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Abstract

An improved in vitro DNA replication system in Brij-
treated Saccharomyces cerevisiae has been used to screen a
random population of temperature-sensitive strains for
mutants specifically defective in DNA synthesis. Twenty
mutants defective in in vitro DNA synthesis have been
isolated. Seven of them fall into three complementation
groups--cdc2, ¢dc8 and ¢dcl6é--involved in the control of the
cell-division cycle. Because synthesis in vitro represents
propagation of replication forks active in vivo at the time
of permeabilization, our findings that ¢dc2 and c¢cdclé
mutants can incorporate dTMP into DNA in such permeabilized
cells at 23% but not at 37%c supports the conclusion that
these two mutations directly affect DNA synthesis. Such an
involvement was previously suggested by in vivo analysis for
CDC2 but was less clear for CDClé. The usefulness of our
screening procedure is further demonstrated by the isolation
of replication mutants in previously undescribed
complementation groups. One strain shows a serious defect
in in vivo DNA synthesis but normal RNA synthesis.

The in vitro system has also been used to purify the
CDC8 protein. ¢dc8 mutant strains are temperature—sensitive
for DNA chain elongation and the CDC8 gene product is
required for DNA synthesis jin vitro in permeabilized yeast
cells. Extracts of wild-type A364a yeast restore DNA

synthesis in Brij-treated ¢dc8 mutant. A small, heat-stable



protein responsible for this complementation has been
partially purified from wild-type cells.

The CDC8 gene has been isolated on recombinant
plasmids. The yeast-E.coli shuttle vector YCp50 was used to
prepare a recombinant plasmid pool containing the entire
yeast genome. Plasmids capable of complementing the
temperature-sensitive c¢cdc8-1 mutation were isolated by
transformation of a cdc8-1 mutant and selection for clones
able to grow at the nonpermissive temperature., The entire
complementing activity is carried on a 0.75-kilobase
fragment, as revealed by deletion mapping and DNA
sequencing. This fragment lies 1 kilobase downstream from
the well-characterized sup4 gene, a gene Kknown to be
genetically linked to CDC8, thus confirming the cloned gene
corresponds to the chromosomal CDC8 gene. Two additional
recombinant plasmids that complement the cdc8-1 mutation but
that do not contain the 0.75-kilobase fragment or any
flanking DNA were also identified in this study. These
mutation.

By the following criteria, we have shown that
thymidylate kinase, which catalyzes the phosphorylation of
thymidine-5'-monophosphate to thymidine-5'-diphosphate in
the pathway of synthesis of dTTP from dTMP, is the product
of the CDC8 gene. First, transformed strains carrying the

CDC8 gene on a stable high-copy-number plasmid express
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higher levels of both the gene transcript and the kinase
activity than does wild type. Secondly, extracts of strains
bearing different alleles of c¢cdc8 show no detectable
thymidylate kinase activity. Third, the DNA sequence of
CDC8 gene reveals an open reaaing frame that encodes a
profein of 216 ;mino acids with the same amino terminal

sequence as thymidylate kinase purified from yeast.
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Introduction

Attention has focused recently on the microbial
eukaryote, Saccharomyces cerevisiae, in which both genetic
and biochemical approaches to the study of gene expression
are possible. Our interest in the yeast system is related
to the ability to take a combined genetic and biochemical
approach to the study of DNA replication. Specifically, we
would like to isolate DNA replication mutants and then by
complementation assays to purify and characterize the gene
products required for DNA replication in yeast. We have
used an improved in vitro DNA synthesis system to screen a
randomly mutagenized population of temperature-sensitive
strains originally isolated by L.H. Hartwell (1967) for
defects in replication in vitro. The improved in vitro
assay uses yeast cells made permeable to nucleoside
triphosphates with the nbnionic detergent Brij 58 (Hereford
and Hartwell, 1971; Banks, 1973). Twenty mutants defective
in in vitro DNA synthesis have been isolated. Seven of them
fall into three complementation groups--cdc2, ¢dc8, and
cdclé--involved in the control of the cell-division cycle.
Because ¢dc7 mutants are defective in the initiation of DNA
synthesis at 37°c in vivo (Hartwell, 1971; 1973; 1976) but
can incorporate ATMP into DNA at 37% to the same extent as
wild type in this system, synthesis in vitro represents

propagation of replication forks active in vivo at the time



of permeabilization. Our finding that g¢dc2 and cdclé
mutants can incorporate A4TMP into DNA in such permeabilized
cells at 23%% but not at 37% suggests that these two
mutations directly affect DNA synthesis at replication
forks.

The original results of analysis of DNA synthesis in
£dc2 mutants showed that c¢dc2 mutants incorporate
substantial amounts of nucleic acid precursors at the
nonpermissive temperature inp yvivo (Culotti et al., 1971).
Later ¢dc2 mutants were shown to remain sensitive to
hydroxyurea, an inhibitor of DNA synthesis, when shifted to
the permissive temperature (Bartwell, 1976). fhe
hydroxyurea experiment suggests that DNA replication at the
nonpermissive temperature in these mutants is incomplete and
is consistant with our in yitro results. Conrad and Newlon
(1983) have shown that one third of the DNA remains
unreplicated at the nonpermissive temperature in g¢dc2
strains. This is also consistent with the result of the in
yitro reduction in total incorporation we have observed if
an initiation defect results in fewer active replicons.
Thus our finding adds to the accumulating evidence that the
product of the CDC2 gene plays an_important role in DNA
synthesis 1in yeast. cdclé mutants arrest synthesis
with a terminal phenotype like that of other replication

mutants, such as ¢d¢c8. In vivo, however, cdclfé does not
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show a drastic decrease in the amount of incorporatioh of
[3B]uraci1 into alkali-resistant material at the
nonpermissive temperature (Bartwell, 1967). Our results
suggest that this mutant probably does have a defect in DNA
synthesis itself and is worthy of further study.

The usefulness of our screening procedure is further
demonstrated by the isolation of replication mutants in
previously undescribed complementation groups. One of the
isolated in vitro replication mutants, for instance, strain
154 also has a defect in DNA synthesis in yivo and thus
strain 154 is in fact a previously unidentified replication
mutant. Because the in xitro system can identify DNA
synthesis mutants that do not show a substantial defect in
precursor uptake into DNA ipn vivo, this method of isolating
mutants is an essential complement to the in viyvo screening
procedure described by Dumas et al. (1982).

The ¢dc8 mutant was known to be temperature-sensitive
for DNA chain elongation (Hartwell, 1971; 1973) and the CDC8
gene product is required for DNA synthesis inp yitro in Brij-
treated yeast cells. Because extracts of wild-type A364a
yeast restore DNA synthesis in Brij-treated ¢cdc8 and
synthesis is inhibited by aphidicolin, an inhibitor of DNA
replication ip yvivo (Plevani et al., 1980; Sugino et al.,
1981), we have extended the use of the ipn yitro DNA
synthesis system to purify the CDC8 gene product by the

complementation assay. Using conventional methods of



purification, we have purified the CDC8 protein 600-fold.
The partially purified protein had a mélecular weight of
about 20,000 and is heat stable being resistant to
incubation at 65°c for 5 min.

To carry out detailed biochemical and functional
characterization of this enzyme, we decided to clone the
CDC8 gene to overproduce the CDC8 protein. The yeast E.coli
shuftle vector YCp50 bearing the yeast ARS1, CEN4, and URA3
sequences, to provide for replication, stability, and
selection, respectively, was used to prepare a recombinant
plasmid pool containing the entire yeast genome. Plasmids
capable of complementing the temperature-sensitive cdc8-1
mutation were isolated by transformation of a ¢cdc8-1 mutant
and selection for clones able to grow at the nonpermissive
temperature. The entire complementing activity is carried
on a 0.75-kilobase fragment, as revealed by Bal3l deletion
mapping and DNA sequencing. This fragment was shown to lie
1l kilobase downstream from the well-characterized sup4 gene,
a gene known to be genetically linked to CDC8, thus
confirming that the cloned gene corresponds to the
chromosomal CDC8 gene. Two additional recombinant plasmids
that complement the cdc8-1 mutation but that do not contain
the CDC8 gene or any flanking DNA were also identified.
These plasmids may contain genes that compensate for the

lack of CDC8 gene product.



Northern blot analysis indicates that CDC8 gene cloned
in YEp24, a stable high-copy-number plasmid vector, produces
10 times as much of a 0.9-kilobase RNA that hybridizes to
the CDC8 gene as wild-type yeast cells. The DNA sequence of
the CDC8 gene reveals an open reading frame that encodes a
protein of 216 amino acids in length. Taken together with
the size of the segment of DNA that gives complete
complementation of the ¢dc8 mutation, it was clear that the
molecular weight of the CDC8 protein is 24,792 instead of
40,000 which waé suggested to be the.molecular weight of the
CDC8 protein (Arendes et al., 1983).

At the same time, it was shown by Sclafani and Fangman
that the thymidine kinase gene of the Herpes Simplex Virus
fully complemented the ¢cdc8 defect when introduced into the
cd¢c8-1 mutant (personal communication). Herpes thymidine
kinase has previously been shown to have two additional
catalytic activities associated with it, thymidylate kinase
and deoxycytidine kinase (Chen and Prusoff, 1978). Because
there is no thymidine kinase in yeast, we assumed that the
CDCE géne product might be thymidylate kinase and Ambrose
Jong in this laboratory started to purify the thymidylate
kinase. By studying the thymidylate kinase activity in
extracts of ¢dc8 mutants, purifying the thymidylate kinase
from transformants carrying the CDC8 gene on a plasmid DNA,
and comparing the results of amino acid composition and

amino terminal sequence analysis of the purified yeast



thymidylate kinase activity with the results obtained from
the DNA sequencing analysis, we have shown that the CDC8
gene of yeast encodes thymidylate kinase. |

We propose that either the CDC8 gene product may play a
role in DNA replication in addition to precursor synthesis,
as may be the case for bacteriophage T4 dCMP
hydrokymethylase (Chao et al., 1977), or there may be
degradative enzyme in vitro and precursor regenerating
systems are necessary for efficient in yvitro synthesis to
explain the observation that DNA replication is temperature-
sensitive in ¢dc8 strains in vitro (Hereford and Hartwell,
1971; Jazwinski and Edelman, 1976; 1979; Ruo and Campbell,
1982; Celniker and Campbell, 1982; Arendes et al., 1983).
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Biochemistry

Isolation of yeast DNA replication mutants in permeabilized cells

/edel6

/Saccharomy

cereviiae)

(in oitro replication /cell-division cydle /edc?
CHia-LaM Kuo, Nax
Department of Chemistry, California Institute of Technology, Pasadena, CA 91125
Communicated by Leroy Hood, July 15, 1983

ABSTRACT A rand lation of temperatur itive
mutants was screened by us:ymg for defects in DNA synthesis in
a permeabilized yeast DNA replication system. Twenty mutants
defective in in oitro DNA synthesis have been isolated. In this pa-
per we describe eight of these mutants. Seven of them fall into
three complementation 2, edc8, and cdc16~—involved
in the control of the cell-division cycle. Because synthesis in oitro
represents propagation of replication forks active in vivo at the
time of permeabilization, our finding that cdc2 and cdcl6 mutants
can incorporate dTMP into DNA in such permeabilized cells at
23°C but not at 37°C supports the conclusion that these two muta-
tions directly affect DNA synthesis at replication forks. Such an
involvement was previousiy suggested by in oo analysis for CDC2
but was less dear for CDCI6. Finally, the usefulness of our
screening procedure is demonstrated by the isolation of replica-
tion mutants in previously undescribed ! tation groups.
OnesbmnshowsascrwdefectmmvwaD\An'ntbembut
pormal RNA synthesis.

Attention has focused recently on the microbial eukarvote, Sac-
charomyces cerevisiae, in which both genetic and biochemical
approaches to the study of gene expression are possible. Our
interest in the yeast svstem is related to the ability to take a
combined genetic and biochemical approach to the studv of DNA
replication. Specificaily, we would like to isolate and charac-
terize the proteins required for DNA replication in yeast by
complementation of DNA replication mutants in a cell-free in
vitro DNA replication system such as has recently been de-
scribed (1-4).

Genetic analysis of yeast DNA replication began with the
isolation and characterization of 2 number of temperature-sen-
sitive mutants having defects in cell division (5). Of these, sev-
eral were found to be deficient in DNA synthesis (cdc28, cdcd,
cdc7, cde2, cdeb, cdc§, cdc2l, and cde9) (5-11). The products
of CDC28 and CDC4 are believed to have execution points in
the cell cycle before the actual onset of DNA synthesis, and
CDC7 seems 1o act at the time of entry into S phase (7, 9). CDC21
has been shown to be defective in the synthesis of dTMP (12).
Thus only CDC2, CDC6, CDCS, and CDCY appear to be di-
rectly involved in DNA synthesis. CDC2 must function to com-
plete DNA synthesis, and CDC6 seems to be involved in ini-
tiation (8). CDC8 has been shown to be involved in elongation
and is required for mitochondrial DNA synthesis (7, 13). Re-
cently, the CDCS8 protein was purified and shown to bind to
single-stranded DNA (14, 15). cdc9 mutants synthesize DNA
at the nonpermissive temperature, but the DNA is of low mo-
lecular weight. cdc9 strains contain no DNA ligase, and there-
fore CDCY9 may be the structural gene for ligase (11).

It is likely that a considerable number of additional genes are
involved. Johnston and Thomas (16) have isolated seven tem-

AK-HUI HUANG, AND JUDITH L. CAMPBELL

perature-sensitive mutants that show a reproducible decrease
in DNA synthesis at the nonpermissive temperature, but spe-
cific defects have not been elucidated. Dumas et al. (17) have
described a screening proeedure for identifying mutants de-
fective in incorporation of [*H]uracil into DNA in vivo. They
bave defined 60 complementation groups, many of which are
likely to play direct roles in DNA synthesis. We have adopted
a different approach that consists of screening a randomly mu-
tagenized population of conditionally lethal yeast strains for de-
fects in replication in vitro. The in vitro assay uses veast cells
made permeable to nucleoside triphosphates with the deter-
gent Brij 58 (15, 18, 19). Such a screening procedure has the
advantage that every one of the mutants identified probably
has a lesion in a gene directly involved in DNA synthesis. Twenty
mutants have been identified. Three fall in previously iden-
tified cdc complementation groups, but 14 have not been pre-
viously identified. Here we report results pertaining to CDC2
and to CDC16, cell cycle mutants whose in vivo phenotype did
not previously allow one to conclude whether or not these mu-
tants bad a specific defect in DNA synthesis.

MATERIALS AND METHODS

Strains. The parent strain A364a (a adel ural gall tyr] his7
lys2) and a strain derived from A364, strain 198, cdc§-] were
from L. H. Hartwell (University of Washington! (20). Strain
cdc? was derived from A364 and was from John Scott (Uni-
versity of Illinois). The 400 haploid temperature-sensitive mu-
tants, which do not form colonies at 36°C but do form colonies
at 23°C, were derived from A364a by mutagenesis with N-meth-
vl-N'-nitro-N-nitrosoguanidine by L. H. Hartwell (5, 20j and
were provided by Fred Sherman (University of Rochester}. Strain
D273-11a (a-adel his] trp2) was from the Cold Spring Harbor
Laboratory collection. Strains of a mating type for comple-
mentation studies, obtained by crossing each mutant with strain
SRGO05-1 (a trpl-1 met§-1 ile-1 ilt-2) were from Steve Reed
(University of California, Santa Barbara). Segregants of a mat-
ing tvpe were identified using standard test strains.

Media. YPD medium, SD medium. sporulation agar, YPDG,
and minimal agar are described in ref. 21.

Genetic Procedures. Complementation testing was per-
formed by cross-streaking haploid strains of known genotype
on YPD plates. After incubation overnight, the strains were
replicated on appropriate synthetic medium (to select for auxo-
trophic markers) and then incubated at 37°C.

Standard procedures for genetic crosses in yeast were used,
and all crosses were performed on YPD agar. Sporulated cells
were removed from sporulation agar and suspended in H,0.
Asci were digested for 20 min at 32°C with a 1:20 dilution of

Jusulase. Tetrads were dissected and analyzed.

The publication costs of this article were defraved in part by page charge
pavment. This article must therefore be hereby marked “advertise-
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Prepanbon of Permeabilized Cells. Strains were grown at
23°C to a density of 2 X 107 cells per ml in YPD medium, col-
lected by centrifugation, and washed twice with H,0. The cells
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were suspended in 10 mM Tris'HC, pH 7.2/2 M sucrose /1%
Brij 58 to a final concentration of 2 X 10 cells per m! and in-
cubated unti the cells were permeable as monitored by alkaline
phosphatase activity (18). The permeabilized cells can be frozen
at —20°C for up to 2 wk and used in the assay for DNA synthesis
when desired.

Screening Assay for DNA Synthesis. The standard DNA
replication reaction mixture contained 50 mM Tris'HCI (pH 8.0);
10 mM MgCl;; 1.5 mM 2-mercaptoethanol; 50 uM dATP, dGTP,
and dCTP; 2 uM [a-P}dTTP (4,000-8,000 cpm /pmol); 1 mM
ATP; 10 mM phosphoenolpyruvate; 1% Brij 58; 0.05 ml of
Tris' HCl/sucrose /Brij 58 cell suspension. After incubation for
30 min at 37°C the reaction was stopped and the amount of ra-
dioactive material was determined as described (15).

Lsbeling of DNA and RNA with [°’H]Adenine. Mutants
showing a defect in DNA synthesis in the above procedure were
assayed for DNA synthesis in vivo. Cells were grown in YPD
medium at 23°C to 2 X 10 cells per ml. YPD medium was re-
moved by centrifugation and washing and cells were suspended
in SD medium containing the required amino acids (30 ug/ml)
and [*H]adenine at 7 uCi/ml (1 Ci = 3.7 x 10'° Bg) to a con-
centration of 5 X 10" cells per ml. After 30 min at 23°C, an ali-
quot of the cell suspension was removed. Cell number was de-
termined and the amount of {*H Jadenine incorporated into DNA
and RNA was measured as described in ref. 5. The remaining
culture was then maintained at 37°C with shaking. After 3 hr,
another sample was taken to determine cell number and ra-
dioactivity incorporated into DNA and RNA as described in ref.
5.

RESULTS

Characterization of DNA Synthesis in Permeabilized Cells.
Hereford and Hartwell (18} showed that veast cells made
permeable by the addition of Brij 5 can incorporate {a-“P}dTTP
into DNA in a reaction requiring Mg®", ATP, and the three other
dNTPs. Although cells of the mutant edcs gave normal syn-
thesis in the permeable cells when grown at the permissive
temperature, svnthesis did not occur in permeabilized cdcs
mutants that had been kept at the nonpermissive temperature
for more than one generation time before permeabilization. Be-
cause cded mutants are capable of completing an ongoing round
of replication at the nonpermissive temperature but are incapa-
ble of initiating new synthesis (6), this result suggested that
synthesis in vitro represented the propagation of replication
forks active in vivo at the time of permeabilization. When per-
meabilized cells were prepared from cdcs mutants. which are
deficient in elongation, no in vitro synthesis was observed
whether the cells were grown at permissive or nonpermissive
temperatures (18), suggesting that the same machinery used in
vivo for carrving out DNA replication was also used in titro.

A modification of the permeabilization procedure that was
developed by Banks for studving Ustilago has been described
(15, 19). Cells are made permeable to triphosphates by incu-
bation in sucrose/Brij 55. By using this system, we were able
to reproduce the results obtained by Hereford and Hartwell
(18) and to extend them in several ways as described in ref. 15.

In Fig. 1, we present an additional aspect of this system—
namely, that initiation mutants behave in the sucrose/Brij 58-
treated cells in the same way that they do in the Brij 55-treated
cells described by Hereford and Hartwell (18). Cells were grown
at 23°C, incubated with Triss HCl/sucrose/Brij 58 at 30°C for
the indicated times, and synthesis was measured at 37°C. Fig.
1 reveals that wild-tvpe cells respond to treatment with deter-
gent and incorporate dTMP into DNA. In strain cdc8. however,
even after several hours of treatment. there is no incorporation
at 37°C. cdc7 mutants are defective in the initiation of DNA
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Fi16. 1. Optimum time of Brij 58 treatment. Cells were treated
with Brij 58 for the times indicated. Synthesis was then measured at
37°C. Values represent extent of synthesis and not initial rate (15). ts
154, temperature-sensitive mutant strain 154.

synthesis at 37°C in vivo (6-8) and behave quite differenth from
¢dcb strains in vitro. The cdc7 mutant incorporates dTMP into
DNA at 37°C to the same extent as wild type. In a separate ex-
periment, cded responded exactly as edc?. Thus, mutants that
inhibit entrance into S phase are not defective in svnthesis in
this tvpe of in vitro system when the cells are grown at the per-
missive temperature. Only if they are incubated at the non-
permissive temperature in vivo for several hours do they show
an in titro defect (data not shown; see also ref. 19).

We also compared the amount of in citro synthesis at 23°C
and 37°C in strains A364a (wild type), cdc7, and cde§. At 23°C
synthesis is approximately the same in all three strains (Table
1). However, at 37°C synthesis is increased in wild tvpe and in
cdc7 relative to 23°C, but it is decreased to background level
in cde§. Thus, cdc§ replication is thermolabile in citro, re-
flecting exactly the response of cdc§ cells in vivo, but the cdc?
mutant is not defective at any temperature in vitro.

Detection of DNA Replication Mutants. Because the prep-
aration of permeabilized cells is easy and rapid, this in vitro
replication system seemed to offer an efficient means of screen-
ing directly for mutants with defects specifically affecting DN A
synthesis. The principle advantage of an in vitro system over
a screening procedure using in tivo labeling techniques is that
the latter cannot differentiate between mutants with a primary
defect in replication and those mutants in which the defect in
DNA synthesis is only secondary to a mutation affecting RNA

Table 1. Incorporation of [a-**P)dTMP in permeabilized mutants,
cde7 and edc8, and in the parental yeast strain A364a

dTMP incorpo-
rated per 10°
cells, pmol

Strain 37°C 23°C

A364a 483 4.25
ede7 - 5.02 4.76
cdc8 1.07 3.98

Strains were grown, harvested, treated with Tris-HCl/sucrose /Brij
58, 2nd assayed. DNA synthesis was measured at 37°C and 23°C. cdc7
is temperature sensitive for the initiation of DNA synthesis. and cdc8
is temperature sensitive for DNA replication at the restrictive tem-
perature (37°C).
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synthesis, protein synthesis, or a cell-cycle function such as a
process required for the cells to enter S phase (for instance, cdc28,
cded, or cdc7).

Approximately 400 temperature-sensitive mutants, strains
159215492, were screened for a defect in DNA synthesis. The
mutants were grown at 23°C and were harvested in logarithmic
phase of growth. The cells were washed, permeabilized by
treatment with Brij 58, and DNA synthesis was measured at
37°C. A strain was regarded as a potential DNA synthesis mu-
tant if it had <25% of the activity of wild type, because that
meant that it was as defective as (or more defective than) cdc8.

By this assay, 20 mutant strains showed a reproducible defect
in DNA synthesis, and the results obtained for seven of these
are shown in Table 2. The identification of such a large number
of replication mutants confirms that such mutants appear fre-
quently enough among heavily mutagenized populations (see
below) of conditional mutants to make screening for them by
in vitro replication assavs a reasonable approach.

Identification of cdcS, cdc2, and cdcl6 Alleles Among Our
Mutants. The mutant population we used was obtained from L.
H. Hartwell, who had already shown that it was a representa-
tive collection (see ref. 20). This collection had previously been
screened for cell-cycle mutants by assessing terminal pheno-
types by time-lapse photomicroscopy (20). Therefore, it was
possible to determine whether any of the temperature-sensi-
tive mutants that we had identified corresponded to any cdc
complementation groups, by comparing the numbers of our
mutants with those identified by Hartwell and colleagues. First,
we found that strain 195 was a cdc§ allele. This turned out to
be the same mutant we had used in the control experiments.
This finding established the reliability of the screen. Second,
two of our other mutants, strains 346 and 370, were found by
this comparison to be cdc2 mutants. Third, mutant strain 281
was found to be cdcl6. There are a number of other mutants
belonging to the cdc2, cdcS, and cdcl6 complementation groups
in this collection. Mutants 256 and 336 (cdc2), 141 (cdc8), and
486 (cdc16) were either missing from the collection we received
or were no longer temperature sensitive in vivo and were there-
fore not assayed. Mutant 172 (cdc8) could not be permeabilized
with Brij 58. Mutant 284 (cdc16) showed less than 1/3rd the
level of wild-tvpe synthesis in the first screen and was indeed
found to be even more defective than cdc§ when reassaved.
Mutants 246 and 249 (cdcl6) were not as defective, but we have
not checked that our isolates actually contain cdc16 alleles. None
of our remaining 16 mutants was among those identified by

Table 2. DNA synthesis in some representative temperature-
sensitive mutants

DNA
Strain synthesis
A3b4a 1.00
cde8 0.25
129 0.16
154 0.08
198 0.29
281 0.20
328 0.24
370 0.10
346 0.15
426 0.14

DNA synthesis was measured as the amount of [a-3*P)JdTMP incor-
porated mnto DNA at 37°C. Values are the mean of at least three sep-
arate determinations. All reaction mixtures were adjusted to contain
approximately the same number of cells at the same stage of perme-
ability. All values are normalized to & value of 1.00 for A364a.
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Hartwell and colleagues by screening for terminal phenotype
20).

The finding that cdc2 and cdc]6 mutants are defective in in
vitro synthesis was a surprising and interesting result, because
previous studies had not indicated clearly whether these mu-
tations directly affected DNA synthesis. Both mutants, for in-
stance, incorporate substantial amounts of radioactive precur-
sors into DNA at the nonpermissive temperature in vivo (22).
After discovering that these mutants were defective at 37°C in
permeabilized in vitro systems, it was of interest to further
characterize them by testing for defects at 23°C. We compared
the amount of svnthesis in permeabilized cdc2 and cdcl6 at 23°C
and 37°C. Both mutants showed almost wild-tvpe levels of in-
corporation in permeabilized cells at 23°C. Therefore, as for
cdc§, synthesis in citro in these mutants is thermolabile. Thus
our results suggest strongly that both cdc2 and cdcl6 genes are
directly involved in DNA synthesis.

Complementation Analysis. We were interested in knowing
bow many complementation groups were represented among
our mutants. Complementation analysis was carried out by pre-
paring an a-mating type derivative of each of the 20 mutants.
Pairwise matings were then conducted as described, and the
resulting diploids were tested for temperature sensitivity. Mu-
tants 129, 328, and 426 were found to fall into the same com-
plementation group as 346 and 370—namely cdc2. Because of
the high frequency of appearance of mutations in the edc2 group.
these mutants were chosen for further study. Strain 154 was in
a different complementation group from the others. It was cho-
sen for further study because it had a severe defect in in vitro
synthesis at both 23°C and 37°C, although more synthesis was
observed at 23°C. The remaining mutants have not been fur-
ther characterized and will be described elsewhere.

Cell-cvele theory predicts that a cdc gene product is nec-
essary for only one of the discontinuous events in the cell cvele
(20). Therefore one expects that at the nonpermissive temper-
ature an asynchronous culture of a conditional mutant in a cdc
gene will arrest growth with 2 homogeneous and characteristic
morphology called a terminal phenotype. The three cdc2 mu-
tants identified, strains 129, 326. and 426, do not show the tvp-
ical arrest morphology (two large buds) of the two previously
identified cdc2 alleles, strains 346 and 370 (10). It is possible,
therefore, that these mutants contain secondary mutations and
that when they are removed the typical cdc2 terminal phe-
notype will be observed.

Segregation Analysis. It was also important in evaluating the
usefulness of this method of detecting replication mutants to
ensure that the temperature-sensitive phenotype and the de-
fect in in vitro DNA svnthesis were due to mutations in the
same genes. Mutant strains 346 and 154 were each crossed with
an appropriate nontemperature-sensitive strain and sporulated,
and the segregation of the two traits, temperature sensitivity
in vivo and in tifro, was assayed in six tetrads for each cross.
In every tetrad, an example of which is shown in Table 3, the
temperature-sensitive phenotyvpe and the in citro defect seg-
regated together. This 2:2 pattern of ts™/ts™ (temperature sen-
sitive/not temperature sensitive) indicates that the tempera-
ture-sensitive in citro synthesis is due to a mutation in a single
gene and that the same mutation is responsible for both the in
tivo and in ritro thermolability.

DNA Synthesis in Vivo in the Recently Identified Repli-
cation Mutants. To verifv that the new mutants actually had
defects in DNA replication, the ability of mutant 154 to in-
corporate radioactive precursors into DNA and RNA in tivo
was measured. At the permissive temperature all strains, wild-
type A364a, cde§, and mutant 154 showed similar levels of in-
corporation of [*Hadenine into DNA. The incorporation into
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Table 3. Tetrad data and in vitro DNA synthesis in the spores
from crosses between temperature-sensitive mutants and
wild-type strain

Temperature DNA
Spores sensitivity synthesis
154
la ts” 026
1b ts” 035
Ic ts* 0.82
1d ts* 0.94
2a ts* 0.86
2 ts” 0.82
b ts” 0.34
2 ts” 022
346
la ts” 0.82
1b ts” 0.83
Ic ts™ 0.24
1d 8" 0.23

Strains were crossed with the wild-type strain D273-112. The re-
sulting diploid cells were removed and six tetrads from each cross were
dissected. Each spore was analvzed for temperature sensitivity in vivo
and in vitro. Assay for temperature sensitivity was carried out by in-
cubating strains at 37°C. Procedures for DNA synthesis are as de-
scribed in Jegend to Table 1. Data for only three representative tetrads
are presented. All 12 tetrads were the same, that is 6 for strain 154 and
6 for strain 346. ts~ indicates ability to grow at 37°C; ts~ indicates in-
ability to grow at 37°C.

DNA and RNA at the nonpermissive temperature, however,
was different in each of the mutants. These results are shown
in Table 4. With respect to DNA synthesis, cdc$ showed =25%
of the level of wild type. Mutant 154 was even more defective
than cdc§, showing only 15% of wild-type level. Both cdcs and
mutant 154, however, showed a substantial amount of RNA
svnthesis, 44% and 33%, respectively. of the wild-type level
and more than twice as much RN A synthesis as DNA synthesis.
Thus, strain 154 is in fact a previously unidentified DNA rep-
lication mutant. confirming that the in citro screen detects mu-
tants with in vivo defects.

Further Characteristics of the Permeabilized Cell Screen-
ing System. One possible limitation of this screening method
is that mutations affecting initiation mayv escape detection.
However, one class of mutant we found, the cdc2 mutants. has
a phenotype consistent with a defect in initiation (23). There-
fore, the system may be more versatile than we would have pre-
dicted. Furthermore, initiation mutants are defective if grown
at the nonpermissive temperature, which could be incorpo-
rated into the screening procedure if desired (18).

A further consideration is whether chromosomal replication
is affected in the mutants identified. Yeast contains, in addition
to 16 {or 17) chromosomes, mitochondrial, ribosomal, and plas-

Table 4. DNA and RNA synthesis
Macromolecule

synthesis
Mutant RNA DNA
ede8 0.44 0.24
Strain 154 0.33 0.15

RNA and DNA synthesis were measured as the amount of [*Hjad-
enine incorporated into RNA and DNA after 3 hr at 37°C as described
(5). The absolute amount of *H incorporated into each of the mutant
cultures was multiplied by the A geq/Asec ratio of A364a ve. mutant at
the time of the shift to 37°C and then divided by the amount of incor-
poration in a culture of A364a. Thus, all values are normalized to a value
of 1.0 for A364a.
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Table 5. DNA synthesis in some repr ive per p
and ;° temperature-sensitive mutants
DNA synthesis
Mutant strain P °
96 0.72 0.29
145 0.83 0.62
282 0.60 0.25
346 0.16 0.20

Strains were grown, harvested, treated with Brij 58, and assayed for
DNA synthesis in vitro at 37°C. DNA synthesis values are normalized
to a value of 1.0 for A364a. To isclate mutants containing no mito-
chondrial DNA, strains were grown for 4 days on YPD agar plates con-
taining ethidium bromide. p~ phenotvpes cells that have no nmo
chondrial function, were identified and p~ were dxmngmxbed from p°
by colony hybridization (24) using nick-translated yeast hondrial
DNAprcpardudembedh Zeman and Lusena (25).

mid DNAs. The work of Banks (19) suggested that TrissHCl/
sucrose/Brij 58-treated cells might carry out only mitochon-
drial synthesis, because in a p* cell, all of the newly synthe-
sized DNA was of mitochondrial rather than chromosomal den-
sity. To ensure that the in vitro svstem was capable of measuring
chromosomal DNA synthesis and hoping to be able to screen
for genes affecting only chromosomal DNA synthesis, we pre-
pared p° derivatives of each of the strams in the collection of
400 temperature-sensitive mutants. p strains contain no mi-
tochondrial DNA. When we assaved them for DNA synthesis
in citro, we found about 50% as much synthesis on the average
in the mitochondrial-lacking mutants in this in vitro system (Table
5). The important point to emphasize is that although some of
the in vitro synthesis may be due to mitochondrial DNA, not
all of it is, because many p° mutants are as efficient as wild type
at in vitro synthesis (T ‘able 5. Unfortunately, because of the
inability to obtain reproducible results even on the same p° strains
from experiment to experiment (Table 5 and data not shown),
it was not possible to correlate lack of synthesis in any particular
p“ strain in vitro with specific mutations and we could not use
p° strains to screen specifically for nuclear DNA svnthes:s de-
fects. We attribute the variability in permeabilized ¢° to elther
(i) a lower permeability than p* cells: (ii) the fact that p cells
are much smaller (petites) than wild tvpe and may, therefore,
be unable to transport enough precursors to support the full
level of synthesis; or (iii} increased variability in recoveny of
cells during the harvesting procedure. The strongest evidence.
however, that chromosomal DNA syvnthesis is being observed
in citro and that mutants in chromosomal synthesis can be de-
tected by the method described in this paper is the fact that
cdc2 mutants were among the mutants we identified. Conrad
and Newlon (23) have shown that mitochondrial DNA synthesis
continues for several hours after chromosomal DNA synthesis
has ceased at the nonpermissive temperature in vivo in cdc2
mutants. Because cdc2 mutants are deficient in vitro, we must
be observing defects due to chromosomal DNA synthesis.

DISCUSSION

We have examined 400 temperature-sensitive yeast strains for
mutants specifically defective in DNA replication by assaving
for replication in vitro using cells made permeable to nucleo-
side triphosphates by the nonionic detergent Brij 55. We have
identified 20 DNA replication mutants, 14 of which fall into
new complementation groups. We can thus conclude that rep-
lication mutants appear quite frequently among random con-
ditionally lethal mutant populations.

The reliability of the screening procedure was first dem-
onstrated by the fact that strain 198, previously shown to carry
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¢dcS-1 and demonstrated to have a DNA elongation defect, was
among the strains identified as having a replication defect in the
in vitro screen. Second, complementation analysis showed that
many different genes could be identified by this assay. The ef-
fectiveness of the screen was further demonstrated by confirm-
ing that strain 154, one of the recently identified mutants, had
a defect in DNA synthesis in vivo and that the in vitro repli-
cation defect cosegregated with the in vivo temperature-sen-
sitive growth phenotype in genetic crosses. It should be easy
to adapt this assay into a mass screening protocol, as has been
done in E. coli (26), now that the effectiveness of the permea-
bilized celis has been demonstrated.

One unexpected and interesting outcome of these studies
was the demonstration that cdc2 and cdc16 mutants are defec-
tive in DNA synthesis in this tvpe of in vitro replication system.
cdcl6 mutants arrest synthesis with a terminal phenotype like
that of other replication mutants, such as cdc§. In vivo, how-
ever, cdcl6 does not show a drastic decrease in the amount of
incorporation of [*H]uracil into alkali-resistant material at the
nonpermissive temperature (5). Our results suggest that this
mutant probably does have a defect in DNA synthesis itself and
is worthy of further study.

cdc2 mutants have been shown to have an execution point
early in S phase (10, 22) and arrest with a morphology like that
of cdcS at the restrictive temperature (20). The original results
of analysis of DNA synthesis in cdc2 mutants showed that cdc2
mutants incorporate substantial amounts of nucleic acid pre-
cursors at the nonpermissive temperature in vivo. Later it was
found, quite unexpectedly, that cdc2 cells remain sensitive to
hydroxvurea, an inhibitor of DNA synthesis, after incubation
at the restrictive temperature (8). To account for these two ap-
parently contradictorv findings, it was suggested that the gene
product is required for the completion of DNA synthesis during
S phase. Our in vitro results would not have been expected on
the basis of the early in vivo incorporation studies but are en-
tirely consistent with the hydroxyurea experiments, supporting
the above explanation for the apparently contradictory results.
Recently, Conrad and Newlon have shown that 1/3rd of the
DNA remains unreplicated at the nonpermissive temperature
in cdc? strains (23). It is not clear whether this is due to lack
of initiation at some replicons or inhibition of elongation. The
finding we report here. that cdc2 mutants are defective in an
in vitro replication system that clearly mimics in vivo repli-
cation, thus adds to the accumulating evidence that the product
of the CDC2 gene plays an important role in DNA synthesis in
yeast.

Because the in vitro system can identify DNA synthesis mu-
tants that do not show a substantial defect in precursor uptake
into DNA in vivo, this method of isolating mutants is an es-
sential complement to the in vivo screening procedure recently
described by Dumas et al. (17). As might have been expected,
cdc? and cdc16 mutants were not among the alleles identified
in that study.

We originally used a complementation assay based on the
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same permeabilized cell procedure used in this report to par-
tially purify the CDCS8 protein. However, none of the other
mutants we have detected could be complemented in this sys-
tem, probably because of the limited permeability of the cells
to macromolecules. Recently, we have developed a fully sol-
uble in vitro replication system (4). We have been able to use
this system to purify the CDC8 protein to homogeneity by an
in vitro complementation assay. In vitro replication extracts have
been prepared from strain 154 and cdc2 and both are markedly
defective in in vitro replication. The CDC2 protein and the strain
154 protein have already been purified by complementation
assay.
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Purification of the cdc8 protein of Saccharomyces cerevisiae by
complementation in an aphidicolin-sensitive in vitro DNA

replication system

[permeabilized cells /yeast /cell division cycle (cdc) mutants /DNA elongation / eukarvotic DNA replication]

CHia-LaM KU0o AND JUDITH L. CAMPBELL
Department of Chemistry, California I of Technology, Pasad
Communicated by Norman Davidson, July 27, 1951

ABSTRACT  DNA synthesis in oitro in Brij-treated Saccha-
romyces ceretisiae requires the product of the CDC§ gene (Here-
ford, L. M. & Hartwell, L. H. (1971) Nature (London) Nex Biol.
234, 171-172). Extracts of wild-type A364a veast restore DNA syn-
thesis in Brij-treated cdc§, a mutant containing a thermolabile
ede§ gene product. This constitutes a complementation assay by
which the cde$§ gene product can be monitored dunng punfnca
tion. A heat-stable protein responsible for this

has been partially purified from both wild-type A364a cells And
from a cdc$ temperature-sensitive mutant. The complementation
activity from the mutant is thermolabile when compared to the
wild-type activity, indicating that CDCS is the structural gene for
the protein.

The microbial eukarvote Saccharomyces ceretisiae is an ideal
organism for probing the enzymatic mechanisms of DNA rep-
lication in higher cells. While displaying most of the features
of higher eukarvotic chromosome structure observed during
gene expression and DNA replication, veast offers the advan-
tage over higher cells of rapid growth and relatively simple or-
ganization. In addition, veast cells can exist stably in both hap-
loid and diploid states, thus facilitating the isolation of mutants
and their genetic analysis. Tremendous progress has been made
in elucidating the mechanism of DNA replication in bacteria,
by analysis of replication mutants and by biochemical charac-
terization of replication components. In these studies an im-
portant advance was the development of in titro replication
systems that allow purification of components of the complex
replication machinery by complementation analysis. Such a
combined genetic and biochemical approach for dissecting the
replication machinen should also prove profitable in veast.
Many temperature-sensitive mutants having defects in cell
division have been isolated and characterized by Hartwell (1}.
Of these. several were found to be deficient in DNA synthesis,
although only in cdc§ mutants was it clear that the defect di-
rectly affected DNA replication (1, 2). We have examined the
existing temperature-sensitive strains for mutants specifically
defective in DNA replication, by assaying for replication in vitro
in veast cells made permeable to nucleoside triphosphates by
the nonionic detergent Brij. as described by Hereford and Hart-
well (3). Brij-treated cells retain the morphology of intact cells
but are permeable to low molecular weight precursors of macro-
molecular synthesis. DNA synthesis in this system corresponds
to in vivo replication by several criteria. In particular, DNA
synthesis in the S. cerevisiae temperature-sensitive replication
mutant edc5 is heat labile in this in citro svstem (3). In addition.
as shown in this communication, synthesis is inhibited by aphi-
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dicolin, an inhibitor of DNA replication in vivo. Using this
screening procedure, we have identified nine additional rep-
lication mutants (unpublished).

It was not possible to predict a priori if detergent-treated
cells would be permeable to macromolecules and thus amenable
toin titro complementation. During the course of these studies,
we investigated whether Brij-treated cells of any of the DNA
replication mutants could be complemented by extracts con-
taining the wild-tvpe gene product. cdc§ alone showed com-
plementation; DNA replication in Brij-treated cdc§ cells could
be restored by the addition of wild-type extract at the restrictive
temperature. The ability to achieve complementation with the
cdcS defect may, in fact, be due to the unique physical prop-
erties of the cdc€ protein described here.

In this communication we report the partial purification and
characterization of the cdc§ protein, using a complementation
assay to monitor activity. This is just the first step in ultimately
generating a molecular description of eukaryotic replication by
use of in vitro complementation to purify and to characterize
the gene products involved.

MATERIALS AND METHODS

Strains. Parental strain A364a (a adel ural gall tyrl his?
lys2) and strain 198 cdc§. derived from A364a, were provided
by John Scott (University of California at Los Angeles).

Medium. YPD (veast extract/peptone/dextrose) medium is
described in ref. 4.

Preparation of Receptor. Strain cdc§ was grown at 23°C to
a density of 2 X 10" cells per ml in YPD medium, collected by
centrifugation, and washed twice with H,0. The cells were sus-
pended in 10 mM TrissHCI (pH 7.2)/2 M sucrose/1% Brij 58
to a final concentration of 2 X 10* cells per ml and incubated
at 30°C until the cells were permeable, as monitored by mea-
suring alkaline phosphatase activity (3). The receptor prepara-
tions were prepared fresh for each assay and retained activity
at 0°C for 2-3 hr.

Complementation Assay for edc§ Activity. The standard
DNA replication reaction mixture contained 50 mM Tris'HC]
(pH 8.0); 10 mM MgCl,: 1.5 mM 2-mercaptoethanol; 50 M
dATP,dGTP, and dCTP; 2 uM [e-**P}dTTP (4,000-8,000 cpm/
pmol}; 1 mM ATP; 10 mM phosphoenolpyruvate; 1% Brij 58;
0.05 ml of the Tris/sucrose/Brij cell suspension; and the in-
dicated amounts of donor fractions. After incubation for 30 min
at 37°C the reaction was stopped by the addition of 3 ml of 1
M HCI/0.02 M sodium pyrophosphate, and the amount of tri-
chloroacetic acid-insoluble radioactive material was determined
(5). A unit of cdcS activity is that amount of protein giving rise
to incorporation of 1.0 pmol of total nucleotide in 30 min.

Other Methods. Protein was measured by the method of
Lowny et al (6).
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RESULTS

DNA Synthesis in Permeabilized Yeast Cells Mimics DNA
Replication in Vivo. DNA synthesis is thermosensitive in the
thermolabile mutant cdeS. Previous studies by Hereford and
Hartwell (3) showed that veast cells made permeable with Brij
58 could incorporate [a-2P)dTTP into acid-insoluble material
in a reaction requiring Mg®*, ATP, and the other three dNTPs.
The in citro replication system apparently used the same syn-
thesizing machinery as DNA replication in vivo, because DNA
synthesis was defective in Brij-treated strain cdc§ at the re-
strictive temperature. As shown in Fig. 1, we have reproduced
this finding. using a modified procedure that involves more
extensive treatment with detergent. The optimal time of Brij
treatment is 40 min, a time at which maximal amounts of alkaline
phosphatase are also measured. Whereas wild-type cells re-
spond to the detergent treatment by supporting DNA synthesis
when provided with ANTPs, no DNA synthesis over back-
ground is observed with Brij-treated cdc8 cells. The level of
synthesis in wild-type strain A3642 is 5-fold higher than that
observed in the mutant cdc§ at 37°C. Residual synthesis in cdc§
probably does not represent replication because ATP is not
required.

Synthesis is inhibited by aphidicolin. Aphidicolin, a tetra-
cvclic diterpenoid. has recently been shown to inhibit the
growth of eukarvotic cells and virus-infected cells by inhibiting
DN replication (7, 8). Furthermore, Plevani (9) has shown that
both veast DN A polvmerase 1 and DNA polvmerase II are in-
hibited by aphidicolin, and Sugino et al. (10) have shown that
in veast mutants that are permeable to aphidicolin the drug in-
hibits growth.

Because inhibition of DNA synthesis by aphidicolin provides
one additional criterion for DN A replication. we have examined
its effect on DN A synthesis in Brij-treated veast cells. As shown
in Fig. 2. aphidicolin inhibits DNA synthesis in the permea-
bilized cell svstem; at a concentration of 20 pg/ml, DNA syn-
thesis is reduced to 40% of normal. However, the addition of
increasing amounts of aphidicolin up to 100 pg/ml does not
eliminate this residual synthesis. This drug-resistant synthesis
may reflect the fact that dNTPs are competitive inhibitors of
aphidicolin (6' or may indicate the existence of a previously
undetected aphidicolin-resistant DNA-synthesizing system in
veast.

Extracts of Wild-Type Yeast Restore DNA Synthesis in Per-
meabilized Cells of cdcS. Cell-free extracts prepared from a
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dicated time period with Tris/sucrose/Brij. DNA synthesis was then
measured in the standard assay using [a-**P}dTTP.
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Fi1G. 2. Effect of aphidicolin on DNA synthesis in permeabilized
A364a cells. DNA synthesis in Brij-treated A364a cells was measured
with the addition of indicated amounts of aphidicolin dissolved in di-
methy! sulfoxide.

wild-type A364a (donor extract) can restore synthesis to cdc§
cells made permeable by Brij treatment (receptor). As shown
in Fig 3a, extracts of wild-type A364a stimulate DNA synthesis
in permeabilized cells of cdc§ at 37°C. In contrast, donor ex-
tracts from strain cdc§ cannot restore the activity to the recip-
ient cdc$ preparation at 37°C (Fig. 3a). The difference in stim-
ulatory activity in extracts from wild-type and cdc indicates
that the donor extract is specifically providing the cdc§ gene
product.

The inability of an extract of cdc§ cells to restore DNA syn-
thesis to permeabilized cdc§ cells at 37°C is not due to non-
specific loss of activity. When assaved at the permissive tem-
perature, cdc§ extracts can stimulate DNA synthesis in
permeabilized cdc cells (Fig. 3b). Thus temperature-sensitive
mutant extracts contain a thermolabile gene product. The cdc§
gene product in the permeabilized cells is apparently more la-
bile than in the extract, perhaps because the Brij-treatment is
carried out at 30°C, whereas the extracts are prepared at 4°C.
This is an important observation. because the ability of cdc§
extracts to serve as donors in the complementation assay at 23°C
has allowed us to purify a thermolabile activity from the tem-
perature-sensitive mutant.

These observations formed the basis for the complementation
assay described in Materials and Methods. The requirements
for the complementation reaction using partially purified cdct
protein as donor are summarized in Table 1. In addition to a
requirement for both receptor cells and a donor preparation,
there is an absolute requirement for ATP. Complementation
is inhibited by aphidicolin, just as synthesis is inhibited in wild-
tvpe permeabilized cells. A receptor extract prepared from a
DNA replication mutant that falls in a different complemen-
tation group from cdc§, ts12 (unpublished results), was not com-
plemented in these permeabilized cells. This result not only
shows the specificity for cde§ in this reaction, but suggests that
this mav not be a generally useful assay to isolate replication
proteins. In permeabilized diploid cells, a 2-fold increase in
overall DNA synthesis was routinelv observed. -

Partial Purification of the cdc8 Protein. Because the cdc
gene product is required for DNA synthesis in permeabilized
yeast cells, we have been able to purify the edc§ protein by using
the complementation assay described above. The results of a
typical purification are summarized in Table 2.

Analysis of glveerol gradient fractions by polvacrylamide gel
electrophoresis in the presence of sodium dodecy] sulfate in-
dicated that fraction V' is greater than 25% pure by weight and
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substantially purer on a molar basis. The glycerol gradient data
allow a preliminary estimate of the sedimentation constant of -
the cde$ protein that is consistent with a molecular weight (as-
suming it is a globular protein) of 10,000-20,000, which is also
in reasonable agreement with the gel electrophoresis results.
Properties of the Purified cdc$ Protein. Purified cdc§ pro-
tein can complement permeabilized cde§ cells. Although the
cdc$ protein could be purified from extracts by virtue of its
ability to restore DNA synthesis to permeabilized cdc§ cells,
the purified protein is much more efficient than crude prepa-
rations in stimulating svnthesis. As shown in Fig. 4. 25 ug of
cdc§ protein leads to a 10-fold stimulation of activity in the com-
plementation assay at 37°C. The stimulatory activity is linear
for amounts of edc$ protein ranging between 2.0 and 10 ug in
the assav. Saturating amounts of cdc8 protein give a 30-fold
stimulation of activity (data not shown'. Results presented in
Fig. 3, however, showed that only a 5-fold stimulation could be
achieved with saturating amounts of extract. This is easily ex-
plicable if an inhibitor is removed during purification.
Complementation actitity of the cdc§ protein purified from
the tempercture-sensitive mutant cde8 is thermolabile. The cdc$
protein was also purified from extracts of S. cerevisiae cdch
through the phosphocellulose step as described above. The pu-
rification was monitored by complementation assay at 23°C, a
temperature at which the cdc8 protein from this strain com-
plements the mutant extract effectively (see Fig. 3b). When
fraction I\ was assaved at 37°C. however, complementing ac-
tivity was abolished (Table 3). This is in sharp contrast to the
wild-type protein. which has the same activity at 23°C and 37°C.
Because the preparation from strain cdc§ is thermolabile, the

Table 1. Reguirements of the complementation assay

DNA synthesis, pmo) dTTP
incorporated/per 10° cells

Omissions and additions

Complete 0.61
Omit dNTP <0.1
Omit ATP 0.12
Omit Mg?~ <0.1
Add aphidicolin (20 ug/ml) 0.23
Omit cdc8 receptor <0.1
Omit cdc8 gene product <0.1

Omit cdcé receptor, add 512 receptor

<0.1

The assay conditions were as described in Materials and Methods,
with the omissions and add:tions noted. Each reaction mixture (except
the second-to-lasti contained 10 ug of partially purified cdcf prote:n.

complementation activity is the product of the structural gene
for cdc§.

Complementation by partially purified cde8 protein is aphi-
dicolin sensitive. After addition of aphidicolin, synthesis in the
complementation assay using wild-type cdc§ protein was re-
duced to 40%, a value similar to that obtained with permea-
bilized A364a (compare Fig. 2'. This argues for, though does
not alone establish that, replicative synthesis occurs in this
assay.

Heat stability of the cdcS activity. As shown in Table 4. the
activity restoring DNA replication in permeabilized cdc§ at

pmol dTTP INCORPORATED /1x10” cells

1 1

ic 20
FRACTION 1V (ug)

Fic 4. Complementation by purified cdc8 protein and inhibition
by proteinase K. Receptor cde§ cells were prepared, indicated amounts
of cdeB protein (fraction IV) were added, and incubation was carried
out as in the Jegend to Fig. 3. The lower curve (C) represents reaction
mixtures that contained cdcf protein that had been treated with pro-
teinase K (100 ug/m} for 30 min at 65°C.
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Table 2. Purification procedure and results of a typical
purification

19

Total Specific
protein,  activity,  Recovery,

Fraction Step mg units/mg %

1 Crude extract 166 4.7 100

)i Streptomyocin and 3.7 14.2 134

(NH,),S0,

m DEAE-cellulose 227 52.0 150

v Phosphocellulose 1.36 9244 160

v Glycerol gradient 0.04 2900 13.5

Groutth, storage of cells and preparation of donor extracts. Strains
A364a and cdes were grown at 23°C to late logarithmic phase in YPD
medium, collected by centrifugation, washed twice with H,0, and
stored in liquid nitrogen. All subsequent procedures were carried out
et 0-4°C. For preparation of extracts, cell paste was thawed, diluted
with a solution of Zymolyase 60,000 (0.5 mg/m) in H,0), and adjusted
to ODjggo = 400. The cells were incubated at 30°C for 30 min, at which
time spheroplast formation was lete. The spheropl were
mixed on & Vortex mixer with glass buds and then disrupted in a
chilled homogenizer. The supernatant was then collected by centrif-
ugation at 10,000 x g for 40 min (fraction 1. Streptomyocin and am-

sulfate froctionation. A solution of 30% streptomyocin sulfate
was added to extracts to a final concentration of 5%. After stirring for
30 min, the suspension was centrifuged at 20,000 x g for 20 min. Solid
(NH,),S0, (0.47 g/ml) was added w the supernatant fluid and the
protein precipitate was collected by centrifugation. The precipitate was
dissolved in buffer A [20 mM Tris'HCI (pH 7.6)/1 mM EDTA/1 mM
2-mercaptoethanol/20% (wt/vol) glycerol] and dialyzed against the
same buffer (fraction II). DEAE-cellulose column chromatography.
Fraction II (0.8 m}) was diluted with 0.8 ml of buffer A and applied to
& 5ml DE52 (Whatman) DEAE-celluiose column equilibrated with
buffer A. The column was washed and then eluted with 8 50-ml linear
gradient of NaCl (0.1-0.6 M) in buffer A. Fractions containing the com-
plementation activity were pooled and precipitated by the addition of
ammonium sulfate (0.47 g/ml). The precipitate was collected by cen-
trifugation, resuspended in 0.5 ml of buffer B{20 mM TrissHCl(pH 7.0)/
1 mM EDTA/1 mM 2-mercaptoethanol/20% (wt/vol) glyvcerol] and
then dialyzed (fraction III). Phosphocellulose P-11 column chromatog-
raphy. Fraction Il was diluted with 0.5 m] of buffer B and applied to
& 4-ml phosphoceliulose P-11 (Whatman) column equilibrated with
buffer B. The column was washed and protein was eluted with & 50-m]
linear gradient of NaCl (0.1-0.6 M) in buffer B. Fractions containing
complementation activity, which eluted at 0.13 M NaCl, were pooled,
concentrated by (NH,1,SO, precipitation, redissolved in buffer C (the
same as buffer A except that 0.1 mM dithiothreitol is substituted for
2-mercaptoethano!!. and dialyzed against the same buffer (fraction V).
Glycerol gradient secimentation. Fraction I\ was dialyzed against buf-
fer C containing 5% (wt/vol! glveero] and layered on 2 4.6-m! linear
gradient of 10-30% (wt/vol) glycerol containing 0.02 M Tris-HCl (pH
7.5), 10 mM 2-mercaptoethanol, and 10 mM NaCl. Centrifugation was
8t 45,000 rpm at 2°C for 28 hr in a Spinco SW 50.1 rotor. The following
proteins were used as standards: alcohol dehydrogenase, bovine serum
albumin, hemoglobin, and cytochrome c.
* This step was performed on only & portion of fraction I'V and the val-
ues in the table were obtained by multiplying by the appropriate
factor.

37°C was highly stable, being resistant to incubation at 65°C.
After 10 min at 65°C. 80% of the activity remained.

cdch activity resides in a protein. The lack of activity in frac-
tions from cdc$ extracts at the restrictive temperature, shown
in Table 3. indicates that the activity resides in a protein or
RNA. The activity is resistant to RNase A, however, ruling out
that it is an RN A molecule. The activity is also resistant to pa-
pain. even at 65°C. a property possibly related to its resistance
to heat denaturation (Table 4). However proteinase K. z pro-
tease generallv considered to be more active toward proteins
in native configurations than other proteases, does inactivate
cdc$ activity (Table 4. Fig. 4). Controls showed that proteinase
K had no effect on synthesis in permeabilized wild-type A364a

Proc. Natl Acad. Sci. USA 79 (1982)

Table 3. Thermolability of cdc8 protein from cde8 cells

DNA synthesis, pmol
dTTP incorporated per
107 cells
Protein Assay Assay Activity ratio,
source o 283°C at 37°C 37°C/23°C
Wild-type 12 1.2 1.0
ede8 0.80 0.11 0.13

Fraction IV (10 ug) was assayed at 23°C and 37°C in the comple-
mentstion assay. There was no measurable activity at 37°C when pro-
tein from strain cdcS was added.

cells under the conditions in which it inhibited cdc8 comple-

mentation.

DISCUSSION

The cde8 protein is essential for DNA replication in civo and
is required for cell division. When strain cdo§ grown at the per-
missive temperature, 23°C, is shifted to the restrictive tem-
perature, 36°C, cells accumulate with a nucleus that remains
undivided but is located at the isthmus between parent cell and
bud. The first wave of DNA synthesis after shift up does not
occur (1). The product of the cdc§ gene is apparently required
throughout the period of DNA synthesis, because when a syn-
chronized culture of cells defective in the gene is shifted to 36°C
within the S period, nuclear DNA replication ceases immedi-
ately (2). Mitochondrial DNA replication also ceases at the non-
permissive temperature in cdc mutants (11). Electron micro-
scopic examination of chromosomes in cdc§ cells placed at the
nonpermissive temperature for approximately two generation
times shows a high proportion of molecules that contain repli-
cation “bubbles.” The “bubbles” contain two double-stranded
branches with an average length of 3 um (12).

The formation of replication intermediates at the nonper-
missive temperature suggests that the cdc§ mutant can initiate
DNA synthesis at the nonpermissive temperature, while the
small size of these “bubbles” may indicate a reduced rate of
chain propagation. Thus, the in vivo results suggest a role of the
cdc8 protein at the replication fork.

Another interesting property of cdc8 mutants is that DNA
extracted at the nonpermissive temperature also contains clus-
ters of small denatured regions, approximately 300 base pairs
in length (13). Denatured regions appear on both newly rep-
licated and unreplicated DNA. and disappear upon centrifu-
gation in CsCl, suggesting that the DNA in this region may be

Table 4. Stability of purified cdc8 protein

Activity
remaining,
Treatment %
65°C. 10 min 80
Papain &t 20 ug/ml, 37°C, 30 min 94
Papain at 20 ug/ml, 65°C, 30 min 76
Proteinase K at 100 ug/ml, 37°C, 30 min 51
Proteinase K at 100 ug/ml, 65°C, 30 min <1
RNase A at 50 ug/ml, 37°C, 30 min 97

Purified cdef (fraction IV) was subjected to various treatments
Treatment with RNase or papain was performed in 0.1 M Tris'HCl (pH
7.0). The partially purified protein activity was then determined by
assay as described in the legend to Fig. 1, using 10 ug of fraction v
and with the indicated edditions. All values cited are relative to con-
trols carried through identical procedures except for the omission of
the indicated agents. The control for heat treatment was maintained
at 0°C.
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noncovalently bound to protein (16). Such single-stranded re-

gions could be envisioned as intermediates in recombination or

replication. Biochemical studies to date indicate that cdc§

strains are not deficient in precursor synthesis (3). Further-

awre. cdc§ does not code for one of the veast DNA polymerases
4, 15).

Our findings agree with those of Hereford and Hartwell (3)
that incorporation of dNTPs into permeabilized yeast cells cor-
responds to DNA replication in vivo. One of the strongest ar-
guments for this is the finding that Brij-treated S. cerecisiae
cde$ is incapable of carrving out DNA synthesis at the nonper-
missive temperature. Also, we have shown that the synthesis
is sensitive to aphidicolin, an inhibitor of veast replication (9,
10). One point that is not resolved is whether nuclear or mi-
tochondrial replication is being observed, because DNA syn-
thesis occurs on the endogenous DNA template. Banks (16) sug-
gests that all synthesis is mitochondrial, whereas our results
indicate that some p° strains, that is, strains without mitochon-
drial DN'A, are just as active in vitroas p” strains (unpublished).
For the current work, resolution of this question is not impor-
tant, because CDC$ function is required for both nuclear and
mitochondrial replication.

We have extended the earlier studies of Hereford and Hart-
well (3) by showing that extracts of wild-type veast can stimulate
DNA synthesis in the permeabilized mutant cdeS. This was sur-
prising because the Brij-treated cells retain the morphology of
intact cells. The Brij-treated veast cells are analogous to tol-
uvene-treated Escherichia coli. which also carry out DNA rep-
lication on endogenous templates in a reaction dependent on
Mg and ATP (17. When toluene-treated E. coli are treated
with the detergent Triton X-100. DN A polvmerase 1 and lactate
dehvdrogenase are free to diffuse from the cells, and repair syn-
thesis in the cells is inhibited by antibody to DNA polymerase
118, indicating that the cells are permeable to macromole-
cules. We therefore tested whether this veast svstem was
permeable to proteins by looking for complementation in our
mutants and found that cdeS showed complementation. We
were thus able to use permeabilized veast cells as receptor ex-
tracts in an in vitro complementation assay to purify the cdc8
protein.

Using conventional methods of purification, we have purified
the cdcS protein 600-fold. We have shown that CDC5 is the
structural gene for the protein by purifiing a thermolabile ac-
tivity from the temperature-sensitive cdes mutant. Perhaps the
most striking property of this protein is its resistance to heating
at 65°C and to high Jevels of papain even at 65°C. Even for pro-
teinase K, a partially denatured protein is required for proteo-
Ivtic inactivation. Such stability properties are usually attrib-
uted to proteins of small size.

What is the function of the cde§ protein® Results presented
here indicate that it participates in DNA replication. In addi-
tion. we have recenth developed a fully soluble system that
carries out replication in titro of exogenous covalently closed
circular veast DN As that, by many criteria. mimics in vivo rep-
lication {unpublished results). Synthesis in vitro is temperature
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sensitive in extracts prepared from cdc8 mutants, and the defect
can be complemented by the partially purified cdc§ protein.
Several small heat-stable proteins have been described that
participate in replication in prokarvotes. One of them is the E.
coli helix-destabilizing protein (M, 18,500) (19, 20). Single-
strand DN A-binding proteins are known to participate in events
at the replication fork, and a mutation affecting such a protein
could give rise to the cdc§ phenotype. In fact, mutants of E. coli
that contain a temperature-sensitive helix-destabilizing protein
do not grow at high temperature (20). Other small heat-stable
proteins have been found in various replication systems [e.g.,
the M, 11,000 E . coli thioredoxin, a subunit of phage T7 DNA
polymerase (21)]. There is also a class of small heat-stable pro-
teins involved in eukarvotic DNA metabolism, namely the his-
tones. Clearly the role of the cdc8 protein will be resolved only
when hemogeneous preparations of the protein are available.

We thank S. E. Celniker for helpful discussion. This investigation was
supported by U.S. Public Health Service Grant GM 25508 and Re-
search Career Development Award CA 00544.
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The CDC8 gene, whose product is required for DNA replication in Saccharo-
myces cerevisiae. has been isolated on recombinant plasmids. The yeast vector
YCpS50 bearing the yeast ARS], CEN4, and URA3 sequences, to provide for
replication, stability. and selection, respectively, was used to prepare a recombi-
nant plasmid pool containing the entire yeast genome. Plasmids capable of
complementing the temperature-sensitive cdc8-/ mutation were isolated by trans-
formation of a c¢dc§-/ mutant and selection for clones able to grow at the
nonpermissive temperature. The entire complementing activity is carried on a
0.75-kilobase fragment. as revealed by deletion mapping. This fragment lies 1
kilobase downstream from the well-characterized sup4 gene. a gene known to be
genetically linked to CDC8. thus confirming that the cloned gene corresponds to
the chromosomal CDC8 gene. Two additional recombinant plasmids that comple-
ment the cdc8-/ mutation but that do not contain the 0.75-kilobase fragment or
any flanking DNA were also identified in this study. These plasmids may contain

genes that compensate for the lack of CDC8 gene product.

The CDCE8 protein of Saccharomyces cerevisi-
ac is essential for chromosomal replication in
vivo and is required for cell division. When the
temperature-sensitive cdc¢& mutant is grown at
the permissive temperature. 23°C. and then
shifted to the restrictive temperature. 36°C. cells
accumulate that contain a nucleus located at the
isthmus between parent cell and bud. but which
do not divide. The first wave of DNA synthesis
after shift up does not occur (8). The product of
the CDCS8 gene is apparently required through-
out the period of DNA synthesis. since synchro-
nized cultures of cells defective in the gene
cease nuclear DNA replication when shifted to
36°C within the S period (9). Mitochondrial
DNA replication also ceases at the nonpermis-
sive temperature in cdc8 mutants (22). and repli-
cation of the 2-pum circle plasmid is defective in
cdc8 mutants (17).

Recently the CDC8 protein has been purified
to homogeneity. using in vitro replication sys-
tems (1, 15). The purified protein binds to single-
stranded DNA and stimulates DNA polymerase
I activity on single-stranded DNA templates.
The CDCR protein may be identical to protein C.
discovered by Chang et al. (4).

To carry out detailed biochemical and func-
tional characterization of an enzyme involved in
DNA replication. it is necessary to obtain large
quantities of purified protein. In Escherichia
coli. one way to overcome the problem of low

yield of replication proteins is to clone the gene
coding for a given protein into temperature-
inducible bacteriophage lambda vectors or into a
high-copy-number plasmid. Overproduction of
the replication proteins DNA polymerase I (12).
DNA ligase (23). and dnaC protein (13) has been
achieved. Overproduction of the LEU2 gene
product in yeast strains carrying the LEU2 gene
on an autonomously replicating. high-copy-num-
ber plasmid has also been achieved (10). There-
fore. the same approach used in E. coli is
applicable in yeast.

In this communication we report the molecu-
lar cloning of the CDC8& gene as the first step
toward overproducing the CDC8 protein and
studying the regulation of expression of the
gene. We were able to select stable hybrid
plasmids containing the CDC8 sequence from a
yeast DNA library on the basis of their ability to
complement a temperature-sensitive mutation in
yeast transformation experiments. The identity
of these genes with CDC8 was confirmed by
demonstration that the plasmids carrying them
also carry the sup4 gene. which is known to be
linked to CDC8 in the chromosome.

MATERIALS AND METHODS

Strains and plasmids. The recipient in the transfor-
mations used to isolate and study the cdc8 gene was
strain CLK6 («ra3 1rpl ¢dc8-1). This strain was con-
structed by mating strain 198 (MATa cdc8-1) with

1730
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strain SRGOS-1 (MATa trpl-1 met§8-1 ile-1 ilv-2) from
Steve Reed (University of California at Santa Barba-
ra). After MATa irp] cdc8-1 spores were identified.
they were crossed with strain SS111 (MATa 1rpl-289
ura3-1 ura3-2 his3-532 ade2-10 gal?) from Stewart
Scherer. California Institute of Technology. Pasadena.
Strain 198 was provided by L. H. Hartwell. S288C
(wild type) was the source of DNA for the construc-
tion of the yeast DNA library. E. coli MC1061 F~ A~
araD139 Mara-1ew)7697 lacX74 galU galK hsdR hsdM
sirA was used to propagate the library. Plasmid
YCp50, a gift of Stewart Scherer, is shown in Fig. 1
and described in Results.

Medium. Yeast extract-peptone-dextrose (YPD) or
synthetic minimal medium used for the culture of yeast
cells is described in reference 25. E. coli cells were
grown in L broth or M9 medium (19).

Nucleic acids. Plasmid DNAs from E. coli were
prepared as described previously (6). Total yeast DNA
was purified by minor modifications of the procedures
of Sherman et al. (25). Small-scale and rapid isolation
of plasmid DNAs from yeast were carried out as
described by Nasmyth and Reed (21). BumH]I linkers
and Xhol linkers were obtained from New England
Biolabs. Deoxyribonucleoside triphosphates were ob-
tained from P-L Biochemicals.

Enzymes. All restriction enzymes were obtained
from New England Biolabs or Bethesda Research
Laboratories and were used according to the suppli-
er’'s instructions. T4 DNA ligase and calf alkaline
phosphatase were generously provided by C. C. Rich-
ardson and N. D. Hershey. Bal 31 nuclease. T4 poly-
nucleotide kinase. and E. coli Klenow fragmeni were
obtained from Bethesda Research Laboratories. Con-
ditions for enzymatic reactions are as described by
Maniatis et al. (18).

Construction of a pool of yeast DNA sequences in the
centromere-containing vector YCp50. A pool of YCp50
plasmids bearing yeast DNA fragments was construct-
ed as follows. Purified veast DNA from S288C was
cleaved with three different concentrations of Suu3A
(0.02. 0.06. and 0.09 U/ug of DN A) so that its average
size was approximately 10 kilobases (kb). It was then
pooled and fractionated on 10 to 407 sucrose density
gradients as described by Maniatis et al. (18). Frag-
ments between S and 20 kb were purified and then
ligated to YCp50 DNA that had been digested with
BamH] and treated with calf alkaline phosphatase.
The DN A concentrations in the ligase reaction were 50
and 10 ug'ml. After incubation for 15 h at 14°C. the
ligation reaction mixture was used to transform E. coli
strain MC1061 to ampicillin resistance by the proce-
dures described by Dagert and Ehrlich (5). The 0.1-ml
ligation mixture produced 7.9 x 10° Amp' colonies. of
which 75% were Tet". indicating that 75% of the
transformants contained inserts or deletions at the
BamH]1 site. The transformant colonies were scraped
from the ampicillin plates. and the cells were pooled
and collected by centrifugation and stored as de-
scribed by Nasmyth and Reed (21).

Another recombinant plasmid pool containing yeast
DNA seguences in plasmid YRp7 (21) was Kindly
supplied by Steven Reed and was also used in this
study. YRp7 contains veast ARS! TRPI sequences but
no centromere.

Yeast transformation. DN A transformation of lithi-
um acelate-treated veast cells. first described by lto et
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(7.8kb)

FIG. 1. Restriction map of the centromere-contain-
ing plasmid YCp50. The thin lines represent pBR322
DNA sequences: the thick lines represent yeast DNA
sequences.

al. (11). was used in this study. Strains were grown 10
an absorbance at 590 nm of 1 to 2 in YPD medium.
Celis were harvested by centrifugation at §.000 rpm
(Sorvall RCSb centrifuge) for 6 min. washed once in
water. and again collected by centrifugation. The
pellet was suspended in 0.1 M lithium acetate (0.2
original volume) and incubated at 30°C for 30 min. The
cells were collected by centrifugation and resuspended
in 0.1 M lithium acetate (0.01 original volume). Cells
were divided into 0.05-ml aliquots and DNA was
added. After 30 min at 30°C. 0.6 m] of polvethviene
glycol 4000 (Sigma Chemical Co.) in 0.0 M Tris-
hvdrochloride (pH 7.5) was added. Incubation was
continued for 60 min at 30°C followed by S min at 42°C.
Each 0.6-mil mixture was divided and spread on three
petri plates containing the appropriate selective media.
The hybrid molecules containing ARS/ and CENY
transformed yeast at high frequency (4.000 to 5.000
transformants per pg of DNA). and the resulting
transformants were highly stable.

Localization of the minimal cdc§-compiementing
DNA fragment. The minimum sequence that comple-
mented the ¢dc8 mutation was identified by using Bal
31 deletion analysis of the originally isolated plasmids.
Plasmid DNA (3 pg) containing the cdc8 insert (Fig. 2)
was cut with BamH] restriction enzyme and then
treated with 0.48 U of Bau/ 31 nuclease. After 2. 3. 4.5,
and 7 min. aliquots were removed. combined. and
extracted with phenol. The DNA was incubated with
the large fragment of E. coli DNA polymerase I and
deoxyribonucleoside triphosphates to ensure that the
ends were fully base paired. BamH] linkers were then
phosphorylated. using polvnucleotide kinase. and
phosphorylated linkers were incubated with the Bl
31-digested fragments in the presence of T4 DNA
ligase. The respective DNA concentrations were 20
and 50 pg'ml. After ligation. a 10-fold excess of
BamH] restriction enzyme was added to cleave the
linkers. The DNA fragments with BamHI sticky ends
were separated from the free linkers by gel filtration as
described in reference 18. Ring closure was carried out
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FIG. 2. Restriction map of CDC8-containing inserts in YCpS0 CDC8. YRp7 CDC8. YEp24 CDC8. and pSU4.
The four inserts are drawn so that their overlapping regions are aligned. The dashed line represents a portion of
vector sequences. The sizes of the various restriction fragments were estimated from gel electrophoresis. pSU4
was originally construcied by ligating a veast EcoRI-Hindlll fragment containing the SUP4 gene into plasmid
pBR322 (7). The single Xmal site on pSU4 is located near the 3' end of the cloned tRNAT'" gene.

in the presence of T4 DNA ligase. and the ligation
mixture was used for transformation of E. coli cells.
Individual transformants were grown in 5-ml cultures.
DNA was prepared. and the structure of the resultant
plasmids was examined by gel electrophoresis after
treatment with appropriate restriction enzymes. Plas-
mids containing deletions ranging from 50 to 500 base
pairs (bp) were chosen for complementation testing by
transformation of veast.

DNA of the plasmid containing the 255-bp deletion
(YpCLK255) was purified. and a second round of Bul
3] digestion was carried out from the opposite side of
the CDCS fragment. YpCLK255 was digested with
Xhol. Bal 31 digestions were carried out. and X0l
linkers were joined to the deleted DN As. These dele-
tions were religated and analyzed as above. The
smallest insert that compiemented c¢dc8 was approxi-
mately 0.75 kb. The final plasmid is called YpCLKI.

Other procedures. Procedures for nick translation.
gel electrophoresis. and blot hybridization were those
described by Maniatis et al. (18).

RESULTS

Construction of a yeast DNA library in a cen-
tromere-containing vector. The vector chosen for
the construction of the yeast library was the
hybrid plasmid YCp50 (Fig. 1). YCpS50 contains
the replication origin of pBR322 and the genes
for Amp" and Tet'. Insertion into the BamHI site
of YCpS0 renders the plasmid Tet>. YCp50 also
contains a veast replicator. ARS/. and a marker
selectable in yeast. URA3. Finally. the plasmid
contains the 1.8-kb'veast CEN4 fragment that
encompasses the centromere of chromosome
IV. We chose 1o use the centromere-containing
plasmid since the transformation frequencies
and stability of transformants obtained are high-
er than with ARS- or 2-um-containing vectors.
This has the important consequence that each of
the multiple transformations of veast required

for isolating and characterizing genes is acceler-
ated by at least a day. Furthermore. at the
outset, we did not know whether the CDC8 gene
would be lethal in high gene dosage. YCp50 has
a copy number of 1.

The library was constructed by a minor modi-
fication of the procedure of Nasmyth and Reed
(21). as described under Materials and Methods.
Since the pool contained at least 1.7 x i0*
recombinant clones. there are approximately six
yeast genomes in this library.

Isolation of CDC§&-containing plasmids. When
used to transform CLK6 wra3 cdc8. DNA pre-
pared from the yeast YCpS0 hybrid pool vielded
about 10° URA ™ transformants per pg. of which
0.04% were able to grow at the nonpermissive
temperature (37°C). DNA was prepared from
four of the yveast URA™ CDC™ transformants
and introduced into E. coli by transformation 10
ampicillin resistance. Plasmid DNA was pre-
pared from Amp' transformants and analyzed by
digestion with restriction endonuclease followed
by agarose gel electrophoresis. Since the four
plasmids all had identical restriction enzyme
maps. only one, YCp50 CDC8. was chosen for
further study.

In a second set of experiments. DNA pre-
pared from the yeast YRp7 hybrid pool de-
scribed previously by Nasmyvth and Reed (21)
was used to transform CLK6 rrp/ cdc8. Five
interesting TRP™ CDC™ transformants were iso-
lated. Restriction enzyme mapping indicated
that three of these were identical and homolo-
gous with the YCpSO0 clones (see Fig. 2). and
they were therefore designated YRp7 CDCS.
Two others. discussed separately below. con-
tained two different inserts and were not ho-
mologous to the YCpS0 insert.

Finally. L. H. Hartwell had independently
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TABLE 1. Transformation of cdcé strain (CLK6)
with purified plasmids

Colonies capable of growth

Plasmid
23°C 37°C

YCpS0 CDC8 2 x 10° 2 x 10°
YRp7 CDC8 2.1 x 10° 1.9 x 10°
YEp24 CDC8 1.9 x 10° 1.9 x 10*
YRp7 SOCS-1 300 200

YRp7 SOCS8-2 280 198

YCp50 4 x 10° 0

YRp7 2 x 10% 4

“ The cdc8 strain was grown at 23°C. Cells were
prepared for transformation as described in the text.
Transformations are reported as transformant colonies
per pg of transforming DNA.

isolated. from a yeast library of S288C DNA
prepared in the vector YEp24 (2), two clones
containing inserts that complement cdc8 at 34°C
(personal communication). These two plasmids.
YEp24 CDCS8. were identical to each other.
High-efficiency transformation of cdc§ mutants
with cloned plasmid DNAs; stability of transform-
ants. Purified DNAs from plasmids YCpS0
CDC8. YRp7 CDC8. and YEp24 CDC8 were
reintroduced into the CLK®6 cdc8 strain by trans-
formation. In each case (Table 1). about 2 x 10°
colonies per pg of transforming DNA were
capable of growth at the restrictive temperature
(selection for CDC™ and URA™ or TRP™), con-
sistent with complementation by autonomous
replication rather than recombination. Similar
results were obtained when selecting for URA™
or TRP™ at the permissive temperature (23°C).
Table 2 presents data obtained from experi-
ments to determine the mitotic stability of trans-
formants carrying the various plasmids isolated.
As expected for a centromere vector (27). 98%
of the transformants bearing ARS/-CEN4 hybrid
plasmids. YCpS50 CDCS. maintained both URA™
and CDC" phenotypes when grown under per-
missive conditions for 20 generations. However.
only 15% of the cells transformed by YEp24
CD(CS8. a plasmid bearing the 2-pum origin of
replication. retained both URA™ and CDC~
phenotypes after growing in rich media at room
temperature for more than 10 generations. Un-
expectedly. the ARS/-containing plasmid, YRp7
CDC&. gave rise to transformants that showed
greater stability of both the TRP™ and the CDC~
properties than even the CEN-containing trans-
formants. Since total yeast DNA made from
TRP CDC™ yeast cells after growth under
nonselective conditions vielded fewer than 10
Amp' colonies when used to transform E. coli.
the plasmid appears 10 have integrated into the
chromosome in this particular transformant dur-
ing growth under permissive conditions.
Characterization of cloned inserts by restriction

CLONING OF THE YEAST CDC8 GENE 1733
enzyme mapping and blot hybridization. To see
whether the three independent isolates con-
tained the same gene and to identify the region
responsible for complementation. restriction en-
zyme maps of the respective inserts in YCp50
CDC8, YRp7 CDC8, and YEp24 CDC8 were
derived. The plasmids contained overlapping
inserts with the configurations shown in Fig. 2.

One discrepancy in the map of the overlapping
region is also shown in Fig. 2. In the digest of
YEp24 CDC8. there is an Xmal-Sall fragment
that is approximately 150 bp smaller than the
corresponding Xmial-Sall fragment in both
YRp7 CDC& and YCp50 CDC8. Blot hybridiza-
tion. however (Fig. 3). indicates that the 750-bp
fragment shown below to contain the CDC8
gene (Fig. 4) hybridized equally strongly to the
Xmal-Sall fragments from YEp24 CDC8 and
YRp7 CDC8. suggesting that the 150-bp differ-
ence in size in the YEp24 isolate was due to a
deletion in an otherwise identical fragment. The
region of the genome around CDC8 shows a high
frequency of sequence alterations when different
strains are compared (3). and this may account
for this polymorphism.

Linkage of the cloned genes to the SUP4 locus.
The apparent homology between the inserts
isolated from YCpS0. YRp7. and YEp24 librar-
ies was not alone sufficient to prove that all three
contained the CDC8 gene. Since the CDC8 gene
has been shown to be closely linked to the sups
locus (16. 20). demonstration that the cloned
gene came from the sup4 region of chromosome
X would constitute better proof that it was
CDC8. To establish this linkage. use was made
of the fact that the SUP4 gene had been previ-
ously cloned and sequenced (7).

DNA from plasmid pSU4 (7). containing a
functional SUP4 gene. was digested with appro-

TABLE 2. Mitotic stability test of yeast
transformants”

Transformed phenotvpe (77}

Plasmid 10 20
generations generations
YCp30 CDC8 98 96
YRp7 CDC8 95 95
YEp24 CDC8 96 18
YRp7 SOC§-i 1
YRp7 §OC8-2 2

? Yeast transformants were grown in selective me-
dia and diluted approximately 1/1.000 (~10 genera-
tions) or 1/10° (~20 generations) in either supplement-
ed minimal media or rich media (YPD). After growth
at room temperature. the mid-log-phase cultures were
plated onto YPD plates. and the percentage of URA™
CDC8~ or TRP™ CDC8~ was determined by replica
plating. The values given represent an average number
of several independent determinations.
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FI1G. 3. Southern blot analvsis of DNA sequence homology among the CDC8-related plasmids. The probe in
(A) was the 750-bp CDC8 fragment from YpCLK1 (Fig. 4), and the probe in (B) was the 1.17-kb Aval fragment
shown in Fig. 2. to the left of the Xmal-Sall fragment. Each lane contains a different plasmid DN A that was
transferred to a nitrocellulose filter after cleavage with restriction endonucleases Sa/l and Aval and electrophore-
sis on a 1% agarose gel. Lanes 1 and 7. YCp50 CDC8: lanes 2 and 8. YEp24 CDCS8: lanes 3 and 9. YRp7 SOC§-1:
lanes 4 and 10. YRp7 CDC8: lanes 5 and 11. YRp7 SOC8-2: lane 6. pSU4. Marker lengths are in kilobases.

priate restriction enzvmes and analyzed by gel
electrophoresis. The pSU4 plasmid contains an
insert that overlaps the inserts in the CDC8
plasmids by several kilobases (Fig. 2). raising
the possibility that the putative CDC8 clones
also carried the sup4 gene. The SUP4 gene itself
contains a unique Xmal recognition site (7).
allowing us to infer the position of the sup4
region on the CDC8 clones. Comparison of
restriction maps indicates that the Xmal site in
the sup4 gene forms one end of the common 1.5-
kb Xmal-Sall fragment found in YCpSO and
YRp7 derivatives and of the 1.35-kb fragment in
YEp24 CDC8. Further support for the overlap of
the CDC8 and SUP4 clones comes from blot
hybridizations shown in Fig. 3. The 750-bp frag-
ment from YpCLK1 (see Fig. 4) hybridized
equally strongly to digests of the other cdc§-
complementing plasmids and to the SUP4 plas-
mid (Fig. 3). Previous mapping experiments
show that there are no delta sequences on this
probe (cf. Fig. 4 of reference 3). Similar results
were obtained with the Xmal-Sall fragments
from YEp24 CDC8 or YCpS50 CDC8 as hybrid-
ization probes.

The mapping data were then confirmed by
carrying out the converse experiment. namely,
by showing that the originally isolated SUP4

clone. pSU4. also contains the CDC8 gene and is
capable of complementing the ¢dc8 mutation.
Since the SUP4 gene was on an integrating
plasmid and since such vectors exhibit low
transformation frequencies. it would be hard to
distinguish complementation from reversion to
temperature resistance with the original pSU4
plasmid. We therefore constructed a recombi-
nant plasmid containing the BamHI fragment of
pSU4 (Fig. 5) inserted into the BamHI site of
YCp50. When the resulting plasmid was intro-
duced into cdc8 by transformation. an almost
equal number of colonies was observed at 23 and
37°C. The efficiency of transformation with this
plasmid was a little lower than that with the
three plasmids described above and might
be due to the presence of the mutant SUP+
tRNAT'" gene in the plasmid. We conclude that
the cloned sequences shown in Fig. 2 are linked
to the SUP4 gene and probably carry the CDC§
gene.

Minimal DNA fragment containing the CDC$8
gene. To identify the coding region for the CDC8
gene. the DNA of the hybrid plasmids was
subjected to deletion analysis in the regions
considered likely. on the basis of the foregoing
studies. to contain the gene. The sites chosen for
Bal 31 deletion analysis and the final construc-
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FIG. 4. Delimitation of the CDC8& gene. At the top is a restriction map of the DNA containing the CDC8 gene.
The thick lines below the map indicate the sequences contained in each of the designated deletion mutants. The
region of DN A deleted is designated by the dashed line. These deletions were constructed in vitro as described in
the text. The CDC~ phenotype was determined by transformation of a cdc8 mutant with plasmid DNA
containing each fragment. High-frequency transformation of the ¢dc8 mutant to CDC™ was indicative of cdcd
gene function. Symbols: (C) BamHI ends: (3J) Xhol ends.

tion of a plasmid containing the minimal comple-
menting sequence are described in Materials and
Methods and summarized in Fig. 4.

The deletion analysis reveals that the smallest
fragment capable of transforming the ¢dc¢8 mu-
tant 10 temperature resistance at high frequency
is 750 bp long. This fragment contains no delia
sequences and hybridizes to the Xmal-Sall frag-
ment from all of the libraries. This region lies <1
kb away from the SUP4 gene. The close apposi-
tion of the two genes accounts for the suppres-
sion of meiotic recombination frequency report-
ed between the two genes (16. 20). The
transformation frequencies for a number of the
deletion mutant plasmids was determined (Table
3). Since the high frequency of transformation
observed is typical of efficiencies obtained by
complementation rather than recombination.
these data suggest that the small fragment is
producing a functional CDC8 protein or frag-
ment thereof.

Detection of two additional genes that compen-
sate for the cdc8-1 mutation. Two of the plasmids
detected in the YRp7 library contain genes that
complement cdc8-1. but that do not contain any
sequence homology with the cloned CDCS& gene
described in the preceding paragraphs. First.
restriction enzyme mapping using both 4- and 6-
bp recognition enzymes shows that the two
plasmids isolated from the YRp7 library have a
completely different restriction map from the
plasmids discussed thus far and from each other
(data not shown). Furthermore. no homology
between these two plasmids and the 750-bp

CDC(C8-containing fragment could be detected by
blot hybridization (Fig. 3. lanes 3. 5. 9. and 11).
Based on the restriction enzyme mapping. we
conclude that these plasmids give high-frequen-
cy transformation of the ¢dc8 mutants at the
restrictive temperature by providing either a
different protein that compensates for a deficien-
cy in CDC8 protein or a suppressor of the
missense mutation in cdc8-/. We have designat-
ed the genes responsible for this behavior SOCS-
] and SOCS§-2. suppressors of cdc8. These plas-
mids transform at a lower efficiency than the
CD(C8-containing plasmids (see Table 1). al-
though stll at a frequency 200 to 300 times
greater than an integrating plasmid. Further in-
vestigations are essential to determine how they
are compensating for the defect in CDC8 (see
Discussion).

DISCUSSION

We have cloned a gene that complements c¢dc¢8
mutants and that is physically linked to the
SUP4 locus. The map position of the cloned
gene confirms its identity with the CDC8 gene.
The library we have described here should also
be useful in cloning genes that would be lethal in
high dosage: high-frequency transformation is
achieved with the centromere vector. but the
intracellular copy number is 1.

An interesting finding is that the minimum
fragment capable of complementing the cdc&
mutation is 750 bp long. Since plasmids contain-
ing this small insert were able to transform with
the same high frequency as plasmids containing
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FIG. 5. Construction and structure of YCp50-S4
CDC8. Plasmid pSU4 was cleaved with restriction
nuclease BamHI. and the fragment containing the
SUP4 and CDC8 genes was recloned in plasmid
YCpS50. YCp50 was digested with BamHI endonucle-
ase and treated with alkaline phosphatase to prevent
ligation of vector DNA in the absence of an insert.
Ligations were carried out overnight at 15°C. using T4
DNA ligase: the reaction mixture contained 1 pg of
vector DNA and 0.5 pg of pSU4 in 50 ul of 66 mM
Tris-hvdrochloride (pH 7.6-66 mM MgCl--10 mM
dithiothreitol-1 mM ATP. The resulung plasmid.
YCp50-S4 CDC8. was shown to contain two BamH]I
sites. and the orientation of the fragment inserted was
determined by restriction endonuclease digestion anal-
©ysis.

large segments of flanking DNAs. it appears
likely that this fragment contains the complete
CDC8 gene. However, such a coding region
would normally only give a 27.000-dalton pro-
tein. Using complementation assays. others
have purified the CDC8 protein to homogeneity
and found a monomeric molecular weight of
34,000 to 40.000 (1). It is therefore possible that
we have identified a fragment of the CDCS8
protein that is active either in itself or in comple-
menting the temperature-sensitive protein in the
mutant. (The possibility that the small fragment
of the gene is giving transformants at 37°C by
virtue of recombination between the plasmid
and the mutant gene rather than complementa-
tion is made unlikely by the high frequency of
transformation and by the facts that cells that
have segregated out the URA™ phenotype after
growth on rich medium are once again tempera-
ture sensitive and that this segregation occurs
with the frequency characteristic of autonomous
plasmid loss rather than loss of integrated plas-
mids.) Nucleotide sequencing of the small frag-
ment and purification of the overproduced
CDC(C8 gene product from cells containing the
CDC8 plasmid should resolve these questions.
If, indeed. we have only identified an active
fragment. this may be useful in determining
whether the CDCS8 protein can be described in
terms of separate domains of activity. as is true
of other single-stranded DNA binding proteins
(14).
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Northern blot analysis. not shown in this
work. indicates that the CDC8 gene cloned in
YEp24 produces 10 times as much of a 0.9-kb
RNA that hybridizes to the CDC8 gene as wild-
type yeast cells. The overproduction of the RNA
makes it likely the protein will be overproduced
to the same extent. Since the assay for the CDC8
protein is not linear in extracts, we will have to
purify the protein from strains containing the
CDC& plasmids before being certain the protein
itself is also overproduced.

Finally, an unexplained but potentially inter-
esting result is the isolation of two plasmids that
do not contain the CDC8 gene but that do
suppress the temperature-sensitive phenotype in
strains carrying the plasmid. What are these
genes? There are at least four testable possibili-
ties. First, they may just be previously unidenti-
fied genetic suppressors. most likely missense
suppressors. Second, and more interesting. they
may encode proteins that can bypass the need
for the CDCS8 protein. The CDC8 protein may be
a single-stranded DNA binding protein (1). and
perhaps there is a second such protein in veast
that can substitute for the CDC8 protein. We
have identified an independent replication mu-
tant that is deficient in a second single-stranded
DNA binding protein that might serve such a
function (C. L. Kuo. N. K. Huang. and J. L.
Campbell. unpublished data). Third. they might
encode proteins that are positively regulated by
CDC8 function. Finally. the most interesting
possibility is that these sequences may represent
genes for other replication proteins that interact
with the CDC8 protein. and overproduction of
the protein might compensate for an interaction
weakened by the cdc8 mutation. It is likely that
the CDCS8 protein does interact with other pro-
teins since it has been shown in vitro to stimu-
late DNA polymerase 1 of yeasts (1). Such genes
should be required for viability and this can be
tested by creating deletion mutants in vitro.

TABLE 3. Frequency of transformation of ¢dc&(Ts)
by hybrid plasmid DNA"

” Insert size Colonies'pg of DNA
Plasmid (kb) at ‘gc

pCLKS54 4.25 29 x 10}
pCLK122 4.17 2.8 x 908
pCLK54-48 1.16 1 x 100
pCLKS4-60 0.75 3x 10°
pCLKS54-42 0.62 )

pCLKS4-10 0.28 6

“ The ¢dc8(Ts) strain. CLK6. was used for yeast
transformation. Before selection for colonies capuble
of growth at the restrictive temperature. the truns-
formed cells were allowed to grow for 3 h at 23°C on
YPD plates before placing them at the restrictive
temperature.
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replacing them in the chromosome and asking
whether the mutation is lethal (24, 26). This may
offer a very powerful way of identifying new
replication genes.

ACKNOWLEDGMENTS

We thank Lee Hartwell for providing us with plasmid
YEp24-CDC8 before publication and for critical comments on
the manuscript. We thank Stewart Scherer for plasmid YCp50
and helpful discussion.

This investigation was supported by grants from the Public
Health Service National Institutes of Health (GM25508). the
American Cancer Society (MV-142), and the March of Dimes
(1-794). J.L.C. is the recipient of Research Career Develop-
ment Award CA00544.

ADDENDUM IN PROOF

The length of the RN A encoded by the CDC8 gene is
0.9 kb. Furthermore, recent DNA sequencing in this
laboratory indicates that the protein encoded by the
CDC8 gene is 216 amino acids in length. The molecular
weight of the protein encoded by this sequence is
24.792. Taken together with the size of the segment of
DNA that gives complete complementation of the cdc8
mutation. these data make it unlikely that the CDC8
protein would have a molecular weight of 37.000. as
previously estimated on the basis of mobility in SDS
gels (1). The discrepancy between the molecular
weight determined by DNA sequencing and that deter-
mined by analysis of the protein (1) could arise if the
mobility of the protein is anomalous or if the molecular
weight analysis of the protein is inaccurate for some
other reason.
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ABSTRACT

Thymidylate kinase catalyzes the phosphorylation of
thymidine-5'-monophosphate to thymidine-5'-diphosphate in the
pathway of synthesis of 4TTP from dTMP. We have purified the
enzyme approximately 5000-fold from a strain of the yeast
Saccharomvces cerevisiae that overproduces the activity 6-fold.
The protein appears homogeneous by SDS-polyacrylamide gel
analysis and has a molecular weight of'25,000. The amino acid
composition and the sequence of amino acids on the NH,-terminus
have been determined.

Our interest in thymidylate kinase stems from the fact that
Sclafani and Fangman1 recently presented genetic evidence that
this enzyme is encoded by the CDCB gene of yeast. In this paper
we show by several biochemical criteria, thymidylate kinase is
the product of the CDC8 gene. First, extracts of strains bearing
six different alleles of ¢cdc8 showed no thymidylate kinase
activity. Secondly, strains carrying the CDC8 gene on a high
copy number plasmid produce 6-fold higher levels of the kinase
activity than does wild-type. Third, the DNA sequence of the
CDC8 gene reveals an open reading frame that encodes a protein
with the same amino terminal seguence as purified thymidylate

kinase.
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INTRODUCTION

cdc8 mutants of yeast have defects in cell division and in
DNA replication. Temperature sensitive cdc8 mutants shut off
~nuclear, mitochondrial and 2um DNA synthesis immediately when
shifted to the restrictive temperature (Bereford and Bartwell,
1971, Newlon and Fangman, 1975, Livingston and Kupfer, 1%77). DN2
molecules isolated from cdcB cells at 36°C contain replication
bubbles less than 3 um in size. The small size of the
replication bﬁbbles reflects a reduced réte of chain elongation
(less than 1% that of the normal rate (Petes and Newlon, 1974)).

In order to gain an understanding of the role of the CDC8
protein in replication, we have taken two approaches., First, we
have partially purified the CDCB protein using ip witro
complementation in Brij-treated cells (Ruo and Campbell, 1982).
Bowever, we were not able to assign a catalytic activity to this
protein. We have also cloned the CDC8 gene by complementation of
the temperature sensitive defect in vivo (Ruo and Campbell, 1983)
in order to overproduce the protein to aid in its purification
and identification.

The first insight into the role of the CDC8 came when
Sclafani and Fangman showed that the thymidine kinase (TK) gene
of the Berpes Simplex Virus (BSV), when introduced into ¢dc8
mutants of yeast fully complemented the gdc8 defect.l This was a
surprising finding, since yeast has no thymidine kinase activity
of its own and since the CDC8 protein did not appear to be
regquired for precursor synthesis. cd8c8 mutants exhibit

temperature sensitive synthesis in permeabilized yeast cells,
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where the precursors of synthesis are provided. It therefore
seemed that some other activity associated with the BSV TK gene
must be responsible for the complementation., Berpes thymidine
kinase has previously been shown to have two additional catalytic
activities associated with it, thymidylate kinase and
deoxycytidine kinase (Chen and Prusoff, 1978). Sclafani and
Fangman have taken a genetic approach and we present here a
biochemical approach, both of which show that the product of the
yeast CDCB8 gene is thymidylate kinase. 'In this paper we report
the purification of the thymidylate kinase activity to
homogeneity and physical characterization of the protein. The
DNA seguence of the CDCB gene is also reported and comparison of
DNA sequence and amino acid seguence of the purified protein
conclusively demonstrates that the CDCB protein is thymidylate

kinase.
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MATERIALS AND METHODS

Yeast Strains and Media-- Strains used in these studies are
described in Table 1. Strain C6b was obtained by crossing §8111
to strain 198-1 cdc8-1. C6B was transformed by various plasmid
vectors carrying the CDCB gene: C6B/YEp24-CDC8, C6B/YRp7-CDC8,
CCB/YCpSO-QQQﬁ, C6B/CLK-60, C6B/CLEK-8 (Kuo and Campbell, 1983).
YPD is complex medium for routine growth and contains 15 Bacto-
yeast extract, 2% Bacto-peptone, and 2% dextrose. SD 1is a
synthetic minimal medium containing 0.67% Bacto-yeast nitrogen
base without amino acids and 2% dextrose. Various constituents
are added as required by the various strains for growth.

Chemicals == ATP and dTMP were from P-L Biochemicals, [35-5-
methyl]dTMP was from Amersham. PEI-cellulose plates were
obtained from Brinkmann Instruments, Inc. Acrylamide and
bisacrylamide were fron Scientific Chemical Company, Inc. DE-52
was from Whatman. BHydroxylapatite was from Bio-Rad. Phenyl-
Sepharose and Sephadex G-50 Superfine were purchased from
Phermacia Fine Chemicals. Zymolyase 60,000 was from Seikagaku
Kogyo Co., LTD. (Japan).

Thyridylate RKinase Assgy -- The reaction mixture (50 ul)
contained: 75 mM Tris-HCl, pE 7.8, 10 mM MgCl,, 7.5 mM ATP, and
0.5 mM [3B]dTMP (40-60 cpm/pmole). The reaction was initiated by
the addition of enzyme. After incubation at 37°C for 30 min, a
sample of the reaction mixture was spotted on a PEI-cellulose
plate and the plate developed with 1 M formic acid, 0.8 M-LiCl.
Radioactivity was determined by placing fractions in vials and

counting in the Beckman LS-230 scintillation counter. Under
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standard conditions, the thymidylate kinase activity is
proportional to the amount of protein added between 2.5 to 50 ug.
The reaction rate is linear for at least 90 min at 37°C. The
thymidylate kinase activity in crude extracts was stable for one
month at -70°C. One unit of enzyme activity is defined as the
amount of enzyme catalyzing the formation of one nmole of dTDP
at 37°C for 30 min.

Determination of Amipno acid Composition and N-terminal Amino
Acid Seguence -- Enzyme, purified through the HPLC step (Fraction
Vlia, Table IV), was hydrolyzed in 6N BCl for 22 hours at 110°C
according to Moore and Stein (1954). The amino acid composition
was determined using a Durrum Model D500 automatic amino acid
analyzer. Acid-stable amino acids were determined with an HP1000
computer.

Purified thymidylate kinase (5 pmoles of Fraction VIa) was
used for repetitive cycles of Edman degradation in the automatic
gas-phase microsequenator (Bunkapiller, et. al., 1983; Hewick,
et. a2l., 1981). The phenylthiohydantecin amino acids formed in the
gas-phase seqguenator were analyzed by HBPLC as previously
described (BHunkapiller and Bood, 1983).

Polyacrylamide Gel Electrophoresis -- The procedure for
polyacrylamide gel electrophoresis was similar to the method of
Weber and Osborn, (1969). Samples were run on 12.5% or 15%
acrylamide, 0.6% methylene bisacrylamide slab gel (9 x 9cm) at 20
mA for 1 hr. Gels were stained by the method of Merril et al.,
1981.

Other Methods ~-- Glycerol gradient sedimentation weas

performed as previously described (Ruo and Campbell, 1982),
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except that 10-40% linear gradients were used. Protein
concentration was determined by the Bio-Rad Protein Assay Kit

based on the method of Bradford (1976).
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RESULTS

dTMP Kipase Activity in Extracts of Yeast -- Sclafani and
Fangmanl recently showed that Herpes Simplex Virus thymidine
kinase could complement cdc8 mutants in vivo, suggesting that the
CDCB gene product was either thymidine kinase or thymidylate
"kinase or deoxycytidine kinase, two other activities associated
with the viral protein. They suggested that CDC8 encoded
thymidylate kinase, since yeast does not have thymidine kinase.
In order to determine if the temperature sensitive, cell division
cycle mutant, ¢cdc8, was deficient in thymidylate kinase activity,
an assay for the enzyme in crude extracts was developed (see
Table II). (After we completed our assays, we learned that
Sclafani and Fangman had obtained identical results
independently).1 Under standard assay conditions, the specific
activity of thymidylate kinase in crude extracts of three
different strains (PEP4, A364sz, SSlil) carrying the wild-type
CDCB allele was determined. These values represent the normal
anount of thymidylate kinase in yeast cells.

Six mutants, each containing a different mutant allele of
£dcB, were then assayed for thymidylate kinase activity in crude
extracts. Mutant cells were grown at non-restrictive temperature
(23°C) in YPD medium. Thymidylate kinase assays were conducted
at both the restrictive (37°C) and non-restrictive temperature.
Nene of the mutants showed any enzyme activity at any temperature
(Table II). The absence of thymidylate kinase in these mutants
suggested that LCDC8 was either the structural gene for the
enzyme, or that the CDC8 gene regulated thymidylate kinase

function or expression in some way. Mixing wild-type extracts
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and ¢£dcB did not lead to inhibition of activity, making it
unlikely that there was a soluble inhibitor in the g£dcB8 extract.
Levels of decxycytidine kinase, the other activity associated
with Herpes TK, were normal in all strains.

The Level of Thymidvlate Kinase in Strains Transformed with
Plasmids Carrying the CDC8 Gene =-- In order to investigate
whether thymidylate kinase was encoded by CDC8, we made use of
the fact that the CDC8 gene has been cloned in plasmids YEp24,
YRp7 and YCp50 (Kuo and Campbell, 1983). The recombinant
plasmids were capable of transforming the ¢dc8-1 mutant (C6b) to
temperature resistance at high fregquency (Kuo and Campbell,
1983). These transformants, designated C6B/YEp24-CDCB, C6B/YRp7-
CDCB and C6B/YCp50-CDCB, were grown in both rich medium (YPD) and
defined media (SD-Ura or SD-Trp, depending on the marker on the
plasmid). After growth at 30°C, samples of the culture were
plated to examine the stability of plasmids. More than 98% of
cells grown in either YPD or in selective media contained
plasmid, indicating that the selection at 30 °C is sufficient to
maintain the plasmids. (The YRp7-CDC8 plasmid was in the
integrated form). Extracts were prepared from strains carrying
each of the plasmids and assayed as described under Methods.

As shown in Table III, both C6B/YRp7-CDC8 and C6B/YCp50-CDC8
had the level of thymidylate kinase activity observed in wild-
type cells. C6B/YEp24-CDC8 had a six-fold higher activity than
any other cell (Tables II and III). These results are consistent
with blot hybridization studies that indicate that C6B/YRp7-CDCB

and C6B/YCp50-LDCB possessed an amount of CDCB mRNA eguivalent to
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wild-type cells, suggesting an average of one copy of the gene
per transformed cell. C6B/YEp24-CDCB, which has a copy number of
50-100 per cell, showed 10-20 times more CDC8 mRNA than wild type
(data not shown) and a six-fold increase in kinase activity.
Thus, the thymidylate kinase activity is proportional to the CDC8
mRNA levels in various transformed cells.

Previous deletion analysis of the cloned CDCB gene revealed
that the smallest fragment capable of transforming the ¢dc8
mutant to temperature resistance at high freguency is a 750 bp
segment carried on plasmid pCLK-60, (Ruo and Campbell, 1983).
Plasmid pCLK-8 contains an insert with 12bp deleted from the N-
terminus of the functional CDC8 gene, and does not transform cdc8
to temperature resistance. Strain C6B/pCLK-60 showed normal
levels of thymidylate kinase activity when grown at 37°cC.
Furthermore, the enzyme activity decreased to one-sixth of the
normal level when cells were grown in YPD medium at room
temperature, presumably due to the loss of plasmid under non-
selective conditions. 1Interestingly, a low level of enzyme
activity was detectable in C6B/pCLK~8, even though this strain
did not contain the complementing form of the CDCB gene. Since
£dcB8 mutants did not bhave any detectable thymidylate kinase
activity, the enzyme activity found in the transformants could be
due to increased amounts of mRNA or protein derived from the
plasmid pCLK-8. 1In summary, the fact that the plasmid-containing
cells contain thymidylate kinase in proportion to the gene dosage
strongly suggests that the CDCB product is thymidylate kinase.
In order to establish this point we have taken the biochemical

approach described in the following paragraphs.
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PURIFICATIOR AND CHARACTERIZATION OF TEYMIDYLATE EIRASE

Purification Procedure for Thymidylate Kinase-- The strain
used for the purification of thymidylate kinase was the
overproducing, plasmid-carrying strain C6B/YEp24-CDC8 (Kuo and
Campbell, 1983). This strain is a gdc8-1 mutant carrying plasmid
YEp24 into which the wild-type CDC8 gene has been inserted. The
level of thymidylate kinase activity in this strain was 6-10 fold
as high as in the wild type (Tables II and III). This
amplification of the level of thymidylate kinase enabled us to
develop an efficient purification protocol.

The results of a typical purification are summarized in
Table IV, and the details of the purification procedure are
provided in the Miniprint Supplement. The protein is apparently

homogeneous, as shown by polyacrylamide gel analysis (Fig. 1).

Molecular Weight Determipation -- The molecular weight of
the purified enzyme was estimated by glycerol gradient
centrifugation and sodium dodecyl sulfate-PAGE methods. An
estimate from glycerol gradient centrifugation suggested a native
molecular weight for thymidylate kinase of 24,000 to 26,000 (Fig.
2a). For the purified and denatured enzyme, a molecular weight
of 25,000 is estimated by polyacrylamide gel electrophoresis in
the presence of SDS (Fig. 2b). Taken together, these results
suggest that thymidylate kinase is composed of one polypeptide
chain with an apparent M, of 25,000. This value is essentially

the same as the one deduced from the CDCB DNA sequence (see

10
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below) .

Amino Acid Composition -=- The amino acid composition was
determined by acid hydrolysis of the purified enzyme. The molar
ratio of amino acids was very similar to that predicted from CDC8
DNA sequence except for two residues. The slight deviation of
valine and isoleucine, for instance, could have arisen from
incorrect accountiné for the acid labile amino acids or from a
contaminant in the enzyme fraction.

F-terminal Amino Acid Seguence -- The. N-terminal amino acid
residues of purified thymidylate kinase were determined by the
Automated Microsegquencing method (Bunkapiller and Hood, 1983).
Eighteen residues were obtained as follows:

N-(Rl)=-(R2)-(R3)-Arg-Gly-Lys-Leu-Ile-Leu-Ile-Glu-

Gly-Leu-Asp-Arg-Thr-Gly~(R18)-Thr-Thr-Gln-Cys- - -.

The first three residues were obscured by the seqguencing
analysis due to high background in the early cycles of the
automated process. The sequencable protein, i.e,protein with
unblocked =-amino group, starts at the fourth residue of the open
reading frame and continues for eighteen amino acids. Only the
eighteenth residue is ambiguous. The seguence from the fourth te
the twenty-second residues of thymidylate kinase is the same as
that deduced from CDCB DNA seguence (see below). Thus, the
result strongly suggests that thymidylate kinase is the gene
product of CDCB, and also confirms that the reading frame of CDCE
gene in Table VI is correct.

Determination of Nucleotide Seguence of the CDCB gene. The
nucleotide sequence of the gene was determined and is shown in

Table VI. The open reading frame, 216 amino acids in length,

11
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would be translated into a protein of molecular weight 24,792,
The open reading frame is confirmed by the amino acid seguence

data presented above.

COMPLEMERTATION OF BRIJ-TREATED CELLS KITH PORIFIED
TEYMIDYLATE KINASE

Previousiy, we and others have reported that ¢cdcg mutants
show thermolabile DNA synthesis in Brij-treated in wvitro
replication systems (Hereford and Eartwell, 1971; Banks, 1973,
Kuo and Campbell, 1982). Furthermore, we showed that a protein
could be partially purified that complemented the defect in
Brij/sucrose-treated cdc8 cells (Ruo and Campbell, 1982).

Availability of the purified CDCB8 gene product, thymidylate
kinase, allowed us to ask why Brij/sucrose-treated cdc8 cells
showed thermolabile DNA synthesis, even though exogenous dTTP was
provided and what the nature of the previously observed
complementation was. DNA synthesis was carried out in
Brij/sucrose-treated wild-type or gdcB8 cells at 23 or 37°C (Table
VII). 1In the first experiment, dTMP was substituted for &TTP and
synthesis was measured in wild-type cells. 4TMP is just as
efficient a precursor as AdTTP. This is different from the result
obtained with cells treated only with Brij as described by
Hereford and Hartwell (1971). Such cells do not use 4TMP
efficiently as a precursor. Secondly, we examined the ratio of
activity at 37°C and 23°9C in both wild@ type and the ¢dc8 mutant.

The wild type shows a ratio of 1, while the mutant had a value of

12
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0.35. Bowever, if purified thymidylate kinase is added to the
cdc8 cells at 37°C, synthesis is restored almost to wild-type
levels.

Why do we see complementation? Added ATTP may be degraded
to dTMP such that a dTTP regenerating system, analogous to an
ATP-regenerating system, is necessary for optimal activity. In
this case, the precursors may flow in and out of the Brij-treated
cells, allowing complementation by an exogenously added protein.
Another possibility is that thymidylate kinase may participate
more directly in replication by interacting with the functional
replication complex to funnel nucleotides directly into the

replication fork (see Discussion).

13



44

DISCUSSION

We have purified the ATMP kinase activity of yeast to
homogeneity. Our results indicate that wild-type cells contain
2500 to 3500 molecules of dTMP kinase per cell. It has been
suggested that there are 400 replication origins on the yeast
genome (Newlon and Burke, 1980, Chan and Tye, 1980). Therefore,
there are about 6 to 9 molecules of fhymidylate kinase per
replication origin. The corresponding number reported for DNA
polymerase I is 1500 molecules in cells grown under similar
conditions (Badaracco et al., 1983).

We have also shown that thymidylate kinase is the product of
the CDC8 gene of yeast. First, ¢dc8 mutants contain no detectable
thymidylate kinase activity at either 23°C or 37°C. This
observation is identical to that of two other elongation mutants,
£dc9 (DNA ligase) and cdc2l (thymidylate synthetase) (Johnston
and Nasmyth, 1978; Bisson and Thorner, 1