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Abstract
An improved ill Yll.I..Q DNA replication system in Brijtreated Saccharomyces

~visiae

has been used to screen a

random population of temperature-sensitive strains for
mutants specifically defective in DNA synthesis.
mutants

defective in i.n yi.t.I..Q DNA synthesis have been

isolated.

Seven of them fall into three complementation

groups--~2,

~and ~~--involved

cell-division cycle.

in the control of the

Because synthesis in vitro represents

propagation of replication forks active in
of

Twenty

permeabil ization,

our

findings

Yi~

at the time

.k~l

that

and

~.kli

mutants can incorporate dTMP into DNA in such permeabilized
cells at 23°c but not at 37°c supports the conclusion that
these two mutations directly affect DNA synthesis.

Such an

involvement was previously suggested by .in YiY..Q analysis for
but wa s 1 e s s c 1 e a r f or ..c.J2Cl[.

~2..

The use f u 1 n e s s of our

screening procedure is further demonstrated by the isolation
of

replication

mutants

complementation groups.
in in

YiY~

The

in

in

previously

One strain shows a

serious defect

DNA synthesis but normal RNA synthesis.
Yi~~

system has also been used to purify the

coca

protein.

for

DNA chain el on gat ion and the

~mutant

strains are temperature-sensitive

required for DNA synthesis in
cells.

undescribed

y~

Extracts of wild-type

synthesis in Brij-treated

~

~~.a

gene

is

in permeabilized yeast

A364a yeast

mutant.

product

restore

DNA

A small, heat-stable

v

protein responsible for

this

complementation has

been

partially purified from wild-type cells.
~D~~

The
plasmids.

gene has

been isolated on recombinant

The yeast-E.coli shuttle vector YCp50 was used to

prepare a recombinant plasmid pool containing the entire
yeast

genome.

Plasmids

temperature-sensitive

capable

~~g~~l

of

complementing

the

mutation were isolated by

transformation of a cdc8-l 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

sequencing.

revealed

by

deletion

mapping

and

DNA

This fragment lies 1 kilobase downstream from

the we 11- c h a r act e r i z e d
genetically linked to

s Ul2i

~'

gene ,

a

gene

known

to

be

thus confirming the cloned gene

co r r e s ponds t o the ch r om o s om a 1

CD~~

gene.

Two a d d i t i on a 1

recombinant plasmids that complement the cdc8-l mutation but
that

do

not

contain the

0.75-kilobase fragment

f 1 an king DNA were a 1 so identified in this study.
plasmids may contain genes that compensate for the

or

any

These
cdg~~l

mutation.
By

the

following

criteria,

we have

shown that

thymidylate kinase, which catalyzes the phosphorylation of
thymidine-5'-monophosphate to thymidine-5 1 -diphosphate in
the pathway of synthesis of dTTP from dTMP, is the product
of the
~~~

~~~

gene •

F i r s t , t r an sf or me d s t r a i n s car r y i n g the

gene on a stable high-copy-number plasmid express

vi

higher levels of both the gene transcript and the kinase
activity than does wild type.

Secondly, extracts of strains

bearing different a 11 e1 es of
thymidylate kinase activity.
~~

cd~.S.

show no detectable

Third, the DNA sequence of

gene reveals an open reading frame that encodes a

protein of 216 amino acids with the same amino terminal
sequence as thymidylate kinase purified from yeast.

vii

Table of Contents

Ac know 1 e d gem en t • • • • • • • • • • • • • • • • •· • • • i i i
Abstract • • • • • • • • • • • • • • • • • • • • • • • • iv
List of Figures • • • • • • • • • • • • • • • • • • • viii
List of Tables

•

Introduction • • •

•

X

1

Chapter 1: Isolation of yeast DNA replication mutants
in permeabilize6 cells • • • • •
• • • • .9
Chapter 2: Purification of the cdc8 protein of
Saccharomyces cereyisiae by complementation
in an aphidicolin-sensitive in vitro DNA
replication system • • • • • • • • • • •

15

Chapter 3: Cloning of Saccharomyces cereyisiae DNA
replication genes: Isolation of the ~~gene
and two genes that compensate for the cdc8-l
mutation • • • • . • • • • • • • · - · • • • • 21
Chapter 4: The ~~ gene of yeast encodes thymidylate
kinase • • • • • • • • • • • • • • • • • • • 30

viii

List of Figures

Chapter 1

1. Optimum time of Brij 58 treatment • • • • • •

• •• 11

Chapter 2

1. In.c orporation of [ 32 p]dTTP into DNA at 37°C plotted
as a function of time of pretreatment for cultures
of wifd-type A3 6 4a and mutant ~ • •
• • • • • 17
2. Effect of aphidicolin on DNA synthesis in
perrneabilized A364a cells • • • • • • • •

.17

3. Complementation of Brij-treated s. cereyisiae ~
cells • • • • • • • • • . •
• • • • • • • • • • • 18
4. Complementation by purified cdc8 protein and
inhibition by proteinase K.. • • • • •
• • • • 18
Chapter 3

1. Restriction map of the centromere-containing
plasmid YCpSO • • • • . • • • • • • • • • • • • • • • 23
2. Restriction map of
YcpSO~.B.,

~-containing
YRp7~.B., YEp24~~.8. and

inserts in
pSU4 • • • • • • • 24

3. Southern blot analysis of DNA sequence homology
among the ~.a-related plasmids • • • • • •

.26

4. Delimitation of

.27

the~

gene •

5. Construction and structure of

YCp50-S4~

• • . • . 28

Chapter 4

1. SDS-PAGE electrophoresis of different purification
steps of thymidylate kinase • • • • • • • • • •

.62

2a.Glycerol gradient sedimentation of thymidylate
kinase • • • • • • • • • • • • • • • • • • • • • • • 63
2b.Molecular weight determination of thymidylate kinase
by SDS-PAGE electrophoresis . • • . • • • • • • • • • 64

ix

Miniprint Supplement Figures
1. Phenyl-Sepharose CL-4B chromatography of thymidylate
kinase . • • • • • •
• 70

........

2. DE-52 chromatography of thymidylate kinase • •
3. Hydroxylapatite chromatography of thymidylate
kinase • • . ·• • • • • • • • • • • • • • •

• 71
• •• 72

4. High-performance liquid chromatography of
thymidylate kinase using a C4 VYDAC column

• 73

5. Sephadex G-50 Superfine gel filtration • •

• 74

X

List of Tables

Chapter 1

1. Incorporationof [~- 32 p]dTMP in permeabilized
mutants, ~ and ~~' and in the parental yeast
strain A364a • • • • • • • • • • • • • • • • • • • • 11
2. DNA synthesis in some representative temperaturesensitive mutants • • • • • • • • • • • • • • • • • • 12
3. Tetrad data and i.n Yi.t..LQ. DNA synthesis in the spores
from crosses between temperature-sensitive mutants
and wild-type strain • • • • • • . • • • • • • • • • • 13
4. DNA and RNA synthesis • • • • • • • . . • • • • • • • 13

5. DNA s~nthesis in some representative permeabilized f+
and f temperature-sensitive mutants • • • • • • . • 13
Chapter 2

1. Requirements of the complementation assay • • • • • • 18
2. Purification procedure and results of a typical
purification • • • • • • • • • • • • • • . • •

• 19

3. Therrnolability of cdc8 protein from

• 19

4~

~

cells

Stability of purified cdc8 protein • . .

• 19

Chapter 3

1. Transformation of ~ strain (CLK6) with purified
plasm ids • • . . • • • • . • • • • • • • . . • • • • 2 5
2. Mitotic stability test of yeast transforrnants • • • • 25
3. Frequency of transformation of ~.S..(Ts) by hybr_id
plasmid DNA • • • • • • • • • • • • • • • • • •

.28

Chapter 4

1.

s.

cerevisiae strains used ••

. . . .. . . . . . .

• 51

2. Thyrnidylate kinase activity at 23°C and 37°C in
normal and mutant cells • • • • • .
• . • • • • • 52

xi

3. Recovery of thymidylate kinase activity in the cdc8-l
mutant carrying the cloned ~ gene on plasmids •• 54
4. Purification of thymidylate kinase •
5.

~TUino

acid composition of thymidylate kinase

6. DNA sequence of

the~

gene

7. .In :litt:Q complementation of
pu~ified thymidylate kinase

....

~g~S-l

.

mutant by

.......

• 55

. . . . 56
. . . • 58

...

.59

1

Introduction
Attention has focused
eukaryote,

recently on

Saccharomyces cereyisiae,

the microbial

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 arid characterize the gene
products required for DNA replication in yeast.

We have

used an improved in _yitro DNA synthesis system to screen a
randomly mutagenized population of temperature-sensitive
strains originally isolated by L.H. Hartwell
defects in replication iD

y~~.

(1967) for

The improved in

~~ro

assay uses yeast cells made permeable to nucleoside
triphosphates with the nonionic detergent Brij 58 (Hereford
and Hartwell, 1971; Banks, 1973).
in in

y~

Twenty mutants defective

DNA synthesis have been isolated.

Seven of them

fall into three complementation groups--cdg£,
~li--involved

Because

~

cdc~,

and

in the control of the cell-division cycle.

mutants are defective in the initiation of DNA

synthesis at 37°c in vivo (Hartwell, 1971; 1973; 1976) but
can incorporate dTMP into DNA at 37°c to the same extent as
wild type in this system, synthesis in vitro represents
propagation of replication forks active in vivo at the time

2

o.f

permeabilization.

~2.

Our finding that

and

~ll

mutants can incorporate dTMP into DNA in such permeabilized
cells at 23°c but not at 37°c suggests that these two
mutations directly affect DNA synthesis at replication
forks.
The original results of analysis of DNA synthesis in
mutants

~_g~2..

showed

that

mutants

~.d~2.

incorporate

substantial amounts of nucleic acid precursors at the
nonpermissive ·temperature .ill
Later

~~~2.

~.iyg,

' (Culotti l i .a.l., 1971).

mutants were shown to remain sensitive to

hydroxyurea, an inhibitor of DNA synthesis, when shifted to
the

permissive

temperature

(Hartwell,

1976).

The

hydroxyurea experiment suggests that DNA replication at the
nonpermissive temperature in these mutants is incomplete and
is consistant with our in yitro results.
(1983)

Conrad and Newlon

have shown that one third of the DNA remains

un r e p 1 i ca t e d a t

t h e non p e r mi s s i v e

tern pe r at u r e i n

.k.Q.Q 2.

strains. This is also consistent with the result of the .ill
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
synthesis

in

~.I:LC2.

gene plays an important role in DNA

yeast.

mutants

arrest

synthesis

with a terminal phenotype like that of other replication
mutants, such as

~~a.

~ ~.iy~,

however,

~l~

does not

3

show a drastic de ere a se in the amount of in co rpo ration of
[ 3 B]uracil

into

alkali-resistant

material

no np e rrn i s s i v e tempe rat u r e (Bar t we 11 , 1 9 6 7) •

at

the

0 u r res u 1 t s

suggest that this mutant probably does have a defect in DNA
synthesis itself and is worthy of further study.
The useful ness . of our screening procedure is further
dernon~trated

previously
isolated
15 4

by the isolation of replication mutants in

undescribed

complementation

groups. One of the

in vitro replication mutants, for instance, strain

a 1 so ha s a defect

DNA synthesis i.n

in

vi v o

strain 154 is in fact a previously unidentified
mutant.

Because

the

in

vitro

system

can

and thus

replication
identify

DNA

synthesis mutants that do not show a substantial defect in
precursor uptake into DNA

in

Yi~,

this method of isolating

mutants is an essential complement to the

in

~~

screening

procedure described by Dumas .e.t ,a.l. (1982).
The

~

mutant was known to be temperature-sensitive

for DNA chain elongation (Hartwell, 1971; 1973) and
gene product is required for DNA synthesis
t rea t e d yea s t c e 1 1 s.

in vitro in Brij-

Be c au se e x t r a c t s of w i 1 d- type A3 6 4 a

yeast restore DNA synthesis in Brij-treated
synthesis is inhibited by aphidicolin,
r e p 1 i cat i on .ill .Y i~ .Q
1981),

the~

( P1

e v ani

and

an inhibit-or of DNA

.e..t .a l. , 1 9 8 0 ; S u g i no i l .al. ,

we have extended the use of

synthesis system to purify the
compl em entation assay.

~~~~

Using

~.B.

the

in .YitiQ DNA

ge_ne product by the

convent i onal

methods

of

4

pur i f i cat i on, we h a v e pur if i e d the

~~

pr o t e in 6 0 0- f o 1 d.

The partially purified protein had a molecular 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
~

gene to overproduce the

~

protein.

shuttle vector YCpSO bearing the yeast
sequences,
selection,

to provide for

The yeast E.coli

ARSl, CEN4, and

replication,

stability,

OR~

and

respectively, wa-s used to prepare a recombinant

plasmid pool

containing the entire yeast genome.

Pl asmids
cdc~-l

capable of complementing the temperature-sensitive

mutation were isolated by transformation of a cdc8-l mutant
and selection for clones able to grow at the nonpermissive
temperature.

The entire complementing activity is carried

on a 0. 7 5-kil obase fragment,

as revealed by Bal31 deletion

mapping and DNA sequencing.

This fragment was shown to lie

1 kilobase downstream from the well-characterized .§.YJ2A gene,
a gene known to be genetically linked to
confirming that
chromosomal

~

the
gene.

cloned

gene

.C.Q~.S.,

corresponds

to

thus
the

Two additional recombinant plasmids .

that complement the cdc8-l mutation but that do not contain
the

~~~

gene or any flanking DNA were also identified.

These plasmids may contain genes that compensate for the
lack of CDC8 gene product.

5

Northern blot analysis indicates that

c~

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 .c.IlC..S. gene as wild-type yeast cells.
the

coca

gene reveals an open reading frame that encodes a

protein of 216 amino acids in length.
the

The DNA sequence of

size of

the

segment

complementation of the

of

DNA that

~mutation,

mo 1 e cu 1 a r wei g h t of the

~.a

Taken together with
gives

complete

it was clear that the

pr ot e i n i s 2 4 , 7 9 2 i n s tea d of

40,000 which was suggested to be the molecular weight of the
~

protein (Arendes

u

.al., 1983).

At the same time, it was shown by Sclafani and Fangman
that the thymidine kinase gene of the Herpes Simplex Vir us
fully complemented the
~..S.-1

~

defect when introduced into the

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
~.B.

"
gene
prod u c t mi g h t be thymi d y 1 ate k i na s e an d Am br o s e

Jong in this laboratory started to purify the thymidylate
kinase·.

By studying the thymidylate kinase ac_t ivity in

extracts of

~

mutants,

purifying the thymidylate kinase

from transformants carrying the

~.8.

gene on a plasmid DNA,

and comparing the results of amino acid composition and
amino terminal

sequence analysis of the purified yeast

6

thymidylate kinase activity

with the results obtained from

the DNA sequencing analysis, we _have shown that

the~~

gene of yeast encodes thymidylate kinase.
We propose that either the

~.B.

gene · product may play a

role in DNA replication in addition to precursor synthesis,
as

may

be

the

hydroxymethylase

case

for

(Chao .e..t

degradative enzyme in

bacteriophage

.al.,

~itro

1977),

or

and precursor

systems are ne·ce ssa ry for eff i ci en.t i..n

~i.t.L..2

T4

dCMP

there may

be

regenerating
synthesis · to

explain the observation that DNA replication is temperaturesensitive in

~

strains i.n vitro (Hereford and Hartwell,

1971; Jazwinski and Edelman, 1976; 1979; Kuo and Campbell,
1982; Celniker and Campbell, 1982; Arendes .e..t. .a.l., 1983).

7
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Biochemistry

Isolation of yeast DNA replication mutants in permeabilized

~ells

(itl citTo replicatioo/cdl-divisioo eyde/cdd mutant/akl6 mut&Dt/~ ~)

CHIA-LAM Kuo, NAK-HUI HuANG, AND JUDITH

L.

CAMPBELL

Oep.rtmeDt of ~istry. CaliKmlia lDStitute mTechnology, Pas.deca, CA 911.25

CC1frlmllnaarted by Leroy Hood, juL; 15, 1983

ABSTRACT
A random populatioo of temperature-sensitive
mutants was screened by assaying for defects in DNA synthesis in
a permeabiliz.eci yeast D~A replication system . Twenty mutants
defective in ill oitro DS.~ synthesis have been isolated. In this pa·
per we describe eight of these mutants. Seven of them fall into
three complementation~. alc8, aod cdcl6-involved
in the c:tJOtrol of the oeD-d.i"-iston cycle. Because synthesis in oitro
represents propagation of replicatioo forks active in tlioo at the
timt of permeabiliz.atioo, our finding that cJd and cdcJ6 mutants
can incorporate dTMP into DSA in suoi perme.abili.zed cells at
23"C but not at 3rc rupporn the coodusion that these two mu!Jltioos clirectly affect DJii.~ syntMsis at replication foro. Such an
mvolvement •-as pre"-iousiy suggested by in t'ioo anaJysi.s for CDC2
but was less dear for COC16. Finally, the U5efuloess of our
screening procedure is demonstrated by the isolation of replication mutants in previowh• unckscribed complemen!Jltioo groups.
One strain shows a serious defect in mmoo DXA synthesis but
DOrmal R~A synthesis.
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 y~t system is related to the ab1lity to take a
combined genetic and biochemical approach to the study of D.l\A
replication . Specificaily, we would like to isolate and characterize the proteins required for D.l\A replication in yeast by
complementation of D.l\.lt replication mutants in a cell-free in
oitro DJ\A replication system such as has rerently been described (l-4).
Genetic analysis of yeast D.l\A replication began with the
isolation and characterization of a number of temperature-sensitive mutants ha,ing defects in cell di,ision (5). Of these, several were found to be deficient in DKA. ~11thesis (cdc28, cdc4,
cdci. cdc2, cdc6. cdc8, cdc21, and cdc9) (5-11). The products
of CDC28 and CDC4 are beliE'ved to have execution points in
the cell cycle before the actual onset of D~A ~11thesis, and
CDC7 seems to act at the time of entry into S phase (7, 9). CIX21
has been shown to be defective in the ~11thesis of dntP (12).
Thus only CDC2 , CDC6 , CDC6, and CDC9 appear to be directly involved in D.l\A synthesis. CDC2 must function to complete DJ\A ~11thesis, and CDC6 seems to be involved in initiation (8). CDCB has been shovm to be involved in elongation
and is required for mitochondrial D.l\A synthesis ('7, 13). Recently, the CDC8 protein was purified and shown to bind to
single-stranded DNA (14, 15). cdc9 mutants s~11thesize DJ\."at the nonpermissive temperature, but the D?'\A is of low molerular weight. cdc9 strains contain no DN:\ ligase, and therefore CDC9 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 tern-

perature-sensitive mutants that show a reproducible decrease
in D.t\A synthesis at thE' nonpermissive temperature, but spe-

cific defects have not been elucidated . Dumas et al. (1i) have
described a 5CTeening procedure for identifying mutants de-

kctive in incorporation of [3H]uracil into D.l\A in oioo. Thev
have defined 60 complementation groups, many of which ~
likely to play direct roles in DNA synthesis. We have adopted
a different approach that consists of screening a randomly mutagenized population of conditionally lethal yeast strains for defects in replication in oitro. The in vitro assay uses yeast 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
bas a ksion in a gene d.irectlv involved in DNA svnthesis. TwentY
mutants have been identifted . Three fall in previously ide~
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 viw phenotypE' did
not pl't'viously allow one to conclude whether or not these mutants bad a specific defect in D?'\A s~11thesis .

MATERIALS AND METHODS
Strains. The parent strain A364a (a adcl ural gall tyrl hisi
lys2 ) and a strain derived from A364. strain 198, cdcS-1 were
from L. H . Hartwell (l:niversity of Washington ~ (20). Strain
cdci was derived from A364 and was from John Scott (University of Illinois). The 400 haploid temperature-sensitive mutants, which do not form colonies at 36°C but do form colonies
at 23"C, were derived from A364a by mutagenesis v.ith ~·-meth
yi-N'-nitro-;\'-nitrosoguanidine by L. H. Hartwell (5. 20) and
were provided by Fred Sherman (l'ni,·ersity of Rochester). Strain
0273-lla (a-adel hi.sl trp2) was from the Cold Spring Harbor
Laboratory collection . Strains of a mating type for complt>mentation studies, obtained by crossing each mutant with strain
SRG05-1 (a trpl·l met8-1 ile-1 ilv2,l were from Steve Reed
(University of California, Santa Barbara ). Segregants of a mating type were identififfi 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 auxotrophic 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 H20 .
A.sci were digested for 20 min at 32°C v.ith a 1:20 dilution of
glusulase . Tetrads were dissected and analyzed.
Preparation of Permeabili.z.ed Cells. Strains were grown at
23°C to a density of 2 X lOi cells per ml in YPD medium, collected by centrifugation, and washed tv.ice v.ith H 20 . The cells

Tbt- publication costs of this article were ddrayed in part b~ page charge
payment. This article mus1 therefore be hereby marlced "tuf.VN"ti.serncnt" in accordance "ith lb L1.S.C. §1734 solely to indicate this fact .
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were suspended in 10 mM Tris-HCI, pH i .2/2 M sucrose/1%
Brij 58 to a final concentration of 2 x I<t cells per ml and incubated until the cells were permeable as monitored by alkaline
phosphatase acti\ity (18). The permeabilized <:ells can be frozen
at -20"C for up to 2 wk and used in the assay for DKA synthesis
when desired .
Screening Assay for DNA Synthesis. The standard DJ\A
replication reaction mixture contained 50 m~f Tris-HCI (pH 8.0);
lO m~f MgC12 ; 1.5 mM 2-mercaptoethanol; 50 ~J,:\i dATP, dCTP,
and dCTP; 2~J,M [a-32 P}dTTP (4,000-8,000 cpm/pmol); 1 mM
ATP; 10 m~i phosphoenolpynl\'ate; 1% Brij 58; 0.05 ml of
Tris-HCI/sucrose/Brij 58 cell suspension . After incubation for
30 min at 3;oc the reaction was stopped and the amount of radioactive material was determined as described (15).
Labeling of DNA and R.!IIA with [3 H]Adenine. Mutants
~ing a defect in DK'. synthesis in the above procedure were
assayed for D~A svnthesis in vioo. Cells were ~·n in YPD
medium at 23°C to.2 X 107 cells per ml. YPD medium was removed by centrifugation and washing and cells were suspended
in SD medium containin~?: the ~equired amino acids (30 ~J,g/ml)
and [3 H]adenine at i ~J,Ci/ml (1 Ci == 3.i x 10 10 Bq ) to a concentration of 5 x 107 cells per ml. After 30 min at 23°C, an aliquot of the cell suspension was removed. Cell number was determined and the amount of [3 H)adenine incorporated into DK'.
and RK'. was measured as described in ref. 5. The remaining
culture was then maintained at 3jOC v.ith shaking . Aftt>r 3 hr,
another samplt> was taken to determine cell number and radioacthity incorporated into D.t\A and R.t\A as described in ref.

5.

RESVLTS
Characterization of D:\.-'. Svnthesis in Permeabilized Cells.
Hereford and Hartwell (181 .showed that veast c-ells made
permeable b\· the addition of Brij 5b can inco~rate i a- :I:!PjdTTP
into D.t\A in ·a reaction requiring ~Jg 2 ·, •.t..TP. and the three other
dl\"TPs: Although cells of the mutant cdc4 ga,·e normal synthesis in the permeable cells when grown at the permissive
temperature. synthesis did not occur in permeabilized cdc.J
mutants that had been kept at the nonpermissive temperature
for more than one ~eneration time before permeabilization . Because cdc4 mutants are capable of completing an ongoing round
of replication at the nonpermissi\'e temperature but are incapa·
ble of initiating new synthesi~ (6), this result suggested that
synthesis in citro represented the propa11:ation of replication
forb acti\'e in t:iw at the time of permeabilization . When permeabilized cells were prepared from cdc8 mutants. which are
deficient in elongation, no in vitro synthesis was obsen·ed
whether the cells were grown at permissi,·e or nonpermissi\'e
temperatures (18), suggesting that the same machinery used irl
ciw for carrying out D\.'. replication was also used in l'itro.
.'. modification of the permeabilization procedure that was
de\'eloped by Banks for stud~ing Ustilago has be-en describe-d
(15, 19). Cells are made permeable to triphosphates by incubation in sucrose/Brij 58. By using this system , we were able
to reproduc-e the results obtained by Hereford and Hartwell
(18) and to extend them in St'\'eral ways as described in ref. 15.
In Fig . 1, we present an additional aspt>ct of this systemnamt>h', that initiation mutants be-havt> in the sucrose/Brij 58treated cells in the same wa\ that the,· do in the Brij 55-treatt>d
cells described b,· Hereford :U,d H~'ell (18}. Cells wert' grown
at 23°C, incubaied ~ith Tris-HCI/sucrose/Brij 58 at 30°C for
the indit"ated timt>s, and s~'Dthesis was measured at 37"C. Fig .
1 ren·a.ls that ~ild-type cells respond to treatment with detergent and incorporate dT\fP into D!\ .~ . In strain cdc8. howe,·er,
even after se"eral hours of treatment. thert' is no incorporation
at 3i"C. cdci mutants are defecti,·e in the initiation of D!\.'.
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FIG . 1. Optimum time of Brij 58 treatment. Cells were treated
with Brij 58 for the times indicated. Synthesis wa.s then mea.surPd at
37"C. Values represent extent of synthesis and not initial rate (15!. 1.5
J.5.t, temperattire-eensitive mutant stra.in 154 .

svnthesis at :rr>C in oioo (6-8) and behave quite different)~· from
~6 strains in vitro. Tne cdc7 mutant incorporates dntP into
D~A at 37"C to the samt' extent as \\ild type . In a separate experiment, cdc4 responded exactly as cd.c':'. Thus, mutants that
inhibit entrant-e into S phast> are not defective in syntht>sis in
this type of in vitro system when the cells are ~own at the permissive temperature. Onl y if they are incubatt>d at the nonpemlissi\·e temperature in cioo for several hours do they show
an in citrn dt>fect (data not shown ; see also ref. 19).
\\'e also <:ompared the amount of in c.itro s~"Dthesis at 23°C
and 37"C in strains .'.364a (wild type), cdci. and cdc8. At 23°C
~'Dthesis is approximately the same in all three strains (Tab)C'
1). However. at 37"C ~'Dthesis is increased in \\ild type and in
cdci relative to 23°C, but it is decreased to background Je,·el
in cdc8. Thus, cdc6 replication is thermolabile in citro, reflecting exactly the response of cdcS cells in ciw, but tht> cdc7
mutant is not defective at any temperature in citro .
Detection of D\A Replication :\futants. Because the prepar.ation of permeabilized cell~ is easy and rapid , this in r.it ro
replication system seemed to offer an efficient means of st"reening directly for mutants \\ith defec-ts spt>cific.:ally affecting D\'.-\
s~'Dthesis . The principle ad,·antage of·an iu ~,;itrn system over
a screening procedure using in l'i~,;o labeling techniques is that
the latter cannot differentiate be-tween mutants with a primary
defect in replication and those mutants in whit'h the defect in
DK-'. s~nthesis is only secondary to a mutation affeC'ting R!\A
Table 1. Incorporation of [o-12J>}dTMP in permeabiliz.ed mutants,
ccic7 and cdc8 , and ill the parental yeast strain A364a

dTMP incorporated per 106

cells, pmol
23•c

Strain

37•c

A364a
ccic7
cdc8

4.83
5.02
1.07

4.25
4.76
3.98

Strains ...ere grov.-n, harvested, treated with Tris·HCI/suCTO&e/Brij
58 Gd usaved. DJ'\A "-nthesis v.·as meaiured at 37•c and 23•c . cdc7
iJ ~mperature &ensitiv~ for the initiatitm of DJ'\A synthesis. ~nd cdcB
iE tem~ture &ensitive for DJ\A replication at the restru:t1ve tern·
perature (37.CJ.
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synthesis, protein synthesis, or a cell-cycle function such as a
process required for the cells to enterS phase (for instance, cdc28,
cdc4. or cdc 7).
Approximately 400 temperature-sensitive mutants, strains
ts!f2-U492, were SCTeened for a defect in Df\A synthesis. The
mutants were grown at 23°C and were harvested in logarithmic
plwe of growth. The cells were washed, permeabiliz.ed by
treatment with Brij 58, and Df\A synthesis was measured at
37"C. A strain was regarded as a potential Df\A synthesis mutant if it had <25% of the activity of wild type, because that
meant that it \l,:as as defective as (or more defective than) cdc8.
By this asSAy, 20 mutant strains showed a reproducible defect
in Df\A 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 frequently enough among heavily mutagenized populations (see
below) of conditional mutants to make screening for them by
in oitro replication assays a reasonablt> approach.
Identification of cdc8, 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 representative collection (see ref. .20). This collection had previously been
screened for cell-cycle mutants by assessing terminal phenotypes by time-lapse photomicroscopy (20). Therefore, it was
possible to determine whether any of the temperature-sensitive mutants that we had identified rorresponded to any cdc
complementation groups, by comparing the numbers of our
mutants -v.ith those identified by Hartwell and colleagues. First,
we found that strain 198 was a cdc5 allele. This turned out to
be the same mutant we had used in the control experiments .
This fmding established the reliability of the screen. Second.
two of our other mutants. strains 346 and 370, v.·ere found b,·
this romparison to be cdc2 mutants. Third, mutant strain 28l
w-.s found to be cdc16. There are a number of other mutants
belonging to the cdc2, cdc8, and cdc16 complementation groups
in this collection . Mutants 256 and 336 (cdc2J, 141 (cdcB), aJld
486 cdc16) wert> either missing from the collection v.·t> received
or were no longer temperature sensitive in dw and were therefort> not assayed . .\futant 172 (cdcS.\ could not be permeabilized
with Brij 58. ~iutant 2&4 (cdcl6 ! showed less than 1/3rd the
level of wild-type synthesis in tht> first screen and was indeed
found to be t>ven more defective than cdc8 wht>n reassaved .
~tutants 246 and 249 (cdc16) wert> not as dt>fective , but we han'
not checked that our isolatt>s acruaDv rontain cdc16 alleles !\one
of our remaining 16 mutants was. among those identifit>d by
Table 2. DNA synthesis in 10me repreeentative tempen!tureletlllitive mutants
Strain

~·
cdc8
129
154
198
281
328
370
346
4.26

DNA
tynthesis

1.00
0.25
0.16
0.08
0.29
0.20
0.24
0.10
0.15
0.14

DSA I)'Jlthesis wu measured as the amount of (o.S2J>}dTMP incorporated into D~A at 37"C. Values are the mean of at least thrPe eeparat.t determinations. All reaction mixtures were adjusted to contain
approximately the same number of cells at the u.me stage of permeability. All values are normaliz.ed to a value of 1.00 for A364a.
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Hartwell and colleagues by screening for terminal phenotype
(.20).
The finding that cdc2 and cdc16 mutants are defective in in
vitro synthesis was a surprising and interesting result, because
previous studies had not indicated clearly whether these mutations directly affected Df\A synthesis. Both mutants, for instance, incorporate substantial amounts of radioactive precursors into DNA at the nonpermissive temperature in vit:o (22).
After discovering that these mutants were defective at 3~C in
penneabiliz.ed in vitro systems, it was of interest to further
characterize them by testing for defects at 23°C. We compared
the amount of synthesis in permeabil.iz.ed cdc2 and cdc16 at 23°C
and 3~C . Both mutants showed almost wild-type levels of incorporation in pem•eabilized cells at 23°C. Therefore, as for
cdcS. synthesis in citro in these mutants is thermolabile. TIIUs
our results suggest strongly that both cdc2 and cdc16 genes are
directlv involved in DK~ svnthesis.
~plementation Anal~is. We were interested in knowing
how many complementation groups were represented among
our mutants. Complementation analysis was carried out by preparing an a-mating type derivative of each of the 20 mutants.
Paif"'ist> matings were then conducted as described, and the
resulting diploids were tested for temperature sensithity. ~tu
tants 129, 328, and 426 were found to fall into thE> same complementation group as 346 and 3i0-namel~ · cdc2. Because of
the high frequency of appearance of mutations in the cdc2 group.
these mutants wt>rt' chosen for further studv. Strain 1~ was in
a different complementation group from th~ others. It was chosen for further stud,· becaust> it had a severt- defect in in t:itro
synthesis at both z.ioc and 3jOC, althou!!h more s~11thesis was
observed at 23°C. The remainin!! mutants havt> not been further characterized and will bf' described elsewhere.
Cell-<:ycle theory predicts that a cdc gene product is ne<'essarY for onh· one of the discontinuous events in the ct'JI t'\'dt'
(20). Therefo~e one expects that at the nonpermissive tt>mPerature an asmchronous culture of a ronditional mutant in a cdc
gene v.ill ~est growth -v.ith a homogeneous and characteristic
morphology called a terminal pht>notype. The three cdc2 mu·
tants identified. strains 129. 328. and 426. do not show tht> typical arrest morphology (two large buds ) of the two previously
identified cdc2 alleles. strains 346 and 370 (10). It is possibJt.,
therefore, that these mutants rontain secondar• mutations and
that when they art> removed the typical cdci terminal phenotype v.ill be obsen·ed .
Segregation Analysis. It was also important in t>valuatinF: the
usefulness of this method of detecting replieation mutants to
ensure that the temperature-sensitive phenotype and the defect in in vitro D~:\ svntht>sis were due to mutations in the
5arne genes. ~iutant strcuns 346 and 1;>4 wt>re each crosst>d v.ith
an appropriate non temperature-sensitive strain and sporulated.
and the segregation of the two traits , tt>mperature sensiti\'ity
in t:iw and in t:itro , was assaved in six tetrads for each cross.
In every tetrad , an example ~f which is shown in Table 3, the
temperature-sensitive phenotype and the in citro defect segregated together. This 2:2 pattern of ts- /ts• (temperature sensitive/not temperature sensitive) indicates that the temperature-sensitive in dtro synthesis is dut> to a mutation in a single
gene and that the same mutation is responsible for both the in
cit:o and in t:itro thermolabilitv.
DSA Synthesis in :Viw in ·the Recently Identified Replication Mutants. To verifv that the new mutants actualh- had
defe<.1s in D~.~ replication. the abilitY of mutant 1;>4 to inrorporatt> radioactivt> precursors into D~.~ and Rl\.~ in t:iro
was measured . At the permissive temperature all strains, wildtypt' A364a. cdc5, and mutant 154 showed similar lt>vels of incorporation of [3 H]adenine into D~A. The incorporation into
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Table 3. Tetrad data and ill vitro DNA synt.besi& in the 11p0res
from croues between '-empenture-een&itive mut.anu and
wild-type strain
Spores

Temperature
tensitivity

DNA
tynt.hesi.s

1.54
la
lb

lc
ld
2a
2b
' 2c

2d
a.6
la
lb

lc
ld

ta•

u·
u·

0.26
0.35
0.82

ts•

o.s.

ta•

u·

0.86
0.82

ts•
ta•

0.2.2

0.34

u·

0.82
0.83
0.2(
0.23

ts•
ts•
ts•

Strains were CTOI8ed with the wild·tYPe strain 0273-lla. The r-eIIUlting diploid celiE were removed and lrix tetrads from eac:h cross were
di.aected. Each 1p0re wa.s analyzed for temperature .ensitivity in uiuo
and in llitro. Allsay for temperature eensiti,;ty wu carried out by in·
c:uhating ltralns at 37°C. ProcedUTe$ for DNA eynthesis are a.s deecribed in legend to Table 1. Data for only t.h.ree repreeentative tetrads
are presented. All l2 tetrads were the same, that is 6 for lltrain 154 and
6 for strain a.6. u· indicates ability to grow at 370C; ts - indicates inability to gro-w at 3rC.
D~ .-\ and R.~ .-\ at the nonpermissive temperature, however,
was different in each of the mutants . These results are shown
in Table 4. With respect to D~A synthesis, cdcb showed .,.zs'k
of the level of v.ild type . ~lutant };)4 was even more defecti,·e
than cdcS, shov.inJ!; only 15'k of wild-type level. Both cdc& and
mutant 154, however. showed a substantial amount of R!\A
synthesis, 4-4fk and 3Jc,i , respectivel y. of the v.ild·type level
and more than tv.ic't' as much R!\.-'. S\11thesis as D!\.o\ S\'Jlthesis.
Thus, strain };)4 i~ in fact a pre\'iou~ly unidentified D!\.o\ replication mutant . confirming that the in t:itro screen detects mu·
tants v.ith in t:iw defects .
Further Characteristics of the Permeabilized CeU Screening System. One possible limitation of this screeninJ?: method
i~ that mutations affecting initiation may escape detection .
Howe,·er, one class of mutant we found , the cdc2 mutants . has
a phenotype consistent v.ith a defect in initiation (23). There·
fore , the system may be more \·ersatile than we would ha\'e predicted . Furthermore, initiation mutants are defecti,·e if grown
at the nonpermissive temperature , which could be incorporated into the scret>ning proc-edure if desired (18).
A further consideration is whether chromosomal replication
i~ affected in the mutants identified . Yeast contains, in addition
to 16 (or 17) chromosomes, mitochondrial , ribosomal , and plas·

Table -4 . DNA a.nd RNA eynthesis
Macromolecule
eynthesis

Mutant

RNA

D?"A

0.44

0.24
0.15

0.33

RJ\A a.nd DKA ~"tlthesis wen measured as t.he amount of (3 H)ad·
enine incorporated into R.'I\A z.nd DNA after 3 hr at 37"C as described
C5J. The abeolute amount of 3H incorporated int.o each of the mutant
eulturet • ·as multiplied by the AMOO IA~IKl ratio of A364a vs. mutant at
the ti.me of t.he shift to 37"C a.nd then di\ided by the amount of incor·
poration in a culture of A364a. Thus, aD values are D<rnWized to a value
of 1.0 for A364a.

Table 5. DNA I)'Dthesi5 in 10me repreeent&t.ive pmneabiliz.ed p·
and l temperature-eenaitive mutants

DNA ~YDthesia

Mutant ltrain

p•

l

96
145
282

0.72
0.83
0.60
0.16

0.29
0.62
0.25
0.20

3-46

Strains were grown, harvested, treated with Brij 58, and aaaayed for
DKA eynthesiJ ill vitro at 37"C. DNA eyntheais values are normalized
to a value of 1.0 !or A36<4a. To ilolate mutants containing no mitochondrial DNA,IJtrainl were grown for. days OD YPD agar plates COD·
Laining ethidium bromide. p· phenotypei, cells that have no mitochondrial function, we~ identified and p- were distinguished from l
by colony hybridization !24 l using nick·tranalated yeast mitochondrial
DNA prepared u detcribed by Zeman and Lu.ena !25).

mid DJiiAs. The work of Banks (19) suggested that Tris-HCI/
sucrose/Brij 58-treated cells might carry out only mitochondrial ~'Tlthesis , because in a p~ cell, all of the newly synthe·
sized Dr\ A was of mitochondrial rather than chromosomal den·
· sity. To ensure that the ill vitro system wa.s capable of measuring
chromosomal DNA synthesis and hoping to be able to screen
for genes affecting only chromosomal Df'A synthesis, we pre·
pared p0 derivatives of each of the strains in the collection of
400 temperature-sensitive mutants. p0 strains contain no mi·
tochondrial DNA. When we assaved them for DKA. S\'Dthesis
in vitro, we found about 5()<! as ~uch ~'Dthesis 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 S\'Dthesis mav be due to mitochondrial Df'A, not
all of it is, ~use many 0 mutants are as efficient as v.ild type
at in citra synthesis (Table 5). Unfortunately, because of the
inability to obtain reproducible results t'\·en on the same l strains
from experiment to experiment (Table 5 and data not shown ).
it was not possible to correlate lack of S~'Tlthesis in any particular
lstrain in citro v.ith specific mutations and we could not use
l strains to screen specifically for nuclear D!\A s~'Jlthesis defects . We attribute the variability in permeabilized p0 to either
(i) a lower permeability than p• cells: (ii) the fact that p0 cells
are much smaller (petites) than v.ild type and may, therefore.
be unable to transport enough precursors to support the full
level of S\'Tlthesis; or (iii) increased variabilit\' in recoven· of
cells duri~g the harvesting procedure. Tne str~ngest e,·ide~C't'.
howe\·er, that chromosomal DJiiA ~11thesis is being observed
in citra and that mutants in chromosomal S\"Jlthesis can be detected b~- the method described in this pa{>er is the fact that
cdc2 mutants were among the mutants we identified . Conrad
and f'ewlon (23) have shown that mitochondrial Df'A S\11thesis
continues for several hours after chromosomal Df'A ~'Tlthesis
has ceased at the nonpermissive temperature in ciw· in cdc2
mutants . Becau.se cdc2 mutants are deficient in citro, we must
be observing defects due to chromosomal Df'.-'. S)'Tlthesis.

p

DISCUSSION
We have examined 400 temperature-sensitive yeast strains for
mutants specifically defecth·e in D!\ .-\ replication by assa~;ng
for replication in vitro using cells made permeable to nucleoside triphosphates by the nonionic detergent Brij 58. \\'e have
identified 20 DJiiA replication mutants, 14 of which fal l into
new complementation groups. We can thus conclude that rep·
lication mutants appear quite frequently among random ron ·
ditionally lethal mutant populations.
The reliability of the screening proc-edure was first demonstrated by the fact that strain 198, pre\iously shown to carry
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cdc8-J and demonstrated to have a Dr-; A 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 effectiveness of the screen was further demonstrated bv confrrming that strain 154, one of the recently identified mu'tants, bad
a defect in DNA synthesis in vivo and that the in vitro replication defect cosegregated with the in vivo temperature-sensitive 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 penneahilized cells has been demonstrated.
One unexpected and interesting outcome of these studies
~'as the demonstration that cdc2 and cdc16 mutants are defective in DNA synthesis in this type of in vitro replication system.
cdc16 mutants arrest synthesis with a terminal phenotype like
that of other replication mutants, such as cdc8. In t)ivo, however, cdcl6 does not show a drastic decrease in the amount of
incorporation of t='H]uracil into alkali-resistant material at the
oonpermissive temperature (5).' Our results suggest that this
mutant probably does have a defect in DNA synthesis itself and
is worth\' of further studv.
cdc2 ~utants have be~n shown to have an execution point
early in S phase (10, 22) and arrest with a morphology like that
of cdc8 at the restrictive temperature (20). The ori~nal results
of analvsis of DNA synthesis in alc2 mutants showed that cdc2
mutants incorporate. substantial amounts of nucleic acid precursors at the nonpennissive temperature in vivo. Later it was
found , quite unexpectedly. that cdc2 cells remain sensitive to
hydroxyurea. an inhibitor of D~ .'. synthesis, after incubation
at the restrictive temperature (8). To account for these two apparently contradictory findings , it was suggested that the gene
product is required for the completion of DNA synthesis during
S phase. Our in t:i tro results would not have been expected on
the basis of the early in vivo incorporation studies but are entirely consistent with the hydroxyurea experiments, supporting
the above explanation for the apparently contradictory results.
Recently, Conrad and r-.;ewlon have shown that l/3rd of the
Dt\A remains unreplicated at the nonpennissive temperature
in cdc2 strains (23 ). It is not clear whether this is due to lack
of initiation at some replicons or inhibition of elongation . The
findin g we report here. that cdc2 mutants are defective in an
in t:ifro replication system that clearly mimics in vivo replication, thus adds to the accumulating evidence that the product
of the CDC2 gene plays an important role in DNA S)1lthesis in
yeast.
Because the in vitro svstem can identifv DNA S\'Dthesis mutants that do not show a· substantial defect in prerursor uptake
into DNA in viw, this method of isolating mutants is an essential complement to the in vivo screening procedure recently
described by Dumas et al. (17). As might have been expected,
cdc2 and cdc16 mutants were not among the alleles identified
in that studv.
We origi~ally used a complementation assay based on the
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same permeabilized ceU procedure used in this report to partially purify the CDC8 protein . However, none of the other
mutants we have detected could be complemented in this system, pro~bly because of the limited permeability of the cells
to macromolecules. Recently, we have developed a fully soluble 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 atro replication. The CDC2 protein and the strain
154 protein have already been purified by complementation
assay.
We thank Joan Kobori, Caren Chang, and Ambrose Jong for helpful
mmrnents on the manuscript. This work was supported by grants from
the U.S . Public Health Service (GM 25508 and T 32 GM Oi616l. the
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Purification of the cdc8 protein of Saccharomyces cerevisiae by
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D!\A synthesis in tlitro in Brij-treated Sacchorequires the product of the CDC6 gene (Hereford, L. M. & Hartwell, L. H. (19il ) Naturr (London) Nne Biol.
134, 171-172). Extracts of wild-type .U64a yeast restoreD:'\.~ syn·
thesis in Brij·treated cck-5, a mutant containing a thermolabile
cdc5· gene product. This constitutes a complementation assay by
which the cdc5 gene product can be monitored during purifica·
tion. A heat-stable protein responsible for this complementation
has been partially purified from both 1rild-type A364a cells and
from a cdc~ temperature-sensitive mutant. The complementation
acthity from the mutant is thermolabile when compared to the
"ild-type acti,it)·, indicating that CDC6 is the structural gene for
the protein.
ABSTRACT

dicolin, an inhibitor of Dr\A replication in t-'iw . 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
to in citro complementation. During the course of these studies,
we investigated whether Brij-treated cells of any of the Dr\ A
replication mutants could be complemented by extracts containing the wild-type gene product. cdc8 alone showed complementation; Dl\.~ replication in Brij-treated cdc8 cells could
be restored by the addition of "ild-type extract at the restrictive
temperature. The ability to achieve complementation "ith the
cdc6 defect may, in fact , be due to the unique physical properties of the cdcS protein described here .
In this communication we report the partial purification and
characterization of the cdc8 protein , using a complementation
assay to monitor acti,·ity. This is just the first step in ultimately
generating a molecular description of eukaryotic replication by
use of in t:itro complementation to purify and to characterize
the gene products in\'olved .

romgce~ ~

The microbial eukaryote Saccharomyces cem:isiae is an ideal
organism for probing the enzymatic mechanisms of D:\.~ rep·
lication in higher cells . \rhile displa~ing most of the features
of higher eukaryotic chromosome structure observed during
gene expression and D~ ..&. replication. yeast offers the ad"an·
tage o1·er higher cells of rapid grO\\th and relati,·ely simple organization . In addition. yeast cells can exist stably in both haploid and diploid states, thus facilitating the isolation of mutants
and their genetic analysis . Tremendous progress has been made
in elucidating the mechanism of D~ ..&. replication in bacteria.
by analysis of replication mutants and by biochemical charac·
teriz.ation of replication components . In these studies an important advanc-e was the de\'elopment of in citro replication
systems that allo"' purification of components of the complex
replication machinery by complementation anal~· sis . Such a
combined genetic and biochemical approach for dissecting the
replication machinery should also pro1·e profitable in yeast.
~tany temperature-sensiti\'e mutants ha1·ing defects in cell
dh·ision ha,·e been isolated and characterized b1· Hartwell (]i.
Of these . se"eral were found to be deficient in 0:\A s~11thesis ,
although onl~- in cdc6 mutants was it clear that the defect di·
rectly affected D~A replication (1, 2). We ha"e examined the
existing temperature-sensiti\'e strains for mutants specifically
defecth·e in 0~.-\ replication , by assaying for replication in dtro
in yeast cells made permeable to nuclE"'side triphosphates by
the non ionic detergent Brij. as described by Hereford and Hartwell (3). Brij-treated c-ells retain the morphology of intact cells
but are permeable to low molecular weight precursors of macromolecular s~11thesis . D~.-\ s~11thesis in this system corresponds
to in t·ico replication by se\'eral criteria. In particular. Dl\.A.
s~11thesis in the S. cern:isiae temperature-sensiti\·e replication
mutant cdc5 is heat labile in this in dtro system (3). In addition .
as shO\m in this communication, ~11thesis is inhibited by aphi·

MATERIALS AND METHODS
Strains. Parental strain A364a (a adel ural gall tyrl his7
lys2 ) and strain I98 cdc8, derived from .... 364a. were pro\'ided
by John Scott (t!niversity of California at Los Angeles ).
Medium. YPD (yeast extract/peptone/dextrose) medium is
describt-d in ref. 4.
Preparation of Receptor. Strain cdc8 was grown at 23°C to
a density of 2 x 107 cells per ml in YPD medium , collected by
centrifugation . and washed ~it-e "ith H20 . The cells were suspended in 10 m.\f Tris·HCI (pH i.2)/2 .\1 sucrose/l'k Brij 58
to a final concentration of 2 x 10~ cells per ml and incubated
at 300C until the cells were permeable, as monitored by-measuring alkaline phosphatase acti1ity (3). The receptor preparations were prepared fresh for each assay and retained acti\'itY
~~~~k

.

Complementation Assay for cdc8 Acthity. The standard
DK~ replication reaction mixture contained 50 m.\1 Tris·HCI
(pH 8.0); 10 m~f ~fgCI 2 : 1.5 m~f 2-mercaptoethanol; 50 1-L\f
dATP. dGTP, anddCTP ; 2~-L~f [a- 32P)diTP (4,000-8.000cpm/
pmol _; I m\f ATP; 10 m\f phosphoeno/pyru\'ate; l'k 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 3i"C the reaction wa.S stopped by the addition of 3 ml of l
.\f HCl/0.02 \f sodium p~Tophosphate , and the amount oftri·
chloroacetic acid-insolu hie radioacti"e material was determined
(5). .~ unit of cdc8 acti1ity is that amount of protein gi1·ing rise
to incorporation of 1.0 pmol of total nuclE"'tide in 30 min.
Other Methods. Protein was measured b" the method of
Lowry e1 al. {6).
.

The publication rosts of this article "''ere defrayed in part by page charge
pa1·ment. This article must therefore be hereby marked ··adcertise·
I'Fl('nt '' in accord.an<."t' v.ith 1~ l'. S. C. f 1734 solely to indicate this fact.
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RESULTS
D.SA Synthesis in Penneabiliz.ed Yeast Cells Mimics Dl'\A
Repliution in Vivo. D\"A synthesis is thermosensitiu in the
thmnolabilR mutant cdc&. Pre\ious studies bv Hereford and
Ham·ell (3) showed that ' 'east cells made permeable with Brij
58 could incorporate [a-~P]diTP into acid-insoluble material
in a reaction requiring ~ig2 .. , ATP, and the other three di\TPs.
The in citro n"plication system apparently used the same smthesizing machinery as Dt\A replication in cioo, because Di\A
synthe-sis was defective in Brij-treated strain cdc8 at the restrictive temperature. As shown in Fig. 1, we have reproduced
this finding. using a modified procedure that involves more
extensh·e treatment w)th 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 respond to the detergent treatment by supporting D?\:\ synthesis
when pro,ided \\ith d1\TPs. no Dt\A S\'Ilthesis over background is observed with Brij-treated cdc8 cells. The level of
synthesis in \\ild-type strain A364a is 5-fold higher than that
observed in the mutant cdc8 at 3/"C. Residual S\11thesis in cdcB
probably does not represent replication beca~se ATP is not
required .
S!f1lthesis is inhibited by aphidicolin. Aphidicolin, a tetracyclic diterpenoid. has recent!~ been shown to inhibit the
growth of eukaryotic cells a.l'ld \irus-infectt'd cells by inhibiting
D\:\ repu<.:ation {7, 8). Furthennore, Plevani {9) has sho"11 that
both yeast 0\.-\ poi~1Tierase I and 0?\A polymerase II are inhibited by aphidicolin, and Sugino et al. (10) have shoY.11 that
in yeast mutants that are penneable to aphidicolin the drug inhibits gTO\\th.
Bt-cause inhibition ofD~ .o\ ~11thesis by aphidicolin provides
one additional criterion for 0?\_-\ replication . we ha,·e examined
its effect on D\.-\ s~11thesis in Brij-treated ~east cells . ..t.s sho\\1'1
in Fig. 2.. aphidicolin inhibits 0\ .._ synthesis in the permeabilized cell system ; at a conc-entration of 20 p.g/ ml , D~A s~1'1thesis is reduced to 4W of normal . However, the addition of
increasing amounts of aphidicolin up to 100 p.g/ml does not
eliminate this residual synthesis. This drug-resistant s~11thesis
may reflt"C't the fact that d\"TPs are competiti\·e inhibitors of
aphidicolin (&• or rna~ · indicate the existence of a previously
undetected aphidicolin-resistant D~A-s~11thesizing system in
veast.
. Extracts of Wild-Type Yeast Restore D.SA S~11thesis in Permeabilized ulls of cdc8. Cell-free extracts prepared from a
~
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FIG. 1. lncnrporation of fJlp}dTI'P into DNA at 37•c plotted as a
function of tunt of pretreatment for cultures of y,·ild-type A364a and
muW!t cd.c8. &rams were grown, harvested, and treated for the indialed time period ..,.;th Tris/ sucrose/Brii_. DJ\A synthesis was then
measured in the standard assay using [a-UJI}dTIP.
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FIG. 2. Effect of aphidic:olin on DNA synthesis in permeabil.iz.ed
A364a cells. DNA synthesis in Brij-treated A364a cells was measured
with the addition of india ted amounts of aphidicolin di&SOived in dimethyl 5Ulfcwde.

w)}d-type A364a (donor extract) can restore ~11thesis to cdc8
cells made permeable by Brij treatment (receptor). As shown
in Fig 3a, extracts of wild-type .o\364a stimulate 0?\A synthesis
in permeabilized cells of cdc5 at 3jCC. In contrast, donor extracts from strain cdc5 cannot restore the acti\ity to the recipient cdc8 preparation at 3rC (Fig. 3a ). The difference in stimulatory acth·ity in extracts from wild-type and cdco indicates
that the donor extract is specifically pro,iding the cdc8 gene
product.
The inability of an extract of cdc8 cells to restore Dr\.-\ S\11thesis to permeabilized cdc8 cells at 3i°C is not due to n~n
specific loss of acti·.-ity. When assayed at the permissive temperature, cdc8 extracts can stimulate Dt\.o\ svnthesis in
permeabilized cdcb cells (Fig. 3b). Thus temperatu.re-sensitive
mutant extracts contain a thermolabile gene product. The cdc5
gene product in the permeabilized cells is apparently more labile 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 obsen·ation. because the abilit\' of cdc8
extracts to sen'e as donors in the complementation as~y ai 23°C
has allowed us to purify a thermolabile acti\ity from the temperature-sensitive mutant.
These obsen·ations formed the basis for the complementation
assay described in Materials and Methods. The requirements
for the complementation reaction using partially purified C'dcb
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 s~11thesis is inhibited in \\ildtype permeabilized cells. A receptor extract prepared from a
OK-\ replication mutant that falls in a different complementation group from cdc8, ts12 (unpublished results), was not complemented in these permeabilized cells. This result not onhshows the specificity for cdc8 in this reaction, but suggests that
this may not he a generally useful assay to isolate replication
proteins. In permeabilized diploid cells, a 2-fold increase in
overall 0~ .-\ smthesis was routineh- obsen·ed .
Partial Purlfiution of the cdc8 Protein. Because the cdc6
gene product is required for D~A s~11thesis in penneabilized
yeast cells. we have been able to purify the cdc8 protein by using
the complementation assay described abo\'e . The results of a
typical purification are summarized in Table 2.
Analysis of glyrerol gradient fractions by polyacrylamide gel
electrophoresis in the presence of sodium dodecyl sulfate indicated that fraction \'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 cdc8 protein that is consistent ,,;th a molecular weight (assuming it is a globular protein) of 10,000-20,000, which is also
in reasonable agreement ~ith the gel electrophoresis results .
Properties of the Purified cdc8 Protein. Purified cdc8 protein can complement penneabili:ed cdc8 cells. Although the
cdc5 protem could be purified from extracts by \'irtue of its
ability to restore Dr\A s~nthesis to permeabilized cdc8 cells,
the purified protein is much more efficien: than crude preparations in stimulating ~ntht-sis . As sho~11 in Fig. 4, 25 J..Lg of
cdc8 protein leads to a 10-fold stimulation of acti,·ity in the complementation assay at 37°C. The stimulatory acti,·ity i~ linear
for amounts of cdcS protein ranging hetween 2.0 and 10 J..Lg in
the assa~ · . Saturating amounts of cdc8 protein gh·e a 30-fold
stimulation of acti,·ity (data not sho''1l '· Result s presented in
Fig. 3, howp,·er. showed that only a 5-fold stimulation could be
achie,·ed ~ith saturating amounts of extract. This is easil~· explicable if an inhibitor is removed during purification.
Complementation actit:ity of the cdc8 protein purified from
the tcmpercture-sensitirc mutant cdc8 is thennolabile. The (.·<k5
protein was also purified from extracts of 5 . ceret:isiae cdc5
through the phosphocellulose step as described abO\·e. The purification was monitored by complementation assay at 23°C, a
temperature at which the cdc8 protein from this strain complements the mutant extract effecti, · el~· tsee Fig. 3b,. \\"hen
fraction T\' ~·as assayed at 37°C. howe,·er. complementing acti,·it~· v.-as abolished (fable 31. This is in sharp contrast to the
v.ild-type protein . which has the same acti,·ity at 2.3cC and 37°C.
Because the preparation from strain cdc5 is thermolabile, the

complementation activity is the product of the structural gene

for cdc8 .
Complementation by partially purified cdc8 protein is aphidicolin sensifit;e. After addition of aphidicolin. synthesis in the
complementation assay using ~ild-type cdc8 protein ~-as reduced to 40~ . a \'alue similar to that obtained "ith permeabilized A364a (compare Fig. 2\. This argues for . though does
not alone establish that, replicative synthesis ocrurs in tl-,is
assaY.

Heat stability of the cdcb actirity. As shov.n in Table 4. the
activity restoring D!\.o\ replication in permeabilized cdc8 at
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'Table 1. Requirements of the complementation
Omissions and additions
Complete
Omit d."JP
OmitATP
OmitMf·
Add aphidicolin (20 !>Lg/ ml J
Omit cdc8 rect>ptor
Omlt cdcB gene produt't
Omit cdc8 reeepwr, add ts12 rPCept.or

assa~·

01\A synthesis. pmol dTTP
incorporaied/per 10~ cells

0 0.4
E
~

0.61

<0.1
0.12

<0.1
0.23
<0.1
<0.1

<0.1

The ass.av conditions v.·ere as described in Materia/$ and Methods.
Y>ith the onilssions and add!tions noted . Each reaction mixture texcept
the aerond-t.o-last ' con tamed 10 !>Lg of partially punf1ed cdcS protem .

0·~------~--------~------IC
20
FRACTION IV (f.L(il)

FIG 4. Complementation by purified aleS protein and inhibition
by proteinase K. Recepwr cdc8 cells were prepared, indicaied amounLS
of cdt8 protein (fraction TV 1""tre added, and incubation v.·as carried
out a.s in the legend to f1g . 3. The lower curve !:l represenLS reaction
mixturee that contained cdc8 protein that had been treaied with proteinase K (100 J.i4i/ ml ' for 30 min at ss·c.
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Table 3. Tbermolability of cdc8 protein from cdc8 cells

Table2. Purification procedure and resulta of a typical
purification

Fraction

I

D

m
IV

v·

Step

Total
protein,
mg

Crudt enract
Streptomyocin and

166
73.7

Specific
activity,
units/mg

Recovery,
~

• .7

100

1• .2

134

~"H..l~0 4

DEAE-cell uloee
Ph01phocelluloee
Glycerol gradient

22.7
1.86
0.0.

52.0
924.-4
2900

DNA I)'Dthesi&, pmol
dTTP i.nalrporat.ed per
10' cells

150
160
13.5

Growth, &torrJ€t of cells Cl1ld preparotiDn of donor utracts. Strains
A364a and cdCB were grown at 23•c to late logarithmic phase in YPD
medium, collected by centrifugation, waahed twice with H20, and
lttlred in liquid nitrogen. All1Ubsequent procedures were carried out
at 0-4•c. For preparation of extracts, cell paste ...as thawed, diluted
with a &Olution of Zymolyue 60,000 10.5 mg/ml in H20 l, and adjusted
to OD6t0 c 400. The cells were incubated at 3o•c for 30 min, at which
time spheroplast fonnation was complete. The spheroplam were
mixed on a Vortex mixer •ith gliW beads and then disrupted in a
chilled homogenizer. The supernatant was then collected by centrifugation at 10,000 x g for 40 min (fraction Il. Strrptomyocin and ammonium •ulfate fractum.ation . A 10lution of 30'it streptomyocin sulfate
was added to extracu to a final concentration of 5'Jt . After stirring for
30 min, the auspension .,.as centrifuged at 20,000 x g for 20 min. Solid
<NH. l~SO, !0.47 g/ml l was added to the IUpernatant fluid and the
protein precipitate was collected by centrifugation. The precipitate was
di1110lved in buffer A 120 mM Tris·HCI tpH 7.6)/1 mM EDTA/ 1 mM
2-mercaptoethanol/20'K (..-tjvol l glycerol] and dialyzed against the
aame buffer (fraction ll 1. DE.AE-c:eUulole column chroTTl4U>graph_y.
Fraction ll f0.8 mll was diluted with 0.6 mJ of buffer A and applied to
a 5-ml DE52 (\\natman l DEAE-cellu!O&E column equilibrated with
buffer A. The column was washed and then eluted with a 50-ml linear
gradient of NaCJ (0.1-0.6 Mlin buffer A. Fractions containing the com·
plementation activity were pooled and precipitated by the addition of
ammonium sulfate <0 .47 g/ml 1. The precipitate was collected by centrifugation, resuspended in 0.5ml of buffer B [20mM Tris·HCI 1pH 7.0)/
1 m.\1 EDTA/1 mM 2-mercaptoethanol/20';t (9.1/vo]l glycerol) and
then dialyzed (fraction lli L PhosphocellulOSf P-11 column chromatograph). Fraction mwas diluted v.;th 0.5 ml of buffer Band applied to
a 4-rnl phosphocellulose P-11 CWhatman t column equilibrated with
buffer B. The column was ,.ashed and protein was eluted .,ith a 50-rnl
linear grad1ent of 1\aCJ (0.1-().6 M) in buffer B. Fractions containing
complementation acti\'ity , ,·t:ich eluted at 0.13 M 1'\aCJ, were pooled,
concentrated by (1\11. t 2 SO~ precipitation, redissolved in buffer C (the
aarne as buffer A except that 0.1 m.\1 dithiothreitol is substituted for
2-mercaptoethanol J. and dialyzed against the same buffer (fraction I\').
Gl,vct'ro/ gradient .edimentatwn. Fraction I\' was dialyzed aga.mst buffer C containing 5~ (v.1j vol l glycerol and layered on a 4.6-rn.l linear
gradient of 10-3o<;t i..-tjvol 1 glycerol containing 0.02 M Tris·HCJ \pH
i .5J, 10 mM 2-mercaptoethanol, and 10 m.\11'\aCI. Centrifugation "'as
at 45,000 rpm at 2"C for 28 hr in a Spinco SW 50.1 rotor. The followmg
proteins were used as standards: alcohol dehydrogenase, bol>ine 11erum
albumin. hemoglobin. and cytochrome c.
• This step , .as performed on only a portion of fraction I\' and the values in the table •·ere obtained by multiplying by the appropriate

Protein

Aaay

Aaay

IOUTce

at 230C

at 37·c

Wild-type
cdc8

1.2

1.2

0.80

0.11

1.0
0.13

Fraction IV UO ~\ wu uaayed at 230C and 37"C in the complementation assay. There was no measurable activity at 37•c when profrom atrain t::dc8 wu added.

~in

cells under the conrutioru in

which it inhibited cdc8 comple-

men~tion .

DISCVSSION
The cdcB protein is essential for DJ\A replication in cico and
is requiTed for cell division . When strain cdc8 grovm at the permissive temperature, 23°C, is shifted to the restrictil·e temperature, 36°C, cells accumulate v.ith a nucleus that remains
unru\ided but is located at the isthmus between parent cell and
bud . The first ·wave of DI\.\ synthesis after shift up does not
occur (1 ). The product of the cdc8 gene is apparently required
throughout the period of D!\:\ s~11thesis, because when a ~11chroniz.ed culture of cells defective in the gene is shifted to 36°C
v.ithin the S period, nuclear D!\A replication ceases immediately (2). ~fitochondrial DJ\A replication also ceases at the nonpermissil·e temperature in cdc8 mutants (II ). Electron microscopic examination of chromosomes in cdc8 cells placed at the
nonpermissive temperature for approximate}~; two generation
times shows a high proportion of molecules that c-ontain replication "bubbles." The "bubbles" contain two double-stranded
branches v.ith an average length of 3 ~m (12).
The formation of replication intermediates at the nonpermissive temperature suggests that the cdc5 mutant can initiate
DKA.. synthesis at the nonpermissive temperature, while the
small size of these "bubbles" ma1· indicate a reduced rate of
chain propagation . Thus , the in t;iW results suggest a role of the
cdc8 protein at the replication fork .
Another interesting property of cdc8 mutants is that D~A
extracted at the nonpermissive temperature also contains clusters of small denatured regions , approximately 300 base pairs
in length (13). Denatured regions appear on both newly replicated and unreplicated D~ :\. and disappear upon centrifugation in CsCl. suggesting that the DJ\A in this region may be
Table ( . Stability of purified cdc8 protein
Acth;ty
remc.ining ,

factor .

Treatment
37"C was highly stable. being resistant to incubation at 65°C.
After I 0 min at 65~C. 80'K of the acti\itY remained .
cd.cb actit:ity resides in a protein. The. lack of acti1·ity in fractions from cdcb extracts at the restrictive temperature. shown
in Table 3, inrucates that the acthity resides in a protein or
R~:\ . The acti,·ity is resistant to R~ase .A.., howe,·er , ruling out
that it is an R!\.4.. molecule. The acti,·ity is also resistant to papain . e1·en at 65°C. a property possibly related to its resistance
to heat denaturation (Table 4). However proteinase K. a protease generally considered to be more active toward proteins
in nati,·e config-urations than other proteases. does inacti1·ate
cdc& acti1ity (Table 4. Fig. 4 l. Controls showed that proteinase
K had no effect on s~11thesis in permeabilized v.ild-type .4..364a

Activity ratio,
3rc;2a·c

65"C, 10 min
Papain at 20 #Ji/ml, 370C, 30 min
Papain at 20 ~Jiiml . 650C, 30 min
Proteinase K at 100 1-'i/ml, 37•c, 30 min
Proteir.ase K at 100 ~/ml , 6s•c, 30 min
R.Nase A at 50 ~/ ml , 370C, 30 min

~

80
94
76
51

<1
97

Purified cdc8 (fraction IYl wu subjected to various treatments.
Treatment with }U..;ue or papain ,.as performed in 0.1 M Tris·HCI 1pH
7.0). The partialiy purified protein acthity was then determined by
uaay as described in the legend to Fig. 1, using 10 ~ of fraction I\'
and •ith the indicated additions. All values cited are relative to controls ca."!ied through identical proc:eclures except for the omission of
the indicated agents. The control for heat treatment was maintained
at O"C.
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DODCO\'alently bound to protein (16). Such single-stranded regions could be emisioned as intermediates in recombination or
replication . Biochemical studies to date indicate that cdc8
strains are not deficient in precursor synthesis (3). Furthermore. cdc8 does not code for one of the yeast D!\A polymerases
(14, 15).

Our findings agree v.ith those of Hereford and Hartwell (3)
that incorporation of d!\TPs into permeahilized yeast cells corresponds to DKA replication in vioo. One of the strongest arguments for this is the finding that Brij-treated S . cerecisiae
cdcO is incapable of ~ing out DK.o\ synthesis at the nonpermissive temperature. Also, we have shown that the synthesis
is sensitive to aphidicolin, an inhibitor of yeast replication (9,
10). One point that is not resolved is whether nuclear or mitochondrial replication is being obser\'ed, because D~.o\ synthesis occurs on the endogenous D.t\.o\ template . Banks (16_) suggests that all synthesis is mitochondrial, whereas our results
indlcate that some p0 strains, that is, strains v.ithout mitochondrial D!\.-\ , are just as active in citro asp· strains (unpublished \.
For the current work, resolution of this question is not important, because CDC8 function is required for both nuclear and
mitochondrial replication .
We haw extended the earlier studies of Hereford and Hartwell (3) by shO\,ing that extracts of v.ild-type yeast can stimulate
D~ ..l, s~-nthesis in the permeabilized mutant cdc8. This was surprising because the Brij-treated cells retain the morpholo~ · of
intact cells . The Brij-treated yeast cells are analogous to toluent-treated Escherichia coli. which also carry out D~A replicabon on endogenous templates in a reaction dependent on
\1(- and .o\ TP (17 1. When toluene-treated E. coli are treated
with the detergent Triton X-100. D~:\ pol~·merase I and lactate
dehydrogenase are free to diffuse from the cells, and repair synthesis in the cells is inhibited by antibody to D~ ..l, polymerase
I d 5 , indicating that the cells are permeable to macromolecules. \\'e therefore tested whether this veast S\'Stem was
penneiiblt to proteins by looking for rompl~mentation in our
mutants and found that cdc.5 shO\,·ed complementation . We
were thm able to use permeabilized yeast celh as receptor extracts in an in t:ifro complementation assay to purify the cdc8
protein.
l'sing conventional methods of purification . we ha,·e purified
thf cdc& protein 600-fold . \\'e ha,·e sho"-n that CDC6 is the
structural gene for the protein by purifying a thermolabile ac·
ti,·ity from the temperature-sensiti"e cdc& mutant. Perhaps the
most striking property of this protein is its resistance to heating
at 65:C and to high Je,·els of papain e\'en at 65°C. £,·en for proteinase h. a partial)~ denatured protein is required for proteol~tic- inacti,·ation. Such stability properties are usually attributed to proteins of small size.
\\nat is the function of the cdc8 protein:> Results presented
here indicate that it participates in D~:\ replication . In addition. we haYe recent!~ de\'eloped a fully soluble system that
carries out replication in t:itro of exogenous CO\'alently closed
circular yeast D~.-\5 that , by many criteria. mimics in t:it:o replication iunpublished results ). Synthesis in t·itro is temperature
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sensitive in extracts prepared from cdc8 mutailts, and the defect
can be complemented by the partially purified cdc8 protein .
Several small heat-stable proteins have bt-en described that
participate in replication in prokaryotes. One of them is the E .
coli helix-destabilizing protein (.\f, 18.500) (19, 20). Singlestrand D.!\.'t-binding proteins are knO\''Tl to participate in events
at the replication fork , and a mutation affecting such a protein
could give rise to the cdc8 phenotype . In fact , mutants of E. coli
that contain a temperature-sensiti·.:e helix-destabilizing protein
do not grow at high temperature (20). Other small heat-stable
proteins ha,·e been found in \'arious replication systems [e.g.,
theM, 11 ,000 E. coli thioredoxin, a subunit of phage r. DK.o\
polymerale (2l l). There is also a class of small heat-stable proteins in"olved in eukarvotic D.!\A metabolism . nameh- the histone£. Clearly the role ~f the cdc8 protein v.ill be reso.lved only
when homogeneous preparations of the protein are a\'ailable.
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The CDC8 gene, whose product is required for DNA replication in Saccharomyces ceret·isiae. has been isolated on recombinant plasmids. The yeast vector
YCp50 bearing the yeast ARSJ, 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-J mutation were isolated by transformation of a cdc8-J 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 complement the cdc8-J 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 CDC8 protein of Saccharomyces ceret·isiae is essential for chromosomal replication in
vivo and is required for cell division. When the
temperature-sensitive cdc8 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 CDC8 gene is apparently required throughout the period of DNA synthesis. since synchronized 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 nonpermissive temperature in cdc8 mutants (22). and replication of the 2-~m circle plasmid is defective in
cdc8 mutants (17).
Recently the CDC8 protein has been purified
to homogeneity. using in vitro replication systems 0. 15). The purified protein binds to singlestranded DNA and stimulates DNA polymerase
I acti,·ity on single-stranded DNA templates.
The CDC8 protein may be identical to protein C.
discovered by Chang et al. (4).
To carry out detailed biochemical and functional characterization of an enzyme involved in
DNA replication. it is necessary to obtain large
quantities of purified protein. In E~chaichill
coli. one way to overcome the problem of low

yield of replication proteins is to clone the gene
coding for a given protein into temperatureinducible bacteriophage lambda vectors or into a
high-copy-number plasmid . Overproduction of
the replication proteins DNA polymerase l (]2J.
DNA ligase (23). and dnaC protein (}3) has been
achieved. Overproduction of the LEU2 gene
product in yeast strains carrying the LEU2 gene
on an autonomously replicating. high-copy-number plasmid has also been achieved (1 0) . Therefore. the same approach used in £. coli is
applicable in yeast.
In this communication we report the molecular 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-sensit.ve 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

A~D

METHODS

Strains and plasmids. The recipient in the tramformations used to isolate and study the cdr8 gene wa-,
strain CLK6 (ura3 trpl cdc8-l ). Thi~ strain wa~ constructed by mating strain 198 (MATa cdc8-ll with
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strain SRG05-1 CMATa trp1-1 mer8-1 i/e-1 i/r-2) from
Steve Reed (University of California at Santa Barbara). After MATa rrp1 cdc8-1 spores were identified.
they were crossed with strain SS111 (MATa rrp1-289
ura3-1 ura3-2 his3-532 ode2-JO ~a/2) from Stewart
Scherer. California Institute of Technology. Pasadena.
Strain 198 was provided by L. H. Hartwell. S~88C
(wild type) was the source of DNA for the construction of the yeast DNA library. E. coli MC1061 F- A.-

YCp50

oroD139 ~(aro-leu)7697/acX74 goiU ga/K hsdR hsd.\f
srrA was used to propagate the library. Plasmid

(78kb)

YCp50, a gift of Stewart Scherer, is shown in Fig. 1
and described in Results.
Medium. Yeast extract-peptone-dextrose <YPDl or
svnthetic minimal medium used for the culture of yeast
c~lls 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 D?\A
was purified by minor modifications of the procedures
of Sherman et al. f::!5). Small-scale and rapid isolation
of plasmid D~As from yeast were carried out as
described by Nasmyth and Reed <21 ). BamHI linkets
and Xiwi linkers were obtained from New England
Biolabs . Deoxyribonucleoside triphosphates were obtained from P-L Biochemicals.
Ennmes. All restriction enzvmes were obtained
from 'Nev. England Biolabs or. Bethesda Research
Laboratories and were used according to the supplier's instructions. T4 DNA ligase and calf alkaline
phosphata!le were generously provided by C. C. Richardson and !\. D. Hershe). Bol 31 nuclease. T4 polynucleotide kinase. and £. coli Klenov. fragmeni were
obtained from Bethesda Research Laboratories. Conditions for enzymatic reactions are as described by
Maniati s et al. (] R).
Construction of a pool of ~·east D~A sequences in the
centromere-containing \'ector \'Cp50. A pool of YCp50
plasmid!l bearing yeast D~A fragments was constructed as follows. Purified yeast Dl"A from S288C was
cleaved with three different concentrations of Scm3A
10 .02. 0.06. and 0 .09 L1 / j.J..g of D~A) so that its average
~ize wa~ appro:-.imatel~ 10 kilobases lkhl. It was then
pooled and fractionated on 10 to 407c sucrose densit)
gradients as described by Maniatis et a!. (J 8). Fragments bet v. een 5 and 20 kb were purified and then
ligated to YCp50 Dl'\A that had been digested v.ith
BamHI and treated with calf alkaline phosphata~e .
The D'A concentrations in the ligase reaction were 50
and 10 j.J..g 'ml. After incubation for 15 h at 14°C. the
ligation reaction mixture was used to transform£. coli
strain MC1061 to ampicillin resistance by the procedures described b) Dagen and Ehrlich !5 J. The 0.1 -ml
ligation mixture produced 7.9 x JO.l Amp' colonies. of
which 75c;( were Tet'. indicating that 757< of the
transformant-- contained inserts or deletions at the
BamHl site . The tran formant colonies were scraped
from the ampicillin plates. and the cells were pooled
and collected by centrifugation and stored as described bv !\asm,·th and Reed 1:!1 ).
Anothe.r rec0m.binant pla~mid pool containing yeast
D:\A ~equence~ in plasmid YRp7 121 l v. as kindly
supplied h~ Ste\·en Reed and wa~ also U!led in thi~
!ltud~. YRpi contain~ yeast ARS I TRP I sequences but
no centromere .
Ytast transformation. D:\A transformation of lithium acetate-treated yeast cells. first described by Ito et
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FIG. 1. Restriction mao of the centromere-containing plasmid YCp50. The thin lines represent pBR32~
DNA sequences: the thick lines represent yeast D!'\A
sequences.

al. 01 l. was used in this study. Strains were grown to
an absorbance at 590 nm of 1 to 2 in YPD medium .
Cells were harvested by centrifugation at R.OOO rpm
(Sorvall RC5b centrifuge) for 6 min. washed once in
water. and again collected by centrifugation. The
pellet was suspended in 0.1 M lithium acetate 10 .2
original volume) and incubated at 3lfC for 30 min . The
cells were collected by centrifugation and re~uspended
in 0.1 M lithium acetate 10 .01 original volume). Cell~
were divided into 0.05-ml aliquol'i and D!'\A was
added . After 30 min at 30~c. 0 .6 ml of polyethylene
glycol 4000 tSigma Chemical Co.) in 0.01 M Tri~
hydrochloride lpH 7.5) was added. Incubation was
continued for 60 min at 30°C follov. ed by 5 min at 42 °( .
Each 0.6-ml mixture was di,·ided and spread on three
petri plate~ containing the appropriate selective media .
The hybrid molecules containing ARSI and CE.\'~
transformed yeast at high frequency (4.000 to 5.000
transformanb per f.lg of D:\:\1. and the re~ulting
transformanb were highly stable.
Localization of the minimal cdc8-complementing
D~A fragment. The minimum sequence that complemented the cdc8 mutation was identified by using Bal
31 deletion analysis of the originally isolated plasmids.
Plasmid DNA 0 j.lgl containing the cdc8 insert (Fig. 2)
was cut with BamHl restriction enzyme and then
treated with 0.48 U of Ba/31 nuclease. After 2. 3. 4. 5.
and 7 min. aliquots were removed. combined. and
extracted with phenol. The D:--JA was incubated with
the large fragment of E. coli DSA polymerase I and
deoxyribonucleoside triphosphates to ensure that the
end<, v.ere fully base paired. Ba111HI linkers v.ere then
phosphorylated. using polynucleotide kinase. and
phosphorylated linkers "'·ere incubated with the Bal
31-digested fragments in the presence of T4 D!\A
liga<,e . The respective D~.A concentratiom were 20
and 50 ~g..'ml. After . ligation. a 10-fold e\ce~~ of
BomHl restricti0n enzvme was added to cleaYe the
linl..ers . The D:\A fra1;~ent'> with BwnHI 'tick) enJ~
were separated from the free linkers b: gel filtration <1!\
described in reference 18 . Ring closure wa!l carried out
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FIG. 2. Restriction map of CDCB·containing inserts in YCp~O CDCB. YRp7 CDCB. YEp:!4 CDCB. 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. pSL4
was originally constructed by ligating a yeast EcoRI-Hindlll fragment containing the SUP4 gene into plasmi<l
pBR322 (7). The single Xnwl site on pSU4 is located near the 3 · end of the cloned tRNA T~ ... gene .
in the presence of T4 DNA ligase. and the ligation
mixture was used for transformation of E. coli cells.
lndi\·idual transformant~ were grown in ~-ml cultures.
D~A was prepared. and the structure of the resultant
plasmids was examined by gel electrophoresis after
treatment with appropriate restriction enzyme~ . Plasmids containing deletions ranging from 50 to ~00 ba~e
pairs (bp) v. ere chosen for complementation testing by
transformation of yeast.
D!'A of the plasmid containing the 2.5:'-bp deletion
(YpCLK2.5.5) was purified. and a second round of Bol
31 digestion was carried out from the opposite side of
the CDC8 fragment. YpCLK2.55 was digested with
Xhoi. Bal 31 digestions were carried out. and Xhol
linkers were joined to the deleted D!\A s. These deletion s v.·ere relig<H ed and a·nal: zed as above . The
smallest insert that complemented cdd? was approximately 0 . 7~ kh . The fin al plasmid is called YpCLKI .
Other procedures. Procedures for nick translation.
gel electrophoresis. and blot hybridization were those
described by Maniati~ et al. 08 ).

RESGLTS
Construction of a yeast D~A library in a cen·
tromere·containing nctor. The vector chosen for
the construction of the yeast library was the
hybrid plasmid YCp50 (Fig. 1). YCp50 contains
the replication origin of pBR322 and the genes
for Ampr and Tetr. Insertion into the Bam HI site
of YCp50 renders the plasmid Tet'. YCp50 also
contains a yeast replicator. ARSJ. and a marker
selectable in yeast. URA3. Finally. the plasmid
contains the I .8·kb · yeast CEJ\"4 fragment that
encompasses the centromere of chromosome
IV. ·we chose to use the centromere-containing
plasmid since the transformation frequencie
and stability of transformants obtained are higher than v.·ith ARS- or 2·J.lm-containing vectors.
This has the important consequence that each of
the multiple transformations of yeast required

for isolating and characterizing genes is accelerated 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 modification of the procedure of Nasmyth and Reed
(21 ). as described under Materials and Method,.
Since the pool contained at least 1. 7 x 1OJ
recombinant clones. there are approximately si.\
yeast genomes in this library.
Isolation of CDC8·containing plasmids. When
used to transform CLK6 ura3 cdc8. DNA prepared from the yeast YCp50 hybrid pool yielded
about 10~ URA- transformants per J.l.g. of which
0.04 £Jc were able to grow at the nonpermi~si' e
temperature (37cC). DNA was prepared from
four of the yeast URA- CDC- transformants
and introduced into£. coli by transformation to
ampicillin resistance. Plasmid DNA was prepared from Ampr 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 prepared from the yeast YRp7 hybrid pool described previously by Nasmyth and Reed C21)
was used to transform CLK6 rrpl cdc8. Five
interesting TRP . , CDC- transformants were iso·
Ia ted. Restriction enzyme mapping indicated
that three of these were identical and homologous with the YCp50 clones (see Fig. 2J. and
they were therefore designated YRp7 CDC8 .
Two others. dis-cussed separately below. contained two ditrerent inserts and were not homologou s to the YCp.50 insert.
Finally. L. H. Hart\\ ell had independent!)
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TABLE 1. Transformation of cdc8 strain (CLK6)
with purified plasmids"
Colonies capable of growth
Plasmid

YCpSO CDC8
YRp7 CDC8
YEp::!4 CDC8
YRp7 SOC8-I
YRpi SOC8-2
YCp50
YRp7

:! X
2.1
1.9
300

10~
X 10~
X 10~

280

X 10~

1.9
1.9
200

X 10~
X 10~

198
X

103

2X

10~

4

2

0
4

" The . cdc8 strain was grown at 23°C. Cells were
prepared for transformation as described in the text .
Transformations are reponed as transformant colonies
per f.Lg of transforming D!\A.

isolated. from a yeast library of S288C DNA
prepared in the vector YEp24 (2), two clones
containing insens that complement cdc8 at 34°(
(personal communication). These two plasmids.
YEp2~ CDC8. were identical to each other.
High-efficiency transformation of cdc8 mutants
with cloned plasmid D:\As; su:tbility of transformants. Purified DN As from plasmids YCp50
CDC8. YRp7 CDC8. and YEp24 CDC8 were
reintroduced into the CLK6 cdc8 strain by transformation . In each case (Table 1). about 2 x 10~
colonies per IJ.g of transforming DNA were
capable of grO\\'th at the restrictive temperature
(selection for CDC - and URA- or TRP- ), consistent with complementation by autonomous
replication rather than recombination . Similar
result s were obtained when selecting for URAor TRP- at the permissive temperature (23°C).
Table 2 presents data obtained from experiments to determine the mitotic stabilit y of transform(1nts carrying the various plasmids isolated.
As expected for a centromere vector (27). 98 9c
of the transformants bearing ARSJ-CEN4 hybrid
plasmid · . YCp50 CDC8. maintained both URAand CDC · phenotype s when grown under permissive conditions for 20 generations. However.
only 15Cj( of the cells transformed by YEp24
CDC8. a plasmid bearing the 2-1-lm origin of
replication. retained both URA- and CDC ..
phenotype s after growing in rich media at room
temperature for more than 10 generations . Unexpected ly . the ARS /-containing plasmid, YRp7
CDC8. gave rise to transformants that showed
greater stability of both the TRP" and the CDC "
propenieli than even the C£1\'-containing transform ants . Since total yeast DNA made from
TRP - CDC - yeast cell s after growth under
non ~elective conditions yielded fewer than 10
Ampr colonie~ when used to transform £. coli.
the plasmid appears to have integrated into the
chromosome in this panicular transformant during growth under permi<;si ve conditions.
Characterization of cloned inserts b~· restriction
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enzyme mapping and blot hybridization. To see
whether the three independent isolates contained the same gene and to identify the region
responsible for complementation, restriction enzyme maps of the respective inserts in YCp50
CDC8, YRp7 CDC8, and YEp24 CDC8 were
derived. The plasmids contained overlapping
insens 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-Sa/I fragment
that is approximately 150 bp smaller than the
corresponding Xmai-Sa/1 fragment in both
YRp7 CDC8 and YCp50 CDC8 . Blot hybridization. however (Fig. 3). indicates that the 750-bp
fragment shown below to contain the CDC8
gene (fig . 4) hybridized equally strongly to the
Xmal-San fragments from YEp24 CDCB and
YRp7 CDC-B. suggesting that the 150-bp difference 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 SVP4 locus.
The apparent homology between the insens
isolated from YCp50. YRp7. and YEp24 libraries 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 sup-4
locus (1 6. 20). demonstration that the cloned
gene came from the sup4 region of chromosome
X would constitute better proof that it wa s
CDC8. To establish this linkage. use was made
of the fact that the S UP4 gene had been previously cloned and sequenced (7).
DNA from plasmid pSu4 {7). containing a
functional S UP4 gene. was digested with appro-

TABLE 2. Mitotic stability test of yeast
transformants"
Transformed phenotype !':C 1
Plasmid

YCp50 CDCB
YRp7 CDC8
YEp~4 CDC8
YRp7 SOC8-i
YRp7 SOC8·2

20

10
generation !>

generation~

98
9S
96

96
95
15

1
:!

"Yeast transformants "'ere gro"·n in selective media and diluted approximately 1/1.000 ( -10 generations) or 1110" <-20 generations) in either supplement·
ed minimal media or rich media <YPDl. After growth
at room temperature. the mid-log-phase cultures "ere
plated onto YPD plate.::.. and the percentage of L' R:\CDC8- or TRP- CDC8" was determined by replica
plating. The values given repre~ent an average number
of ~everal independent determinations.
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FIG. 3. Southern blot analysis of D!'\A sequence homology among the CDC8-related plasmids. The probe in
(AJ was the 750-bp CDC8 fragment from YpCLK1 I Fig. 4), and the probe in (B) \.vas the 1.17-kb Ami fragment
shown in Fig. 2. to the left of the Xmal-Saii fragment. Each lane contains a different plasmid DNA that wa-;
transferred to a nitrocellulose filter after cleavage with restriction endonuclea~es Sail and A 1·oi and electrophoresis on a 1c.k agarose gel. Lanes 1 and 7. YCp:'O CDC8: lane~ 2 and 8. YEp24 CDC8: lane!i 3 and 9. YRp7 SOC8-1:
lanes 4 and 10. YRp7 CDC8: Janes 5 and 11. YRp7 SOC8-2: Jane 6. pSU4 . Marker lengths are in kilobases .

priate restriction enzymes 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 .wp4 gene. The SUP~ 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 Xmai site in
the sup4 gene forms one end of the common 1.5kb Xmal-Sall fragment found in YCp50 and
YRp7 derivatives and of the 1.35-kb fragment in
YEp14 CDC8. Further support for the overlap of
the CDC8 and SUP4 clones comes from blot
hybridizations shown in Fig . 3. The 750-bp fragment from YpCLKl (see Fig. 4) hybridized
equally strongly to digests of the other cdc8complementing plasmids and to the SUP4 plasmid (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 Xnwl-Sa!I fragments
from YEp14 CDC8 or YCp50 CDC8 as hybridization probes.
The mapping data were then confirmed by
carrying out the converse experiment. namely.
by showing that the originally isolated S UP4

clone. pSU4. also contains the CDC8 gene and is
capable of complementing the cdc8 mutation .
Since the SUP4 gene was on an integrating
plasmid and since such vectors exhibit low
transformation frequencies. it would he hard to
distinguish complementation from reversion to
temperature resistance with the original pSU4
plasmid. We therefore constructed a recombinant plasmid containing the BamHl fragment of
pSU4 (Fig. 5J inserted into the BamHI site of
YCp50. When the resulting plasmid was introduced into cdc8 by transformation. an almost
equal number of colonies was observed at :!3 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 S UP4
tRNA Tyr gene in the plasmid. We conclude that
the cloned sequences shown in Fig. 2 are linked
to the 5 UP4 gene and probably carry the CDC8
gene.
Minimal D-'A fragment containing the CDCB
gene. To identify the coding region for the CDC8
gene. the DNA of the hybrid plasmids was
subjected to dele'tion 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 construe-
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Inserts contoming deletions from Sam HI site

pCLK54---.-. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .~
pCLK98 ---. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .~
pCLK 1 2 2 - - - - - - - - - - - - - - - - - - - - - . : r
pCLK96---c=================================~

Inserts containing oeletions from Xho 1 site

pCLK54-50
pCLK54-48
YpCLKI =pCLK54-60
pCLK54- 7

---------------------~-----~
----------------------------~---o-

+

--- -------------------- -----

+

-c.--~

----------------------------- ~a:•==:::::::n•.. --

pCLK54-8

----------------------------- .a:.o•==>·----

pCLK54-10

---------------------------------~--

0 .5kb

1------1

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 sequence~ contained in each of the designated deletion mutants. The
region of ON A deleted is designated by the dashed line. These deletions were constructed in vitro as described in
the tex!. The CDC'· phenotype was determined by transformation of a cdc8 mutant with plasmid D~A
containing each fragment. High-frequency transformation of the cdc8 mutant to coc- wa~ indicative of cdcl:l
gene function . Symbols : (0) BamHJ ends: (:JJ Xlroi ends.

tion of a plasmid containing the minimal complementing sequence are described in Materials and
Methods and summarized in Fig. 4.
The deletion analysis reveals that the smallest
fragment capable of transforming the cdc8 mutant to temperature resistance at high frequency
is 750 bp long. This fragment contains no delta
sequences and hybridizes to the Xmli]-Sn/1 fragment from all of the libraries. This region lies <1
kb away from the SUP4 gene . The close apposition of the two gene~ accounts for the suppression of meiotic recombination frequency reported bet ween the two genes (] 6. 10). The
transformation frequencies for a number of the
deletion mutant plasmids was determined CTable
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 fragment thereof.
Detection of two additional genes that compensate for the cdc8-J mutation. Tv.'o of the plasmids
detected in the YRp7 library contain genes that
complement cdc8-l. but that do not contain any
sequence homology with the cloned CDC8 gene
described in the preceding paragraphs. First.
restriction enzyme mapping using both 4- and 6bp recognition enzymes shows that the two
plasmids isolated from the YRp7 library ha,·e a
completely different restriction map from the
plasmid-. discussed thuc.; far and from each other
Cdat~ not ~hO\\ n). Furthermore. no homology
betv. een these tv. o plasmids and the 750-bp

CDC8-containing fragment could be detected by
blot hybridization (Fig. 3. Janes 3. 5. 9. and 11 ).
Based on the restriction enzyme mapping. we
conclude that these plasmids give high-frequency transformation of the cdc8 mutants at the
restrictive temperature by providing either a
different protein that compensates for a deficiency in CDC8 protein or a suppressor of the
missense mutation in cdc8-/. V..1e have designated the genes responsible for this behavior SOC8l and SOC8-]. suppressors of cdc8. The~e pla ~ 
mids transform at a lov. 'er efficiency than the
CDC8-containing plasmid~ (see Table 1 ). although still at a frequency ~00 to 300 times
greater than an integrating plasmid. Further investigations are essential to determine how they
are compensating for the defect in CDC8 (see
Discussion).
DISCVSSION

We have cloned a gene that complement~ cdc8
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 al~o
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 cdc8
mutation is 750 bp long. Since plasmids containing this small insert were able to transform with
the same high frequency as plasmids containing
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FJG. 5. Construction and structure of YCp50-S4
CDC8. Plasmid pSU4 was cleaved with restriction
nuclease BamHI. and the fragment containing the
SVP4 and CDC8 genes was recloned in plasmid
YCp50. YCp50 was digested with BwnHl endonuclease and treated with alkaline phosphatase to prevent
ligation of vector Dl'\A in the absence of an insen.
Ligations were carried out overnight at 15,C. using T4
DNA ligase: the reaction mixture contained 1 j.J..g of
vector DNA and 0 ..5 j.J..g of pSU4 in 50 j.J..I of 66 mM
Tris-h~'drochloride (pH 7.6)-66 mM MgCI:-10 mM
dithiothreitol-1 mM ATP . The resulting plasmid.
YCp50-S4 CDC8. was shown to contain two BamHI
sites. and the orientation of the fragment insened was
determined by restriction endonuclease digestion analysis.

large segments of flanking DNAs. it appears
likely that this fragment contains the complete
CDCB gene. However. such a coding region
would normally only give a 27 .000-dalton protein. Using complementation assays. others
have purified the CDC8 protein to homogeneity
and found a monomeric molecular weight of
34,000 to 40.000 (J ). It is therefore possible that
we have identified a fragment of the CDC8
protein that is active either in itself or in complementing the temperature-sensitive protein in the
mutant. \The possibility that the small fragment
of the gene is giving transformants at 37°( by
virtue of recombination between the plasmid
and the mutant gene rather than complementation 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 temperature sensitive and that this segregation occurs
with the frequency characteristic of autonomous
plasmid Joss rather than Joss of integrated plasmids .) Nucleotide sequencing of the small fragment and purification of the overproduced
CDCB gene product from cells containing the
CDCB plasmid should resolve these questions.
If. indeed. we have only identified an active
fragment. thi~ may be useful in determining
whether the CDC8 protein can be described in
term~ of separate domain-.. of activity. as is true
of other single-stranded DNA binding proteins
(14).

MoL. CELL. B1oL.

Northern blot analysis. not shown in this
work. indicates that the CDC8 gene cloned in
YEp~4 produces 10 times as much of a 0.9-kb
RNA that hybridizes to the CDCB gene as wildtype 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
CDC8 plasmids before being certain the protein
itself is also overproduced.
F{nally, an unexplained but potentially interesting result is the isolation of two plasmids th..tt
do not contain the CDCB gene but that do
suppress the temperature-sensitive phenotype in
strains carrying the plasmid. \\'hat are these
genes? There are at least four testable possibilities. Fir.st. they may just be previously unidentified genetic suppressors. most likely missense
suppressors. Second, and more interesting. they
may encode proteins that can bypass the need
for the CDC8 protein. The CDC8 protein may be
a single-stranded DNA binding protein (1 ). and
perhaps there is a second such protein in yeast
that can substitute for the CDC8 protein. We
have identified an independent replication mutant 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
CDCB 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 CDC8 protein does interact with other proteins since it has been shown in vitro to stimulate DNA polymerase I of yeasts I 1 ). Such genes
should be required for \'iability and this can be
tested by creating deletion mutants in vitro.
TABLE 3. Frequency of transformation of cdc81T s 1
by hybrid plasmid DNA"
Plasmid
pCLK54
pCLK122
pCLK~8

pCLK54-60
pCLK54-42
pCLK54-10

Insert size

Cohmi~., · ~f!

4.25
4.17
1.16
0.75
0.62
0.28

nf D'A

at 37' C

(kbl

2.9

X

2.g

X

10'

10'
3.1 X 10'

3

X

10 '

5
6

"The cdc8CTsl strain. CLKh. wa~ u~ed for yeast
transformation . Before selecticm for colonie.; capahk
of growth at the re~tricti, · e temper<Jture. the tran.,.
formed celb were allowed ll' gro\\ for ~ h <It :~'C 1.'n
YPD plate~ before placing them at the re~tricti'c
temperature .

29

CLONING OF THE YEAST CDC8 GENE

VoL. 3. 1983

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.
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ADDENDUM IN PROOF
The length of the RNA encoded by the CDC8 gene is
0.9 kb. Funherrnore, 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. 79::! . 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 f1 ). The discrepancy between the molecular
weight determined by DNA sequencing and that determined by analysis of the protein (]) 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'-monophosphat~

to thymidine-5'-diphosphate in the

pathway of synthesis of dTTP from dTMP.

We have purified the

enzyme approximately 5000-fold from a

strain

of

the yeast

Saccharomyces cereyisiae that overproduces the activity 6-fold.
The

protein appears

homogeneous

by

80S-polyacrylamide

gel

analysis and has a molecular weight of 25,000. The amino acid
composition and the sequence of amino acids on the NB 2 -terminus
have been determined.
Our interest in thymidylate kinase stems from the fact that
Sclafani and Fangmanl recently presented genetic evidence
this enzyme is encoded by the

~.B.

that

gene of yeast. In this paper

we show by several biochemical criteria, thymidylate kinase is
the product of the

~

gene. First, extracts of strains bearing

six different alleles of
activity.

~a

showed no thymidylate

Secondly, strains carrying the

~a

kinase

gene on a high

copy number plasmid produce 6-folc higher levels of the kinase
activity than does wild-type.
~

gene reveals

Third, the DNA sequence of the

an open reading frame that encodes a protein

with the same amino terminal sequence as purified thymidylate
kinase.

1
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INTRODOCTION
~

mutants of yeast have defects in cell division and in

DNA replication.

Temperature sensitive

mutants shut off

~.a

nuclear, mitochondrial and 2um DNA synthesis immediately when
s h i f t e d t o the rest r i c t i v e tempe rat u r e (Be r e f or d a n d Bar t we 11 ,
1971, Newlon and Fangman, 1975, Livingston and Kupfer, 1977).
molecules isolated from

~

DNA

cells at 36°C contain replication

bubbles less than 3 urn in size.

The small size of the

replication bubbles reflects a reduced rate of chain elongation
( 1 ess than 1% that of the normal rate (Petes and Newlon, 197 4)).
In order to gain an understanding of the role of the
protein in replication, we have taken two approaches.
have partially purified the

~~~.a

protein

~a

First, we

using~

~i1LQ

complementation in Brij-treated cells (Kuo and Campbell,

1982).

However, we were not able to assign a catalytic activity to this
protein.

We have also cloned

the~

gene by complementation of

in. Yi~Q (Kuo and Campbell, 1983)

the temperature sensitive defect

in order to overproduce the protein to aid in its purification
and i denti fi cation.
The first

insight into the role of the

~.a

came when

Sclafani and Fangman showed that the thymidine kinase {TK) gene
of the Herpes Simplex Virus (BSV), when introduced into
mutants of yeast fully complemented the ~ defect. 1

~~a

This was a

surprising finding, since yeast has no thymidine kinase activity
of its own and since the
required for

precursor

~a

protein did not appear

synthesis.

~~~.a

~o

be

mutants exhibit

temperature sensitive synthesis in permeabilized yeast cells,

2
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where the precursors of synthesis are provided. It therefore
seemed that some other activity associated with the BSV Tg 9ene
must be responsible for the complementation.

Berpes thymidine

kinase has previously been shown to have two additional catalytic
~ctivities

associated

d·e oxycytidine kinase

with

it,

thymidylate

(Chen and Prusoff, 1978).

kinase

and

Sclafani and

Fangman have taken a 9enetic approach and ve present here a
biochemical approach, both of which show that the product of the
yeast

~.B.

gene is thymidylate kinase. 'In this paper ve report

the purification of

the

thymidylate

kinase activity

homogeneity and physical characterization of the protein.
DNA
DNA

sequence of the .cllC.S. gene is also reported and

to
The

comparison of

sequence and amino acid sequence of the purified protein

coflclusively demonstrates that the
kinase.

3

~

protein is thymidylate
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MATERIALS AND METHODS
~

Strains

~ ~--

Strain C6b was obtained by crossing SSlll

described in Table 1.
to strain 198-1

~-l.

vectors carrying the
C6B/YCp50-~,

Strains used in these studies are

C6B was transformed by various plasmid

~

C6B/CLK-60,

C6B/YEp24-~,

gene:

C6B/CLK-8

C6B/YRp7-~,

(Kuo and Campbell,

1983).

YPD is complex medium for routine growth and contains 15 Bactoyeast extract,

2% Bacto-peptone,

and 2% dextrose.

SD

is 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, [3B-5methyl]dTMP was
obtained

from

from

Amersham.

Brinkmann

PEI-cell ul ose plates were

Instruments,

Inc.

Acrylarn iC.:e

bisacrylamide were fron · Scientific Chemical Company,
was from Whatman.
Sepharose

and

Inc.

Hydroxylapatite was from Bio-Rad.

Sephadex

G-50

Pb a rrnacia Fine Chemicals.

Superfine

were

and
DE-52

Phenyl-

purchased

from

Zymolyase 60,000 was from Seikagaku

Rogyo Co., LTD. (Japan).
XhYID~l~~ Kin~ A~~~

con t a i ned :

--

The reaction mixture (50 ul)

7 5 mM T r i s- HC1 , p B 7 • 8 , 1 0 mM Mg C1 2 , 7 • 5 mM AT P, and

0.5 mM [ 3 B]dTMP {40-60 cpm/prnole).
the addition of enzyme.

The reaction was initiated by

After incubation at 37°C for 30 min, a

sarr.ple of the reaction mixture was spotted on a PEl-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.

4
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standard conditions,

the tbymidylate 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.
tbymidylate kinase activity in crude extracts was stable

The

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
~

~ ~ ~

Composition

~

B=terminal

~

SeQuence -- Enzyme, purified through the BPLC step (Fraction

VIa, 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 0500 automatic amino acid
analyzer.

Acid-stable amino acids were determined with an HPlOOO

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; Bewick,
et. al., 1981). The phenylthiohydantoin amino acids formed in the
gas-phase

sequenator

were

analyzed

by

HPLC as

previously

des c r i bed (Hun ka pi 11 e r an d Boo d, 19 83 ) •
~1~~~1Ami~

~l

Llectroph~I~

-- 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
rnA for 1 hr. Gels were stained by the method of Merril .e.t

.al.,

1981.
~1h~I

~~1h~~~

-- Glycerol

performed as previously described
5

gradient sedimentation was
(Kuo and Campbell, 1982),

36

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).

6
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RESULTS

.dl'.M.l' .Ki.D.all Atl.i~ll~ .i..o .£.tl.I.~ sU. ~ -- Sclafani and
Fangman 1 recently showed that Herpes Simplex Virus thymidine
complement~

kinase could
~~

mutants i.n.

suggesting that the

gene product was either thymidine kinase or thymidylate

· kinase or deoxycytidine kinase,
with

~'

the viral

protein.

thymidylate kinase,

two other activities associated

They suggested that

encoded

~.a

since yeast does not have thymidine kinase.

In order to determine if the temperature sensitive, cell division
cycle mutant,

~,

was deficient in thymidylate kinase activity,

an assay for the enzyme in crude extracts was developed (see
Table II).
Sclafani

(After we completed our assays, we learned that
and

independently). 1
activity

of

Fangman

had

obtained

identical

Under standard assay conditions,

thyrnidylate

kinase in

crude

results

the specific

extracts

of

three

different strains (PEP4, A364a, SSlll) carrying the wild-type
~.a

allele was determined. These values represent the normal

amour.t of thymidylate kinase in yeast cells.
Six mutants, each
~'

containing a different mutant allele of

were then assayed for thymidylate kinase activity in crude

extracts.

Mutant cells were grown at non-restrictive temperature

(23°C) i11 YPD medium.

Thymidylate kinase assays were conducted

at both the restrictive

(37°C) and non-restrictive temperature.

None of the mutants showed any enzyme activity at any temperature
(Table II).

The absence of thymidylate kinase in these mutants

suggested that
enzyme,

or

~a

that the

was either the structural
~.6.

gene for

gene regulated thymidylate

function or expression in some way.
7

the

kinase

Mixing wild-type extracts

38

and

did not lead to inhibition of activity,

~~

unlikely that there was a soluble inhibitor in the

making it

~

extract.

Levels of deoxycytidine kinase, the other activity associated
with Herpes TK, were normal in all strains.
Thymidylate Kinase iD Strains Transformed

~ ~ ~

~lA£mi~

~arrying

~

~~ ~

-- In order to investigate

whether thymidylate kinase was encoded
the fact that the
YRp7 and YCpSO

~8

~

we made use of

by~~,

gene has been cloned in plasmids YEp24,

(Kuo and Campbell,

1983).

plasmids were capable of transforming the

The recombinant

~-l

mutant (C6b) to

temperature resistance at high frequency (Kuo and Campbell,
1983).
~

These transformants, designated

and

C6B/YCpSO-~,

C6B/YEp24-~,

C6B/Y.Rp7-

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.
cells grown in either
plasmid,

More than 98% of

YPD or in selective media contained

indicating that the selection at 30 °C is sufficient to

maintain the plasmids.

(The

YRp7-~~~~

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-~

and

C6B/YCp50-~

had the level of thymidylate kinase activity observed in wildtype cells.

C6B/YEp24-~

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
and

C6B/YCp50-~

possessed an amount of

8

~

C6B/YRp7-~

mRNA equivalent to

39

wild-type cells, suggesting an average of one copy of the gene
per transformed cell.

C6B/YEp24-~,

50-100 per cell, showed 10-20 times

which has a copy number of

more~

mRNA than wild type

(data not shown) and a six-fold increase in kinase activity.
Thus, the thymidylate kinase activity is proportional to the

~8

mRNA levels in various transformed cells.
Previous deletion analysis of the cloned

~8

gene revealed
~a

that the smallest fragment capable of transforming the

mutant to temperature resistance at hi9h frequency is a 750 bp
segment carried on plasmid pCLK-60,

(Kuo and Campbell, 1983).

Plasmid pCLK-8 contains an insert with l2bp deleted from theNterminus of the functional

~a

to temperature resistance.
levels of

thymidylate

gene, and does not transform

~a

Strain C6B/pCLK-60 showed normal

kinase activity when

grown at

37°C.

ru r t h e r mor e , t h e enzyme a c t i v i t y de c r e a s e d t o one- s i x t h of t h e
normal

level when

cells were

grown in YPD medium at

room

temperature, presumably due to the loss of plasmid under nonselective conditions.

Interestingly,

a low level of enzy171e

activity was detectable in C6B/pCLK-B, even though this strain
did not contain the complementing form of the
~a

.cllC.a

gene.

Since

mutants did not have 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.

In summary, the fact that the plasmid-containing

cells contain thymidylate kinase in proportion to the gene dosage
strongly suggests that the .cJlCB product is thymidylate kinase.
In o r c1 e r t o e s t a b l i s h t hi s poi n t we h a v e t a ken the b i o c h em i c a 1
approach described in the following paragraphs.
9
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PORIFICATIOR

~

CUARACTERIZATION Qr %BYMIDYLATE JINASE

Purification Procedure .f..cu: Thymidylate Kinase-- The strain
used for

the purification of

thymidylate

overproducing, plasmid-carrying strain
Campbell, 1983).

This strain is a

in

the

wild

type

(Kuo and

mutant carrying plasmid

gene has been inserted.

level of thymi.dylate kinase activity in
as high as

C6B/YEp24-~~

~-1

~

YEp24 into which the wild-type

kinase was the

t~is

(Tables

The

strain was 6-10 fold
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).
~~l..a.I.

the

Weight

Determination -- The molecular weight of

purifiec enzyme was

centrifugation

estimated

and sodium dodecyl

by

glycerol

gradient

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 Mr of 25,000.

This v.alue is essentially

the sarr.e as the one deduced from the

10

~8

DNA sequence

(see

41

below).

AmlnQ

~i~ ~m~~i~

-- 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~

DNA sequence except for two residues. The slight deviation of
valine and isoleucine, for instance, could have arisen from
incorrect accounting for the acid labile amino acids or from a
contaminant in the enzyme fraction.
N=termincl .

~ ~ ~guepce

--

~e .

N-terminal amino acid

residues of purified thymidylate kinase were determined by the
Automated Microsequencing method (Bunkapiller and Hood, 1983).
Eighteen residues were obtained as follows:
N-(Rl)-(R2)-(R3)-Arg-Gly-Lys-Leu-Ile-Leu-Ile-GluGly-Leu-Asp-Arg-T.hr-Gly-(Rl8)-Thr-T.hr-Gln-Cys- - The first three residues were obscured by the sequencing
analysis due to high background in the early cycles of the
automated process.
unblocked

The sequencable protein, i.e-. protein with

-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 sequence from the fourth to
the twenty-second residues of thymidylate kinase is the same as
that deduced from

~.e.

DNA sequence (see below).

Thus,

the

result strongly suggests that thymidylate kinase is the gene
product of

~,

and also confirms that the reading frame of

~

gene in Table VI is correct.
Determination

~ ~leotide

Seguepce

~ ~ ~ ~·

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 sequence
data presented above •

.t.Ollll.E.!.EHA%.I.QB .Q.f nL!-%REA%ED .t.EI.L.S lfll.B .f.tl.RI FI EP
THYMIDILATE JINASE

Previously, we and others ba v e reported that
show

thermolabile

DNA

synthesis

in

Brij-treated

replication systems (Hereford and Eartwell,
Kuo and Campbell, 1982).

~.S.

1971~

mutants

in

vitro

Banks, 1973,

Furthermore, we showed that a protein

could be partially purified that complemented the defect in
Brij/sucrose-treated

~cells

Availability of the

(Kuo and Campbell, 1982).

purified~

gene product, thymidylate

kinase, all owed us to ask why Br ij/sucrose-treated
sh~ed

~.S.

cells

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~ cells at 23 or 37°C (Table
VII).

In the first experiment, dTMP was substituted for dTTP and

synthesis was measured in wild-type cells.

dTMP is just as

efficient a precursor as dTTP. This is different from the result
obtained with cells treated only with Brij as described by
Be ref or d and Bar tw e 11

( 1 9 7 1).

efficiently as a precursor.

Such cells do not

use dTMP

Seconcly, we examined the ratio of

activity at 37°C and 23°C in both wild type and the ~ mutant.
The wild type shows a ratio of 1, while the mutant had a value of

12
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0.35.

However, if purified thymidylate kinase is added to the

.kJk.a c e l l s a t 3 7 °C, s y nth e s i s i s r est ore d almost to wi 1 d- type
levels.
Why do we see complementation?

Added dTTP 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
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DISCUSSION
We have purified the dTMP 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 thymidylate 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~~

gene of yeast. First,

~~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,
~i

(DNA 1 i ga se) and .c..skll (thymi dy 1 ate synthetase) (Johnston

and Nasmyth,

1978; Bisson and Thorner, 1977) that show a

temperature-sensitive elongation phenotype l.n.. yiv.Q.,
no detectable activity in extracts.

but contain

It may be that there is an

efficient degradation pathway in yeast for proteins not seen as
native. The fact that normal or even elevated thymidylate kinase
levels can be restored to
with the wild-type gene

strains when they are transformed

~

and the fact that the level of enzyme is

proportional to the gene dosage in the transformants provides
strong evidence that the

~~

product is thymidylate kinase.

Final proof comes from the fact that
acid composition,

the molecular weight, amino

and N-terminal amino acid sequence of
14
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thymidylate kinase are identical to those deduced from the DNA
sequence of the cloned~~ gene.

Sclafani and Fangmanl have

provided strong genetic evidence to complement our findings.
The finding that the
~ynthesis

protein is required for precursor

~

is not consistent with many early observations

regarding the behavior of

mutants in in vitro replication

~~

systems. Hereford and Hartwell (1971) and Oertel and Goulian
(1979) showeq that synthesis was

defecti~e

at the non-permissive

temperature in permeabilized ·cells in such mutants, even though
the precursors of synthesis, including dTTP,

were provided. Kuo

and Campbell (1982) reported similar findings and even purified a
protein that could restore activity in vitro.

Furthermore,

synthesis was reported to be thermolabile in three soluble in
~

replication systems prepared

from~

cells (Jazwinski and

Edelman, 1979; Kojo et al., 1980; Celniker and Campbell, 1981).
Similar observations have been made in animal (Reddy and
Pardee, 1980) and in prokaryotic systems. For

T4-infected

~.~li

cells, it has been reported that the T4 DNA replication complex
contains at least some of the enzymes needed for synthesis of
deoxyribonucleoside triphosphates and that mutations in genes
coding for these enzymes could directly affect DNA synthesis
(Collinsworth and Mathews, 1974; Dicou and Cozzarelli, 1973;
North, Stafford and Mathews, 1976; Wovcha, Tomich, Chiu and
Greenberg,

1 9 7 3) •

hydroxymethylase)

Cells infected with either gene 42 (dCMP
or

gene 1

(deoxynucleoside monophosphate

kinase) mutants are defective in DNA synthesis in plasmolysed
cells even though nucleoside triphosphates are provided (Dicou

15
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and Cozarelli, 1973J

Collinsworth and Mathews, 1974; North,

Stafford and Mathews,

1976; Wovcha, Tomich, Chiu and Greenberg,

1973).

A possible explanation for these results, as for the

results in the yeast system, is that the proteins involved not
only catalyze the synthesis of precursors, but also interact with
the replication fork and are required for proper propagation of
the repl isome. In support of this idea, precursor enzymes have
been isolated as part

of a

large

complex containing DNA

polymerase, and dTMP supported greater rates of synthesis than
dTTP.

Another result similar to the

~-.k.Q~i

system.

Ribonucleoside

~a

results is in the

diphosphate

reductase

(r ibonu cl eoside diphosphate reductase catalyzes the reduction of
the

four

ribonucleoside

diphosphates

to

the

corresponding

deoxyribonucleoside diphosphates and thus generates all
precursors for DNA synthesis.
diphosphate reductase mutant

In studying the ribonucleoside

(D..tJia),

Manwaring and Fuchs

(1979)

found that the cells exhibited a sharp decrease in the enzyme
activity and the rate of DNA synthesis upon shifting to 42°C,
while at the same time displaying little or no decrease in the
deoxyribonucleoside triphosphate pools.

The ribonucleoside

diphosphate reductase, they proposed, may have a more direct
effect on DNA synthesis as a part of DNA replication complex than
just production of deoxyribonucleotides.

It is conceivable that

the enzymes involved in the provision of essential precursors for
DNA synthesis in prokaryotes interact with the functional DNA
•replisome.•

If it is also true for yeast cells,

the .c.t1..Ca

protein (thymidylate kinase) may also play a direct role in DNA
synthesis.
16
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In order to test the possibility that

~a

protein,

in

addition to its thymidylate kinase activity, also plays a direct
role in DNA synthesis,

we studied DNA synthesis using the

permeabilized cell system in the presence and absence of purified
thymidy 1 ate kinase.

First, it appears that both dTMP and dTTP

can serve equally well as substrates. Secondly, the purified
thymidylate kinase restores synthesis at the nonpermissive
temperature in

~

mutants to normal levels.

As stated in the

text, this could be due to resynthesis of degraded dTTP or it
could be due to an interaction of

thymidylate kinase with the

replication machinary, which would require that the Brij-treated
cells be permeable to the protein.

While the latter possibility

is favored by Sclafani and Fangman,

we have carried out no

experiments to distinguish these two cases and merely point out
the possibilities

and the analogies to the phage system as

interesting.

17

48

Acknowledgments
We wish to thank Dr. R. A. Sclafani, W. Fangman, and L.B.
Hartwell,

Department of Genetics,

University of Washington,

Seattle, Washington, for information prior to publication.

We

are very grateful to Dr. J. Newman for help with the BPLC, to Dr.

s.

Kent for amino acid sequence determination and Mr.

v.

Farnsworth for amino acid composition measurement at the Biology
Department of · Caltech, Pasadena.

This work was supported by the

American Cancer Society, grant no. MV-142A, March of Dimes tl794, and Judith L. Campbell was a recipient of
Service RCDA CA00544.

18

o.s. Public Health

49

References:

l.

Badaracco, G., Capucci, L., Plevani, P. and Chang, L.M.S. (1983}
J. Biol. Chern. 258, 10720-10726.

2.

Banks, G. R. (1973) Nature llS_, 196-199.

3 ·.

Bisson, L. and 'nlorner, J.

4.

Bradford, M. M. (1976) Anal. Biochem.

5.

Celniker, S. E. and Campbell, J. L. (1982) Cell

6.

(1977) J. Bacteriol. ill., 44-50.

12,

248-254.

ll,

201-213.

Chan, C.S.M. and Tye, B.K. (1980) Proc. Natl. Acad. Sci. USA

ll, 6329-6333.
7.
B.

9.

Chen, M. S. and Prusoff, W. B. (1978) J. Biol. Chern. lll,
1325-1327.
Collinsworth,
908-915.

w.

L. and Mathews,

C. K. (1974) J. Virol.

~l,

Daurn, G., Bohni, P.C., and Schatz, G. (1982) J. Biol. Chern.

252, 13028-13033.
10. Dicou,
1302.

L. and Cozzarelli, N. R.

Hartwell, L. H.

12.

Hereford, L. M. and Hartwell, L. H. (1971) Nature, lli., 171172.

14.

J. Mol. Biol.

~,

11.

13.

( 1973)

(1973) J. Viol. 12.., 1293183-194.

Bewick, R. M., Hunkapil1ar, M. W., Hood, L. E. and Dreyer,
J. (1981) J. Biol. Chern. ~, 7990-7997.

w.

Hunkapi1ler, M. w., Bewick, R. M., Dreyer, w. J. and Hood,
in "Methods in Enzymology", vol. 91, pp. 399413.

L. E. (1983)

15. Eunkapiller, M. W. and Hood, L. E. (1983)
Enzymologyft vol. 91, pp. 486-493.
16.

Hunkapiller, M. W. and Hood, L. E.

in "Methods in

(1983) Science lli, 650-

6 59.

17. Jazwinski, S.M. and Edelman, G.M. (1979) Proc. Natl. Acad.
Sci. USA~' 1223-1227.
18.

Johnston, L. B. and Nasmyth, K. A. (1978) Nature, 2..2.!, 891894.

19

50

19. lojo, B., Greenberg, B.D. and Sugino, A. (1981) Proc. Natl.
Acad. Sci. OSA lB., 7261-7265.

c.-L.

and Campbell, J. L. (1982) Proc. Rat1. Acad. Sci.

20.

Juo,
OSA,

21.

luo, c.-L. and Campbell, J.
no. 10, 1730-1737 •

. 22.

llr 42 43-4247.

L.

{1983) Mol. Cell. Biol.

~,

Livingston, D. M. and Iupfer, D. M. (1977) J. Mol. Biol.
249-260.

~.

23.

Manwaring, J.D. and Fuchs, J. A. (1979) J. Bacteriol. lll,
245-248.

24. Maxam, .A.M. and Gilbert, J. (1980.) Methods ,Enzymol. 6.S.,
499-580.
25. Merril, C. R., Goldman, D., Sedman, S. A., and Ebert, M. B.
(1981) Science 2il, 1437-1438.

s.

and Stein,

w.

(1954) J. Biol. Chern. ill., 907-

26.

Moore,

27.

Newlon, C. S. and Burke, W. (1980) ICN-OCLA Symp. Mol. Cell.
Biol. ll, 399-409.

28.

Newlon, C. S. and Fangman, W. L. (1975) Cell

29.

North, T. w., Stafford, M. E. and Mathews, C. K. (1976) J.
Virol. 11, 973-982.

30.

Oertel, W. and Goulian (1979) J. Bacteriol.

31.

Petes, T. D. and Ney,•lon, C. S. (1974) Nature, 2..2.,l, 637-639.

32.

Reddy, G.P.V. and Pardee, A.B. (1980) Proc. Natl. A ad. Sci.
USA ll, 3312-3316.

33.

Weber, K. and Osborn, M. {1969) J. Biol. Chern.
4412.

34.

Wovcha, M. G., Tomich, P. K., Chiu, C. and Greenberg, G. R.
(1973) Proc. Natl. Acad. Sci. OSA, lQ, 2196-2200.

B.

20

~'

423-428.

~,

333-341.

~,

4406-

51

!'ABLFS

Table I

s.

cereyjsiae strains used.

Genotype

Strains

Source

L. B. Hartwell (1973)

A364a

A ~l ~l gall ~1

SSlll

MAla

~l-289 ~3-2 ~3-532 ~2-10

PEP4

~1

~4-3 ~11-1122 ~ll-126

~8

derived from A364a

.CQ..Q

derived

from

cdc8-l

.l.l..t.Al .tu1l cdc 8 .=l

21

hls7

~2

ga12

s.

Scherer

E. Jones
L. B. Hartwell (1973)
Kuo and Campbell (1983)
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Table II.

Thymidylate Kinase activity at 23°C and 37°C in normal
and mutant cells.

Strain

Growth
temp

Spec. act.
(Units/mg>
23°C 37 C

PEP4

30°c

16.5

34.8

C6B/YEP24-.cllC.S.

30°C

126.9

233.8

A364a

30°C

22.3

47 .l

SSlll

30°C

21.8

37.9

23°C

9.7

40.1

cdcB-1

23°C

<0.01

<0.01

cdcB-2

23°C

<0.01

<0.01

cdcB-3

23°c

<0.01

<0.01

23°c

<0.01

<0.01

cdcB-5

23°c

<0.01

<0.01

cdcB-6

23°c

<0.01

<0.01

Cells were grown in 20 ml of YPD media or selective meoia to

o.o. 590 = 5,

and harvested by centrifugation at 5,000 rpm, for 5

min in a Sorvall SE34 rotor at 4°C.

with chilled glass distilled water and resuspended in 2

once

of 0.1 M Tris-BCl,
broken

pH 7.6,

1 mM PMSF.

Cells were

6 times vigorously.

The

supernatants

collected after centrifugation at 5,000 rpm for 5 min in -a

Sorvall
min

50 mM NaCl,

ml

by the addition of 1.5 ml of chilled glass beads followed

by vortexing for 30 sec,
were

The cell pellets were washeo

Residual debris was removed by another

SE34 rotor.

centrifugation

by

Eppendorf

microfuge.

Samples

of

10
the

supernatant were used for the determination of thyrnidylate kinase
22
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activity.

The

complete

contains 50 mM Tris,

system

pB 8.0,

10 mM Mg++,

[3B-methyl] dTMP (50 cpm/pmole).
described
amount
min at

in Methods.

for the dTMP

kinase

reaction

7.5 mM ATP and 0.5 mM

The reactions were performed as

A unit of dTMP Kinase is defined as

of enzyme which phosphorylates one nmole of dTMP

37°c.

23

per

the
30
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Table III.

Recovery of Thymidylate Kinase Activity in the
mutant carrying the cloned

~

gene on

Growth
medi urn

Growth
temp

Spec. act.
(Onits/mg)

C6B

YPD

23°C

<.01

C6B/YEp24-~

YPD

30°c

242.1

SD-Ora

30°C

. 275.0

YPD

30°C

31.5

SD-Trp

30°C

2 8.8

YPD

30°C

28.7

SD-Ora

30°C

31.5

C6 B/pCLK-6 0

YPD

3 7°C

27.2

C6B/pCLK-6 0

YPD

23°C

4.8

C6B/pCLK-8

YPD

23°C

2.4

Strain

C6B/YRp7-~

C6B/YCp50-~

24

~-1

plasmids.
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~

Step

I
II
III

zy.

Fraction

Purification

~ Th~midylcte

!incse

Total
protein
(mg)

Units

Onits/mg

(xl0 5 )

{xl0 3 )

1911.3

2.92

Amrnoni lim sulfate 403.7
Phenyl-Sephar ose

Crude Extract

Purity

Yield

-fold

'

0.15

1

100

2.55

0.63

4

87

67.7

2.15

3.17

21

74

IV

DEAE-Cell ulose

6 .6

1. 76

26.79

176

60

v

Bydr oxylapati te

0.7

0. 7 0

10 8. 01

708

24

Sephadex G-50

0.08

0.6 0

73 4. 23

4894

21

VI

25
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Table

Residues

v.

Amin2

~ CQm~Q&itiQD ~

:l:b:irni Q.J: late !;inazae
Purified*
Thymidylate

Mole Percent

~inase

Predicted
from CDC8 DNA
Sequence

Ala

4. 7

g

7

Arg

4.7

g

8

14.0

28

29

Asp + Asn
Cys
Glu + Gln

0

5.D.**

3

12.4

25

24

G1y

8.0

16

14

His

2.0

4

3

I1e

6 .2

12

16

Leu

12.5

25

25

Lys

12.0

24

21

Met

0

N.D.

Phe

4.7

9

10

Pro

1.3

3

5

Ser

6.7

13

11

Thr

7.0

14

13

Trp

0

N.D.

3

Tyr

0

N.D.

6

Val

3.8

8

*Baseo on 199 amino acid residues.
**No data.

26

5

13
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Table VI
DNA
Gilbert

sequencing
(1980)

on

was carried out by the method of Maxam
genes that had been

analysis in the regions considered,
studies (Kuo and Campbell,
sequence.
from

Five

300bp

to

subjected

to

and

deletion

on the basis of the previous

1983),

to contain the

complementing

of the deletion derivatives with sizes
llSObp were used in

sequencing.

ranging

All

of

them

contained a single Xho I site and a single Bam HI site introduced
after

Bal31

fragments.
labeled

deletion
After

reaction

at

the

Xho I or BamBI cleavage,

at its 5' ends or at its 3' ends.

ends

of

then

eluted

The separated,

was

The labeled DNA

was

27

separated

end-labeled fragment was

from the sliced gel and sequenced by the

procedure (Maxam and Gilbert, 1980).

cloned

the linear DNA

then digested with two labelea fragments that could be
on polyacrylamide gel.

the

published
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CDC B SEQUENCE

1

HetMetGl~ArgGlvLvsLeulleLeulleGluClvLeuAs~ArqThrClvLvsThrThr

~15

ATCATCCCTCGTCCCAAATTAATACTCATACAACGATTCCACACCACTCCTAAAACCACG
I

21
~75

I

I

I

I

I

I

I

I

TCAGATCAGGCAATTCACCTCTTGTTTTCCGCAAATACATGGCAAATAGTTCACAAGATA
I

I

I

60
594

I

SerAspGlnAlaileHisLeuLeuPheSerAl•AsnAraTrpGlulleV~lAspLyslle

·I

40
534

I

ArgSerThrArqileGlvGlvLeulleAsnGluTyrLeuThrAspAspSerPheGlnLeu
ACGTCTACCCGAATCGGAGGACTCATAAACCAATATTTCACGGATGATAGTTTCCAATTA
I

61
595

I

ClnCysAsnileLeuTyrLysLysleuClnProAsnCvsLvsLeuLeuLysPheProGlu
CAATGTAATATTCTTTACAAAAAATTCCAACCAAACTeTAAACTATTCAACTTCCCCCAA
I

41
535

I

20
474

80
654

I

81
655

LyslysAsoleuLeuGluGlyLysAsnileValHetAspAraTyrValTyrSerGlyVal

100
714

101
715

AlaTvrSerAlaAlalysGlyThrAsnGlyHetAspLeuAspTrpCysLeuClnProAsp
CCATATTCTGCCGCTAAGGGGACAAATCGAATGGATTTCGATTGGTCCTTGCAACCCCAT

120
774

AAGAAAGATTTACTAGAAGGGAAGAACATTCTCATGCACAGATATGTTTATTCTG~AGTG
I
I
I
I
I

I

121
77S

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

160
894

I

180
954

I

200
1014

I

GluProValLeuSerThrHislleAspHisAsplysPheSerPhePheTrM
GAGCCTGTTTTGAGTACGCATATTGATCATGATAAATTTTCGTTCTTCTAGGA
I

140
834

I

IleValAspValThrAsnlysAsolleGlnGluValGluAlaleulleTrpGlnlleVal
ATTGTAGACGTTACTAATAAGGACATTCAGGAAGTTGAACCGCTTATTTGGCAAATCGTT
I

201
1015

I

LysGlnThrPheMetlysleuleuAspLysGlulleArcLysGlyAspGluSerlleThr
AAGCAAACTTTTATGAAGCTATTGGATAAAGAGATAAGGAAAGGCGATGAGTCAATCACG
I

181
9SS

I

AlaGlulysSerGlyPheGlyAspGluArcTyrGluThrVallysPheGlnGluLysVal
CCTGAAAAATCTGGATTTGGTGACGAAAGATACGAAACTGTCAAGTTTCAAGAAAAAGTG
I

161
89S

I

ValGlvLeuleuLvsProAspleuThrLeuPheLeuSerThrGlnAspValAspAsnAsn
GTAGGGTTGCTGAAACCCGATTTGACATTATTTTTAAGCACTCAACATGTCGACAATAAC
I

141
835

I

I

217
1067
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TABLE VII
IN VITRO COMPLEMENTATION OF cpcS-1 PWTAliT
BY PURIFIED DTI·t?· KINASE

DllW INCORPORATED PER 108 CELLS
DTMP KINASE

- DTMP KINASE

+

23·c

37•c

23·c

37·c

~I L]TYPE

PMOL

PMOL

PMOL

PMOL

DTI·iP
DTIP

3.LI2
3.24

3.98
3.78

1.16
1.16

3.60
3.58

'4.02
~.05

1.11
1.14

3.55
3.50

1.25
1.16

0.35
0.33

3.52
3.Z48

3.60
3.Z40

1.02
0.98

STRAIN

Q~

Q~

coc8 t1UTAtn

DTf1P
nTIP
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FIGURE LEGENOO

Figure 1.

SDS-PAGE electrophoresis of different purification
steps of thymidylate kinase.

Electrophoresis was performed as described in Materials and
Methods.

Each lane contains 5-7

Postmitochondrial fraction,
(dialyzed), Lane III:
DE-52

Lane STD:

Lane II:

Lane I:

Ammonium sulfate fraction

Phenyl-Sepharose column fraction, Lane IV:

Cellulose fraction,

fraction, Lane VIb:

g of protein.

Lane

V:

Hydroxylapatite

column

Sephadex G-50 Superfine column fraction.

Standard proteins from Sigma Chemical Co. contains 3

g of mixture of Bovine albumin (66,000), Egg albumin (45,000),
Glyceraldehyde-3-phosphate
anhydrase

(29,000),

dehydrogenase

Trypsinogen

(24 ,000)

(36 ,000),
and

Carbonic

-Lactalbumin

(14,200).

Figure

2a.

Glycerol
kinase.

gradient

sedimentation of

thyrnidylate

Thyrnidylate kinase was applied to a 10 to 40% glycerol
gradient containing 25 mM Tris, pH 7.6, 5 mM DTT, 50 mM NaCl.
Sedimentation was performed in a Beckman SW50.1 rotor at 47,000
rpm at 2°C for 24 hr.
(40 to 10%)

The gradient is shown from bottom to top

of the tube.

centrifugation.

38 fractions were collected after

Fraction number 22 {arrow in the plot) shows the

peak of thymidylate kinase activity.

Standards sedimented in

parallel gradients are catalase (25,000), alcohol dehydrogenase,

29

61

(80,000),

BSA {Bovine serum albumin,

66 ,200)

and Cyto.C

(Cytochrane

c, 12 ,300).

Figure 2b.

Molecular weight determination of thymidylate kinase
by SDS-PAGE electrophoresis.

Electrophoresis was performed as described in Materials and
Methods.

Pure thymidylate kinase was run parallel with standard

proteins (l.S ug per sample) in a 15% PAGE gel.

The molecular

weight of standard proteins was shown in the legend of Fig. 1.
The arrow indicates the position of thymidylate kinase.
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FRACTION NO.

n m: m: ::sr

'lZlb

MR

--

-..,
::;;11
...... . --.,~ -- ·

. flllll'

-~--

_,

Figure 1

XI0

-66
-45

-24
-20
-14

3

63

'o
BOTTOM

10

20

30

TOP
FRACTION

Figure 2a

64

1~----._----~----~----~--

0

0.2

0.4
0.6
0.8
RELATIVE MOBILITY

Figure 2b

65

Miniprint Supplement
Preparation

~

Extracts -- The postmitochondrial fraction as

described by {Daum, Bishi and Schatz, 1983) vas used as starting
material. The removal of the mitochondria is an essential step if
homogeneous enzyme is desired, due to the presence of an abundant
mitochondrial protein that co-purifies with thymidylate kinase in
all subsequent steps.

Yeast cells ( 12 1} were grown in YPD

medium at 30C>c and harvested in log phase, 2-4 x 10 7 cells/ml.
Cells were washed with

cold distilled water,

centrifugation and stored at -70°C.

collected by

Cells (125 gm wet weight)

were resuspended in 250 ml of 0.1 M Tris-H 2 so 4 , pH 9.4, 10 mM
dithiothreitol, and incubated for 10 min at 30°C.

They were then

washed with 1.2 M sorbitol and suspended in 850 ml of 1.2 M
sorbitol, 20 mM KP, pH 7.4.

45 mg Zyrnolyase 60,000 was added and

the suspension was incubated at 30°C with gentle shaking for 30
min.

Spheroplasts were harvested by centrifugation for 5 min at

3000 rpm in a Sorvall RC-3 centrifuge.

The spheroplasts were

resuspended in 500 ml of cold 0.6 M mannitol, 10 mM Tris-HCl, pH
0.02 mM dTMP,

7.4,

homogenized
homogenizer.

by

1 mM

10-15

phenylmethylsulfonyl

strokes

a

in

fluoride

tight-fitting

The homogenate was diluted with 250 ml

and

glass
of the

homogenization buffer and centrifuged for 15 min at 9000 rpm in a
Sorvall
their

GSA

rotor.

debris

are

The mitochondria, nuclei, unbroken cells and
found

in

the

pellet.

rehomogenized once and the supernatants

The

pe 11 e t

(about 850 ml)

was

combined

a n d sa v e d ( F r a ct i on I ) •
Amm~~m ~~~~ ~ecipitation

34

-- Solid ammonium sulfate,

66

390 gm per liter, was added slowly with stirring to Fraction I.
After stirring at 0°C for 30 min, the precipitate was collected
by centrifugation at 12,000 rpm for 30 min in a Sorvall GSA
rotor.
in
60%

The supernatant was saved and the pellet was resuspended

buffer A (25 mM Tris, pH 8.0, 0.5 mM EDTA, 1 mM PMSF) with
ammonium

sulfate

and

then

centrifuged

again.

The

supernatants were combined to give Fraction II.
~n~l~hai~ ~~ ~~~

--

Fraction II was diluted

with 1700 ml of buffer A and loaded onto a phenyl Sepharose
column (12.5cm 2 x 16cm) equilibrated with buffer A containing
0.25M ammonium sulfate.

The column was washed with

1500 ml

buffer A containing 0.25 M ammonium sulfate the protein was
eluted with an 1800 ml gradient of ammonium sulfate
M) in buffer A.

(0.25M - 0

The elution profile is shown in Fig. 1.

The

thymidylate kinase eluted at about 100 mM ammonium sulfate in
buffer A.
~

~

The active fractions were pooled to give Fraction III.
~~

-- Fraction III was dialyzed against buffer A

containing 60 mM NaCl for 3 hr and applied to DE-52 column
(5cm 2 x6cm).

Protein was eluted with a 180 ml linear gradient

of

NaCl (60 mM to 360 mM) in buffer A (Fig. 2).
Hydroxylapatite Chr6rnatography -- Fraction IV was applied to
a 2 m1 h y d r ox y 1 a p a t i t e co 1 u mn ( 0 • 8 c m2 x 2 • 5 c m) •

Af t e r wa s h in g

with 20 ml of 25 mM Tris-BCl, pH 7.6 0.1 mM KPi, the protein was
eluted with a 20 ml linear gradient of KPi (0.1 mM KPi to 80 mM
KPi).

At this purification step,

thymidylate kinase

(Mr -25,000)

could be easily observed in the SDS-PAGE gel (Fig. 3 and see Fig.
1 in the text).
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B~L~

--

Thymidylate

kinase was

isolated for

the

determination of amino acid composition and N-terminal amino acid
sequence

by

BPLC using a

Beckman

ultraviolet detection at 2l.C nm.

Instrument with

variable

A C4 VYDAC column (0.12cm 2 4 x

25 em) operating in a reversed phase mode was eluted with a
gradient

of

0%

to

100%

tr ifl uoroacetic acid (pH 2.1).
flow

rate 1

ml/min with 1

acetonitrile

in

0.05%

(v/v)

The gradient was carried out at a
ml

volume

collection per

tube.

Th thymi d y 1 at e k i n a s e wa s e 1 u t e d at f r a c t i on 3 9 a s a s h a r p pe a k
observed by SDS-PAGE gel and designated Fraction VIa (Fig. 5).
Sephadex

~

Superfine Column -- Fraction V was placed in a

dialysis tube and concentrated with polyethylene
(Carbowax) for 3 hours.

glycol

The concentrated solution was applied to

a Sephadex G-50 Superfine column (3cm 2 x 50 em)

(Fig. 4).

The

co 1 u mn wa s e 1 u t e d w i t h bu f f e r A at a f 1 ow r at e of 3 m1 I h r. Th e
peak of activity was pooled and designated Fraction VIb.
summary of this procedure is shown in Table IV in the text.
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Miniprint Supplement Figures

. Fig. 1

Phenyl-Sepharose CL-4B chromatography of thymidylate
kinase.

A 1 inear gradient of ammonium sulfate in buffer A was
carried out with flow rate 40 ml/hr;

The bar area indicates

fractions pooled containing thymidylate kinase activity.

Plotted

are activity ( ), protein concentration (-) and ammonium sulfate
concentration (--) versus fraction number.

Fig. 2

DE-52 Chromatography of thymidylate kinase.

10 ul aliquots of individual fractions were incubated in the
thyrnidylate kinase assay.

The bar area indicates fractions

pooled containing thymidylate kinase activity.
activity (o), and [NaCl]

Fig.

3

Plotted are

(o) versus fraction number.

Hydroxylapatite chromatography of thymidylate kinase.

2.5 ul samples were incubated in the thyrnidylate kinase
assay.

The bar area indicates fractions pooled containing

thymidylate kinase activity.

Plotted are activity ( ),

potassium phosphate (o) versus fraction number.
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and
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High-performance Liquid Chrom~togr~phy of
Kinase using ~ C4 VYDAC column.

Fi g.4

A portion of the

hydroxyl~patite

Thymidyl~te

column pool was applied to

a BPLC (C4 reversed phase, O• .f x 25 em column; room temperature;
pressure 2000 psi).

A

0.05% trifluoroacetic

line~r

~cid

flow rate of l ml/min. (l
Detection system:

gr~dient

of 0-100% acetonitrile in

(v/v, pB 2.1) was carried out with a

min/fr~ction;

chart speed:

20 cm/hr;

UV absorption at 214 nm; Sensitivity:

0.1

absorbance units full scale). The position at which thymidylate
kinase

eluted

was

determined

by

polyacrylamide

gel

electrophoresis of fractions.

Fig. 5

Sephadex G-50 Superfine gel filtration.

l ul samples were incubated in the thymidylate kinase assay.
The bar area indicates fractions
kinase activity.

pooled containing thymi dy 1 ate

Plotted are activity

number.
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versus fraction
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