26 1.49 1.29 0.16
E. coli ML-35 -0.50* -0.59 -0.09 2.60 -0.73 ND* ND -1.1

Anaerobic
C. sputigena ATCC 33123 -0.08 0.02 0.48 3.17 0.04 ND ND -0.00
C. gingivalis ATCC 33124 -0.08 0.01 -0.02 1.75 -0.15 ND ND -0.10
C. ochracea ATCC 27872 0.00 0.13 0.14 2.32 0.03 ND ND 0.05
E. coli ML-35 -0.93 -0.46 0.60 2.39 -0.93 ND ND -0.89

Control value is the solvent vehicle (water). All samples were adjusted to 100 ,gg protein/ml by the Bradford method (26). Cidal assay performed
for 2 h at 370C. Values are given as 6 log10 and represent the mean of quadruplicate assay. * Negative value represents increase in CFU/ml.
* Not determined in this 2-h assay system.

Bactericidal activity ofsubfraction D9 as afunction ofdose,
time, ionic strength, and pH. We next observed the effect of
dose, time, ionic strength, and pH on killing by subfraction D9.
The killing of C. sputigena ATCC 33123 by subfraction D9
followed exponential kinetics; however, a shoulder was sug-
gested at 50 ,g/ml (Fig. 5). A dramatic dose dependency was
evident, and virtually no killing was observed at 20 yg/ml. Both
ionic conditions and pH influenced the bactericidal activity of
subfraction D9 (Fig. 6). Killing was virtually abolished above
20mM NaCl. Alkaline pH enhanced the killing of C. sputigena
ATCC 33123, but killing occurred throughout the pH range
tested (pH 6.0-8.0).

Enzymatic activity and killing. We tested the effect of heat
(90'C, 10 min), PMSF, TPCK, Z-GLPCK, and N-
MSAAPVCK on the bactericidal activity of fraction D and
subfraction D9 against C. sputigena ATCC 33123. Heating
fraction D or subfraction D9 to 90'C for 10 min resulted in a
95.6-100% reduction in enzymatic activity and a complete loss
ofbactericidal activity. The bactericidal activity of subfraction
D9 could not be restored by the addition of 100 ,g/ml chymo-
trypsin A4. When fraction D, 100 ,g/ml, and subfraction D9

A

= B

* D-U--- D

E

P11
-1 4-H ..I .

0 1 10 100
-1 +||1 '---

0 1 10 100
PROTEIN, /mq

Figure 2. Sensitivity of the Capnocytophaga Spp. to killing granule
fractions separated by the Sephadex G-100 gel filtration chromatog-
raphy, under aerobic conditions. (A) The killing of C. sputigena
ATCC 33123; (B) the killing of C. gingivalis ATCC 33124; and (C)
C. ochracea ATCC 27872. Bactericidal activity is provided as blogl0,
as defined in Methods. Points and vertical bars represent the mean
and SD6, respectively, of quadruplicate assays.

were preincubated with PMSF for 10 min, cidal activity against
C. sputigena ATCC 33123 was inhibited at PMSF concentra-
tions above 10 ,ug/ml (Fig. 7). Inhibition of enzymatic activity
by PMSF closely paralleled the inhibition ofbactericidal activ-
ity. The specific inhibitor of cathepsin G, Z-GLPCK, partially
reduced bactericidal activity (Table III). The elastase inhibitor,
N-MSAAPVCK, also modestly depressed killing of fraction D
but not subfraction D9, and its effect was much less than Z-
GLPCK. Chymotryptic esterolytic activity was inhibited by Z-
GLPCK but not N-MSAAPVCK. The inhibition ofenzymatic
activity by Z-GLPCK was 96±4%, respectively. No inhibition
of cidal activity was observed in the presence of TPCK. No
inhibition of cidal activity was observed if cells were preincu-
bated with 100 ,g/ml PMSF for 2 h, washed, and exposed to
fraction D. In comparison, E. coli ML-35 was also sensitive to
the bactericidal effects of D9, exhibiting a bloglo of 2.2±0.6
over 2 h. However, no appreciable inhibition of killing of E.
coli ML-35 by D9 was observed in the presence of PMSF and
Z-GLPCK, with blog1o values of 3.1±0.0 and 2.9±0.0, respec-
tively. No inhibition of killing of C. sputigena was observed in
the presence ofTPCK or N-MSAAPV.

DFP inactivation. A commercially prepared, purified mix-
ture of cathepsin G isoenzymes (essentially equivalent to sub-
fractions D8-D 1 by SDS-PAGE analysis) was exposed to the
irreversible serine protease inhibitor, DFP. After enzyme inac-
tivation, the DFP was eliminated by microdialysis. Between 96
and 101% inhibition of enzyme activity was estimated below
10 jg/ml (Fig. 8 A). At 100 ,ug/ml DFP-inactivated cathepsin
G, 86% inhibition was calculated, but was innacurate (too low)
due to enzyme excess. Bactericidal activity against C. sputigena
ATCC 33123 but not E. coli ML-35 was blocked by DFP inac-
tivation (Fig. 8 B).

Reversed-phase isolation ofcathepsin G from subfractions
D8-DJ . Subfractions D8-D1 1 were pooled and reseparated
using ProRPC reversed-phase FPLC (Fig. 9). Eight main com-
ponent peaks were separated (I-VIII), but the majority ofmate-
rial (> 90%) that absorbed at 280 nm eluted as peak V. Peak V
was collected and concentrated by vacuum centrifugation. The
resultant peak fraction exhibited two closely spaced bands by
acid/urea (AU)-PAGE (Fig. 9, inset). The amino acid composi-
tion of peak V revealed a relatively high proportion of arginyl
residues (Table II). The amino acid composition of peak V
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Figure 3. Cation-exchange chromatography on

DB D9 D10 D11 Mono-S of fraction D. 11 subfractions were collected.
Labeled in the illustration are subfractions D1-D4

66 and D8-D 1. Chymotrypsin-like esterolytic activity
was associated with subfractions D8-DI 1, as shown

*36 in the enzyme activity profile. Subfraction Dl hydro-
29 lyzed M. leisodeikticus and represented lysozyme

__424 contamination from fraction E. Subfractions D2-D4
2 contained elastase-like esterolytic activity, and proba-

bly represent elastase, which was incompletely re-

.142 solved by the overlap of fraction C and fraction D.
< The NaCl gradient is shown by the broken lines. The

subfractions D8-Dl 1 exhibited diffuse banding on
SDS-PAGE with M, between 22 and 28,000 (right
panel).

most closely resembles that of cathepsin G as determined by
others (31, 32). The amino-terminal analysis of peak V was:

IIGGRESRPHSRPYMAYLQI, which is consistent with cath-
epsin G (29). In comparison, the amino terminal sequence of
the major component of subfraction D4 was: IVGGRR-
ARPHA, which is consistent with elastase (31), but not cathep-
sin G, azurocidin, or p29b (10, 11, 18, 32).

Susceptibility to reversed-phase-purified cathepsin G. We
tested the ability of Peak V to kill C. sputigena ATCC 33123.
Peak V killed C. sputigena ATCC 33123, but produced > 3.5
bloglo only at 500 sg/ml, which represented a fivefold decrease
in cidal potential compared to fraction D and subfraction D9.
Additionally, enzymatic activity of peak V was not detectable
at ug/ml.

Discussion
The net effect of the neutrophil is to protect the periodontium
against periodontal infection (2). The specific mechanisms

Table II. Amino Acid Composition ofSubfractions D4, D8, D9, DJO,
with Two Members ofthe NSP Family, Cathepsin G, and Elastase

whereby the neutrophil affords such protection are unknown;
however, certain clues indicate that nonoxidative antimicro-
bial systems are important to periodontal defense. First, indi-
viduals with specific granule deficiency and Chediak-Higashi
syndrome exhibit severe periodontal infection (33). Second,
neutrophils from such individuals are deficient in certain anti-
microbial substances, including members of the defensin and
neutral serine protease families (34). Third, although measure-

ments of crevicular oxygen tension suggest that there is suffi-
cient oxygen within the gingival crevice to support respiratory
burst activity ofneutrophils at about a 75% level (35, 36), many
areas within the gingival crevice support the growth of obligate
anaerobes (37); as such, oxidative killing may not be functional
in crucial areas of periodontal defense.

In this study, the bactericidal activities of Sephadex G-100
gel filtration fractions prepared from neutrophil granule ex-

tracts against the Capnocytophaga were measured under both
aerobic and anaerobic conditions, since paradoxically, nonoxi-

Dll, and Peak V and Comparison

Residues*

Amino acid D4 D8 D9 D10 DlI Peak V Cathepsin G (32) Elastase (31)

Isoleucine 11 11 11 12 10 13 14 12
Leucine 18 14 14 14 12 17 20 25
Valine 25 16 16 15 15 19 14 31
Threonine 8 16 14 12 14 15 15 7
Alanine 24 17 14 13 15 14 17 26
Glycine 26 22 22 18 21 24 30 28
Histidine 5 6 6 4 4 8 7 6
Phenylalanine 8 5 6 5 4 6 9 11
Tyrosine 2 4 6 16 5 7 7 3
Tryptophan ND ND ND ND ND ND ND ND
Proline 11 14 13 12 13 14 15 16
Cysteine ND ND ND ND ND 3 7 7
Serine 20 20 17 14 18 19 19 13
Methionine 2 2 3 3 2 4 5 4
Aspartate/asparagine 23 19 18 18 17 21 23 24
Glutamate/glutamine 20 26 23 22 23 26 26 18
Arginine 22 34 35 30 30 44 38 24
Lysine 1 3 4 4 3 4 5 0

* Residues for D4, D8, D9, DIO, DlI, and peak V based upon an estimate of 225, 230, 220, 210, 205, and 255 residues per molecule, respec-
tively. The number of residues of D8-Dl 1 was assigned to be consistent with the M, as determined by SDS-PAGE. The number of residues of
D4 and peak V was assigned to facilitate comparison with published data for elastase (31) and cathepsin G (32).
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Figure 4. Testing subfractions D3, D4, D8, D9, DI O, and DI I for
bactericidal activity against C. sputigena ATCC 33123 in three buffer
systems. Final concentration ofeach subfraction was adjusted to 50
,qg/ml. Most bactericidal activity was associated with subfractions D9
and DI10. Subfraction E I represents lysozyme purified from fraction
E by Mono-S FPLC, and is included for comparison. "Phos" indicates
10 rnM phosphate buffer, "'tris-Cl" is 10 mM tris containing 140
mM NaCl, and "PBS" indicates 10 mM phosphate containing 140
mM NaCl. All solutions contained 1% TSB and were adjusted to pH
7.0. Columns and vertical bars represent the mean bloglo and SD6,
respectively, of quadruplicate assays.

dative killing mechanisms can require the presence of oxygen
to kill microorganisms (38), presumably to support rapid mi-
crobial metabolism during the killing process. Fractions A and
E exerted no microbicidal activity against these organisms ei-

E I.
:
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Figure 5. Kinetics of killing C. sputigena ATCC 33123 by subfraction
D9. Assay was performed in 1% TSB and 10 mM sodium phosphate,
pH 7.0. Kinetics was examined at several concentrations: (e) 100 sg/
ml, (a) 50 Atg/ml, (A) 20 ,g/ml, (*) 10 gg/ml, and (o) 0 jig/ml control.
Points and vertical bars represent the mean blogl0 and SD6, respec-
tively, of quadruplicate assays.
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Figure 6. Effect of NaCl on the bactericidal activity of subfraction D9
(.) and commercially prepared cathepsin G (-) against C. sputigena
ATCC 33123 (large graph). Killing was observed below 20 mM NaCl.
Buffer controls are also shown (o). Subfraction D9 exhibited cidal
activity throughout the tested pH range (inset). Buffer system was 10
mM sodium phosphate. Points and vertical bars represent the mean
blogl0 and SD6, respectively, of quadruplicate assays.

ther aerobically or anaerobically. Fractions C and D were mi-
crobicidal, but only fraction D was microbicidal under anaero-
bic conditions and at the concentrations tested. Thus, the com-
ponents of fraction D may be important in killing oral bacteria
within the hypoxic gingival crevice. Fractions F and G, which
were also microbicidal against the Capnocytophaga, yielded a
number of peptides, including the defensins. Although neither
C, D, F, or G were pure, comparisons may be estimated based
on assumed molecular weights of 30,000 (for C and D) and
3,000 (for F and G). On a molar basis, the potency ofC andD is
- 10 times that of F and G. Similarly, we have observed that
on a molar basis, the purified defensins, HNP- 1, HNP-2, and
HNP-3, are - 10-20 times less potent than cathepsin G
against certain oral bacteria in our assay conditions.

Fraction D consisted ofa mixture ofproteins as assessed by
SDS-PAGE, but the majority ofthese exhibited an M, between
22 and 28,000. Fraction D contained virtually all chymotryp-
sin-like and some elastase-like esterase activity. Bactericidal
activity of fraction D segregated with the extremely cationic
protein subfractions (subfractions D8-D1 1) that eluted at or
above 0.7 M NaCl from Mono-S. The chromatographic profile
of chymotryptic activity closely resembled the profile of absor-
bance at 280 nm. Because our subfractions D8-D 1 resembled
commercially prepared cathepsin G by SDS-PAGE, we attrib-
ute the irregular shape of the D8-D 11 peak to the presence of
carbohydrate-based isomeric forms of cathepsin G (39, 40)
rather than proteolytic fragmentation. Subfractions D8-D1 1
exhibited amino acid compositions consistent with cathepsin
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G; however, subfraction D10 revealed higher levels oftyrosine
residues than expected and in comparison to the other subfrac-
tions. No detectable microbicidal activity was associated with
the elastase-containing subfractions (subfractions D3 and D4).

Cathepsin G is a relatively poor proteinase and little is
known about the true function of this enzyme (40). Lehrer et
al. (41) demonstrated that chymotrypsin-like cationic proteins
killed fungi in a manner that was independent of enzymatic

Table III. Inhibition ofKilling ofC. sputigena ATCC 33123
by the Specific Enzyme Inhibitors ofCathepsin G
and Elastase, Z-GLPCK, and N-MSAAPVCK, Respectively,
and by the Unreactive Chloromethyl Ketone TPCK

Bactericidal
activity*

Reagents (6 logO±sd6)

a logO±SD6

Fraction D + solvent DMSOt 3.46±0.00
Fraction D + Z-GLPCK' 0.67±0.04
Fraction D + N-MSAAPVCK 1.26±0.06
Fraction D + Z-GLPCK + N-MSAAPVCK 0.00±0.02
Fraction D + TPCK 3.46±0.00
Solvent DMSO 0.07±0.05
Z-GLPCK 0.04±0.02
N-MSAAPVCK -0.06±0.06
Z-GLPCK + N-MSAAPVCK 0.11±0.03

Subfraction D9 2.56±0.00
Subfraction D9 + Z-GLPCK 0.59±0.15
Subfraction D9 + N-MSAAVPCK 2.45±0.82
Subfraction D9 + Z-GLPCK + N-MSAAVPCK 0.81±0.03
Subfraction D9 + solvent DMSO 3.05±0.10
Subfraction D9 + TPCK 3.50±0.00

* Bactericidal assays of fraction D and subfraction D9, 100 'Og/ml,
were performed for 2 h at 370C. Values are given as 6 logl0 and
represent the mean and SDW of triplicate assay.
* DMSO was used to solubilize the inhibitors Z-GLPCK, N-
MSAAPVCK, and TPCK, and was present in the bactericidal assay
at concentrations up to 0.005% vol/vol. Control DMSO was provided
in the assay at 0.005% vol/vol.
'Inhibitors or DMSO were preincubated with fraction D and sub-
fraction D9 for 2 h at 24°C. Inhibitor concentrations were 5 ,ug/ml.

Figure 7. The inhibitory effect of
PMSF on the bactericidal activity of
fraction D (A) and subfraction D9
(B). Bactericidal activity (.) is pro-
vided as blog10, as defined in Meth-
ods. Enzyme assay data (o) is pro-
vided as percent of uninhibited en-
zymatic activity. Points and vertical
bars represent the mean blog10 and
SD6, respectively, of quadruplicate
assays.

activity. Subsequently, other investigators have noted that en-
zyme activity was not essential in the killing of organisms such
as Escherichia coli, Acinetobacter, staphylococci, and gono-
cocci (15, 20-22). Recently, azurocidin, a member of the NSP
family that lacks enzymatic activity has been discovered (1 1).
Azurocidin exhibits potent microbicidal activity against non-
oral bacteria (10), suggesting that enzymatic activity is not a
necessary requirement for killing of bacteria by certain
members of the NSP family.

In this study, we found that enzymatic activity of crude
(fraction D), relatively pure (subfraction D9), and commer-
cially purified cathepsin G was associated with microbicidal
activity against the oral Capnocytophaga, but not the control
organism, E. coli. Persuasively, PMSF-inactivated or DFP-in-
activated cathepsin G killed E. coli but not C. sputigena. The
microbicidal activities offraction D and subfraction D9 against
C. sputigena ATCC 33123 were diminished by heat inactiva-
tion, PMSF, and the cathepsin G-specific inhibitor Z-GLPCK.
No inhibition of cidal activity was observed in the presence of
the solvent vehicle DMSO, or the control chloromethyl ketone
TPCK. Some inhibition of the bactericidal activity of fraction
D, but not subfraction D9, was also observed with N-
MSAAPVCK, the elastase-specific inhibitor. The simplest in-
terpretation of this observation is that the bactericidal activity
of fraction D against C. sputigena resulted from a synergistic
interaction ofboth elastase and cathepsin G. Furthermore, the
bactericidal activity of elastase was dependent upon cathepsin
G, since elastase-containing fractions alone (D3 and D4) ex-
erted no cidal activity. Regardless of the exact interactional
properties of cathepsin G and elastase, these results demon-
strate that cathepsin G is bactericidal against C. sputigena and
that either enzymatic activity and/or an intact enzyme active
site is required for killing of C. sputigena.

The reason that the killing of C. sputigena required an in-
tact enzyme active site is unknown. Although this may reflect a
requirement for enzymatic activity, it may also reflect the par-
ticipation ofthe enzyme active site in the binding of cathepsin
G to the surface of C. sputigena. In either case, this is a unique
observation. However, there are some clues as to the potential
determinant interactions between C. sputigena and cathepsin
G that remain to be investigated. It has been reported that
certain outer membrane proteins of gonococci are susceptible
to hydrolysis by cathepsin G (42), and that the LPS may mask
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potential target outer membrane proteins (21). As such, it is
possible that unlike previously tested organisms, C. sputigena
both possesses LPS that does not confer such masking and also
exposes susceptible proteins that must be enzymatically dam-
aged for killing to occur.

No inhibition of killing was observed when C. sputigena
ATCC 33123 was pretreated with the irreversible serine pro-

tease inhibitor PMSF, washed, and exposed to fraction D. We

1.28 C V D
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TINE
Figure 9. Reversed-phase FPLC on a ProRPC HR 5/2 column. Flow
rate was 0.5 ml/min. Absorbance profile at 215 nm is shown, AUFS
= 1.28. Eight major peak fractions were observed. Peak V was the
predominant peak. By AU-PAGE, peak V revealed two bands (inset),
and is shown in comparison to fractions C and D.

surmise that endogenous bacterial proteases were not involved
in the cidal effects of fraction D. Also, chymotrypsin A4 could
not restore the cidal effects of heat-inactivated subfraction D9.
As such, chymotryptic activity alone was not sufficient to kill
C. sputigena. Also, it seems more likely that the cationic proper-
ties of cathepsin G enabled the enzyme to exert lethal effects,
and not that the enzyme prepared the bacterial surface for the
lethal effects of a cationic molecule.

We found that pooled subfractions D8-D 1 I compared well
in terms of purity with commercially prepared human cathep-
sin G (> 98% pure) as assessed by SDS-PAGE. Reversed-phase
chromatography FPLC using a ProRPC HR 5/2 column (a
C I-C4 equivalent) verified that the major component of sub-
fractions D8-D 1 I was cathepsin G. The major peak separated
from the subfractions D8-D 11 by reversed-phase chromatogra-
phy was designated peak V. Peak V represented > 90% of the
total material in subfractions D8-D I 1, and produced a doublet
banding pattern on AU-PAGE. The high number of arginyl
residues, the presence of lysinyl groups, and the NH2-terminal
amino acid sequence were consistent with cathepsin G. Peak V
represented a more highly purified cathepsin G than subfrac-
tions D8-D I 1, yet was about five times less potent against C.
sputigena than either fraction D or subfractions D8-D I 1, and
exerted no microbicidal activity at 50-100 ,ug/ml. We believe
this resulted from the enzymatic inactivation of peak V by the
organic solvent and the ion-pairing agent used in the reversed-
phase separation, acetonitrile, and trifluoroacetic acid (43).
The cidal activity observed at higher concentrations (500 ,ug/
ml) may be ascribable to either nonenzymatic, cationic interac-
tions alone, contaminating azurocidin, or to trace residual en-

zymatic activity. The first explanation suggests that C. sputi-
gena may be sensitive to two modes of killing by cathepsin G;
however, other experimental approaches will be required to
resolve these issues.

In summary, oral bacteria of the genus Capnocytophaga
were killed in an oxygen-independent fashion by nonoxidative
microbicidal systems of human neutrophils, including cathep-
sin G, a member of the NSP family. Additionally, enzymatic
activity was closely associated with the killing of Capnocyto-
phaga by cathepsin G at lower concentrations. This observa-
tion suggests that an intact enzyme active site and possibly,
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enzymatic activity itself, is involved in the killing of C. sputi-
gena by cathepsin G. We propose that this enzyme-dependent
killing of a microorganism by a neutral serine protease repre-
sents a heretofore undescribed process and suggest that one of
the functions ofthe chymotryptic activity ofcathepsin G is the
killing of certain bacteria. Additional research will be required
to elucidate the mechanisms of this "enzymatic killing."
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