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ABSTRACT Extracts of the cytoplasm of disrupted spher-
oplasts of Saccharomyces cerevisiae (bakers' yeast) stimulated
DNA synthesis in a cell-free system consisting of nuclei from
spleen cells of the frog Xenopus laevis. The stimulation required
Mg++, ATP, and the deoxynucleoside triphosphates, was satu-
rated by an excess of nuclei or extract, and had kinetics resem-
bling those obtained previously with extracts from mammalian
and avian cells. After addition of the yeast extract, replication
"eyes" were formed in the DNA from the nucleochromatin of
the frog, suggesting that the extract stimulated the initiation of
DNA replication. The activity was susceptible to heat, was
nondialyzable, and was abrogated by tryptic digestion.

Temperature-sensitive mutants of the cell division cycle (cdc
mutants 4, 7,8, and 28) grown at permissive temperature (23°)
yielded extracts that were capable of stimulating DNA repli-
cation. When the cells were incubated for one generation at the
nonpermissive temperature (360), their extracts showed very low
or no activity. All of these mutants are deficient in events of the
dependent pathway leading to initiation of DNA synthesis in
the yeast cell cycle. A ts mutant, cdclO, deficient in the separate
pathway for cytokinesis, showed little or no loss of activity at
the nonpermissive temperature. These data indicate that the
"initiation" activity, as assayed in vitro, is subject to control in
the yeast cell cycle, and -its appearance may be one of the ter-
minal events in the pathway leading to DNA synthesis. The
finding that extracts from yeast cells can stimulate DNA syn-
thesis in nucleochromatin from frog cells, and the fact that the
cdc mutants 4, 7,8, and 28 describe a dependent pathway ter-
minating in development of "initiation" activity, are in accord
with the hypothesis that the function of proteins in the depen-
dent pathways of the cell cycle is conserved during evolution.

An understanding of the biochemistry of the cell cycle in eu-
karyotes requires a molecular analysis of the nature of the initial
signals and the subsequent controls of a highly ordered sequence
of events resulting in DNA synthesis and cell division. It is
particularly important to understand the regulation of the initial
events commiting a cell to the entry from a resting stage to the
Gi phase of the cycle. This requires: (i) a means of establishing
the order of biochemical events that are essential for the initi-
ation of DNA synthesis; and (ii) assays that will allow isolation
of the molecules responsible.
A particularly significant step towards realizing the first of

these objectives has been taken by Hartwell and his colleagues
(1). Using a series of temperature-sensitive yeast mutants, they
have provided an explanation for the orderly temporal sequence
of events in terms of the dependence of each event on prior
events in the cycle.
The second objective, isolation of the molecules involved in

each step, requires the development of suitable biochemical
approaches. We have recently described a cell-free assay for
the onset of DNA synthesis (2). Using this assay, we have shown
that cytoplasmic factors from proliferating but not from resting
cells of various kinds can induce the onset of DNA replication
in isolated nuclei of cells from adult frog spleens and livers.

Abbreviation: cdc, temperature-sensitive mutants of the yeast cell
division cycle (1).
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Moreover, we provided evidence that the appearance of the
active factors is under control and can be influenced by den-
sity-dependent inhibition, by mitogens, and by nonpermissive
conditions in cells transformed by temperature-sensitive viral
mutants.

In the present paper, we describe the application of the
"initiation" assay to an analysis of the factors of wild-type and
selected cell division cycle (cdcf mutants of yeast (1, 3). This
may be useful in the isolation and characterization of the pro-
teins involved in initiating DNA replication.

MATERIALS AND METHODS
[methyl-3H]dTTP (50 Ci/mmol) was from Schwarz/Mann,
nucleotides were from P-L Biochemicals, and glusulase from
Endo Laboratories (Garden City, N.Y.)

Yeast Strains and Cultures. Saccharomyces cerevisiae
(bakers' yeast) was from Fleischmann (New York, N.Y.) and
was used in the experiments described in Figs. 1 and 2, and in
Tables 1 and 2. The temperature-sensitive cell division cycle
mutants of S. cerevisiae, cdc4-1, cdc7-1, cdc8-1, cdclo-1, and
cdc28-1, as well as the parent strain A364A were from the Yeast
Genetic Stock Center (University of California, Berkeley,
Calif.). Yeast cells (Fleischmann's Yeast) were grown in 2%
peptone-1% yeast extract-2% glucose (Difco) on a shaker at
300. The other strains (A364A and the cdc mutants) were grown
in the same medium at 23', the permissive temperature.

Preparation of Cell Extracts and Nuclei. Exponential yeast
cultures were harvested and the cells converted to spheroplasts
according to the method of Kuo and Lampen (4). The sphero-
plasts (3 X 109 per ml) were suspended in 20 mM N-2-hy-
droxyethylpiperazine-N'-2-ethanesulfonate (Hepes) (pH 85)-5
mM KCI-0.5 mM MgCl2-0. 1 mM (ethylene dinitrilo)tetraac-
etate (EDTA)-0.5 mM dithiothreitol, and extracts were pre-
pared as described (2). This procedure disrupted the sphero-
plasts, leaving many intact but swollen nuclei. The extracts
consisted mainly of cytoplasmic material, although the presence
of some nuclear material cannot be excluded. Nuclei were
prepared from frog spleen cells (Xenopus laevis, NASCO, Fort
Atkinson, Wisc.) as before (2). These cells are composed mainly
of resting cells that do not replicate their DNA (2).

Other Methods. The assay for chromosomal DNA synthesis
has been described (2) and was performed at 300. Samples were
prepared for electron microscopy (2) and the DNA was visu-
alized by the aqueous spreading technique of Davis et al. (5)
with uranyl acetate staining and no shadowing. Duplex circular
DNA of bacteriophage fl (a gift of Dr. Peter Model of The
Rockefeller University) was used as a 2-Am length standard.

RESULTS
Extracts of S. cerevisiae stimulate cell-free DNA
synthesis
As shown in Fig. 1A, incubation of extracts from wild-type
yeasts with nuclei of adult frog spleen cells, in the presence of
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FIG. 1. Kinetics of [3H]dTTP incorporation and the dependence
on added nuclei and cell extract. (A) Time course: 4.8 X 105 nuclei
were incubated with 25 Ml of extract. (B) Nuclear dependence: Varying
amounts of suspensions of nuclei (6 X 107 per ml) were incubated with
25 Ml of extract. (C) Cell extract dependence: 5 X 105 nuclei were in-
cubated with varying amounts of extract. Incubation in (B) and (C)
was for 60 min. The values for a blank, as well as the extract and nu-

clear backgrounds, have been subtracted in (A). In (B), the blank and
the extract backgrounds have been subtracted, and in (C) the blank
and the nuclear backgrounds have been subtracted.

Mg ATP, and the four deoxynucleoside triphosphates, re-

sulted in the incorporation of [3H]dTTP into acid-insoluble
material. The reaction was linear for about 40 min and was

complete by 90 min. This reaction resembled that previously
obtained using extracts of cells from mammalian and avian
sources (2) in respect both to kinetics and to the dependence of
[3H]dTTP incorporation on added nuclei and cell extract (Fig.
1B and C). A given amount of extract could be saturated by
nuclei, and a fixed number of nuclei was saturated by excess

yeast extract. The extent of incorporation stimulated by the
extract depended upon the amount of DNA added in the form
of nuclei.

Evidence for initiation of DNA replication and nature
of active factors
The DNA synthesis required Mg++ and the deoxynucleoside
triphosphates, and in particular, it was ATP-dependent (Table
1). Thus, as in our studies with tissue culture cells (2), yeast ex-

tracts appeared to promote true DNA replication and not
simply repair. Further-evidence for this conclusion was pro-
vided by the appearance of replication "eyes" in DNA mole-
cules isolated from a reaction mixture after a 60-min incubation
of nuclei with yeast extract (Fig. 2). Very few replication "eyes"
were seen in the control sample (0.6%, three "eyes" in 500
molecules), but in the sample exposed to yeast extract the fre-

Table 1. Dependence of [3H]dTTP incorporation on
Mg++, ATP, and deoxynucleoside triphosphates

pmol of
[3H]dTTP

Conditions incorporated

Experiment 1
19.3

+ EDTA (10mM) 0
-dATP, -dGTP, -dCTP, +0.06 MM dTTP 0.06

Experiment 2
18.8

-ATP (glycerol kinase, 30 min, 300) 2.5
+ATP (glycerol kinase mock) 20.0

Nuclei (5 X 105) were incubated with 25 MuI of yeast extract for
60 min. Reagents were treated with glycerol kinase prior to the as-
say. The values for a blank, as well as the extract and nuclear back-
grounds, have been subtracted.

quency of molecules possessing eyes was 8.0% (40 "eyes" in 500
molecules). The total length of DNA examined in the control
and the extract-stimulated reaction was equivalent, and the
DNA examined was not derived from the cell extract.
A x2 value of 33.2 (at one degree of freedom) indicates that

it is extremely unlikely (P << 0.005) that the difference between
the control and the extract-treated sample was due to chance
alone. The main example shown in Fig. 2 was a very rare one
in the sense that the "eye" was found in a particularly long DNA
molecule. The average size of the "eyes" was 0.08 ,gm (SD =
0.05 Aim). These data on the induction of "eyes" in the DNA of
the frog by the yeast extract suggest that initiation of DNA
replication is occurring. This provisional conclusion is supported
by the fact that the nuclei were derived from resting cells that
are not in the process of replicating their DNA (2). Further-
more, as shown below, only extracts from cells in the process
of traversing the cell cycle were active; this was in contrast to
the inactive extracts from cells arrested prior to the onset of
DNA synthesis.

At least one of the "initiation" factors from mammalian cells

Table 2. Characterization of the activity in yeast extract

pmol of
[3H]dTTP

Treatment of extract incorporated

Experiment 1
17.0

60°, 15 min 0
Dialysis, 3 hr 13.7

Experiment 2
15.7

Trypsin (150 ,ug/ml), 30 min, 30° 0
Soybean inhibitor (300 Mg/ml) 17.2
Trypsin + soybean inhibitor 17.0

Experiment 3
23.8

Retained by Amicon XM50 filter 20.6

Assays were performed for 60 min. In Experiment 1, nuclei (4.8
X 105) were incubated with 25 gl of yeast extract. In Experiment
2, nuclei (5.1 X 105) were incubated with 25 ul of yeast extract. In
Experiment 3, nuclei (5 X 105) were incubated with 30 Ml of yeast
extract. The extract was treated prior to the assay. It was concen-
trated 5-fold on an Amicon XM50 filter, and then readjusted to
the initial volume. The values for a blank, as well as the extract and
nuclear backgrounds, have been subtracted.

Proc. Natl. Acad. Sci. USA 73 (1976)

I-



Proc. Natl. Acad. Sci. USA 73 (1976) 3935

A

w0;

# @ § t 2A

ss ,?0~~~~~~~4t

4

FIG. 2. Replication "eyes". Nuclei (5 X 106) were incubated with or without 100 Ml of yeast extract for 60 min in the assay for chromosomal
DNA synthesis. The arrows indicate an "eye" in the DNA molecule (magnification 61,800 X) and an inset in which the "eye" is shown at higher
magnification (173,000 X). In (A) and (B) "eyes" from two other molecules are shown at the same magnification.

has been shown to be protein in nature (2). As shown in Table
2, the active factors in extracts from wild-type yeast also ap-
peared to be proteins, as indicated by their irreversible inacti-
vation by elevated temperatures, their retention in dialysis bags,
and their susceptibility to specific proteolytic enzymes. In ad-
dition, retention of the activity by Amicon XM50 filters suggests
that the active components had molecular weights in excess of
50,000.

"Initiation" activity in extracts from cdc mutants

In view of the functional resemblance of the factors from
wild-type yeast to those obtained from proliferating cells of
higher organisms, it was of particular interest to examine the
yeast cdc mutants. The presence of activity in extracts of se-
lected mutants grown at permissive temperatures, and its ab-
sence when the cells are incubated at nonpermissive tempera-
tures, are important in substantiating the suggestion that the
assay is testing for factors involved in the control of DNA rep-
lication.
The mutants cdc28, cdc4, cdc7, and cdc8 were chosen for this

purpose. The first is associated with the "start" of the yeast cell
division cycle, the second two are related to events leading to
the initiation of a round of DNA replication, and the last is
concerned with propagation of DNA synthesis (1, 6, 7). As
shown in Table 3, extracts from each of these mutants were
active in the assay when prepared from cells grown at the
permissive temperature. Exposure of the cells to the nonper-
missive temperature for one generation abolished activity in
extracts subsequently prepared from these cells. This was not
due to loss of cell viability, as indicated by colony-forming

ability of the cells exposed to the nonpermissive temperature.
After incubation at the nonpermissive temperature, greater
than 90% of the cells displayed the phenotype (3) characteristic
of the mutant af termination of cell cycle development. Extracts
prepared from cultures exhibiting a lower level of arrest at the

Table 3. cdc mutants arrested at the nonpermissive
temperature lack "initiation" activity

Cells cultured at:

Strain 230 360

(units/ml)
A364A 0.67 0.62
cdc28 0.22 0
cdc4 0.30 0.03
cdc7 0.41 0.04
cdc8 0.54 0
cdcl0 0.61 0.49

Exponential cultures grown at the permissive temperature (230)
were divided into two portions. Half the culture was used for pre-
paring extracts. The other half was incubated at the nonpermissive
temperature (36°) for 3 hr. The cells were monitored for their termi-
nal phenotype as an indication of the degree of arrest of the culture
(>90% in this experiment). Cells were converted to spheroplasts at
230 and 360 for cultures at permissive and nonpermissive condi-
tions, respectively. Extracts were then prepared as described in
Materials and Methods at 3 x 109 spheroplasts/ml, and were
titrated for "initiation" activity at 30° with 5 X 105 nuclei. 1 unit
= 1 nmol of dTTP incorporated in 60 min at 300.
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nonpermissive temperature displayed substantial levels of ac-
tivity. Mixing experiments indicated that the lack of activity
in extracts from cells incubated at the nonpermissive temper-
ature was not due to the presence of inhibitors in these ex-
tracts.

These results with cdc28, 4, 7, and 8 should be contrasted
with those obtained with the parent strain A364A and with
cdclO (Table 3). Extracts prepared from these latter strains
exhibited similar levels of activity whether the cells were in-
cubated at the permissive or nonpermissive temperatures. The
mutant cdclO is defective in cytokinesis; nevertheless, cell cycle
development continues for several rounds, resulting in multi-
nucleated structures (1, 3).
The analysis of the cdc mutants with the in vitro assay for

stimulation of DNA replication indicates that the activity is
subject to control in the dependent pathway of events leading
to the onset of DNA synthesis in the yeast cell cycle. This
analysis would also tend to place the appearance of the activity
near the G1/S boundary of the cell cycle, because cdc28 is re-
lated to GI and cdc4, 7, and 8 appear to be related either to GI
or the S phase (1, 6, 7).

DISCUSSION
The basic observation in these studies is that yeast extracts can
stimulate dTTP incorporation in isolated frog spleen nuclei
from resting cells. This stimulation closely resembles that ob-
served using extracts of tissue culture cells (2), and the evidence
(Table 1, Figs. 1 and 2) strongly suggests that DNA replication
is occurring. Moreover, the presence of a large increase in the
frequency of replication "eyes" prompts the hypothesis that
the extracts stimulate initiation of DNA replication, an inter-
pretation supported by the facts that the nuclei were derived
from resting cells (2) and that extracts from cells arrested prior
to the onset of DNA replication lacked activity (Table 3). As
noted before with extracts from higher cells (2), the size of the
"eyes" suggests that they might accommodate only a few 4S
DNA fragments. Definite proof that the stimulation seen is
concerned with DNA initiation must await clarification of the
mechanism of initiation and detailed studies of the state of the
DNA in the frog nuclei.
The resemblance of the reaction stimulated by yeast extracts

to that observed with extracts from higher cells (2) gives some
support to the idea (1) that at least some portions of the cell cycle
controls related to the onset of DNA synthesis are conserved
during evolution. That cdc mutants of yeast also function in the
"initiation" assay using frog nuclei is potentially significant for
the biochemical analysis of the cell cycle in higher organisms
in which so complete a set of cdc mutants is unlikely to be ob-
tained.
The lack of activity in extracts from cdc28, 4, 7, and 8 cells

at the nonpermissive temperature (Table 3) indicates that the
proteins affected are subject to control in the dependent path-

way of events leading to DNA synthesis in the yeast cell cycle.
The question arises as to the precise function of the cdc28, 4,
7, and 8 gene products, and their physiological role in their
respective phenotypes. An answer to this question clearly would
provide clues to the control mechanisms operating in the G1
phase of the cell cycle. These gene products could be directly
involved in DNA synthesis, could activate suitable genes for
other proteins, or could activate polymerases or other proteins
concerned with replication by either direct or indirect means.
Moreover, they could act either at the level of the cytoplasm
or the nucleus.

In any case, since the requirements for protein synthesis
necessary for entry into S phase are complete at the time the
cdc7 gene product appears to function (7), the "initiation"
activity must be present by that time, albeit in an inactive form.
Thus, it is tempting to speculate that at least the cdc7 gene
product may be one of the factors assayed in the cell-free sys-
tem, or alternatively that this protein converts the "initiation"
factors to an active form. If either of these alternatives is true,
it would suggest that control of cell cycle development in the
GI phase is achieved by interaction with or induction of proteins
involved in initiation of DNA replication. Commitment of cells
to entry into G1 from a resting stage might occur at or very close
to the same processes. The finding that extracts from cdc28
grown at the nonpermissive temperature are inactive particu-
larly suggests a close coupling of early control events to the
production of key factors for DNA replication.

Fractionation of the active components in the yeast extract,
coupled with further utilization of the cdc mutants in this and
in other assays, should clarify the connection between com-
mitment and initiation events. In particular, the possibility of
testing the heat-sensitivity of the extracts themselves and of
complementing the various cdc mutants in the in vitro assay
opens up the prospect of reducing certain features of cell cycle
control to molecular terms.

This work was supported by U.S Public Health Service Grants AM
04256, AI 09273, and AI 11378 from the National Institutes of Health.
S.M.J. is a postdoctoral fellow of the Helen Hay Whitney Foundation.
We thank Dr. J. Wang, Dr. Y. Ohsumi, and Dr. B. Cunningham for
helpful discussions.

1. Hartwell, L. H., Culotti, J., Pringle, J. R. & Reid, B. J. (1974)
Science 183, 46-51.

2. Jazwinski, S. M., Wang, J. L. & Edelman, G. M. (1976) Proc. Natl.
Acad. Sci. USA 73,2231-2235.

3. Hartwell, L. H., Mortimer, R. K., Culotti, J. & Culotti, M. (1973)
Genetics 74, 267-286.

4. Kuo, S.-C. & Lampen, J. 0. (1971) J. Bacteriol. 106, 183-191.
5. Davis, R. W., Simon, M. & Davidson, N. (1971) in Methods in

Enzymology, eds. Grossman, L. & Moldave, K. (Academic Press,
New York), Vol. 21, pp. 413-428.

6. Hartwell, L. H. (1971) J. Mol. Biol. 59, 183-194.
7. Hereford, L. M. & Hartwell, L. H. (1974) J. Mol. Biol. 84, 445-

461.

Froc. Natl. Acad. Sci. USA 73 (1976)


