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Enzymes which possess the ability to cause the adherence of Streptococcus
mutans cells to a smooth glass surface were purified 1,100 times by chromatogra-
phy on agarose gel followed by hydroxylapatite gel. During the purification
procedures, the enzymes from strain HS6 (group a) were examined for the
synthesis of water-soluble and water-insoluble polysaccharide and the ability to
produce adherence. The enzyme preparations producing adherence of the S.
mutans cells in the presence of sucrose possessed a molecular size of about
400,000 to 2,000,000 and were composed of approximately equivalent amounts of
dextran and levan sucrases and 5 to 30% polysaccharide. The most highly
purified preparation contained a negligible amount of contaminating protein as
judged by polyacrylamide gel electrophoresis, immunoelectrophoresis, and gel
diffusion. In these three tests, the location of the enzyme responsible for the
synthesis of insoluble polymer was detected by embedding or covering the
enzyme-containing gel with a layer of sucrose-containing agarose gel and
observing the formation of insoluble polymer. During purification the ability of
all fractions to produce adherence was parallel with the enzyme activity
responsible for the synthesis of insoluble polysaccharide from sucrose. About
two-thirds of the sucrase enzyme complex in the S. mutans culture fluid
synthesized water-soluble polymer. This complex, obtained by filtration through
agarose gel, was smaller in molecular size, lower in sugar content, and did not
produce adherence, in contrast to the enzyme complex which possessed adher-
ence activity. The inhibition of the enzyme complex synthesizing soluble polymer
required more anti-synthetase serum than that required to inhibit the synthesis of
water-insoluble polymer. It is not known whether the lack of adherence activity
in this enzyme was due to its smaller size and lower sugar content or the absence
of unknown factors which are essential for its activity. The carbohydrate in these
enzyme preparations, composed of glucose, may represent a primer molecule
and/or a remnant of the polymer synthesized by the enzyme. The enzyme
activity was not inhibited by anti-dextran globulin.

In our previous studies (20, 21) it was shown
that the sucrase enzymes in a crude cell-free
enzyme preparation from the culture superna-
tant of Streptococcus mutans (Strain HS6,
group a) were able to bind to the surface of the
S. mutans cell and subsequently synthesize
water-insoluble dextran and levan from sucrose.
These conditions resulted in the adherence of
the S. mutans cell to a smooth glass surface.
The a-d antigen polysaccharide and dextran on
the S. mutans cell surface functioned in the
binding of the enzyme(s) (20, 21). The same
enzymes synthesized insoluble dextran and
levan from sucrose in the absence of cells.

It was not clear, however, whether the dex-
tran sucrase responsible in part for adherence
existed as a single enzyme or in multiple forms,
and whether it was complexed with a carbohy-
drate polymer. Also, it was not known if addi-
tional components present in the crude enzyme
preparation were necessary for adherence of S.
mutans cells to a glass surface. In depth studies
on the purification of sucrases from S. mutans
have been reported (1, 2, 9), however a precise
determination of the purification and properties
of the enzymes based on their ability to promote
adherence of S. mutans cells has not been
carried out. Such a study would contribute to
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our knowledge of the mechanism of adherence
of these streptococci to a smooth surface and
would be relevant to the formation of an S.
mutans plaque in vivo.

MATERIALS AND METHODS
Streptococcal mutans cells. S. mutans (group a,

strain HS6) was used throughout the study (21). The
cells were grown in THB broth (Todd-Hewitt Broth,
Difco) fortified with 1.8% glucose and salts (24).

Adherence activity. The adherence activity of the
enzyme preparations was measured, using heat-
treated cells as described previously (20), with the
following modifications. In a glass tube (10 by 75 mm)
instead of a tube (13 by 105 mm), 2 uliters of 10%
merthiolate, a varying quantity of 0.05 M phosphate
buffer (pH 6.8) and enzyme fraction, 0.2 ml of 0.5%
cell suspension, and 0.2 ml of 5% sucrose in buffer
were added in the order named. The final volume was
1.2 ml instead of 6 ml. About 60% of the cells adhered
firmly on the glass surface under optimal conditions
(20). The optical density increase due to the synthesis
of insoluble polysaccharide during the assays was less
than 5%. The relative adherence activity as given in
the tables is the corrected value. One unit of adher-
ence activity is defined as the amount of enzyme
complex which produces an adherence of 30% of the
cells to the glass surface. Relative adherence activity
is the adherence unit value per milligram of protein of
the enzyme fractions compared with the adherence
unit value per milligram of protein of the culture
fluid.

Synthesis of polysaccharide from sucrose by
cell-free enzyme complex. A semiquantitative analy-
sis of the synthesis of water-insoluble polysaccharide
was measured as described by reading the turbidity
increase at 550 nm of the reaction mixture (20). Using
0.1 ml of enzyme fraction, the turbidity increases of
0.003 to 0.005, 0.006 to 0.01, and above 0.011 per 3-h
incubation were expressed as +, +2, and +3.

Quantitative analyses of the water-insoluble and
water-soluble polysaccharide synthesized were mea-
sured as follows. The reaction mixture was composed
of 0.2 ml of 5% sucrose, 2 Aliters of 10% merthiolate,
enzyme, and 0.05 M phosphate buffer (pH 6.8) to 1.2
ml (20). After incubation, the water-insoluble poly-
mer was obtained by centrifugation at 5,000 x g for 10
min, washed three times with water, and the dextran
and levan sucrase activities were measured by count-
ing ["C ]glucose and [3H ]fructose incorporated into
the polymer (20).
The water-soluble polysaccharide was precipitated

with 67% ethanol from the supematant. The precipi-
tate was collected after 2 h by centrifugation and
washed with 67% ethanol three times. Dextran and
levan sucrase activities which synthesized the water-
soluble, ethanol-insoluble polymer were measured as
described above. Dextran sucrase activity is expressed
as dextran sucrase units which convert 1 mg of sucrose
to dextran in 1 h (11). Levan sucrase activity is also
expressed as levan sucrase units which convert 1 mg of
sucrose to levan in 1 h. Relative dextran and levan
sucrase activities are the activities of each per milli-
gram of protein of the enzyme fractions compared

with those of the culture fluid.
Dextran and levan sucrase activities were also

measured by liquid-gas chromatography by determi-
nation of the fructose and glucose released from su-
crose. The culture fluid of S. mutans does not contain
significant quantities of invertase (6, 15). After the
incubation of the reaction mixture (20) for 16 h, 0.24
ml of the supernatant obtained by centrifugation was
lyophilized and directly silated with 100 uliters of
silation reagent (pyridine-hexamethyldisilazane-
trimethylchlorosilane, 3:2:1) at room temperature for
5 min. One microliter of the mixture with 1 gg of
mannose as intemal standard was injected into the
column and chromatographed as described previously
(18).

Chemical analysis. The protein content of the
enzyme preparations was estimated by the Folin
phenol reagent (14) using bovine serum albumin as a
standard. Total sugars were measured by the phenol-
sulfuric acid method (3). The glucose content of the
enzyme preparations was analyzed as follows. The
sample (50 to 200 ,gg) was hydrolyzed with 150 Mliters
of 4 N HCI at 100 C for 4 h. The material was dried
and methylated with 100 uliters of 0.5 N hydrochlo-
ride-methanol at 78 C for 20 h. After drying in a
vacuum at room temperature, it was silated and
analyzed by liquid-gas chromatography as described
above.

Antisera. Anti-dextran sucrase serum (anti-CEP
[crude enzyme preparation]) was obtained by inject-
ing crude dextran-levan sucrase (CEP) with incom-
plete adjuvant intravenously into rabbits (20). This
antiserum completely inhibited the synthesis of insol-
uble dextran-levan polymer. However, it did not
inhibit the adsorption of sucrase enzymes to the
surface of S. mutans and was free of antigroup
polysaccharide and anti-dextran globulins (21).

Anti-dextran globulin was purified by Sephadex
G-200 chromatography from anti-S. mutans (strain
10449, group c) whole cell serum (22).

Serological procedures. Agar gel diffusion and
immunoelectrophoresis were carried out as previously
described (16, 17). In both cases, the gel was made of
0.6% pure agarose (Schwarz/Mann, Orangeburg,
N.Y.), 0.02% NaN3, and 0.8% NaCl in 0.05 M phos-
phate buffer (pH 6.8). After the antigen-antibody
bands of precipitate developed, the position of the
enzyme was determined by a modification of an
earlier method (9). A gel composed of 0.3% agarose,
0.024% NaN3, and 5% sucrose, in the same buffer, was
layered to a thickness of 2 mm in each case to
determine which precipitin band possessed the ability
to synthesize insoluble polysaccharide. In this proce-
dure, the upper gel layer was poured at 40 to 45 C so
as not to denature the enzyme. After the incubation at
37 C for 24 h, the presence of the sucrase enzyme was
shown by the appearance of a cloudy white precipitate
of glucan.
The inhibition of dextran sucrase activity in the

enzyme preparations by anti-CEP and anti-dextran
was carried out as follows. The reaction mixture
described above for the quantitative analysis of poly-
saccharide synthesized was used minus the sucrose
solution. To this mixture anti-CEP or anti-dextran
(21 to 184 uliters per dextran sucrase unit) was
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added, and the reaction was incubated for 2 h at 37 C.
The mixture was centrifuged at 6,000 x g for 10 min.
The supernatant was added to 0.2 ml of sucrose
solution (containing labeled sucrose), and the water-
soluble and water-insoluble polysaccharides were
measured by incorporation of [(4C ]glucose and
[3H]fructose, as described above.
Polyacrylamide gel electrophoresis. Polyacryla-

mide gel was composed of 5% acrylamide, 0.25%
methylene-bisacrylamide, 0.05% ammonium persul-
fate, and 0.05% N,N,N',N'-tetramethylethylenedia-
mine in 0.05 M phosphate buffer (pH 6.8). A softer gel
containing 3% acrylamide and 0.15% methylene-
bisacrylamide was also used. Duplicate columns of
each sample were electrophoresed in the same buffer
at 75 V, 6 mA/tube for 2 h. One column was stained
for protein with 1% Amido Black 10B in methanol-
water-acetic acid (5:5:1) for 10 min. The negative
print of the stained gel was taken directly by an
enlarger (Charles Beseler Co., East Orange, N.J.).
The other column was embedded in agarose gel which
contained 5% sucrose, as described above, to detect
the synthesis of insoluble polymer. After incubation
for 1 day at 37 C, the gel was photographed by an
immunodiffusion camera (Cordis Corp., Miami, Fla.).

Purification of enzyme. Strain HS6 was grown in
4 liters of broth as described above. After overnight
incubation, the culture supernatant was obtained by
centrifugation: The CEP was obtained from the
supernatant by precipitation with (NH4)IS04 (20).
The following methods were used for further purifica-
tion of CEP.

(i) Purification by filtration through agarose
gel. CEP (15 ml) was applied to a column (2.5 by 54
cm) of BioGel A-50m in 0.05 M phosphate buffer (pH
6.8). The flow rate was adjusted to 0.7 ml/min and
each fraction (5.6 ml) was collected and analyzed (see
Fig. 1). The fractions which showed water-insoluble
polymer synthetase activity were combined to give
fraction A (tube no. 38 to 44) and fraction B (no. 45 to
56). Fractions A and B were each concentrated to 3 ml
by lyophilization and further fractionated on a col-
umn (1 by 54 cm) of BioGel A-0.5m in the same
buffer. The flow rate was adjusted to 0.41 ml/min and
each fraction (1.66 ml) was collected and analyzed
(see Fig. 2). Blue Dextran 2000, serum albumin, and
phenylalanine were used as standards for the estima-
tion of molecular size in both these gel-filtrations.
CEP (20 ml) was applied to a column (2.5 by 53 cm)

of BioGel A-0.5m in the same buffer. The flow rate
was adjusted to 3.3 ml/min and each 13.3-ml portion
was collected. Fractions no. 11 and 12, which pos-
sessed a strong water-insoluble polymer synthetase
activity, were combined. This fraction was designated
AF.

(ii) Purification by filtration through hydroxyl-
apatite. Four-times concentrated CEP (25 ml) was
applied to a column (2.5 by 20 cm) of BioGel HTP in
0.01 M phosphate buffer (pH 6.8) and eluted with a
linear concentration gradient of 500 ml of 0.01 M
phosphate and 500 ml of 0.8 M phosphate buffers (pH
6.8). The flow rate was adjusted to 4.5 ml/min and
each 9-ml portion was collected. The active fractions
(no. 41 to 47) were combined, precipitated with
ammonium sulfate at 75% saturation, and dialyzed

against 0.02 M phosphate buffer (pH 6.8). The
material was applied again to a HTP column (1.5 by
24 cm) and eluted with a linear concentration gradi-
ent of 300 ml of 0.02 M phosphate buffer (pH 6.8) and
300 ml of 0.2 M phosphate buffer (pH 6.8). The flow
rate was 0.5 ml/min and each 9-ml portion was
collected. The active fractions (no. 3 and 4) were
combined, lyophilized, and dialyzed against 0.05 M
phosphate buffer (pH 6.8). The volume was adjusted
to 4 ml. This preparation was designated as fraction
HF.

(iii) Purification by agarose gel and hydroxyl-
apatite. CEP (50 ml) was applied to a column (2.5 by
51 cm) of BioGel A-0.5m in 0.05 M phosphate buffer
(pH 6.8). The flow rate was adjusted to 4.9 ml/min
and each 9.8-ml portion was collected. Fractions (no.
10 to 13) which possessed strong enzyme activity were
combined and directly applied to the second column
(1 by 23 cm) of BioGel HTP in 0.05 M phosphate
buffer (pH 6.8) (see Fig. 4). After washing with 30 ml
of the above buffer and 10 ml of 0.1 M phosphate
buffer, linear gradient chromatography with 130 ml
of 0.01 M phosphate buffer (pH 6.8) and 130 ml of
0.35 M phosphate buffer (pH 6.8) was performed at a
flow rate of 0.12 ml/min. Each 3.3-ml portion was col-
lected. Fractions of positive activity (no. 29 to 36 and
no. 38 to 44) were combined to make fractions 1 and 2,
respectively, each was dialyzed, brought to 12 and 8
ml, and designated as AH1 and AH2.

All column chromatography was done at room
temperature.

RESULTS
The adherence assay. The assay as used in

these studies measures the S. mutans cells
which are (i) attached to the smooth glass
surface (cell absorption) and (ii) those which in
turn attach to the former cells (cell-to-cell
binding). In the latter case, the binding may
occur on the glass surface or in the medium as a
preliminary to attachment to the surface. In
addition, some strains of S. mutans will adhere
to an in vitro cell-free polysaccharide layer (13).
The term adherence as used in our studies (20,
21) refers to the total cells which have absorbed
in this manner. No attempt has been made to
differentiate the enzyme activity which pro-
motes adherence of S. mutans to the glass
surface from that enzyme activity, if different
from the former, which promotes cell-to-cell
binding.
Fractionation of CEP on agarose gel col-

umns. CEP from culture fluid of S. mutans
strain HS6 (group a) was fractionated by pass-
age through BioGel A-50m column (Fig. 1). The
enzyme responsible for the synthesis of water-
insoluble polysaccharide was found over a wide
range. To fractionate the active preparation on
the basis of molecular size, the fraction of higher
molecular size (Fig. 1A, tubes 37 to 45) and lower
size (Fig. 1B, tubes 46 to 57) were each applied
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to a BioGel A-0.5m column. Almost all of the
protein and enzyme activity of fraction A ap-
peared near the void volume of the column as
expected (Fig. 2A). The active material of frac-
tion B appeared to contain several molecular
sizes (Fig. 2B). Judging from Kd values of the
first (Fig. 1A) and of the last (Fig. 2B) active
fractions, the approximate molecular size of the
water-insoluble polysaccharide synthetase
ranged from 400,000 to 2,000,000.

Relations between molecular size, ad-
herence activity, sucrase activities, and
sugar content. The fractions which were posi-
tive for polysaccharide synthesis were tested for
their ability to produce adherence of S. mutans
cells to a glass surface in the presence of sucrose.

Ln
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FIG. 1. BioGel A-50m gel filtration of CEP ob-
tained from culture fluid. Column length, 2.5 by 54
cm; buffer, 0.05 M phosphate (pH 6.8); flow rate, 0.7
ml/min; each tube, 5.6 ml. Symbols: 0, absorbance at
254 nm; shaded area, insoluble polysaccharide syn-
thesis. A control experiment showed that the first and
second peaks of Blue Dextran 2000 (Bl and B2) and
that of serum albumin (SA) appeared at tubes
marked in the figure.

2 r

TUBE NUMBER
FIG. 2. BioGel A-0.5m gel filtration of fractions A

and B from Fig. 1. A and B were each reduced to 3 ml
and applied on a column (1 by 54 cm) of BioGel
A-0.5m in the same buffer as used in Fig. 1. Flow rate,
0.41 ml/min; each tube, 1.66 ml. Symbols are the
same as in Fig. 1. Peaks of Blue Dextran 2000 (BD)
and phenylalanine (PH) appeared as indicated in the
figure.

Table 1 shows that CEP activity per milligram
of protein was 39 times more active than the
original culture supernatant. Fractions 9, 10,
and 11 in Fig. 2A and 11 in Fig. 2B, however,
were 400 to 800 times more active. The sharp
drop in relative activity to a negligible value
(fractions 12 to 21, Fig. 2B) corresponded to
decrease in molecular size. The total sugar and
glucose content also decreased (Table 2) as the
relative adherence activity decreased (Table 1).
It is also evident (Table 1) that the fractions
possessing a high adherence activity were re-
sponsible for the synthesis of significant quan-
tities of water-insoluble dextran and minor
quantities of water-soluble polymer.

Previous studies have shown that the polymer
synthesized by CEP contained about two-thirds
dextran and one-third levan (7, 20). Table 1 also
shows that levan sucrase activity was present in
all fractions, in those containing the water-solu-
ble as well as water-insoluble polymers.
The indication that the particle which syn-

thesized water-insoluble polymer possessed a
molecular size near 2,000,000 was supported by
polyacrylamide gel electrophoresis. When 5%
polyacrylamide gel was used, all the activity of
the insoluble polymer synthetase remained
within 2 mm of the top of the gel columns;
however when 3% gel was used, the activity
moved to a depth of 9 mm in cases of superna-
tant, CEP, fraction 10 of Fig. 2A, and 11 of Fig.
2B (Fig. 3). Fractions 15 and 21 (Fig. 2B)
showed no active band, as expected. In addition
to the main broad band, a very weak narrow
band was seen in fractions 10 and 11 at a depth
of 15 mm. Staining of the CEP gel for protein
showed that the proteins spread to a depth of 35
mm with two distinct bands at about 20 mm
(Fig. 3Ca). Protein-staining patterns of 10, 11,
15, and 21 showed they all contained nonactive
proteins at a depth of 20 mm (not shown).
Further purification and properties of the

adherence enzyme. The adherence enzyme(s)
and the water-insoluble polysaccharide synthe-
tase enzyme(s) appear to be the same, as shown
above. An increase in specific activity of gluco-
syltransferase after hydroxylapatite chromatog-
raphy has been reported (9), therefore the
enzyme complex, obtained by filtration through
BioGel A-0.5m, was chromatographed on a
BioGel HTP column. The chromatographic pat-
tem showed two peaks of insoluble synthetase
activity (Fig. 4). The fractions were designated
as AHi and AH2. To evaluate the effectiveness
of each purification procedure, two other en-
zyme preparations were obtained as described
above: fraction AF obtained by BioGel A-0.5m
gel filtration of CEP; and fraction HF, obtained
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TABLE 1. Relation between adherence activity and sucrase activities of fractions obtained by gel filtration

Relative Relative dextran sucrase Insoluble dextran Levan sucrase/dextranRelativeatiit'suraeEnzyme fraction adherence activity sucrase activity

activitya | Insoluble | Soluble | Incorporation Release

Supernatant
CEP
9A'
10A
11A
llB'
12B
13B
15B
17B
19B
21B

1.0
39.1

409.8
543.4
803.8
720.3

8.9
1.4
1.4
2.3
2.1
4.9

1.0
14.1

183.6
328.8
448.1
533.4
20.0
5.4
3.8
3.8
2.5
3.1

1.0
18.1
1.0
1.1
2.5

79.1
212.8
179.1
102.2
17.4
22.6
13.4

29.7
24.7
98.7
99.2
98.7
74.0
3.8
1.3
1.5
8.4
4.8
8.7

1.1
1.0
0.8
0.9
0.9
1.1
1.1
1.1
1.2
0.9
1.2
1.1

0.9
1.2
1.6
1.6
2.3
1.3
1.4
1.6
1.2
1.2
1.1

aAdherence units (2.0) per mg of protein.
5Insoluble measured at 0.016 dextran sucrase units per mg of protein; soluble measured at 0.036 dextran

sucrase units per mg of protein.
c Total dextran sucrase activity.
d Incorporation of [I"C ]glucose and [5H ]fructose from sucrose. Release of glucose and fructose during polymer

synthesis.
eCould not be measured due to free sugars in the supernatant.
' Fractions as shown in Fig. 2A and 2B.

TABLE 2. Sugar content of enzyme fractions

Fraction Total sugara (%) Glucose, (%)

Supernatant c c

CEP 1.3 1.0
9A 24.4 11.3
10A 15.4 11.3
11 9.8 7.2
11B 24.6 7.7
12B 9.9 2.9
13B 4.2 3.4
15B 2.5 2.0
17B 3.4 2.9
19B 2.8 2.5
21B 2.4 2.2

a Phenol-sulfuric acid method.
b The fractions were hydrolyzed in 4 N HCI at 100 C

for 4 h and methylated in 0.5 N hydrochloride-
methanol at 78 C for 16 h. The glucose derivative was
analyzed by gas-liquid chromatography as described.

c Not analyzed due to free sugars in supernatant.

after two passages of CEP through a BioGel
HTP column.
The enzymatic activity and sugar content of

these preparations are shown in Table 3. The
adherence and insoluble dextran synthetase
activities of HF and AH2 increased 800 and
1,100 times, respectively. It can also be seen
(Table 3) that these preparations synthesized
mainly water-insoluble polysaccharide (column
5), and that comparable activity of levansucrase
co-existed in the preparations.

Figure 5 illustrates the adherence of HS6 cells
to glass in the presence of sucrose and several of
the enzyme fractions. The crude culture super-
natant, the (NH),2SO-precipitated enzyme
(CEP), and the highly purified fraction (AH2)
each show maximal adherence. Fraction 15,
which possesses a very little water-insoluble
synthetase activity (Table 1), does not show
adherence.

Glucose was a significant component of the
AH2 preparation (33%), however, the glucose
content of HF was only one-sixth that of AH2
(Table 3). AF, HF, and AH1 each showed one
wide band of activity in gel electrophoresis (Fig.
6). The mobility indicates that the molecular
size of AF is smaller and/or possesses a different
charge than that of HF and AHL. These prepa-
rations still revealed bands of contaminating
protein at a depth of 18 mm (not shown). AH2
seems to be composed of a large molecule
because almost all the activity remained on top
of the gel. The protein band (Fig. 6, AH2a)
corresponded to the band with enzyme activity
and no other protein bands appeared in the gel.

In the previous study (21), CEP possessed
more than four bands in agar gel against anti-
CEP globulin. The antigen which showed the
slowest rate of diffusion was selectively ad-
sorbed by heat-treated S. mutans cells, and the
cells recovered adherence activity. As seen in
Fig. 7, a slowly diffusing band limited the
diffusion of the insoluble polysaccharide syn-
thetase, resulting in a distorted area of dextran
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I0 11 15 21
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FIG. 3. Polyacrylamide gel electrophoresis. Fractions from Fig. 2 were electrophoresed in 3% acrylamide gel

in 0.05M phosphate buffer (pH 6.8) at 75 V, 6 mA/tube for 2 h. Ca was stained for protein by Amido Black IOB.
The remaining tubes were embedded in agarose gel containing 5% sucrose for the detection of insoluble polymer
synthesis. White bands indicate the presence of the enzyme or protein. S, 200 ,liters of supernatant; C, 25
Aliters of CEP; 10, 50 uliters of no. 10 fraction of Fig. 2A; 11, 50 jiliters of no. 11 fraction of Fig. 2B; 15, 100 1 liters
of no. 15 fraction of Fig. 2B; 21, 100 ,liters of no. 21 fraction of Fig. 2B.

1.5k- +3
.~AHIl+AH2 ~ >
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FIG. 4. Purification by BioGel HTP of BioGel
A-0.5m fraction. The fraction obtained by BioGel
A-0.5m gel filtration of 50 ml of CEP was applied on

BioGel HTP column (1 by 23 cm). After washing with
30 ml of 0.05 M phosphate buffer and 0.1 M phos-
phate buffer (pH 6.8), the column was eluted by linear
gradient chromatography with 130 ml of 0.1 M
phosphate buffer and 130 ml of 0.35 M phosphate
buffers (pH 6.8) at flow rate of 0.12 ml/min. Each
fraction: 3.3 ml. Symbols are the same as in Fig. 1.

around the outer wells. Figure 8 shows that the
presence of anti-CEP serum in the trough
completely inhibited the formation of dextran
between the well and the trough. The slow rate
of diffusion of AH2 may be related to its large
molecular size (Fig. 7, no. 6). As shown in gel
diffusion and immunoelectrophoresis, CEP, AF,
HF, and AHi showed two or more precipitin

bands with anti-CEP serum. It can be seen that
very little contaminating antigen is present in
the AH2 preparation (Fig. 7, no. 6, and Fig. 8),
indicating a high degree of purity.

Inhibition of synthesis of water-insoluble
and water-soluble dextran by anti-CEP. An
inhibition study of soluble and insoluble dex-
tran synthetase by anti-CEP was carried out to
distinguish between the two. The supernatant
fraction, AH2, and fraction 15 of Fig. 2B were
used. The percentage of activity of insoluble
synthetase per total dextran sucrase activity of
each preparation was 29.7, 79.3, and 1.5, respec-
tively (Table 1 and 3). Figure 9 shows that the
insoluble synthetase complex of AH2 was inhib-
ited 85% by 20 gliters of CEP antiserum,
whereas the soluble synthetase activity was only
inhibited about 10%. Similar results are evident
for the supernatant and no. 15 fractions.

Anti-dextran serum, when tested under the
conditions used in Fig. 9, did not inhibit the
synthetase activity or adherence. This is possi-
bly due to the presence of a polymer in the
enzyme which does not possess the same chemi-
cal structure and antigenic specificity as that of
the polymer present on the surface of the 10449
cells (21). Conversely, if the antibody was
bound, the site was not associated with the
enzymatically active part of the molecule.

DISCUSSION
The enzyme complex which enables S. mu-

tans cells to adhere to a glass surface in the
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TABLE 3. Enzymatic activities and sugar content of purified enzyme fractions

Relative dextran Levan sucrase/
Relative sucrase activitya Insoluble dextran sucrasel

Enzyme preparation adherence dextran Total sugar Glucose
Enzymprearatin anolubliSolble uctivtys(% Incorpo%) (%

t activit |InsolubleSoativityle ctiVitya raton Release

Supernatant 1.0 1.0 1.0 29.7 1.1 b b

AFC.347.2 473.6 49.6 80.1 1.0 1.4 9.1 10.3
HFd ............. 1193.3 870.0 114.2 76.3 0.8 1.5 6.1 4.6
AHe.680.0 193.5 2.8 96.7 1.5 1.4 28.8 26.7
AH2e.1116.0 748.0 82.5 79.3 1.7 2.6 33.5 32.9

a See Table 1.
b Could not be measured due to free sugars in the supernatant.
c Obtained by BioGel A-0.5m filtration of CEP.
d Obtained by BioGel HTP filtration of CEP.
e Fraction I and II of BioGel A-0.5m-BioGel HTP filtration (Fig. 3).

AF HF AH1 AH2 AHp2a
_t'l, I
.xU '' 11_~~~~~~4-

FIG. 5. Effect of enzyme fractions on the adherence
of S. mutans. Heat-killed cells (5 mg, HS6) were
preincubated with enzyme fractions in 5 ml of 0.05M
phosphate buffer, pH 6.8, with 10 Mliters of 5%
merthiolate in a glass tube (13 by 150 mm) at 37 C for
30 min. After addition of 1 ml of 5% sucrose, the tube
was incubated at a 300 angle at 37 C for 16 h and
washed twice with the buffer. From left to right:
supernatant, cell-free culture fluid (4.99 mg of pro-
tein); CEP, enzyme precipitated by amrnonium sul-
fate (0.64 mg of protein); AH2, fraction shown in Fig.
4 (0.011 mg of protein); 15, fraction no. 15 in Fig. 2B
(0.97 mg of protein).

presence of sucrose was purified by chromatog-
raphy. The complex demonstrated a molecular
weight ranging from 400,000 to 2,000,000, con-

tained both dextran and levan sucrases, and
possessed a polysaccharide of glucose. The ad-
herence activity of the material was parallel
during purification with the enzyme activity
that was responsible for the synthesis of insolu-
ble polysaccharide.
The dextran sucrase enzymes from culture

FIG. 6. Electrophoretic patterns of purified en-
zyme preparations. Conditions for electrophoresis
were the same as in Fig. 3. After electrophoresis, gels
were incubated in agarose gel containing 5% sucrose
for detection of enzyme activity, except gel a which
was stained by Amido Black for protein. AF, 5 Mlliters
containing 6.3 Mg of protein; HF, 20 uliters containing
2.6 Mg of protein; AHJ, 50 uliters containing 24 Mg of
protein; AH2, 100 gliters containing 3.6 Mg of protein.

fluid of S. mutans strain OMZ176 and 6715
(group d) have been purified 900 to 1,800 times
by hydroxylapatite chromatography followed by
isoelectric focusing. The enzyme from OMZ176
was found in a number of fractions and most of
the fractions showed several bands of enzymes
or proteins on gel electrophoresis (9). The en-
zyme from 6715, however, was present in one
band during chromatographic purification and
had a molecular weight of 94,000. Several con-
taminating bands of protein appeared on gel
electrophoresis (2). These dextran sucrase prep-
arations were not tested for adherence activity,
nor for the ratio of enzyme activities for the
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FIG. 7. Agar gel diffusion patterns of enzyme preparations. After development of precipitin bands with
anti-CEP, the plate was covered with agarose gel which contained 5% sucrose and incubated to determine those
precipitin bands which possessed water-insoluble polysaccharide synthetase activity. White clouds around
outer wells indicate the presence of enzyme activity. Each outer well contained 10 uliters. The protein content is
given in parenthesis. 1, culture supernatant (49.9 /ug); 2, CEP (127.6Mug); 3, AF (12.6Mug); 4, HF (1.3 ,ug); 5, AH1
(4.8 ,g); 6, AH2 (0.36 ug).

S U P

A

C E P

A H 2

A

A H I

FIG. 8. Immunoelectrophoretic patterns of enzyme preparations. After development of precipitin bands,
plates were covered with sucrose-containing gel, as in Fig. 6. Trough A, anti-CEP; SUP, 10 Muliters of culture
supernatant (49.9 jg); CEP, 5 Mliters (63.8 Mg); AH2, 50 Mliters (1.6 Mg); AH1, 10 Mliters (4.8 ug).
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0 50 100 150
ANTI-CEP ( pI/DSU )

FIG. 9. Inhibition of water-insoluble and
soluble dextran sucrase activities by anti-C.
zyme preparations and anti-CEP were incul
37 C for 4 h and centrifuged. The activitie
supernatant were measured by incorporc
[14Clglucose into water-insoluble and water
polymers. Symbols: 0 and 0, insoluble and
dextran sucrase activities of culture fluid; A
those of AH2; * and 0, those of fraction no. 1

2B.

synthesis of water-insoluble and water-
polysaccharide. In the present study, I
zyme responsible for adherence and in
polysaccharide synthesis was different in
ular size from the dextran sucrase of 01
The latter moved more rapidly in 3.5% a(
ide gel. The soluble polysaccharide syn
was irreversibly adsorbed by hydroxyl
(Table 4). Results with strain 6715 have
that a low-molecular-weight enzyme I

was easily eluted from hydroxylapatite
reason for this difference is not at
apparent.
The recovery of enzymatic activitl

crude culture supematants in the varioi

tions (Table 4) showed that BioGel A-0.
effective in separating the activity resp
for the synthesis of soluble polymer frc
responsible for the synthesis of insolub]
mer, with a recovery of 104% of the
enzyme (Table 4, AF). A minor conta
was present (Fig. 7, no. 3). By passage th
hydroxylapatite column, the recovery de
significantly (HF and AH1) and th
taminating proteins were still present
and 8). These proteins possessed no in
polymer synthetase activity and no ser

identity with the adherence enzyme cc

AH2, which did not contain inactiv
taminating protein, and HF showed the

relative adherence activity (Table 3). A mixture
of AH2 and AHM, or either one when mixed with
other fractions in Fig. 4, never showed an

increase or decrease in adherence and sucrase

activities. These results indicate that the con-

taminating proteins in AF, HF, and AHM would
not be a hinderance in further enzymatic and
serological studies of the molecular basis of
adherence. Isoelectric focusing was not at-
tempted because a 90% loss was expected (9),
and because the present fractions (especially

'0 AH2) were sufficiently pure.
In the present study, only a high-molecular-

weight material which was composed of dextran
and levan sucrases and polysaccharide pos-

sessed adherence activity. It is not clear
200 whether the difference between the enzymes

responsible for the synthesis of insoluble and
i water- soluble polymers is due only to molecular size,
EP. En- or whether additional factors are required. The
bated at enzyme unit responsible for the synthesis of the
!s of the soluble polymer may be a subunit of the larger
ttion of enzyme.
r-soluble The previous study (20) indicated that the
I soluble enzyme complex responsible for adherence dif-
and A, fused slowly in agar gel as judged by its selective

!5 of Fig. adsorption on heat-killed cells. This property
has been established by the present results (Fig.

-soluble 3, 6, 7, 8).
the en- In the present study, enzyme fractions of high
soluble adherence activity always revealed high activi-
molec- ties of water-insoluble levan sucrase as well as

MZ176. water-insoluble dextran sucrase. A purified dex-
crylam- tran sucrase fraction (1) from S. sanguis which
Lthetase synthesizes water-insoluble dextran is free of
lapatite levan sucrase activity, whereas S. salivarius
^ shown produces primarily fructose polymer (5, 22). On
fraction the basis that S. mutans is primarily responsi-
2). The ble for the development of caries on the smooth
present surfaces of teeth rather than other streptococci

(4, 8, 13), this ability of S. mutans might be due
y from to the synthesis of both water-insoluble dextran
us frac- and levan as suggested previously (7, 20, 21). A
5m was dextran sucrase preparation from OMZ176 was

)onsible)onsible
TABLE 4. Recovery of enzymatic activities

le poly-
a latter
iminant
rough a

creased
le con-

(Fig. 7
isoluble
ological
Dmplex.
{e con-

highest

Dextran Levan
sucrose sucrose

Preparation Adher- recovery (%) recovery (%)
ence

Insol- Solu- Insol- Solu-
uble ble uble ble

Supernatant 100.0 100.0 100.0 100.0 100.0
CEP ........ 50.0 90.2 115.7 105.3 106.3
AF ........ 43.8 103.9 10.8 104.3 9.9
HF ........ 25.0 18.2 2.4 13.8 1.9
AH ........ 19.8 5.6 0.1 8.7 0.1
AH2 ........ 2.0 1.4 0.1 2.4 0.2
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shown to be free of levan sucrase activity as
judged by hydrolysis of the product with 4 N
H2SO, at 97 C (9). However, we have found
(results not shown) that hydrolysis with the
same concentration of HCl at 100 C destroyed
the fructose released from sucrose or inulin and
also the free fructose in the control. A quantita-
tive yield of fructose from Aerobacter levan was
obtained by heating for 1 h at 100 C in 0.01 N
HCl (10). However, such mild conditions did
not release either glucose or fructose from frac-
tion AH2 or the insoluble polymer synthesized
by AHL. It is probable that the HS6 levan may
possess a different structure or is complexed
with dextran so that hydrolysis does not occur
in weak acid solution. In the case of strain 6715,
levan sucrase was separated from dextran su-

crase by ammonium sulfate precipitation (2).
The lack of levan sucrase in this case might
explain the small size of the enzyme. However,
in the present study, preparations of lower
molecular size (Table 1, 13B to 21B) did not
synthesize water-insoluble polysaccharide nor

produce adherence.
It is shown in Table 2 and 3 that all the

enzymatic fractions contained carbohydrate.
The carbohydrate in the highly purified prepa-
rations (AH1 and AH2) was composed of signifi-
cant quantities of glucose. Enzyme preparations
from strain 6715 also contained carbohydrate
(C. F. Schachtele, personal communication).
The carbohydrate in these enzyme fractions
may represent a primer molecule and/or a
remnant of the polymer synthesized by the
enzyme.

It is known that the addition of dextran
stimulated the sucrose activity (2, 21, 22) of
culture fluids, and that after hydroxylapatite
chromatography the enzyme activity was de-
pendent upon the addition of dextran (2). The
absence of an inhibitory effect of our anti-dex-
tran globulin on enzyme activity may indicate,
if the globulin is bound, that the dextran in the
enzyme does not directly function in polymer
synthesis. The absence of antigenic specificity
may also indicate an incomplete polymer or a

remnant of a complete polymer originally pres-

ent on the surface of the S. mutans cell.
Recently, two forms of cell-associated dextran

sucrase were extracted from viable cells of S.
mutans (GS5, group c) with 1.0 M NaCl (13a).
These forms did not show any major difference
either enzymatically or in molecular size with
the extracellular enzyme from the same strain.
The study also showed that the extracted cells
still retained more than 50% of their original
adherence activity. As shown previously (21),
almost all of the adherence enzyme complex

was tightly bound to a specific site on the cell
surface of viable cells and was not extracted
with 1.0 M NaCl, whereas nonspecifically
bound enzyme complex was extracted without
effecting the adherence ability of the cells.
Therefore, the cell-associated enzymes which
are extractable are probably not bound to the
cell in the same manner as are those which are
not extractable. This indicates that the two
binding sites differ in their composition and/or
location.
The enzyme purified in the present study is

being used to obtain information on the nature
of the enzyme-binding site complex on the
surface of the S. mutans cell.
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