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ABSTRACT Addition of diadenosine 5',5"''-Pl,P4-tetra-
phosphate (Ap4A) to permeabilized GI-arrested baby hamster
kidney cells resulted in the stimulation of DNA synthesis. No
stimulation was observed in cells from exponentially growing
cultures. The Ap4A-stimulated [3H]dTTP incorporation was
inhibited by nalidixic acid, daunomycin, chloroquine diphos-
phate, EDTA, and N-ethylmaleimide. It was dose-dependent
in regard to the amount of permeabilized cells and of Ap4A.
Numerous replication eyes were formed in the DNA molecules
of stimulated cells. Pulse-chase experiments showed that the
synthesis of DNA was discontinuous, resulting in the appear-
ance of approximately 4S Okazaki fragments and their ligation
to high molecular weight DNA. These results strongly suggest
that Ap4A stimulated the initiation of DNA synthesis in baby
hamster kidney cells that had been arrested in GI by serum
deprival.

Transition from the resting to the growing state in eukaryotic
cells is characterized by progression through the G1 period of
the cell cycle and initiation of DNA synthesis. Although the
complex metabolic events that lead to the start of chromosomal
DNA replication are not yet understood, it is generally accepted
that initiation of DNA synthesis in the cell nucleus is under the
control of cytoplasmic components (1, 2). The cytoplasmic
factors seem to act as positive regulatory signals (3). For in-
vestigation of the control mechanisms in vitro systems have
been described (4-6) in which the DNA synthetic activity re-
flects the physiological state of the cells. Several reports describe
cytoplasmic fractions active in stimulating DNA synthesis in
these systems (4, 6-20). They have been characterized either
as low molecular weight heat-stable components (7, 8) or as
proteins of high molecular weight (6, 15, 17-19).

Previous studies on growth control in animal cells have sug-
gested that purine nucleotides play a predominant role in the
regulation of some cellular activities that are described to be
part of the pleiotypic program by which cells regulate in an
orderly fashion their progression from one generation to the
next (21-25). These studies revealed that changes in the cellular
purine nucleoside triphosphate pools are tightly correlated with
the growth state as well as with the rate of ribosomal RNA
synthesis in the cell. But, although high intracellular ATP levels
and a high adenylate energy charge are prerequisites for ini-
tiation of DNA replication, increased ATP pools alone do not
suffice to induce DNA synthesis unless further metabolic events
are triggered by serum growth factors (24).

Recently, the purine nucleotide diadenosine 5',5"'-PI,p4
tetraphosphate (Ap4A) has been discovered in mammalian cells
(26). The intracellular concentration of this purine nucleotide
has been described to be high in rapidly proliferating (about
1 AM) and low (10 nM) in resting or slowly growing cells. The
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synthesis of Ap4A seems to depend on high intracellular ATP
levels. Therefore, this nucleotide could play the role of a signal
molecule that accumulates during the G1 phase and triggers
initiation of DNA synthesis when a critical threshold concen-
tration is reached at the GI/S phase boundary.
The experiments described in this paper show that Ap4A is

capable of inducing initiation of DNA replication in resting
baby hamster kidney (BHK) cells (cell line 21/13) when incu-
bated in an in vitro DNA-synthesizing system.

MATERIALS AND METHODS
[methyl-3H]dTTP (30 Ci/mmol) was from Amersham; nu-
cleotides, pyruvate kinase, snake venome phosphodiesterase,
alkaline phosphatase, daunomycin, nalidixic acid, cyclohexi-
mide, and chloroquine diphosphate were from Boehringer,
Mannheim.

Preparation of Permeabilized Cells. BHK cells were cul-
tured in Dulbecco's modified Eagle's medium containing 10%
fetal bovine serum, penicillin (100 units/ml), and streptomycin
(100 gg/ml) in 15-cm ) dishes. G1-arrested cells were obtained
by culturing cells with 0.3% serum for 48 hr. Cells were
trypsinized, washed twice with medium containing 10% calf
serum, suspended in an ice-cold hypotonic buffer [20 mM
N-2-hydroxyethylpiperazine-N'-2-ethanesulfonate, pH 8.0/5
mM KCl/0.5 mM MgCI2/0.1 mM (ethylenedinitrilo)tetraac-
etate (EDTA)/0.5 mM dithiothreitol] at a concentration of 5
X 106 cells per ml, and allowed to stand for 30 min at 00. The
change in permeability of cells after hypotonic treatment was
tested by the loss of their ability to exclude trypan blue and by
their ability to incorporate [3H]dTTP into DNA (97% of un-
treated, viable cells exclude trypan blue, compared to 23% after
hypotonic treatment; viable cells without hypotonic treatment
are able to incorporate a significant amount of label from
[3H]thymidine into DNA but not from [3H]dTTP, and hypo-
tonic treatment renders cells capable of incorporating [3H]-
dTTP into DNA].

Preparation of Ap4A. Ap4A was prepared by a modification
of the reported procedure (27). Disodium ATP was converted
to the tributylammonium salt and allowed to react with an
equivalent of the 4-morpholine-N,N'-dicyclohexylcarbox-
amidine salt of adenosine 5'-phosphoromorpholidate in dry
pyridine for 3 days at room temperature. For preparation of
3H-labeled Ap4A, 0.1 mmol of [3H]ATP (10 mCi/mmol) was
treated with an equimolar amount of adenosine 5'-phospho-
romorpholidate.
Assay for DNA Synthesis. The reaction medium contained

in 100 pj: 40 mM N-2-hydroxyethylpiperazine-N'-2-ethane-
sulfonate (pH 8.0), 5 mM MgCI2, 100mM KCl, 1 mM ethylene
glycol bis(fl-aminoethyl ether)-N,N,N',N'-tetraacetate (EGTA),

Abbreviations: Ap4A, diadenosine 5',5"'-P',P4-tetraphosphate; BHK,
baby hamster kidney 21/13 cell line.
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Table 1. Effects of Ap4A on [3H]dTTP incorporation
in G1-arrested BHK cells

[3H]dTTP
incorporated,
pmol/106

Cells, phase cells

Logarithmic 22.8
G, 3.8
G1 + Ap4A 13.2

Permeabilized BHK cells (1.5 X 105) were incubated in 100-il
samples for 60 min. Ap4A was added at 0.1 mM. The blank values have
been substracted.

dATP, dGTP, dCTP, GTP, CTP, and UTP at 0.1 mM each 2
mM ATP, 0.01 mM dTTP (1 AtCi of [3H]dTTP), 5 mM phos-
phoenolpyruvate, 1 unit of pyruvate kinase, 1 mM di-
thiothreitol, and 1.5 X 105 permeabilized cells. After incubation
for 60 min at 370, 0.2 ml of a saturated neutralized Na4P207
solution and 2 ml of 5% trichloroacetic acid were added, and
the samples were filtered on Whatman GF/C glass fiber filters
(presoaked with saturated neutralized Na4P207) and washed
three times with 10-rhl portions of 5% trichloroacetic acid and
once with 5 ml of ethanol. The samples were dried at 1000, and
0.2 ml of Hyamine hydroxide was added. After cooling at room
temperature, 10 ml of a toluene-base scintillation fluid was
added and radioactivity was measured.

Preparation of DNA for Electron Microscopy. Cells were
incubated with or without 0.1 mM Ap4A in a 500-,il reaction
mixture for 60 min at 370 in the assay for DNA synthesis, but
without [3H]dTTP. Cells were collected by centrifugation for
5 min at 10,000 X g and were resuspended in 200 ,l of 20 mM
EDTA/10 mM 3-cyclohexylaminopropane sulfonic acid, pH
10.4; 20 ,ul of 10% Sarkosyl was added and the lysate was gently
agitated for 5 min at room temperature. The lysate was-cen-
trifuged in a preformed CsCl gradient for 20 h at 20 as de-
scribed by Benbow and Ford (15). Fractions were collected
after monitoring of absorbance in a flow cell-equipped Guilford
photometer and the three peak fractions were dialyzed over-
night against 0.05 M Tris-HCl pH 7.5/5 mM EDTA/0.1 M
NaCl and were spread and visualized by the procedures of
Davis et al. (28).

Discontinuous DNA Synthesis. Permeabilized G1-arrested
cells (7.5 X 105) were incubated with or without 0.1 mM Ap4A
in a 0.5-ml reaction mixture as described above for in vitro
DNA synthesis except that [3H]dTTP was present at 100 ,Ci/ml
and 0.001 mM, during the pulse for 1 min at 370. For the chase
experiment, dTTP was added after 1 min to a final concen-
tration of 1 mM and the sample was incubated for another 15
min. After incubation, the samples were cooled quickly in a dry
ice bath and centrifuged for 1 min at 10,000 x g and 00. The
cell pellets were treated with 0.3 M NaOH/1 mM EDTA, ap-
plied to 5-20% linear sucrose gradients containing 0.3 M
NaOH/0.7 M NaCl/1 mM EDTA formed over a cushion of
25% sucrose/6.3 M CsCl, and centrifuged for 18 hr at 20,000
rpm (2°) in a Spinco SW56 rotor. Fractions were collected and
the radioactivity of the fractions was determined.

RESULTS
GI-Arrested Permeabilized Cells Incorporated [3HJdTTP

during Incubation with Ap4A. When permeabilized BHK cells
from growing cultures were incubated in vitro in the presence
of Mg2+ and the four ribo- and deoxyribonucleotides, incor-
poration of [3H]dTTP into acid-precipitable material was ob-
served (Table 1). However, if the cells were from cultures ar-

Table 2. Effects of inhibitors and antibiotics on [3H]dTTP
incorporation in Gl-arrested cells

[3H]dTTP
incorporated,

Additions pmol/106 cells

None 0.5
Ap4A 6.4
Ap4A plus:

Nalidixic acid 1.0
Daunomycin 1.4
Chloroquine diphosphate 1.3
Cycloheximide 7.7
EDTA 0
N-Ethylmaleimide 2.7

G1-arrested permeabilized BHK cells (1.5 X 105) were incubated
in 100-Ml samples for 60 min. Ap4A was adcded at 0.1 mM; nalidixic
acid, daunomycin, chloroquine diphosphate, and cycloheximide were
added at 50 Mg/mI; EDTA and N-ethylmaleimide were added at 2
mM. The blank values have been substracted.

rested in G, by serum deprival, [3H]dTTP incorporation was
low. Addition of Ap4A at 0.1 mM tp Gl-arrested cells signifi-
cantly stimulated [3H]dTTP incorporation into acid-precipi-
table material, reaching about half of that observed with cells
from exponentially growing cultures.

In order to find out whether the [3H]dTTP incorporation
measured was really due to DNA replication, the effect of
specific inhibitors of cellular DNA replication as well as in vitro
DNA polymerase activity was studied (Table 2). When specific
inhibitors of DNA replication (nalidixic acid, daunomycin, or
chloroquine diphQsphate) were added to the reaction mixture,
incorporation of [3H]dTTP was strongly inhibited. Cyclohex-
imide, however, had no inhibitory effect. In the presence of an
excess of EDTA over Mg2+, [3H]dTTP incorporation was not
observed, indicating a requirement for Mg2+. In vitro, [3H]-
dTTP incorporation was also sensitive to thiol reagents: the
addition ofN-ethylmaleimide inhibited the incorporation of
the label. These results strongly suggest that the observed in-
corporation of [3H]dTTP reflects in vitro DNA replication.

In control experiments the specificity of Ap4A as a stimu-
lating agent of in vitro DNA replication was proved (Table 3).

Table 3. Effects of phosphodiesterase- and alkaline phosphatase-
treated Ap4A, ADP, AMP, adenosine, and pyrophosphate

on [3H]dTTP incorporation in Gl-arrested cells

[3H]dTTP
incorporated,

Additions pmol/106 cells

None 3.8
Ap4A 13.2
PDE-Ap4A 5.4
Alk. Pase-Ap4A 12.3
ADP 4.3
AMP 4.1
Adenosine 3.6
Sodium pyrophosphate 2.2

GI-arrested cells (1.5 X 105) were incubated in 100-pl samples for
60min. Additions indicated were made at concentrations of 0.1 mM.
PDE-Ap4A, Ap4A after treatment with snake venom phosphodies-
terase; alk. Pase-Ap4A, after treatment with alkaline phosphatase
from Escherichia coli. For enzymatic digestion, 0.1 Mmnol ofAp4A was
incubated with 50 ug of phosphodiesterase or alkaline phosphatase,
respectively, in 100 ,ul of 50mM triethanolamine/bicarbonate buffer,
pH 8.0, at 37°. After 24 hr, 2 gl of 88% formic acid was added, the
samples were centrifuged at 12,000 rpm, the supernatant was lyoph-
ilized, and the compounds were redissolved in 100 gl of H20.
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FTC. 1. Kinetics of [3H]dTTP incorporation and the dependence
on added ApNA in permeabilized cells. --- -0, Exponentially growing
cells; A - - - A, G1-arrested cells; *-*, GI-arrested cells plus 0.1 mM
Ap4A (except in A). (A) Ap4A dependence. Varying concentrations
ofAp4A were added to 100 ,il-samples containing 1.5 X 10i GI-arrested
or exponentially growing cells. (B) Cell dependence. Varying amounts
of cells were added to 1-ml samples and incubated for 60 min. The
values for blanks have been substrated. (C) Time course. Cells (1.5
X 1(5) were incubated in 100-gl samples for times indicated.

Digestion of Ap4A with snake venom phosphodiesterase, which
creates AMP (not shown), abolished the stimulatory effect on
DNA synthesis; however, treatment with alkaline phosphatase,
which does not affect the structural integrity of Ap4A, did not.
ADP, AMP, adenosine, and sodium pyrophosphate could not
substitute for Ap4A in the stimulatory response on DNA syn-
thesis.

Fig. 1A shows the effect of increasing concentration of Ap4A
on DNA synthesis in permeabilized BHK cells. Whereas DNA
synthesis was stimulated by Ap4A in a dose-dependent manner
in resting cells, no influence of this compound was observed
when permeabilized cells from exponentially growing cultures
were tested. The extent of [3HldTTP incorporation in growing
or Ap4A-stimulated resting cells depended on the amount of
cells added to the reaction mixture (Fig. 1B). Kinetic analysis

O-PT0-

7,_

v0 1 2 3 4
Time, hr

FIG. 2. Kinetics of degradation of [3HIApNA by permeabilized
BHK cells in vitro. Logarithmic (0) or Gl-arrested (-) (5 X 104) cells
were incubated in 25-Al samples. The concentration of I:3H]Ap4A was
0.1 mM (specific activity 10 mCi/mmol). After various incubation
periods, 1 Al of concentrated formic acid was added. the samples were
centrifuged. and 5 Al of the supernatant was spotted on polyeth-
yleneimine thin-layer sheets and developed with 1 M LiCl. The plates
were cut into 10 X 15 mm-pieces and the radioactivity was mea-
sured.

indicated that the reaction proceeded for at least 2 hr (Fig. IC).
The stimulatory effect of Ap4A was most pronounced during
the first 60 min of the reaction period. This might be clue to
decomposition of the compound in the reaction mixture, which
seems to be highly probable because Rapaport and Zamecnik
(26) described Ap4A as very labile in vivo. Therefore, the sta-
bility of Ap4A in this in vitro system was analyzed. For this
purpose, 3H-labeled Ap4A was incubated under the assay
conditions. Fig. 2 demonstrates that [3H]Ap4A was degraded
under the condition of the in vitro DNA synthesis system with
a half-life of approximately 40 min. This proved true in the
presence of both resting and growing cells. Thus, the relative
instability of Ap4A under the condition of in vitro DNA svn-
thesis may explain wshy DNA replication is markedly stimulated
only during a relative short period of time.

Replication Eyes Appear in the DNA Molecules After
Incubation of Permeabilized GC-Arrested Cells with ApNA.
Characteristic structures called replication eves" (29, 330) can
be observed by electron microscopy in nuclear DNA molecules
from replicating cells. These structures arise in the DNA mol-
ecules by progression of replication forks from the origin of
replication toward the replicon terminator. To obtain evidence
for initiation of DNA replication, DNA molecules from the
reaction mixture were isolated after a 60-min incubation of
GI-arrested permeabilized BHK cells in the presence and ab-
sence of 0.1 mM Ap4A. These molecules were analyzed in the
electron microscope and were scored for the presence of rep-
lication eyes (Fig. 3). In the control, the frequency of molecules
possessing replication eyes was 0. 14% (2 in 1407 molecules). In
contrast, in the DNA of cells exposed to Ap4A in vitro the fre-
quency was 20-fold higher, 2.6% (47 in 1685 molecules). The
total length of DNA in the control and Ap4A-stimulated reac-
tion was similar. The mean (±SD.) size of the eyes was 0.07 +
0.03 mm. This indicates that most replication eyes formed
during 1 hr of incubation were considerably smaller than those
observed previously in DNA molecules isolated from rapidly
replicating embryonic cells (31, 32) or from resting Xenopus
cell nuclei after prolonged (15 hr) incubation in vitro with ex-
tracts of rapidly proliferating cells (15). The eyes observed in
these experiments were of the small type, postulated to be
"initiation" eyes (30).

Discontinuous DNA Replication in Ap4A-Treated Cells.
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FI;. 3. Replication eyes in DNA molecules from GI-arrested cells
after in vitro incubation with Ap4A.

In order to find out whether Ap4A-induced DNA synthesis in
Gl-arrested cells occurs discontinuously, permeabilized cells
were incubated in vitro for 1 min with [3H]dTTP and the re-

action product was analyzed by sedimentation in an alkaline
sucrose gradient. Fig. 4A demonstrates that the reaction product
had a sedimentation coefficient of about 4 S. as measured with
respect to M-13 phage DNA. Most of these nascent fragments
were chased into rapidly sedimenting DNA molecules when
the incubation was continued for an additional 15 min with an
excess (1 mM) of unlabeled dTTP (Fig. 4B). No further gain
in label was observed during the chase period. Furthermore,
there was only an insignificant, if any, loss of label during the
chase period. This result demonstrates that discontinuous DNA
synthesis occurs in Ap4A-exposed cells from GI-arrested cul-
tures.

DISCUSSION
This paper provides evidence for the role of Ap4A as a signal
molecule that triggers initiation of DNA replication in BHK
cells. The formation of this compound in the back-reaction of
the amino acid activation process (33) and its presence at rela-
tively high concentrations in rapidly proliferating cells and at
low levels in resting cells (26) has been established. In the
present experiments, carried out in an in vitro system for
studying DNA synthesis with permeabilized mammalian cells,
Ap4A stimulated DNA synthesis in GI-arrested BHK cells. The
reaction was dependent on the amount of cells, the concen-

tration of Ap4A, and the presence of Mg2 , and it could by in-
hibited specifically by various inhibitors of DNA replication.
The appearance of DNA replication eyes and the fact that DNA
synthesis was discontinuous suggest that initiation and contin-
uation of DNA synthesis occured in this system. The stimulatory
activity was specific for structurally intact Ap4A: neither
phosphodiesterase-treated Ap4A nor its degradation products
(ADP, AMP, adenosine, pyrophosphate) could substitute for
Ap4A in the reaction.
On the basis of these experimental results, it appears that

Ap4A acts as an intracellular trigger molecule for the onset of
DNA replication at the G l/S phase boundary of the cell division

C) Chase
150

100

50-

01
5 10
Fractions

FIG. 4. Discontinuous DNA synthesis. (A) Pulse, 1 min with
[PH]dTTP; (B) chase, 1 min with [3H]dTITP followed by 15 min with
unlabeled dTTP. Gl-arrested permeabilized BHK cells (7.5 X 105)
were incubated with 0.1 mM Ap4A, and the DNA was analyzed by
alkaline sucrose gradient centrifugation. The arrows indicate the
position of 24S marker DNA in parallel gradients in which RF2-form
DNA from phage M-13 was sedimented. Sedimentation was from
right to left.

cycle. After growth stimulation by mitogens, Ap4A could ac-
cumulate in the cell, reaching a critical threshold concentration
at the G1/S boundary which would allow initiation of DNA
synthesis. Such an accumulation of Ap4A during the traverse
of the G1 period seems to be highly probable because (i) sig-
nificant differences in intracellular concentrations of this
compound between resting and growing cells have been ob-
served (26), (ii) ATP, the substrate used for Ap4A formation,
derives from an ATP compartment that has an especially high
turnover rate (26), and (iii) the overall cellular ATP content
increases about 3-fold during the progression through G1 (24,
26).

It is tempting to speculate that the cytoplasmic factors from
dividing cells that have been described to lead to in vitro DNA
synthesis in nuclei from nondividing cells (4, 6, 9-20) are pro-
teins involved in Ap4A formation.

I thank Drs. I. Grummt and W. Zillig for critically reading the
manuscript and Dr. P. Schneck for M-13 phage DNA. The expert
technical assistance of Mrs. M. Speckbacher and Mrs. E. Mayer is
greatly appreciated as well as the help of Mrs. I. Scholz in electron
microscopy. This work was supported by the Deutsche Forschungs-
gemeinschaft.

1. Graham, C. F., Arms, K. & Gurdon, J. B. (1966) "The induction
of DNA synthesis by frog egg cytoplasm," Dev. Biol. 14, 349-
381.

2. Johnson, R. T. & Harris, H. (1969) "DNA synthesis and mitosis in
fused cells. II. Hela-chick erythrocyte heterokaryons," J. Cell
Sci. 5, 625-644.

3. Rao, P. N. & Johnson, R. T. (1970) "Mammalian cell fusion: I.
Studies on the regulation of DNA synthesis and mitosis,"' Nature
225, 159-164.

4. Hershey, H. V., Stieber, J. F. & Mueller, C. C. (1973) "DNA

374 Cell Biology: Grummt

is
e-

ACX10



Proc. Natl. Acad. Sci. USA 75 (1978)

synthesis in isolated Hela nuclei. A system for continuation of
replication in vivo," Eur. J. Biochem. 34, 383-394.

5. Winnacker, E. L., Magnusson, G. & Reichard, P. (1972) "Repli-
cation of polyoma DNA in isolated nuclei. I. Characterization
of the system from mouse fibroblast 3T6 cells," J. Mol. Biol. 72,
523-537.

6. DePamphilis, M. L. & Berg, P. (1975) "Synthesis of superhelical
simian virus 40 deoxyribonucleic acid in cell lysates," J. Biol.
Chem. 250, 4348-4354.

7. Thompson, L. R. & McCarthy, B. J. (1968) "Stimulation of nu-
clear DNA and RNA synthesis by cytoplasmic extracts in vitro,"
Biochem. Biophys. Res. Commun. 30, 166-172.

8. Shimada, H. & Gerayama, H. (1972) "DNA synthesis in isolated
nuclei from the brains of rats at different post-partal stages and
the infant rat brain cytosol factor stimulating the DNA synthesis
in infant rat brain nuclei," Biochim. Biophys. Acta 287, 415-
426.

9. Friedman, D. L. & Mueller, G. C. (1968) "A nuclear system for
DNA replication from synchronized HeLa cells," Biochim.
Biophys. Acata 161, 455-468.

10. Kidwell, W. R. & Mueller, G. C. (1969) "The synthesis and as-
sembly of DNA subunits in isolated HeLa cell nuclei," Biochem.
Biophys. Res. Commun. 36,756-763.

11. Kumar, K. V. & Friedman, D. L. (1972) "Initiation of DNA
synthesis in HeLa cell-free system," Nature New Biol. 239,
7-76.

12. Bernard, O., Momparler, R. L. & Brent, T. P. (1974) "Effect of
DNA polymerase on nuclei from different phases of cell cycle,"
Eur.J. Biochem. 49,565-571.

13. Francke, B. & Hunter, T. (1975) "In vitro polyoma DNA syn-
thesis: Requirement for cytoplasmic factors," J. Virol. 15, 97-
107.

14. Otto, B. & Reichard, P. (1975) "Replication of polyoma DNA in
isolated nuclei. V. Complementation of in vitro DNA replica-
tion," J. Virol. 15, 259-267.

15. Benbow, R. M. & Ford, C. C. (1975) "Cytoplasmic control of
nuclear DNA synthesis during early development of Xenopus
laevis: A cell-free assay," Proc. Natl. Acad. Sci. USA 72,
2437-2441.

16. Tseng, B. Y. & Goulian, M. (1975) "DNA synthesis in human
lymphocytes: Intermediates in DNA synthesis, in vitro and in
vivo," J. Mol. Biol. 99, 317-337.

17. Jazwinski, S. M., Wang, J. L. & Edelman, G. M. (1976) "Initiation
of replication in chromosomal DNA induced by extracts from
proliferating cells," Proc. Natl. Acad. Sci. USA 73, 2231-
2235.

18. Jazwinski, S. M. & Edelman, G. M. (1976) "Activity of yeast ex-
tracts in cell-free stimulation of DNA replication," Proc. Natl.
Acad. Sci. USA 73, 3933-3936.

19. Murakami-Murofushi, K. & Mano, Y. (1977) "Stimulation of sea
urchin DNA polymerase by protein factors. II. Formation of
active complex in DNA polymerase reaction," Biochim. Biophys.
Acta 475, 254-266.

20. Krokan, H., Wist, E. & Prydz, H. (1977) "Effects of cytosol on
DNA synthesis in isolated HeLa cell nuclei," Biochem. Biophys.
Res. Commun. 75, 414-419.

21. Grummt, F. & Grummt, I. (1976) "Studies on the role of un-
charged tRNA in pleiotypic response of animal cells," Eur. J.
Biochem. 64, 307-312.

22. Grummt, I., Smith, V. A. & Grummt, F. (1976) "Amino acid
starvation affects the initiation frequency of nucleolar RNA
polymerase," Cell 7, 439-445.

23. Grummt, I. & Grummt, F. (1976) "Control of nucleolar RNA
synthesis by the intracellular pool sizes of ATP and GTP," Cell
7, 447-453.

24. Grummt, F., Paul, D. & Grummt, I. (1977) "Regulation of ATP
pools, rRNA and DNA synthesis in 3T3 cells in response to serum
or hypoxanthine," Eur. J. Biochem. 76, 7-12.

25. Grummt, F. & Grummt, I. (1977) "The effect of cyclic nucleo-
tides on cellular ATP levels and ribosomal RNA synthesis in
Ehrlich ascites cells," Eur. J. Biochem., in press.

26. Rapaport, E. & Zamecnik, P. C. (1976) "Presence of diadenosine
5',5''-p',p4-tetraphosphate (Ap4A) in mammalian cells in levels
varying widely with proliferative activity of the tissue: A possible
positive "pleiotypic activator," Proc. Natl. Acad. Sci. USA 73,
3984-3988.

27. Reiss, J. R. & Moffatt, J. G. (1965) "Dismutation reactions of
nucleoside polyphosphates. III. The synthesis of a, w-dinucleoside
5'-polyphosphates," J. Org. Chem. 30, 3381-3387.

28. Davis, R. W., Simon, M. & Davidson, N. (1971) "Electron mi-
croscope heteroduplex methods for mapping regions of base se-
quence homology in nucleic acids", in Methods in Enzymology,
eds. Grossman, L. & Moldave, K. (Academic Press, New York),
Vol. 21, pp. 413-428.

29. Schnos, M. & Inman, R. B. (1970) "Position of branch points in
replicating A DNA," J. Mol. Btol. 51, 61-73.

30. Petes, T. D. & Newlon, C. S. (1974) "Structure of DNA in DNA
replication mutants of yeast," Nature 251, 637-639.

31. Wolstenholme, D. R. (1973) "Replicating DNA molecules from
eggs of Drosophila melanogaster," Chromosoma 43, 1-18.

32. Kriegstein, H. J. & Hogness, D. S. (1974) "Mechanism of DNA
replication in Drosophila chromosomes: Structure of replication
forks and evidence for bidirectionality," Proc. Natl. Acad. Sci.
USA 71, 135-139.

33. Randerath, K., Janeway, C. M., Stephensen, M. L. & Zamecnik,
P. C. (1966) "Isolation and characterization of dinucleoside tetra-
and triphosphates formed in the presence of lysyl-sRNA syn-
thetase," Blochem. Btophys. Res. Commun. 24, 8-105.

Cell Biology: Grummt 375


