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Tyrosine Phosphorylations Specific to Mitosis in
Human and Hamster Cells
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Abstract Changes in protein tyrosine phosphorylation are known to be important for regulating cell cycle
progression. With the aim of identifying new proteins involved in the regulation of mitosis, we used an antibody against
phosphotyrosine to analyze proteins from synchronized human and hamster cells. At least seven proteins were found
that displayed mitosis-specific tyrosine phosphorylation in Hela cells (pp165, 205, 240, 250, 270, 290, and ~ 400) and
one such protein in hamster BHK cells (pp155). In synchronized Hela and BHK cells, all proteins except Hela pp165,
pp205, and pp250 were readily detectable only in mitosis. Tyrosine phosphorylation of pp165, pp205, and pp250 was
apparent during arrest in S phase, suggesting that cell cycle perturbations can affect the phosphorylation state of some
of these proteins. In a related finding in BHK cells, pp155 underwent tyrosine phosphorylation when cells were forced
into premature mitosis by caffeine treatment. Only one protein (pp135 in Hela cells) was found to be dephosphorylated
on tyrosine during mitosis. The above findings may prove helpful for isolating new cell cycle proteins that are important
for both the normal regulation of mitosis and the mitotic aberrations associated with cell cycle perturbations and

chemical treatments. e 1995 Wiiey-Liss, inc.
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It is estimated that less than 0.1% of protein
phosphorylation occurs on tyrosine residues in
normal cells [Hunter and Sefton, 1980}, with
the vast majority present on serine and threo-
nine. These infrequent tyrosine phosphoryla-
tions play an important role in signal transduc-
tion and cell growth control, as evidenced by the
numerous growth factor receptors and onco-
genes that are tyrosine kinases [Hunter, 1989;
Ullrich and Schlessinger, 1990; Cantley et al.,
1991].

The onset of mitosis is partially controlled by
tyrosine phosphorylation. Cell division is initi-
ated in all eukaryotic cells by a protein complex
called maturation promoting factor (MPF). MPF
contains a serine/threonine kinase catalytic sub-
unit, p34¢2 [Gautier et al., 1988; Dunphy et al.,
1988], and a cyclin B regulatory subunit (Labbé
et al., 1989; Gautier et al., 1990]. Genetic experi-
ments using a temperature-sensitive mutant of
p34¢d? [Th’ng et al., 1990] and microinjection
experiments with an antibody against p34¢dc?
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[Riabowol et al., 1989] indicate that this kinase
is essential for entry of mammalian cells into
mitosis. The phosphorylation state and activity
of p34¢<de2 jg cell cycle regulated [for reviews see
Norbury and Nurse, 1992; Nishimoto et al,,
1992]. Upon complex formation with cyclin B at
the late S/G, phase of the cell cycle, p34¢d2 js
maintained in an inactive form by phosphoryla-
tion of p34<<? at tyrosine-15. Genetic studies in
Schizosaccharomyces pombe have shown that
the kinases Weel and Mik1 are responsible for
this inhibitory phosphorylation [Russell and
Nurse, 1987; Featherstone and Russell, 1991;
Lundgren et al., 1991; Parker et al., 1992]. Acti-
vation of p34<<2 at mitosis is accompanied by,
and is thought to require, dephosphorylation at
tyrosine-15. The tyrosine phosphatase cdc25 acts
to remove this inhibitory phosphate and stimu-
lates the serine/threonine kinase activity of MPF
at the G,/M transition [Gautier et al., 1991;
Millar et al., 1991; Strausfeld et al., 1991; Lee et
al., 1992].

The activity of other tyrosine kinases is el-
evated during mitosis and meiosis. For example,
pp60<° is activated during mitosis in mouse
NIH 3T3 cells [Chackalaparampil and Shallo-
way, 1988} and tyrosine phosphorylation acti-
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vates extracellular signal-regulated (ERK)/mi-
crotubule-associated protein (MAP) kinases
during meiosis in Xenopus and clam oocytes
[Posada et al., 1991; Ferrell et al., 1991; Shibuya
et al., 1992] and during the Go/G; and G;/M
transitions in mammalian cells [Tamemoto et
al., 1992].

Recent evidence suggests that p34°4<2 may not
be the only kinase required for initiating mitosis
in eukaryotic cells. In the filamentous fungus
Aspergillus nidulans, the protein kinase NimA
is activated at mitosis and, along with p34¢d2 is
essential for mitotic onset [Osmani et al.,
1991a,b]. Neither NimA nor p34°¥2 activation is
sufficient by itself. In the budding yeast Saccha-
romyces cerevisiae, Sorger and Murray [1992]
and Amon et al. [1992] found that cells arrested
in S and G, contain activated MPF but do not
enter mitosis, indicating an additional, but cur-
rently unidentified, regulatory pathway.

With the goal of identifying candidates for
new mitotic regulatory components, we used an
anti-phosphotyrosine antibody to analyze pro-
teins from synchronized human and hamster
cells. A number of proteins were identified that
underwent mitosis-specific changes in tyrosine
phosphorylation. In most cases, phosphoryla-
tion was tightly coupled with the mitotic phase
of the cell cycle. Several of these proteins, how-
ever, underwent tyrosine phosphorylation when
cells were arrested during DNA replication or
when cells were treated with caffeine to initiate
premature mitosis, indicating a sensitivity to
cell cycle perturbations.

MATERIALS AND METHODS
Cell Culture and Synchronization

Syrian hamster fibroblast (BHK-21) cells and
human HeLa-S3 cells were grown in Dulbecco’s
modified Eagle’s medium (DME) containing 10%
iron-supplemented calf serum (HyClone) and
glutamine (4 mM) in a water-saturated 10%
C0,-90% air atmosphere. New cultures were
started from frozen stocks every 4-6 weeks.
Cells were Mycoplasma-free based upon fluores-
cent staining with Hoechst 33258.

Mitotic populations of Hel.a and BHK cells
were accumulated from asynchronously grow-
ing cultures treated for 8-12 h with 0.05 and
0.25 pg/ml nocodazole, respectively, and har-
vested by gentle physical detachment [Tobey et
al,, 1967]. Mitotic populations were at least 95%
pure, as determined by chromosome analysis

(see next section). Cells remaining attached to
the culture flasks after mitotic selection were
removed by treatment with 0.5 mM EDTA in
phosphate-buffered saline (PBS) and used as the
““adherent” interphase control group. Untreated
interphase populations were prepared by physi-
cally detaching mitotic cells from asynchro-
nously growing cultures and removing the at-
tached cells with EDTA-PBS as before. Both
interphase preparations were at least 97% pure.
Synchronous populations of cells leaving mito-
sis were produced by first collecting mitotic popu-
lations as above, except that treatment with
nocodazole was reduced to 6 h. Mitotic cells were
then washed once in PBS, replated onto dishes,
and extracts prepared at appropriate intervals
from cells scraped from the dishes. The percent-
age of cells remaining in mitosis was monitored
at each time point by chromosome analysis, as
described below.

Synchronization of cells at various stages of S
and G, was accomplished by arrest and subse-
quent release from G,/S. For HelLa cells, revers-
ible G,/S arrest was produced by plating 3 x 10¢
cells in 175 cm? flasks and 24 h later adding 2
mM thymidine. After 14 h, thymidine was re-
moved and replaced with normal media contain-
ing 24 1M deoxycytidine and thymidine [Heintz
et al., 1983]. Nine hours later, 2 mM thymidine
was added for an additional 12 h. Cells were
released from G,/S by removal of thymidine,
and extracts were prepared at the indicated inter-
vals, as described in the Immunoblotting sec-
tion, next page. For a similar synchronization of
BHK cells, cells were plated at 3 x 106 per 175
cm? flask and 24 h later the media was changed
to isoleucine-deficient DME containing 5% dia-
lyzed calf serum for 32 h [Hamlin and Pardee,
1976]. Cells were returned to normal media and
7 h later were treated with 0.5 pg/ml aphidicolin
for 9 h. Aphidicolin was then removed and cell
extracts prepared at the indicated times.

Premature mitosis was induced in BHK cells
by first arresting cells in S phase with 2.5 mM
hydroxyurea for 3 h and then treating cells with
5 mM caffeine for 8 h. Premature mitotic cells
were accumulated in the presence of nocodazole
(0.25 pg/ml) and selectively recovered by physi-
cal detachment, yielding populations that were
approximately 95% pure. Control groups were
composed of 1) adherent cells remaining after
removal of caffeine-induced premature mitotic
cells, and 2) untreated S-phase arrested cells.
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Control populations contained less than 4% mi-
totic or premature mitotic cells.

Chromosome and Fluorescence-Activated Cell
Sorting (FACS) Analyses

Mitotic indices were determined in chromo-
some spreads. HeL.a and BHXK cells were swelled
in 75 mM KCl for 10 and 7 min, respectively.
After centrifugation, cells were fixed in glacial
acetic acid:methanol (1:3 v/v) for at least 10 min
and dropped on slides. DNA was stained with
Hoechst 33258 (1 pg/ml for 7 min). At each time
point, at least 300 cells were examined at x400
magnification by fluorescence microscopy to de-
termine the percentage of cells in mitosis.

Cell cycle distribution was examined with an
Ortho model 2150 FACS, using cell cycle analy-
sis software by Cytomation, Inc. FACS analysis
was conducted on trypsinized cell samples that
were incubated for 15 min in PBS containing 0.6
mM EDTA and 0.1% Triton X-100 and stained
for 1 h with 50 pg/ml propidium iodide; 5,000
cells were analyzed from each sample.

Immunoblotting

Proteins were extracted from whole cells in
Laemmli sample buffer (2% SDS/5% 2-mercap-
toethanol/10% glycerol/62.5 mM Tris, pH 6.8),
heated at 100°C for 5 min, and separated in SDS
polyacrylamide gels [Laemmli, 1970]. Protein
concentrations were estimated by the modified
Lowry assay described by Peterson [1977], us-
ing gamma-globulin as the standard. Proteins
were transferred to immobilon-P membranes
(Millipore) in a tank blotting system (5 h at 60 V
in transfer buffer containing 25 mM Tris/192
mM glycine/20% methanol). Blots were rinsed
three times in filtered Tris-buffered saline (pH
7.5) containing 0.3% Tween-20 (TBST) and sub-
sequently incubated overnight at 4°C with a
polyclonal antibody raised against N-succinyl-
phosphotyrosine (1:1,000 dilution in TBST) pro-
vided by Dr. L. Levine [Levine et al., 1989].
Blots were washed for 30 min with three changes
of TBST, incubated for 1.25 h in 1 pCi/ml
125].labeled protein A, and washed for 40 min
with four changes of TBST. Phosphotyrosine-
containing proteins were detected by indirect
autoradiography using an intensifying screen
and quantitated on autoradiograms with a Milli-
pore Biolmage scanner. Antibody competitions
were conducted by incubating (1 h at 4°C) the

diluted antibody with 250 pM phosphotyrosine
or phosphoserine prior to blotting.

RESULTS

Changes in Tyrosine Phosphorylation During
Mitosis in Hela Cells

Protein extracts from populations of Hela
cells that were either in interphase or mitosis
were immunoblotted with an anti-phosphotyro-
sine antibody that is approximately 105-fold more
immunoreactive to phosphotyrosine than to
phosphoserine, phosphothreonine, or unphos-
phorylated tyrosine [Levine et al., 1989]. Mitotic
populations (at least 95% pure as determined by
chromosome analysis) were collected by treating
asynchronously growing cells with nocodazole
and selectively shaking off mitotic cells. Two
interphase populations were collected, each of
which contained less than 3% mitotic cells. One
was composed of adherent cells that remained
after removal of mitotic cells. The other was
derived from untreated asynchronously growing
cultures that were partially depleted of mitotic
cells by shaking.

The profile of immunoreactive proteins
showed that mitotic HeLa cells contained at
least seven phosphotyrosine-containing pro-
teins that were absent or present in low abun-
dance in interphase cells (Fig. 1A). Immunoreac-
tivity of all of these proteins was eliminated by
preincubation of the antibody with 250 1M phos-
photyrosine (Fig. 1B) and was unaffected by
antibody preincubation with 250 pM phospho-
serine (Fig. 1C), confirming the specificity of the
antibody to tyrosine phosphorylations. In addi-
tion, treatment of cell extracts with either po-
tato acid or alkaline phosphatases abolished im-
munoreactivity while antibody preincubation
with 250 M phosphothreonine had no effect
(Schlegel and Belinsky, unpublished results).
No significant differences in tyrosine phosphory-
lation were noted between the two interphase
populations, indicating that nocodazole treat-
ment alone had no detectable effect. The mitosis-
specific proteins were all of high relative molecu-
lar weight, ranging from approximately 165 to
~400 kDa (pp165, 205, 240, 250, 270, 290, and
400). In addition, 2 somewhat smaller protein of
135 kDa was found to contain phosphotyrosine
only in interphase. No changes in tyrosine phos-
phorylation were seen in lower molecular weight
proteins (~18 kDa and higher) that were re-
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Fig. 1. Changes in tyrosine phosphorylation during mitosis in
Hela cells. A: Whole cell extracts from nocodazole-arrested
mitotic cells (M), untreated interphase cells (1), and “adherent”
interphase cells following removal of nococazole-arrested mitot-
ics (A) were prepared, separated in 5% polyacrylamide gels and
immunoblotted with phosphotyrosine antiserum, as described
in Materials and Methods; 150 ug of protein was added to each

solved in gels containing higher percentages of
polyacrylamide (data not shown).

Reversal of Tyrosine Phosphorylation Following
Release From Nocodazole

To determine how rapidly the mitosis-specific
tyrosine phosphorylations reverted to an inter-
phase profile, protein extracts and chromosome
preparations were made at 30 min intervals
following release from nocodazole arrest. Dur-
ing the 2 h after release, pp290, pp250, pp240,
and pp205 showed a gradual 4- to 10-fold reduc-
tion in immunoreactivity, but still displayed lev-
els somewhat higher than those seen in asyn-
chronous interphase cells (Fig. 2A). Proteins
pp400, pp270, and ppl165, however, lost essen-
tially all immunoreactivity within 1.5 to 2 h,
indicating a tight coupling of tyrosine phosphor-
ylation to the mitotic phase of the cell cycle. A
longer exposure of this autoradiogram shows
more definitively the very close association be-
tween the percentage of cells remaining in mito-
sis and the extent of tyrosine phosphorylation
on pp400 (Fig. 2B,C). As shown by chromosome
analysis in Figure 2C, the frequency of mitotic
cells dropped from an initial level of approxi-
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lane. Mitotic (M} and interphase {1} extracts identical to those
described above were immunoblotted after preincubating the
phosphotyrosine antiserum with either 250 wM phosphotyro-
sine (B) or 250 pM phosphoserine (C). Mitosis-specific tyrosine
phosphorylations are indicated with arrows and molecular
weight markers with lines.

mately 98% to approximately 10% within 1.5 h,
with all of the decrease occurring in the one
hour interval between 0.5 and 1.5 h after re-
lease. At 0.5, 1.0, and 1.5 h after nocodazole
release, tyrosine phosphorylation of pp400 was
approximately 100%, 39%, and 14% of that prior
to release, closely paralleling the frequency of
mitotic cells in the population. The only protein
showing an increase in tyrosine phosphoryla-
tion as cells exited mitosis, pp135, was first
detectable within one hour after release from
nocodazole and remained at relatively constant
levels at later time points.

Tyrosine Phosphorylation During Progression
From S Phase to Mitosis

HeLa cells initially synchronized in early S
phase by a double thymidine block were released
and monitored for changes in tyrosine phosphor-
ylation as cells progressed toward mitosis. Pro-
tein extracts were prepared and FACS analysis
was conducted on cells at 2 h intervals following
release from S phase arrest, representing cell
populations in early, middle, and late S phase as
well as G, phase. For comparison with earlier
experiments, populations of mitotic and post-
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Fig. 2. Reversal of tyrosine phosphorylation following release
from nocodazole. Mitotic Hela cells were selectively recovered
from nocodazole-treated cultures. Cells were replated in the
absence of nocodazole and whole cell extracts and chromo-
some spreads were prepared from cells at the indicated times
(hrs), as described in Materials and Methods. A: Proteins were
resolved in 5% polyacrylamide gels and immunoblotted with
phosphotyrosine antiserum as described in Materials and Meth-
ods. B: Longer exposure of the immunoblot shown in (A) to
better illustrate changes in phosphotyrosine content of pp400.
C: Mitotic index and integrated optical density (10D} of pp400
following release from mitotic arrest.

mitotic cells were collected by exposing cells to
nocodazole for 4 h (starting from the point where
they entered G;) and by harvesting cells 12 h
after release from S phase arrest, respectively.
Phosphotyrosine changes during cell cycle pro-

gression from S phase to the following post-
mitotic stage are illustrated in Figure 3A. FACS
analysis for all groups is shown in Figure 3B.

Proteins pp400, pp290, pp270, and pp240 dis-
played low to undetectable levels of immunoreac-
tivity throughout interphase, including G,. Phos-
photyrosine content rose dramatically between
G and mitosis, again linking these changes with
the mitotic phase of the cell cycle. Tyrosine
phosphorylation of pp250, pp205, and ppl65
was already elevated during the S-phase arrest
used for synchronization. This elevation per-
sisted when cells were allowed to progress
through interphase and into mitosis. Since
pp250, pp205, and ppl65 were absent or only
weakly detectable in asynchronous interphase
cultures (Fig. 1A), it appears that these three
proteins undergo what is normally a mitosis-
specific tyrosine phosphorylation when cells are
arrested in S phase. This finding is consistent
with other reports that either suggest, or show
directly, that proteins and kinase activities asso-
ciated with mitosis can accumulate during cell
cycle perturbations such as arrest in S phase
[Schlegel and Pardee, 1986; Yamashita et al.,
1990; Steinmann et al., 1991; Schimke et al.,
1991; Sorger and Murray, 1992; Amon et al.,
1992]. The loss of phosphotyrosine from ppl135
also occurs very close to the onset of mitosis. S
and G, phase cells showed significant levels of
this phosphoprotein while mitotic cells had little
or no immunoreactivity. As illustrated in the
last lane of Figure 3A, all proteins in post-
mitotic cells reverted to their normal interphase
levels.

Changes in Tyrosine Phosphorylation During
Mitosis in BHK Cells

To determine whether cell types other than
HelLa cells showed mitosis-specific tyrosine phos-
phorylations, Syrian hamster (BHK) fibroblasts
were also examined. In addition, certain chemi-
cals can uncouple mitosis from the completion
of DNA replication in hamster cells but not in
human cells [Schlegel and Pardee, 1986; Schle-
gel and Craig, 1991; Steinmann et al., 1991].
This characteristic of hamster cells allowed us
to determine whether chemically induced prema-
ture mitosis induced the same tyrosine phos-
phorylations as those seen during normal mito-
sis.

As shown in Figure 4A, a 155 kDa protein that
was detected in nocodazole-arrested mitotic BHK
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Fig. 3. Tyrosine phosphorylation during progression from S and post-mitotic phase (P). Time (h) after release from thymi-

phase to mitosis. Hela cells were synchronized and released
from early S phase. FACS analysis was conducted and whole
cell extracts were prepared and immunoblotted at the indicated
times (h) after release (see Materials and Methods). A: Phospho-
tyrosine immunoblot of synchronized cells during early (e),
middle (m) and late (1) S phase (S}, G; phase (G;), mitosis (M),

dine is indicated above each lane. M identifies cells arrested in
the subsequent mitosis with nocodazole; 150 ug of protein was
added to each lane. B: FACS analysis of cells used for prepara-
tion of cell extracts in (A). Analyses are identified in the upper
left corner by the same nomenclature as that used above each
lane in (A).
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Fig. 4. Tyrosine phosphorylation of pp155 during mitosis in
BHK cells. A: Whole cell extracts from nocodazole-arrested
mitotic cells (M), untreated interphase cells (1), and ““adherent”’
interphase cells following removal of nococazole-arrested mitot-
ics (A) were prepared, separated in 5% polyacrylamide gels and
immunoblotted with phosphotyrosine antiserum, as described
in Materials and Methods; 150 ug of protein was added to each
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lane. Mitotic (M) and interphase (1) extracts identical to those

described above were immunoblotted after preincubating the
phosphotyrosine antiserum with either 250 uM phosphotyro-
sine (B) or 250 wM phosphoserine (C). Mitosis-specific tyrosine
phosphoprotein pp155 is identified with an arrow. Molecular
weight markers are indicated with lines.
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cells was not seen in either interphase cells or in
the adherent cells remaining after nocodazole-
arrested cells were detached by shaking. Immu-
noreactivity was abolished by preincubating the
antibody with 250 pM phosphotyrosine (Fig.
4B) and was unaffected by preincubation with
250 pM phosphoserine (Fig. 4C). Although re-
gions of this and other immunoblots suggested
the possibility of other mitosis-specific tyrosine
phosphorylations, these other proteins were not
consistently elevated in all experiments. As with
HelLa cells, no differences were found in lower
molecular weight proteins that were resolved in
higher-percentage polyacrylamide gels (data not
shown). It therefore appears that BHK cells also
undergo mitosis-specific tyrosine phosphoryla-
tion, but to a lesser extent than do Hel.a cells.
The reason for this difference is not known.

pp155 Tyrosine Phosphorylation During Exit
From and Entry Into Mitosis

BHK cells that were released from mitotic
arrest by removal of nocodazole were examined
for changes in tyrosine phosphorylation of pp155
(Fig. 5A). As shown in Figure 5B, BHK cells
rapidly exited mitosis following released from
nocodazole arrest, with approximately half of
the cells entering G; within 20 min and about
90% having done so within 30 min. The loss of
phosphotyrosine immunoreactivity of pp155 was
tightly coupled with the return of cells to inter-
phase, showing a great reduction within 20 min.

To determine whether phases of the cell cycle
other than mitosis might express ppl55, BHK
cells were synchronized in early S phase and cell
extracts were prepared at hourly intervals as
cells were allowed to progress toward mitosis.
pp155 was undetectable in all cell cycle stages
other than mitosis, including cells in late G,
(Fig. 6A). FACS analysis for this synchroniza-
tion is shown in Figure 6B. The absence of
pp155 in late G cells, combined with the loss of
tyrosine phosphorylation precisely at the time
when cells exited mitosis, indicates that tyrosine
phosphorylation of ppl55 is very closely, and
exclusively, linked to the mitotic stage of the cell
cycle.

pp155 Is Phosphorylated on Tyrosine During
Caffeine-Induced Premature Mitosis

Caffeine [Schlegel and Pardee, 1986], as well
as certain protein kinase and phosphatase inhibi-
tors [Schlegel et al,, 1990; Yamashita et al,,

1990; Steinmann et al., 1991; Tam and Schlegel,
1992], are able to override normal cell cycle
checkpoints and induce premature mitosis in
hamster cells that have not completed DNA
replication. It was, therefore, of interest to deter-
mine whether pp155 also underwent tyrosine
phosphorylation during caffeine-induced prema-
ture mitosis. BHK cells were arrested in S phase
with hydroxyurea, exposed to caffeine, and pre-
mature mitotic cells collected by physical detach-
ment. Populations of untreated S-phase ar-
rested cells, as well as adherent cells remaining
after removal of premature mitotic cells, were
used as controls. Immunoblots of extracts from
these cell populations indicated that pp155 un-
derwent tyrosine phosphorylation during caf-
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Fig. 5. Tyrosine phosphorylation of pp155 following release
from nocodazole. Mitotic BHK cells were selectively recovered
from nocodazole-treated cultures. Cells were replated in the
absence of nocodazole and whole cell extracts and chromo-
some spreads were prepared from cells at the indicated times
(min), as described in Materials and Methods. A: Proteins were
resolved in 5% polyacrylamide gels and immunoblotted with
phosphotyrosine antiserum as described in Materials and Meth-
ods. B: Mitotic index following release from nocodazole, as
determined from chromosome spreads.
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Fig. 6. Tyrosine phosphorylation of pp155 during progression
from S phase to mitosis. BHK cells were synchronized and
released from early S phase. FACS analysis was conducted and
whole cell extracts were prepared and immunoblotted at the
indicated times after release (see Materials and Methods). A
Phosphotyrosine immunoblot of synchronized cells during early

feine-induced premature mitosis (Fig. 7). ppl155
was not phosphorylated on tyrosine in un-
treated cells that were arrested in S phase or in
the fraction of cells that did not undergo prema-
ture mitosis in response to caffeine treatment.
These results further support the mitosis-spe-
cific nature of ppl55 tyrosine phosphorylation
and provide an additional molecular marker
showing the similarity between chemically in-
duced premature mitosis and normal mitotic
events.

DISCUSSION

We have found numerous changes in protein
tyrosine phosphorylation as mammalian cells

Tl

0 200 400 600
DNA content

(e), middle (m) and late (1) S phase (S), early (e) and late (!) G,
phase (Gp), and mitosis (M). Mitotic cells were arrested in
mitosis with nocodazole; 150 pg of protein was added to each
lane. B: FACS analysis of cells used for preparation of cell
extracts in (A). Analyses are identified in the upper left corner by
the same nomenclature as that used above each lane in (A),

enter into and exit from mitosis. In all but one
instance, entry into mitosis was accompanied by
increasing tyrosine phosphorylation, while exit
from mitosis resulted in tyrosine dephosphoryla-
tion. In addition, some of these changes were
induced by cell cycle perturbations resulting from
arrest in S phase and from exposure to caffeine.
The tyrosine phosphorylation of Hel.a proteins
ppl65, pp205, and pp250 during arrest in S
phase provides additional molecular evidence
that certain mitotic events may proceed nor-
mally even when cells are prevented from com-
pleting DNA replication. These findings are con-
sistent with previous work showing that cyclin
B can accumulate prematurely in hamster cells
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Fig. 7. Tyrosine phosphorylation of pp155 during caffeine-
induced premature mitosis. BHK cells were arrested in § phase
with 2.5 mM hydroxyurea and forced into premature mitosis by
treatment with 5 mM caffeine, as described in Materials and
Methods. A phosphotyrosine immunoblot was prepared from
the following cell extracts: mitotic cells accumulated in 0.25
ng/ml nocodazole (M); cells arrested in S phase and exposed to
nocodazole (S); cells arrested in S phase, exposed to noco-
dazole and forced into premature mitosis with 5 mM caffeine
(C); and adherent cells remaining after caffeine-induced prema-
ture mitotic cells were removed by shaking (A); 100 pg of
protein was added to each lane.

during arrest in S phase [Steinmann et al., 1991]
and that S-phase arrest in budding yeast does
not prevent activation of p34<<? [Sorger and
Murray, 1992; Amon et al., 1992]. °

At present, we cannot rule out the possibility
that mitosis-specific changes in immunoreactiv-
ity are the result of changes in protein abun-
dance rather than in tyrosine phosphorylation.
Since the phosphotyrosine antibody detects
changes in phosphotyrosine content, rapid
changes in the synthesis and/or degradation of
phosphotyrosine-containing proteins could ac-
count for changes in immunoreactivity equally
well as reversible changes in tyrosine phosphor-
ylation. Such changes in protein abundance
would require particularly rapid fluctuations in
synthesis and/or degradation rates, however,
because most of the proteins identified in the
present study were not readily detectable in any
stage of the cell cycle other than mitosis, includ-
ing cells that were in G,. Rapid changes in
protein stability are known to occur during mito-
sis, as evidenced by the mitotic cyclins A and B,
but even these proteins are detectable in the S
and G, phases of the cell cycle before undergoing
rapid degradation at metaphase and anaphase,
respectively [Pines and Hunter, 1989, 1990].
Although we suspect reversible tyrosine phos-
phorylation as the mechanism responsible for
mitosis-specific immunoreactivity, a definitive
answer to this question must await the develop-
ment of protein-specific antibodies that can be
used to examine protein abundance throughout
the cell cycle.

Changes in protein tyrosine phosphorylation
have previously been linked to the meiotic and
mitotic stages of sea urchin and Xenopus oo-

cytes and eggs. Shortly after fertilization of sea
urchin eggs, a transient increase in the phospho-
tyrosine content of a 350 kDa protein was de-
tected [Peaucellier et al., 1988). In Xenopus
oocytes, a 116 kDa protein was found to undergo
a small increase in phosphotyrosine content
shortly after progesterone stimulation, followed
by a more dramatic increase at the time of
germinal vesicle breakdown [Ferrell et al., 1991].
A 42 kDa protein was also found to be phosphory-
lated on tyrosine in metaphase extracts of Xeno-
pus eggs [Lohka et al., 1987]. This tyrosine-
phosphorylated protein has been identified as
MAP kinase [Posada et al., 19911, and MAP
kinases have recently been found to be activated
not only during the G¢/G, transition, but during
the G3/M transition in Chinese hamster ovary
cells [Tamemoto et al., 1992].

An earlier study using a phosphotyrosine-
specific antibody to examine cell cycle phosphor-
ylation changes in mouse 3T3 cells found numer-
ous changes during the G,/G; transition but no
mitosis-specific events [Morla and Wang, 1986].
While differences in the cell types and antibodies
used could play a role in the discrepancy be-
tween the above study and the present one, it is
also possible that the choice of synchrony proce-
dures was responsible. The present study fo-
cused on the mitotic phase of the cell cycle and,
therefore, used S phase and mitotic synchroniza-
tion techniques. The previous study released
cells from quiescence, a technique that provides
good synchrony at the G,/ G, transition but dete-
riorates at later cell cycle stages.

Tyrosine phosphorylation of p34¢ is impor-
tant for regulating mitotic onset. Dephosphory-
lation at tyrosine-15 activates p34°d? and ini-
tiates the onset of mitosis [for reviews see
Norbury and Nurse, 1992; Nishimoto et al.,
1992]. Under certain circumstances, however, it
appears that activation of p34%? is not suffi-
cient to initiate mitosis. When cells of Aspergil-
lus nidulans are arrested in Gy by a tempera-
ture sensitive mutant of NimA, a protein kinase
essential for mitotic onset in this organism,
p34°d<? ig present in its activated form [Osmani
et al., 1991a]. In addition, when Saccharomyces
cereuvisiae cells are arrested during DNA replica-
tion, p34%e? ig activated but cells remain in
interphase [Sorger and Murray, 1992; Amon et
al., 1992]. These examples raise the possibility
that higher eukaryotes also contain multiple
pathways that regulate mitotic onset. The pro-
teins identified in the present study could be
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tyrosine kinases and/or substrates of tyrosine
kinases that are activated during mitosis, such
as c-src [Chakalaparampil and Shalloway, 1988].
The future purification and cloning of these
proteins should help provide an understanding
of their respective roles in mitosis.
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