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Inhibition of cyclin D1 phosphorylation
on threonine-286 prevents its rapid
degradation via the ubiquitin-
proteasome pathway
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The expression of D-type G1 cyclins and their assembly with their catalytic partners, the cyclin-dependent
kinases 4 and 6 (CDK4 and CDKG6), into active holoenzyme complexes are regulated by growth factor-induced
signals. In turn, the ability of cyclin D-dependent kinases to trigger phosphorylation of the retinoblastoma
(Rb) protein in the mid- to late G, phase of the cell cycle makes the inactivation of Rb’s growth suppressive
function a mitogen-dependent step. The ability of D-type cyclins to act as growth factor sensors depends not
only on their rapid induction by mitogens but also on their inherent instability, which ensures their
precipitous degradation in cells deprived of growth factors. However, the mechanisms governing the turnover
of D-type cyclins have not yet been elucidated. We now show that cyclin D1 turnover is governed by
ubiquitination and proteasomal degradation, which are positively regulated by cyclin D1 phosphorylation on
threonine-286. Although “free” or CDK4-bound cyclin D1 molecules are intrinsically unstable (t%2 < 30 min),
a cyclin D1 mutant (T286A) containing an alanine for threonine-286 substitution fails to undergo efficient
polyubiquitination in an in vitre system or in vivo, and it is markedly stabilized (t'2 ~3.5 hr) when inducibly
expressed in either quiescent or proliferating mouse fibroblasts. Phosphorylation of cyclin D1 on
threonine-286 also occurs in insect $f9 cells, and although the process is enhanced significantly by the binding

of cyclin D1 to CDK4, it does not depend on CDK4 catalytic activity. This implies that another kinase can
phosphorylate cyclin D1 to accelerate its destruction and points to yet another means by which cyclin

D-dependent kinase activity may be exogenously regulated.

[Key Words: Cyclin D1 phosphorylation; Rb protein; cyclin D destruction; ubiquitin-proteasome pathway]

Received January 23, 1997; revised version accepted March 6, 1997.

Cell cycle transitions are governed by distinct families of
cyclin-dependent kinases (CDKs) whose activities are
determined by cyclin binding, by both positive and nega-
tive regulatory phosphorylations, and by polypeptide
CDK inhibitors (Norbury and Nurse 1992; Reed 1992,
Morgan 1995; Sherr and Roberts 1995). The major mam-
malian G, cyclins include three D-type cyclins (D1, D2,
and D3), which assemble combinatorially with CDK4
and CDKG6, and cyclin E, which associates with CDK2
(Sherr 1993). Both classes of G, cyclins are rate-limiting
for G, progression (Ohtsubo and Roberts 1993, Quelle et
al. 1993; Resnitzky et al. 1994) and contribute to the
sequential phosphorylation of the retinoblastoma (Rb)
protein, thereby canceling its growth-suppressive func-
tion and facilitating entry into S-phase (Weinberg 1995;
Sherr 1996). Although the activities of cyclin D-depen-
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dent kinases are not required for S phase entry in cells
lacking a functional Rb protein (Lukas et al. 1995}, inhi-
bition of cyclin E function in such cells still induces G,
phase arrest (Ohtsubo et al. 1995), arguing that the cyclin
E-CDK2 complex must phosphorylate substrates in ad-
dition to the Rb protein for DNA replication to begin.
Recent work using a cell-free replication system sup-
ports the view that cyclin E-CDK2 and A-CDK2 can
synergistically trigger the onset of DNA synthesis in
HeLa cell nuclei {Krude et al. 1997).

Expression of the D-type cyclins depends on mitogenic
stimulation, regardless of the position of the cell in the
cycle, and growth factor withdrawal leads to rapid cyclin
D destruction, with an associated loss of cyclin D-depen-
dent kinase activity, accumulation of Rb in its hypo-
phosphorylated forms, and G,-phase arrest (Sherr 1993).
In rodent fibroblasts and macrophages where CDK4 is
the dominant cyclin D-associated catalytic subunit, the
CDK4 pool exceeds that of cyclin D1, enabling the cyclin
to act as the rate-limiting partner in complex formation
(Quelle et al. 1993; Matsushime et al. 1994). The overall
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half-life of cyclin D1 in such cells is 20-30 min, and both
the free and CDK4-bound D cyclins appear to be inher-
ently unstable; in contrast, CDK4 is a much longer lived
protein (t¥2 = 4 hr) (Matsushime et al. 1992; Bates et al.
1994). Kinetic pulse-chase analyses of metabolically la-
beled, CDK4-bound cyclin D1 indicated previously that
cyclin D1-CDK4 holoenzymes exist in a dynamic equi-
librium, with the bound regulatory subunits being re-
placed continuously by newly synthesized cyclins (Mat-
sushime et al. 1992). Hence, any reduction in cyclin D
synthesis in cells is soon followed by a decrease in cyclin
D-dependent kinase activity, and this is likely to be im-
portant in ensuring that proliferating cells arrest rapidly
in G, phase following mitogen deprivation.

The factors that regulate the rate of cyclin D turnover
are as yet unknown. However, degradation of the Sac-
charomyces cerevisiae cyclins, Clns and Clbs (Amon et
al. 1994; Salama et al. 1994; Deshaies et al. 1995; Irniger
et al. 1995; Seufert et al. 1995; Yaglom et al. 1995; Lanker
et al. 1996), and of cyclins A, B (Glotzer et al. 1991), and
E (Clurman et al. 1996; Won and Reed 1996) is mediated
by ubiquitin-dependent proteolysis. In general, this pro-
cess involves sequential enzymatic reactions in which
ubiquitin is first charged with ATP by an activating en-
zyme (E1) and then is directly transferred to substrates
by a ubiquitin-conjugating enzyme (E2 or UBC] or is in-
directly targeted through yet additional steps involving
the participation of ubiquitin ligases (so-called E3s)
(Ciechanover 1994; Deshaies 1995; jentsch and Schlen-
ker 1995; Hilt and Wolf 1996). The resulting polyu-
biquinated substrates are recognized and rapidly de-
graded by the 26S proteasome. However, when protea-
somal degradation is prevented by specific inhibitory
peptide aldehydes, the otherwise labile polyubiquinated
intermediates can accumulate in cells until ubiquitin
hydrolases and isopeptidases regenerate unconjugated
substrates (Rock et al. 1994). The specificity of substrate
destruction can be jointly determined by E2 and E3 se-
lectivity, by the opposing actions of ubiquitin hydrolases
(Ciechanover 1994; King et al. 1996), by recognition se-
quences in the substrates themselves (Rogers et al. 1986;
Glotzer et al. 1991), and, in some circumstances, by sub-
strate phosphorylation (Chen et al. 1995; Deshaies et al.
1995; Yaglom et al. 1995; Lanker et al. 1996). For ex-
ample, the proteolysis of mitotic cyclin B requires El, a
specific E2, and an E3 machine, the anaphase-promoting
complex (APC) or cyclosome, which consists of eight
distinct polypeptides (King et al. 1995; Sudakin et al.
1995; Peters et al. 1996). Cyclin B and A degradation also
require an amino-terminal ““destruction box’’ whose re-
moval stabilizes the protein and whose addition to other
polypeptides can in turn target them for degradation
(Glotzer et al. 1991).

Unlike the mitogen-dependent expression of D-type
CDKs, cyclin E-CDXK?2 activity exhibits periodic expres-
sion, rising in late G, phase and declining once cells
enter S phase {Dulic et al. 1992; Koff et al. 1992). This
oscillatory behavior is controlled both by periodic cyclin
E synthesis and degradation. Cyclin E turns over rapidly
(t%2 = 30 min), and although it can be stabilized in com-
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plexes with CDK?2, its phosphorylation on a single threo-
nine residue (Thr-380) allows its subsequent ubiquitina-
tion and degradation (Clurman et al. 1996; Won and Reed
1996). Cyclin E mutants containing alanine in place of
Thr-380 are stabilized further when complexed to CDK2.
Moreover, because the assembly of cyclin E with cata-
lytically inactive CDK2 mutants or the blocking of wild-
type CDK2 activity by CDK inhibitors prolongs the half-
life of cyclin E, it was reasoned that Thr-380 phosphory-
lation is mediated in cis by CDK2 itself (Clurman et al.
1996; Won and Reed 1996). In this way, cyclin E may
promote its own turnover by activating the enzyme that
signals its destruction.

The three D-type cyclins each contain a potential pro-
line-directed phosphorylation site (Thr-286 in cyclin D1)
near their carboxyl terminus in a position supetficially
analogous to Thr-380 of cyclin E. We now report that
cyclin DI is phosphorylated in vivo at this site and un-
dergoes ubiquitin-dependent proteolysis. Mutation of
Thr-286 to alanine prevents this phosphorylation, inhib-
its polyubiquitination, and markedly stabilizes the pro-
tein. Although phosphorylation of Thr-286 is increased
when cyclin D1 associates with CDK4, cyclin D1 alone
or D1-containing complexes formed with catalytically
inactive CDK4 mutants still undergo phosphorylation
on Thr-286 when expressed in Spodoptera frugiperda Sf9
cells, implying that a kinase other than CDK4 can cata-
lyze this modification.

Results
Proteasomal degradation of cyclin D1

To determine whether the rapid turnover of cyclin D1 is
controlled by ubiquitin-mediated proteolysis, NIH-3T3
cells and 3T3-D1 derivatives engineered to overexpress
cyclin D1 {Quelle et al. 1993) were treated with N-acetyl-
leucinyl-leucinyl-norleucinal (LLnL), a peptide aldehyde
that prevents protein degradation by inhibiting the chy-
motryptic site on the 26S proteasome (Rock et al. 1994).
LLnL treatment does not block the polyubiquitination of
proteasomal substrates, thereby allowing their accumu-
lation. However, the buildup of polyubiquitinated pro-
teins in LLnL-treated cells is opposed by the action of
de-ubiquitinating hydrolases and isopeptidases, which
act to regenerate unconjugated substrates. Any further
action of the isopeptidases in vitro can be inhibited by
inclusion of N-methyl-maleimide in the detergent lysis
buffer. Cells treated for 16 hr with 50 or 200 um LLnL
were lysed under such conditions, and proteins electro-
phoretically separated on denaturing polyacrylamide
gels containing SDS were transferred to nitrocellulose
and detected by use of a monoclonal antibody to mouse
cyclin D1 (Fig. 1A}. As compared to cells treated with the
dimethylsulfoxide (DMSQO) solvent alone (lanes 1,6} or
with  N-acetyl-leucinyl-leucinyl-methioninal ~ {LLM)
(lanes 4,5,9,10), a structurally related calpain I inhibitor,
LLnL treatment resulted in an approximate twofold in-
crease in cyclin D1 levels (lanes 2,3,7,8). Slower migrat-
ing proteins of higher molecular mass were also specifi-
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cally detected with the antibody to cyclin D1 and were
most readily observed in 3T3-D1 lysates where cyclin
D1 is constitutively overexpressed at levels approxi-
mately fivefold higher than those in NTH-3T3 cells (lanes
7,8). Therefore, cyclin D1 degradation is regulated
through an LLnL-sensitive pathway.

Reasoning that the immunoreactive, higher molecular
weight proteins might represent polyubiquitinated cyc-
lin D1 species, 3T3-D1 fibroblasts were transfected with
a plasmid encoding hemagglutinin (HA)-tagged ubiquitin
and treated 24 hr later with either LLnL or LLM for an
additional 12 hr. Detergent lysates were precipitated
with nonimmune rabbit serum or with monoclonal an-
tibodies directed to either cyclin D1 or the HA epitope,
and electrophoretically resolved proteins recovered from
the denatured immunoprecipitates were immunoblotted
using anti-HA to detect polyubiquitinated proteins (Fig.
1B). As expected, polyubiquitinated conjugates were di-
rectly precipitated with anti-HA from cells treated with
either LLnL or LLM (lanes 3,6). Both unconjugated cyclin
D1 and high molecular weight HA-ubiquitin conjugates
were detected in cyclin DI immunoprecipitates recov-

Regulation of cyclin D1 degradation

Figure 1. Ubiquitination of cyclin D1. {A) NIH-3T3 cells (lanes
1-5) or 3T3-D1 derivatives engineered to overexpress cyclin D1
(lanes 6-10) were treated for 16 hr with DMSO solvent alone
{lanes 1,6) or with 50 or 200 pm LLnL or LLM as indicated. De-
tergent lysates separated electrophoretically on denaturing poly-
acrylamide gels were transferred to nitrocellulose and immuno-
blotted with a monoclonal antibody (D1-72-13G) specific for
mouse cyclin D1. Sites of antibody binding were visualized by
enhanced chemiluminescence. Recombinant cyclin D1 produced
in Sf9 cells was used as a positive control (lane 11). The arrow
indicates the mobility of nonubiquitinated cyclin D1 protein. (B)
3T3-D1 cells were transfected transiently with a plasmid encod-
ing HA-tagged ubiquitin. Twenty-four hours post-transfection,
the cells were treated with either 50 pm LLnL (lanes 1-3} or 50 pm
LLM (lanes 4-6) for 16 hr. Cell lysates normalized for protein
concentration were precipitated with either normal rabbit serum
(NRS; lanes 1,4), the cyclin D1 monoclonal antibody (D1, lanes
2,5), or the HA-specific monoclonal antibody 12CA5 (HA, lanes
3,6). Ubiquitinated proteins were visualized by immunoblotting
with the antibody to HA using enhanced chemiluminescence.
The arrow indicates the position of nonubiquitinated cyclin D1.
(C) 3T3-D1 cells exposed for 16 hr to DMSO (lane 2), 50 py LLM
{lane 3), or 50 um LLnL {lanes 1,4) were metabolically labeled with
[*?P]orthophosphate for the last 2 hr of aldehyde treatment. De-
tergent lysates (plus 0.1% SDS) were subjected to immunopre-
cipitation with either normal rabbit serum (lane 1) or a rabbit
antiserum specific for cyclin D1 (lanes 2-4). Phosphorylated cy-
clin D1 was visualized after 40 hr of autoradiographic exposure.
The arrow indicates the position of nonubiquitinated cyclin D1.

ered from cells treated with LLnL (lane 2}, but only na-
tive cyclin D1 (arrow] was observed after LLM treatment
(lane 5). Because no ubiquitin conjugates were detected
after precipitation with control antiserum (lane 1), the
results suggested that cyclin D1 was ubiquitinated.
When we attempted to directly verify this by reversing
the procedure and blotting anti-HA immunoprecipitates
with antibodies to cyclin D1, we detected no signal
(negative data not shown). The latter result may well be
attributable to technical limitations: First, following
transfection with the plasmid encoding HA-ubiquitin,
only a fraction of the total ubiquitin pool would be ex-
pected to be HA-tagged. Second, even under optimal con-
ditions, only a small percentage of the D1 pool is stably
modified after LLnL treatment (Fig. 1A, lanes 7,8). Third,
the most prominent of the slower migrating forms of
cyclin D1 observed after LLnL treatment (Fig. 1A| were
less retarded in their mobilities on denaturing gels than
the higher molecular weight HA-ubiquitin conjugates
detected with anti-HA (Fig. 1B), suggesting that the an-
tibody to HA more readily detects the most highly con-
jugated, polyubiquitinated species. [Similar observations

GENES & DEVELOPMENT 959


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on August 24, 2022 - Published by Cold Spring Harbor Laboratory Press

Diehl et al.

were made in an analogous experiment using antibodies
to ubiquitin itself (see Fig. 6, below)]. Nonetheless, these
results leave open the possibility that a protein that co-
precipitated with cyclin D1, rather than D1 itself, was
polyubiquitinated. Further attempts to resolve this issue
are addressed in detail below.

Phosphorylation of cyclin D1 on Thr-286

Phosphorylation of proteins can trigger their ubiquitina-
tion and degradation, as documented previously for yeast
cyclins (Salama et al. 1994; Deshaies et al. 1995; Yaglom
et al. 1995; King et al. 1996), for mammalian cyclin E
(Clurman et al. 1996; Won and Reed 1996), and for IkBa
(Chen et al. 1995}. Multiple phosphorylated forms of cy-
clin D1 have been recovered from mouse macrophages
and fibroblasts (Matsushime et al. 1991), and although
levels of cyclin D1 in continuously proliferating cells
remain elevated throughout the cell cycle, phosphoryla-
tion of cyclin D1 and the appearance of a slower migrat-
ing form of the protein on denaturing gels is markedly
periodic, being maximal near the G,/S transition (Mat-
sushime et al. 1991, 1994). To determine the relation-
ship, if any, between cyclin D1 phosphorylation, ubiqui-
tination, and degradation, 3T3-D1 fibroblasts treated
with DMSO, LLM, or LLnL were metabolically labeled
with [**Plorthophosphate, and cyclin D1 was immuno-
precipitated from the lysates and resolved on denaturing
gels (Fig. 1C). Cyclin D1 degradation in the lysates was
minimized by collecting immune complexes in the pres-
ence of SDS. Significantly more radiolabeled cyclin D1
was immunoprecipitated from cells treated with LLnL
(Fig. 1C, lane 4) than from those treated with DMSO
solvent {lane 2} or LLM (lane 3). In addition, a ladder of
slower migrating phosphoproteins (lane 4) comparable to
the polyubiquitinated forms seen in Figure 1B (lane 2)
was specifically precipitated by the D1 antibody, consis-
tent with the idea that phosphorylated D1 may serve as
a substrate for ubiquitin-dependent proteasomal degra-
dation.

With the ultimate intention of interfering with cyclin
D1 phosphorylation by mutagenesis, we attempted to
assign the major D1 phosphorylation sites. Mammalian

Figure 2. Tryptic peptide maps of phos- A
phorylated cyclin D1. 3T3-D1 cells {A} or
Sf9 cells coinfected with vectors encoding
cyclin D1 and CDK4 (B) were labeled with
[3*Plorthophosphate for 2 hr. Phosphory-
lated cyclin D1 isolated by immunopre-
cipitation with monoclonal antibody {D1-
72-13G) was separated electrophoretically
on denaturing polyacrylamide gels and
transferred to an Immobilon-P membrane.
Membrane slices containing phosphory-
lated cyclin D1 were digested with tryp-
sin, and tryptic peptides were resolved by

3T3-D1

3T3-D1 fibroblasts and insect Sf9 cells coinfected with
baculovirus vectors encoding cyclin D1 and CDK4 were
metabolically labeled with [**PJorthophosphate, and cy-
clin D1 recovered by immunoprecipitation was sepa-
rated on denaturing gels, transferred to membranes, and
digested with trypsin. The labeled phosphopeptides were
then separated in two dimensions by sequential electro-
phoresis and chromatography (Fig. 2). Cyclin D1 isolated
from mammalian fibroblasts (Fig. 2A} or from Sf9 cells
coexpressing cyclin D1 and CDK4 (Fig. 2B) yielded two
major phosphopeptides (labeled A and B in the finger-
prints) as well as an array of minor spots that were more
readily apparent on longer autoradiographic exposure
(data not shown). Although it is not apparent from the
experiment shown that the spots designated A and B in
Figure 2, A and B, are identical, mixing of the tryptic
digests demonstrated that phosphopeptides A and B from
both sources had indistinguishable mobilities in both di-
mensions (Fig. 2C), a result reproduced in several inde-
pendent experiments. Therefore, phosphorylation of cy-
clin D1 in Sf9 cells coexpressing CDK4 recapitulated the
key modifications observed in mammalian fibroblasts.
At least half of the phosphate incorporated into cyclin
D1 in both cell types was attached to serine, but phos-
phoamino acid analysis revealed that spots A and B con-
tained only phosphothreonine (data not shown, but see
below). Because peptides A and B were so prominent in
the maps, these data together suggested that many
serines in cyclin D1 were phosphorylated but in substoi-
chiometric amounts, whereas peptides A and B con-
tained the bulk phosphothreonine. In repeated mapping
experiments, phosphopeptide A always predominated
over phosphopeptide B, and in some determinations (e.g.,
Fig. 3, below), spot A appeared to be the only major site
of threonine phosphorylation. Therefore, we suspected
that phosphopeptides A and B resulted from incomplete
trypsin digestion.

When Sf9 cells expressing cyclin D1 alone were la-
beled with [32P|orthophosphate and the radiolabeled D1
from such cells was analyzed similarly, cyclin D1 phos-
phorylation was reduced five- to eightfold in cells lack-
ing CDK4, as reported previously (Kato et al. 1994). How-
ever, the tryptic phosphopeptide maps of cyclin D1 were

B Sf9 C Mix
L]
‘v
A .B
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sequential electrophoresis (left to right) and ascending chromatography (bottom to top) with the origin at the lower left. (C) Results
with a mixture of the two digests containing equal quantities of radioactive D1 peptides recovered from mammalian and insect cells.
Peptides A and B discussed in the text are designated. The exposure times for all Phosphorlmaged panels were 4 days.
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qualitatively indistinguishable from those shown in Fig-
ure 2B, and mixing experiments again confirmed that
phosphothreonine-containing spots A and B were the
predominant species {data not shown). Therefore, phos-
phorylation of mouse cyclin D1 on threonine in insect
Sf9 cells appeared not to depend upon assembly with, or
autophosphorylation by, CDK4, although it could in
principle have been catalyzed by an endogenous insect
CDK.

When complexed to its catalytic partner CDK2, cyclin
E is autophosphorylated on Thr-380, and mutation of
this single threonyl residue to alanine stabilizes the
complex and prevents ubiquitin-dependent cyclin E pro-
teolysis (Clurman et al. 1996; Won and Reed 1996).
Alignment of cyclin E with the D-type cyclins reveals
that Thr-286 in cyclin D1, as well as Thr-280 in D2 and
Thr-283 in D3, is loosely conserved in amino acid se-
quence context and in its proximity to the carboxyl ter-
mini. Based on these results, we converted serine and
threonine residues in several potential cyclin D1 CDK
phosphorylation sites (Ser-Pro and Thr-Pro) to alanine,
Thr-286 among them. Mutated and wild-type D1 cDNAs
were tagged at their 5’ ends with sequences encoding a
Flag epitope so that they could be recovered with M2
monoclonal antibodies to the Flag-tag and distinguished
from endogenously expressed D1 molecules.

Sf9 cells were infected with baculovirus vectors encod-
ing CDK4 together with either Flag-tagged wild-type or
mutant D1 proteins. Mapping of phosphotryptic peptides
derived from [**Plorthophosphate-labeled cyclins indi-
cated that peptides A and B were completely absent from
the T286A mutant (Fig. 3, cf. A and B; as noted above,
peptide A was more prominent in this experiment). Resi-
dues carboxy-terminal to Thr-286 in cyclin D1 include a
single basic amino acid (Arg-291), which is immediately
followed by acidic residues (Asp—Val-Asp-1le-COOH). A
failure of trypsin to completely cleave the protein at Arg-
291 could therefore yield two peptides containing Thr-
286 in varying quantities. Alternatively, the T286A mu-
tation could have changed the conformation of cyclin D1
in such a way as to affect phosphorylation at other sites.
To distinguish between these possibilities, Thr-286 was
converted to serine, and after coexpression of the mutant

A Wwild-type B 12s6a

C To8ss

Regulation of cyclin D1 degradation

cyclin in Sf9 cells with CDK4, phosphopeptides derived
from the T286S mutant were mapped. Figure 3C reveals
that although spot A’ (with a mobility virtually identical
to spot A in Fig. 3A by mixing) represented the major site
of cyclin D1 phosphorylation, the T286S mutant con-
tained only phosphoserine (Fig. 3C, inset). Therefore, we
deduced that Thr-286 is the major site of cyclin D1 phos-
phorylation, both in Sf9 cells (Fig. 3) and in mammalian
fibroblasts (Fig. 2).

Cyclin D1 (T286A) binds and activates CDK4

We next introduced Flag-D1 and Flag-D1 ([T286A)
¢DNAs into a mammalian expression vector and tested
the ability of each tagged protein to productively as-
semble with CDK4 in transiently transfected NIH-3T3
cells. Detergent lysates prepared 48 hr post-transfection
were subjected to immunoprecipitation with either non-
immune rabbit serum, antiserum to CDK4, or with the
M2 monoclonal antibody to the Flag epitope. The pre-
cipitated proteins were denatured, separated on gels, and
immunoblotted with antibody to cyclin D1 (Fig. 4A).
Whereas control nonimmune serum precipitated no cy-
clin D1 (lanes 1,4}, the antiserum to CDK4 precipitated
two cyclin D1 species (lanes 2,5), corresponding in mo-
bility to endogenous cyclin D1 (lane 7) and the Flag-
tagged form {lane 8). As expected, only the ectopically
expressed Flag-tagged form of D1 (denoted as D1* in this
and subsequent figures) was precipitated with the M2
antibody (lanes 3,6). Much of the Flag-tagged D1 species
coprecipitated with CDK4 (cf. lanes 2 vs. 3 and lanes 5
vs. 6), whether D1 was wild type or mutated at Thr-286.
Therefore, neither the Flag-tag nor the T286A mutation
prevented assembly of exogenous D1 with CDK4 in vivo.

Lysates from Sf9 cells coinfected with baculoviruses
encoding CDK4 and wild-type or mutant Flag-D1 were
tested for Rb protein kinase activity (Fig. 4B). Although
lysates containing CDK4 alone were devoid of activity
(lane 1), those coexpressing Flag-D1 {lane 2} or the
T286A and T286S mutants (lanes 3 and 4, respectively)
contained readily detected kinases. Controls confirmed
that similar quantities of cyclin DI-CDK4 complexes
were immunoprecipitated from these lysates and that

Figure 3. Tryptic peptide maps of mu-
tant cyclin D1 phosphoproteins. Sf9 cells
coinfected with CDK4 and wild type, Flag-
et tagged cyclin D1 (A), Flag-tagged mutant
Ao X cyclin D1 T286A (B), or Flag-tagged mu-
PAA tant cyclin D1 T286S (C) were labeled
with [*?PJorthophosphate for 2 hr. Flag-
tagged D1 proteins recovered by immuno-
precipitation with monoclonal antibodies
were processed for two-dimensional tryp-
tic mapping as in Fig. 2. Autoradiographic
exposure times were 6 days. The insets in
A and C show phosphoamino acid analy-

ses of phosphopeptides A and A’, respectively. Peptides eluted from the thin layer chromatography plates were hydrolyzed in acid, and
phosphoamino acids were separated electrophoretically in two dimensions. The positions of internal standards [(S) serine; (T) threo-
nine; (Y) tyrosine] visualized with ninhydrin are indicated. Exposure times for the Phosphorimaged amino acids were 4 days.
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Figure 4. Assembly of Flag-tagged cyclin D1-CDK4 complexes and Rb protein kinase activity. (A) NIH-3T3 cells were transfected
with expression vectors encoding CDK4 and Flag-tagged D1 (lanes 1-3) or CDK4 and the Flag-tagged D1 T286A mutant (lanes 4-6).
Forty-eight hours post-transfection, detergent lysates normalized for protein concentration were subjected to immunoprecipitation
with normal rabbit serum (lanes 1,4), CDK4-specific rabbit serum (R, lanes 2,5), or the M2 monoclonal antibody to the Flag epitope
{lanes 3,6). Imnmune complexes were separated electrophoretically on denaturing polyacrylamide gels, transferred to nitrocellulose,
immunoblotted with cyclin D1 monoclonal antibody (D1-72-13G), and visualized by enhanced chemiluminescence. Flag-tagged cyclin
D1 (lane 8) and untagged cyclin D1 ({lane 7) expressed in Sf9 cells were run as markers, and their mobilities are designated in the right
margin as D1* and DI, respectively. (B) Lysates were prepared from uninfected Sf9 cells (lane 1] or from Sf9 cells coinfected with
baculoviruses encoding CDK4 and the indicated Flag-tagged D1 proteins (lanes 2—4), and the levels of expression of Flag-tagged D1
proteins were normalized by immunoblot analysis (data not shown). Lysates containing equal quantities of Flag-D1 protein were
assayed for Rb kinase activity, and the labeled GST-Rb protein products (indicated by the arrow) were resolved on denaturing
polyacrylamide gels (exposure time, 12 min). (C) NIH-3T3 cells expressing Flag-tagged D1 (lanes 1-4) or the Flag-tagged D1 T286A
mutant (lanes 5-7) under the control of the zinc-inducible sheep metallothionein promoter were induced with 80 pm ZnSO, for the
indicated periods of time (hr). Cyclin D1 immune complexes prepared with monoclonal antibody D1-72-13G were assayed for Rb
protein kinase activity. As a positive control, a cyclin D1 immune complex prepared from an Sf9 lysate containing CDK4 and

Flag-tagged cyclin D1 was assayed in parallel (lane 8). Autoradiographic exposure time was 2 hr.

the recovered immune complexes also supported Rb pro-
tein kinase activity (data not shown).

To ensure that Flag-D1 mutants assembled with
CDK4 to yield active kinases in mammalian cells, we
derived NIH-3T3 cell lines expressing Flag-D1 or Flag-
D1 (T286A) under the control of a zinc-inducible sheep
metallothionein promoter. Preliminary dose-response
experiments indicated that tagged D1 proteins were
maximally induced when 80 um zinc sulfate was added
to the culture medium. Induction of the proteins under
these conditions was readily observed after 3 hr of zinc
treatment and, in the case of the wild-type protein, was
maximal after 5 hr; in contrast, the Flag-D1 (T286A)
protein continued to accumulate to levels about twofold
higher than the wild-type protein over a period of 48 hr
(data not shown), possibly reflecting differences in pro-
tein turnover (see below). Lysates from cells treated with
zinc for 24 or 48 hr were normalized for total protein and
precipitated with an antibody to cyclin D1 that supports
kinase activity in immune complexes (Fig. 4C). Cyclin
D1-dependent Rb protein kinase activity was recovered
from uninduced cells ectopically expressing the wild-
type Flag-D1 protein {lane 2). A substantial increase in
Rb protein kinase activity in these cells was detected 24
hr after zinc induction (lane 3) with no further increase
after 48 hr of treatment (lane 4). Uninduced cells express-
ing mutant Flag-D1 {T286A) exhibited more Rb protein
kinase activity (lane 5) than that detected in cells ecto-
pically expressing the wild-type protein (lane 2). Further
induction of enzyme activity was observed after 48 hr of
zinc treatment {lane 7) and achieved levels somewhat
greater than those in zinc-induced cells expressing the
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wild-type Flag-D1 protein (lanes 3,4). The levels of ki-
nase activity recovered in the zinc-induced cell lines ap-
proached those detected in 3T3-D1 fibroblasts that sta-
bly overexpress cyclin D1 (Matsushime et al. 1994} and
that exhibit a contracted G, phase when stimulated by
serum (Quelle et al. 1993). Because of partial toxicity of
zinc sulfate treatment, we were unable to compare the
rates of G, progression in cells expressing Flag-tagged
wild-type and mutant D1 molecules, although their cell
cycle distributions were not markedly different over the
course of a 48-hr induction period. The key conclusion
here is that mutation of Thr-286 to alanine does not
affect the ability of cyclin DI to activate CDK4 in Sf9
cells (Fig. 4B) or in mammalian fibroblasts (Fig. 4C). The
results also suggested that the T286A mutant accumu-
lated to somewhat higher levels than the wild-type D1
protein (Fig. 4A,C).

Mutation of Thr-286 to alanine stabilizes cyclin D1

To determine whether phosphorylation of Thr-286 af-
fects cyclin D1 turnover, cells expressing Flag-D1 or
Flag-D1 (T286A) were induced for 16 hr with zinc and
then pulse-labeled metabolically with [*°S]methionine
for 30 min. Labeled methionine was removed from the
medium, and cells were “‘chased” in the presence of a
100-fold excess of unlabeled methionine for 2 hr. Cell
lysates prepared after different periods of chase were pre-
cipitated with the M2 monoclonal antibody, and the la-
beled proteins were resolved on denaturing gels (Fig. 5A).
The half-life of Flag-tagged D1 was calculated to be ~30
min (lanes 2-6), whereas that of the T286A mutant ex-
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Figure 5. Kinetics of cyclin D1 protein turnover. (A) After induction of wild type Flag-tagged cyclin D1 (lanes 1-6) or Flag-tagged
cyclin D1 T286A (lanes 7-12) with 80 pm ZnSO, for 16 hr, cells were metabolically labeled with [**S]methionine for 30 min. Washed
cells refed with complete medium containing excess unlabeled methionine were collected at the indicated times and precipitated with
normal rabbit serum (lanes 1,7) or with the M2 monoclonal antibody to the Flag epitope (lanes 2-6, 8-12), as indicated below the panel.
Cyclin D1 proteins were resolved on denaturing polyacrylamide gels and visualized by fluoroautoradiography (exposure time 12 hr).
{B) After induction of Flag-tagged D1 T286A expression with 80 um ZnSO, for 16 hr, cells were processed as in A and subjected to
immunoprecipitation with normal rabbit serum (lane 1) or with monoclonal antibody to cyclin D1 {lanes 2-6). Cyclin D1 proteins
visualized by fluoroautoradiography (exposure time, 16 hr) included the ectopic flag-tagged species (D1*) and the endogenous mouse
cyclin (D1), as indicated at right. (C) 3T3-DI cells engineered to overexpress untagged cyclin D1 were arrested in G, by serum
starvation (<1% S phase] and were metabolically labeled for 30 min with [**S}methionine in medium lacking FCS. Cells washed and
refed with medium containing excess unlabeled methionine but lacking FCS were collected at the indicated times, processed as in 4,
and precipitated with an irrelevant monoclonal antibody (9E10) or with antibody to cyclin D1, as indicated below (fluoroautoradiog-
raphy exposure time, 20 hr). {D) NIH-3T3 cells expressing zinc-inducible Flag-tagged D1 T286A were arrested in G, by serum
starvation. After induction of Flag-tagged D1 T286A expression with 80 pm ZnSO, for 60 min, cells were metabolically labeled with
[33S)methionine for 30 min in medium containing 80 um ZnSO,, but lacking FCS. Cells were processed as in C, and cyclin D1* was
visualized by fluoroautoradiography (exposure time 6 days). Induction times were kept to a minimum to avoid zinc toxicity in the
absence of FCS.

ceeded 2 hr (lanes 8-12). A second experiment was per- taining 0.1% serum, the half-life of the ectopically ex-
formed in which the chase period was extended, but pressed cyclin D1 remained short (t%2 ~30 min) {Fig. 5C).
here, the lysates were immunoprecipitated with an an- However, when quiescent cells transfected with the in-
tibody to cyclin D1 (Fig. 5B). Because of their different ducible T286A mutant were treated with zinc and then
electrophoretic mobilities on denaturing gels, we could pulse labeled, the Flag-tagged D1 (T286A) protein was
compare the turnover of endogenous cyclin D1 with that again stabilized (¢%5 > 2 hr) (Fig. 5D). The wild-type, but
of the ectopically expressed Flag-D1 (T286A) protein re- not mutant, D1 proteins were phosphorylated, and as
covered from the same cell lysates. Note that after 16 hr expected, neither the wild-type nor mutant D1 proteins
of zinc treatment, the rate of synthesis of Flag-D1 recovered from serum-starved cells coprecipitated with
(T286A) (the slower migrating species) was comparable CDK4 (data not shown). Therefore, cyclin D1 is phos- -
to that of the endogenous cyclin D1 protein (the faster phorylated and intrinsically unstable even when un-
form) (Fig. 5B, lane 2). However, the half-life of endog- bound to CDK4, whereas under similar conditions, the
enous D1 was ~30 min, whereas that of the T286A mu- T286A mutant is protected from degradation. The re-
tant was 3.5 hr, as calculated by densitometric measure- sults also imply that a kinase other than CDK4 can phos-
ments from several such experiments. phorylate cyclin D1 on Thr-286 in mammalian cells.
Although much of the ectopically expressed cyclin D1 If phosphorylation at Thr-286 regulates cyclin DI
in proliferating NIH-3T3 cells is complexed to CDK4 ubiquitination, stabilization of Flag-D1 (T286A) should
(Fig. 4A,C), ectopically coexpressed CDK4 and D-type reflect its reduced ubiquitination relative to Flag-D1.
cyclins cannot assemble into binary complexes when Therefore, Flag-D1 or the Flag-D1 {T286A) mutant was
such cells are deprived of growth factors and enter G, induced by zinc treatment for 22 hr, and the cells were
(Matsushime et al. 1994). In 3T3-D1 overexpressors ren- treated with LLnL or LLM during the last 16 hr of zinc
dered quiescent by starvation for 48 hr in medium con- induction. Cyclin D1 precipitated from cell lysates with

GENES & DEVELOPMENT 963


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on August 24, 2022 - Published by Cold Spring Harbor Laboratory Press

Diehl et al.

antibody M2 to the Flag epitope was separated on dena-
turing gels, and polyubiquitinated proteins in the im-
mune complexes were detected by blotting with a ubig-
uitin-specific monoclonal antibody (Fig. 6, top). Consis-
tent with results obtained with HA-tagged ubiquitin
(Fig. 1B}, high molecular weight ubiquitin conjugates
were specifically precipitated with the M2 antibody from
LLnL-treated cells expressing wild-type Flag-D1 (cf. lane
3 and lane 1), but not from cells treated with LLM (lane
2). In contrast, no polyubiquitinated proteins were recov-
ered from LLnL-treated cells expressing Flag-D1 (T286A)
(lanes 4-6). To verify that the latter result was not at-
tributable to reduced expression of the mutant D1 pro-
tein, the membrane was stripped and reblotted with
monoclonal antibody to cyclin DI (Fig. 6, bottom). As
noted above, the accumulation of Flag-D1 (T286A)
(lanes 5,6) exceeded that of wild-type Flag-D1 (lanes 2,3),

Cells: D1* / D1* /
/ T286A
FTEEEHE,
HXi/;? /-:r" ol o 49 e
' & Ub
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e — o 4= D1"
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Figure 6. Cyclin D1 (T286A} is not a substrate for ubiquitina-
tion. Flag-tagged D1 ({lanes 1-3) or Flag-tagged D1 T286A {lanes
4-6) were induced with ZnSO, for 22 hr. During the last 16 hr
of induction, 50 pM LLM or 50 pM LLnL was added to the me-
dium, as indicated {Rx) at the top. Cell lysates normalized for
protein concentration were subjected to immunoprecipitation
with either normal rabbit serum {lanes 1,4) or the M2 monoclo-
nal antibody to the Flag epitope (lanes 2,4,5,6) as indicated be-
low. Immune complexes were separated electrophoretically on
denaturing polyacrylamide gels followed by transfer to nitrocel-
lulose. Flag-tagged D1 proteins were visualized by immunoblot-
ting with the D1 monoclonal antibody [bottom). Subsequently,
the membrane was stripped and reprobed with an anti-ubiquitin
monoclonal antibody (top). Proteins were visualized by en-
hanced chemiluminescence. The arrow at right {top) indicates
the position of polyubiquitinated conjugates {Ub).
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regardless of whether the cells were treated with LLnL or
LLM. Therefore, the T286A mutation prevented the
polyubiquitination of cyclin D1 itself and/or of proteins
specifically coprecipitating with it. In addition, this ex-
periment implies that CDK4 is not the major polyubig-
uitinated species in cyclin D1 immunoprecipitates, as
the catalytic subunit forms active holoenzyme com-
plexes with Flag-D1 (T286A) (Fig. 4).

Next we attempted to reconstitute the ubiquitination
system in vitro. Sf9 lysates coexpressing phosphorylated
cyclin D1 and CDK4 (Figs. 2 and 3) were mixed on ice
with separately prepared Sf9 lysates programmed to ex-
press HA-ubiquitin. Following addition of ATP, lysates
were incubated at 37°C for various times and then di-
luted at 4°C into RIPA buffer containing 0.1% SDS. Cy-
clin D1 was precipitated with monoclonal antibody,
separated on denaturing gels, and blotted with antibodies
to the HA epitope. D1 immunoprecipitates from these
reactions yielded polyubiquitinated proteins in a time-
dependent (Fig. 7, A and C, lanes 2-4, and lanes 2-6,
respectively) and an ATP-dependent (Fig. 7C, lane 1)
manner. No such proteins were identified in immuno-
precipitates from reactions lacking either HA-ubiquitin
(Fig. 7A, lane 1) or cyclin D1 (lane 5).

To determine whether cyclin D1 was ubiquitinated in
these reactions, mixtures incubated for 30 min in the
presence of ATP were boiled in SDS prior to precipita-
tion with the D1 monoclonal antibody, and the resulting
immunoprecipitates were separated on gels and blotted
with antibody to HA (Fig. 7B). Polyubiquitinated species
were detected in D1 immunoprecipitates recovered from
both boiled {lane 2) and unboiled (lane 3) lysates but not
in precipitates prepared using control antibody (lane 1).
This result argues that ubiquitin was linked covalently
to cyclin D1. Moreover, when anti-HA precipitates from
the unboiled in vitro reaction mixtures were blotted
with antibody to D1, high molecular weight forms of D1
were readily detected {Fig. 7B, lane 5), whereas no such
forms of D1 were seen in control precipitates (lane 4).
Finally, although immunoprecipitates recovered from ly-
sates programmed with wild-type D1 yielded polyubig-
uitinated proteins (Fig. 7C, lanes 2-6), those programmed
with the D1 (T286A) mutant did not (lanes 7-11}. There-
fore, cyclin D1 is a substrate for polyubiquitination, and
its modification in vitro depends upon the integrity of
Thr-286.

Thr-286 phosphorylation depends on CDK4 assembly
but not on CDK4 kinase activity

Thr-286 is flanked by an amino-terminal prolyl residue
but lacks a proximal carboxy-terminal basic amino acid
characteristic of canonical CDK phosphorylation sites
(T/S-P-X-K/R). However, cyclin D-CDK4 complexes
can phosphorylate minimal SP and TP CDK motifs, al-
beit with reduced efficiency {Hirai and Sherr 1996;
Kitagawa et al. 1996}, suggesting that Thr-286 might be
phosphorylated as a consequence of D1-CDK4 assembly
and activation. To test whether Thr-286 phosphoryla-
tion depends on CDK4 kinase activity, we infected Sf9
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Figure 7. Ubiquitination of cyclin D1 in vitro. (A) Sf9 lysates containing Flag-tagged D1 (D1*) in complexes with CDK4 were mixed
with lysates containing HA-ubiquitin (HA-Ub) and ATP and incubated at 37°C for the indicated times (min). Proteins precipitated with
monoclonal antibody to D1 were separated on gels and blotted with anti-HA. {B) Reactions as in A were incubated for 30 min. {Lanes
1-3) Two-thirds of the reaction mixture {80 nl) was boiled in SDS-containing buffer {100°C), divided in half, and precipitated with
nonimmune rabbit serum (NRS, lane 1} or antibody to D1 (lane 2). One-third of the unboiled lysate (40 nl} was directly precipitated
with anti-D1 (lane 3). Precipitates separated on gels were blotted with anti-HA. Another reaction mixture (80 nl) was divided in half
and precipitated with control serum {tane 4) or anti-HA (lane 5), and the separated proteins were blotted with anti-D1. (C) Sf9 lysates
containing wild-type, Flag-tagged cyclin D1 (D1*} and CDK4 {lanes 1-6) or cyclin D1* {T286A) and CDK4 (lanes 7-11} were incubated
with lysates containing HA-ubiquitin for the indicated times. Lane I shows a control incubation to which EDTA rather than ATP was
added. Proteins were precipitated with anti-D1 and blotted with anti-HA. The electrophoretic mobilities of molecular weight markers
(kD) and immunoglobulin heavy chains (yH) are indicated. Proteins were detected by enhanced chemiluminescence {1-min exposure).

cells with a baculovirus encoding Flag-D1 either alone,
together with wild-type CDK4, or together with either of
two catalytically inactive CDK4 mutants that retain the
ability to assemble into complexes with D-type cyclins.
CDK4 (T172) lacks the single T-loop phosphorylation
site recognized by the CDK-activating kinase (CAK) but
is still phosphorylated on serine residues; CDK4 (K35M)
is missing a lysyl residue that coordinates ATP binding,
and it undergoes phosphorylation on both Thr-172 and
serine residues {Kato et al. 1994). Hence, wild-type cyclin
D1 as well as the wild-type and mutant CDK4 molecules
can all be labeled with [**PJorthophosphate when coex-
pressed in S{9 cells.

Lysates of coinfected $f9 cells metabolically labeled
with [*?Plorthophosphate were precipitated with control
nonimmune serum or with a monoclonal antibody to
cyclin D1 (Fig. 8A). As indicated above, cyclin D1 was
phosphorylated (on Thr-286) even in cells that did not
express CDK4 (lane 2J, but a five- to eightfold stimula-
tion of cyclin D1 phosphorylation was seen in cells coin-
fected with CDK4 (lane 4), which was itself phosphory-
lated as expected (lane 5) (Kato et al. 1994). CDK4
coprecipitated with antibodies to cyclin DI (lane 4);
however, the antibodies directed to full-length CDK4
(Ry) do not efficiently recognize these complexes {lane 5)
despite their ability to readily precipitate the unbound
catalytic subunits (Matsushime et al. 1994). Importantly,
the increase in cyclin D1 phosphorylation observed in
cells expressing wild-type CDK4 was also seen in cells
coexpressing the catalytically inactive CDK mutants,
both of which assembled into cyclin DI-CDK com-
plexes (lanes 7,10).

To confirm that complexes composed of Flag-D1 and
mutant CDK4 proteins were inactive, we assayed the
ability of complexes precipitated with anti-Flag to phos-
phorylate Rb protein (Fig. 8B); as expected, wild-type
CDK4 yielded Rb protein kinase activity (lane 2, top),
but the mutants did not (lanes 3,4). As opposed to the
anti-CDK4 serum used in the experiment shown in
Figure 8A, CDK4 immunoprecipitates from the same
cells were prepared using an antiserum to the CDK4 car-
boxyl terminus (R.), which precipitates D1-CDK com-
plexes (Matsushime et al. 1994). When the precipitated
proteins were blotted with anti-D1, no Flag-D1 copre-
cipitated with anti-CDK4 from lysates containing Flag-
D1 alone (Fig. 8B, lane 1, bottom), but complexes be-
tween Flag-D1 and CDK4 were observed in cells coex-
pressing either wild-type or mutant CDK4 (lanes 2-4,
bottom), confirming the results obtained with antibodies
to D1 (Fig. 8A).

Finally, we analyzed the sites of cyclin D1 phosphory-
lation in Sf9 cells coexpressing untagged cyclin DI to-
gether with the different CDK4 mutants. Thr-286-con-
taining phosphopeptides A and B were recovered from
cyclin D1, whether it was coexpressed with wild-type
CDK4 (Fig. 8C, left) or with the two catalytically inac-
tive mutant forms (Fig. 8C, middle and right). We con-
clude that phosphorylation of Thr-286 in cyclin D1 is
increased when it assembles with CDK4, regardless of
whether CDK4 is catalytically active or not. Although
these results do not preclude the possibility that wild-
type CDK4 can phosphorylate cyclin D1 in such com-
plexes, the fact that phosphorylation proceeds as effi-
ciently in Sf9 cells coexpressing catalytically inactive

GENES & DEVELOPMENT 965


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cshlp.org on August 24, 2022 - Published by Cold Spring Harbor Laboratory Press

Diehl et al.

Vectors: / NDCDK4 / CDK4 / CDK4 [T1?2A]/ CDK&?{K35M] / N g §
wl€l5/8s/e /8585 ]s]

DI* —

—RB

[ 1]l2]3]a|s]|e]| 7 8] 9 ]10] 1]

| 1]2]3]a4a|
—D1*

C

D1 + CDK4 D1 + K4[T172A] D1 + K4[K35M]

Figure 8. Threonine-286 phosphorylation in Sf9 cells does not require CDK4 activity. (A} Sf9 cells infected with Flag-tagged D1 or
coinfected with Flag-tagged D1 plus either wild-type CDK4 (lanes 3-5), CDK4 (T172A] (lanes 6-8), or CDK4 (K35M) were labeled with
[*2Plorthophosphate for 2 hr. Cell lysates were precipitated with monoclonal antibody to cyclin D1 or with rabbit antiserum (Ry) to
CDK4 as indicated at the top, and immune complexes were separated electrophoretically on denaturing polyacrylamide gels and
transferred to an Immobilon-P membrane {autoradiographic exposure time 50 hr). The positions of Flag-D1 (D1*) and CDK4 (K4) are
indicated at left. {B) Flag-tagged D1-CDK4 complexes were isolated from the lysates described in A by immunoprecipitation with
monoclonal antibody to cyclin D1, and immune complexes were assayed for Rb protein kinase activity (top). Products were separated
electrophoretically on denaturing polyacrylamide gels and visualized by autoradiography {exposure time, 15 min). The same lysates
were precipitated with antiserum to CDK4 (R}, and coprecipitating Flag-tagged cyclin D1 was visualized by immunoblotting with the
monoclonal antibody to cyclin D1 and enhanced chemiluminescence (bottom). {C) Sf9 cells coinfected with baculovirus vectors
encoding {untagged) cyclin D1 and CDK4, cyclin D1 and CDK4 {T172A), or cyclin D1 and CDK4 (K35M) were labeled with [**P]or-
thophosphate for 2 hr. Cells were lysed in the presence of SDS, and immune complexes containing the labeled D1 protein were
separated electrophoretically on denaturing polyacrylamide gels and transferred to Immobilon-P membranes. Strips containing cyclin
D1 were directly digested with trypsin, and the resulting phosphopeptides were analyzed as described in Fig. 2. Autoradiographic
exposure times were 10 days.

of the slowly migrating phosphorylated species is highly
periodic and maximal near the G,/S transition (Mat-
sushime et al. 1991). Its accumulation temporally corre-
lates with the assembly of cyclin D1-CDK4 complexes
and with their concomitant activation in mid- to late G,
phase (Matsushime et al. 1994) and its disappearance

CDK4 subunits strongly argues that Thr-286 can be
phosphorylated by another enzyme.

Discussion

Cyclin D1 is phosphorylated at Thr-286

The synthesis of cyclin D1 and its assembly with CDK4
depend on mitogenic signaling. Growth factor with-
drawal precludes formation of new cyclin D1-CDK4
complexes, and the inherent instability of cyclin D1 en-
sures the rapid decay of preexisting holoenzyme activity
as cells exit the cycle. In proliferating mouse macro-
phages, two major phosphorylated forms of cyclin D1
that were detected previously were distinguished by
their electrophoretic mobilities on denaturing polyacryl-
amide gels. Cyclin D1 is synthesized throughout the
macrophage cell cycle as long as colony-stimulating fac-
tor-1 (CSF-1) stimulation continues, but the appearance
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with the loss of cyclin D1 immunostaining in nuclei and
accelerated D1 degradation as cells enter S phase (Baldin
et al. 1993; Lukas et al. 1994). These results are consis-
tent with the idea that phosphorylation of cyclin D1 de-
pends in some manner on CDK4 assembly and may in
turn regulate cyclin D1 turnover. Here, we present direct
evidence that phosphorylation of cyclin D1 on a single
threonine residue triggers D1 ubiquitination and its sub-
sequent degradation by the proteasome.

Cyclin D1 is phosphorylated in mammalian cells on
both threonine and serine residues. However, the two
major tryptic phosphopeptides (designated A and B) con-
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tained only phosphothreonine, implying that serine
phosphorylation occurs substoichiometrically at many
sites. When coexpressed with CDK4 in Sf9 cells, cyclin
D1 was again phosphorylated on peptides A and B. Two-
dimensional tryptic mapping of wild-type and mutant
D1 proteins recovered from Sf9 cells failed to demon-
strate phosphopeptides A and B in digests of a D1
(T286A) mutant, whereas a D1 (T286S) mutant yielded
variant peptides containing phosphoserine in lieu of
phosphothreonine. Therefore, Thr-286 is the major site
of cyclin D1 threonyl phosphorylation in vivo, and the
generation of two Thr-286-containing peptides must re-
flect incomplete tryptic digestion at a residue flanking
this site.

Thr-286 phosphorylation depends on, but does not
require, CDK4

Phosphorylation of cyclin D1 on Thr-286 in Sf9 cells
proceeded without CDK4 coexpression but was reduced
five- to eightfold in the absence of the catalytic subunit.
When cyclin D1 was coexpressed in Sf9 cells together
with either of two catalytically inactive CDK4 mutants,
its phosphorylation in complexes with CDK4 was in-
creased to a similar extent as that observed in complexes
with the wild-type catalytic subunits, and mapping of
the tryptic phosphopeptides indicated that spots A and B
again represented the major sites of D1 modification.
Mutant T172A and K35M CDK4 molecules were as-
sembled into complexes with cyclin D1 but lacked Rb
kinase activity. Therefore, although its assembly with
CDK4 facilitated phosphorylation of D1, another protein
kinase is able to carry out Thr-286 phosphorylation in
Sf9 cells. Modification of cyclin D-CDK4 complexes by
host cell mediated phosphorylation in $f9 cells is not
unprecedented. As exemplified above, activation of the
holoenzyme requires the phosphorylation of cyclin D-
bound CDK4 on Thr-172 by the host cell CAK (Kato et
al. 1994), a feature that is similarly required for activa-
tion of cyclin D-CDK4 in mammalian cells (Matsuoka
et al. 1994).

Wild-type D1 was also phosphorylated when its ex-
pression was enforced in quiescent mammalian fibro-
blasts under conditions in which assembly with CDK4
did not occur. Therefore, the increase observed previ-
ously in cyclin D1 phosphorylation as cells enter the
cycle and progress toward S phase may at least in part
reflect the propensity of an exogenous kinase to phos-
phorylate cyclin D1 more efficiently when it is com-
plexed to CDK4. Although our data fail to implicate
CDK4 in mediating cyclin D1 phosphorylation at Thr-
286, they do not formally exclude its participation in
growth factor-stimulated cells, particularly with regard
to phosphorylation of cyclin D1 on serine residues.

Given the periodicity of cyclin D1 hyperphosphoryla-
tion near the G,/S transition (Matsushime et al. 1991,
1994), we considered the conceptually attractive possi-
bility that cyclin D1-CDK4 complexes might be phos-
phorylated by cyclin E-CDK2, thereby helping to limit
cyclin D-dependent kinase activity as cyclin E synthesis

Regulation of cyclin D1 degradation

becomes maximal. However, coexpression of cyclin D1
or of catalytically inactive cyclin D1-CDK4 complexes,
together with enzymatically active cyclin E-CDK2 com-
plexes in insect Sf9 cells, provided no evidence that cy-
clin D1 was an E-CDK2 substrate. Nor did coexpression
of the CDK inhibitor p27%'P}, together with cyclin D1-
CDK4 in this system, block incorporation of **P into
cyclin D1, which we confirmed was still phosphorylated
on the Thr-286-containing peptides A and B (data not
shown). Although it is flanked by a carboxy-terminal
prolyl residue, Thr-286 in cyclin D1 is not a canonical
CDK phosphorylation site; the analogous sites in cyclins
D2 and D3 are similar in context and position and also
lack the basic residues that usually accompany CDK rec-
ognition sequences {T/S-P-X-K/R). The ability of cyclin
D1 to be phosphorylated in quiescent fibroblasts under
conditions where p27%"®! levels are elevated and cyclin
E-CDK2 complexes are inactive also argues against cy-
clin E-CDK2 involvement, at least in this setting.

Cyclin D1 (T286A) is stable whether complexed to
CDK4 or not

Following its induction in proliferating mammalian fi-
broblasts, the half-life of the D1 (T286A) mutant was
prolonged significantly (~3.5 hr} as compared with that of
wild-type cyclin D1 (~30 min). Because the Flag-tagged
and wild-type D1 proteins could be electrophoretically
resolved from one another, we could readily confirm that
the endogenous wild-type and ectopically expressed mu-
tant proteins, while cosynthesized in the same cells at
the same rates, underwent degradation with markedly
different kinetics. Neither the addition of an amino-ter-
minal Flag tag nor mutation of Thr-286 to alanine or
serine affected the ability of cyclin D1 to assemble into
catalytically active complexes with CDK4 in insect Sf9
or in mouse NIH-3T3 cells. Immunofluorescence stain-
ing revealed that like wild-type D1 (Baldin et al. 1993),
the D1 (T286A) mutant localized to nuclei (data not
shown).

In the case of cyclin E where autophosphorylation on
Thr-380 by CDK2 triggers its turnover, the role of phos-
phorylation could be to untether the cyclin from CDK2,
thereby facilitating its subsequent ubiquitination (Clur-
man et al. 1996, Won and Reed 1996). For several rea-
sons, such a mechanism is unlikely to account for the
effect of the T286A mutation on cyclin D1 turnover. In
proliferating mouse macrophages, no significant differ-
ences were noted previously in the rates of turnover of
the total D1 pool (t¥% = 20-30 min) versus the fraction
that was bound to CDK4 {Matsushime et al. 1992). In
another independent study, the calculated half-lives of
the free and CDK-bound cyclin D1 species in human
cells were 12 and 27 min, respectively, suggesting that
CDK binding might protect cyclin D1 from being de-
graded (Bates et al. 1994}, but not nearly to the extent
observed with the cyclin D1 (T286A) mutant (t¥2 = 3.5
hr). Neither is prior assembly with CDK4 required for
rapid cyclin D1 turnover. Although cyclin D1 is not nor-
mally synthesized in growth factor-deprived cells, the

GENES & DEVELOPMENT 967


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on August 24, 2022 - Published by Cold Spring Harbor Laboratory Press

Diehl et al.

machinery governing cyclin D1 turnover remains func-
tionally intact. When cyclin D1 was ectopically ex-
pressed in quiescent mammalian fibroblasts under con-
ditions where assembly with CDK4 is precluded, un-
complexed wild-type D1 subunits were phosphorylated
(see above) and unstable. Conversely, CDK4 was not re-
quired to stabilize mutant D1 (T286A) subunits, which
turned over much more slowly when induced in quies-
cent cells.

Thr-286 phosphorylation affects cyclin
D1 ubiquitination

Treatment of mouse fibroblasts with the proteasome in-
hibitor LLnL, but not a control peptide aldehyde LLM,
resulted in the accumulation of phosphorylated, high
molecular weight forms of cyclin D1, implying that
these forms represent intermediates in the cyclin DI
degradation pathway. Therefore, we explored the possi-
bility that cyclin D1 was ubiquitinated and that this
modification depended on the integrity of Thr-286.
When NIH-3T3 cells engineered to overexpress cyclin
D1 were transfected with a plasmid encoding HA-ubig-
uitin and then treated with LLnL, high molecular weight
polyubiquitinated proteins were detected in anti-D1, but
not control, immunoprecipitates. Similarly, when Flag-
D1 was precipitated from LLnL-treated cells with a
monoclonal antibody directed to the amino-terminal tag,
polyubiquitinated proteins were again detected using an-
tibodies to ubiquitin itself. Under the same conditions,
immunoprecipitates containing D1 {T286A) were devoid
of polyubiquitinated species. The simplest interpreta-
tion, then, is that phosphorylation of cyclin D1 at Thr-
286 triggers its ubiquitination and subsequent degrada-
tion.

However, when LLnL-treated cells expressing HA-
ubiquitin were immunoprecipitated with anti-HA and
then blotted with antibodies to cyclin D1, no high mo-
lecular weight D1 complexes were detected. Although
technical limitations could well have accounted for the
negative results (see Results pertaining to Fig. 1), this
leaves open the possibility that a protein coprecipitating
with cyclin D1, rather than D1 itself, undergoes poly-
ubiquitination in LLnL-treated cells and that its associa-
tion with D1 depends on the integrity or phosphoryla-
tion state of Thr-286. CDK4 was not suspect, as it readily
formed complexes with D1 {T286A), but other candidate
substrates for ubiquitination could include CDK inhibi-
tors or proliferating cell nuclear antigen (PCNA), which
can coprecipitate with cyclin D1-CDK4 complexes
(Xiong et al. 1992; Zhang et al. 1993; Pagano et al. 1995),
or other putative adaptor proteins that might potentially
target phosphorylated cyclin D1 to the proteasome (Bai
et al. 1996).

We therefore reconstituted an in vitro system in an
attempt to demonstrate that cyclin D1 could be ubiqui-
tinated. Sf9 extracts containing phosphorylated cyclin
D1 and CDK4 were combined with extracts containing
HA-ubiquitin and incubated in the presence of ATP, af-
ter which immunoprecipitates prepared with antibodies
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to the HA epitope or to cyclin D1 were separated on gels
and blotted with the reciprocal antibody. In these reac-
tions, cyclin D1 precipitates were again found to contain
polyubiquitinated proteins, but here, anti-HA precipi-
tates were also demonstrated to contain high molecular
weight forms of cyclin D1. Moreover, if the in vitro re-
action mixtures were boiled in SDS prior to immunopre-
cipitation with anti-D1, the resulting precipitates still
contained HA-reactive material, indicating that ubiqui-
tin was covalently linked to D1 itself. Importantly,
polyubiquitination was not detected when D1 (T286A)
was substituted for wild-type D1 in these reactions. Al-
though these results do not formally exclude the partici-
pation of other coprecipitating proteins as targets of the
ubiquitinating reaction, they argue that cyclin D1 can
itself undergo polyubiquitination in a manner dependent
on the integrity of Thr-286. Based on results using LLnL,
we presume that phosphorylation and subsequent ubig-
uitination are preludes to proteasomal degradation.

Comparative features of cyclin D1 and cyclin
E turnover

With only negative evidence that CDK4 contributes to
cyclin D1 stability or degradation, we favor the concept
that the Thr-286 phosphorylated form of D1 is targeted
more readily by E2/E3 complexes than the unphosphory-
lated species, regardiess of whether D1 is free or bound to
CDK4. Although it is entirely possible that substitution
of amino acids other than alanine for Thr-286 might not
inhibit cyclin D1 turnover as significantly, indirect evi-
dence that cyclin D1 can be phosphorylated by an as yet
uncharacterized kinase at this site and that this phos-
phorylation is physiologically meaningful raise the ques-
tion of how the latter enzyme is itself controlled. In prin-
ciple, the cyclin D protein kinase {or DPK) might itself
be regulated by growth factors, suggesting yet another
mechanism by which extracellular signals might regu-
late cyclin D-dependent kinases. Cyclin E turnover via
ubiquitin-dependent proteolysis is regulated through its
phosphorylation on Thr-380, but this reaction is cata-
lyzed by its catalytic partner CDK2. The fact that cyclin
E catalyzes its own destruction, whereas cyclin D1 does
not further underscores the distinctions between growth
factor-regulated (D-type) and cell cycle-regulated (E-type)
mammalian G, cyclins.

Materials and methods
Cell lines, culture conditions, and transfection

NIH-3T3 cells and their derivatives were grown in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fe-
tal calf serum (FCS), glutamine, and antibiotics (GIBCO). Insect
Sf9 cells were maintained in Grace’s medium containing 5%
heat-inactivated FCS {(Summers and Smith 1987). NIH-3T3 cell
derivatives (3T3-D1 cells} engineered to overexpress mouse cy-
clin D1 were established previously, and their properties were
described in detail (Quelle et al. 1993). Additional cell lines
engineered to express zinc-inducible, Flag-tagged cyclin D1 or
D1 missense mutants at codon 286 were generated by transfec-
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tion using the calcium phosphate technique (Chen and
Okayama 1987) with expression plasmids (see below) contain-
ing cyclin D1 ¢cDNA under the control of the sheep metallo-
thionein promoter (Inaba et al. 1996). Transfected cell lines
were selected for 2 weeks in 800 pg/ml of G418 (Sigma Chemi-
cals, St. Louis, MO} and subsequently maintained in complete
culture medium containing 400 pg/ml of the drug. Expression
of Flag-tagged cyclin D1 proteins was induced by addition of 80
M ZnSO, to the medium for the times indicated in the text and
in the legends to Figures 4, 5, and 6. The peptide aldehydes LLnL
and LLM (Sigma Chemicals, St Louis, MO) were solubilized at
a final concentration of 20 mm in DMSO. Cells were treated
with aldehydes diluted to 50-200 pm or with DMSO solvent
alone as indicated in the legends to Figures 1 and 6 and were
lysed prior to protein analysis {see below) in the presence of 5
mM N-ethylmaleimide (NEM] (Sigma Chemicals] to inhibit
ubiquitin hydrolases.

Construction of cyclin D1 mutants and expression vectors

Cyclin D1 T286A and T286S mutants were each generated by
two-step PCR as described previously (Kato et al. 1994) with the
following oligonucleotide primers: 5'-GAATTCGGCCGCGC-
CATGGAACACCAGCTCCTG [an “upstream’” primer repre-
senting cyclin D1 sense-strand sequences flanked by a 5'-EcoRI
site {underlined) and containing the D1 initiator codon (also
underlined); 5'-GGATCCTCAGATGTCCACATCTCG [a
“’downstream” primer inversely complementary to 3’ cyclin D1
sequences flanked by a 5'-BamHI site (underlined) and the ad-
jacent D1 stop codon (TGA in sense strand; TCA in antisense
also underlined)]; 5'-GGTCTGGCCTGCGCGCCCACCGAC
(T286A, sense strand, codon 286 underlined); 5-GTCG-
GTGGGCGCGCAGGCCAGACC (T286A, antisense strand);
5-GGTCTGGCCTGCTCGCCCACCGAC  (T286S, sense
strand, codon 286 underlined); and 5'-GTCGGTGGGCGAG-
CAGGCCAGACC (T2868, antisense strand). The template was
cyclin D1 cloned into pBluescript {Matsushime et al. 1991).
PCR was first performed with either the upstream primer and
an antisense oligonucleotide containing mutated codon Thi-
286 or the downstream primer and the sense oligonucleotide
containing mutated codon Thr-286. The two PCR products pu-
rified from gels were mixed and joined by amplification using
the upstream and downstream primers. The final PCR products
were cloned into PCR 2.1 (TA cloning vector; Invitrogen, San
Diego, CA) and resequenced in their entirety. Cyclin D1 ¢cDNA
clones containing the programmed codon Thr-286 mutations
and lacking adventitious base changes were selected for further
analysis.

Mutated and wild-type cyclin D1 ¢cDNAs were inserted into a
mammalian expression vector (pFLEX1] and transiently ex-
pressed in mammalian cells under the control of an artificial
promoter composed of SV40 early promoter sequences fused to
the R-U5 sequences of the human T cell lymphotropic virus
long terminal repeat (Bram and Crabtree 1994). The polylinker
cloning site 3’ of the pFLEX1 promoter is flanked by a 5’ initia-
tor codon followed by sequences encoding the Flag epitope
(Met-Asp-Tyr-Lys—Asp,~Lys). Full-length cyclin D1 ¢cDNAs
and 3’ flanking plasmid sequences were excised with EcoRI
from PCR 2.1 and inserted into the EcoRI cloning site of
pFLEX]1, thereby creating the Flag epitope fusion to cyclin DI1.
Following documentation of Flag-tagged D1 expression after
transient transfection of pFLEX1 derivatives into NIH-3T3
cells, the Flag-D1 coding sequences were excised from pFLEX1
with BamHI and inserted into the BamHI cloning site of pMT-
CB6+, a mammalian expression vector containing the zinc-in-
ducible sheep metallothionein promoter (Inaba et al. 1996). For
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expression of Flag-tagged cyclin D1 constructs in Sf9 cells, the
BamHI fragment used above was inserted into the baculoviral
vector pVL1393 {PharMingen, San Diego, CA). The HA-ubiqui-
tin plasmid was obtained from Bruce Clurman (Fred Hutchin-
son Cancer Center, Seattle, WA) with permission from L.
Staszewski and D. Bohman (Treier et al. 1994). cDNA sequences
encoding HA-tagged ubiquitin were excised from the parental
plasmid with Notl and EcoRI and inserted into pVL1392. Pro-
cedures for manipulation of baculoviruses were described pre-
viously (Matsushime et al. 1992; Kato et al. 1993) and were
based on detailed experimental protocols of others (Summers
and Smith 1987).

Immunoprecipitation, immunoblotting, and kinase assays

For all assays except Rb protein kinase assays, cells were lysed
in buffer containing 50 mm Tris-HCl (pH 7.5), 150 mm NaCl,
1% NP-40, 1% deoxycholate, 0.1% SDS, 1 mm PMSF, 20 U/ml
of aprotinin, 5 mg/ml of leupeptin, ] mM DTT, 0.4 mm NaF, 0.4
mm NaVO,, and 5 mm NEM. For preparation of immune com-
plexes that support Rb kinase activity, cells were lysed in buffer
containing 50 mm HEPES (pH 8.0}, 150 mm NaCl, 2.5 mm
EGTA, 1 mMm EDTA, 0.1% Tween 20, and protease and phos-
phatase inhibitors as described above (Matsushime et al. 1994).
Lysates were cleared by centrifugation, and protein concentra-
tions were determined with a commercial assay (Bio-Rad, Her-
cules, CA). Cyclin D1 or the Flag-tagged D1 derivatives were
immunoprecipitated with either a mouse monoclonal antibody
(D1-72-13G) directed to cyclin D1 (Vallance et al. 1993} or with
the M2 mouse monoclonal antibody that specifically recognizes
the Flag epitope tag (Kodak, New Haven, CT). Immune com-
plexes were purified using Gamma-bind Sepharose (Pharmacia,
Uppsala, Sweden). Samples were normalized for protein concen-
tration prior to immune precipitation for all determinations,
including Rb protein kinase assays, immunoprecipitation, im-
munoblotting, and tryptic peptide mapping.

For immunoblotting analyses, proteins were separated by
electrophoresis in polyacrylamide gels containing SDS and then
transferred to nitrocellulose (Millipore, Bedford, MA) and blot-
ted (Downing et al. 1988) with the indicated primary antibodies.
Antibodies to ubiquitin were commercially obtained (Zymed,
San Francisco, CA), and those to the HA epitope were affinity
purified and generously provided by Dr. Albert Reynolds
(Vanderbilt University, Nashville, TN). Reactive products were
visualized using protein A-conjugated horseradish peroxidase
(EY Laboratories, San Mateo, CA) followed by chemilumines-
cent detection (ECL detection kit; Amersham, Arlington
Heights, IL). In some experiments, filters were “stripped” ac-
cording to the manufacturer’s instructions and reprobed with
other antibodies using the same procedure.

Rb protein kinase assays were performed as described previ-
ously (Matsushime et al. 1994). In brief, 800 ng of bacterially
expressed glutathione S-transferase-Rb {GST-Rb) (Ewen et al.
1993) in 20 pl of kinase buffer (50 mm HEPES at pH 7.5, 10 mm
MgCl,, 1 mm DTT, 1 mm EGTA, 0.4 mm NavO,, 0.4 mm NaF,
and 20 pm unlabeled ATP) was mixed with immune complexes
containing Flag-tagged D1 proteins or included 2 pl of Sf9 ly-
sates (corresponding to ~5 x 10* cell equivalents) from cells in-
fected with the indicated cyclins and CDKs. Kinase reactions
were initiated by the addition of 10 uCi of [y-*?PJATP {6000
Ci/mmole; NEN, Boston, MA| and were incubated at 30°C for
15-25 min {with linear incorporation kinetics) depending on the
source of enzyme. Labeled products were denatured in SDS
sample buffer and separated on denaturing polyacrylamide gels
prior to autoradiography.
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Metabolic labeling and measurements of protein turnover

3T3-D1 cells or Sf9 cells infected with the indicated baculovi-
ruses were washed twice with phosphate-free media followed by
a 1-hr preincubation with phosphate-free medium containing
10% dialyzed FCS (3T3-D1] or 5% dialyzed FCS (S9). 3T3-D1
and Sf9 cells were then labeled for 2 hr in the same medium
with 1 mCi/ml of carrier-free [**PJorthophosphate (ICN; Costa
Mesa, CA).

Following ZnSO, treatment of proliferating or quiescent cells
expressing wild-type or mutant Flag-tagged D1 for the periods of
time indicated in the legend to Figure 5, cells were washed
twice with methionine-free medium and preincubated for 30
min with methionine-free medium containing 10% dialyzed
FCS and 80 um ZnSO,. Cells were labeled for 30 min in the
same medium with 200 pCi/ml of Tran**S (NEN Corp.},
washed extensively with PBS, and refed with DMEM containing
10% ECS, 80 pm ZnSO,, and 2 mm unlabeled methionine. At
various times after termination of labeling, equal aliquots of
cells were lysed, and labeled cyclin D1 was recovered by immu-
noprecipitation, separated on denaturing gels, and detected by
autoradiography.

Two-dimensional mapping of phosphate-labeled
tryptic peptides

Phosphate-labeled cyclin D1 was isolated by immunoprecipita-
tion followed by electrophoretic separation on denaturing gels
and transfer to Immobilon-P membranes (Millipore). After vi-
sualization of cyclin D1 by autoradiography, pieces of filters
containing cyclin D1 were excised and subjected to trypsin di-
gestion (Rettenmier et al. 1985; Boyle et al. 1991). Phosphory-
lated, soluble cyclin D1 tryptic peptides were analyzed by elec-
trophoresis in pH 1.9 buffer in the first dimension and ascending
chromatography in the second dimension as described (Kato et
al. 1994). Thin-layer chromatography plates were subjected to
autoradiography or Phosphorlmaging (Molecular Dynamics
425F, Sunnyvale, CA) as indicated in the legends to Figures 2, 3,
and 8. For phosphoamino acid analysis, phosphorylated tryptic
peptides were eluted in pH 1.9 buffer, lyophilized, and hydro-
lyzed in 6 M HCI for 1 hr at 100°C (Rettenmier et al. 1985).
Phosphoamino acids were separated by two-dimensional elec-
trophoresis (Rettenmier et al. 1985; Boyle et al. 1991) using an
HTLE-7000 apparatus (CBS Scientific, Del Mar, CA); mixed in-
ternal standards were visualized with ninhydrin spray and 32P-
labeled amino acids by Phosphorlmaging.

In vitro ubiquitination assay

S£9 cells infected with baculovirus encoding HA-tagged ubiqui-
tin or coinfected with baculoviruses encoding CDK4 and the
indicated cyclin D1 proteins were lysed in kinase buffer lacking
ATP. Sf9 lysates (10 pl, corresponding to 4 x 10* cell equiva-
lents) containing equal amounts of either wild-type or mutant
D1 proteins as determined by immunoblotting were mixed on
ice with separately prepared Sf9 lysates {20 pl, corresponding to
2 x 10° cell equivalents) from cells infected with baculovirus
encoding HA-ubiquitin. The mixtures were adjusted to 40 ul in
ubiquitination buffer (to final concentrations of 50 mM Tris-
HCI (pH 8.0}, 5 mm MgCl,, 5 mm CaCl,, 2 mm DTT, and 5 mm
NEM], and reactions were initiated by the addition of 1 ul of 100
mMm ATP followed by incubation at 37°C for the indicated peri-
ods of time. Reactions were terminated by dilution into 0.5 ml
of ice-cold RIPA buffer containing 0.1% SDS, protease inhibi-
tors, and 5 mm NEM. In some experiments, SDS was added
directly to the reaction mixtures to a final concentration of
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0.5%, which were boiled for 1 min before dilution into 0.5 ml of
ice-cold RIPA buffer lacking SDS. Cyclin D1 was recovered by
precipitation with monoclonal antibody, separated on denatur-
ing gels, and blotted with anti-HA. Alternatively, ubiquitinated
proteins were recovered with antibody to HA, separated on gels,
and blotted with antibody to DI.
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Inhibition of cyclin D1 phosphorylation on threonine-286 prevents its
rapid degradation via the ubiquitin-proteasome pathway.
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