the effect being principally on cells |

forming 19§ antibody and only to a
slight extent on 7S-forming cells (10).
In preliminary tests with rabbits, one
intravenous administration of polyA -+
polyU produced an elevated titer of
circulating antibodies to sheep red
blood cells at 7, 12, and 18 days after
immunization when the antigen dosage
was low (108 cells intravenously); no
elevation was detected when the anti-
gen dosage was higher (109 cells intra-
venously).

Kinetin riboside (KR) abolishes the
stimulatory effects of oligodeoxyribo-
nucleotides and of certain adjuvants on
antibody-forming cells (/). This com-
pound and also another recently isolated
adenosine derivative, N-(A2-isopente-
nyl)adenosine which is an integral part
of the soluble RNA of yeast and mam-
malian tissue (I1), causes a signifi-
cant reduction, frequently a total elim-
ination, of the stimulation produced
by polyA + polyU (Tables 1 and 2).
The unstimulated, normal response is
not affected by KR or NS-(A2-isopen-
tenyl) adenosine. These results suggest
(i) that the stimulatory effects produced
by certain adjuvants, by oligodeoxyribo-
nucleotides and by polyA + polyU
(all reversible by KR) result from an
alteration of identical, or at least very
similar, biosynthetic events (8), and
(ii) that the KR-susceptible cells par-
ticipating in the stimulated primary

response may be different from those
that are involved in the normal, non-
enhanced response (which is unaffected
by KR). The latter possibility and the
possible role of nucleotide kinases in
the stimulation of antibody-forming
cells are now under study.
WERNER BRAUN

MAsAYAsU NAKANO
Institute of Microbiology, Rutgers,
The State University, New Brunswick,
New Jersey
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Deoxycytidylate and Deoxyguanylate Kinase Activity in

Pneumococci after Exposure to Known Polyribonucleotides

Abstract. Polycytidylic acid and to a lesser extent polyadenylic acid enhance
the activity of deoxycytidylate and deoxyguanylate kinases in resting cell sus-
pensions of encapsulated pneumococci. The active intracellular materials appear
to be oligomers of A and C, respectively. The stimulation of the kinase activities
is amino-acid dependent and can be abolished by the addition of chloramphenicol.
The addition of all eight naturally occurring deoxyribonucleosides and deoxyribo-
nucleotides to cell suspensions containing the homopolymers leads to a selective

enhancement of DNA synthesis.

Mixtures of oligodeoxyribonucleo-
tides (derived from various deoxyribo-
nuclease-treated DNA’s) exert stimula-
tory effects on rates of DNA synthesis
in resting-cell suspensions of virulent
pneumococci and streptococci provided
that all eight of the naturally occurring
deoxyribonucleosides and -tides are
present (7). This stimulation was related
to the ability of oligodeoxyribonucleo-
tides to increase the amounts of all
four deoxyribonucleoside triphosphates
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required for DNA synthesis by increas-
ing the activity of two of the four
specific kinases involved in synthesizing
the triphosphates. The kinases affected,
dCMP (2) and dGMP kinases, are pres-
ent in very low amounts initially in un-
supplemented cell suspensions. The en-
hancement was dependent on amino
acids and could be inhibited by the ad-
dition of chloramphenicol (7). Ribo-
nucleic acid digests (prepared by the
exposure of a number of RNA’s to

pancreatic ribonuclease), and other
RNA derivatives were incapable of af-
fecting DNA synthesis of pneumococ-
ci. However, subsequent studies by
Braun (3) with antibody-forming mam-
malian cells which also are stimulated
by oligodeoxyribonucleotides revealed
that comparable stimulations can be
produced by a molecular complex be-
tween homopolymers of adenylic and
uridylic acids (polyA + polyU). Poly-
adenylic acid proved to be the active
polyribonucleotide. It was therefore of
interest to determine whether such com-
plexes and other homopolymers would
affect deoxyribonucleotide kinase activ-
ity and DNA synthesis in resting-cell
suspensions of pneumococci. A strain
pneumococcus of type III (A66) which
responds maximally to the oligodeoxy-
ribonucleotides was used. Methods
for extracting, partially purifying, and
assaying deoxyribonucleotide kinases as
well as measuring nucleic acid and pro-
tein syntheses in cell suspensions were
those used earlier (7).

The kinase assays (Table 1) showed
that polyC (4) increases the activity of
both dCMP and dGMP kinases and
that low concentrations of polyA en-
hance dGMP kinase activity. Both
polyU and polyl were ineffective, and
so were molecular complexes between
(polyC + polyl) and (polyA + polyU).
These results have been replicated con-
sistently under the environmental con-
ditions used (7). Treatment of polyC
with concentrations of pancreatic ribo-
nuclease that caused extensive degrada-
tion of polyC to CMP, resulted in a
loss of kinase enhancement; however,
treatment of polyC with small amounts
of ribonuclease produced greater stim-
ulatory effects on dCMP and dGMP
kinase activity than polyC alone. This
result, suggesting that oligomers of cy-
tosine were more active than the homo-
polymer, was supported by the finding
that the addition of Cl4-polyC to cell
suspensions resulted, after incubation,
in the recovery of most of the cell-
associated radioactivity in the fraction
soluble in cold trichloroacetic acid rath-
er than in the fraction soluble in hot
trichloroacetic acid nucleic (5). Paper
chromatography of the acid-soluble ex-
tract in a solvent consisting of propanol,
NH,OH, and H,O (55-10-35, by vol-
ume) for 60 hours on Whatman No.
3 paper (6) showed that 77 percent
of this extract was in the form of C14
oligomers of cytosine while the re-
mainder was C4-CMP. The radioac-
tivity that was found in the nucleic acid
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Table 1. Effects of homopolymers of ribonu-
cleotides on deoxycytidylate and deoxyguany-
late kinase activities in pneumococci. Methods
for incubation of cells and procedure for ex-
tracting and assaying kinases have been de-
scribed (7). Prior to enzyme extraction, the
cells were incubated for 25 minutes at 37°C.
Specific activity is defined as the number of
millimicromoles of C'-product formed per
hour per milligram of protein. Protein was de-
termined by the method of Lowry ef al. (10).
Concentrations of homopolymers were as
follows (micrograms per milliliter in final
suspending medium): polyC, 112; polyA, 25;
polyU, 25 or 112; polyl, 25 or 112; polyA -
polyU, 12.5 each; polyC - polyl, 56 each.
The concentrations chosen were those which
stimulated kinase activity to its maximum
extent under conditions used (7).

Specific

Additions Kinase actvity
dCMP dGMP
polyA 4.0 9.3
polyC 17.5 18.3
polyU 3.0 3.1
polyl 2.9 4.9
polyA -+ polyU 3.8 5.4
polyC -+ polyl 4.2 5.0
none 3.5 32

extract proved to be both undergraded
polyC and cellular C'*-RNA from in-
corporated C*-CMP (7).

The enhancement of dCMP and
dGMP kinase activity by oligomers of
cytosine was dependent on an external
source of amino acids and was in-
hibited by the addition of chlorampheni-
col, suggesting that, as in the case of
stimulation by oligodeoxyribonucleo-
tides (7), protein synthesis, rather than
activity, is involved in the enhancement.
The homopolymers also do not affect
kinase activity when added to isolated

Table 2. Effects of polyC, polyA, or both, on
macromolecular syntheses in pneumococci
maintained in the presence of deoxyribo-
nucleosides and deoxyribonucleotides. Meth-
ods for extraction and assay of nucleic acids
and protein have been described (I). Con-
centrations of supplements were as follows
(micrograms per milliliter in medium): polyC,
112; polyA, 25; polyC - polyA, 112 - 25;
deoxyribonucleosides, 800 (200 pg each of
deoxyadenosine, deoxyguanosine, thymidine,
and deoxycytidine); deoxyribonucleotides, 800
(200 ug each of the phosphorylated deriva-
tives described above). S - T indicates deoxy-
ribonucleosides plus deoxyribonucleotides.

Increase after

Additions 70 minutes (%)
o o - Pro- )
polyC polyA (S +~T) DNA RNA tein
-+ - -+ 85 14 15
- + + 53 4 19
+ + 4+ o 11 17

P+ 1+
I ++1

|

e

=3

™

S

S

822

enzyme extracts. Analysis of the oligo-
mer effects on DNA synthesis in cell
suspensions of pneumococci in the pres-
ence of a substrate pool of deoxyribo-~
nucleosides and deoxyribonucleotides
revealed that a selective enhancement
of DNA synthesis occurred in compari-
son to RNA and protein synthesis
(Table 2) in a manner similar to that
observed with oligodeoxyribonucleo-
tides (7).

All of the above results suggest that
oligoribonucleotides of cytosine (and
probably of adenine) and oligodeoxy-
ribonucleotides derived from the enzy-
matic digestion of DNA affect the same
biosynthetic processes. As to the ob-
servation that pancreatic ribonuclease
digests of RNA are ineffective in the
bacterial system (/) and in the mam-
malian cell system (3), it may be sug-
gested that such RNA digests are defi-
cient in sequences of cytosine because
of the specificity of pancreatic ribonu-
clease in hydrolyzing only pyrimidine-
3’-phosphate esters in RNA (8). In con-
trast, pancreatic deoxyribonuclease hy-
drolyzes phosphodiester bonds between
a purine and pyrimidine in DNA (9),
thus insuring that sequences of cytosine
in the oligomer will be maintained. It
is also likely that cytosine and adenine
oligomers affect the same biosynthetic
processes in the bacterial system and
in the mammalian cell system (3) despite
the differences in requirement for sin-
gle homopolymers and double-stranded
molecular ~ complexes, respectively.
These differences may merely reflect a
rapid degradation of homopolymers in
the animal’s circulation, thus necessitat-
ing protection from nuclease action
through the injection of active material
in the form of a complex. Once such a
complex is incorporated into the cell, it
could be degraded over a period of time
to active oligomers. In the bacterial sys-
tem, nuclease activity may not be as
pronounced in the extracellular envi-
ronment, and single-stranded homopoly-
mers can remain relatively intact until
they are incorporated by the cells and
degraded to active oligomers by intracel-
lular nucleases. A molecular complex
might be more difficult to degrade by
bacteria during the short time (25 min-
utes) of the assay period, and conse-
quently little or no active oligomers
would become available.

The actual mechanism leading to the
enhancement of kinases remains un-
known. It may involve derepression,
conceivably through interaction between
repressor and the oligonucleotide or
between repressor-target and oligonu-

cleotide. Efforts are under way to eluci-
date such possibilities through a study
of complex formation between oligo-C
and pneumococcal RNA or DNA.
WILLIAM FIRSHEIN
RutH C. BENSON
MARGARET SEASE
Department of Biology, Wesleyan
University, Middletown, Connecticut

References and Notes

1. W. Firshein, J. Bacteriol. 82,
ibid. 90, 327 (1965).

2. Abbreviations used: dCMP, deoxycytidylate;
dGMP, deoxyguanylate; CMP, cytidylate;
polyC, polyA, polyU, and polyl are poly-
cytidylic, polyadenylic, polyuridylic, and poly-
inosinic acids, respectively.

3. W. Braun, in Molecular and Cellular Basis
of Antibody Formation (Academic Press,
New York, 1965), pp. 525-535; and
M. Nakano, Science, this issue.

4. All of the polyribonucleotides were purchased
from Miles Laboratory, Elkhart, Ind.; or
Schwarz BioResearch, Orangeburg, N.Y.
Their molecular weights were approximately
1.1 X 105 and each polyribonucleotide was
prepared in sodium-potassium phosphate buf-
fer (0.02M, pH 7.0) just before use.

5. After Cl4-polyC was added to the bacterial
culture and the bacteria were incubated for
25 minutes at 37°C, the cultures were centri-
fuged and washed four times with cold
sodium-potassium phosphate buffer (0.02M,
pH 17.5). The bacteria were then suspended
in 5 ml of buffer and a portion was taken
for determination of radioactivity. To the
remaining suspension 40 percent trichloroace-
tic acid was added to yield 10 percent by
volume, the cells were centrifuged, and the
precipitate was washed three times with 3 ml
of cold 10 percent trichloroacetic acid. The
supernatant was saved for radioactivity
determination, and the precipitate was washed
twice with 3 ml of 95 percent ethanol and
once with 4 ml of a mixture of ethanol and
ether (3:1) at 60°C for 15 minutes. Two
milliliters of 5 percent trichloroacetic acid
were added to the precipitate and the nucleic
acids were extracted by heating for 30
minutes at 90° to 95°C. The extract was
centrifuged and the supernatant was saved
for determination of radioactivity (Nuclear-
Chicago windowless flow counter and scaler).
Specific activity was defined as the number
of counts per minute per unit volume of cell
suspension.

6. M. Nirenberg and P. Leder,
1399 (1964).

7. After bacterial suspensions were incubated
in the presence of C'-polyC, ribonucleic
acids and any undegraded Cl*-polyC were
extracted by a modification of the method
of H. F. Lodish and N. O. Zinder, Science
152, 372 (1966). Bentonite (8 mg/ml, final
concentration) was added to inhibit ribonu-
clease action and sodium deoxycholate (1 ml
of 5 percent solution per 25 ml of suspension)
was used to lyse the bacteria. After extrac-
tion, 40 optical density units (at 260 mu) in
0.5 ml were layered on 55 ml of sucrose
gradient (5 to 20 percent) prepared in 0.01M
sodium acetate “buffer (pH 5.0) containing
0.1M NaCl. The tubes were centrifuged at
24,500 rev/min for 20 hours (SW 25.2 rotor
of a Spinco Model L-2 ultracentrifuge). The
bottom of the tube was punctured, and 2.0-
ml fractions were collected in a Vanguard
fraction collector. Optical density readings
were made on each fraction at 260 mg in
the Zeiss PMQ spectrophotometer. Radio-
activity measurements were performed on
solubilized (with 1.5N NH,OH) nucleic acid
precipitates obtained by treatment of each
fraction with 6 ml of cold O.6N perchloric
acid, bovine serum albumin serving as a
carrier (0.1 ml of solution containing 10
mg/ml).

8. R. F. Steiner and R. F. Beers, in Polynu-
cleotides (Elsevier, New York, 1961), p. 39.

9. M. Kunitz, J. Gen. Physiol, 33, 363 (1950).

10. O. H. Lowry, N. J. Rosebrough, A. L. Farr,
R. J. Randall. J. Biol. Chem. 193, 265 (1951).

11. Supported by NIH grant CA-06343. W.F,
is a career-development awardee of PHS.

27 June 1967

169 (1961);

Science 145,

SCIENCE, VOL. 157



