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budding with Axll. We have recently identified a mutation
(raxl) that can convert the budding pattern of ax// null strain
from bipolar to axial (unpublished data). The putative amino-
acid sequence of Rax]1 contained several conserved residues of
B-chains of the insulin-related hormone superfamily (A.F. et al.,
unpublished data). Characterization of this gene may provide
new insight into the control of bud-site selection.
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THE cyclin-dependent kinase (Cdk) enzymes, when associated with
the G1 cyclins D and E, are rate-limiting for entry into the S phase
of the cell cycle'?. During T-cell mitogenesis, antigen—receptor
signalling promotes synthesis of cyclin E and its catalytic partner,
Cdk2, and interleukin-2 (IL-2) signalling activates cyclin E/Cdk2
complexes®. Rapamycin is a potent immunosuppressant which
specifically inhibits G1-to-S-phase progression, leading to cell-
cycle arrest in yeast and mammals*’. Here we report that 11.-2
allows Cdk activation by causing the elimination of the Cdk inhibi-
tor protein p27*"®', and that this is prevented by rapamycin. By
contrast, the Cdk inhibitor p21 is induced by IL-2 and this induc-
tion is blocked by rapamycin. Our results show that p27“®' governs
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Cdk activity during the transition from quiescence to S phase in
T lymphocytes and that p21 function may be restricted to cycling
cells.

Rapamycin prevents the activation of the late-G1 cyclin E/
Cdk2 kinase in the T-cell clones D10.G4.1 (Fig. 1a) and CTLL-
2 (ref. 8) and primary T lymphocytes (data not shown). The
inactivity of cyclin E/Cdk2 in rapamycin-treated cells is not
due to an inhibition of the expression of cyclin E or Cdk2
(Fig. 1b), to an inability of cyclin E to associate with Cdk2 (Fig.
1¢), or to an inhibition of Cdk-activating kinase (CAK) activity
(Fig. 1d).

We find that extracts from both IL-2-starved and IL-2 /rapa-
mycin-treated cells contain an inhibitory activity for cyclin E/
Cdk2 kinase whereas IL-2-induced controls do not (Fig. 2a, b).
Examination of synchronized IL-2-induced and IL-2/rapa-
mycin-treated cells suggest that an inhibitory activity is present
for up to 3 h after IL-2 induction and is gradually removed after
longer exposure to IL-2 in the absence of rapamycin (Fig. 2¢).
This inhibitory activity could be titrated out by the addition of
supraphysiological amounts of exogenous cyclin E and cyclin
E/Cdk2 but not Cdk2 alone (Fig. 2d).

A heat-stable inhibitory activity is directly associated with
cyclin E/Cdk2 complexes (Fig. 2e¢). Surprisingly, the inhibitory
activity is also detected in cyclin E/Cdk2 complexes isolated
from IL-2-induced cells. Accurate analyses designed to measure
the amount of inhibitor present in cyclin E/Cdk2 complexes
under these various conditions show that its levels are lower in
IL-2-induced cells than in arrested cells (Figs 3c, 4).

Mammalian Cdk activities are inhibited in vitro by the associ-
ated proteins pl16, p21 and p27°"®' (refs 9-15). A heat-stable
doublet corresponding to a relative molecular mass of 27,000 is
found associated with cyclin E immunoprecipitates of D10 cell
extracts, which, like p27*®', binds preferentially to recombinant
cyclin E/Cdk2 rather than to cyclin E or Cdk2 alone (Fig. 3a).
This doublet comigrates with the doublet in p27*®' immunopre-
cipitates (Fig. 3a). Proteolytic mapping of these 27K bands
establishes that they are identical to p27*'*' (Fig. 3b). Immuno-

FIG. 2 Rapamycin-treated cells contain a titratable and heat-stable
inhibitor which is directly associated with cyclin E/Cdk2 complexes. a,
Experimental design used in b, ¢ and e. Inhibitory activity is measured
in extracts or immunoprecipitates by mixing with active extracts and
subsequently measuring cycling E-associated H1 kinase activity. b, Kin-
ase activity in active extracts after mixing with extracts from IL-2-starved
cells (S), IL-2-induced (I), IL-2/rapamycin-treated (R), IL-2/FK506-
treated (F) or IL-2/rapamycin/FK506-treated (F/R). The experiment was
performed in triplicate. ¢, Kinase activity in active extracts after incuba-
tion with an equal amount of extracts of cells collected at various times
(in hours) after treatment. d, Cyclin E-associated H1-kinase activity in
extracts after incubation with cyclin E and/or Cdk2-HA Sf9 lysates
added in multiples (1, 3 or 10 times) of the physiological levels of cyclin
E and Cdk2. Data are representative of two independent experiments.
e, Boiled cyclin E or control immunoprecipitates from the indicated cell
extracts are assayed as for a. This experiment demonstrates that a Cdk
inhibitor is present in cyclin E immune complexes from both growing
and arrested cells. This protocol is not designed to quantify the amount
of inhibitor present in each condition, because of difficulties in reconsti-
tuting the physiological ratio of cyclin E to inhibitor after immunoprecipi-
tation from cell extracts.

METHODS. D10 cell extracts were mixed for 1 h at 37 °C, then cyclin E
was immunoprecipitated and assayed for Hl-kinase activity as
described previously®. 3P incorporation into H1 histone was quantified
using AMBIS Colorprobe software (version 2.12). Sf9 lysates of cyclin E
and Cdk2-HA and D10 extracts prepared in NP-40 buffer was described
previously®. Physiological concentrations of cyclin E and Cdk2 were
determined by comparative western blotting. Washed cyclin E or controt
immunoprecipitates were resuspended in 50 pl N-P40 buffer containing
1 mg mi~* aprotinin and heated at 97—-100 °C for 3-5 min. After adding
50 ul 2 mg mi™* BSA in NP-40 buffer, the Sepharose and coagulated
proteins were removed by centrifugation and the solubie fraction
assayed.
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FIG. 1 Rapamycin inhibits cyclin E/Cdk2 kin-
ase activity without significantly inhibiting cyclin
E or Cdk2 expression, cyclin E/Cdk2 associa-
tion or CAK activity. a, Cyclin E-associated H1-
kinase activity in IL-2-starved or IL-2-stimulated
D10 cells in the absence or presence of the
drugs rapamycin and FK506. b, Immunoblot
analysis of whole D10 cell extracts with anti-
Cdk2 (upper panel) or anti-cyclin E antibodies
(lower panel). ¢, Anti-Cdk2 immunoblots of a-
cyclin E immunoprecipitates from peripheral
blood T-lymphocyte extracts. d, In vitro assay
of CAK activity from extracts of IL-2-starved and
IL-2-stimulated (IL2) D10 cells in the presence
of rapamycin (Rap +1L2).

METHODS. D10 cellis were synchronized by
washing the cells of IL-2-containing medium
and subsequently culturing in IL-2-deficient
medium for 20-22 h. Cells were collected (IL-
2-starved) or were stimulated with recombinant
IL-2 (DNAX) in the presence or absence of
either 2 ng ml~* rapamycin or 2 ng mi~* FK506
or 2ngmi™* rapamycin and 2,000 ng mi~*
FK506 and collected 16 h after stimulation.
Rapamycin’s inhibition of proliferation is medi-
ated by the intracetlular binding protein, FKBP.
As FK506 also binds FKBP with similar affinity,
it reverses the effects of rapamycin by competi-
tive binding when FK506 is present at 1,000-
fold molar excess®®?3. Immunoprecipitation,
kinase assay and immunoblotting were per-
formed as described®. Peripheral blood T lym-
phocytes were purified and stimulated as
described®. CAK activity was immunoprecipit-
ated from extracts with the anti-M015
antibody'’. Washed immunoprecipitates were
mixed with 1 pg of both recombinant GST-
cyclin A and GST-Cdk2 fusion proteins in
30 uM ATP and 15 mM magnesium acetate in
7.5 ul. After 30 min at room temperature,
2.5 ul H1 histone mix containing [y->°P] ATP
was added and incubated as described™’.
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FIG. 3 p27Kip1 is the relevant inhibitor associated with cyclin E/Cdk2
in non-proliferating D10 cells. a, Immunoprecipitations from metabol-
ically labelied cell extracts. Lanes 1-4: cyclin E and/or Cdk2-HA Sf9
lysates were added to the uncoagulated fraction of boiled extracts and
immunoprecipitated with 12CA5 (anti-HA) or anti-cyclin E antibodies.
Lanes 5-7: immunoprecipitations from native extracts with anti-cyclin
E, anti-p27Kipl or preimmune sera. b, V8 protease mapping of the p27
bands isolated from cyclin E or p27Kipl immunoprecipitates and the
in vitro translated p27Kipl protein were performed as described®. ¢
Anti-p27Kip1l immunoblot of cyclin E immunoprecipitation from the
indicated cell extracts. The control immunoprecipitate labelled as a
dash was performed without cell lysate, but with primary (anti-cyclin E)
antibody in the immunoprecipitation. d, p27Kipl antibodies remove the
inhibitor from rapamycin-treated cell extracts. Boiled preimmune (P) or
anti-p27Kipl () immunoprecipitates from cell extracts (left panel) and
boiled extracts that had been precleared of p27Kipl with anti-p27Kipl
or preimmune sera (right panel) were assayed for inhibitory activity as
described for Fig. 2a; the experiment was done in triplicate. Anti-p27

blotting cyclin E immunoprecipitates reveals that, by compari-
son with rapamycin-arrested cells, p27°’*' declines by about 50%
in cyclin E complexes from IL-2-induced cells (Fig. 3c); when
peripheral blood T-lymphocyte extracts are analysed, p27**" is
only associated with cyclin E from rapamycin-treated and IL2-
starved cells (data not shown).

Antibodies specific for p27°'! clear extracts of all the inhibi-
tory activity in IL2-starved and rapamycin-treated D10 cells
(Fig. 3d), suggesting that raised levels of p27 account for essen-
tially all of the inhibitory activity detected in arrested cells. Like-
wise, RNase protection assays demonstrate that 1L-2-starved or
rapamycin-treated D10 cells do not have increased levels of p21
messenger RNA compared with IL-2-induced cells (data not
shown).

Immunoblotting whole-cell extracts shows that [L-2 induction
gradually reduces the amount of p27“™®' and, significantly, that
rapamycin prevents removal of p27%’*' (Fig. 4a,b). Some
p27""®" remains in the IL-2-stimulated population, which could
be due to contaminating unstimulated cells because 18% of syn-
chronized TL-2-treated cells do not traverse S phase (versus 5%
of unsynchronized cells) after 24 h, as monitored by BrdU
incorporation (data not shown). Alternatively, IL-2 stimulation
may not completely remove p27<'*! in D10 cells. Indeed, p27*™'
is present at low levels in unsynchronized cycling cells (Fig. 4a).
The observations that IL-2-induced cells enter S phase and have
significant cyclin E/Cdk2 kinase activity, despite the presence
of some inhibitor, suggests that p27%"' levels function as a
threshold and that this threshold has been sufficiently lowered
in D10 cells to allow cyclin E/Cdk2 function.
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antibodies raised against bacterially expressed C-terminal domain of
p27 that is divergent from p21 produced the same results.
METHODS. Rabbit anti-p27Kipl antibodies were generated against
purified His-tagged, full-length mouse p27Kipl protein®. These anti-
bodies are specific for p27Kipl as p21 is not detected in immunoblots
or in p27Kipl immunoprecipitates of metabolically labelled cells
extracts (data not shown). Cells cultured in the absence of IL-2 for 20 h
were metabolically labelled for the last 15 h with **S-promix (Amer-
sham). p27Kip1 was removed from 100 pg extract with affinity-purified
anti-p27Kipl or preimmune serum, and the resulting extract was boiled
to remove any remaining cyclin E and to liberate p27Kipl. In a separate
experiment (scaled up twofold), immunoprecipitates were assayed as
described for Fig. 2d.

Threc experiments show that the mechanism of Cdk2 inhibi-
tion by p27*"! is not the inactivation of CAK, which activates
Cdk2 by phosphorylation on Thr 160 (refs 16-18). First, the
faster-migrating Thr-160-phosphorylated isoform of Cdk2 (ref.
19), is associated with cyclin E in relatively the same abundance
in rapamycin-blocked and proliferating cells (Fig. 1¢). Second,
immunoprecipitation with antibodies specific for the catalytic
subunit of CAK (anti-M015)'” show that CAK activity is equally
abundant in extracts of both untreated and rapamycin-treated
TL-2-stimulated cells (Fig. 1d4). Third, purified p27°"*' does not
inhibit purified CAK in vitro (R. Sheaff, R. Fisher, D. Morgan
and J.M.R., unpublished result). Thus, p27%®" directly blocks
the activity of the Thr-160- phosphorylated cyclin E/Cdk2 com-
plex, as found previously in vitro"

The results obtained in D10 cells were extended and confirmed
in peripheral blood T lymphocytes. Immunoblot analysis of
peripheral blood T lymphocytes at various times after [L-2
stimulation reveals that p21 increases as p27%"' decreases (Fig.
4¢), indicating that the previously described p27 inhibitor in T
lymphocytes is indeed p27%"! (ref. 3). The inverse relationship
between p27°"*' and p21 is confirmed by analysis of peripheral
blood T lymphocytes undergoing reiterated cycles of prolifera-
tion and quiescence. In each cycle proliferation is induced by
anti-CD3 antibodies and IL-2, whereas cells are arrested by
withdrawal of IL-2 (Fig. 4d). IL-2-mediated removal of p27<™"'
is blocked significantly by rapamycin but not by FK506, indicat-
ing that it is a TOR /FRAP/RAFT-dependent event’ ” and not
related to the calcineurin pathway activated by antigen-receptor
signalling™ (Fig. 4e). The repression of p27%"®' expression by
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(Exp). d, p27"** and p21
immunoblots of primary T
lymphocytes (GO) or long-
term cultures of peripheral
blood T cells that are resyn-
chronized by IL-2 deprivation
(GO/G1) and subsequently
restimulated with IL-2 (Exp.).
e, p27"** and p21 immuno-
blots of GO, IL-2 stimulated
(I} or IL-2 stimulated with
4ngml™" FK506 (F), rapamycin (R) or 4ngml™* rapamycin and
4 pg ml~* FK506 (F/R). f, p27"®* immunoblot of whole-cell extracts of
serum-starved (—) or serum-stimulated (+) primary human fibroblasts.
METHODS. 10® human primary T lymphocytes were isolated and purified
and stimulated as described®. For d, stimutation was achieved by plating
cells on immobilized anti-CD3 antibodies in complete RPM) medium?®
containing 1 pg ml~* anti-CD28 antibodies. After 2 days at 37 °C, cells
were transferred to a new flask with fresh complete RPMI containing

C
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hafterIL-2|- 0 3 6 9121416182124 -

extracellular mitogens is not restricted to lymphocytes: serum
growth factors also repress p27<'?' expression in primary human
diploid fibroblasts (Fig. 4f).

The inhibition of cyclin E/Cdk2 by p27 is likely to reflect a
more general inhibition of G1 cyclin-Cdk complexes in rapa-
mycin-treated cells because (1) rapamycin does not inhibit
expression of Cdk4 or Cdké, or of their partners, cyclins D2 or
D3; and (2) p27¥"" associates with Cdk6 as T cells depart from
quiescence, and this association persists in rapamycin-treated
cells (data not shown).

We have demonstrated that in T cells leaving a quiescent state,
IL-2 causes a decrease in p27®', allowing Cdk?2 activation and
entry into S phase. In contrast, we find that TL-2 induces p21,
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1ugml * anti-CD28 and 100 U ml™* recombinant human IL-2. After 3
more days in culture, an aliquot was taken (Exp) and the rest were
washed and incubated for 24 h in complete RPMI. This washing pro-
cess was repeated for a total of 3 days and an aliquot was taken
(GO/G1) and the rest restimulated with immobilized anti-CD3 anti-
bodies as before. Confluent T-6 fibroblasts (gift from T. Norwood) were
serum-starved for 48 h and restimulated with 10% fetal bovine serum
for 24 h.

and that p21 expression persists in cycling cells. But cycling D10
cells continue to express some p27<' albeit at substantially
lower levels than quiescent cells (Fig. 44). Therefore in normally
cycling cells, both p27%*' and p21 may together establish a
threshold and that must be overcome for Cdk activation to occur
in G1. Increasing the levels of p21 by intracellular ‘checkpoint’
signals, such as those resulting from DNA damage, or regulating
p27%"! by extracellular or intracellular signals such as cyclic
AMP (ref. 21), can arrest the cell cycle by increasing a threshold
that cannot be overcome by physiological concentrations of
cyclin-Cdk. Our data suggest that p275'"' may be the primary
regulator of Cdk activity as cells enter and leave the quiescent
state, whereas p21 may primarily regulate Cdk activity in cycling
cells.
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