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Serum, gingival crevicular fluid, and parotid, submandibular, and labial minor
gland saliva from four individuals stimulated glucan formation from sucrose by
the Streptococcus mutans strain 6715 dextransucrase (EC 2.4.1.5). At final dilu-
tions of 1:10 all of the fluids stimulated crude enzyme preparations approximately
1.8-fold. The fluids stimulated the purified water-insoluble glucan-synthesizing
form of the dextransucrase approximately 3.2-fold and the water-soluble glucan-
producing form of the enzyme approximately 2.4-fold. The fluids all contained
concentrations of stimulatory material that could be reduced to undetectable
levels only after dilutions of greater than 1:1,000. The increased rates of glucan
formation caused by the fluids and dextran were additive, indicating that stimu-
lation by the fluids was primarily due to interactions with entities other than
glucan primer molecules. In contrast, the elevated levels of glucan formation in
the presence of the fluids was not further enhanced by the addition of lysophos-
phatidylcholine. Lysophosphatidylcholine purified from parotid and submandib-
ular saliva by solvent extraction and thin-layer chromatography stimulated the
dextransucrase as effectively as egg yolk lysophosphatidylcholine. Thus, phos-
pholipids normally found in human oral fluids can enhance the activity of an

enzyme believed to be directly associated with the cariogenic potential of S.
mutans.

Recent studies (17) have demonstrated that
the Streptococcus mutans dextransucrase activ-
ity can be markedly stimulated by addition of
phosphoglycerides. Enhanced glucan production
results from an increase in the velocity of polym-
erization of the glucosyl moiety of sucrose due
to a high affinity interaction between phospho-
lipid and a site on the enzyme which appears to
be distinct from either the glucosyl donor or
glucosyl acceptor sites. We have proposed (28)
that the observed stimulation of dextransucrase
activity by control and/or immune sera and oral
fluids from monkeys (27), rabbits (9, 10, 20, 22),
and rats (4) is due to the presence of stimulatory
phospholipids in these materials.

In this communication we demonstrate that
dextransucrase-stimulating phospholipids are
present in significant quantities in human sera,
saliva from the parotid (PA), submandibular
(SM) and minor salivary glands (LMG), and
gingival crevicular fluid (GCF). The possible in
vivo consequences of interactions between the
S. mutans dextransucrase and oral fluids are
discussed.

MATERIALS AND METHODS
Dextransucrase preparations. The different en-

zyme forms used in this study were from S. mutans
strain 6715 (17). The preparation and characteristics
of the crude Bio-Gel, water-soluble, and water-insol-
uble glucan-producing activities have been described
(12).
Dextransucrase assay. The methods for quanti-

tation of total alcohol-insoluble, water-soluble, and
water-insoluble glucan production from ['4C]sucrose
have been described previously (12, 14). Unless speci-
fied, primer dextran was present at a concentration of
20 ,M. When test components were in a solvent other
than 0.01 M sodium acetate (pH 5.5), appropriate
solvent controls were utilized as described elsewhere
(17).
Human sera. Blood was collected by venipuncture

from laboratory personnel after overnight fasting.
Clotting occurred in sterile tubes during overnight
storage at 40C. Serum was obtained after centrifuga-
tion (5,500 x g, 30 min) and was either utilized im-
mediately in the enzyme studies or lyophilized and
stored at 40C.
Human saliva. PA saliva (5 to 10 ml) was obtained

from four adults with a Teflon suction cup device
patterned on the design of Shannon and Chauncey
(31). Flow was stimulated with a sour candy, and the
first milliliter of saliva was discarded to avoid possible
bacterial contamination. Stimulated SM saliva was
obtained by using a mouthpiece constructed for each
individual with rubberbase impression material as de-
scribed by Block and Brottman (2). Saliva from the
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LMG of the same individuals was obtained as de-
scribed by Crawford et al. (6). Fluid was obtained with
5-yt micropipettes and utilized immediately after an
initial 10-fold dilution into 0.01 M sodium acetate (pH
5.5) buffer at 40C. A portion of both the PA and SM
saliva samples was immediately used in the enzyme
studies, and the remainder was lyophilized for storage.
GCF. Ready access and ease of isolation were the

primary considerations for choosing the facial and
interproximal surfaces of the six maxillary anterior
teeth as the sampling sites. The same individuals used
to obtain saliva samples were asked to brush their
teeth approximately 20 min before sampling to remove
plaque. Brushing was not supervised; dentifrice was
not used; and the subjects were asked not to brush
vigorously to avoid excessive gingival irritation. The
teeth were isolated and protected from salivary con-
tamination by placing cotton rolls labially and gauze
squares lingually, and by using a saliva aspirator. The
teeth and gingivae were gently and thoroughly
cleansed of saliva and any residual debris by using
compressed air for 60 s. Whatman no. 1 filter paper
strips (2 by 10 mm) were gently seated in the gingival
crevice with Dixon no. 5 tweezers. Eight to ten strips
were placed, with care taken to distribute the strips
facially and interproximally. Facial strips, in general,
were centered on the tooth at the site being sampled.
Interproximal strips were placed mesial or distal to
the labial gingival papilla. Care was taken to ensure
that these strips were placed exclusively within the
area of the labial gingival papilla. All of the sites tested
were clinically normal according to the criteria of Loe
(23). After 10 min, the strips were removed in the
same order as placed. The length of migration of the
absorbed fluid on each strip was quickly measured by
vernier calipers. Estimation of the fluid collected per
strip was made by comparing the length of migration
on identical paper strips of a 1-ld sample of serum
obtained from each individual. The estimated quantity
of fluid collected on each strip was approximately 0.3
Ad. The portion of the strips containing GCF was cut
off and placed into a 400-p1 plastic tube. A sufficient
quantity of 0.05 M sodium acetate buffer (pH 5.5) was
added to the tube containing all of the samples from
each individual so that all of the strips were sub-
merged. Extraction from the paper was performed by
overnight storage at 40C. The samples were gently
mixed, and a portion of the fluid was used for further
study.

Extraction of lipids. Lyophilized samples of sera
and PA saliva were extracted by addition of chloro-
form-methanol (2:1, vol/vol) to a volume five times
that of the original sample. After mixing and standing
for 15 min at room temperature, the mixture was
filtered through Whatman no. 1 filter paper. The
residue remaining on the filter was extracted three
times with 10 volumes of chloroform-methanol, and
the pooled filtrates were taken to dryness under nitro-
gen. The total lipid fraction was treated with cold
acetone to separate the neutral lipids and phospholip-
ids (18). The efficiency ofseparation of the lipid classes
was determined by adding 0.5 ttCi of [4-'4C]cholesterol
(54 mCi/mmol; New England Nuclear, Boston, Mass.)
and 0.5 ICi of L-1-[palnitoyl-'4C]lysopalmitoyl phos-
phatidylcholine (55.3 mCi/mmol; New England Nu-
clear) to 1-ml samples of sera and PA saliva before
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extraction. Radioactivity in various fractions was de-
termined by spotting duplicate 10-p1 aliquots onto
Whatman 3MM filter paper disks and counting the
air-dried disks as described elsewhere (29).

Thin-layer chromatography. Glass plates (20 by
20 cm) coated with 250-,um Silica Gel H (Analabs, Inc.,
New Haven, Conn.) were activated at 110°C under
vacuum for 30 min before each experiment. Samples
were spotted on cooled plates under a continuous
stream of dry nitrogen, using a Ziptrol applicator sys-
tem (Bolab, Inc., Derry, N.H.). L-a-Lysophosphatidyl-
choline (LPC) from egg yolk, L-a-phosphatidylcholine
(PC) from egg, L-a-phosphatidylinositol (PI) from soy-
bean, L-a-phosphatidylserine (PS) from bovine brain,
and L-a-phosphatidylethanolamine (PE) from egg
were obtained from Avanti Biochemicals, Inc., Bir-
mingham, Ala., and were used as standards. Plates
were pre-equilibrated with a solvent system of chlo-
roform-methanol-water (65:25:4, vol/vol) (21) for 35
min. Plates were either developed with phosphomo-
lybdic acid spray reagent (Applied Science, State Col-
lege, Pa.) or processed for stimulation assays. For the
latter assays, the silica plate surface was scored with
a needle to yield an area 0.5 cm wide extending from
the origin of a sample lane distally to 2 mm beyond
the solvent front of that sample lane. The plate was
inverted over glassine weighing paper so that silica
samples (0.5 cm by 1 mm) scraped from the lane would
be retained on the paper. Samples were deposited into
either glass scintillation vials for radioactivity meas-
urements (27) or glass test tubes (10 by 75 mm).
Control samples included two fractions taken from
beyond the solvent front of the lane and from an
artibrary area elsewhere on the plate that had been
exposed to solvent but no sample material. Chloro-
form-methanol (2:1, vol/vol) was added (0.5 ml) to
each fraction tube, blended in a Vortex mixer momen-
tarily, and decanted into a fresh test tube. This elution
procedure was repeated twice, with care taken not to
decant silica fines. Fractions were maintained on ice
under nitrogen. Eluent samples were dried under ni-
trogen immediately before enzyme stimulation studies.

RESULTS
Sera, oral fluids, and glucan synthesis.

Addition of either human sera, PA, SM, or LMG
saliva from all four subjects to a Bio-Gel S.
mutans dextransucrase preparation caused a
marked stimulation of glucan production from
sucrose (Table 1). In comparison to the buffer
control, the sera from the four subjects stimu-
lated the enzyme approximately 1.8-fold. PA
saliva enhanced glucan formation from 1.3-fold
(subject A) to 1.6-fold (subject B). SM saliva
stimulated the dextransucrase from 1.7-fold
(subject D) to 1.9-fold (subject C), whereas the
LMG saliva yielded comparable results. The
level of stimulation of dextransucrase by the
various fluids is similar to the effect observed by
addition of pure LPC. As demonstrated previ-
ously, this phospholipid at 1 mM normally en-
hances glucan production by Bio-Gel S. mutans
dextransucrase from 1.7-fold (17) to 1.8-fold (26).
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The LPC and fluid effects were not additive
since addition of the phosphoglyceride simulta-
neously with the sera or salivas did not cause
stimulation above the level obtained with LPC
alone (data not shown).
Table 2 illustrates the stimulation of dextran-

sucrase by the addition of GCF collected with
paper points and extracted from the paper with
buffer. Although the final concentration of cre-
vicular fluid components present in the assay
tubes could not be accurately determined, the
fluid collected from the four subjects when di-
luted approximately 1:10 caused a 1.6-fold (sub-
ject C) to 2.0-fold (subject A) increase in glucan
formation. It is important that in all of these
experiments (Tables 1 and 2) dextran T10 was
present at a concentration previously shown to
give maximum priming of the enzyme (11, 13).
Stimulation of different dextransucrase

activities. Figure 1 illustrates the effect of the
various fluids from one subject (B) on the time-

TABLE 1. Stimulation of crude S. mutans
dextransucrase by serum and gland saliva from

four individuals
Glucan formed (nmol/Ag of protein)b

Assay conditions by subject:

A B C D

Control (buffer) 84.1 84.1 84.1 84.1
Plus serum 151.9 150.7 155.5 157.3
Plus PA saliva 112.2 135.4 134.5 119.5
Plus SM saliva 152.2 150.3 161.9 146.6
Plus LMG saliva 130.6 144.4 164.2 166.4
Plus LPC 161.0 161.0 161.0 161.0

a Enzyme was incubated at room temperature for
10 min in buffer or buffer plus various fluids before
assay. Saliva and sera were present at a final dilution
of 1:10. LPC was present at a concentration of 1 mM.

b Bio-Gel enzyme was present at a final concentra-
tion of 20,ug of protein/ml, and the quantity of glucan
present was determined after 60 min of incubation
with substrate. Dextran T10 was present at a concen-
tration of 20 /iM.

TABLE 2. Stimulation of crude S. mutans
dextransucrase by GCF

Glucan formed (nmol/ig of protein)'
Assay condi- by subject:

tions'
A B C D

Control 70.3 70.3 70.3 70.3
Plus GCF 139.6 127.0 113.7 138.5
a GCF, collected as described in Materials and

Methods, was incubated with enzyme (1:1, vol/vol) for
10 min at room temperature before addition of reac-
tion mixture. The final dilution of crevicular fluid was
1:10.

b Rio-Gel enzyme was assayed as described in Table
1.

course of total alcohol-insoluble glucan produc-
tion by crude Bio-Gel dextransucrase (Fig. la),
water-insoluble glucan formation by the a form
of the enzyme (Fig. lb), and water-soluble glu-
can production by the 8 form of the enzyme
(Fig. ic). All of the fluids markedly affected
water-insoluble glucan production (Fig. lb).
After 60 min of incubation, the stimulation was
approximately 3.2-fold with each of the fluids.
The decrease or loss of accumulated glucan with
the a enzyme was probably due to the dextran-
ase activity previously shown to be present in
this type of enzyme preparation (12). Water-
soluble glucan production by the fi enzyme was
increased approximately 2.4-fold by both the
sera and the different salivas. The stimulation
in all cases is very similar to that obtained by
addition of pure LPC to the reaction mixture
(Fig. 1, closed squares).
Primer dextran and stimulation by sera

and salivas. Table 3 presents data which con-
firm that the major portion of the stimulation of
glucan production by the various fluids is prob-
ably not due to the supplying of primer dextran
molecules to the dextransucrase. When dextran
primer and serum or saliva are both present in
the assay, the level of enzyme stimulation is
approximately equivalent to the sum of the ac-
tivity with either dextran or fluid alone. The
results with LMG saliva demonstrate this most
clearly in that the amount of glucan formed with
dextran and saliva (128.9 nmol) is almost iden-
tical to the sum of the quantities of glucan
formed with dextran and fluid alone (131 nmol).
It was consistently observed that both PA and
SM saliva caused lower levels of glucan to be
made than expected from the studies with each
saliva and dextran alone. In contrast, GCF
caused production ofmore glucan than expected
when added along with primer dextran. These
results are consistent with those presented pre-
viously (17), where it was demonstrated that the
stimulations of dextransucrase by LPC and dex-
tran were additive.
Fluid dilutions and enzyme stimulation.

Table 4 demonstrates that at the concentration
of enzyme employed in our standard assay the
glandular salivas and GCF had to be extensively
diluted to remove the stimulating effect. Both
PA and SM saliva had to be diluted 1:1,000,
whereas LMG saliva still gave stimulation at
dilutions 1:1,000 and 1:10,000. GCF had to be
diluted more than 1:1,000 to eliminate the stim-
ulation of dextransucrase. Although only the
results of one subject's fluids are presented, the
fluids from the other three subjects gave com-
parable results (data not shown).
LPC from saliva. Table 5 demonstrates the

efficiency of separation by differential solvent
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FIG. 1. Effect of serum, saliva, and LPC on the time-course ofglucan production by the S. mutans Bio-Gel
(a), a (b), and P6 (c) enzyme preparations. PA saliva (A), SM saliva (A), and serum (0) were present at a final
dilution of 1:10. LPC (U) was present at a concentration of I mM. Buffer was added in the control assay
(0). The Bio-Gel, a, and f8 enzymes were present at 20, 20, and 12 Mlg/ml, respectively.

TABLE 3. Effect of human oral fluids and primer
dextran on stimulation of S. mutans dextransucrase

Additiona
Glu
(n
p

Buffer.
Dextran.
PA saliva .............................
Dextran plus PA saliva.
SMsaliva.
Dextran plus SM saliva.
LMG saliva ...........................
Dextran plus LMG saliva.
GCF.
Dextran plusGCF.

can formed
amol/tg of
protein)'
25.6
82.9
51.0
96.3
67.2

130.1
48.1
128.9
38.6

145.9
a Enzyme was incubated for 10 min at room tem-

perature in buffer or buffer plus T10 primer dextran
(20,uM) before addition of various fluids. An additional
10-min incubation was performed before addition of
reaction mixture.

b Bio-Gel enzyme was assayed as described in Table
1.

TABLE 4. Effect of dilutions ofhuman oral fluids
on stimulation of S. mutans dextransucrase

Glucan formed (nmol/pg of protein)' from
Final dilu- type of fluid

tiona
PA SM LMG GCF

Control 66.0 64.5 44.6 57.8
lo-, 117.1 119.1 150.0 105.1
10-2 97.4 73.2 84.9 67.8
10-3 60.7 66.9 71.6 65.9
10-4 62.7 65.7 52.7 60.8
a Fluids were diluted in 0.05 M sodium acetate

buffer (pH 5.5).
b Enzyme preparation and assay conditions were as

described for Table 1.

TABLE 5. Efficiency of separation of neutral lipids
and phospholipids from the total lipid fraction of

human sera and PA saliva
Radioactivity (total

cpm/fraction)

Sample Chloro-
Cold form-

acetone meth-
anol

Serum plus ['4C]cholesterol 760,460 4,150
Serum plus [14C]LPC 8,940 441,680
PA saliva plus ['4C]cholesterol 752,435 1,650
PA saliva plus [14C]LPC 5,380 218,080

a ['4C]cholesterol (0.5 ,.Ci) and ['4C]LPC (0.5 MCi)
were added to 1-ml portions of sera and saliva and the
neutral lipids (cold acetone) and phospholipids (chlo-
roform-methanol) were obtained as described in Ma-
terials and Methods.

extraction of neutral lipids and phospholipids
from both human serum and PA saliva. The
cold-acetone step clearly removed the neutral
lipids from the total lipid fraction, and the chlo-
roforn-methanol fraction contained the phos-
pholipids. Thin-layer chromatography of the
phospholipid extracted from PA and SM saliva
by this method allowed the preparation of LPC,
which, when extracted from the silica gel, was
shown to stimulate dextransucrase as effectively
as egg yolk LPC (Table 6). Control thin-layer
chromatography experiments with ['4C]LPC
(Fig. 2, lower graph) and nonradioactive egg yolk
LPC (Fig. 2, upper graph) demonstrated sepa-
ration of LPC from other phospholipids (PC, PI,
PS, and PE) and the ability of LPC-containing
fractions to stimulate glucan formation after ex-
traction from the silica gel.
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TABLE 6. Effect ofLPC purified by thin-layer
chromatography from human PA and SM saliva on

the S. mutans dextransucrase
Glucan formed

Assay conditions (nmol/jg of
protein)b

Control (Silica Gel H) ..... 76.5
Plus egg yolk LPC.149.0
Plus PA saliva LPC.. 142.1
Plus SM saliva LPC.. 152.9

a Enzyme was incubated at room temperature for
10 min with the various additions. Egg yolk LPC was
at a final concentration of 1 mM. The PA and SM
saliva LPC samples were at a concentration equivalent
to the amount extracted and purified from 4 ml of
saliva under the conditions described in Materials and
Methods.

b Rio-Gel enzyme was assayed as described in Table
1.

0 |

Slice Number
FIG. 2. Thin layer chromatography of phospho-

glycerides. (A) Silica gel fractions were obtained after
chromatography of egg yolk LPC and extracted for
phospholipid. The extracts were tested for their abil-
ity to stimulate glucan formation by the S. mutans
dextransucrase. Shaded area represents the radio-
activity incorporated into glucan over the silica gel
control level. (B) Localization of radioactive LPC
(shaded area) and controlphosphoglycerides PC, PI,
PS, and PE, which were detected with the phospho-
molybdic acid spray reagent.

DISCUSSION
During many studies designed to measure an-

tibodies directed against S. mutans dextransu-
crase preparations, it has been consistently ob-

served that control and sometimes immune sera
caused an elevation rather than an inhibition of
glucan production from sucrose (4, 9, 10, 20, 22,
27). Based on studies with sera and oral fluids
from rats, Burckhardt and Guggenheim (4) pro-
posed that there were sites on the S. mutans
dextransucrase which could interact with mole-
cules in the fluids and enhance glucan produc-
tion. Our observations with pure phosphoglycer-
ides (17) indicated that the S. mutans enzyme
did contain such sites and that phospholipids
could function as effective stimulators of glucan
synthesis by a mechanism unique from dextran
priming. We subsequently utilized these results
(28) to develop a method where the addition of
LPC and dextran to dextransucrase before ad-
dition of immune rabbit sera allowed measure-
ment of antibody inhibition under conditions
where the stimulating sites on the enzyme were
already saturated. In addition, preliminary re-
sults (28) indicated that human serum contained
high concentrations of stimulatory substances
which could be obtained by lipid extraction. In
the present study we have analyzed human sera
and oral fluids to evaluate the presence and
effectiveness of stimulatory phospholipids in
these fluids.

Addition of freshly collected gland salivas
(Table 1) and GCF (Table 2) to the S. mutans
dextransucrase caused stimulation of glucan for-
mation to a level comparable to that obtained
with LPC (Fig. 1). The mechanism of stimula-
tion appeared to be similar to that obtained with
LPC (Table 3), since the degree of stimulation
was unrelated to the presence ofprimer dextran.
In addition, the quantity of stimulatory material
in the oral fluids was high (Table 4), and the
phosphoglyceride LPC, when extracted (Table
5) and purified (Fig. 2) from saliva, was shown
to enhance glucan production (Table 6).
Although few detailed analyses have been pre-

sented, there is some information available con-
cerning the lipid content of human saliva (7, 19,
24, 26, 32, 33). Rabinowitz and Shannon (26)
have analyzed human male PA saliva and dem-
onstrated that unstimulated saliva contained
about 7 mg of lipid per 100 ml of fluid. Of the
total lipid, approximately 24% was phosphogly-
cerides (PC, PI, PS, PE, and LPC) previously
shown to stimulate the S. mutans dextransu-
crase (17). The concentrations of these phos-
phoglycerides was about 1.4 mg/100 ml of PA
saliva. Since our assay system is capable of de-
tecting stimulation of dextransucrase by as little
as 10 jM LPC (17), the stimulation by PA saliva
observed in our studies (Tables 1 and 4) was a
reasonable finding. At this time we have no
information concerning the stimulation of dex-
transucrase by any of the more complex lipid-
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containing components in human saliva (32, 33),
although the dilution data in Table 4 indicate
that the various gland salivas contain either high
levels of available phosphoglycerides or other
molecules with stimulatory potential. The level
of stimulatory lipids would be expected to vary
with flow rate (31) and apparently with the
gland secreting the fluid (Table 4).
Human sera contain phospholipids capable of

stimulating dextransucrase (28; Table 1). It has
been demonstrated that the concentration of
phospholipid in sera is variable between subjects
(1, 25) and that the level ofLPC in sera is usually
close to 0.2 mM (34). This concentration of LPC
is about 20-fold higher than the amount needed
to cause maximal stimulation of dextransucrase
under our assay conditions (17). The serum di-
lution study presented previously (28) is consist-
ent with these observations in that dilutions
greater than 1:1,000 were necessary to reduce
enzyme stimulation to an undetectable level.
Depending upon the disease state of the pe-

riodontium, GCF has been considered as either
an altered serum transudate or an inflammatory
exudate (15). We collected fluid from the gingi-
val crevice of adults with healthy gingivae and
obtained enough material to demonstrate the
presence of stimulatory components (Tables 2
and 4). Our limited data are consistent with the
indications that the composition of GCF is qual-
itatively similar to serum (3, 5, 8, 30). Although
further work with GCF is necessary, it is likely
that the components in GCF which affect glucan
formation are phospholipids.
The immediate significance of the results pre-

sented in this manuscript is that we have been
able to demonstrate that oral fluids have the
ability to affect the activity of an enzyme be-
lieved to be critically related to the cariogenicity
of S. mutans. As discussed previously (28), mu-
tants of S. mutans that produce elevated or
diminished levels of dextransucrase activity
have been shown to have correspondingly in-
creased or decreased cariogenicity when tested
in animal models. It has been shown in many
studies (see reference 16) that the metabolic
activity of microorganisms cultured in vitro does
not necessarily reflect that occurring in vivo.
Based on our studies with phospholipids and the
S. mutans dextransucrase, it can be proposed
that, in the oral cavity, the ability of S. mutans
to produce glucans from sucrose may be greater
than envisioned from in vitro studies and that
interactions with appropriate oral fluids either
in saliva or within plaque may influence the
survival and cariogenicity of this bacterium.
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