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Several Saccharomyces cerevisiae dbfmutants defective in DNA synthesis have been described previously. In
this paper, one of them, dbJ2, is characterized in detail. The DBF2 gene has been cloned and mapped, and its
nucleotide sequence has been determined. This process has identified an open reading frame capable of
encoding a protein of molecular weight 64,883 (561 amino acids). The deduced amino acid sequence contains
all 11 conserved domains found in various protein kinases. DBF2 was periodically expressed in the cell cycle
at a time that clearly differed from the time of expression of either the histone H2A or DNA polymerase I gene.
Its first function was completed very near to initiation ofDNA synthesis. However, DNA synthesis in the mutant
was only delayed at 37°C, and the cells blocked in nuclear division. Consistent with this finding, the execution
point occurred about 1 h after DNA synthesis, and the nuclear morphology of the mutant at the restrictive
temperature was that of cells blocked in late nuclear division. DBF2 is therefore likely to encode a protein
kinase that may function in initiation of DNA synthesis and also in late nuclear division.

In the budding yeast Saccharomyces cerevisiae, the
events in the cell cycle from the beginning, START, to the
initiation of DNA synthesis were originally defined by three
cell cycle mutants. In order of function, these are cdc28,
cdc4, and cdc7 (for reviews, see references 25, 30, and 36).
Recent molecular analysis of these genes suggests that
progress through G1 up to and including initiation of DNA
synthesis may be regulated by protein modification, specif-
ically phosphorylation (22, 23). The CDC28 gene product is
a protein kinase (31), and CDC4 has homology with the
oncogene ets (29). In addition, CDC7, which functions very
close to the beginning of DNA synthesis and is probably
required directly in initiation (10), also encodes a protein
kinase (1, 27). At present, nothing is known of the substrates
of CDC7 or its actual role in initiation, but it may be
significant that at least one of the components of the yeast
replication complex is phosphorylated and a protein kinase
activity that is temperature sensitive in cdc7 mutant strains
is also found in this complex (14).
There are likely to be further essential G1 events, other

than those defined by cdc4 and cdc7, connected with S-
phase control and initiation of DNA synthesis. With this in
mind, we isolated new cell cycle mutants and screened them
for defects in DNA synthesis under restrictive conditions
(17). Four mutants, dbfl to 4, were identified specifically as
being defective in DNA synthesis, either in initiation or in
DNA replication itself. DBFI is required for ongoing repli-
cation, and the gene has been cloned and sequenced, but its
product has no homology with any known proteins in the
data banks (manuscript in preparation). The DBF4 gene acts
between cdc4 and cdc7 (18); it has been cloned and se-
quenced (our unpublished result), and Northern (RNA)
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hybridization has shown that it is periodically expressed in
the cell cycle (4). This expression occurs at the same point in
the cell cycle, late G1, at which five DNA synthesis genes
are expressed (19, 28, 38), although unlike these genes,
DBF4 itself is not required for ongoing DNA synthesis. It
may, therefore, be involved in regulating initiation of DNA
synthesis. dbf3 mutations also do not affect ongoing DNA
replication but may act shortly after initiation (18). dbJ2 was
originally categorized as being defective in ongoing DNA
replication (17); however, recent detailed analyses suggest
that at the restrictive temperature, the mutant shows a
partial defect in DNA synthesis (L. H. Johnston, unpub-
lished result; this paper). To elucidate the function ofDBF2,
we have cloned the gene, and we show here that the amino
acid sequence, deduced from the nucleotide sequence, has
extensive homology with sequences of serine-threonine pro-
tein kinases. In addition, we show that levels of the DBF2
transcript fluctuate periodically in the cell cycle. The first
detectable defect in dbJ2 at the restrictive temperature is a
delay in initiation of DNA synthesis, but DBF2 also func-
tions in the nuclear division cycle, possibly at the time of late
nuclear division.

MATERIALS AND METHODS

Yeast strains. The dbJ2 mutant strains used were L119-7D
(MATot dbJ2-J ura3-52 trpl,2 adel) and L179-9C (MATa
dbJ2-2 adel lys2 tyri hisl,7 trp2 ural). Other strains were
NCYC 239 (a prototorophic diploid) (41) and CG378 (MATa
ade5 leu2-3,2-112 trpl-289 ura3-52; obtained from C. Gir-
oux). The cell cycle mutants cdc5, cdc9, cdc14, and cdcl5
were all MATa adel ade 2 ural his7 lys2 tyri and were
obtained from L. H. Hartwell.
Media and general methods. YPD and YNB media have

been described previously (37). Cell numbers were deter-
mined by use of a particle counter (Coulter Electronics,
Dunstable, England). Yeast transformations were performed
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by using a modification (7) of the lithium acetate method
(13).

Cloning of the DBF2 gene. Twenty-three plasmids that
complemented temperature-sensitive cell growth of S. cere-
visiae L119-7D cells were isolated from a clone bank of S.
cerevisiae chromosomal DNA in vector YRp12 (2). Seven
plasmids with related inserts complemented more efficiently
than did the remaining plasmids. This group contained the
authentic DBF2 gene, which was confirmed by integrative
mapping (26). After restriction endonuclease mapping,
Southern hybridization of chromosomal DNA showed that
the insert DNA on the plasmid was not rearranged, and
further subcloning was carried out to limit the DNA frag-
ment that is able to complement the mutation by standard
procedures.

Genetic mapping of DBF2. The gene was localized to
chromosome VII by probing a Southern blot of yeast chro-
mosomes separated by orthogonal field alternation gel elec-
trophoresis (3). By choosing four markers on chromosome
VII, standard genetic mapping was carried out as published
previously (33).

Synchronization procedures. NCYC 239 cells were used
for the feed-starve protocol of Williamson and Scopes (41).
The elutriator-synchronized culture used here has been
described previously (the 25°C culture in reference 38);
CG378 and L179-9C were used for a-factor synchronization
(19). For the latter procedure, cells were grown to mid-log
phase (5 x 106 to 1 x 107 cells per ml) in either YPD or YNB
medium, a-factor was added to a final concentration of 2
p.g/ml, and incubation continued until budded cells had
declined to 2 to 3% of the total cells (usually about 2 h at
25°C). The a-factor was removed by filtration and extensive
washing, and the cells were then resuspended in fresh
prewarmed (at 25°C) medium at 5 x 106 cells per ml.
Northern hybridization. Total RNA was extracted from

yeast cells as previously described (37). A 5-R,g sample of
total RNA, denatured with glyoxal, was separated by agar-
ose gel electrophoresis and transfer was to a GeneScreen
hybridization membrane (Dupont, NEN Research Products,
Boston, Mass.) as described previously (19, 37). Probes for
RNA-DNA hybridization were internal fragments from the
genes concerned, the DBF2 probe being the 1.3-kilobase (kb)
EcoRI fragment (Fig. 1). The other probes have been de-
scribed previously (19, 37). DNA was labeled with [a-
32P]TTP (Dupont, NEN) to an approximate specific activity
of 109 cpm/,g, using an oligolabeling protocol (37). After
hybridization, blots were washed, dried, and autoradio-
graphed at -70°C with X-ograph Hi-Speed-X intensifying
screens. Several exposures were carried out for each exper-
iment so that every RNA of interest was within the exposure
range of the film. A Joyce-Loebl Chromoscan 3 densitometer
was used for quantitation of RNA on the autoradiographs.

RESULTS

Cloning and genetic mapping of the DBF2 gene. A DNA
fragment that is able to complement the temperature-sensi-
tive growth phenotype of the dbJ2 mutation was isolated
from a yeast genomic library constructed in a multicopy
yeast-Escherichia coli shuttle vector as described in Mate-
rials and Methods. This activity was localized to a 2.3-kb
SalI-BamHI fragment (Fig. IA). The identity of the clone
was confirmed by integrative mapping (26), and classical
genetic mapping showed that dbJ2 is linked to ade6 (14
parental ditype [PD]:0 nonparental ditype [NPD]:5 tetratype
[T]), trpS (5 PD:1 NPD:14T), and leul (9 PD:0 NPD:24 T) on
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FIG. 1. Localization of dbj2-complementing ability, partial re-
striction map, and genetic map of DBF2. (A) The yeast DNA
fragments represented by the lines drawn below the restriction map
were inserted into plasmid YRp12, transformed into a dbf2 mutant,
and tested for the ability to rescue temperature sensitivity of the
dbJ2 mutation. The arrow under the restriction map shows the ORF
found from the nucleotide sequence (see Fig. 2). Abbreviations for
restriction enzymes: B, BamHI; C, ClaI; G, BgIII; H, Hindlll; RI;
EcoRI; RV, EcoRV; S, SaII. (B) Mapping of the dbJ2 mutation
genetically, using standard procedures (33).

chromosome VII. Use of standard equations (24) places dbJ2
13 centimorgans (cM) from ade6, 53 cM from trp5, and 36
cM from leul, on the right arm of chromosome VII about 33
cM from the centromere (Fig. 1B). This analysis confirms
that DBF2 is a newly identified gene.
DNA and deduced amino acid sequence. The nucleotide

sequence of about 2.3 kb of DNA that contained the dbJ2-
complementing activity was determined by the dideoxy
sequencing method (32) (Fig. 2). In this region, one large
open reading frame (ORF) was found which is capable of
encoding a protein of 561 amino acids with a calculated
molecular weight of 64,883. The predicted protein would be
basic, and the estimated pl is about 9.0. Interestingly,
subcloning had shown that a fragment extending from the
Hindlll site to the BamHI site (Fig. 1A) had dbJ2-comple-
menting activity (transcription must presumably have initi-
ated in flanking vector DNA); therefore, the N-terminal 75
amino acids of the protein seem to be nonessential for the
activity.
When the deduced amino acid sequence of the DBF2 gene

product (Fig. 2) was compared with existing sequences in
data banks, substantial homology was detected with protein
kinases. This homology was not confined to the ATP-binding
and phosphorylation sites but extended to all 11 domains
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TAAACAATG -241
ACATGTTTCATTCCTCAATCTAAATCATTCGAAGCTACCTTGATGTTGAAGCCCTCCGCT -181
TGTTGTTTATTTAAAAATAAATACAAGGAGGCAATTCGTCCAAGTAAATTATTGTAAGAT -121
AGAAACCTTGCTAAAGATAGAAACTAATATACCAGAAAAATTCAAGCAACATCTACAGTA -61

1 SalI
TTCCTTGCTAAAGAAAAATTCTTTAATATGCTATCAAAATCAGAAAAAAATGTCGACTAC -1
AIGGCAGGCAATATGAGCAATTTGAGTTTCGATGGGCATGGGACTCCTGGGGGCACTGGA 60
M A G N M S N L S F D G H G T P G G T G 20
CTATTTCCTAACCAAAATATAACAAAGAGGAGGACAAGGCCTGCGGGTATCAATGATTCA 120
L F P N Q N I T K R R T R P A G I N D S 40

CCTTCGCCGGTAAAACCATCCTTTTTTCCTTACGAAGATACTTCCAACATGGACATAGAC 180
P S P V K P S F F P Y E D T S N M D I D 60

HindIII
GAAGTATCTCAACCTGATATGGATGTCTCGAACTCTCCCAAGAAGCTTCCACCAAAGTTT 240
E V S Q P D M D V S N S P K K L P P K F 80

TACGAAAGAGCAACTTCAAATAAAACACAGAGAGTTGTTAGTGTTTGCAAAATGTACTTT 300
Y E R A T S N K T Q R V V S V C K M Y F 100

CTAGAATATTACTGTGATATGTTTGACTATGTAATTAGTAGAAGACAACGCACGAAGCAA 360
L E Y Y C D M F D Y V I S R R Q R T K Q 120

EcoRI
GTTCTAGAATATCTGCAACAGCAAAGCCAACTTCCGAATTCTGACCAGATTAAACTCAAC 420
V L E Y L Q Q Q S Q L P N S D Q I K L N 140
GAAGAGTGGTCCTCTTACTTACAAAGGGAACATCAGGTTTTGAGAAAAAGAAGGTTGAAA 480
E E W S S Y L Q R E H Q V L R K R R L K 160
CCAAAAAATAGGGATTTTGAAATGATCACACAAGTAGGTCAAGGTGGTTATGGGCAAGTT 540
P K N R D F E M I T Q V G Q G G Y G Q V 180

TATTTAGCCAGAAAGAAAGACACAAAAGAGGTGTGCGCTTTGAAAATTTTAAACAAAAAA 600
Y L A R K K D T K E V C A L K I L N K K 200

EcoRV
CTATTGTTTAAGCTCAACGAGACAAAACACGTTTTAACTGAAAGAGATATCCTAACCACG 660
L L F K L N E T K H V L T E R D I L T T 220

ACAAGGTCTGAATGGTTAGTAAAACTTCTGTATGCATTCCAAGAACTACAAAGTTTATAC 720
T R S E W L V K L L Y A F Q E L Q S L Y 240

CTGGCTATGGAATTTGTACCAGGCGGTGATTTTCGTACATTATTAATAAATACTAGATGC 780
L A M E F V P G G D F R T L L I N T R C 260

TTGAAAAGTGGCCATGCGAGATTTTACATCAGTGAAATGTTTTGCGCTGTTAATGCGTTA 840
L K S G H A R F Y I S E M F C A V N A L 280

ClaI
CATGATTTAGGCTATACACATAGAGATTTAAAGCCGGAAAACTTCTTAATCGATGCCAAG 900
H D L G Y T H R D L K P E N F L I D A K 300

GGACATATAAAATTAACAGATTTTGGTTTGGCTGCTGGTACGATTTCTAATGAAAGAATT 960
G H I K L T D F G L A A G T I S N E R I 320

GAAAGTATGAAGATAAGGTTAGAAAAAATCAAGGACCTGGAATTTCCAGCGTTTACAGAG 1020
E S M K I R L E K I K D L E F P A F T E 340

AAATCTATAGAAGATAGAAGAAAAATGTACAACCAGTTGAGGGAGAAGGAAATTAATTAT 1080
K S I E D R R K M Y N Q L R E K E I N Y 360
GCGAACTCCATGGTTGGGTCTCCGGATTATATGGCTTTGGAGGTTTTAGAAGGAAAGAAA 1140
A N S M V G S P D Y M A L E V L E G K K 380
TATGACTTTACTGTGGATTACTGGTCGTTGGGTTGTATGCTGTTCGAAAGTTTAGTTGGT 1200
Y D F T V D Y W S L G C M L F E S L V G 400

TATACACCATTTAGTGGATCATCGACTAATGAGACCTATGACAACTTAAGGCGCTGGAAA 1260
Y T P F S G S S T N E T Y D N L R R W K 420

CAAACTTTAAGAAGACCGAGACAATCTGATGGGAGGGCAGCATTCTCCGATAGAACTTGG 1320
Q T L R R P R Q S D G R A A F S D R T W 440

ClaI
GATTTAATAACAAGATTGATTGCCGATCCAATCAATCGATTAAGATCCTTCGAACATGTT 1380
D L I T R L I A D P I N R L R S F E H V 460

AAACGCATGTCTTATTTTGCAGATATAAACTTTAGTACTTTGAGGTCAATGATCCCGCCT 1440
K R M S Y F A D I N F S T L R S M I P P 480

TTTACACCCCAACTAGACAGCGAAACTGATGCCGGTTATTTTGATGACTTCACCAGTGAG 1500
F T P Q L D S E T D A G Y F D D F T S E 500

GCTGACATGGCCAAATATGCCGATGTTTTCAAAAGACAAGACAAATTAACGGCTATGGTA 1560
A D M A K Y A D V F K R Q D K L T A M V 520
GATGACTCGGCAGTATCATCAAAACTTGTTGGGTTCACTTTCCGACATAGAAATGGTAAA 1620
D D S A V S S K L V G F T F R H R N G K 540

CAGGGTTCCAGTGGCATCTTATTCAACGGGCTGGAACACTCAGACCCCTTCTCAACCTTT 1680
Q G S S G I L F N G L G H S D P F S T F 560

EcoRI
TACIAGCGTAAAAATGAATTCTTGTGTTGCATTCGCCGCGATATAATTAGTTTTAACGAG 1740
y * 561

CTTCATGCAGACTTTTCAACTAGTACCTATGAACGCTTTTTTCATAAATATACATATATA 1800
TATAGTTGTGCATTACTTAGGACTTCAAGCCCATTGTTTAAAATCTCAGTTCACCGTAAC 1860
GTCCATCCCATGACCGTTTTGAACTAAACTTAAGCATTCATGTTGGGAGCGGCGAAACTT 1920
GGTAGTGTTTTACAGGAAAACAGCAATGGCCACTATTAATCGAAAATCTGCAAAAAATGA 1980
AAAGGAATGGGTGTTAAC 1999

FIG. 2. Nucleotide and deduced amino acid sequences of DBF2. The DNA sequence of a 2,240-base-pair fragment that complemented the
dbJ2 mutation was determined by the dideoxy-chain termination method (32). One large ORF is found in this sequence; the first nucleotide
of the ORF has been numbered 1. Starting at nucleotide -93 is a possible initiation sequence TATACCA. The 5' end of the mRNA ( l) has
been located by primer extension (21), using the oligonucleotide 5'-AGCTTCTTGGGAGAGTTCGAGACATCCAT-3', corresponding to the
region from positions 227 to 199. The predicted amino acid sequence is shown in single-letter code.
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II

164- DFEMITQV Q GYGQ(YL - 10 - ALKILNK - 10 - HVLTERDILT
85 - DF IL L FG V L - 10 - MVL K - 10 - H AR MLS

IV V VI
- 5 - WLVKL - 9 - LYLAMEFVPGGDFRTLL - 32 - RDLKPENFLIDAK

5 FIIRM - 9 - IFM MDYI GG SLL - 32 - R1LKPEN LLD

VII
GHIKLTDFGLA - 54

III
GHIKITDFG A 11

VIII IX

- GSPDYMALEVL - 4 - YDFTVDYWSLGCMLFESL

GTPDYIA EWv 4 YN SIDWWSi LIYE L

X XI

VGYTPF - 7 - TYDNLRRWK - 16 - DRTWDLITRLIADPINR - 108

GYTPF - 7 - TYE I K - 8 - D L I D & - 73

FIG. 3. Comparison of the deduced amino acid sequence of the
DBF2 protein (upper line) with the sequence of TPK1, a yeast
catalytic subunit of cAPK. (lower line) (35). Only those TPK
residues are shown which correspond to DBF2 amino acids at the
same position or which show conservative changes. In every case,

the size of the gap left in the TPK sequence equals the number of
DBF2 residues above it. Numbers within the sequence refer to
amino acids that have been omitted from the comparison. Bars
between the sequences represent amino acids conserved in all
protein kinases; roman numerals above the DBF2 sequence indicate
the conserved domains found in these enzymes (8).

that are recognized in these proteins (8) (Fig. 3). All of the
highly conserved protein kinase residues occur in the DBF2
gene product sequence, and only in domain X is homology
weak. This finding, however, is unremarkable, as this do-
main is rather divergent and shows few highly conserved
amino acids (8). Most homology occurs with cyclic AMP-
dependent protein kinase (cAPK), and Fig. 3 shows a

comparison with TPK1, the catalytic subunit of S. cerevisiae
cAPK (35). In view of these close structural similarities, it
seems almost certain that DBF2 is a protein kinase.
The DBF2 transcript was identified by probing a Northern

blot of total yeast RNA with the EcoRI DNA fragment (Fig.
1 and 2). This analysis revealed a single transcript of about
1.8 kb. Allowing for an untranslated leader and the poly(A)
tail, this result is consistent with the size of the gene.

The DBF2 transcript is periodically expressed in the cell
cycle. DBF2 was first identified as a mutant with a defect in
DNA synthesis (17). Since at least five DNA synthesis genes

are coordinately regulated in the cell cycle (19, 38), the
periodic expression of the DBF2 mRNA was examined.
Note that we use the term expression without any mecha-
nistic implication; the expression observed may be occurring
by transcriptional control or by changes in message stability.
Cells were synchronized by using a feed-starve protocol
(41), and as can be seen from the budding profile, a high
degree of synchrony was obtained (Fig. 4A). To reduce the
possibility of synchronization artifacts, more than one cell
cycle was monitored. Total RNA was extracted from sam-

ples taken at intervals throughout the experiment, and
transcript levels were assessed by Northern hybridization.
Initially, transcript levels from histone H2A and the associ-
ated protein (10) were examined. Protein I is not cell cycle
regulated and therefore serves as a loading control, although
the levels increase slightly over an experiment of this sort
(37). In this particular experiment there were some loading
errors, but this fact did not obscure the expected sharp
periodicity of histone H2A (12), which confirmed that the

culture was highly synchronous (Fig. 4A). The DNA poly-
merase I gene is one of the group of five DNA synthesis
genes that are coordinately regulated in the cell cycle (19,
38), and the level of its transcript also fluctuated sharply.
Moreover, it preceded histone H2A gene expression (19) in
each of the cycles so that the culture was physiologically
normal. When the same blot was probed with DBF2 DNA, it
was immediately obvious that the gene was periodically
expressed in the cell cycle. A large fluctuation in transcript
levels occurred, leading to a peak before the onset of
budding. Since DNA synthesis initiates at the time of bud-
ding in this system (40), DBF2 must be expressed before
DNA synthesis takes place. Furthermore, expression of
DBF2 also clearly preceded expression of POLI, which
occurs in late Gl (19), confirming that DBF2 is expressed
early, at least in the first cell cycle. Later peaks in the DBF2
transcript coincided with periods when budding in the cul-
ture was high, implying that in the subsequent cell cycles,
DBF2 expression may have been occurring in late G2/M
phase. This finding could be misleading, since late in the cell
cycle cytokinesis may be complete but not cell separation (it
is often difficult to separate buds even by sonication); thus,
apparently budded cells can be in Gl. Perhaps more impor-
tant, the peaks were exactly one cell cycle apart; therefore,
by definition, expression must have occurred at the same
point in each cell cycle. Consistent with this conclusion,
DBF2 expression preceded POLl expression by the same
amount in each cycle.
Two other synchronization methods were also used to

confirm that this result was not a synchronization artifact.
First ct-pheromone was used, which arrests a cells at or near
START in Gl; on release from the block, synchronous rounds
of cell division take place (37). The budding profile of the
culture and the levels of protein I and histone H2A gene
transcripts showed that good synchrony was obtained over
the two cycles examined (Fig. 4B). Expression of DBF2 was
clearly periodic, but the expected first peak after release
from the ot-factor arrest, comparable to that seen at 40 min in
the feed-starve culture, was not observed. This result sug-
gests that DBF2 expression occurs either before the ot-factor
arrest point in the cell cycle or during incubation in ct-factor;
indeed, the transcript increased in amount during the incu-
bation (Fig. 4B; see also below).

In the third synchronous system, a culture was set up by
using small cells isolated by elutriation (38). The synchrony
obtained was rather poor, but the DBF2 transcript was
nonetheless clearly cell cycle regulated (Fig. 5). The one
complete fluctuation evident had a peak at 3 h, compared
with POLl peaks at 1 h 20 min and 4 h 20 min, which could
be consistent with periodic expression of DBF2 occurring in
G2. However, it is difficult to rule out the possibility that the
cells harvested from the rotor had already passed START, as
occurred in one of our previous experiments (37). Thus,
expression of DBF2 in the first cycle may have been missed
and in Fig. 5 only the expression associated with the second
cycle is evident.
To further examine the expression of DBF2, ct-phero-

mone-arrested cells were sampled at frequent intervals, and
the level of DBF2 was monitored (Fig. 6). The DBF2
transcript increased some sixfold, unlike that of the histone
H2A gene which showed the decline expected for a cell
cycle-regulated message, or the control protein I gene,
which remained constant. This result suggests that DBF2 is
expressed early in the cell cycle, at or near the ct-factor
arrest point.
On the other hand, when mutants that blocked in late

VOL. 10, 1990

I



1362 JOHNSTON ET AL.

B

100 -..1

80-i
°i

-o 60-
3m

~p 40-i

20-

DBF 2

1.0 -7

U1)

z

POLI E
a)

C:

T
1 2 3 4
Time (hours)

[)RF2 ;~~~~~~~~~ -- *|z

0.8 -

0.6 -

0.4 -

0.2 -

0-

POL 1

1.0 -

0.8-4

0.6-4

0.4 --

0.2 H

0-J

0 1 2 3 4

Time (hours)

#A _ -.0 - _ _aI n- ._

FIG. 4. Cell cycle regulation of the DBF2 transcript in cultures synchronized by feed-starve (A) or by a-factor (B). Just over two
synchronous cell cycles were monitored in each case; the top panels show budding in the cultures. Total RNA was extracted from samples,
and Northern blots were prepared. After probing with 32P-labeled DNA fragments, suitably exposed autoradiographs were quantitated by
densitometry. The actual DBF2 and POLI transcripts from these experiments, together with two control transcripts (histone H2A and protein
I genes [12]), are shown at the bottom. The dashed line in panel B indicates the time of ox-factor removal.

nuclear division were held at the restrictive temperature, the
DBF2 transcript increased in amount. For instance, with
cdcl4 cells, the DBF2 transcript increased in amount by
some sixfold (Fig. 7). A similar induction, of some threefold,
also was observed in two other cell cycle mutants, cdc5 and
cdcl5 (6, 30), which blocked late in the cycle (Fig. 7). The
constant level of the CDC36 message in these two mutants
showed that no blotting artifacts had occurred (Fig. 7). This
induction was not due to some general heat shock effect on

cell cycle-regulated transcripts, since neither CDC9 nor the
histone H2A gene increased in amount under these condi-
tions (Fig. 7). DBF2 induction also seemed to be confined to
mutants blocking late in the cell cycle, since it did not occur
when the DNA ligase mutant cdc9 was held at 37°C (Fig. 7).
Finally, a wild-type strain was treated with either hydrox-
yurea, an inhibitor of DNA synthesis, or nocadazole, an
antitubulin agent. Incubation in hydroxyurea for up to 5 h
had little effect on levels of DBF2, although the cells were
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FIG. 5. Cell cycle regulation of the DBF2 transcript in a culture
synchronized by elutriation. The synchronous culture and the RNA
blot derived from it have been described previously (25°C culture in
Fig. 3 of reference 38). The blot was characterized by probing with
the protein I and histone H2A genes, CDC8, CDC9, and CDC21
(Fig. 3 in reference 38), and POLI (Fig. 2 in reference 19). Arrows
indicate positions of the POL1 peaks in the two cell cycles moni-
tored on the culture (19).

affected by the drug, since the histone H2A gene transcript
declined sharply (Fig. 7). In nocadazole-treated cultures the
histone H2A gene transcript again declined, but in sharp
contrast, the DBF2 transcript increased in amount by some

eightfold after 3 h of incubation (Fig. 7). Thus, DBF2 does
appear to be induced when cells are blocked late in the cell
cycle, possibly around late.nuclear division.
The first DBF2 function occurs shortly before S phase. The

dbJ2 mutants were initially identified as having a defect in
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FIG. 6. DBF2 transcript profile in cells held in a-pheromone.
a-Factor was added to a mid-log-phase culture of strain CG378, and
samples were removed at various times and prepared for Northern
hybridization. See legend to Fig. 4 for further details.

ongoing DNA synthesis (17). However, in view of the
probable protein kinase activity of DBF2, the effect of the
mutants on DNA synthesis was reinvestigated. In contrast to
the previous results, DBF2 was found to have no immediate
effect on DNA synthesis at the restrictive temperature, a
discrepancy which may in part be explained by the ready
suppression of all of the alleles of dbJ2 (unpublished obser-
vations). The defect that we now detect is no more than a
delay in initiation of S phase. This was detected by monitor-
ing DNA synthesis at either 25 or 37°C in dbJ2 cultures
synchronized with a-factor. In the case of a mutant that is
deficient in initiation of DNA replication, such as cdc7, no
DNA synthesis occurs at the restrictive temperature after
release from a-factor arrest (11, 18), since a-factor blocks at
or near the beginning of the cell cycle and the cells do not
progress through S phase (30). With dbf2 mutants, however,
when cells were transferred to 37°C immediately after re-
lease from a-factor, DNA synthesis did occur, but there was
a 40-min delay compared with either dbJ2 mutant cells
incubated at 25°C (Fig. 8A) or wild-type cells incubated at 25
or 37°C (data not shown). The control dbJ2 culture left at
25°C after a-factor release started DNA synthesis at approx-
imately 20 min (Fig. 8A). When part of this culture was
transferred to 37°C at 20 min after a-factor release, there was
again a delay of about 40 min before the start of DNA
synthesis (Fig. 8A). By 30 min in the control culture, DNA
synthesis had started, and upon transfer to 37°C, cells
continued DNA synthesis without any delay (Fig. 8A),
presumably since some cells had traversed the point at
which DBF2 was required. (Incidentally, this absence of a
delay in DNA synthesis shows that the 40-min delay was not
simply a result of heat shock.) However, a-factor synchrony
is not perfect, and by 30 min a proportion of the cells had not
yet passed the point at which DBF2 acted; these still
required the 40 min delay before beginning DNA synthesis.
Since DNA synthesis lasts for only 20 to 30 min in individual
cells (34, 39), there was a brief cessation of DNA synthesis
in the culture (Fig. 8A). Similar kinetics were obtained when
cells were shifted to 37°C at 40 min, but by 60 min the entire
population has passed the DBF2 point, and DNA synthesis
was completed without further interruption. Therefore, we
conclude that DBF2 acts in Gl and completes its function
very close to the beginning of DNA synthesis.
The cell cycle block in dbf2 mutants is not associated with a

defect in DNA synthesis. Despite seeming to complete DNA
synthesis at 370C, dbJ2 mutant cells still blocked in the cell
cycle and did not divide at the restrictive temperature,
suggesting a defect in some other aspect of the cell cycle. On
the other hand, a subtle defect in DNA synthesis, such as
failure to join replication intermediates (Okazaki fragments
or completed replicons), can lead to a block in mitosis, as
occurs with the DNA ligase mutant cdc9 (16). However,
alkaline sucrose gradient sedimentation experiments (20)
revealed no defect of this sort in dbJ2 cells at the restrictive
temperature (data not shown). Alternatively, a failure to
synthesize its entire genome at 37°C could also result in a
mitotic block, as happens with cdc2 (5). To establish
whether any defect at all in DNA synthesis could account for
the cell cycle arrest in dbJ2, the time of DNA synthesis at
25°C in the a-factor-synchronized culture was compared
with the time when cells acquired the ability to divide at
37°C. At intervals, samples of the synchronized culture at
25°C were transferred to 37°C, and cell numbers were then
determined after a suitable incubation at 37°C (Fig. 8B).
Cells transferred to 37°C up to 1 h 45 min after a-factor
release failed to divide. In this culture, DNA synthesis
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FIG. 7. DBF2 transcript levels in G2-blocked cells. The four cdc mutants (shown in lowercase) were grown at 25°C, sampled, and
transferred to 37°C, and further samples were taken at 40-min intervals to 2 h. For the nocadazole (Noc)- and hydroxyurea (HU)-treated
cultures, the drugs were added to mid-log cells of CG378 to final concentrations of 25 ,ug/ml and 100 mM, respectively. Each culture was
sampled immediately; the nocadazole culture was then sampled at 45-min intervals to 3 hours, and the hydroxyurea culture was sampled
hourly to 3 h and then again at 5 h. Northern blots prepared from the samples were probed with DNA from the genes shown on the left, and
the resulting autoradiographs are presented.

started at 20 min (Fig. 8A); in individual cells, DNA synthe-
sis is of 20- to 30-min duration (34, 39). Thus, the first cells
will have completed DNA synthesis by 50 min at the latest.
Yet these cells were able to divide at 37°C only after
incubation for 1 h 45 min at 25°C, or about 60 min after
completing DNA synthesis. It is therefore unlikely that any
defect in DNA synthesis contributed to the cell cycle block
in dbJ2 mutants, although it is difficult to entirely eliminate
the possibility that some replicons were completed only very
late in the cycle even at 25°C.

dbJ2 nuclear morphology at 37°C. S. cerevisiae mutants
defective in DNA replication typically form large, swollen
pairs of daughter cells (dumbbells) at the restrictive temper-
ature, with the nucleus located in the isthmus between the
two daughter cells (for reviews, see references 9 and 30).
dbJ2 mutant cells form this cellular morphology (17), but
when the cells incubated at 37°C were stained with Giemsa,
about 70% of cells appeared to contain two separate nuclei,

cdc14
DBF2 *W mqWA N

cdc9

one in each daughter (Fig. 9). Careful focusing showed that
in at least half of them, a very thin bridge of stained material
connected the two nuclei, a morphology described previ-
ously as due to a defect in late nuclear division (6). Among
the remaining 30% of cells, some showed a single nucleus in
one of the cells, whereas in others there were two nuclei in
one cell (examples can be seen in Fig. 9).

DISCUSSION

The DBF2 gene has been cloned, sequenced, mapped, and
shown to be periodically expressed in the cell cycle. This
analysis has shown it to be a newly identified gene, and
although its precise role is not yet clear, its product has
striking homology with protein kinases. This homology
extends to all 11 domains recognized in these enzymes, and
all of the highly conserved individual amino acids that occur
in various of the domains (8) are also found in DBF2 (Fig. 3).
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FIG. 8. DNA synthesis (A) and cell division (B) in a-factor-synchronized cultures. A dbJ2 strain (L179-9C) was grown at 25°C for about
10 generations to mid-log phase in YPD containing either 0.37 MBq of [3H]adenine per ml (A) or no label (B). a-Factor was added for 2 h;
after its removal, cells were resuspended in fresh YPD. For panel A, label was added to the same concentration and incubation was continued
at 25°C (0), with samples being transferred to 37°C at the times shown (O). Duplicate samples were placed in an alkaline stop mix and
processed for scintillation counting as described previously (17). For panel B, part of the culture was immediately placed at 37°C (O), and the
remainder was incubated at 25°C (0); cell numbers were monitored regularly in both cultures. In addition, samples were transferred at
intervals from the 25°C culture to 37°C, and cell numbers were determined after an additional 4 h of incubation (A).
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FIG. 9. Nuclear morphology of dbf2 at 37°C. L179-9C cells were

treated with ox-factor for 2 h at 25°C, washed, and resuspended in

fresh medium at 37°C. After the equivalent of two generations of
incubation, cells were fixed in 1% Formalin and stained with Giemsa
before being photographed.

Moreover, the spacing between the domains in DBF2 is
almost identical to that found in protein kinases except for an

insert of 43 amino acids between domains VII and VIII. The
S. cerev'isiae cell cycle protein kinase, CDC7, similarly has a

large but unrelated insert at this position (1, 27). These
structural similarities suggest very strongly that DBF2 is
itself a protein kinase. The sequences Asp-Leu-Lys-Pro-
Glu-Asn in domain VI and Gly-Ser-X-X-Tyr-X-Ala-Leu-Glu
(X being any amino acid) in domain VIII further suggest that
it is a serine-threonine protein kinase (8).
As judged by the extent of homology in the stretches of

sequence between each of the conserved domains, DBF2 is
not very closely related to any other known protein kinases.
There is, however, some homology with the catalytic sub-
unit of cAPKs. For instance, within the region of the protein
containing the 11 conserved domains (but excluding the
43-amino-acid insertion), DBF2 has 51%Y homology with
TPK1 (Fig. 3), an S. ( er-evisiae cAPK (35). Similar levels of
homology are found with both bovine and murine cAPKs.
By comparison, the homology with CDC7 and CDC28 is no

more than 28% and essentially confined to the conserved
domains. Much of the homology with cAPKs occurs within
particular motifs common to these enzymes, but it seems

unlikely that DBF2 is itself a cAPK. TPKI is part of a

three-gene family, members of which show more than 75%
amino acid homology in their C-terminal regions and more

than 50% with the bovine enzyme (35). DBF2 may therefore
have diverged from a common ancestor gene (8).
A single amino acid change from Lys to Thr (A-to-C

change at nucleotide 584 in Fig. 2) in domain II resulted in

total loss of db]2-complementing activity of the isolated
DBF2 gene (S. L. Eberly, H. Araki, and A. Sugino, unpub-
lished result), suggesting that the phosphorylation activity of
DBF2 directly participates in its function in vivo.
DBF2 may be unique among the known yeast protein

kinases in being periodically expressed in the cell cycle.
Three different methods of synchronizing cells have been
used, and all show clearly that the level of the DBF2
transcript fluctuates sharply in the cell cycle. It is expressed
at a time different from the time of expression of either the
histone H2A gene or POL1, one of the group of five
coordinately expressed DNA synthesis genes (19, 38), sug-

gesting that it is on a separate regulatory circuit. However.
the precise point at which it is expressed in the cell cycle is

difficult to assess.

The data from the feed-starve synchrony (Fig. 4A) suggest
quite strongly that DBF2 is expressed in Gl before expres-
sion of POLI. Similarly, the expression while cells are being
incubated in ox-factor (Fig. 6) also strongly supports this
interpretation. On the other hand, the single fluctuation
observed with the elutriation culture (Fig. 5), together with
the relative positions of the POLI peaks, suggests that in this
experiment it may be expressed in G2/M phase. The increase
in message level that occurs in cells blocked late in the cycle
by use of appropriate mutants or nocadazole (Fig. 7) also
may indicate that the cell cycle expression occurs during
mitosis.

In exponential-phase cells, the time difference between
late mitosis and START of the next cycle is probably no more
than 5 to 10 min. Moreover, START can be experimentally
manipulated so that it occurs in the preceding cycle in
dividing cells (15). Conceivably, therefore, the underlying
physiological event (or signal) that ultimately controls DBF2
expression may occur in either G2/M or near START, depend-
ing on how the cells are manipulated. We favor the interpre-
tation that it normally occurs near START, but a detailed
molecular analysis will be necessary to prove this conclu-
sively.
Another interesting question is how this periodic expres-

sion relates to the probable role of DBF2 in the cell cycle.
Since the first defect detected in dbJ2 mutants at 37°C is a
delay in DNA synthesis, the periodic expression may be
associated with a role in controlling S phase. Note that the
delay in DNA synthesis at 37°C, rather than a total block,
does not mean that DBF2 is necessarily participating in a
nonessential function but simply that its role can in some
way be bypassed. In this respect, it may be significant that
we have recently isolated a DBF2 homolog that shows about
95% amino acid homology with DBF2 in the region that has
so far been sequenced (Johnston, unpublished observation).

Despite the delay in DNA synthesis at 37°C, DBF2 seems
to have a late execution point, about 1 h after completion of
DNA synthesis in individual cells. Consistent with this
finding, the nuclear morphology of dhJ2 cells at 37°C is not
characteristic of DNA synthesis mutants but rather of mu-
tants blocked in nuclear division, possibly late nuclear
division. Furthermore, the increase in the DBF2 transcript
when cells are blocked in late nuclear division could be an
induction phenomenon reflecting an increased requirement
for the DBF2 product under these conditions, again pointing
to a role in late nuclear division. Hence, DBF2 may act twice
in the cell cycle, once before S phase and again in nuclear
division.

In budding yeast cells, however, the nuclear division cycle
begins very early. with spindle pole body separation occur-
ring at about the time of S-phase initiation. Hence, an
alternative interpretation of DBF2 function is that it first acts
in the nuclear division cycle at around this stage, leading to
the DNA synthesis delay at 37°C as a secondary conse-
quence. It then may function a second time in late nuclear
division or even act continuously or intermittently through-
out the nuclear division cycle. At present these two inter-
pretations cannot be reconciled, but monitoring the actual
levels of the DBF2 protein and the kinase activity in these
experiments may help resolve this question; such experi-
ments are under way. Equally important is the identification
and analysis of possible substrates for the putative DBF2
protein kinase, and a number of molecular and genetic
suppressors have been identified.
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