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Using a recently developed assay for glucosyltransferase activity based on
'4C-glucose incorporation into an alcohol-insoluble polysaccharide, we were able
to study inhibition by antibody of this enzyme activity. Rabbit antibody was
relatively specific for the strain of Streptoccus mutans from which the enzyme

was obtained. Absorption studies showed that neither removal of antibodies
directed to dextran nor absorption with intact bacteria offset the enzyme-
inhibitory capacity of these sera, whereas absorption with partially purified
enzyme did result in removal of the inhibitory capacity.

An adhesive cell-associated polysaccharide is
one of the important determinants of virulence
of cariogenic streptococci. This polysaccharide
in Streptococcus mutans is mainly composed of
a mixture of dextrans exhibiting a 1-6 linkage
between the constituent glucose units with a
1-3 and 1-4 branches (11). The various dex-
trans are formed by enzymes classified as
glucosyltransferases (8, 11, 16). These en-
zymes, also termed dextransucrases, function
by producing the dextrans from sucrose with
release of fructose (3, 5). Restriction in the
formation of the adhesive dextran results in a
diminution of the cariogenic potential of these
organisms (9). A mutant of S. mutans lacking
the ability to produce cell-associated dextran
was found to have lost its cariogenic potential
(4), further indicating the importance of this
polysaccharide in adhesion to smooth surfaces.

Studies from this laboratory (7) have shown
that rabbit antisera directed to S. mutans
inhibit the formation of in vitro plaque by these
organisms. In addition, it was found in our
studies that S. mutans cells grown in homolo-
gous antiserum had much less cell-associated
dextran than cells grown in normal rabbit
serum. Our results have recently been con-
firmed (14). These studies (7, 14) suggest that
one mechanism by which antibodies may inter-
fere with colonization of smooth surface by S.
mutans is by inhibiting the enzymatic activity
of glucosyltransferases responsible for produc-
tion of adhesive polysaccharides. Strains of S.
mutans have been found by Bratthall (1) to
belong to one of five serological groups. If

antibodies directed to S. mutans glucosyl-
trans£erases are important as determinants of
plaque formation, it is important to know the
antigenic relationship among the glucosyl-
transferases of each of the five serotypes of S.
mutans. Previously, Carlsson and Krasse (2)
showed that homologous rabbit antisera would
inhibit the activity of partially purified gluco-
syltransferases from one serotype of S. sanguis.
The experiments reported here were under-
taken to study the inhibition by antibody of
glucosyltransferases obtained from cariogenic
S. mutans of the various known serotypes. The
aims of this study were (i) to adopt an assay for
glucosyltransferase activity which would be
useful in studying the effects of antibody on the
enzyme and (ii) to study the immunological
specificity of glucosyltransferase enzymes ob-
tained from strains representing the various
known serotypes of S. mutans.

MATERIALS AND METHODS
Enzyme sources and extraction. Cultures for

enzyme production were grown in Trypticase soy
broth (BBL) for 48 hr at 37 C in 9-liter volumes.
Strains of S. mutans used as enzyme sources were
6715, E-49, FA-1, GS-5, and LM-7. These belong to
Bratthall's groups d, a, b, and c, and to Lancefields's
group E, respectively (1). The original cultures were
kindly provided by Robert Fitzgerald, Veterans Ad-
ministration Hospital, Miami, Fla., and Ronald
Gibbons, Forsyth Dental Center, Boston, Mass. The
cultures were maintained in Eugonagar deeps (BBL)
at - 70 C and were tested periodically for their ability
to form plaque on nichrome wire by use of the
procedures of McCabe et al. (13). Only cultures that
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were able to form in vitro plaque were used as a

source of glucosyltransferases. The glucosyltransfer-
ases were partially purified from the culture fluids
by the method of Wood (15). Briefly, the method
consists of precipitation of culture supernatant fluids
with 60% ammonium sulfate followed by centrifuga-
tion. The precipitate was dissolved in distilled water
and extensively dialyzed to remove salt. The dialy-
sate was lyophilized and stored. Under these condi-
*tions the glucosyltransferases were found to remain
active for up to 1 year.
Enzyme assay. Glucosyltransferase activity was

measured by determining "4C-glucose incorporation
into an ethanol-insoluble polysaccharide. This proce-

dure allows a rapid and precise quantitation of the
activity present. A typical reaction mixture deter-
mined by previous experiments to give easily mea-

sured activity contained 375 ug of enzyme, 50 ug of
primer dextran, (average molecular weight, 20,000;
Pharmacia Fine Chemicals, Inc.), and 0.01 Mg of uni-
formly labeled "4C-sucrose (specific activity, 346
mCi/mmole; New England Nuclear Corp.) in a

reaction volume of 200 Mliters. The buffer was 0.01 M
sodium citrate-sodium phosphate, pH 5.0. Incuba-
tion temperature was 30 C, and reaction times were

varied. The reaction was stopped by precipitation
with the addition of ethanol to a final concentration
of 70% (v/v). To ensure complete precipitation of the
labeled product, 24 mg of unlabeled dextran (mo-
lecular weight, 20,000) was added as carrier. The

precipitate was centrifuged at 9,000 x g, redissolved
in distilled water, and reprecipitated with ethanol
again at a final concentration 70%. The precipitate
was dissolved in 0.25 ml of distilled water, mixed
with the scintillation fluid described by Garvey (6),
containing 4% Cab-O-Sil (Packard Instrument Co.,
Inc.), and counted in a liquid scintillation counter
(Packard Instrument Co., Inc.). Under these condi-
tions of sample preparation and counting, no quench-
ing of added known amounts of "4C was detected.

Critical assessment of the assay was made to
determine its specificity in detecting dextran synthe-
sis. Preparations of sucrose labeled with "4C in the
glucosyl moiety and with 3H in the fructosyl moiety
(New England Nuclear Corp.) were used in the assay
under conditions similar to those described for the
uniformly labeled sucrose. Concentrations for the
substrates were 0.018 ,sg for the "4C-glucose-labeled
sucrose (specific activity, 243 mCi/mmole) and
0.0084 jig for the 3H-fructose-labeled sucrose (specific
activity, 5.21 Ci/mmole).

Immunization procedures. Antisera to S. mutans
were prepared in rabbits by intravenous injection of
108 saline-washed cells per ml based on McFarland
turbidity standards. The immunizations were re-

peated for a total of six injections over a 2-week
period. The rabbits were bled 1 week after the final
injection, and the sera were separated and stored at
-20 C. Booster immunizations were given with a

single injection of the same dose, and the animals
were bled 1 week later.

Inhibition assay. Inhibition of enzyme activity
was measured by incubating antisera at the desired
dilution with the enzyme at 30 C for 30 min prior to
the addition of the dextran primer and radioactive
substrate. The procedure described above was then

followed to determine residual enzyme activity.
Under these conditions of sample preparation and
counting, no detectable quenching of added known
amounts of isotope occurred.
Absorption of antisera. Absorption of the anti-

sera was carried out by adding heat-killed cells (1 ml
of packed cells per ml of serum), G-25 Sephadex, an
insoluble form of dextran (1 ml of hydrated Sephadex
G-25 slurry per ml of serum; Pharmacia Fine Chemi-
cals, Inc.), or various amounts of glucosyltransferase.
The glucosyltransferase added (amounts given in
Table 2) did not give visible reactions with the
antisera. The mixtures were incubated at 37 C for 1
hr with continuous gentle mixing, followed by 1 to 2
hr at 4 C. The cells and G-25 Sephadex were removed
by centrifugation. The activity of glucosyltransferase
added to the sera as absorbing antigen was sub-
tracted when necessary. Gel diffusion analyses of the
sera were done in 1.2% agarose made in 0.07 M sodium
barbital buffer, pH 8.6.

RESULTS
Rate studies with the radiolabeled assay.

Figure 1 depicts a typical curve seen when
uniformly labeled sucrose was used as sub-
strate. Polysaccharide formation by enzymes
from S. mutans strain 6715 in the absence of
antibody was followed as a function of time at
30 C. This reaction plateaus at 4 to 6 hr and
again at 14 to 18 hr. Figure 2 gives the results of
an experiment in which the incorporation of
glucose from "4C-glucose-labeled sucrose and of
fructose from aH-fructose-labeled sucrose into
ethanol-insoluble product was measured. It can
be seen that there was no detectable 3H-fruc-
tose incorporation from 0 to 5 hr of incubation
under conditions of the assay. From 5 to 18 hr,
there was an increasing amount of 3H-fructose
incorporation. On the other hand, 14C-glucose
was incorporated throughout the period
studied and appeared to reach plateau levels at
12 to 14 hr. From this experiment, it is clear
that under the conditions of this assay only
glucosyltransferase enzymes were assayed dur-
ing the first 5 hr of incubation. From 5 to 18 hr,
levansucrase activity as well as glucosyltrans-
ferase activity was detected.

Inhibition of the radiolabeled assay with
immune sera. The effects of rabbit antiserum
to S. mutans strain 6715 on the incorporation of
radioactive sucrose moieties into ethanol-
insoluble products by homologous enzyme is
shown in Table 1. After 2 hr of incubation, a
substantial amount of the uniformly labeled
sucrose and the "4C-glucose-labeled sucrose
was incorporated into product. Essentially no
differences were seen in the results between the
two glucose labeled isotopes. Nonimmune rab-
bit sera showed little or no effect. None of the
tritiated fructose moiety was incorporated into
product during this time period.
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FIG. 1. Incorporation of radioactivity from uni-
formly labeled sucrose into ethanol-insoluble product
by supernatant enzymes from S. mutans strain 6715.
The reaction mixture contained 375 Ag of enzyme,
50 pg of dextran (molecular weight, 20,000), and 0.01
m sodium citrate-sodium phosphate buffered at pH
5.0 in a reaction volume of 200X liters. Incubation was
carried out at 30 C for various times.
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TAMB 1. Antiserum' inhibition of glucosyltransferase
obtained from S. mutans strain 6715 with various

labeled sucrose substratesa

Uniformly labeled '4C-glucose-labeled
sucrose sucrose

Serum
Inhibi- Inhibi-

Counts/min" tion Counts/min tion
(%)' (%)

No serum
(control) 1,998 * 95 0 1,255 * 111 0

Immune
serumd

1:10 551 17 72 330 * 12 74
1:20 631 16 68 503 * 34 60
1:100 1,450 84 27 959 t 59 24
1:200 1,598 131 20 946 + 69 25

Normal
serum

1:10 1,762 30 12 1, 174 * 48 6
1:20 1,882 65 6 1,222 + 40 3
1:100 1,870 38 6 1,300 + 28 0
1:200 1,935 72 3 1,325 + 34 0

"In addition to the two labeled sucrose substrates shown
in the table, 'H-fructose-labeled sucrose was also tested, but
none was incorporated into product during the 2-hr period of
the test.

I Counts were corrected for radioactivity precipitated
at zero incubation time. Averages were obtained from trip-
licate samples and standard deviations are given. Assay
was carried out for 2 hr at 30 C.

'Percent inhibition calculated as 100% activity of con-
trol minus activity in presence of immune or normal serum.

dRabbit antiserum directed to S. mutans strain 6715
whole-cell vaccine.

Rabbit antisera directed to strains 6715, E-49,
and GS-5 showed marked inhibition of homolo-

T I gous glucosyltransferase activity. These three
5 10 15 20 25 antisera appeared to reach characteristic maxi-

Hours of Incubation mal inhibition ranging from 50 to 95%, which
)ration of radioactivity from "4C may reflect the antibody content of each se-
s4crose and 'H-fructose-labeled su- rum. Antiserum directed to strain FA-1 showed
!-insoluble products by supernatant detectable but low levels of inhibitory activity
mutans strain 6715. The conditions against the homologous glucosyltransferases.
itical to those used in Fig. 1, except Using absorbed antisera specific for strain
&g of "4C-glucose-labeled sucrose FA-1, we obtained titers of 1:80 by indirect
of sH-fructose-labeled sucrose (0) fluorescent-antibody procedures, indicating
or the uniformity-labeled sucrose. reactivity of the antisera to antigens on the cell

surface. Similar titers were obtained with anti-
ent demonstrates that the use sera specific for the other serotypes.
ibeled sucrose or "IC-glucose- Table 2 shows that the glucosyltransferase-
at 2 hr of incubation provides a inhibitory capacity of rabbit antiserum to
glucosyltransferase activity. In strain 6715 can be diminished by prior absorp-
xperiment shows that marked tion of the antiserum with small quantities of
ie activity of glucosyltransfer- the homologous enzyme. Absorption of the
homologous rabbit antisera antiserum with washed homologous cells of S.

mxtensive immunization with mutans did not result in reduction of inhibitory
1. capacity. This antiserum was also found to
vs the results of an experiment react with dextran by gel diffusion experi-
icosyltransferases of S. mutans ments. Absorption of the antidextran anti-
49, GS-5, and FA-1 were tested bodies with an excess of Sephadex G-25 failed
y homologous rabbit antiserum. to reduce the glucosyltransferase inhibitory ac-
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FIG. 3. Inhibition of S. mutans glucosyltransferase
activity by homologous rabbit antisera. (0) S. mu-
tans strain 6715 (enzyme and antisera to strain 6715),
(0) strain E-49, (A) strain GS-5, (A) strain FA-1,
(0) nonimmune rabbit serum. Appropriate dilutions
of each rabbit antiserum were incubated with its
homologous enzyme for 30 min at 30 C prior to
addition of uniformly labeled sucrose substrate and
dextran primer.

tivity of the antiserum, although the reaction of
this antiserum with dextran in gel was elimi-
nated.

Glucosyltransferase inhibition by heterolo-
gous antisera was tested in an experiment
shown in Table 3. As expected, antisera against
homologous (strain 6715) glucosyltransferase
showed marked inhibition of enzyme activity.
However, antisera directed to strains LM-7,
GS-5, and FA-1 showed low levels of inhibition
of strain 6715 enzyme, suggesting limited anti-
genic cross-reactivity among glucosyltransfer-
ases of the serotypes of S. mutans.

DISCUSSION
Inhibition of glucosyltransferase activity by

antisera obtained from animals injected with
whole cells appears to be relatively specific for
the enzyme obtained from the immunizing
organism. This finding suggests that, although
soluble glucosyltransferases from different
strains have similar catalytic activities, they
differ antigenically.
A surprising finding was the inability of

homologous whole cells to absorb inhibiting
antibody from the immune serum. It has been
reported that these are cell-associated glucosyl-
transferases (9, 11) which might compose a

portion of the cell surface. However, since the
cells did not remove significant amounts of
antibody, several possibilities may be consid-

ered. The cell-bound glucosyltransferase en-
zymes may be masked by the dextran capsule
or removed during the washing procedure, or
the supernatant enzymes used in this study
may be antigenically distinct from cell-
associated enzymes. A possibility also exists
that the procedure used to heat-kill the absorb-
ing cells denatured the enzyme and thus al-
tered its antigenic character. This possibility
is considered to be unlikely because of the
minimal heat treatment used. Further studies
are currently planned to determine the speci-
ficity and localization of supernatant and cell-
associated enzymes.

It should be noted that numerous attempts
in our laboratories to inhibit the activity of
partially purified cell-associated glucosyl-
transferases with antisera have shown enhance-

TABLE 2. Glucosyltransferase inhibition by
rabbit antiserum to S. mutans strain 6715

after absorption with homologous
glucosyltransferasesa

Absorbing enzyme Enzyme inhibition
addedb at 2 hr (%)c

0 81 + 2
18.75 74 ± 3
37.5 68 3
75 62 3
150 58 2
300 55 4d

aThis serum was absorbed with Sephadex G-25,
with no change in enzyme-inhibiting capacity, prior
to absorption with enzyme.

I Micrograms per 100 Mliters of serum.
cAverage of duplicate assays + standard devia-

tion.
dThis value was corrected by 8% to account for

activity of absorbing enzyme added. Lower concen-
trations of absorbing enzyme showed no added ac-
tivity.

TABLE 3. Inhibition of S. mutans strain 6715
glucosyltransferase activity by homologous

and heterologous antisera

Seruma Enzyme
inhibition (%)b

None. 0
Rabbit anti-6715.95 ± 2
Rabbit anti-LM-7.16 ± 4
Rabbit anti-GS-5.11 ± 3
Rabbit anti-FA-1.22 ± 6
Nonimmunized rabbit serum .... 6 ± 4

aAntisera were at 1:10 final dilution in the reac-
tion mixture.

bThe enzyme was assayed with uniformly labeled
sucrose as substrate. The reaction was assayed after
2 hr of incubation. Percent inhibition was calculated
on duplicate samples and the standard deviation is
given.
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ment, no effect, or inhibition. It may be that
the cell-associated glucosyltransferases are
particulate and that the effect of antibody on
these particulate enzymes is not simple but
depends on factors such as the size of the
particles and the spectrum of antibodies
present in the serum.

It is premature to consider immunological
control of plaque-forming organisms in hu-
mans. However, it is necessary to examine
closely the parameters such as the antigens
which might be involved in such control. It
would appear from this study that the glucosyl-
transferases from S. mutans are antigens whose
inhibition might be a controlling factor in
antibody-mediated inhibition of plaque. It
should be noted that antibodies directed to
other antigens on S. mutans may also function
in preventing the adherence of these microor-
ganisms to smooth surfaces of the teeth and to
one another in dental plaque.

Several investigators have examined the
possible effect of antibodies on plaque forma-
tion in vivo. Hayashi et al. (12) demonstrated
that rats were less susceptible to caries when
challenged with cariogenic bacteria in the diet
after immunization intraperitoneally with dex-
transucrase fractions obtained in a fashion
similar to those used in the present study.
Guggenheim (10), also using a partially puri-
fied enzyme preparation as well as bacterial
cells given rats intravenously, could not show a
difference in plaque formation or caries inci-
dence. Others (Gaffer et al., Int. Ass. Dent.
Res. Abstr. no. 304, 1970; Tanzer et al. Int.
Ass. Dent. Res. Abstr. no. 466, 1970), using
bacterial cells as immunogens, have had var-
iable results. It would appear to be impor-
tant to study further the route of immuni-
zation, the form of the antigen administered,
and the type of response evoked.

It is clear that antigenic analysis of the
various glucosyltransferase enzymes is impor-
tant for an understanding of the enzymes as
well as in determining whether naturally occur-
ring enzyme-inhibiting antibodies in the
human play a role in smooth surface caries
resistance. These studies are made difficult by
the inability to obtain cell-associated glucosyl-
transferases in soluble form and by the dif-
ficulty of demonstrating glucosyltransferase
enzymes in gel-diffusion experiments. Hence,
it is necessary to study the antigenicity of these
enzymes indirectly through the antibody-
mediated inhibition of enzyme activity.
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