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CDK inhibitors are thought to prevent cell proliferation by negatively regulating cyclin-CDK complexes. We
propose that the opposite is also true, that cyclin-CDK complexes in mammmalian cells can promote cell
cycle progression by directly down-regulating CDK inhibitors. We show that expression of cyelin E-CDK2 in
murine fibroblasts causes phosphorylation of the CDK inhibitor p27%*! gn T187, and that eyclin E-CDK2 can
directly phosphorylate p27 T187 in vitro. We further show that cyclin E-CDE2-dependent phosphorylation of
p27 results in elimination of p27 from the cell, allowing cells to transit from G, to § phase. Moreover,
mutation of T187 in p27 to alanine creates a p27 protein that causes a G, block resistant to cyclin E and
whose level of expression is not modulated by cyclin E. A kinetic analysis of the interaction between p27 and
eyelin E-CDK2 explains how p27 can be regulated by the same enzyme it tarzets for inhibition. We show that
p27 interacts with cyclin E-CDK2 in at least two distinct ways: one resulting in p27 phosphorylation and
release, the other in tight binding and cyclin E-CDE?2 inhibition. The binding of ATP to the CDK governs
which state predominates. At low ATP [« 50 pm) p27 is primarily a CDK inhibitor, but at ATP concentrations
approaching physiological levels {> 1 ms) p27 is more likely to be a substrate. Thus, we have identified p27 as
a biologically relevant cyclin E-CDK2 substrate, demonstrated the physiological consequences of p27
phosphorylation, and developed a kinetic model to explain how p27 can be both an inhibitor and a substrate

of cyclin E-CDEK2,
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Cyclin-dependent kinases [CDKs| become catalytically
active or inactive in response to a variery of physiologic
signals. CDK activation requires association with regu-
latory subunits called cyclins, as well as phosphorylation
of CDK2 by the CDK-activating kinase (CAK) (Sherr
1994; Morgan 1995). Each phase of the cell eycle is char-
acterized by the expression of a unique profile of eyelin-
CDK complexes. In mammalian cells, progression
through G, is regulated by the activity of the D-type
cyelins and eyelin E, which associate with the CDK4/6
and CDDK2 subunits respectively, whereas subsequent
transitions through the eell cycle require cyclin
A-CDEK2, cvelin A-ede2, and cyelin B-cdc2.

CDK inhibitors [CKIs] are negative regulatory proteins
that bind to cyclin-CDK complexes and inhibit their
catalytic activity [Sherr and Roberes 1993), CKls are clas-
sified into two groups based on their protein sequence
similaritivs and putative CDK targets. The INK4 pro.
teins (pl3, pl6, pl8, and pl9) specifically bind to and
inhibit the evelin D-associated kinases COK4 and CDK6
[Secrano coal. 1993; Hirai e al. 1995; Quelle er al. 1995).
Although the physiologic role of INK4 proteins remains
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unclear, the pl6 gene is a tumor suppressor and has been
implicated in a variety of human cancers [Kamb 1994,
MNobori et al, 1994; Clurman et al, 1996a; Serrano et al.
1996). The results of in vitro experiments suggest that
the second class of CKlIs, the CipfKip proteins [p21, p27,
and p57|, are more promiscuous and potently inhibit the
activity of most eyclin-CDEK complexes, at least in vitro.
Cip/Kip proteins appear to regulate cell proliferation by
stopping cell cycle progression in response to a variety of
anti-mitogenic signals. For example, p2l is transcrip-
tionally induced by the p53 protein, and is a primary
mediator of the p53-dependent G, arrest thar occurs fol-
lowing DINA damage (El-Diery et al. 1993; Gu et al. 1993;
Harper et al. 1993; Xiong et al. 1993a,b; Dulic et al. 1994;
Moda et al. 1994; Deng et al. 1995). In contrase, p27 ap-
pears to be primarily responsible for regulating CDK ac-
tivity in response to extracellular antiproliferative cues
[Polvak et al. 1994a; Slingerland et al. 1994; Toyoshima
and Hunter 1994].

Any one of a number of antimitogenic conditions or
agents—including mitogen starvation, cell-cell contaet,
loss of cell anchorage, damaged DNA, or transforming
growth factor-p [TGE-BjJ—results in the formation of in-
active cyclin E-CDK2 complexes and concomitant cell
cycle arrest [Koff er al. 1993; Dulic er al. 1994; Firpo et al.
1994, Kato et al. 1994; Nourse et al. 1994; Polyak
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1994a,b; Coats et al. 1996; Fang et al 1996; Zhu et al.
1996). In every case, the inactivity of these complexes
appears to be attributable to their association with a CEL
In all normal cells, p27 levels increase during entry into
a quiescent or nondividing state, and rapidly decrease
upon reentry into the cell cycle after stimulation with
specific growth factors. Forced expression of p27 causes
the cell cycle to stop in G, (Polyak et al. 1994b;
Toyoshima and Hunter 1994], and, conversely, inhibi-
tion of p27 expression by antisense oligonuclectides re-
sults in the failure of mitogen-starved fibroblasts o exit
the cell eycle on schedule [Coars et al. 1996]. Mice with
homozygous deletions of the p27 gene are larger than
control mice as a result of increased numbers of cells in
all tissues and organs, confirming the importance of p27
in the control of cell proliferation (Fero et al. 1996; Ki-
yokawa et al. 1996; Nakayama et al. 1996].

The abundance of the p27 protein is thought to be
regulated by both translational and post-translational
pathways, and less commonly at the level of transerip-
tion |Roberts et al, 1994; Pagano et al. 1995; Agrawal et
al. 1996; Hengse and Reed 1998). The biochemical pach-
ways through which p27 protein levels are linked to pro-
liferative signals, however, have not been described. As
detailed below, our analyses of the kinetic and molecular
interactions between p27 and its putative target, cyclin
E-CDK2, reveal that p27 can be both an inhibitor and a
substrate of the cyelin E-CDK2 enzyme. We provide evi-
dence that phosphorylation of p27 by cyelin E-CDEK2 in
vivo reverses the cell eyele block caused by p27 and ini-
tiates a pathway leading to elimination of p27 from the
cell. The conventional view has been thar CDK inhibi-
tors oppose the action of CDKs in order to enforce cell
evecle arrest. Our dara suggest thar the reverse is also
true, that COKs inacrivate CDK inhibitors to promate
cell eyele progression.

Results

Cwelin E-CDK2 catalvtic activity is required to
down-regulate p27 protein levels

Forced expression of p275'®! in proliferating cells arrests
the cell cycle, presumably by inhibiting CDKs. It is
thought that p27 prevents the execution of CDK-depen-
dent cell cyele events by binding tightly to the enzyme
and inhibiting its catalytic activity. A prediction of this
maodel is that simultaneous overexpression of p27 with
ane of its cyelin or cyclin-CDK targers would titrate the
CDE inhibitor and overcome the cell eyele arrest. In-
deed, overexpression of cyclin E prevents the G, arrest
caused by p27 (Fig. 1A

Surprisingly, however, when p27 was coexpressed
with cyclin E-CDEKZ it was eliminated from the cell |Fig.
18]. In contrast, p27 levels did not decline when cyclin E
was coexpressed with an inactive CDK2 that cannot hy-
drolyze ATP (van den Heuval and Harlow 1993) (Fig. 18]
Thercfore, the simple model thar p27 was just seques-
tered into eyelin E-CDK2 complexes was insufficient to
explain the interaction of cyclin E with p27 in cells, and

Regulation of p27%i* by phosphorylation
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Figure 1. Cyclin E-CDE2 kinase activity overcomes a p2i-
imposed G, arrest. [A) Expression of p? in NIH-3T3 cells
causes a G, arrest that is overcome by cotransfection with cy-
clin E. Control eells were transiccred with empey C52MT vee-
tor alone. The figure shows the mean results obtained from
three independent experiments with error bars depicting the
standard deviations. [Solid bar} G,; {hatched bar) 5; [shaded bar]
G.. |B] Coexpression of p27 in NIH-3T3 cells with catalytically
active cyelin E-CDK2 (lane 2] results in marked reduction of
p17 expression. Cells were transfected with C52p27 and either
empty vector (lane [}, ar vectors expressing cyclin E and wi-
CDE2 [lane 21 or evelin E and dn=-CDEK2 [lane 3. The transfected
p27 protein is of human origin and migrates more slowly than
the endagenous murine pl7 protein,

the consequent reversal of the p27-imposed G| arrest,
Based upon the ghservation that p27 is phosphorylated
by cyclin E-CDK2 and that p27 is a phosphoprotein in
vivo [see below|, we considered the possibility that p27
phasphorylation by cyclin E-CDK2 might down-regulate
p27 expression in the cell. In this model p27 is a sub-
srrate rather than an inhibitor of the cyclin E-CDE2
complex. This predicts that both cyclin E-CDEK2 kinase
activity and phosphorylation of p27 would be required
for cyclin E to overcome a p27-imposed cell cycle block,
We have confirmed each of these predictions.

This hypothesis was first tested by determining
whether expression of a catalytically inactive cyclin
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E-CDK2 complex had any affect on either the p27-im-
posed G, arrest or on p27 protein expression. Mutation
of specific residucs within the conserved cyclin box cre-
ated a cyclin E mutant, cyelin E(188-192A), that bound
to CDKZ, but did not make an active kinase (Fig. 2Al
Although the reasons for this have not been determined,
the crystal structure of cyelin A-CDK2 suggests that
residues mutated in cyclin E{188-192A] are probably lo-
cated in close proximity to T160 in the T loop of CDK2,
the site of CDOK2 phosphorylation by CAK [Russo et al.
1996). Therefore, it is possible that T160 may not be
phosphorylated efficiently in the cyclin E[188-192A)-
CDK2 complex, or that the phosphorylated T loop is
prevented from moving away from the catalytic cleft of
the enzyme. Regardless, overexpression of cyclin E{188-
192A) did not accelerate cells through G, consistent
with its inability to fully activate CDK2. We found that
cyclin E[188-192A] did not overcome the G, block
caused by p27 [Fig. 2B), consistent with our observation
that p27 levels were unatfected (data not shown),

The failure of the inactive CDK2 or cyclin E[188-
1924] to eliminate p27 did not result from their inabilicy
to form eyelin-CDK-p27 complexes. Both wild-type cy-
clin E and cyclin E[1858-192A) bound similar amounts of
CDE2 |Fig. 2C]. Furthermore, inactive cyclin E com-
plexes [eyelin E-dn-CDK2 and cyclin E{188-192A)-
CDHK2| bound to at least as much, if not more p27 than
catalytically active cyclin E-CDK2 complexes [Fig. 2C).

We therefore examined the possibility that phosphoryla-
tion of p27 by cyclin E-CDK2 was required for p27 elimi-
nation.

Cyelin E-CDK2 phosphorylates p27 on T187

Inspection of the p27 amino acid sequence revealed a
CDK phospherylation consensus site TPKK at position
187 in the carboxyl terminus. Wild-type p27 was phos-
phorylated by cyclin E-CDK2 in vitro [Fig. 3A), but when
threoninel87 was changed to alanine, phosphorylation
of the mutant protein [p27T187A) decreased by at least
10-fold. Mutation of the CDK-—consensus phosphory-
lation site from TPKK to TPAA also decreased phos-
phorylation to a similar extent (not shown). These
experiments identified T187 as the major cyclin E-
CDK2 phosphorylation site on pl7, at least in vitro.
Two-dimensional phosphopeptide mapping of p27 re-
vealed a single major CDK phosphorylated pepeide [A),
and one minor phosphopepride (B) (Fig. 3B]. As predicted,
phosphoamine acid analysis showed largely phospho-
threonine, and considerably smaller amounts of phos-
phoserine [Fig. 3C]. Mutation of T187 did not obviously
affect the inhibitory activity of p27, because a compari-
son of p27(T187A) with wild-type p27 revealed similar
potency against cyclin E-CDK2 phosphorylation of his-
tone HI in vitro (data not shown).

To determine whether p27 is phosphorylated on T187
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overcome a p27-induced G, arrest. The results depice the means from two independent experiments. Bars as in Fig, 1. [C) Cyelin
EiT158-1924) binds both CDK2 and p27. Cells were cotransfected with vectors expressing either eyclin E (lanes 1-4] or eyvelin
EIT188-1924), and p27 |lanes 2.4,6), CDK2 {lanes 1.2,5.6], or dn-CDK2 {lanes 3.4). The transfected evelin E proteins were immuno-
precipitated with 9E10 antibody |anti-myc tag) and the associated p27 and CDK2 visualized by immunoblotting.
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Regulation of p275i® by phosphorylation
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Figure 3. P27 is phosphorylated on thrl87 by purified eyelin E-CDE2. [A| Purified, bacterially expressed p27 or p27|T187A| (1 um,
lanes 2.3) was added to active eyclin E-CDE2 complexes purified from insect cells infected with recombinant baculoviruses (sec
Materials and Methads| in the presence of [y-**P|ATP. Mo p27 protein was included in lane 1. |B) Tryptic phosphopepride analysis of
in vitro phosphorylated p27 protein eluted from a denaturing polyacrylamide gel. The position of the origin [0 is noted. A single major
phosphopeptide (A] and minor phosphopeptide (Bl are seen. [C} Phosphoamino acid analysis of the p27 protein analyzed in B demon-
strates thae the vast majority of the eyclin E-CDE2-dependent pl7 phospharylation is on threonine.

in vivo we analyzed the phosphorylation state of p27 in perhaps because it is unseable once it is phosphorylated.
MNIH-3T3 cells (Fig. 4). We were unable to study the phos- Instead, p27 was transfected into cells together with a
phorylation stace of the endogenous cellular p27 protein, tetracycline-repressible  vector encoding cyclin E.
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Figure 4. p27 is phosphorylated on T187 in vivo, (A) Induction of eyelin E expression leads to increased p27 phosphorylation in vive.
NIH-3T3 cells were transiently transfected with vectars expressing p27, CDK2, and tetracycline-regulatable eyclin E and labeled with
| ¥Plorthophosphate [see Resules and Macerials and Methods for details). The removal of tecracycline [lane 2) led to high levels of cyclin
E expression, decreased p27 expression, and increased p27 phosphorylation compared with cells grown continually in the presence of
tetracyeline {lane 1). The positions of phosphorylated p27 and cyclin E are indicated. (8) Tryptic phosphopeptide and phosphoamina
acid |PAA] analysis of in vivo phosphorylated p27 and p27(T187 Al (Left] In vivo phosphorylated p27 protein eluted from a denaturing
acrvlamide gel as in A is composed of two major phosphopeptides labeled A and B. Phosphopepride A corresponds to the major in vitro
cvclin E-dependent phosphopeptide shown in Fig. 3. Phosphopeptide A that was recovered from the TLC plate contained both
phosphothreonine and phosphoserine, indicating che presence of two distinct in vivo phosphorylation sites within this trypric pepride.
|Righe) A parallel analysis of in vivo-phosphorylated p27(T187 A} demonstrates that alchough the tryptic phasphopeptide map is similar
to that generated from wild-type p27, phosphopeptide A derived from p27{T187A) contains only phosphoserine.
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Twenty-four hours post-transfection p27 had accumu-
lated to high levels, at which time tetracycline was re-
moved from the medium to induce cyclin E expression.
Cells were then labeled with [**Plorthophosphate, and
p27 phosphorylation analyzed by SDS-PAGE of anti-p27
immunoprecipitates, This protocol was designed to
cause a synchronous burst of p27 phosphorylation, after
which the cells could be harvested prior to the complete
climination of the phosphorylated p27 protein. Control
cells were cultured in the continued presence of tetracy-
cline. In the absence of cyclin E expression (Fig. 44, lane
1) p27 levels were high, yet only very low levels of phos-
phorylated p27 were detected. Induction of cyclin E {Fig.
44, lane 2) correlated with a large increase in p27 phos-
phorylation, even though there was a concomitant de-
cline in total p27 protein levels (Fig. 4A). Therefore, the
stoichiometry of p27 phosphorylation was considerably
greater in the presence of cyclin E.

Induction of cyclin E resulted in two major p27 phos-
phopeptides, A and B [Fig. 4B). Phosphopeptide A corre-
sponded 1o the major phosphopeptide observed after in
vitro phosphorylation of p27 by cyclin E-CDK2. Phos-
phoamino acid analysis showed that peptide A contained
bath phosphothreonine and phosphoserine, whereas a
parallel analysis of p27|T187A] revealed only phospho-
serine. This directly showed that p27 is phosphorylated
an T187 in vivo.

In vivo-labeled p27 showed an altered ratio of phos-
phopeptides A and B when compared with in vitro-la-

Figure 5. Immunoprecipitates of cyclin E-CDEI-p27
caomplexes assembled in vivo phosphorylate p27 on
T187A. |A) Lysaces from MNIH-3T3 cell transfected with
vectors expressing myc epitope-tageged cyelin E and ei-
ther catalviically active [lane 1.2) or inactive (lanes 3.4)
CDHK2 and vither p27 (lanes L4] or p27[T187A| (lane 2]
were immunoprecipitated with anti-rmye tag antibady.
Catalvrically active eyelin E-CDK2 efficiently phos-
phorylaced wild-type p27, but not p27(T187A), despite
cqual amounts of eyelin E-associated p27 protein in the
immunaprecipitates. p27 was not phosphorylated by
catalytically inactive cyclin E=dn=-CDK2 complexcs
{lane <), [H) Tryptic phosphopepeide and {C) phos-
phoamine acid analyses demonstrate that p27 in these
complexes is phosphorylated by cvelin E-CDE2 pre-
dominantly on phosphopeptide A, and that phospho-
peptide A contains only phosphothreonine,
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beled p27. The relative deficiency of phosphopeptide A is
possibly explained by the relative instability of p27 phos-
phorylated at this site in vivo. This would also account
for the relative decrease in phosphothreonine versus
phosphoserine in vivo. Alternatively, there may be other
kinases that also phosphorylate p27 in vivo in a cyclin
E-dependent manner.

The above experiments show that increased expres-
sion of cyclin E correlates with p27 phosphorylation in
vivo, but do not rule out the possibility that phosphory-
lation requires an intermediary kinase. To determine
whether cyclin E~<CDK2 phosphorylates p27 directly, we
examined p27-cyclin E-CDK2 complexes immunepre-
cipitated from cells [Fig. 5). NIH-3T3 cells were cotrans-
fected with cyclin E, p27, and CDK2 |or mutant forms of
these proteins), and cyclin E with its associated proteins
was harvested by immunoprecipitation from cell ex-
tracts with anti-cyelin E antiserum. Immunocblotting
confirmed the presence of p27 in the cyclin E immuno-
precipitates (Fig. 3A). Incubation of these complexes
with [y-**P|ATP in vitro resulted in phosphorylation of
p27 [Fig. 5A) predominantly on threonine within peptide
A |Fig. 5B,C). Very liutle phosphorylation of p27 was ob-
served if the cyclin E complexes contained a catalytically
inactive CDK2 [Fig. 5A), demonstrating that phosphory-
lation required active CDK2 and was not attributable to
another associated protein kinase. Phosphorylation was
also eliminated if the complexes contained p27(T187A)
instead of wild-type p27, confirming that this is a major
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site of p27 phosphorylation within cyclin E-CDK2-p27
complexes that had assembled in vivo.

Mutation of its CDK phosphorylation site stabilizes
P27 and results in an irreversible G, arrest

We found that expression of the p27 mutant p27(T187A),
which has a threonine to alanine change at the major
CDK phosphorylation site, imposed a G, block that
could not be reversed by cyclin E (Fig. 64). Therefore,
both cyclin E-CDK2 kinase activity and this CDK2
phospharylation site on p27 are required for cell cycle
progression in this assay. Furthermore, whereas eyclin
E-CDK2 drastically reduced the levels of wild-type p27,
it had only a minimal effect on p27[T187A] [Fig. 6B). The
simplest interpretation of these data is that direct phos-
phorylation of p27 by cyclin E-CDK2 down-regulates
p27. The ability of cyelin E-CDK2 to overcome the G,
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Figure 6. (4] A cell eycle arrest imposed by p27|T187A| is not
overcome by cyclin E-CDE2. The mean results from three in-
dependent experiments are shown with the standard deviations,
The vector-only controls for these three experiments are shown
in Fig. lA. Bars as in Fig, 1. (B) Expression of p27|T1587A] is
resistant to cyelin E-CDED activicy. Lysates from cells cotrans-
feeted with either p27 (lanes 1.2 or p27{T1874) (lanes 3.4] and
vectar (lanes 1.3) or cyelin E-CDK2 [lanes 2.4). Immunoblots
were prabed with antibodies to p27, CDK2, and cyelin E [anti.
myve tagl, and che position of these proteins is indicated.

Regulation of p27%'* by phospherylation

arrest imposed by p27 paralleled its ability to eliminate
p27 from the cell. Both required that p27 be a substrate,
not an inhibitor of cyclin E-CDE2.

Cyelin D1-CDK4 neither phosphorylates p27 nor
modulates its abundance

To determine whether phosphorylation of T187 in pi7is
a specific property of cyclin E we compared cyclin
E-CDK2 and eyelin D-CDE4, the two CDKs active dur-
ing G, when p27 protein levels normally decline. Cyclin
Dl and CDK4 were cotransfected into NIH-3T3 cells
together with p27. Like cyclin E, cyclin D1 was able to
override the p27-imposed G, block and promore entry
into 5 phase [Fig. 7A). But in contrast to what happens
with cyclin E, cyclin D1-dependent S-phase ENLCY Was
not accompanied by a decline in p27 protein levels [Fig.
7B). Unlike p27—cyclin E complexes, the p27 bound to
cyclin D1 was not phosphorylated (Fig. 7C). Nor did re-
combinant cyclin DI-CDK4 phosphorylate p27 in vitro
{not shown). These data showed that cyclin DI-CDK4
phesphorylates p27 much less effectively than does cy-
clin E-CDK2, and does not modulate p27 protein levels
in the cell. The data further show that § phase, per se, is
not sufficient to induce the elimination of p27 because
cyclin Dl-transfected cells entered S phase without any
change in p27 protein levels.

Kinetic analysis of the interaction of p27 with
cvclin E-CDEZ

Our data suggested that cyclin E-CDK2 regulates p27 in
the cell. One difficulty with this idea is that previous
data, including the crystal structure of the p27—cyelin
A-CDK2 complex, have been interpreted to suggest that
P27 is simply a tight binding inhibitor of eyclin-CDE
catalytic activity. How can an inhibitor be effectively
regulated by the very molecule it targets for inhibition?
An answer to this question cannot be derived from the
crystal structure of the p27-cyelin-CDE complex nor
from molecular binding studies [Lou et al. 1995). Both of
these approaches offer detailed information about the
single thermodynamically most favorable interaction
under specific reaction conditions, but do not describe
the pathways leading to those states. Moreover, the car-
boxyl terminus of p27 is missing from the crystal struc-
ture so that the relationship between the CDK2 phos-
phorylation site and the CDK2 active site remains un-
known. Accordingly, we turned to a kinetic analysis of
the interaction between p27 and eyclin E-CDK2.

To determine whether phosphorylation of p27 repre-
sented stoichiometric phosphorylation of a single tightly
bound p27 molecule by each cyclin-CDK complex, we
examined the kinetics of this reaction. The time course
of p27 phosphorylation in the absence of any other sub-
strate showed a burst of p27 phosphorylation followed by
conversion to a slower rate (Fig. 8A). This might repre-
sent the rapid binding and phosphorylation of p27, fol-
lowed by slow release of the product: a classic single
turnover reaction. If this were the case, then preincubat-
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Figure 7. Cyclin D-CDK4 neither phosphorylates nor elimi-
nates p27 in vivo. [A] Cell cycle kinetics of NIH-3T3 cells trans-
fected with the indicared expression vectors. (8] Coexpression
of eyclin D-CDKS does not lead to elimination of p27. Western
analysis of exogenous p27, cyclin, and CDK proteins from MIH-
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CDK2 and CDK4 proteins were HA epitope-tagged and visual-
ized with anti-HA antibody [12CAS] [C) P27 is not phosphory-
lated by in vivo assembled complexes containing cyclin
D-CDE4, Lysates from NIH-3T3 cell transfected with vectors
expressing p27 and either myc epitope-tagged cyelin E and
COE2 (lane [) or mye epitope-tagged cyclin D1 and CDE4 [lane
20 were immunoprecipitated with anti-cyclin antibody {anci-
e tag) followed by che addivion of [y-**PJATP to the washed
immunoprecipitates,

ing p27 and cyclin E-CDK2 should have no effect on the
burst size, because upon the addition of ATP, p27 should
still be rapidly phosphorylated and released slowly. Sur-
prisingly, however, when we preincubated p27 and cy-
clin E=CDK2 and then added ATP, the bursc was lost
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and only the slow rate of p27 phosphorylation remained
|Fig. 8A). The same results were obtained when cyclin
E-CDK2 and p27 were preincubated in the presence of
EDTA to cnsure that p27 was not being phosphorylated
during the preincubation (data not shown). Preincubat-
ing of enzyme in the absence of p27 does not result in the
loss of catalytic activity (data not shown)]. Thus, prein-
cubation of p27 and cyclin E-CDK2 results in a form of
the complex that is incapable of rapidly phosphorylating
p27.

This experiment suggests that p27 binds to cyclin
E-CDK2 in at least two ways: first as a substrare (Le.,
loose binding), and then as an inhibitor (i.e., tight bind-
ing). We reasoned that the initial interaction of p27 with
cyclin E-CDK2 is an enzyme-substrate interaction that
favors p27 phosphorylation and gives the burst. Over
time, however, an equilibrium is achieved between tight
and loose binding of p27 to cyclin E-CDK2. Thus the
burst does not necessarily represent a single turmover,
but rather the amount of p27 phosphorylated in the time
required to convert to the inhibited form of the complex.
The termination of the burst represents inhibition of
catalytic activity by p27, and the final slow rate of p27
phosphorylation is a measure of the equilibrium distri-
bution between the catalytically active and inactive
forms of the enzyme. Hence, under these conditions cy-
clin E-CDK2 is largely inactive at equilibrium, probably
by its tight association with p27 (see below).

Increasing ATP competes with inactivation of
cyclin E-CDE2

A prediction of these ideas is that conditions that favor
the enzyme-substrate interaction might compete with
the interaction resulting in inhibition of catalytic activ-
ity (i.e., shift the equilibrium toward the active form of
the enzymel. This hypothesis was confirmed when we
examined the effect of ATP concentration on the rate of
p27 phosphorylation. Increasing the ATP concentration
lin the absence of preincubation] increased both the size
of the burst and the slow rate [Fig. 8B. Again, if the burst
represented a single turnover reaction with product re-
lease as the rate determining step, increasing the ATFP
should have had no effect on the burst size. Repeating
the experiment with higher ATP concentrations [up to 1
mast) showed that the slow rate continued to approach
the rate of the burst [data not shown). The fact that in-
creasing ATP increases the slow rate suggests that ATP
competes with enzyme inactivation. Therefore, under
more physiologic ATP concentrations cyclin E-CDK2
remains largely active at equilibrium despite the pres-
ence of p27.

These results suggest that the initial interaction of p27
with the cyclin E-CDK2 complex is transitory, with p27
more likely to be phosphorylated and released rather
than binding tightly. We confirmed this prediction by
determining that at high ATP concentrations the
amount of phosphorylated p27 was 10-25 times greater
than the amount of eyclin E-CDE2 in the reaction [see
Materials and Mechods). Thus, physiclogical ATP con-
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centrations [1—4 ma; Hauschka 1973) favor p27 phos-
phorylation and release rather than tight binding and in-
hibition.

Assembly of the cyelin E-p27 complex

We can infer from the kinetics that progression of p27 to
a tightly bound state is slow. To test this dircctly, we
measured the pre-steady-state rate of cyclin E-CDE2-
p27 complex assembly using a trapping assay (Fig. 9). p27

B reaction was initiated with enzyme. The amount of phas-
phorylated p27 was determined by Phosphorlmager analy-
sis and correceed for the changing specific activity.

and cyclin E-CDK2 were preincubated for shore periods
of time and then diluted into a tap solution containing
an excess of p21=%! p21SP! js 2 CKI that also tightly
binds the eyclin E-CDK2 complex. The p21 trap serves
two purposes. 1) Upon dilution into the trap any free
cyclin E-CDK2 will be bound by excess p21, effectively
removing it from the reaction. 2) If p27 dissociates from
cyclin E-CDE2 while in the presence of the trap, its
rebinding is prevented. Thus this technique examines
the time.dependence of the cyclin E-CDK2-p27 com-
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A On Rate Trapping Assay

B Off Rate Trapping Assay

cyclin E-Cdk2 + p2T

cyclin E-Cdk2 a7

Figure 9. Determination of p27-cyclin
E-CDE2 assembly and disassembly rates. trap (oxcess p21)
Shown are schemartic diagrams describing tims trap (excess p21)
the trapping assay for determining associa- time
tion and dissociation rates. [A) The pre-
steady-state association of p27 with cyclin
E-CDK2 as a function of time. [8) The rate eyclin € 1P/ p27. wastarn cyin B X ot vesien
of p27 dissociation at equilibrium. In the
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background lane (Bg), enzyme was diluted

into p27 plus the p21 trap, whereas in the
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|see Results for details).

plex assembly rather than simply determining the
amount of p27 bound at equilibrium. To ensure the con-
centration of p2l in the trap was in sufficient excess,
cvclin E-CDE2 was added to a mixture containing p2l
and p27. No p27 associated with cyclin E-CDK2, indi-
cating that the amount of p21 in the trap prevented p27
from binding (Fig. 9B, lane Bg).

If p27 binds the enzyme complex rapidly and tightly
during the preincubation [close to the diffusion con-
crolled rate 10°-10% smfsec (Fersht 1984)], then there
should be no change in the amount of p27 associated
with cyclin E-CDK2 over the time course measured. Al-
ternatively, if p27 binds the enzyme complex slowly, or
progression to a tightly bound form is slow, then the
amount of p27 associated with cyelin E-CDK2 should
increase over time. Figure 9A shows that as the preincu-
bation time increases, the amount of p27 ughtly associ-
ated with the enzvme also increases, This clearly shows
that p27 does nor rapidly and tightly bind to cyclin
E-CDK2. Furthermore, the time required for stable as-
sociation is consistent with the burst kinetics of p27
phosphorylation. Thus, p27 interacts rapidly but tran-
siently in a form that results in p27 phosphorylation,
rather than simply binding cyclin E-CDK2 slowly.

The kinetics of p27 phosphorylation at low ATP con-
centrations also imply that at equilibrium p27 resides in
a tightly bound state that inhibits kinase activity, We
therefore measured the stability of the cyclin E-CDK2-
p27 complex ac equilibrium (Fig. 9B]. Purified cyclin
E-CDHK2 and p27 were preincubated for 10 min at 37°C,
then dilured into a trap solution containing excess pll.
Again, the p2l trap ensures that once p27 dissociates
from cvelin E-CDK2 rebinding cannot occur. At the in-
dicated times, aliquots were withdrawn and the amount
af p27 still associated with the enzyme determined. Ap-
proximately half the p27 dissociated in 2 hr, indicating
that p27 is tightly associated with cyclin E-CDK2 at
eguilibrium.

The trapping data suggest that assembly of a catalyti-
cally inactive p2¥—cyclin E-CDK2 complex proceeds by
the slow conversion of a loosely bound, transient inter-
mediate to a tightly bound form. This description of the
p27-cvelin E-CDK2 reaction pathway is therefore in
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agreement with the kinetics of p27 phosphorylation.
Phosphorylation of p27 occurs before conversion to the
tightly bound state, that is, in a loosely bound interme-
diate, and ATF competes with inhibition by preventing
conversion to the tightly bound cyclin E-CDK2-pl7
complex.

Inhikition of histone H1 phosphorylation by p27

The kinetic description of the p27 interaction with cy-
elin E-CDK2 is entirely consistent with its ability to
potently inhibit histone H1 phosphorylation. Purified
cvelin E-CDK2 efficiently catalyzes the transfer of
[**P]phosphate from ATP to histone HI. The addition of
increasing concentrations of purified p27 to the reaction
inhibits phospharylation of histone H1 (Fig. 10A). When
we examined the time course of inhibition, however,
initiating the reaction with enzyme results in a burst of
histone Hl phosphorylation followed by conversion to a
slower rate (Fig. 10B. In contrast, preincubating enzyme
with p27 for 10 min prior to adding histone HI alleviates
this time dependence and results in the maximal
amount of inhibition at all time points. Note that the
shape of this curve is similar to both the rate of p27-
cyclin E-CDK2 complex formation [Fig. 9, trapping as-
say) and the time course of p27 phosphorylation in the
absence of histone H1 (Fig. 8A). All these results support
a model involving slow progression of p27 to the tightly
bound state.

If ATP interferes with the ability of p27 to bind tightly
and inhibit eyclin E-CDK2, then it should also affect the
ability of p27 to inhibit histone H1 phosphorylation. Fig-
ure 10C shows a time course of histone H1 phosphory-
lation at a fixed concentration of p27 as a function of
increasing ATP. At low ATP there is a burst of histone
H1 phosphorylation followed by almost complete inhi-
bition of further kinase activity. As predicted, increasing
ATP reduces cyclin E-CDK2 inhibition, indicating that
ATP retards conversion of p27 to the tightly bound, in-
hibited state [as in Fig. 8B). The percent inhibition de-
creased 7.5-fold as the ATP concentration increased from
50 to 1000 pss. In contrast, when p27 and cyclin E-CDE2
were preincubated the percent inhibition was unchanged
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by high ATP [data not shown). We propose thar at high
concentrations of ATP the residual inhibition of histone
phosphorylation does not reflect inhibition by tight
binding, but rather substrate competition between p27
and histone H1 |R. Sheaff and |. Roberts, in prep.). As
ATP concentrations approach the physiological range,
the ability of p27 to bind tightly to cyclin E=CDE2 and
inhibit its catalytic activity declines. Instead, p27 serves
as an alternative substrace of the enzyme,

Discussion

p27 has been depicted simply as a tight binding, negative
regulator of cyclin-CDE complexes. Surprisingly, our
observations suggest thae the opposite relationship also
exists: Cyelin E-CDK2 regulates p27%iP! In vive, cyclin
E-CDK2 kinase activity reverses the inhibitory effect
that p27 has on cell cycle progression and initiates a
pathway that leads to elimination of p27 from the cell.
We show thar cyclin E-CDK2 phosphorylates p27 pre-
dominantly on TI87 in vitro, that cyclin E-CDE2-p27
camplexes harvested from cells phosphorylate p27 on
this same site, and that induction of cyelin E in vive
causes p27 to be phosphorylated on T187. We show fur-
ther that down-regulation of p27 in vivo is prevented
both by mutation of T187 in p27 and by mutations that

Fipure 10. Kinetics of p27 inhibition of histone H1 phos-
phorylation. (A] Inhibition of histone H] phosphorylation as
a function of p27 concentration. The reaction contained 3
p# histone Hl and was initiated with cyclin E-CDK2, fol-
lowed by quenching after 20 min at 37°C. (B] Kinetics of
inhibition at a fixed concentration of p27 {10 ns) when the
reaction was initiated with enzyme [no preincubation] or
when enzyme is preincubated with p27 before initiating the
reaction [preincubation). The time course of histone phos-
phorylation is linear in the absence of p27 [data not shown].
(€] Increasing ATP competes with inhibition of cyclin
E-CDK2 by p27. Phosphorylation of histane HI (3 pM] over
time as a function of ATP concentration with a fixed amount
of p27 (0.3 pm). The reaction was initiated with enzyme and
carried out at 37°C.

decrease the catalytic activity of cyclin E-CDK2 com-
plexes. Together, these data suggest that cyclin E-CDK2
is likely to regulate p27 directly via phosphorylation of
T187. This appears to be a specific property of cyclin
E-CDK2 as cyclin D1-CDK4 neither phosphorylates p27
efficiently nor induces p27 elimination when overex-
pressed in cells. In sum, we have identified p27 as a cy-
clin E-CDK2 substrate, demonstrated the biological con-
sequences aof p27 phosphorylation, and developed a ki-
netic model to explain how a CDK inhibitor can itself be
effectively regulated by a CDK.

Our data should not be interpreted to imply that cyclin
E-CDK2 is the only regulator of p27 in vivo. Other
enyzmes, such as cyelin A-CDHE2, may also phosphory-
late p27, and p27 levels may also be modulated by phos-
phorylation-independent mechanisms.

Regulation of p27 by phosphorylation

Our observations establish that eyelin E-CDK2 down-
regulates the ability of p27 to block cell cycle progres-
sion. One interpretation is that elimination of p27 is not
directly caused by cyclin E-CDK2, but rather is an indi-
rect consequence of entry into S phase. In this model,
phosphorylated p27 would be intrinsically less capable of
arresting the cell cycle, perhaps because it becomes a less
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effective CDK inhibitor. Functional inactivation of p27
could promete progression through G,, with the subse-
quent decline in p27 protein being a resule of a pathway
that is induced only after entry into § phase. This path-
way would not necessarily depend upon p27 phosphory-
lation, and the elimination of p27 would be a conse-
quence, not a cause of 5-phase entry. Our data do not
support this model. First, in vitro experiments show that
wild-type and phospherylation site mutants of p27 in-
hibit CDK2 equally well. Second, we show that p27 deg-
radation is not simply a consequence of entry into S
phase. Overexpression of cyclin D1-CDK4 overrides a
p27-imposed G, block and promaotes S-phase entry, but
this is not accompanied by a decline in p27 protein levels.
Instead, p27 is present in cyclin DI-CDK4 complexes. Fi-
mally, p2?{T187A) can be expressed at high levels in
S-phase cells, whereas wild-type p27 cannot (B. Clurman,
. Sheaff, M. Groudine, and ]. Roberts, unpubl.).

QOur data strongly support the alternative explanation
that phosphorylation of p27 leads directly to decreased
p27 protein abundance, and that this provides the impe-
tus for entry into 5 phase. In this model, the pathway for
p27 elimination may be constitutively active, but would
recognize p27 only after it had been phosphorylated by
cyclin E-CDK2. There are clear parallels between this
maodel for the regulation of p27 in mammalian cells and
the regulation of S-phase entry by the CKI p40°' in
Saccharomyces cerevisiae |(Mendenhall 1993; Schwaob et
al. 1994; Schneider er al. 1996). p27 can be degraded via
the ubiquitin-proteosome pathway, and this may be
regulated during the cell eycle (Pagano et al, 1995). Be-
cause ubiguitin-mediated proteolysis is commonly regu-
lated by substrate phosphorylation, it is tempting to
speculace that the increased phosphorylation of p27 by
cvelin E-CDK2 promotes its degradation. Indeed, phos-
phorylation of cyelin E itself by cyclin E-CDE2 has been
shown to promote its degradation by the ubiquitin-pro-
teosome pathway (Clurman et al. 1996h; Won and Reed
1994). Translational control of p27 expression is also cell
cvcle-regulated, and decreased translational efficiency of
p27 mRNA is an important determinant of reduced p27
expression in 5 phase [Hengst and Reed 1996). The pos-
sible relationship between p27 phosphorylation and p27
translation is less clear.

Cell evele control by cyclin E and p27

The data suggest that p27 and cyclin E-CDK2 oppose
each other's actions, with cell cycle progression hanging
in the balance. Either CDK2 is inactive, p27 is abundant,
and the cell cycle is stopped, or CDK2 is active, p27 is
gone, and the cell cycle proceeds into 5 phase. This bi-
nary |all or none) model embodies the general idea thata
switch between two physiological states can be governed
by trwo mutually inhibitory pathways. In the example
studied here, the position of this swich will be very
sensitive to small changes in the amount of active cyclin
E-CDHK2. Anv stimulus that causes accumulation of ac-
tive cyclin E-CDK2 should trigger a feedback loop in
which cyeclin E-CDK2 down-regulates p27 and activates
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more cyclin E-CDK2. Therefore, the switch from inac-
tive to active CDK2 is binary, because this positive feed-
back loop would make any intermediate state intrinsi-
cally unstable.

How do we view the operation of this pathway during
the cell cycle? In early G, or in quiescent cells p27 pro-
tein levels are elevated, and if eyelin E-CDK2 is present
its kinase activity is inactive. Small, accidental, or ran-
dom (subthreshold) increases in cyclin E-CDK2 should
not be sufficient to initiate this feedback loop, to insure
that p27 elimination occurs only in response to a bio-
logically relevant mitogenic signal. The simplest expla-
nation would be for p27 itself to impose a barrier to
CDHK2 activity that could not be overcome until cyclin E
levels were sufficiently high. Alternatively, CDK regu-
lation could be accomplished by one of many possible
p27-independent ways of buffering CDK2 activity (Hoff-
man et al. 1994; Bresnahan et al. 1996; 5. Coats and [.M.
Roberts, unpubl.). It is also likely that the pathways lead-
ing to the elimination of phosphorylated p27 are them-
selves subject to thresholds or other regulatory effects. In
response to a mitogenic stimulus these constraints on
cyclin E activation or p27 elimination would be sur-
passed. Activation of the p27 elimination loop would
then allow for the transition from a state with low CDK2
activity to one with high CDK2 aetivity, thereby pro-
moting the transition from G, to 5 phase.

Kinetic studies of the interaction of p27 with cyclin
E-CDK2: p27 as a CDK2 inhibitor

Kinetic analysis shows that the pathway through which
p27 interacts with cyclin E-CDK2 passes through stages
in which p27 is first a substrate and then an inhibitor of
the enzyme. The most important features of this kinetic
model are that p27 initially engages cyclin E-CDK2 in a
transient, loosely bound state. At this point the enzyme-
p27 complex can slowly convert to a catalytically inac-
tive form that is likely to closely resemble the crystal
structure of p27-cyclin A-CDK2 solved recently (Russo
et al. 1996]. If instead CDK2 binds ATP, the enzyme
becomes committed to p27 phosphorylation and release.
Thus, the equilibrium between the loosely and tightly
bound states can be modulated by the ambient ATP con-
centration (and possibly other extrinsic factors), thereby
determining whether p27 is mainly a CDK inhibitor or a
CDK substrate. The observation that increasing the ATP
concentraction increases p27 phosphorylation by favoring
formation of the loose complex implies that ATP does
not bind to the tight, catalytically inactive species. Oth-
erwise, increasing the ATP concentration shbuld not
have favored one complex over the other. These conclu-
sions are in complete agreement with the crystal struc-
ture of p27 bound to cyclin A-CDK2, which depicts a
single p27 interacting with the ATP binding domain on
CDE2 [Russo et al. 1996).

Kinetic studies of the interaction of p27 with cyclin
E-CDK2: p27 as a CDKZ substrate

Histone HI is the standard substrate utilized as a barom-



eter of cyclin-CDK kinase activity. A central argument
for classifying p27 as an inhibitor of cyclin-CDKs has
been its ability to potently inhibit histone H1 phos-
phorylation. Nevertheless, the fact that p27 is phos-
phorylated by cyclin E-CDK2 indicates it is also a sub-
strate of the enzyme. A prior there is no reason to as-
sume that the kinetics of histone H1 phosphorylation
reflect the physiological properties of the eyclin E-CDK2
enzyme. In fact, the ability of most eyclin-CDK com-
plexes to phosphorylate histone H1 suggests just the op-
posite; histone H1 may be more like a peptide substrate
because it may lack interactions with the cyclin subunit
important for substrate selection in vivo. p27 is therefore
moare likely to be a true substrate in that it clearly inter-
acts with the cyclin, using motifs present in other
konown cyclin-CDK substrates, such as the Rb family
members (Zhu ec al, 1995).

Deletion analysis has shown that only the amino ter-
minus of p27 [amino acids 1-129] cightly binds the cy-
clin-CDK complex, and that it is sufficient for inhibition
of histone H1 phosphorylation [Lou et al. 1995). Qur data
show that establishment of the tightly bound form is
slow and that p27 is phosphorylated during its initial
interaction with enzyme. We propose, therefore, that the
initial reversible interaction of p27 with cyclin E-CDK2
minimally involves the carboxyl terminus of p27 con-
taining the CDK2 phosphorylation site. In the absence of
ATP this intermediate proceeds through a slow step to
form the tightly bound, inhibited complex. Conversion
to the tightly bound state likely involves the stabilizing
influence of the p27 amino terminus on the cyclin-
CDK-p27 complex |as in the crystal structure), which is
lacking or attenuated in the loose intermediate. Altermna-
tively, interaction of the amino terminus of p27 with the
enzyme could be required for p27 phosphorylation, as
has been proposed for pl07 and other cyclin-binding pro-
teins (Zhu er al. 1995). This predicts that deletion of the
cyclin-binding portion of p27 would make the carboxyl
terminus a poor CDK substrate by impairing its ability
to bind carrecely to the enzyme, However, the opposite
is true. Deletion of the amino terminus does not de-
crease p27 phosphorylation (not shownl. In fact, the car-
boxyl terminus becomes a much better substrate of the
cyelin E-CDE2 enzyme, probably because it cannot con-
vert to the tightly bound form.

The implication of our work is that there are condi-
tions in which p27 may not be stably associated with
cvelin E-CDK2 in cells. Is this consistent with previous
data that have been interpreted to demonstrate p27 is a
cyclin E=CDK2 inhibitor in cells [Polyak et al. 1994;
Toyoshima and Hunter 1994} The G, arrest associated
with p27 overexpression has been attributed to inhibi-
tion of multiple CDKs, including cyclin E-CDK2. How-
ever, overexpression of a CDK2 substrate could have the
same effect simply by out-competing other substrates
required for cell cycle progression. Likewise, cyclin
E-CDHE2 immunoprecipitated from extracts of nonpro-
liferating cells is stoichiometrically associated with p27
(Nourse et al. 1994; Slingerland et al. 1994; Coats et al.
1996]. Given the fact that the ATP concentration appears

Regulation of p27%i* by phosphorylation

to alter the affinity of p27 for cyclin E-CDK2, the stoi-
chiometric binding detected by this approach may arise
only after cell lysis into buffers containing subphysi-
ological amounts of ATP. Alternatively, in vivo there
may be factors that modulate the ATP effect and pro-
mote stable binding of p27 to cyclin E-CDK2 and con-
comitant inhibition of catalytic activity.

The present work identifies an alternative outcome for
the interaction between p27 and cyclin E-CDK2 in
which p27 is a substrate rather than an inhibitor of the
enzyme. Thus, elimination of p27 by cyclin E-CDK2
may define a pivotal transition in the cell cycle—from a
state in which proliferation is inhibited by p27 to a state
in which CDK2 drives cells into § phase.

Materials and methods
Cell culture, plasmids, transfections, cell cycle analysis

MNIH-3T3 cells were obrained from C. Sherr [St. Judes Childrens’
Research Hospital, Memphis, TN} and grown in Dulbecco’s
modified Eagle medium [DMEM) supplemented with 10% fetal
bovine serum |Hyclone). For Westermn and immunaoprecipitation
analyses, cells were transfected in 60- or 100-mm dishes
(375,000 or 750,000 cells, respectively] by the calcium phos-
phate method as follows: Plasmid DNAs were suspended in 0.25
ml of 122 mm CaCl, and added dropwise to 0.25 ml of 2x
HEPES-buffered saline, mixed once, and immediately added
dropwise to plates. For most analyses, total DNA concentra-
tions per dish were fixed at 6 pg per 60-mm dish by adding
empty vectors to transfections such that the amount of various
expression vectors was normalized to control for promorter com-
petition effeces [other DINA concentrations used are noted be-
low). Transfection efficiencics were monitored by the inclusion
of eytomegalovires |[CMV)-B-galactosidase (250 ng per 60-mm
dish| and the cell lysates were analyzed for B-gal activity by
standard methods, For cell cycle analysis, 100-mm dishes were
seeded with 500,000 NIH-3T3 cells and transfected with 10 pg
of cyclin plasmid, 10 pg C52p27, 5 pg CMVCD20 per plate; 3 pg
cdk plasmids were included as indicated. Forty-eight hours after
transfection, cells were harvested with phosphate-buffered sa-
line [PB5)-3 msm EDTA and stained with a-CD20 antibody (Bec-
ton-Dlickinson) and propidium iodide as deseribed [van den Heu-
val and Harlow 1993]. Cells were analyzed on a FACSCAN I
followed by data analysis with MultiCycle.

The following plasmids were used for transfections: pCS2m-—
eyelin E [Clurman et al. 1996b), pCMV-CDK2, pCMV-dn-
CDK2, pCMV-CDK4, and pCMVCD20 (5. van den Heuval
and E. Harlow, Massachusetts General Hospital, Charlestown,
MAl pC52p27 [M. Ohtsubo, FHCRC|, pl5-1neo |M. Gossen,
Center for Molecular Biology-Heidelberg (ZMBH], Germany|.
C52p27(TI87A| was generated from CS52p27 by converting
thrl&7 to an alanine residue by site.directed ‘mutagenesis of
single-stranded cemplate DNA by standard methods [Kunkel et
al. 1987]. pCSim—cyelin E[188-191A) was generated from
pC52m-cyclin E by site-directed mutagenesis by use of a primer
that converted residues 188=191 to alanines, p-tet—cyclin E was
derived from ptet-p27 (L Reynisdottir, Sloan-Kettering Insti-
tute, Mew Yark, NY] by removing the p27 insert with BamHI,
Klenow treatment, and blunt-end ligation with the Klenow-
treated 1.6-kb EcoRl fragment containing the myc-epitope-
tagged cyelin E cDNA derived from pCS2m-cyclin E. PC52m-
eyclin D1 was prepared from a PCR-generated fragment of cy-
clin D1 contained within C52D1 (obtained from B. Kelly,
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FHCRC). The fragment was digested with Xhol and ligated into
CS52MT thae had been Xhol-digested.

Antibodies

9E10 [anti-myc tagl was prepared by an in-house biclogic pro-
duction facility; e-p27, and e-cyclin E have been described pre-
viously [Koff et al. 1992; Coats et al. 1998], a-CDK2 (M2] was
obtained from Santa Cruz. a-CD20 was a gift from I. Bemstein
{FHCRC) and fluarescein isothiocyanate (FITC|-conjugated by
standard methods. o-Hemagglutinin (a-HA] [12CAS5] was ab-
tained from BABCO. HRP-conjugated anti-mouse and anti-rab-
bit IgG antibodies were obtained from Amersham.

Western blotting analysis and immunoprecipitation

Cells were lysed directly on 60-mm tissue culture dishes in 0.4
ml RIPA buffer [10 ms Tris ac pH 7.4, 0,15 s MaCl, 1% NP-40,
1% deoxycholate, 0.1% 5DS] containing protease and phospha-
tase inhibitors {10 pg/ml each of aprotonin, leupeptin, and pep-
statin, 50 mm MNaF, 1 ma Na vanadace), followed by seraping
and sonication. Protein concentrations were determined by
Bradford assays, and 15 pg of cell extracts were electrophoresed
on 12% polyacrylamide gels. After transferring to PVDF mem.
branes as deseribed previously (Koff et al. 1992; Clurman et al.
1996k, proteins were detected by incubation with appropriate
primary antibodics followed by HRP-conjugated ani-rabbit or
anti-mouse [pG secondary antibodies and ECL derection per-
farmed as described by the manufacturer (Amersham).

Immunoprecipitacion of lysates from transfecred cells was
performed as follows: Approximately 200 pl of cell lysates were
normalized for protein concentration and incubated at 4°C for
30 min with appropriate dilutions of the indicated antibodies,
followed by the addition of 30 pl of a 1:1 slumy of protein
A-Sepharose |Sigmal or Gammabind-plus Sepharose [Amer-
sham) suspended in RIPA buffer. After rotating 30 min at 4°C,
the beads were pelleted and washed four times with RIPA
buffer, then quenched in 505 loading buffer and separated by
5D5-polyacrylamide gel electrophoresis (PAGE] followed by
Western transfer where indicated, Histone HI kinase assays
were pecformed as described proviously (Koff et al. 1992),

Phosphopeptide and phosphoaming acid analyses

Phosphopeptide and phosphoamino acid analysis were per-
formed essentially as deseribed by Boyle et al. (1991). P27 pro-
tein that had been phosphorylated in vitro or in vivo (see below),
was electrophoresed on 12% denaturing acrylamide gels and the
bands visualized by auroradiography. Gel pieces containing the
band of interest were eluted by homogenization in 50 mam am-
monium bicarbonate, incubation ar 4°C overnight, and TCA
precipitation after the addition of 5 pg of ribonuclease A as
carrier protein. The precipitates were extracted with 50% etha-
naol-30% ethee, dried, and oxidized by treatment with 20 pl of
performic acid |prepared by adding 0.01 ml of 30 vol/strength
hydrogen peroxide to 100 pl of formic acid) on ice for | hr.
Following lyopholization with 0.4 ml of water, the pellets were
treated with 10 ug of TPCK—trypsin for at least 8 hr ac 37°C. The
pellets were then lyopholized three times in 0.4 ml of water, and
resuspended in 3-10 pl of pH 1.9 buffer (30 ml of formic acid/
156 ml of glacial acetie acid per 7794 ml water) prior to spotting
on thin laver chromatography [TLC) places.

Phosphopeptides were spotted on cellulose-TLC plates and
electrophoresed ar 1200 V for 25 min in a noncommercial ap-
paratus |[peovided by . Cooper, FHCRC). After drying, TLC was
performed by placing the plates in a chromatography tank con-
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taining isobutyric acid buffer (1250 ml of isobutyric acid, 38 ml
of n-butanel, 96 ml of pyridine, 58 ml of glacial acetic acid, 558
ml of water] for § hr. Plates were air-dricd, and then exposed by
either autaradiography or Phosphorlmager analysis.

For phosphoamine acid analyses of undigested p27, pellets
prepared as above were resuspended in 30 pl of 5.7 s HCI fol-
lowing the ethanol-ether extraction, and incubated at 110°C for
1-2 hr. Following lyophilization, the pellets were resuspended
in 3 pl of pH 1.9 buffer containing 0.1 pgfml of cold phos-
phoamino acids. For phosphoamine acid analyses of peptides,
the peptides were recovered from TLC plates following autora-
diagraphy or Phaspharlmager analysis by scraping and elution
in pH 1.9 buffer, and treated as above. Phosphoamino acids were
spotted as above and electrophoresed at 1600 V for 16 min in pH
1.9 buffer. After drying, the plates were rotated 50° and electro-
phoresed in pH 3.5 buffer (100 ml of glacial acetic acid, 10 ml of
prridine, 1890 ml of water) at 1600 V for 16 min. The position
af the cold amino acids was visualized by spraying with 0.1%
ninhydrin, and the plates were exposed by either Phosphorlm-
ager analysis or autoradiography.

In vivo analysis of p27 phosphorylation

Hundred-millimeter dishes were seeded wich 730,000 cells and
transfected as above with 10 pg of p-tet-E, 1.2 pg of C52 p27 or
CS2 p27[TI87AL 3 ug of CMV-CDKZ, and | pg of pl3-lIneo
lencoding the tetracycline transactivator protein). Tetracycline
[1 pg/ml] was added to the growth media at the time of trans-
fection and maintained until noted below. The transfection me-
dia was changed after 12 hr, and after an additional 24 hr plates
were washed six rimes with Tris-buffered saline and the media
replaced with or without tetracycline. After 4 hr the media was
replaced with 2 ml of phosphate-free DMEM (ICN] with or
without tetracycline containing 1 mCi/ml [*Plorthophospare
{ICN, 10 mCi/mll. After 4 hr of labeling the cells were lysed
with 1 ml of RIPA/plate [containing 50 nM okadeic acid and 10
mu Beglycerol phosphate in addition to the protease and phos-
phatase inhibiters indicarcd above] and passed through a 26G
needle several times to reduce viscosity, Cell lysates were pre-
cleared with normal rabbit serum and protein A-Sepharose, and
immunopreciptated wich 10 pl of a-p27 antibody/ml of lysate
a5 above.

In viva immunoprecipitation kinase assay

NIH-3T3 cells seeded on 100-mM dishes were transfected wich
10 pg of rmye epitope-tagged cyclin, 3 pg of cdk, and 3.6 pg of p27
plasmids as indicated. Two plates of each mix were lysed and
combined in Tween 20 lysis buffer |50 my HEPES at pH 7.5, 150
ms NaCl, 2.5 my EGTA, lmas EDTA, 0.1% Tween 20, prote-
ase/phasphatase inhibitors as above]. Lysates were frozen on
dry ice, than thawed and incubated on ice for 1 he and the
supernatanes cleared by centrifugation. Lysates were immung-
precipitated with 1/10 volume 9E10 and washed three times in
Tween lysis buifer and twice in kinase buffer (50 ma HEPES at
pH 7.5, 10 mat MgCly). After the last wash the immunapreci-
tates were resuspended in 20 pl of kinase buffer containing | pm
cold ATP plus 0.5 pl of [y-**PJATP (6000 Cifmmele, NEN| and
incubated at 30°C for 30 min.

Protein purification

59 insect cells were coinfected with histidine-tagged human
cyclin E and HA-tagged human CDK2 baculoviruses [gift of
David Morgan, University of Califormia, 5an Franciscol to gen-
erate the eyclin E-COK?2 complex. This complex was then pu-
rified by Ni** column chromotagraphy by use of the six-histi-




dine tag of the cyclin E gene as directed by the manufacturer
[Movagen). Purified enzyme was stored in 20 mm HEPES, 10mMm
MaCl, lms DTT, and 50% glyecerol ar -20°C. For the trapping
assays, cyclin E-CDK2 complexes were purified as 40K spin
lysates. EcoRl fragmemnts encoding the human p27 and
p27|T187A) proteins were cloned into petl1 6B vecrors {MNovagen)
and purified from Escherichia coli using a &-amino-acid car-
boxy-terminal histidine tag according to the manufacturer’s di-
rections. Human p21<%! [gift of Wade Harper, Baylor College of
Medicine, Houston, TX) was purified from the insoluble frac-
tion of an E. coli lysate by solubilizing in urea followed by Ni**
column chromatography. The urea was removed by dialysis and
the protein stored in 50 mm Tris at pH 8, 100 mx NaCl, 2 mM
DTT, and 10% glycerol. Protein concentrations were deter-
mined by Bradford assay as compared with a BSA standard.

Enzyme concentraticn

The concentration of purified cyclin E-CDK2 was determined
by silver staining polyacrylamide gels and comparing the
amoaunts of cyclin and CDK2 to known concentrations of these
proteins purified from E. coli. By this measure the enzyme con-
centration was ~70 nM. We also measured the amount of active
enzyme in the preparation. Becavse cyclin E-CDK2 complex
autophosphorylates eyelin E in the presence of ATP, the
amount of active cyclin E-CDE2 complex could be estimated
by determining the amount of eyclin E phosphorylated when
[**P|ATP was added 1o a fixed amount of eyelin E-CDE2. This
technique gave a value of 32 na. To rule out the possibility chat
the majority of the cyclin E was already phosphorylated, we
repeated the experiment with an excess of p27 in the reacrion.
At low ATP concentrations the amount of p27 phosphorylated
was similar to the amount of phosphorylated cyclin E in the
absence of p27 |e.g., see Fig. 3A). Because under these conditions
p27 likely binds in a 1:1 stoichiometry [Russo et al. 1996, this
result suggests the amount of phosphorylated eyelin E is a rea-
sonable reflection of the active eyelin E-CDEZ2 in the reaction,

In vitro Einase assavs

Phosphorylation of histone H1 [Bochringer Mannheim| was car-
ried out in 10-ul reactions containing 50 ms Tris at pH 7.5, 10
ms MgCl,, 1 msm DTT, 3 pm histone HI, the indicated concen-
trations of unlabeled ATP, 2 uCi [y-*2P|ATP, and ~0.6 nMm eyelin
E-CDK2. Reactions were performed for the indicated times at
37°C and quenched by the addition of SDS gel loading buffer.
Samples were separated by 5D5.PAGE and the labeled histone
H1 quantitated by Phosphorlmager analysis. Phosphorylation of
P27 12 sl was analyzed in the same manner, except the amount
af ["*P|ATP was increased to 10 pCi per reaction and the
amount of enzyme ta ~1-3 nM to facilitate detection of laheled
pl7. Reactions were initiated as described in the figure legends.

Trapping assays

For determining stabilicy of the cyclin E-CDE2-p27 complex,
10 nst p27 and 5 pl of 40k spin cyclin E-CDE2 were allowed to
reach equilibrium by preincubating for 10 min at 37°C in 50 ma
Tris at pH 7.5, 10 mM MgCly, 2 mM DTT, and | mg/ml of BSA.
Immunoprecipitation in the absence of p2l gave the maximal
amount of p27 bound. hp2 1" (800 nMm|} was added to the reac-
tion for the indicated times at 37°C, after which eyclin E was
immunoprecipitated and the amount of associated p27 deter-
mined by Western analysis. The assembly rate was decermined
as above except the time of cyelin E-CDK2 and p27 preincuba-
tion was varied for the indicated tmes. hp2 15" [300 ny) was
then immediately added to prevent further p27 binding. This

Regulation of p27%i® by phosphocylation

mixture was dilured into 250 pl of RIPA buffer and the amount
of associated p27 determined by immunoprecipitating eyelin E.
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