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The ability of lysozyme to aggregate and lyse the gram-negative capnophilic periodontal microorganism
Capnocytophaga gingivalis 2010 was monitored optically at 540 nm. Both hen egg white and chromatograph-
ically purified human lysozymes had significant but similar aggregation potentials for both logarithmic- and
stationary-phase bacteria. In general, an increase in enzyme concentration resulted in a graded increase in both
the initial and maximum changes in turbidity which occurred during the reaction period. The greatest change
in turbidity occurred within the initial minutes of interaction of lysozyme and the cells, and the extent of
aggregation paralleled a rapid depletion of lysozyme by the suspensions during the first minute of its incubation
with the bacteria. Interestingly, the muramidase inhibitors N-acetyl-D-glucosamine and histamine did not block
aggregation, whereas maleylation of lysozyme completely inhibited its aggregating ability. Demaleylation,
however, restored aggregation activity comparable to the native enzyme, indicating that maleylated lysozyme
retained its integrity and that aggregation was primarily dependent on charge. The addition of up to
physiological concentrations of NaHCO3 and NaCl to cell aggregates resulted in varying degrees of
deaggregation and lysis. Surprisingly, ultrastructural analysis of lysozyme-treated cells revealed morphological
changes with or without the addition of salt. Damage appeared to occur at the blunted polar end of the cells
where there was a large spherical outpouching bordered by a damaged cell envelope. Damaged cells uniformly
contained dense granular cytoplasmic debris. In effect, the cationic enzyme lysed C. gingivalis 2010, which was

not apparent in the spectrophotometric assay. The paradoxical finding that during bacterial aggregation there
was lysis may be of significance to the further elucidation of lysozyme's antibacterial role in the gingival sulcus.

The oral microflora has generally been regarded to have a

role in the initiation and progression of periodontal diseases,
and some bacteria have been implicated as being more

important than others in the pathogenesis of individual
diseases (59, 62). Although no cause-effect relationships
have as yet been established, there do appear to be strong
associations between certain bacterial groups and specific
disease entities. One such group is the gram-negative,
capnophilic bacillus Capnocytophaga. Species of Capno-
cytophaga have been isolated from granulocytopenic (15,
17) and immunocompromised (42) patients. They have been
associated with advanced periodontitis in juvenile diabetics
(43) and have been implicated in the development of peri-
odontal disease in patients with Papillon-Lefevre syndrome
(52). Moreover, these microorganisms have several features
which would warrant their being considered periodontal
pathogens. They have been shown to produce an immunosup-
pressive exopolysaccharide (5, 6), to adversely affect neu-
trophil function (58), and to produce a bone-resorbing lipo-
polysaccharide (31), and they have been implicated to have
tissue-invasive capabilities (11). In addition, they have been
shown to hydrolyze immunoglobulins A and G (33) and to
produce a superoxide dismutase (25). Paradoxically, in spite
of its apparent ability to cause periodontal tissue destruc-
tion, Capnocytophaga sp. has been routinely isolated from
the dental plaque of apparently normal, healthy subjects
(35). It is therefore probable that its virulence potential is
well regulated by other plaque bacteria, environmental con-

ditions, and host defense factors (18).

* Corresponding author.

A host defense factor which may be of significance in the
regulation of Capnocytophaga and other periodontal micro-
organisms is the cationic protein lysozyme. Lysozyme is a

major secretory product of macrophages (13) and is found in
both the primary and secondary granules of neutrophils (8,
36). Moreover, it is a crevicular fluid component whose
concentration increases with the severity of periodontal
inflammation (7) and whose fluid level is significantly ele-
vated in individuals with localized juvenile periodontitis
(periodontosis) (16). Lysozyme's antibacterial role has gen-
erally been attributed to its muramidase property in the
hydrolysis of bacterial cell wall peptidoglycan (55). How-
ever, it has been suggested that lysozyme may participate in
the regulation of the oral microflora through its ability to
inhibit bacterial growth (28) and to mediate bacterial aggre-
gation (29, 49). Furthermore, the molecule's cationic prop-
erty is receiving great attention in the literature, in relation
not only to a possible mechanism for bacterial aggregation,
but also to lysozyme's ability to bind to bacterial cell
membranes, activate autolytic enzymes, and effect lysis (21,
39, 49, 57, 63, 64, 67). In this regard, it has recently been
shown that oral Veillonella species and the gram-negative
periodontal pathogen Actinobacillus actinomycetemcomit-
ans Y4 are lysed in the presence of physiological concentra-
tions of lysozyme (3, 27, 63). We wished to determine if this
lytic susceptibility was unique to these microorganisms or,

perhaps, characteristic of other periodontal bacteria. The
focus of this study was, therefore, the interaction oflysozyme
with a human strain of Capnocytophaga gingivalis, a species
isolated from the gingival crevice area (35). We report that
both hen and human lysozymes have significant but similar
aggregation potentials for C. gingivalis and that the micro-
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organism is lysed by lysozyme possibly through activation of
autolysins.

(These results were presented in part at the Sixty-First
General Session of the International Association for Dental
Research held on 1-3 August 1983 in Sydney, Australia.)

MATERIALS AND METHODS
Lysozyme sources and preparation. Human lysozyme

(HuL) was obtained from the urine of chronic monocytic
leukemic patients (47) and purified to homogeneity by im-
munoadsorption (40). The concentration of HuL in stock
solutions was determined from an extinction coefficient,
El'cmI of 25.5 at 280 nm (10). Hen egg white lysozyme
(HEWL; 3 x crystallized) was obtained from the Sigma
Chemical Co. (St. Louis, Mo.). HEWL concentration was
determined spectrophotometrically at 280 nm, using an ex-
tinction coefficient, E1%m, of 26.4 (60). Lysozyme hydrolytic
activity was determined turbidimetrically by measuring the
decrease in absorbance at 700 nm of a suspension of Micro-
coccus lysodeikticus cells, using either purified HuL or
HEWL as a standard (10; B. J. MacKay, Ph.D thesis, State
University of New York at Stony Brook, 1982).

Microbial strain and culture conditions. C. gingivalis 2010,
originally isolated from a deep periodontal pocket, was
kindly provided by S. Socransky (Forsyth Dental Center,
Boston, Mass.) and maintained in the lyophilized state in the
Stony Brook culture collection. Cultures were reconstituted
and grown in a modified fluid thioglycolate broth containing
0.4% sodium bicarbonate, as previously described (27, 61).
For turbidimetric assays of aggregation and lysis, cultures
were grown to either mid-logarithmic phase (optical density
of 0.5 at 700 nm) or stationary phase (optical density of 1.0 at
700 nm). Cells were harvested by centrifugation (4,810 x g,

30 min, 10°C), washed twice in 0.01 M Tris-hydrochloride
(pH 7.4; Tris buffer), washed once in cold distilled water,
and lyophilized. Freshly harvested cells, washed three times
in Tris buffer, were used for ultrastructural analyses.

Spectrophotometric assay. The interaction of both HuL
and HEWL with C. gingivalis 2010 was studied by a

spectrophotometric procedure, essentially as described pre-
viously (29, 30). Briefly, assays consisted of the addition of
100 pul of Tris buffer or Tris buffer containing various
amounts of lysozyme to microcuvettes containing bacterial
cells in 900 of Tris buffer (optical density at 540 nm of the
cell suspension, 0.520) at 37°C. Immediately upon addition
of lysozyme, the suspensions were stirred for 1 min and the
optical density was monitored at 540 nm for 120 min at 37°C.
The cell suspensions were then stirred for 1 min and the
optical density was determined for an additional 6 min. The
resulting curves were termed either optical density-time
curves or aggregation curves (30).
The change in optical density caused by lysozyme was

calculated by subtraction of the optical density of the control
suspension (cells plus Tris buffer) from the optical density of
the lysozyme-containing suspensions at appropriate time
points. These included (i) the initial point immediately after
mixing the cells (1 min), (ii) the time at which the suspen-
sions attained maximum optical density, and (iii) after re-

suspension of the cells at the end of the 120-min reaction
period. Student's t test was used to evaluate the significance
of the differences between changes in optical density caused
by HEWL and HuL with both logarithmic- and stationary-
phase cells.
To examine the effects of salts on lysozyme-treated cells,

100 pl of aqueous solutions of NaHCO3 or NaCl was added
to the suspensions (final salt concentration, 0.025 to 0.15 M)

at the end of the aggregation assay. The cuvettes were then
stirred for 1 min and incubated at 37°C for an additional 12
min, at which time they were again stirred, and the suspen-
sions were examined for reduction in optical density. The
percent reduction in optical density was calculated from the
differences between the optical density of the lysozyme-
treated suspensions with and without the addition of salt.

Lysozyme-binding assay. To determine if aggregation of C.
gingivalis 2010 cells monitored during the spectrophotomet-
ric assay was a function of the amount of lysozyme adsorbed
onto the cells, we used a modification of the lysozyme-bind-
ing assay described by Laible and Germaine (34). The
amount of lysozyme bound to the cells was essentially
determined to be a measure of the depletion of the enzyme
from the supernatants of lysozyme-bacterial cell suspen-
sions. Briefly, analyses consisted of the addition of 100 ,ul of
Tris buffer containing as much as 250 ,ug of lysozyme to
microtest tubes (Bio-Rad Laboratories, Rockville Centre,
N.Y.) containing C. gingivalis 2010 cells suspended in 900 RI
of Tris buffer at 37°C (optical density at 540 nm, approxi-
mately 0.520). Control tubes contained lysozyme without
bacteria. Reaction tubes were stirred for 1 min and incu-
bated at 37°C for 1, 5, 30, 60, and 120 min. Immediately after
incubation, the tubes were centrifuged (12,000 x g, 10 min,
4°C) and replicate 50-RI samples were removed from the
supernatants and assayed for lysozyme hydrolytic activity.
The amount of lysozyme bound by the bacterial cells at each
time point was determined from the differences in hydrolytic
activity between control and test samples. Tris buffer and
supernatants obtained from suspensions of C. gingivalis
2010 cells without added lysozyme had no detectable hydro-
lytic activity. Student's t test was applied for testing the
significance of the differences between the amounts of
HEWL and HuL bound by both logarithmic- and stationary-
phase cells.

Inhibition of lysozyme. The interaction of lysozyme with
bacterial cells may be dependent on either the molecule's
cationic nature or its muramidase property or both. It was
therefore important to determine which aspect of this host
defense factor was critical in its interaction with C. gin-
givalis 2010. The muramidase inhibitors N-acetyl-D-glucos-
amine (Sigma Chemical Co.) and histamine (free base;
Calbiochem-Behring, La Jolla, Calif.), which have been
shown to competitively inhibit lysozyme hydrolytic activity
on M. lysodeikticus cells (37, 56), were studied in the
spectrophotometric assay. A wide range of concentrations
(up to 150 mM) of these inhibitors was preincubated with 100
jig of HEWL for 30 min at 37°C in 0.02 M sodium acetate
buffer (pH 4.5) as described by Glazer and co-workers (22).
Enzymatically inactive enzyme was then used in the aggre-
gation assay as described above. Differences in optical
density change caused by inactive enzymes as compared
with the native enzyme were calculated.
To determine the role of charge in the aggregation pro-

cess, HEWL was maleylated to block positively charged
free amino groups before reacting with C. gingivalis 2010.
Maleylation was carried out in 0.2 M sodium borate (pH 9.0)
at 4°C, as described previously (9), using a 20-fold molar
excess of maleic anhydride over the total e-amino group
content of the lysozyme preparation. Completion of the
reaction was determined spectrophotometrically from the
relative extinction coefficients of the maleylamino group at
250 (E250 = 3,360) and 280 (r280 = 308) nm, respectively (9).
The positive charges were restored by demaleylation, using
1% (vol/vol) pyridine-5% (vol/vol) acetic acid, pH 3.5, at
37°C for 24 h (9).
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Cells from mid-logarithmic-phase cultures were used in all
inhibition studies due to the potential for interference from
extruded surface components, loosely fitting surface-associ-
ated appendages, and exocellular debris often found to a
greater extent in older cultures (48).

Electron microscopy. Electron microscopy was used in
conjunction with the spectrophotometric assay of aggrega-
tion and lysis to assess damage to the C. gingivalis 2010
cells. In these studies, freshly harvested and washed cells
were suspended in 9 ml of Tris buffer (optical density at 540
nm, 0.520) in screw-cap tubes (17 by 10 mm) to which were
added various amounts of HuL and HEWL in 1 ml of Tris
buffer. Immediately upon addition of lysozyme, the tubes
were vortexed for 1 min and the optical density at 540 nm

was followed at 37°C essentially as described above for the
spectrophotometric assay. Upon completion of the assay,
glutaraldehyde (final concentration, 3%) was added, and the
suspensions were incubated for 2 h at room temperature
with end-over-end mixing on a blood tube rotator. At the end
of the fixation period, the suspensions were centrifuged
(27,000 x g, 1 h, 4°C) in thick-walled glass centrifuge tubes
(15 ml), and the cell pellet was washed overnight in 0.5 M
phosphate buffer (pH 6.2) containing 0.08 M potassium
chloride-0.01 M magnesium acetate. The cells were then
osmium postfixed, embedded, stained with uranyl acetate
and lead citrate, and sectioned, essentially as described by
Higgins and Shockman (26). All thin sections were examined
and photographed in a Phillips 200 electron microscope
(accelerating voltage, 60kV).

RESULTS
Aggregation and lysis with HuL and HEWL. HEWL was

tested for its ability to aggregate logarithmic-phase C. gingi-
valis 2010 by the spectrophotometric assay. The optical
densities of cell suspensions for up to 121 min after addition
of 100,u of Tris buffer with 0, 10, 25, 50, and 100,ug of
HEWL are shown in Fig. 1. Each of the curves obtained
from the reaction of lysozyme and cells was characterized
by an initial change in optical density which peaked within
30 min for the larger amounts of enzyme tested. Both the
increase in turbidity and the subsequent fall in the curves

were found to be proportional to the amount of enzyme

added. Moreover, the curves for the greatest concentrations
of lysozyme fell most rapidly. For 25 and 50,ug of HEWL, a

sharp fall in the curves did not occur within 2 h and, like the
suspension containing no lysozyme, only a slight decrease in
turbidity was observed throughout the reaction period after
the initial changes upon stirring the cuvettes. To determine
whether the fall in the curves was due to lysis of the cells or

to settling of aggregates, we stirred the suspensions at the
end of the 2-h reaction period and recorded the resulting
optical density changes (Fig. 1). It became apparent that the
fall in the curves was due to settling of aggregates because,
after mixing, the optical density readings reached maximum
levels of turbidity. In addition, bacterial clumps were clearly
discernible upon visual inspection of the cuvettes.
To determine the relative contribution of bacterial growth

phase to the changes in optical density and to compare the
aggregation abilities of HEWL and HuL, spectrophotomet-
ric assays were done with both logarithmic- and stationary-
phase C. gingivalis 2010 cells in the presence of a wide range

of concentrations of both lysozymes. There was a dose-de-
pendent response to lysozyme treatment regardless of en-

zyme source and bacterial growth phase (data not shown). In
general, an increase in enzyme concentration(.0500 g)
resulted in a graded increase in both the initial and the
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FIG. 1. Aggregation curves obtained by the spectrophotometric

procedure. Analyses consisted of the addition of 100 .1l of Tris
buffer containing various amounts of lysozyme to 900,ul of logarith-
mic-phase C. gingivalis 2010 cells in Tris buffer at 37°C (first vertical
arrow). After the suspensions were stirred for 1 min, the optical
density was monitored at 540 nm for 120 min, at which time the
suspensions were again stirred for 1 min (second vertical arrow),
and the optical density was monitored for an additional 6 min.
Symbols: (0) cells plus Tnrs;(O) plus 10 jig of HEWL; (U) plus 25

,ug of HEWL; (A) plus 50,ug of HEWL; (A) plus 100,ug of HEWL.

maximum changes in optical density which occurred during
the 121-min reaction period. Furthermore, the greatest
change in optical density for each reaction mixture (i.e., as
much as 100% of the maximum change) occurred within the
initial minutes of interaction of lysozyme and cells. The
similarity in aggregation potential of HEWL and HuL was
examined further by multiple spectrophotometric assays
with a single concentration of enzyme (100 p.g) and both
logarithmic- and stationary-phase cells. There were no sig-
nificant differences (P > 0.5) between any of the reaction
mixtures (Table 1), with the exception of HEWL and sta-
tionary-phase cells at that assay point when the suspensions
attained maximum optical density (P< 0.02). In contrast,
therefore, to potential differences in other biological func-
tions, the aggregation potentials of both HEWL and HuL in
the spectrophotometric assay were very similar.

Since it has been reported that physiological concentra-
tions of sodium salts promote lysis of lysozyme-treated cells
(49), aqueous solutions of NaHCO3 and NaCl were tested for
their effects on lysozyme-aggregated logarithmic- and sta-
tionary-phase C. gingivalis 2010 cells at the end of the
spectrophotometric assay, and the percent reductions in
optical density were determined. The addition of up to 0.15
M NaHCO3 or 0.15 M NaCl to aggregated cells caused a 61
or 60% reduction in optical density, respectively, which was
related to the concentration of the salt rather than to the
enzyme source or growth phase of the cells. Moreover,
differences between the effects of NaHCO3 and NaCl were
not significant (P > 0.5). Interestingly, upon visual exami-
nation of the cuvettes, a clearing of the suspensions was
noted for all concentrations of both salts tested, and, upon
close inspection of gram-stained samples, cellular damage
was detected even without salt addition (data not shown).
Lysozyme binding during the spectrophotometric assay of

aggregation. We next sought to determine if the lysozyme-
induced rapid increase in turbidity of whole-cell suspensions
was dependent on enzyme binding, calculated as the amount
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TABLE 1. Effect of HEWL and HuL on change in optical density at 540 nma of logarithmic- and stationary-phase C. gingivalis 2010 cells

AOD54
Assay pointb Logarithmic-phase cells with 100 p.g of: Stationary-phase cells with 100 pLg of:

HEWL HuL HEWL HuL

Initial 0.253 ± 0.040c 0.263 ± 0.033 0.344 ± 0.059 0.198 ± 0.017
Maximum 0.326 ± 0.016 0.351 ± 0.019 0.450 ± 0.036d 0.451 ± 0.066
Resuspension 0.478 ± 0.044 0.431 ± 0.029 0.566 ± 0.033 0.526 ± 0.034

a Determined by substraction of the optical density of control suspensions (cells plus Tris buffer) from the optical density of lysozyme-containing suspensions at
various time points during the spectrophotometric assay of aggregation.

b Assay points included the initial point immediately after mixing the cells (1 min), the time at which the suspensions attained maximum optical density, and
after resuspension of the cells at the end of the 120-min assay.

c Each value represents the mean ± standard error for four (HEWL) and five (HuL) determinations.
d p < 0.02, HEWL with stationary-phase cells versus HEWL with logarithmic-phase cells.

of lysozyme removed by the bacteria during the spectropho-
tometric assay. Therefore, the aggregation assay was done
with both HEWL and HuL and logarithmic- and stationary-
phase cells and the kinetics of enzyme binding were deter-
mined (Table 2). As expected, lysozyme was depleted by
each of the reaction mixtures. Surprisingly, however, of the
amount of enzyme bound during the entire assay, the
greatest percentage of the total bound occurred during the
first mninutes of reaction with the cells (Table 2). With
stationary-phase cells, upon the addition of 100 ,ug ofHEWL
or HuL, virtually all bound within 1 min of stirring the cell
suspensions. Of interest, a similar amount bound to the
stationary-phase cells after the addition of 250 ,ug ofHEWL,
i.e., 107.4 ,ug. However, during the course of the 120-min
reaction period, there was a gradual increase in the amount
removed which did not reach 250 ,ug. This would suggest a
limit in enzyme binding at <200 ,ug for the cell suspension
used in the assay (Table 2). To be certain, these data reflect
the observation that the maximum changes in optical density
did not get appreciably larger upon the addition of more than
250 j±g of lysozyme to the cell suspensions. For example, the
maximum optical densities attained by stationary-phase cell
suspensions after the addition of 500, 750, and 1,000 ,ug of
HEWL were 0.663, 0.663, and 0.698, respectively.
The data obtained with logarithmic-phase cells were likely

a more accurate reflection of enzyme binding to the cells due
to the presence of fewer extracellular vesicles and surface
fibrils as compared with stationary-phase cells. There were
no significant differences in the amount of lysozyme de-
pleted by logarithmic-phase cells at 1 min of reaction with
100 or 250 ,ug of enzyme (Table 2). However, the value was

50% less than that removed by stationary-phase cells. From
the initial minutes of reaction to the end of the assay, there
was a gradual increase in the amount of enzyme bound to
approximately 100 ,ug for both HEWL and HuL (Table 2).
The pattern of rapid binding of lysozyme by both logarith-
mic- and stationary-phage cells paralleled the initial dramatic
changes in optical density which occurred within 1 min after
addition of the enzyme to the cell suspensions (Fig. 1).

Effect of lysozyme inhibitors on aggregation. Experiments
were designed to determine if recognized inhibitors of mur-
amidase activity could block lysozyme-mediated aggregation
of C. gingivalis 2010. When the aggregation effected by 100
jig of enzyme on logarithmic-phase cells was compared with
that caused by muramidase-inactive lysozyme, the differ-
ences in change in optical density throughout the spectropho-
totnetric assay were insignificant (data not shown). Of note,
the differences between maximum optical densities attained
by cell suspensions treated with lysozyme (100 ,ug) and those
attained by treatment with lysozyme inhibited with either
150 mM N-acetyl-D-glucosamine or histamine were only
0.002 and 0.070 optical density units.
The inability of muramidase inhibitors to block aggrega-

tion suggested that aggregation was a charge-related phe-
nomenon. This concept was supported by experiments in
which the lysyl residues of lysozyme were blocked by
maleylation before use in the spectrophotometric assay. The
maleylated enzyme failed to aggregate C. gingivalis 2010
(Fig. 2). Demaleylation, however, restored aggregation ac-
tivity comparable to the native enzyme, indicating that
maleylated lysozyme retained its integrity and that aggrega-
tion was dependent upon charge (Fig. 2).

TABLE 2. Lysozyme bound by logarithmic- and stationary-phase C. gingivalis 2010 cells during the spectrophotometric assay of
aggregation with HEWL and HuL

Lysozyme bound (jig)a
Reaction Logarithmic-phase cells with: Stationary-phase cells with:

HEWL (100 sLg) HEWL (250 p.g) HuL (100 ,ug) HEWL (100 p.g) HEWL (250 ,g) HuL (100 ,ug)
(A)b (B) (C) (A') (B') (C')

1 49.1 ± 1.5 (6) 48.3 ± 11.9 (5) 51.7 ± 1.7 (6) 100.0 ± 0.0 (6) 107.4 ± 37.9 (4) 100.0 ± 0.0 (6)
5 49.9 ± 2.0 (6) 83.3 ± 18.6 (3) 65.0 ± 4.4 (4) 100.0 ± 0.0 (6) 151.6 ± 8.7 (3) 98.0 ± 0.7 (3)

30 62.8 ± 1.6 (6) 90.9 ± 4.5 (3) 100.0 ± 0.0 (6) 100.0 ± 0.0 (6) 184.0 ± 5.6 (6) 100.0 ± 0.0 (6)
60 76.4 + 1.0 (5) 75.0 ± 0.0 (3) 100.0 ± 0.0 (6) 100.0 ± 0.0 (6) 141.4 ± 15.5 (3) 100.0 ± 0.0 (6)

(D) (E) (F) (D') (E') (F')
120 78.3 ± 0.9 (6) 108.7 ± 12.8 (4) 100.0 ± 0.0 (6) 100.0 ± 0.0 (6) 164.2 ± 4.5 (6) 100.0 ± 0.0 (6)

a Each value represents the mean t standard error for number of determinations given in parentheses.
b p < 0.001 A 4 A', C C', D :A D', D + F, D' 4 E, A + D, C gt F. P < 0.01: E It E. P < 0.02: D E, B = E.
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Electron microscopy. The observation of cellular damage
in Gram-stained C. gingivalis 2010 cells sampled at the end
of the spectrophotometric assay with either HEWL or HuL
led us to examine lysozyme-aggregated bacteria in thin
sections by electron microscopy. Shown in Fig. 3 are
electron micrographs of logarithmic-phase cells at the end of
the spectrophotometric assay with 0, 25, 50, and 100 ,ug of
human enzyme. In comparison to intact control cells, cellu-
lar damage was apparent with as little as 25 p.g of lysozyme
and was observed in virtually all cells treated with 100 mg of
enzyme. Dense granular cytoplasmic material was observed
in many of the lysing organisms, and extensive damage to
the outer membrane-cell wall complex was clearly evident.
Of significance was the severe damage which apparently
occurred at the blunted polar end of the cells. In these
regions there was a large spherical outpouching bordered by
varying degrees of damaged outer membrane, cell mem-
brane, and periplasmic space.

DISCUSSION
The interaction of lysozyme with C. gingivalis 2010 was

investigated with a spectrophotometric procedure initially
developed to analyze antibody-mediated bacterial cell aggre-
gation (30). Under standardized conditions of pH (7.4),
buffer molarity (0.01 M Tris-hydrochloride), temperature
(37°C), and cell concentration (optical density of 0.520 at 540
nm), aggregation was dependent on lysozyme concentration
and duration of incubation (Fig. 1). Similar to that observed
in studies of antibody and oral microorganisms (30), aggre-
gation occurred very rapidly. Indeed, in most instances, the
maximum rate of change in turbidity occurred after 1 min of
the interaction of lysozyme with cells, and turbidity values
peaked within 30 min (Fig. 1). Of note, both HEWL and
HuL aggregated C. gingivalis 2010 cells to a similar extent,
and there was little difference in the aggregation of either
logarithmic- or stationary-phase cells (Table 1). The speed of
the aggregation process correlated with the rapid rate and
extent of enzyme incorporation during the reaction period
(Table 2). Moreover, as followed spectrophotometrically,
the concentration dependence was rapidly saturated and
reached a plateau at concentrations of lysozyme of <250 mg
(Table 2). Interestingly, although turbidity values did not
markedly differ, a greater initial depletion of lysozyme was
observed in reaction suspensions of stationary-phase than
logarithmic-phase cells (Tables 1 and 2). It is likely that this
was due to an increased amount of surface fibrils and
extracellular vesicles and debris, usually observed in station-
ary-phase cultures (48), which would have competed with
the cells for the enzyme.
Lysozyme-mediated aggregation of periodontal microor-

ganisms may provide protection against both bacterial ad-
herence and colonization in the gingival sulcus (41). How-
ever, the size of the bacterial aggregate would be of critical
importance in this potential protective mechanism (19). In
this regard, it has been demonstrated that small aggregates,
as compared with large aggregates, may actually enhance
bacterial adherence to dental surfaces (38). In our studies,
lysozyme-aggregated C. gingivalis 2010 cells presented as
visible clumps. However, the actual size of cell aggregates
that would occur in the gingival sulcus in vivo has as yet to
be determined. Furthermore, aggregation may serve as more
than just a clearance mechanism against bacterial coloniza-
tion in the gingival sulcus. The aggregation of C. gingivalis
cells by lysozyme may prepare them for phagocytosis by
sulcular neutrophils (29, 41, 50). On the other hand, too great
an agglutination may result in intense phagocytosis with
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FIG. 2. Effect of maleylation of lysozyme-mediated aggregation
of C. gingivalis 2010. Analyses consisted of the addition of 100 pul of
Tris buffer and Tris buffer containing native enzyme, maleylated, or
demaleylated enzyme to 900 pul of logarithmic-phase cells in Tris
buffer at 37°C (first vertical arrow). After the suspensions were
stirred for 1 min, the optical density was monitored at 540 nm for 120
min, at which time the suspensions were again stirred for 1 min
(second vertical arrow), and the optical density was monitored for
an additional 6 min. Symbols: (0) cells plus Tris; (L) plus 100 ,ug of
maleylated HEWL; (U) plus 100 p.g of demaleylated HEWL; (0)
plus 100 ,ug of HEWL.

extracellular release of neutrophil lysosomal enzymes, lead-
ing to inflammation (66).
The mechanism by which lysozyme aggregated C. gingi-

valis intrigued us. Current evidence suggests that lysozyme
may aggregate oral microorganisms (i) as a lectin by its
interaction with surface carbohydrate through its enzymatic
site (28, 50, 51); (ii) as a cationic protein which binds to
anionic surface molecules (44, 50, 53); and (iii) as a hydro-
phobic molecule which interacts with membrane lipids and
amphiphiles (32). Unlike that observed with oral streptococ-
ci, aggregation of C. gingivalis 2010 was not blocked by
inhibitors of lysozyme's muramidase property, including
N-acetyl-D-glucosamine and histamine (50). Moreover, pre-
vious studies on the aggregating ability of lysozyme for oral
bacteria indicated that there was a pH and ionic strength
dependence for the reaction (29, 44, 50). This dependence
suggested that lysozyme binding and subsequent aggregation
of C. gingivalis 2010 would be mediated through charge-to-
charge interactions. This hypothesis was supported by ex-
periments in which lysozyme's positive charge was blocked
by maleylation. The maleylated enzyme did not aggregate
Capnocytophaga cells (Fig. 2). Demaleylation restored ag-
gregation activity, indicating that the maleylated enzyme
was not denatured and that aggregation was primarily charge
dependent (Fig. 2). However, since maleylation reduced
enzymatic activity, our results do not rule out the possibility
that lysozyme-mediated aggregation is initially a function of
rapid neutralization of bacterial surface charge followed by
binding through the enzymatic cleft of the lysozyme (50).

Similar to our observations with other gram-negative (63)
and gram-positive (49, 50) bacteria, the addition of up to
physiological concentrations of sodium salts to lysozyme-ag-
gregated C. gingivalis 2010 resulted in deaggregation and
lysis. Surprisingly, ultrastructural analysis of lysozyme-
treated cells revealed morphological changes even in the
absence of salt (Fig. 3). This would be the first evidence that
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FIG. 3. Electron photomicrographs of logarithmic-phase C. gingivalis 2010 cells at the end of the spectrophotometric assay of aggregation

with human enzyme. (a) Control cells in the absence of lysozyme; (b) cells plus 25 jig of HuL; (c) cells plus 50 jig of HuL; (d) cells plus 100
,ug of HuL. V, Extruded vesicle; OM, outer membrane; PS, periplasmic space; CM, cytoplasmic membrane. Unlabeled arrow indicates
aggregated cytoplasmic constituents.

C. gingivalis peptidoglycan can be degraded by lysozyme, at
least during prolonged exposure to the enzyme (Fig. 3). Our
earlier investigations (23, 28, 29, 50), as well as those of
others (21, 39, 57, 64, 67), have suggested that for many
bacteria lysozyme-mediated lysis is, in part, a function of
autolysin activation. The pattern of lysis (Fig. 3) and the
requirement for lysozyme's cationic charge (Fig. 2) would
support this hypothesis. Damage appeared to be more se-
vere at the blunted polar end of the cells where there was a
large spherical outpouching bordered by varying degrees of
damaged cell envelope (Fig. 3). Damage to the end plate is
significant in that this region may provide the enzyme with
either a site for facilitated access to a sensitive substrate
(peptidoglycan) or an area for autolysin deregulation. The

possibility that lysis of C. gingivalis 2010 was independent of
lysozyme's muramidase property and solely dependent on
charge remains to be determined. However, if lysis is a
charge-related phenomenon, it could be of biological impor-
tance in light of the presence of lysozyme and other cationic
proteins in neutrophils (45, 54, 65). It is conceivable that
since the neutrophil is the predominant inflammatory cell in
the gingival sulcus during the initiation and progression of
periodontal disease (1), activation of autolysins by secreted
cationic molecules may be an important effector mechanism
for bacterial death and lysis in vivo.
Lysozyme sensitivity of the cell wall of Capnocytophaga

species, and other gram-negative periodontal bacteria, may
be of significance in the expression of the microorganism's
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virulence potential. Depending on the degree of peptido-
glycan hydrolysis, released cell wall fragments from lysing
bacteria can have many biological activities, e.g., comple-
ment activation (24), pyrogenicity (46), polyclonal B-cell
activation, and secretion of immunoglobulins (2, 14). More-
over, persistence of resistant and undigested cell walls in
periodontal tissues may lead to a prolonged inflammatory
response (12, 20). This latter biological effect may be of
importance in light of recent studies which have indicated
that several periodontal microorganisms, including Capno-
cytophaga species, are present in diseased periodontal tis-
sues (11). Cell integrity in periodontal tissues may, in part,
reflect resistance to lysozyme. On the other hand, released
antigenic substances from lysing cells could compete with
viable bacteria in binding to antibodies and complement,
allowing the bacteria to spread further into the tissues before
eventually being destroyed (4).

Further studies of the mechanism of lysozyme-mediated
lysis will tend to clarify the in vivo functions of this cationic
host defense factor. Moreover, the paradoxical finding that
during aggregation there is lysis is very significant in light of
earlier studies which tended to downplay the ability of the
enzyme to lyse oral microorganisms (see references 28 and
50). Indeed, from the results of this study and our previous
work with Veillonella alcalescens (63) and A. actinomyce-
temcomitans (27), it could be concluded that lysozyme is
likely a major lytic factor in the gingival crevicular region.
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