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1. Introduction

In recent years, considerable information has been
obtained concerning the activity of cyclic AMP-depen-
dent protein kinases in various mammalian tissues and
in a number of other animal phyla [1, 2], with this ac-
tivity being associated both with particulate and solu-
ble cellular fractions [3—9] . However, despite this in-
terest, only two microorganisms, E. coli {10] and the
acellular slime mold, Physarum polycephalum [11},
have been shown to contain protein kinases influ-
enced by cyclic AMP. On the one hand, histone phos-
phorylation by the E. coli enzyme was enhanced 3-
fold by cyclic AMP, while P. polycephalum was
shown to contain both a cyclic AMP-activated protein
kinase and a cyclic AMP-inhibitable enzyme.

We have previously reported that the oral microbe,
Streptococcus salivarius, synthesizes cyclic AMP
through the action of multiple adenyl cyclases [12].
Subsequent study with highly purified adenyl cyclase
Il showed that physiological concentrations of vari-
ous cellular metabolites regulated cyclic AMP forma-
tion in vitro [13]. Since little is known concerning
the effect of cyclic AMP on protein phosphorylation
in bacteria, we undertook to determine whether pro-
tein kinase activity, as well as cyclic AMP-binding pro-
tein, were present in S. salivarius, S. sanguis and vari-
ous strains of the cariogenic genus, S. mutans. We wish
to report the presence of cyclic AMP-activated protein
kinase activity and cyclic AMP-binding protein in
these bacteria. Furthermore, since several strains were
shown to contain both cyclic AMP-inhibitable as well
as cyclic AMP-activated protein kinase activity, these
bacteria probably contain at least two protein kinases
regulated in a reciprocal fashion.
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2. Materials and methods

The procedures for the maintenance, growth and
harvesting of the various strains was as described pre-
viously for S. salivarius [14]. The cells were grown in
0.2% glucose—tryptone—yeast extract broth inocu-
lated with an overnight culture (about 8—10 hr) grown
in the same broth with 0.1% glucose. Exponential
phase cells were harvested by centrifugation and
washed once in Tris-HCI buffer (10 mM, pH 7.0) con-
taining 5 mM mercaptoethanol. Cell extracts were
prepared by sonication in a Branson sonifier in the
presence of glass beads as outlined previously [12]
and centrifuged at 30,000 g for 15 min. The superna-
tant fraction and the pellet, suspended in the Tris-HCl
buffer, were dialyzed overnight against the same buff-
er.

Protein kinase activity was determined according
to the method of Reimann et al. [15] . The reaction
mixture contained sodium acetate-acetic acid buffer
(pH 6.0), 50 mM; EGTA, 0.3 mM; EDTA, 0.2 mM;
MgCl,, 10 mM; protein acceptor, 2 mg/ml;
[y-32P]ATP, 0.1 mM (1—2 X105 cpm/nmole) and en-
zyme in a final volume of 0.1 ml. NaF and theophyl-
line were eliminated from the assay mix as these com-
pounds inhibited (30—40%) protein kinase activity in
our extracts. When added, cyclic AMP was at a con-
centration of 5 uM. The reaction was always started
by the addition of the [y-32P]JATP and incubation
was for 5 min at 37°. The reaction was stopped by the
addition of 0.5 ml of 10% TCA along with 0.1 ml of
albumin (10 mg/m}). The precipitated protein was
centrifuged, reprecipitated, washed and counted in
Bray’s solution according to the method of Walsh et al.
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Protein kinase activity in the dialyzed pellet and supernatant fractions obtained from S. salivarius, S. sanguis and various strains of

S. mutans following sonic breakage and centrifugation at 30,000 g.

nuganon SU,000

1§ I0LI0W 1C breakage and ce

30,000 g pellet 30,000 g supernatant
Without With Without With
cyclic cycliE N cyclic cyclici .
Organisms AMP AMP¢ RatioV AMP AMP4 Ratio"
Boiled control 2.2¢ 2.2 1 2.2 2.2 1
S. salivarius 23.7 99.3 4.2 13.2 13.9 1.1
S. sanguis 13.0 25.4 2.0 9.7 16.9 1.7
S. mutans AHT 26.1 133 0.5 16.8 22.7 1.4
S. mutans E-49 16.1 329 2.0 37.3 70.3 1.9
S. mutans PS-14 25.6 44.1 1.7 46.3 34.8 0.8
S. mutans OMZ-176 22.2 329 1.5 51.9 77.7 1.5
S. mutans 6715 42.0 68.2 1.6 9.9 16.1 1.6

2 Cyclic AMP concentration was 5 uM.
Ratio of activities with and without cyclic AMP.

€ pmoles 32P incorporated/mg protein/5 min. Crude histone (0.2 mg) was used as the protein acceptor.

[16] . Under our conditions, reaction velocity was
proportional to enzyme concentrations up to 0.2 mg
with phosphorylation linear for at least S min at that
enzyme concentration.

Cyclic AMP-binding protein activity was measured
by the method of Anderson et al. [17]. The reaction
mixture contained Tris-HCI buffer (pH 7.5), S0 mM;
[3H]cyclic AMP, 1 uM (1—2 X106 cpm/nmole); AMP,
10 mM and enzyme in a final volume of 0.1 ml. Incu-
bation was for 5 min at 0° and protein was precipi-
tated with saturated (NH,),S0,. Nonspecific binding
was determined by adding 10 mM unlabelled cyclic
AMP to the assay mix M ’7] .

AMP to ix [17]
[v-32P]ATP and [3H]cyclic AMP were purchased
from New England Nuclear Corporation. Protamine,
a-casein and various histones were purchased from
Sigma Chemical Co., while crude histone and albumin
were products of General Biochemicals and Mann
Research Laboratory, respectively. AMP and cyclic
AMP were yuluhaocd from Calbiochem. All other re-

agents were analytical grade.

3. Results

3.1. Cyclic AMP and protein kinase activity

Tha onfﬂnhr nf nratain Linaecs in tha nallat and e,
101€ aCUiVily O proicin xXimase in the Pt and su

pernatant fractions of the non-cariogenic strains, S.

salivarius and S. sanguis, as well as various strains of
the cariogenic microbe, S. mutans, was tested with
and without cyclic AMP following sonic breakage and
centrifugation at 30,000 g. As shown in table 1, pro-
tein kinase activity in the absence of cyclic AMP was
higher in the pellet fraction than with the superna-
tant fraction of S. salivarius, S. sanguis 10556 and
strains AHT and 6715 of S. mutans. On the other
hand, the other strains of S. mutans (E-49, PS-14 and
OMZ-176) showed more activity with the 30,000 g
supernatant. Of particular interest, however, was the
activation of phosphorylation by cyclic AMP which

was nl\cnrunr] with o" nrenaratio!
it vid ol dahd o

aveoant wit
arations, €xce Pt

h the
pellet fraction from S. mutans AHT and the superna-
tant fraction from S. mutans PS-14. Protein kinase ac-
tivity in these latter two fractions was inhibited by
cyclic AMP. Maximum activation was observed with
the S. salivarius pellet fraction, with significant acti-
vation being observed with both preparations from S.
sanguis and S. mutans E-49.

The effect of the type of protein acceptor on the
protein kinase activity in the 30,000 g pellet and su-
pernatant fractions obtained from S. salivarius was ex-
amined in the presence and absence of cyclic AMP.
As shown in table 2, protamine was the best phos-
phate acceptor with either fraction when incubated
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either unaffected (30,000 g pellet) or slightly
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Table 2
Protein kinase activity, in the presence of various protein acceptors, of the dialyzed pellet and supernatant fractions from S.

salivarius following sonic breakage and centrifugation at 30,000 g.

30,000 g pellet 30,000 g supernatant
Without With Without With
Protein cyclic cyclic cyclic cyclic
acceptord AMP AMP Ratio® AMP AMPP Ratio®
Boiled control 3.0d 3.0 1 3.0 3.0 1
None 18.6 81.3 4.4 12.3 14.8 1.2
Histone type  1I€ 28.0 76.6 2.7 15.2 22.7 1.5
I 18.2 141.6 7.8 7.9 18.0 2.3
Iv 19.8 73.7 3.7 12.3 24.0 2.0
A% 17.9 72.8 4.1 28.7 37.2 1.3
A%! 20.4 65.6 3.2 12.2 28.7 2.4
Vil 24.8 50.7 2.0 11.3 20.1 1.8
VIII 17.0 69.2 4.1 12.0 26.9 2.2
Protamine 42.5 42.4 1.0 32.6 27.1 0.8
Albumin 22.8 82.7 3.6 14.5 16.0 1.1
2.3 21.3 14.3 0.7

a-Casein 31.5 71.0

2 Acceptor concentration was 0.2 meg.

b Cyclic AMP concentration was 5 uM.

€ Ratio of activities with and without cyclic AMP.
pmoles 32p incorporated/mg protein/5 min.

€ Histone types, Il = mix-crude; II1 = Lysine rich; IV = Arginine rich; V = Lysine rich subgroup fy; VI = slightly lysine rich sub-
group fa5; VI = slightly lysine rich subgroup fyp; VIII = Arginine rich subgroup f3.

inhibited (30,000 g supernatant) by 5 uM cyclic AMP.

Of the various types of histone tested, type Il was the
best acceptor with the pellet fraction when assayed in
the absence of cyclic AMP, while significant phospho-
rylation was also observed with albumin and a-casein.
Significantly, the phosphorylation of all of these lat-
ter acceptors was activated by cyclic AMP with the
maximum activation (8-fold) being observed with his-
tone type III. When the various protein acceptors
were incubated with the 30,000 g supernatant, maxi-
mum activity, both in the presence and absence of cy-
clic AMP, was observed with histone type V. Again,
phosphorylation was activated by 5 uM cyclic AMP
to varying degrees, except with casein; the highest
stimulation was observed with histone types 111, V1
and VIII. Table 2 also shows that there was relatively
high endogenous accepting activity in both the pellet
and supernatant fractions with the pellet activity
being activated significantly by cyclic AMP. From a
comparison of the pellet and supernatant data, it can
be concluded that the cyclic AMP-activated protein
kinase in this organism is probably a particulate
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enzyme. The activating effect of cyclic AMP was ob-
served only with dialyzed fractions due to the pres-
ence of endogenous cyclic AMP in undialyzed prepara-
tions.

3.2. Cyclic AMP-binding protein

[t is now well known that protein kinase activity
in mammalian tissues is regulated by a protein which
binds cyclic AMP [1]. The association of this cyclic
AMP-binding protein (regulatory unit) with the cata-
lytic unit of protein kinase makes the latter protein
inactive. The binding of cyclic AMP to the regulatory
unit causes the dissociation of this inhibitor protein
from the catalytic unit which results in the release of
the active catalytic unit. In order to determine wheth-
er crude extract preparations of the various strepto-
coccal strains contained such a protein, the various
dialyzed pellet and supernatant fractions were
screened for their cyclic AMP-binding activity. As
shown in table 3, the pellet and supernatant fractions
from all of the test strains possessed cyclic AMP-bind-
ing activity. However, in contrast to the previously
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observed protein kinase activity, greater binding activ-
ity was observed with the 30,000 g supernatant frac-
tions than with the corresponding pellets.

4. Discussion

The cyclic AMP-activated protein kinase activity is
widely distributed in eukaryotic cells [1,2,11] but in
prokaryotic cells its presence has been reported only
in F. coli [10] . The present evidence supporting the
presence of protein kinase and cyclic AMP-binding ac-
tivity in a number of oral streptococci indicates that
these proteins are widely distributed in nature. The
protein kinase in S. salivarius differs from E. coli en-
zyme with respect to the divalent ion requirement for
the activation of protein kinase by cyclic AMP. With
S. salivarius preparations, we have found that cyclic
AMP activation required MgCl, or MnCl,, with some-
what lower activation (15—25%) being observed with
MnCl,. In E. coli, cyclic AMP activation was observed
only in the presence of MnCl, [10], while the protein
kinases from mammalian tissue are generally active in
the presence of MgCl, [1]. Like the E. coli enzyme,
cyclic AMP activation of the S. salivarius protein kin-
ase was most effective with histone. The inhibition of
protein kinase activity by cyclic AMP with prepara-
tions from S. mutans AHT and PS-14 (table 1) indi-
cates that some strains of oral streptococci contain
two types of protein kinases: one activated by cyclic
AMP and one inhibited by this nucleotide. Inhibition
of protein kinase activity by cyclic AMP has been ob-
served with preparations from P. polycephalum [11].

The activity of cyclic AMP-binding protein in the
crude preparations of the oral streptococci was some-
what lower than that observed with E. coli [17], but
almost similar to the activity present in some mam-
malian tissues [9,18,19]. A comparison of tables 1
and 3 indicates that there was little correlation be-
tween cyclic AMP-binding activity and protein kinase
activity in the streptococcal preparations suggesting
that the binding activity may or may not be related
to the kinase activity as it is in mammalian systems.
It is conceivable that these bacteria may contain more
than one cyclic AMP-binding protein, one of which
may be similar to the cyclic AMP-receptor protein of
E. coli which is involved in the regulation of inducible
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Table 3
Cyclic AMP-binding activity in the dialyzed pellet and super-
natant fractions obtained from S. salivarius, S. sanguis and
various strains of S. mutans following sonic breakage and cen-
trifugation at 30,000 g.

30,000 ¢ 30,000 ¢
Organisms pellet supernatant
S. salivarius 1.002 1.68
S. sanguis 10556 1.54 4.00
S. mutans AHT 1.68 4.31
S. mutans E-49 1.59 5.71
S. mutans PS-14 1.81 1.90
S. mutans OMZ-176 1.40 7.74
S. mutans 6715 1.40 3.00

2 pmoles cyclic AMP bound/mg protein. Counts due to non-
specific binding have been subtracted.

protein synthesis [17] . Further work is in progress to
isolate and characterize the protein kinase(s) and cy-
clic AMP-binding protein(s) in extracts of the oral
streptococci.
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