This model does not preclude a role for
other cell cycle regulators such as Weel in
the damage response (14). Furthermore, the
fact that hChkl phosphorylated hCdc25A
and hCdc25B and that Ser?!¢ is conserved
among these Cdc25 proteins (19) suggests
that hChkl may regulate other DNA dam-
age checkpoints, such as those controlling
the G;-to-S phase transition, through a
similar mechanism.
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Mitotic and G, Checkpoint Control: Regulation
of 14-3-3 Protein Binding by Phosphorylation of
Cdc25C on Serine-216

Cheng-Yuan Peng, Paul R. Graves, Richard S. Thoma,
Zhigi Wu, Andrey S. Shaw, Helen Piwnica-Worms*

Human Cdc25C is a dual-specificity protein phosphatase that controls entry into mitosis
by dephosphorylating the protein kinase Cdc2. Throughout interphase, but not in mi-~
tosis, Cdc25C was phosphorylated on serine-216 and bound to members of the highly
conserved and ubiquitously expressed family of 14-3-3 proteins. A mutation preventing
phosphorylation of serine-216 abrogated 14-3-3 binding. Conditional overexpression of
this mutant perturbed mitotic timing and allowed cells to escape the G, checkpoint arrest
induced by either unreplicated DNA or radiation-induced damage. Chk1, a fission yeast
kinase involved in the DNA damage checkpoint response, phosphorylated Cdc25C in
vitro on serine-216. These results indicate that serine-216 phosphorylation and 14-3-3
binding negatively regulate Cdc25C and identify Cdc25C as a potential target of check-

point control in human cells.

A key step in regulating the entry of eu-
karyotic cells into mitosis is the activation
of the protein kinase Cdc2 by the protein
phosphatase Cdc25C. A complete under-
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standing of mitotic control requires eluci-
dation of the mechanisms that regulate the
interactions between Cdc2 and Cdc25C
throughout the cell cycle. Furthermore, al-
though tremendous progress has been made
in recent years in identifying proteins that
participate in checkpoint control, it is un-
clear how these proteins interface with core
cell cycle regulators to inhibit cell cycle
transitions (1).

The Ser?!® residue is the primary site of
phosphorylation of Cdc25C in asynchro-
nously growing cells (2). To determine if
phosphorylation of Ser?'¢ regulates Cdc25C
function, we generated HeLa cell lines that
allow conditional expression of either wild-
type Cdc25C or a mutant of Cdc25C con-
taining alanine at position 216 (S216A). In
these cells, expression of Cdc25C and

Cdc25(S216A) is under the control of a
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hybrid protein consisting of a bacterial tet-
racycline repressor and VP16 activator pro-
tein (3). Expression can be induced upon
temoval of tetracycline from the medium
(Fig. 1A). Two electrophoretic forms were
evident in the case of induced Cdc25C, a
major form (species b) and a minor form
(species a). A single electrophoretic form
migrating in the position of species a was
evident for induced Cdc25(S216A). Phos-
phatase treatment converted the electro-
phoretic mobility of species b to that of
species a, demonstrating that phosphoryl-
ation of Ser?!6 is responsible for the shift in
mobility of species b (4). The electro-
phoretic mobility of Cdc25C in SDS gels
could therefore be used to monitor amounts
of Ser?'® phosphorylation in vivo. Phos-
phopeptide mapping experiments (5) re-
vealed one major and several minor phos-
phopeptides for induced Cdc25C (Fig. 1B).
The major phosphopeptide contains Ser?!6
(2) and was absent in maps of induced
Cdc25(S216A).

To determine whether phosphorylation
of Cdc25C at Ser?'¢ was regulated by the
cell cycle, we elutriated Jurkat cells and
analyzed fractions for endogenous Cdc25C
mobility by immunoblotting (6). Most Jur-
kat cell Cdc25C was phosphorylated on
Ser?!% in asynchronously growing cells and
throughout the G, and S phases of the cell
cycle (Fig. 2A). The G,-M population of
Jurkat cells contained Cdc25C phosphoryl-
ated on Ser?!® but also contained the mi-

A
Cdc25C S216A
Tet +_ "= + o
Time 012243848 0122436 48
(hours)
-0 = g -—mae -
B
Cdc25C S216A
# M r
. =
4 L

Fig. 1. Phosphorylation of Cdc25C on Ser?'€ in
asynchronously growing Hela cells. (A) Expres-
sion of Cdc25C and Cdc25(S216A) was induced
by removal of tetracycline ( Tet) from the media (3).
At the indicated times (hours), cells were collect-
ed, and Cdc25C was visualized by immu-
noblotting. Species a and b refer to different
electrophoretic forms of Cdc25C. (B) Induced
cells were incubated with 32P-labeled inorganic
phosphate. Radiolabeled Cdc25C (left panel) and
Cdc25(S216A) (right panel) were isolated by im-
munoprecipitation and subjected to two-dimen-
sional tryptic phosphopeptide mapping. Arrows
depict the onigin.
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totic form of Cdc25C. We used a double-
thymidine block and release protocol to
monitor Ser?'% phosphorylation in synchro-
nized populations of HeLa cels (7).
Amounts of Cdc25C phosphorylated at
Ser?'® remained constant throughout the

first 9 hours after release, corresponding to

passage through the S and G, phases of the
cell cycle (Fig. 2B). Mitotic cells collected
between 10 and 12 hours after release were
enriched in the mitotic form of Cdc25C
and had lower amounts of the Ser*'¢-phos-
phorylated form of Cdc25C. Phosphopep-
tide maps of Cdc25C and Cdc25(S216A)
were generated from induced HelLa cells
incubated with 3?P during mitosis (Fig. 2C)
(5). Cdc25C and Cdc25(S216A) vyielded

Fig. 2. Cell cycle regula- A B
tion of Ser2'® phospho-
rylation. (A) Asynchro-
nous and elutriated pop- - c
ulations of Jurkat cells : b
were lysed, resolved by . -a
SDS-PAGE, and immu-
noblotted for Cdc25C.
Lane 1, asynchronous
population of Jurkat cells;

c
-‘ o
! | <b

-3

identical phosphotryptic maps, and the
Ser?'_containing phosphopeptide was not
detected (this peptide migrates between
phosphopeptides 7 and 8). Thus, Cdc25C is
phosphorylated on Ser?!6 throughout inter-
phase but not during mitosis.

We used chromosome spreading to assess
the role of Ser?!® phosphorylation in regu-
lating mitotic entry (8, 9). Normal mitotic
cells display intact chromosomes upon
spreading, whereas chromosomes from cells
that enter mitosis from S phase fragment
upon spreading. Less than 0.1% of the mi-
totic nuclei derived from cells induced to
express Cdc25C showed abnormal chromo-
some spreads, whereas 4.4 = 0.7% of the
mitotic nuclei derived from cells induced to

Cde25C

S216A

f‘gﬁz
\

lanes 2, 3, and 4, Jurkat cells enriched in G,, S, or G,-M, respectively. Species b is Cdc25C phospho-
rylated on Ser?'® and species ¢ is the mitotic form of Cdc25C. (B) HeLa cells were synchronized at G,-S
by a double-thymidine block (time 0, lane 1) and then allowed to proceed through S (4 hours, lane 2), G,
(8 and 9 hours, lanes 3 and 4), and into mitosis. Mitotic cells were collected by shake-off between 10 and
12 hours after release (lane 5). Synchronized cells were lysed, resolved by SDS-PAGE, and immuno-
blotted for Cdc25C. (C) Induced cells were arrested in mitosis with nocodazole and incubated with
32P-jabeled inorganic phosphate. Mitotic forms of Cdc25C (left panel) and Cdc25(S216A) (right panel)
were isolated by immunoprecipitation and subjected to two-dimensional tryptic phosphopeptide map-

ping. Arrows depict the origin.

Table 1. Effects of Cdc25(S216A) overexpression on mitotic and replication checkpoint control. Unin-
duced cells or cells induced to express either Cdc25C or Cdc25(S216A) were incubated for 8 hours in
the presence of nocodazole (for examination of mitotic control) or were incubated for 8 hours in the
presence of hydroxyurea followed by an additional 8 hours in the presence of hydroxyurea and
nocodazole (for examination of replication checkpoint control). Cells were processed for chromosome
spreading as described (8). Mitotic nuclei were identified from a population of 2000 nuclei each in three
independent experiments. Data are presented as mean + SEM.

Total Percent Normal
Cells mitotic nuclei mitotic mitotic m/i-t\gtri‘g ':Eillei
(out of 2000 nuclei) nuclei nuclei
Mitotic control
Uninduced
Cdc25C 504 +7 29.7% + 0.4 594 + 7 0*0
Cdc25(S216A) 584 + 8 29.2% = 0.4 584 + 8 0+x0
Induced
Cdc25C 593+ 5 29.6% + 0.3 592 + 5 0.3 = 0.3(0.06% = 0.06)t
Cdc25(S216A) 617 = 2 30.8% * 0.1 580 +5 27.0+40(4.4% =07t
DNA replication checkpoint control '
Uninduced
Cdc25C 11.0+x1.0 05% *0.07 11.0=*1 0x0
Cdc25(S216A) 103 0.9 0.5% +*0.04 103*0.9 0*x0
Induced ’
Cdc25C 1563+ 18 08% *+*009 100*x15 53=*18
Cdc25(S216A) 76.0 + 12 3.8% * 0.60* 10.7 0.9 65 = 11

*The percent of Cdc25(S216A) mitotic nuclei are significantly increased compared with Cdc25C (P < 0.01, Student’s

t test).

tPercent of abnormal mitotic nuclei. The percent of Cdc25(S216A) abnormal mitotic nuclei are significantly

increased compared with Cdc25C (P < 0.005, Student’s t test). The fact that only 4.38% of the Cdc25(S216A) mitotic
nuclei displayed abnormal chromosomes indicates that Ser2'® phosphorytation of Cdc25C is only one mechanism
regulating entry into mitosis (28).

SCIENCE ¢ VOL. 277 ¢ 5 SEPTEMBER 1997 ¢ www.sciencemag.org



express Cdc25(S216A) showed abnormali-
ties (Table 1).

Cells induced to express Cdc25C and
Cdc25(S216A) were also analyzed for DNA
replication and DNA damage checkpoint
responses (9). A DNA replication check-
point response was induced by incubation
of the cells in the presence of hydroxyurea.
Most cells induced to express Cdc25C were
arrested in S phase as indicated by the low
numbers of mitotic nuclei (Table 1). In
contrast, five times more mitotic nuclei
were counted in cells induced to express
Cdc25(S216A) (Table 1). Although the
number of normal nuclei were similar for
uninduced and induced cells, cells induced

to express Cdc25(S216A) had significantly

more abnormal nuclei (Table 1). In addi-
tion, Cdc25(S216A) cells had detectable
amounts of the mitotic form of Cdc25C and
larger amounts of cyclin Bl-associated his-
tone H1 kinase activity (4). Finally, to gen-
erate a DNA damage checkpoint response,
cells were gamma irradiated and monitored
for their ability to delay in G, (9). In the
absence of irradiation, the S phase cells
from uninduced and Cdc25(S216A)-in-
duced populations took between 8 and 12
hours to reach G, (Fig. 3, A and B). At 24
hours after irradiation, only 9% of the S
phase cells from uninduced populations had
cycled to G,, indicating a 12- to 16-hour
radiation-induced delay (Fig. 3C). Induced
expression of Cdc25C resulted in a partial

Ind.
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"J\’*"-L\ | 24 LY 1 6 391 S ,'{'/\_ \-\_ 9 0 9
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Fig. 3. Disruption of DNA damage checkpoint in Cdc25(S216A) cells. Uninduced cells or cells induced
to express Cdc25C or Cdc25(S216A) were labeled with BrdU and then treated with O or 6 Gy of gamma
irradiation. Cells were harvested at the indicated times and stained with Pl and for BrdU as described (9).
DNA content profiles for BrdU-positive celts are shown for uninduced and Cdc25(S216A) induced cells
in (A) to (D). Total DNA content profiles and quantitation of G,, S, and G,-M irradiated cells are shown

in (E) to (H).

Fig. 4. Association of Cdc25C with 14-3-3 in a
phosphorylation- and cell cycle-dependent man-
ner. (A) Cells induced to express Cdc25C and
Cdc25(S216A) were untreated (lanes 1 and 3) or
were incubated in the presence of nocodazole
(lane 2). Immunoprecipitates were prepared from
3 mg of total cellular protein by using 9E10 Myc-
agarose and analyzed for Cdc25C (upper panel)
and 14-3-3 (lower panel) by immunoblotting. AS,
asynchronous cells; M, mitotic cells. (B) Cells in-
duced to express Cdc25C were synchronized at
G, -S by a double-thymidine block (time O, lane 1)
and then allowed to proceed through S (4 hours,
lane 2), G, (9 hours, lane 3), M (10 to 12 hours,
lane 4), and G, (13 hours, lane 5). Cells were
harvested at the indicated times, and immunopre-
cipitates of Cdc25C were prepared from 2 mg of
total cellular protein. Cdc25C (upper panel) and
14-3-3 (lower panel) were visualized by immuno-
blotting. (C) Coprecipitates of GST-Cdc25C and

A 3
Cdcase
AS M9 12345
Cdo25C _ a ekl
LU L L R

l e -.| =14-3-3

14-3-3 —‘I_I--
IgG — -
23

1

C
Phospho-
Vehicle Peptide peptide
10 100 10 100 10 100 pMm

Gst-Cdc25C — P--4

P e i
e SN

1 - S 4. 68

14-33 7

14-3-3 from overproducing insect cells were incubated in vehicle (lanes 1 and 2) or vehicle containing
unphosphorylated (lanes 3 and 4) or Ser?'¢-phosphorylated (lanes 5 and 6) peptide at concentrations of
10 and 100 uM. Reactions were resolved by SDS-PAGE and immunoblotted for Cdc25C and 14-3-3.
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loss in the G, delay, which was exaggerated
in the case of Cdc25(S216A) expression
(Fig. 3, D, G, and H). By 12 hours, 9% of
the Cdc25(S216A)-expressing cells were
already in G, and 16% were in G, by 16
hours. After 24 hours, the G,-S fractions
represented 60% of the population. Cycling
and arrest of BrdU-positive cells demon-
strated that the observed results are due to a.
G, delay rather than to cells not releasing
from G, (Fig. 3, A, B, C, and D).

The sequence bordering and inclusive of
Ser?!6 in Cdc25C (RSPS?1MP) contains a
potential recognition motif for binding of
14-3-3 proteins: RSXSXP where P is pro-
line, R is arginine, X is any amino acid, and
the underlined serine is phosphorylated
(10). The 14-3-3 proteins belong to a high-
ly conserved multigene family of small acid-
ic proteins that associate with cell cycle and
cell death regulators, oncogenes, and signal-
ing molecules (11, 12). There are at least
seven mammalian 14-3-3 isoforms ranging
in size from 30 to 35 kD. Immunoblotting
experiments were performed with a 14-3-3
antibody that recognizes several of the
mammalian isoforms to determine whether
a complex between Cdc25C and 14-3-3
proteins could be detected. We detected
14-3-3 proteins in immunoprecipitates of
Cdc25C but not Cdc25(S216A) (Fig. 4A).
Given that the mitotic form of Cdc25C was
not detectably phosphorylated on Ser?!¢
(Fig. 2C), we determined whether the bind-
ing of Cdc25C to 14-3-3 was lost during
mitosis. HeLa cells induced to express
Cdc25C were arrested in mitosis with no-
codazole (3), and Cdc25C immunoprecipi-
tates were monitored for the presence of
14-3-3 by immunoblotting. No 14-3-3 was
immunoprecipitated with the mitotic form
of Cdc25C (Fig. 4A). We used a double-
thymidine block and release protocol to
monitor 14-3-3 binding at other phases of
the cell cycle (6). Binding of 14-3-3 was
detected during the G,, S, and G, phases of
the cell cycle (Fig. 4B). Binding of 14-3-3
was reduced in fractions enriched for M
phase cells.

Mutation of Ser?!é abrogated the bind-
ing of 14-3-3 to Cdc25C, demonstrating
that Ser?!'¢ is essential for the interaction.
To determine whether phosphorylation of
Ser?!¢ was important for the interaction, we
performed competition experiments using
peptides consisting of amino acids 210 to
225 of Cdc25C that were either phospho-
rylated on Ser?! or unphosphorylated (13).
Complexes consisting of 14-3-3 and
Cdc25C-GST fusion protein purified from
insect cells were disrupted by incubation
with excess peptide containing phosphoryl-
ated Ser’'® but not by unphosphorylated
peptide (Fig. 4C). These results demon-
strate that the phosphorylation of Ser?'¢ is
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Fig. 5. Phosphorylation
of Cdc25C on Ser?'®
by S. pombe Chkl in
vitro. (A) GST-Chk1
bound to GSH-agarose
was tested for its abil- }L

Radioactivity (cpm)

-
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ity to phosphorylate sol- u R
uble His Cdc25C (lanes 7
1 and 2) and a GST fu-

; Fréction
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sion protein consisting of amino acids 200 to 256 of Cdc25C (lane 3). Reactions were separated into
pelleted (lane 1) and supernatant (lane 2) fractions by centrifugation or were analyzed directly (lane 3).
Proteins were resolved on a 7% gel and visualized by autoradiography. (B) Amino acids inclusive of and
surrounding Ser?'® showing NH,-terminal trypsin and proline endopeptidase cleavage sites. (C) Radio-
labeled His,-Cdc25C was digested with trypsin, and the tryptic peptides were resolved by reverse-
phase HPLC. Column fractions were collected and monitored for the presence of radioactivity. (D)
Manual Edman degradation of tryptic phosphopeptide present in fraction 57 (right panel). The dotted
lines indicate radioactivity remaining bound to the sequencing membrane at the end of each cycle, and
bars represent radioactivity released from the membrane.

required for 14-3-3 binding to Cdc25C.

Mitotic hyperphosphorylation of Cdc25C
on NH,-terminal serine and threonine
residues increases its intrinsic phosphatase
activity (I). In contrast, phosphorylation
of Cdc25C on Ser?'¢ throughout inter-
phase appears to negatively regulate
Cdc25C. Our results suggest that the neg-
ative effects of Ser’!'® phosphorylation
may be mediated by 14-3-3 binding. We
have demonstrated that 14-3-3 is bound to
Cdc25C during phases of the cell cycle
when Cdc25C is phosphorylated on Ser?!¢
and functionally inactive and is released
in mitosis when Cdc25C is maximally ac-
tive and not phosphorylated on Ser?!S.
We propose that Ser?!¢ phosphorylation
and 14-3-3 binding sequester Cdc25C
from functionally interacting with Cdc2
in vivo, because the phosphatase activity
of Cdc25C was not detectably altered in
response to either Ser?!® phosphorylation
or 14-3-3 binding (14).

The fission yeast homologs of 14-3-3,
Rad24 and Rad25, have been shown to play
a role in mitotic and radiation checkpoint
control (15, 16). Loss of either gene causes
early entry into mitosis and partial loss of the
radiation checkpoint, similar to the pheno-
type reported here for cells expressing the
Cdc25C mutant (S216A). An inability to
inhibit fission yeast Cdc25 activity could
account for the observed rad24* and rad25*
mutant phenotypes. The Chkl protein ki-
nase is another essential component of the
DNA damage checkpoint in fission yeast
(17-19). Cells that lack chkl *are viable but
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fail to delay mitotic entry in response to
damaged DNA and subsequently die. We
tested whether Chk1 from Schizosaccharomy-
ces pombe could phosphorylate Cdc25C in
vitro (20). Chkl phosphorylated both full-
length Cdc25C and a GST fusion protein
consisting of amino acids 200 to 256 of
Cdc25C (Fig. 5A). Phosphoamino acid anal-
ysis revealed phosphoserine (21), and trypsin
digestion of Cdc25C followed by high-pres-
sure liquid chromatography (HPLC) analysis
gave rise to a single phosphopeptide that
eluted in fraction 57 (Fig. 5C). Sequencing
of this tryptic phosphopeptide before and
after digestion with proline-specific endo-
peptidase identified Ser?!6 as the site of phos-
phorylation. Human Chk1 also phosphoryl-
ated Cdc25C on Ser?'é, demonstrating the
conservation of this regulatory pathway (22).
The ability of both fission yeast and human
Chk1 to phosphorylate Cdc25C on Ser?!6
implicates Chkl as possibly regulating the
interactions between 14-3-3 and Cdc25C
during a DNA damage checkpoint response.
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A Cyanobacterial Phytochrome Two-Component
Light Sensory System

Kuo-Chen Yeh, Shu-Hsing Wu, John T. Murphy,
J. Clark Lagarias*

The biliprotein phytochrome regulates plant growth and developmental responses to the
ambient light environment through an unknown mechanism. Biochemical analyses dem-
onstrate that phytochrome is an ancient molecule that evolved from a more compact light
sensor in cyanobacteria. The cyanobacterial phytochrome Cph1 is a light-regulated
histidine kinase that mediates red, far-red reversible phosphorylation of a small response
regulator, Rcp1 (response regulator for cyanobacterial phytochrome), encoded by the
adjacent gene, thus implicating protein phosphorylation-dephosphorylation in the initial
step of light signal transduction by phytochrome.

The ability to cope with a continuously
changing light environment is essential to
the survival of all organisms that rely on
sunlight for energy. Photosynthetic organ-
isms, from bacteria to higher plants, possess
numerous light-sensing molecules for per-
ception and adaptation to fluctuations of
intensity, direction, duration, polarization,
and spectral quality of light (1). Most well
known of these photoreceptors are the
phytochromes, which sense ambient light
conditions by their ability to photo-
interconvert between red (Pr) and far-red
(Pfr) light-absorbing forms (2). The hy-
pothesis that phytochrome is a light-regu-
lated enzyme was proposed nearly 40 years
ago (3). Despite evidence that purified
plant phytochromes exhibit protein kinase
activity (4) and possess a COOH-terminal
domain similar to that of bacterial histidine
kinases (5), the enzyme hypothesis remains
controversial.

Identification of the rcaE gene from
the cyanobacterium Fremyella diplosiphon,
which encodes a protein that is structurally
related to higher plant phytochromes and
bacterial histidine kinases, has renewed in-
terest in the possibility that phytochrome is
a protein kinase (6). Other phytochrome-
like open reading frames (ORFs) have been
noted in the cyanobacterium Synechocystis
sp. PCC6803 genome (6, 7). One of these
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OREFs, locus slr0473, encodes a 748-residue
polypeptide whose expression in Escherichia
coli and incubation with phycocyanobilin
(PCB), yielded an adduct with a red, far-red
photoreversible phytochrome signature (8).
Closer inspection of this phytochrome lo-
cus, which we have named cphl for cya-
nobacterial phytochrome 1, reveals another
OREF only 10 base pairs (bp) downstream,
locus slr0474, which we have named rcpl
for response regulator for Cphl based on
this study (Fig. 1A). Because the COOH-
terminal domain of Cphl contains all con-
served features of histidine kinase transmit-
ter modules (Fig. 1B) and rcpl encodes a
147-amino acid protein related to the
CheY superfamily of bacterial response reg-
ulators (Fig. 1C), which contain aspartate
kinase receiver modules, we investigated
whether these proteins represent a func-
tional light-regulated transmitter-receiver
pair (9).

Affinity-tagged versions of both proteins
were cloned by polymerase chain reaction
(PCR) and expressed in E. coli (10). That
Cphl is a functional phytochrome homolog
was demonstrated by its ability to catalyze
its own chromophore attachment to yield
photoreversible adducts with the higher
plant chromophore precursor phytochro-
mobilin (P®B) and its phycobilin analog
PCB (Fig. 2A). Assembly with phycoeryth-
robilin (PEB), a phycobilin analog that
lacks the C' double bond found in PCB
and P®B, also produced a covalent adduct
as visualized by zinc-blot analysis (Fig. 2B).
The PEB adduct of Cphl was photochem-
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