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14-3-3 Protein Homologs Required for the DNA
Damage Checkpoint in Fission Yeast

Jon C. Ford, Fahad Al-Khodairy,* Eleftheria Fotou,
Katherine S. Sheldrick,T Dominic J. F. Griffiths, Antony M. Carri

During the cell cycle, DNA is replicated and segregated equally into two daughter cells. The
DNA damage checkpoint ensures that DNA damage is repaired before mitosis is attempt-
ed. Genetic studies of the fission yeast Schizosaccharomyces pombe have identified two
genes, rad24 and rad25, that are required for this checkpoint. These genes encode 14-3-3
protein homologs that together provide a function that is essential for cell proliferation. In
addition, S. pombe rad24 null mutants, and to a lesser extent rad25 null mutants, enter
mitosis prematurely, which indicates that 14-3-3 proteins have a role in determining the

timing of mitosis.

A sophisticated series of controls has
evolved that ensures the integrity of DNA
before the initiation of mitosis. These con-
trols include a checkpoint that prevents
mitosis after DNA damage induced by radi-
ation (I). A key unanswered question is how
this radiation checkpoint interacts with the
cell cycle machinery. Genetic analysis of
Schizosaccharomyces pombe (reviewed in 2)
has identified two classes of radiation check-
point mutants that are distinguishable by
phenotype. The first class of mutants are
defective in both the DNA damage check-
point and in replication—mitosis dependency
control (3, 4), and they carry mutations in
any of six rad-hus genes. The second class are
defective primarily in the DNA damage
checkpoint (4, 5) and carry mutations in
either the chkl or the rad24 gene. Cells
containing the rad24.T1 mutation enter mi-
tosis prematurely during normal growth,
which indicates that the rad24.T1 mutant
may link the DNA damage checkpoint to
the cell cycle machinery (4).

To investigate the defect in the
rad24.T1 mutant, we used an S. pombe
genomic library (6) to isolate plasmids that
complemented the cells’ sensitivity to ultra-
violet (UV) radiation. The complementing
activity was localized to a 1.8-kb Eco RI-
Bam HI fragment, and sequence analysis
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identified an open reading frame encoding a
protein with 58% identity to the highly
conserved eukaryotic 14-3-3 proteins (Fig.
1A). This sequence did not contain the
rad24 gene itself (7) but carried a multicopy
suppressor of rad24.T1, which we designat-
ed rad25. Multicopy rad25 plasmids com-
pletely suppressed the premature mitosis
phenotype and the UV sensitivity of
rad24.T1 cells (8).

The 14-3-3 proteins have been identi-
fied in most eukaryotic cells (9) and diverse
biochemical properties have been ascribed
to them. Mammalian cells contain a mini-
mum of seven 14-3-3 isoforms, and the

Fig. 1. Predicted se- A
quences of rad?24 and
rad25 gene products
(21). (A) The rad25
gene was cloned as a
multicopy suppressor of
the rad24.T1 mutant. A
null allele was construct-
ed by replacement of
a 480-base pair Sph |
fragment with a ura4*
marker gene (6). The
rad25::ura4* null mutant
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single known Saccharomyces cerevisiae 14-
3-3 homolog (BMH1) is nonessential (10).
These observations suggested that function-
ally redundant 14-3-3 homologs might exist
in S. pombe. To search for such homologs,
we used degenerate primers corresponding
to highly conserved sequences in the 14-3-3
proteins (Fig. 2) in polymerase chain reac-
tions (PCRs). This analysis revealed two
14-3-3 genes, one of which was rad25 (11).
The predicted product of the second 14-3-3
gene (Fig. 1B) was 71% identical to that of
rad25, and a null mutant had essentially the
same phenotype as the rad24.T1 mutant
(Fig. 3). This gene mapped (I12) to the
same locus as the rad24.T1 mutation and
thus corresponds to the rad24 gene. The
rad24-rad25 double null mutant was invia-
ble (13), which indicates an essential role
for the 14-3-3 homologs in S. pombe.

The rad24 null cells were sensitive to
UV and to ionizing radiation (Fig. 3, A and
B), and quantitative analysis demonstrated
that the duration of the delay to mitosis
that was caused by DNA damage was re-
duced by one-half (Fig. 3C). This is an
unusual phenotype for a null mutant of an
S. pombe checkpoint gene (3, 4). We pre-
viously reported (4) that rad24.T1 mutants
show a mitotic catastrophe phenotype and
die rapidly when DNA ligase function is
disrupted by the temperature-sensitive
cdc17.K42 mutation, and that loss of weel
function in rad24.T1 cells is lethal. Equiv-
alent observations have been made with the
rad24 null mutant. In addition to these
phenotypes, which have been linked to the
loss of the radiation checkpoint pathway
(1, 5), rad24 null cells had a cytokinesis
defect similar to that of S. pombe protein
kinase C mutants (14); showed an unusual
cone-shaped cell morphology (Fig. 4); and

MSNSRENSVYLAKLAEQAERYEEMVENMKKVACSNDKLSVEERNLLSVAY 50
KNIIGARRASWRIISSIEQKEESRGNTRQAALIKEYRKKIEDELSDICHD 100
VLSVLEKHLIPAATTGESKVFYYKMKGDYYRYLAEFTVGEVCKEAADSSL 150
EAYKAASDIAVAELPPTDPMRLGLALNFSVFYYEILDSPESACHLAKQVF 200
DEAISELDSLSEESYKDSTLIMQLLRDNLTLWTSDAEYNQSAKEEAPAAA 250
AASENEHPEPKESTTDTVKA

MSTTSREDAVYLAKLAEQAERYEGMVENMKSVASTDQELTVEERNLLSVA 50
YKNVIGARRASWRIVSSIEQKEESKGNTAQVELIKEYRQKIEQELDTICQ 100
DILTVLEKHLIPNAASAESKVFYYKMKGDYYRYLAEFAVGEKRQHSADQS 150
LEGYKAASEIATAELAPTHPIRLGLALNFSVFYYEILNSPDRACYLAKQA 200
FDEAISELDSLSEESYKDSTLIMQLLRDNLTLWTSDAEYSAAAAGGNTEG 250
AQENAPSNAPEGEREPKATHR

divided at a slightly reduced size, was mildly radiation-sensitive, and had a slight defect in the
radiation checkpoint. (B) Fragments of the rad24 gene were cloned by degenerate PCR (77) with
different combinations of primers FTT1 (YTNYTNWSNGTNGCNTAYAARAA), FTT2 (TAYYT-
NAARATGAARGGNGAYTA), FTT3 (YTTCATYTTNTRRTARAANACYTT), and FTT4 (YTCRTART-
ARAANACNSWRAARTT) (Fig. 2). Thirteen FTT1-FTT2, five FTT3-FTT4, and six FTT1-FTT4
fragments were cloned and sequenced. Of these, seven were derived from rad25 and seventeen
defined a second gene, rad24. A null allele of rad24 was constructed by introduction of a ura4*
marker at the Bgl |l site in the coding region (6). The rad24:.ura4* null mutation maps to the same
locus as, and produces a similar phenotype to, the rad24.71 mutation. The European Molecular
Biology Laboratory database accession numbers for the DNA sequences are X79206 (rad24)

and X79207 (rad25).
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Fig. 2. Alignment of the rad24,
rad25, and BMH1 (70) amino

TT1
14-3-3 M-- -DKNELVQKAKLAEQAERYDDMAACMKSVTEQGAELSN'EERNLLSVA

rad24 .STTSREDA.YL.......... EG.VEN....ASTDQ..TV.
acid sequences with that of the :adis .SN-SRENS.YL...... R...EE.VEN. K ACSNDK. .V.
. BMH .ST-SREDS.YL.......... _VEN..T.ASS.E...V..

human 14-3-3 Zeta protein (27, v BE-VEN..T.ASS.E...V
22). Dots indicate identity. The 14-3-3 MVGARRSSWRVVSSIEQKTEGAEK---KQQMAREYREKIETELRDIC
e rad24 ....I....A... Io...... E.SKGNTA-QVELIK. ..Q...Q..DT.

ivergence between the S rad2s i1 a1l E.SRGNTR-QAALIK...K...D..S.
pombe rad24 and rad25 proteins BMH1 LA...I.....E.E.SK..SEHEVELICS..S...... TK.S

is less than that between the

E
14-3-3 mVLSLLEKFLIPNASQAEsmﬁ DYYRYLAEVAAGDDKKGIVDQ

; a2 rad24 Q.I.TV...H..... BAS.. oo Y., F.V.EKRQHSA.
yeast and mamn)allan 14-3-3 ho- rad25 H....V...H...A.TTG...... v FTV.EVC.EAA.S
mologs. The regions used to de- BMEL D.I..V.DSH...S.TTG...... Yo.o.... HH....FSS..AREKATNA

sign the degenerate oligonucleo-

FTT4
14-3-3 SQQAYQEAFEISKKEMQPTHPIRLGLALNFSVFYYEILNSPEKACSLAKT

tides for cloning of rad24 are rad24 . LEG.KA.S..ATA.LA..........coonmrananon... DR..Y...Q
A H . rad25 .LE..KA.SD.AVA.LP..D.M................ D...S..H...Q
shown in bold (underlined, for BMHL  .LE..KT.S..ATT.LP........oooomimno. Q...D...H.R.Q

ward direction; overlined, reverse

direction) 1433 APOEAIASL LSS DSTL ML LRI DTS ARG
rad25 V..... S S e e AEYNQSAKE.APA
BMH1 e D e MSESGQAEDQQQQ
14-3-3 N
rad24 GAQENAPSNAPEGEREPKATHR
rad25 AAAASENEHPEPKESTTDTVKA
BMH1 QQHQQQQPPAAAEGEAPK
Fig. 3. Survival analysis of S. A B
pombe rad24 (r24.d), rad25 100 100
(r25.d), and chk1 (chk1.r27d) (4) w
null mutants after exposure to gam- & ;4 s 25
ma (A) or UV (B) radiaton. We 3 ’
tested the gamma sensitivity of 3 10
cells synchronized in G, (23) by g 1 24
irradiating samples in suspension
before plating. We tested the UV 0.1 | chk1.r27d \p r24.d 1 chk1.r27d
sensitivity of cells synchronized in 0 400 800 1200 O 100 200 300 400
G, (23) by plating 10° cells and Dose (Gy) Dose (J/m?2)
immediately irradiating the plates at C
the appropriate dose. The chk?null 1907 oGy 100Gy 100 1 o0y
cells were included as a control 80 50 Gy 80| 0Gy/” [100 Gy m 250 Gy
that has lost the radiation check-
point (4). (C) Radiation checkpoint & 60 60
measurements in wild-type and in & 40 40
rad24 (r24.d), rad25 (r25.d), and ¢ 2 50 Gy
chk1 (chkir27d) null mutants. & 2° 20
Cells were synchronized (23), and 2
G, cells were inoculated into yeast @ ehkt.r27d
extract media. The culture was split & 80
into four parts and irradiated in a 2 60
Gammacell 1000 '87Cs source © 40 —o— oG
(Nordion, Ontario, Canada) (dose —— 5oé'y
rate, 12 Gy min~1'). At 15-min inter- 20 —o— 100Gy
vals, cell samples were fixed in od T 206Gy
methanol and were later exam- 0 100 200 0 100 200
ined by 4,6-diamino-2-phenylindole Time (min)

(DAPI) and Calcofluor staining (4)

to determine the fraction of cells that had undergone mitosis. Both rad24 and rad25 null mutants
were reproducibly deficient in the duration of the delay to mitosis after irradiation. The chk? mutant
completely lacked a delay to mitosis in this assay. Comparison of the checkpoint deficiencies and
the radiation sensitivities of the chk1 and rad24 null cells indicates that a further response to gamma
radiation, distinct from the G, delay defect, may be deficient in rad24 null cells.

entered mitosis prematurely, which resulted
in a small cell size at division (known as a
semi-wee phenotype).

In contrast to the rad24 null mutant, the
rad25 null mutant had only marginal (but
reproducible) effects on resistance to irradi-
ation and on the duration of mitotic arrest
after irradiation (Fig. 3, A, B, and C). It
also showed only a slight decrease in cell
size at division (Fig. 4). The rad25 null cells
did not display synthetic lethality with
cdc17 or weel mutants, were not defective
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in cytokinesis, and did not assume an un-
usual cell morphology. It is possible that,
like the essential function, the rad24 and
rad25 checkpoint functions overlap. If so,
this could account for the unusual hypo-
morphic phenotype of the rad24 null mu-
tant. Both rad24 and rad25 mRNAs were
easily detectable in blots of total RNA and
were not induced after DNA damage (15).

It has been proposed that chkl links the
DNA damage checkpoint pathway to the
cdc2-encoded protein kinase (5), but thus
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Fig. 4. Morphology and cell size at division.
Photographs of (A) wild-type, (B) rad24 null,
and (C) rad25 null S. pombe cells during expo-
nential growth, illustrating the semi-wee and
unusual cone-shaped cell morphology pheno-
types. The average cell length at septation was
estimated for rad24::ura4, rad25::ura4, and the
isogenic wild-type strain sp011 (24) by averag-
ing 20 random measurements. Wild-type, 14.7
wm; rad24, 9.7 pm; rad25, 12.6 pm. Gene
replacement of the rad13 (excision repair) lo-
cus (25) in strain sp011 did not result in a
semi-wee phenotype.

far there is no direct evidence to support
this. We overexpressed chkl in wild-type S.
pombe cells, using an inducible promoter
(16), and found that the cells elongated,
did not enter mitosis, and consequently did
not form colonies. The same phenotype of
cell cycle arrest was seen with the rad-hus
mutants radl°, rad3.dR3, rad9.d, radl7.d,
rad26.d, and husl.14; thus, these genes are
likely to lie upstream of chkl in the DNA
damage checkpoint pathway. In contrast,
overexpression of chkl in rad24.d null cells
resulted in less cell elongation and less
inhibition of mitosis (17) and did not pre-
vent colony formation. These data are con-
sistent with the hypothesis that rad24 acts
downstream of chkl in the DNA damage
checkpoint (17).

Members of the 14-3-3 family possess
numerous biochemical activities (reviewed
in 9), including a role in the Ca?*-depen-
dent activation of enzymes involved in
neurotransmitter synthesis (18), the ability
to regulate the activity of protein kinase C
(19), and an association with polyomavirus
middle tumor antigen during transforma-
tion (20). These data, plus the phenotype
of the rad24 and rad25 null mutants, suggest
a role for 14-3-3 proteins in signal transduc-
tion pathways. The identification of a ge-
netic phenotype in yeast should facilitate
functional analysis of these proteins.
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Association of Polyomavirus Middle
Tumor Antigen with 14-3-3 Proteins

David C. Pallas,* Haian Fu, Leda C. Haehnel,{ Wendy Weller,
R. John Collier, Thomas M. Roberts

To carry out its transformation function, the middle tumor antigen (MT) of murine poly-
omavirus associates with a number of cellular proteins involved in regulation of cell
proliferation, including pp60°-5'¢, phosphatidylinositol 3-kinase, protein phosphatase 2A,
Src homologous and collagen protein and growth factor receptor—binding protein 2. Here,
two additional MT-associated proteins were identified as members of the 14-3-3 family of
proteins. Yeast homologs of 14-3-3 proteins have recently been shown to play a role in the
timing of mitosis. Thus, regulation of 14-3-3 protein function by MT may contribute to the

development of neoplasia.

The primary transforming protein of mu-
rine polyomavirus is MT, a membrane pro-
tein with no known enzymatic activity (I).
MT is thought to transform cells and induce
tumors in animals by virtue of its association
with cellular proteins involved in the con-
trol of cell proliferation. These proteins in-
clude pp60°-S* and other members of the Src
family of protein-tyrosine kinases (1), phos-
phatidylinositol 3—kinase (2), two subunits
of protein phosphatase 2A (3), Src homol-
ogous and collagen protein (SHC) (4), and
growth factor receptor-binding protein 2
(GRB2) (4).

Among the MT-associated proteins that
remain to be characterized are two with
molecular masses of 27 and 29 kD (5). As is
the case for the protein phosphatase 2A
subunits, the 27- and 29-kD proteins asso-
ciate efficiently with baculovirus-expressed
polyomavirus MT in insect cells (Fig. 1, A
and B) (6). To identify these proteins, we
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purified them from human 293 cells by
preparative two-dimensional isoelectric fo-
cusing/SDS-polyacrylamide (2D) gels and
subjected them to microsequence analysis
(7). The sequences of multiple tryptic pep-
tides (Table 1) indicated that both proteins
belong to the 14-3-3 family of proteins; the
29-kD protein corresponds to the epsilon
subspecies of 14-3-3 proteins, whereas the
27-kD protein appears to be a mixture of
several 14-3-3 subspecies. This family of
proteins was originally thought to be brain-
specific and to function as a coregulator of
tryptophan and tyrosine hydroxylases (8).
Subsequently, these proteins have been
found in a wide variety of mammalian
tissues and in other eukaryotic organisms
including plants and yeast and have had a
number of activities ascribed to them (8).

The identity of these proteins was con-
firmed by immunoblot analysis of MT immu-
noprecipitates with an antibody raised to a
peptide sequence conserved within several
14-3-3 subspecies (9). The antibody detect-
ed a 27-kD protein in MT immunoprecipi-
tates prepared from mouse NIH 3T3 cells
stably expressing MT (Fig. 1, Cand D) (10).
This same antibody recognized the 27-kD
but not the 29-kD protein from cell lysates
(11). This result is consistent with the fact
that the peptide used as immunogen is not
well conserved in the epsilon subspecies of
14-3-3 proteins.

The 14-3-3 proteins are an obligatory
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