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The product (pRb) of the retinoblastoma gene (RB-1) prevents S-phase entry during the cell cycle, and 
inactivation of this growth-suppressive function is presumed to result from pRb hyperphosphorylation during 
late G1 phase. Complexes of the cyclin-dependent kinase, cdk4, and each of three different D-type cyclins, 
assembled in insect Sf9 cells, phosphorylated a pRb fusion protein in vitro at sites identical to those 
phosphorylated in human T cells. Only D-type cyclins activated cdk4 enzyme activity, whereas cyclins A, B1, 
and E did not. When Sf9 cells were coinfected with baculovirus vectors encoding human pRb and murine 
D-type cyclins, cyclins D2 and D3, but not D1, bound pRb with high stoichiometry in intact cells. 
Introduction of a vector encoding cdk4, together with those expressing pRb and D-type cyclins, induced pRb 
hyperphosphorylation and dissociation of cyclins D2 and D3, whereas expression of a kinase-defective cdk4 
mutant in lieu of the wild-type catalytic subunit yielded ternary complexes. The transcription factor E2F-1 
also bound to pRb in insect cells, and coexpression of cyclin D-cdk4 complexes, but neither subunit alone, 
triggered pRb phosphorylation and prevented its interaction with E2F-1. The D-type cyclins may play dual 
roles as cdk4 regulatory subunits and as adaptor proteins that physically target active enzyme complexes to 
particular substrates. 
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The functional inactivation of the retinoblastoma gene 
(RB-11 in many human cancers suggests that it operates 
ubiquitously as a tumor suppressor (Weinberg 1991). 
DNA tumor virus oncoproteins, including SV40 T anti- 
gen (T), adenovirus E1A, and human papillomavirus E7, 
abrogate retinoblastoma gene product (pRb)-induced 
growth suppression by binding selectively to its unphos- 
phorylated and underphosphorylated forms, which are 
manifested during the G 1 interval of the cell cycle (De- 
Caprio et al. 1988, 1989; Whyte et al. 1988, 1989; Buch- 
kovich et al. 1989; Chen et al. 1989; Dyson et al. 1989; 
Mihara et al. 1989; Ludlow et al. 1990, 1992). Hyperphos- 
phorylation of pRb in late G~ is presumed to be required 
for cells to enter S-phase, and such forms accumulate 
and persist until the cells exit mitosis. Although pRb 
localizes to the nucleus throughout interphase, hyper- 
phosphorylated forms of the protein can be extracted 
more readily, suggesting that they are less tightly teth- 
ered to other nuclear proteins (Mittnacht and Weinberg 
1991). 

4Corresponding author. 

Some of the pRb protein expressed during G1 is found 
in association with a known transcription factor, E2F 
(Bagchi et al. 1991; Bandara and La Thangue 1991; Chel- 
lappan et al. 1991; Chittenden et al. 1991). The complex 
can bind to DNA and appears to actively repress tran- 
scription of certain genes containing E2F-binding sites 
[Hamel et al. 1992b; Hiebert et al. 1992; Weintraub et al. 
1992). Like T antigen and E1A, E2F selectively associates 
with hypophosphorylated forms of pRb (Chellappan et 
al. 1991; Helin et al. 1992; Kaelin et al. 1992), implying 
that pRb hyperphosphorylation can prevent E2F-pRb in- 
teractions, thereby releasing E2F from an inhibitory con- 
straint and enabling it to promote transcription from a 
subset of cellular genes, at least some of which are ex- 
pressed during S-phase (Blake and Azizkhan 1989; Hie- 
bert et al. 1989, 1991; Mudryj et al. 1990}. 

Mapped sites of pRb phosphorylation in vivo corre- 
spond to those recognized by cyclin-dependent kinases 
(cdks) (Lees et al. 1991; Lin et al. 19911, so that cdks 
associated with one or more of the mammalian G 1 cy- 
clins, including cyclins C, D1, D2, D3, and E (Koff et al. 
1991; Lew et al. 1991; Matsushime et al. 1991b; Mo- 
tokura et al. 1991; Xiong et al. 1991), are the most likely 

GENES & DEVELOPMENT 7:331-342 �9 1993 by Cold Spring Harbor Laboratory Press ISSN 0890-9369/93 $5.00 331 

 Cold Spring Harbor Laboratory Press on May 6, 2024 - Published by genesdev.cshlp.orgDownloaded from 

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


Kato et al. 

to represent the physiologic pRb kinase(s). In RB-nega- 
tive human Saos-2 osteosarcoma cells, cotransfection of 
RB-1 expression plasmids, together with genes encoding 
cyclins A, E, D2, or D3 (but not B, D1, or C), induces pRb 
hyperphosphorylation, prevents its interaction with E2F, 
and allows the cells to enter S-phase (Hinds et al. 1992; 
M.E. Ewen, H.K. Sluss, C.J. Sherr, D.M. Livingston, and 
H. Matsushime, in prep.). Because cyclin A is degraded 
near the G2/M transition and is not re-expressed until 
cells enter S-phase (Minshull et al. 1990; Pines and 
Hunter 1990, 1991), it is unlikely that cyclin A-associ- 
ated kinase(s) would normally function to hyperphos- 
phorylate pRb during the G1 interval. Cyclin A-contain- 
ing immunoprecipitates contain a pRb kinase (Hu et al. 
1992), but cyclin A does not bind to pRb (Ewen et al. 
1992; Faha et al. 1992). The D- and E-type cyclins are 
more reasonable candidates for regulating this function, 
being expressed during the interval when pRb phospho- 
rylation first occurs (Koff et al. 1991, 1992; Lew et al. 
1991; Matsushime et al. 1991a, b; Dulic et al. 1992). 

Unlike cyclins A and E, an unusual feature of cyclins 
D2 and D3 is their ability to bind directly to pRb in vitro 
(Matsushime et al. 1992; M.E. Ewen, H.K. Sluss, C.J. 
Sherr, D.M. Livingston, and H. Matsushime, in prep.). 
Cyclin D1, which binds less well than cyclins D2 or D3 
to pRb in vitro (M.E. Ewen, H.K. Sluss, C.J. Sherr, D.M. 
Livingston, and H. Matsushime, in prep.), does not trig- 
ger pRb hyperphosphorylation in Saos-2 cells but para- 
doxically induces some S-phase entry (Hinds et al. 1992). 
The associations between cyclins D2 or D3 and pRb re- 
quire pRb subdomains that include both the functional 
T/E1A/E7-binding pocket and additional carboxy-termi- 
nal sequences, as well as an amino-terminal Leu-X-Cys- 
X-Glu motif found both in the D type cyclins and pRb- 
binding oncoproteins. Importantly, the same regions of 
pRb are required for its interaction with E2F (Hiebert et 
al. 1992; Qian et al. 1992) and for Gl-specific growth- 
suppressive activity in vivo (Goodrich et al. 1991; Qin et 
al. 1992; M.E. Ewen, H.K. Sluss, C.J. Sherr, D.M. Living- 
ston, and H. Matsushime, in prep.). However, attempts 
to identify complexes between pRb and the D-type cy- 
clins in intact cells have been unsuccessful so far. Here, 
we show that stable complexes between pRb and cyclin 
D2 or D3, but not D 1, formed in insect Spodoptera fru- 
giperda (sfg) cells, are disrupted after pRb hyperphospho- 
rylation by cdk4, a recently ~identified cyclin D-depen- 
dent kinase (Matsushime et al. 1992). The physical in- 
teraction of D-type cyclins with pRb may therefore help 
to direct cdks to this substrate, resulting in pRb phos- 
phorylation at multiple sites and the subsequent desta- 
bilization of the multimeric complexes. 

R e s u l t s  

Cyclins D1, D2, and D3 activate cdk4 protein kinase 
activity in vitro 

Lysates of insect Sf9 cells coinfected with baculovirus 
vectors encoding D-type cyclins and cdk4, but not those 
containing the regulatory or catalytic subunits alone, ex- 

hibited a protein kinase activity that phosphorylated a 
glutathione S-transferase (GST)-pRb fusion protein in 
vitro (Fig. 1A). Complexes of cdk4 with each of the three 
D-type cyclins were equally active (lanes 4,6,8), and pro- 
teolytic removal of the GST fragment confirmed that 
only the pRb moiety underwent phosphorylation (85% 
P-Ser, 15% P-Thr) (Matsushime et al. 1992). Removal of 
D-type cyclins, together with bound cdk4 catalytic sub- 
units from the insect cell lysates by immunoprecipita- 
tion with specific antisera to cyclin D1 or D3, reduced 
GST-pRb kinase activity to background levels (Fig. 1B). 
An antiserum directed to cdk4 itself was equally effec- 
tive. Therefore, cdk4/cyclin D complexes did not acti- 
vate an endogenous pRb kinase in Sf9 cells but phospho- 
rylated pRb directly. 

More cyclins than cdk4 were produced in Sf9 cells 
coinfected with both classes of vectors (see Fig. 4 below). 
When such cells were metabolically labeled and the ly- 
sates were precipitated with antiserum to cdk4, equiva- 
lent quantities of D-type cyclins and cdk4 were recov- 
ered, implying that their molar ratio in the complexes 
was 1 : 1. In the reactions shown in Figure 1A, the ratio 
of the active enzyme complex to pRb substrate was 1 : 5 
to 1:10,  so that net pRb phosphorylation occurred 
within the first 5 min after the addition of ATP. When 
enzyme concentrations were lowered 200- to 600-fold, 
measurement of the relative kinetics of pRb phosphory- 
lation indicated that complexes containing cdk4 and ei- 
ther of the D-type cyclins phosphorylated GST-pRb in 
vitro at indistinguishable rates. The cyclins themselves 
were not phosphorylated by cdk4 in these reactions. 

Cyclin D/cdk4 complexes phosphorylate pRb 
at physiologically relevant sites 

The GST-pRb substrate used in the above experiments 
contained pRb residues 379-928, which are sufficient for 
its growth-suppressive activity in vivo (Goodrich et al. 
1991; Qin et al. 1992). Carboxy-terminal deletion of res- 
idues 793-928 removes sites of potential cdk phospho- 
rylation encoded by RB-1 exon 23 and results in a protein 
that is refractory to hyperphosphorylation (Hamel et al. 
1992a, b), unable to bind E2F (Hiebert et al. 1992; Qian et 
al. 1992) or D-type cyclins (Matsushime et al. 1992; M.E. 
Ewen, H.K. Sluss, C.J. Sherr, D.M. Livingston, and H. 
Matsushime, in prep.), and nonfunctional in vivo (Good- 
rich et al. 1991; Qin et al. 1992), but that retains the 
ability to bind T antigen and E1A (Hu et al. 1990; Huang 
et al. 1990; Kaelin et al. 1990). As shown in Figure 1C 
(lanes 2--4), a GST-pRb fusion protein lacking these car- 
boxy-terminal residues was also very poorly phosphory- 
lated by cdk4/cyclin D complexes in vitro. Serines 807 
and 811 within the carboxy-terminal domain are known 
sites of pRb phosphorylation in human cells (Lees et al. 
1991). Point mutations of homologous sites in murine 
pRb do not prevent its hyperphosphorylation in vivo but 
inhibit the attendant shift in pRb electrophoretic mobil- 
ity that is otherwise observed (Hamel et al. 1992a). In 
agreement, phosphorylation by cdk4/cyclin D com- 
plexes led to retarded migration of a significant fraction 
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Figure 1. pRb kinase activity of cdk4-cyclin D complexes. (A) 
Lysates of insect Sf9 cells coinfected with wild-type baculovirus 
(control) or vectors encoding the indicated D-type cyclins and/ 
or cdk4 were incubated with a bacterial GST-pRb fusion pro- 
tein for 30 min at 30~ in kinase buffer containing [~/-32P]ATP. 
The GST-pRb protein, recovered on glutathione-Sepharose 
beads, was eluted and separated on denaturing polyacrylamide 
gels (autoradiographic exposure time, 45 min). (B) Lysates of Sf9 
cells coinfected with baculoviruses encoding cdk4 and D-type 
cyclins (indicated below) were precleared using antisera to the 
indicated proteins (top) before performing kinase assays as in A 
(autoradiographic exposure time, 1 hr). Antisera to cyclins D1 
and D3 do not cross-react. (C) Kinase reactions were performed 
as above, using the same GST-pRb fusion protein (residues 379- 
928) as in A (lane 1), a GST-pRb carboxy-terminal truncation 
mutant (residues 373-792) (lanes 2-4), or the indicated point 
mutants containing alanine instead of Ser-807 (lanes 5-7) or 
both Ser-807 and Ser-811 (lanes 8-10). The sources of enzyme 
were cdk4 plus cyclin D1 (lanes 2,5,8), cdk4 plus cyclin D2 
(lanes 3,6,9), and cdk4 plus cyclin D3 (lanes 1,4,7,10). The ex- 
posure time was 15 rain. 

of the longer GST-pRb (379-928) fusion protein on de- 
naturing gels (Fig. 1C, lane 1; also see Fig. 5A below). 

However, pRb mutants containing alanine substitutions 
at Ser-807 alone, or at Ser-807 plus Ser-811, did not man- 
ifest characteristic mobility shifts in spite of being hy- 
perphosphorylated (lanes 5-10). Thus, cdk4/cyclin D 
complexes appeared to phosphorylate pRb at a known 
cdk consensus site (Ser-807) and presumably at others 
(Fig. 1C, lanes 5-10). 

Identical tryptic phosphopeptide maps were obtained 
from GST-pRb proteins phosphorylated in vitro by com- 
plexes of cdk4 with cyclin D1, D2, or D3 (Fig. 2A shows 
a representative map). Mixing of pRb tryptic digests from 
each enzyme reaction shown in Figure 1A reinforced this 
conclusion (data not shown). Four major phosphopep- 
tides (Fig. 2A, spots A-D) and many minor ones (spots E, 
X, Y, and Z and other undesignated peptides) were com- 
mon to each map. To determine whether the mul t ip le  
phosphopeptides were reminiscent of those phosphory- 
lated in mammalian cells, pRb was immunoprecipitated 
from a [3~P]orthophosphate-labeled human T-cell leuke- 
mia line, Molt-4, and the pRb tryptic phosphopeptides 
were compared with those from GST-pRb products 
phosphorylated by cyclin D/cdk4 complexes in vitro. 
The pRb peptides phosphorylated in vivo (Fig. 2B) re- 
vealed each spot (including undesignated ones) detected 
in the in vitro product (Fig. 2A), and mixing experiments 
again confirmed their identity (data not shown). The 
only differences concerned the relative intensity of the 
spots. Spot E was more prominent in the map of the in 
vivo product, whereas spots B and C were less so (Fig. 
2A, B). No additional phosphopeptides were detected in 
the map of intact pRb versus that of the GST-pRb fusion 
protein, suggesting that major phosphorylation sites 
were confined to pRb residues 379-928. 

When GST-pRb proteins lacking Set-807 were phos- 
phorylated by cyclin D/cdk4 complexes in vitro and sub- 
jected to similar analyses, spots designated A and Y were 
no longer visualized (Fig. 2C). Additionally, spot X was 
lost from the map of the double mutant  (data not shown). 
Because poorer peptide separation was obtained in the 
experiment shown in Figure 2C, the spots are more 
closely clustered, and spots D and E overlap. Mixing ex- 
periments confirmed the identity of the designated spots 
with those shown in Figure 2A. It is not surprising that 
Ser-807 was contained within two peptides, because the 
flanking basic residues are not equally susceptible to 
trypsin cleavage (Lees et al. 1991). Therefore, (1) cyclin 
D/cdk4 complexes phosphorylate pRb at multiple sites, 
identical to those detected in vivo; (2) based on muta- 
tional analysis, one of these sites appears to be Set-807, 
whereas less phosphorylation was detected at Ser-811; 
and (3) the major phosphorylation sites were contained 
within the GST-pRb fusion protein lacking residues 
1-378. 

Specificities of cyclin interactions with p34 cak4 
and p34 r 

Infection of Sf9 cells with viruses encoding D-type cy- 
clins alone did not yield pRb kinase activity (Fig. 1A), 
suggesting that they could not activate endogenous in- 

GENES & DEVELOPMENT 333 

 Cold Spring Harbor Laboratory Press on May 6, 2024 - Published by genesdev.cshlp.orgDownloaded from 

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


Kato et al. 

Figure 2. Tryptic phosphopeptide maps of 
pRb phosphorylated in vitro and in vivo. (A) 
Purified GST-pRb, phosphorylated in vitro 
by cyclin D2/cdk4 from Sf9 cell lysates 
(Fig. 1A), was digested with trypsin, and 
separated into two dimensions by electro- 
phoresis (right to left) and ascending chro- 
matography (bottom to top). Only the pRb 
moiety (residues 379-928) was phosphory- 
lated (see text). The autoradiographic expo- 
sure time was 4 days. (B) pRb immunopre- 
cipitated from the human Molt-4 T cell 
line metabolically labeled with [32P]ortho- 
phosphate was purified, digested, and ana- 
lyzed as in A. The autoradiographic expo- 
sure time was 8 days. (C) A GST-pRb mu- 
tant containing an alanine for Ser-807 
substitution was phosphorylated in vitro 
and analyzed as in A. The autoradiographic 
A-D, and four minor spots are designated 
positions. 

exposure time was 4 days. In each panel, four major phosphorylation sites are designated 
E, X, Y, and Z. Other undesignated spots in A and B are also concordant in their map 

sect cyclin-dependent kinases. Low levels of pRb kinase 
activity were recovered from cells producing exogenous 
cyclin A, B1, or E, but  D-type cyclins again yielded back- 
ground levels (Fig. 3, top). Cycl in  A was more effective 
than cyclins E or B 1 in activating endogenous insect cdk 
activity. Staining of the gels wi th  Coomassie blue con- 
firmed that equivalent  amounts  of the different cyclins 

Figure 3. Specific activation of cdk4 by D-type cyclins. Insect 
cells were infected with baculoviruses encoding cyclins A, B1, 
D1, D2, D3, or E alone (top) or with combinations of vectors 
encoding the indicated cyclins and either cdc2 (middle) or cdk4 
(bottom). The lanes labeled V (for vector) show results with 
extracts lacking exogenous cyclins. Lysates containing equal 
quantities of the engineered cyclins were incubated in a kinase 
assay with a GST-pRb, as in Fig. 1. The autoradiographic expo- 
sure time for the top and bottom panels was 2 hr. The middle 
panel was overexposed (6 hr) to illustrate both the ability of 
cyclin E to inefficiently trigger the activity of p34 r in this assay 
and the corresponding failure of D-type cyclins to functionally 
interact with this catalytic subunit under the same conditions. 

were synthesized, so the observed differences were l ikely 
to be significant. 

When Sf9 cells were coinfected wi th  baculovirus vec- 
tors encoding cyclin A, B1, or E together wi th  vectors 
encoding either p34 cat2 or p34 cdk4, kinase reactions per- 
formed with the GST-pRb substrate demonstrated that 
cyclins A, B1, and E could activate p34 r whereas cy- 
clins D1, D2, and D3 could not (Fig. 3, middle). Cycl in  E 
was less effective than cyclins A and B1 in activating 
p34 cdc2, consistent with the data of others (Koff et al. 
1992). In control experiments, we confirmed that cyclin 
E was a much  more potent activator of the p33 cdk2 ki- 
nase (Dulic et al. 1992; Koff et al. 1992), which  was also 
s t imulated by cyclins A, B1, D2, and D3. In contrast, 
neither cyclin B1 nor E activated p34 cdk4, under condi- 
tions where each of the D-type cyclins was active (Fig. 3, 
bottom). The level of cdk4 kinase activity observed using 
cyclin A (Fig. 3, bottom) was s imilar  to that recovered 
from cells infected wi th  the cyclin A vector alone (Fig. 3, 
top), suggesting that like cyclins B1 and E, cyclin A and 
cdk4 do not functionally interact. Lysates of insect cells 
expressing either cyclin A or D-type cyclins were there- 
fore precleared of endogenous cdk activity wi th  p13 sue1 
beads, and the supernatants were then mixed wi th  10- 
fold-diluted lysates containing cdk4 to regenerate en- 
zyme activity. Under these conditions, background cdk 
activity was min ima l  and assays of the recombined ex- 
tracts demonstrated that cyclin A could not activate 
cdk4, whereas the three D-type cyclins remained highly 
effective (data not shown). 

Phosphorylation of pRb in intact Sf9 cells by cdk4- 
cyclin D complexes 

To determine whether pRb might  undergo phosphoryla- 
tion by cyclin D/cdk4 in intact cells, Sf9 cells were coin- 
fected with combinat ions of baculovirus vectors en- 
coding pRb, cdk4, and different D-type cyclins. When 
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[3SS]methionine-labeled lysates from infected cells were 
separated on gels, pRb was readily detected in whole-cell 
lysates (Fig. 4A) or after specific precipitation with a 
monoclonal antibody (Fig. 4B). Equivalent levels of cy- 
clins D1, D2, and D3 were expressed in greater quantity 
than pRb in corresponding infected cultures (Fig. 4A, 
lanes 3-8) and were distinguished by differences in their 
electrophoretic mobilities, as predicted from their mo- 
lecular masses (Matsushime et al. 1991a). Comparable 
amounts of the cdk4 catalytic subunit were also synthe- 
sized in each of the appropriately infected cultures (Fig. 
4A, lanes 2,4,6,8). Given its molecular mass and methi- 
onine content, the amount of cdk4 produced approxi- 
mated that of pRb. We observed two forms of cdk4 of 34 
and 35.5 kD in Sf9 cells (arrowheads, lanes 2), of which 
only the faster migrating species corresponded to that 
seen in mammalian cells (see legend to Fig. 4A). In cells 
expressing pRb alone (Fig. 4A,B, lanes 1), pRb plus cdk4 
(lanes 2), or pRb and different D-type cyclins (lanes 
3,5,7), several electrophoretically distinguishable forms 
of pRb were observed, consistent with previous reports 
that Sf9 cells have endogenous kinases that induce pRb 
hypophosphorylation (Lin et al. 1991). However, coex- 
pression of pRb, D-type cyclins, and cdk4 generated 
more slowly migrating pRb species (lanes 4,6,8), suggest- 
ing that pRb had undergone hyperphosphorylation. 

Metabolic labeling with [32P]orthophosphate showed 
that pRb was hyperphosphorylated when coexpressed 
with D-type cyclins and cdk4 (Fig. 5A, bottom). Again, 
no phosphorylation of cyclin D was detected under these 
conditions. When parallel cultures were labeled with 
[aSS]methionine, the hyperphosphorylated forms of pRb 
migrated more slowly than their hypophosphorylated 
counterparts (Fig. 5A, top). The only difference between 
these data and those shown in Figure 4B is that the pro- 

Figure 5. Phosphorylation of pRb by cdk4-cyclin D complexes 
in insect cells. Insect cells were infected with different baculo- 
virus vectors as in Fig. 4 {indicated below), labeled with either 
I3SS]methionine or [a2P]orthophosphate (as shown at left), and 
immunoprecipitated with antibody to pRb. In A, the order of 
lanes is identical to that shown in Fig. 4. The [3SS]methionine- 
labeled pRb proteins [top} were separated on a 6% polyacryl- 
amide slab gel to better resolve the different phosphorylated 
forms of pRb. [32P]Orthophosphate-labeled proteins {bottom) 
were separated on 10% polyacrylamide gels. In B, cells infected 
with vectors encoding pRb and those indicated below were pre- 
cipitated with antibody to pRb, and the immune complexes 
were then incubated with CIP with or without sodium ortho- 
vanadate (as indicated at the top). Denatured proteins were sep- 
arated on gels and visualized by immunoblotting with anti-pRb. 
Exposure times were 2 hr (A, top), 1 hr (A, bottom), or 18 hr {B). 

Figure 4. Cyclin D-pRb associations and 
cdk4-mediated pRb phosphorylation in in- 
tact Sf9 cells. Insect cells were infected 
with baculovirus vectors encoding pRb and 
the combinations of cdk4 and D-type cy- 
clins indicated below. After 40 hr, intact 
cells were labeled with [aSS]methionine for 
4 hr, and lysates were prepared and sepa- 
rated on gels. (A) The total metabolically 
labeled protein in unfractionated cell ly- 
sates. The positions of pRb, the three 
D-type cyclins, and the major cdk4 species 
{34 kD) are indicated at left. The positions 
of 35.5- and 34-kD forms of cdk4 are desig- 
nated by arrowheads in lane 2. Both were 
detected by immunoblotting with antise- 
rum to cdk4 [data not shown) and were ob- 
served after transcription and translation of 
cdk4 plasmids in a cell-free system (Mat- 
sushime et al. 1992). In contrast, we do not 

detect the slower migrating form in mammalian cells. Because the plasmid or baculovirus vectors lack initiation codons 5' of the one 
predicted from the cdk4 eDNA sequence, the 35.5-kD isoform probably results from inefficient translational termination. {B) An 
autoradiograph of the proteins recovered in pRb immunoprecipitates. The positions of the various proteins are noted at right, and the 
order of lanes is identical to that in A. The autoradiographic exposure time was 2 hr at room temperature. 

GENES & DEVELOPMENT 335 

 Cold Spring Harbor Laboratory Press on May 6, 2024 - Published by genesdev.cshlp.orgDownloaded from 

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


Kato et al. 

teins were separated on gels of lower porosity, enabling 
the different forms of pRb to be better resolved. Hyper- 
phosphorylation of pRb was also observed when total 
cellular proteins were first immunoprecipitated and then 
immunoblotted with antibodies to pRb (Fig. 5B). Treat- 
ment of pRb immunoprecipitates with calf intestinal 
phosphatase collapsed the pRb bands into a single faster 
migrating species (Fig. 5B, lanes 5-8), but the addition of 
sodium vanadate inhibited dephosphorylation. Under 
the conditions used, this enzyme dephosphorylates 
P-Ser, P-Thr, and P-Tyr, and high concentrations of so- 
dium vanadate completely inhibit these activities. These 
results also confirmed that the antibody to pRb can bind 
to its different phosphorylated forms. In principle, the 
high levels of enzyme expression achieved and the high 
ratio of enzyme to pRb concentration might obscure po- 
tential differences in rates of pRb phosphorylation. 

Cyclins D2 and D3 form stable complexes with pRb 
in the absence of cdk4 

Cyclins D2 and D3, transcribed and translated in vitro, 
form stable complexes with GST-pRb, but cyclin D1 
binds poorly, and cyclin A not at all (M.E. Ewen, H.K. 
Sluss, C.J. Sherr, D.M. Livingston, and H. Matsushime, 
in prep.). Similarly, cyclins D2 and D3 produced in Sf9 
cells also bound to GST-pRb in vitro, but stoichiometric 
concentrations of cyclin D 1 bound weakly and cyclin A, 
B1, or E at concentrations as high as 30 ~g/ml did not 
bind (data not shown). In intact Sf9 cells coexpressing 
D-type cyclins and full-length pRb (but not cdk4), cy- 
clins D2 and D3 were preferentially recovered in anti- 
pRb immunoprecipitates (Fig. 4B, lanes 5,7). Much lower 
quantities of cyclin D1 were coprecipitated with pRb 
(Fig. 4B, lane 3), in spite of the fact that equally high 
levels of cyclin D1 were produced in the cells (Fig. 4A, 
lane 3). Considerably less pRb than D-type cyclins was 
detected in unfractionated cell lysates (Fig. 4A, lanes 
3-8); but in anti-pRb immune complexes in which quan- 
titative pRb precipitation could be obtained with a 
monoclonal antibody, the molar ratios of pRb to cyclin 
D2 or D3 were considerably higher (Fig. 4B, lanes 5,7). 
Densitometric measurements revealed that the signal ra- 
tio of pRb to cyclin D2 or D3 in these immunoprecipi- 
tates was 3-4 to 1. Given the approximately threefold 
greater mass and methionine content of pRb (105 kD) 
versus that of the cyclins (34-36 kD), the binding ap- 
peared to be nearly stoichiometric. Similar data were ob- 
tained by immunoblotting the precipitated proteins with 
antibodies to pRb and the cyclins (data not shown). We 
estimate that as much as 50% of the pRb produced in Sf9 
cells under these conditions was complexed to cyclin D2 
or D3, whereas <5% formed complexes with cyclin D1. 
Significant quantities of pRb were also recovered using 
antisera to cyclins D2 and D3, but not D1 (Fig. 6, lanes 
2,5,8). As expected, the ratio of labeled cyclins to pRb in 
the latter immune complexes (Fig. 6) was higher than 
that seen in whole-cell lysates (Fig. 4A), confirming that 
unbound cyclins were synthesized in substantial molar 
excess. 

Figure 6. Cyclin D-pRb complexes and cdk4-mediated pRb 
phosphorylation in insect cells. Insect cells were infected with 
baculovirus vectors encoding pRb and different combinations of 
cdk4 and D-type cyclins (as indicated below). The conditions of 
the experiment were identical to those described in Fig. 4, ex- 
cept that insect lysates were precipitated with rabbit antisera to 
cyclin D1 (lanes 1-3), D2 (lanes 4-6), or D3 (lanes 7-9). The 
autoradiographic exposure time was 5 hr. 

pRb-cyclin D complex formation is inhibited by cdk4- 
mediated phosphorylation 

In the absence of cdk4, stable complexes were formed 
between pRb and cyclins D2 and D3; pRb remained un- 
derphosphorylated, whereas coexpression of cdk4 and 
D-type cyclins not only induced pRb phosphorylation 
but resulted in the virtually complete destabilization of 
the complexes (Fig. 4B, lanes 6,8; Fig. 6, lanes 6,9). In 
cells lacking D-type cyclins, some cdk4 coprecipitated 
with pRb (Fig. 4B, lane 2). Although normalization for 
molecular mass and methionine content revealed that 
similar quantities of cdk4 and pRb were expressed in 
whole-cell lysates (e.g., Fig. 4A, lane 2; see above), much 
more pRb than cdk4 was detected in pRb immunopre- 
cipitates {Fig. 4B, lane 2), indicative of a relatively weak 
interaction similar to that observed between pRb and 
cyclin D1 (Fig. 4B, lane 3). In agreement, we could not 
assemble complexes between radiolabeled cdk4 trans- 
lated in vitro and bacterial GST-pRb fusion proteins un- 
der conditions where cyclins D2 and D3 were readily 
bound (Matsushime et al. 1992). 

Reasoning that phosphorylation of pRb per se might 
destabilize and/or inhibit the formation of complexes 
between pRb and cyclin D2 or D3, Sf9 cells were coin- 
fected with an enzymatically inactive cdk4 mutant in 
which the ATP-binding site (Lys-35) in the catalytic sub- 
unit was mutated to a methionine residue (Matsushime 
et al. 1992). Coexpression of cdk4 (K35M) with pRb and 
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either cyclin D2 (Fig. 7A) or D3 (Fig. 7B) in insect cells 
did not lead to pRb phosphorylation but, instead, facili- 
tated the formation of stable ternary complexes (lanes 3). 
As expected, fewer complexes were detected when an 
equivalent level of the wild-type catalytic subunit was 
coexpressed with the D-type cyclins, and only under 
these conditions was pRb hyperphosphorylated (lanes 2). 
Like the wild-type catalytic subunit, mutant  cdk4 did 
not bind to pRb with high affinity (data not shown). 
Thus, the failure of an inactivated cdk4 subunit to cat- 
alyze pRb phosphorylation enabled it to be trapped in 
ternary complexes from which cyclin D2 or D3 was not 
dissociated. Phosphorylation must  therefore interfere 
with the ability of pRb to bind cyclins D2 and D3. 

Rb-cyclin D interactions 

Cyclin D/cdk4-mediated phosphorylation of pRb 
prevents its association with E2F-1 

A recently cloned E2F-1 cDNA {termed RBP3 or RBAPI) 
encodes a protein that binds to pRb (Helin et al. 1992; 
Kaelin et al. 1992), but this interaction should be inhib- 
ited if pRb were phosphorylated by a cyclin D/cdk4 com- 
plex. When insect cells were infected with baculovirus 
vectors encoding pRb and E2F-1, complexes between the 
two proteins could be observed {Fig. 8A). Unlike the in- 
teractions between pRb and cyclins D2 and D3, however, 
only a small percentage of expressed E2F-1 {-1-5%} 
formed complexes with immunoprecipitated pRb {data 
not shown}, and these were best detected by the immu- 
noblotting of proteins in the pRb immunoprecipitates 
with an antiserum to E2F-1 {Fig. 8A, lane 3). As expected, 

Figure 8. Reconstitution of the E2F-Rb complex. {A) Sf9 cells 
were coinfected with vectors encoding pRb, E2F-1, and combi- 
nations of D-type cyclins and cdk4, as indicated below. Lysates 
precipitated with a monoclonal antibody to pRb were separated 
on denaturing gels and immunoblotted with an antiserum to an 
E2F-1 peptide {exposure time, 18 hr). (B} Extracts of Rb-negative 
Saos-2 cells were incubated with extracts from Sf9 cells infected 
with a wild-type baculovirus {lane 1) or with a vector encoding 
pRb {lanes 2-4), and the pRb-E2F complex was detected by gel 
mobility shift, using a radiolabeled DNA fragment from the 
adenovirus E2 promoter. The positions of the pRb-E2F com- 
plex, free E2F, and a complex containing E2F and cyclin A are 
noted at left. The pRb-E2F complex was dissociated with an 
antibody to pRb {lane 3) but not with an" antiserum to an E2F 
peptide that includes sequences from the pRb-binding site {lane 
4). (C) Extracts from Saos-2 cells {lane 1) were incubated with 
the indicated dilutions of Sf9 cell lysates containing pRb alone 
(lanes 2-4} or with extracts containing pRb, cyclin D3, and cdk4 
(lanes 5-7). E2F complexes were detected by gel mobility shift 
as in B. Immunoblotting analysis using a pRb-specific rabbit 
antiserum confirmed that each undiluted extract (lanes 4,7) 
contained equal quantities of pRb. 

Figure 7. Stabilization of ternary complexes among pRb, mutant 
cdk4, and cyclin D2 or D3. Insect cells were coinfected with 
vectors encoding pRb and D-type cyclin {lanes 1 ), pRb, D-type 
cyclin, and wild-type cdk4 {lanes 2), or pRb, D-type cyclin, and 
mutant cdk4 (K35M) {lanes 3). Lysates were precipitated with 
antibody to pRb, and the denatured complexes were separated 
on a gel. Results with cyclins D2 (A) and D3 (B) are shown, and 
the positions of the relevant proteins are labeled, pRb exhibits a 
slower mobility in lanes 2 compared with lanes 3, consistent 
with its hyperphosphorylation by wild-type, but not mutant, 
cdk4. The autoradiographic exposure time was 2 hr. 

no E2F-1 was detected in pRb immunoprecipitates ob- 
tained from Sf9 cells expressing pRb {lane 1) or E2F-1 
(lane 2) alone. Possible explanations for the weak pRb- 
E2F-1 interactions in coinfected cells are that the forma- 
tion of these complexes normally depends on accessory 
factors (Hiebert et al. 1992; Ray et al. 1992) or requires 
E2F-1 heterodimerization with other E2F isoforms {He- 
lin et al. 1992; Kaelin et al. 1992) that are not expressed 
in insect cells. 

In cells coexpressing E2F-1, pRb, and various D-type 
cyclins, pRb-E2F-1 complexes were still detected {Fig. 
8A, lanes 4,6,8), but the addition of cdk4 prevented these 
interactions {lanes 5,7,9). Immunoblotting confirmed 
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that similar amounts of pRb were expressed in each case. 
In contrast, coinfection of these cells with vectors con- 
taining D-type cyclins and the inactivated cdk4 (K35M) 
mutant  did not abrogate the formation of pRb-E2F-1 
complexes (data not shown). Coexpression of pRb and 
E2F-1 with cyclin D1 appeared to reduce the fraction of 
bound E2F-1 (lane 4), whereas cyclins D2 and D3 were 
without effect in the absence of cdk4 (lanes 6,8). We do 
not as yet understand the basis for these differences nor 
have we attempted to establish whether quaternary com- 
plexes among pRb, E2F-1, cyclin D2 or D3, and inactive 
cdk4 (K35M) can be formed. 

Incubation of insect cell extracts containing pRb with 
lysates of human Rb-negative Saos-2 osteosarcoma cells 
allowed reconstitution of pRb-E2F complexes capable of 
interacting with a radiolabeled DNA fragment contain- 
ing E2F-binding sites (Fig. 8B, lane 2). No such complex 
was observed using control lysates (lane 1). However, 
two other complexes were seen under both conditions, 
corresponding to free E2F and an E2F-cyclin A complex 
(Mudryj et al. 1991). The pRb-E2F complex was dis- 
rupted by antibodies to the recombinant pRb protein 
(lane 3) but not to the pRb-binding domain of E2F-1 itself 
(lane 4). Although it is possible that pRb might interact 
with products of other E2F genes present in the Saos-2 
cell lysates, the epitope in E2F-1 detected by the latter 
antibody is masked in the pRb--E2F-1 complex (Helin et 
al. 1992; Kaelin et al. 1992). Complexes between E2F and 
the radiolabeled E2 DNA fragment could be competed 
with unlabeled oligonucleotide, whereas a fragment con- 
taining mutated E2-binding sites neither yielded detect- 
able complexes itself, nor competed with the wild-type 
oligonucleotide (data not shown). 

When the E2F-binding DNA fragment was mixed with 
a constant amount of Saos-2 lysate and different dilu- 
tions of baculovirus-encoded pRb, formation of pRb-E2F 
complexes was detected at 1 : 10 dilution (Fig. 8C, lane 
3) but not at a 1 : 100 dilution (lane 2). In contrast, in- 
cubation of insect cell lysates containing hyperphospho- 
rylated pRb (i.e., those coinfected with pRb, cyclin D3, 
and cdk4), together with Saos-2 extracts and the labeled 
E2 oligonucleotide, yielded significantly lower amounts 
of the pRb-E2F complex (Fig. 8C, lanes 5-7). Because 
most, but not all, pRb undergoes hyperphosphorylation 
in Sf9 cells (e.g., see Fig. 5A), it is likely that the small 
amount of underphosphorylated pRb remaining in the 
insect cell extracts contributed to the residual com- 
plexes detected in the undiluted sample (lane 7). To- 
gether, these results indicate that hyperphosphorylation 
of pRb at physiologically relevant sites by cyclin D-cdk4 
can change the conformation of pRb in such a manner as 
to abrogate its association with a pRb-binding protein 
normally expressed in mammalian cells. 

Discussion 

We provide evidence, albeit indirect, implicating D-type 
cyclin-dependent kinases in the control of pRb function. 
Unlike cyclins A and E, D-type cyclins can bind directly 

to GST-pRb fusion proteins in vitro (Matsushime et al. 
1992; M.E. Ewen, H.K. Sluss, C.J. Sherr, D.M. Living- 
ston, and H. Matsushime, in prep.), and these interac- 
tions, which preferentially involve cyclins D2 and D3, 
depend on the integrity of pRb subdomains required both 
for E2F-1 binding (Hiebert et al. 1992; Qian et al. 1992) 
and suppression of G1 exit in vivo (Goodrich et al. 1991; 
Qin et al. 1992). As shown here, complexes between 
D-type cyclins and pRb were also formed in intact insect 
cells, again with the preferential incorporation of cyclins 
D2 and D3 versus D 1. These associations occurred with 
high stoichiometry, approaching a 1 : 1 molar ratio be- 
tween cyclin D2 or D3 and pRb and involving a signifi- 
cant percentage of the total pRb pool. Although com- 
plexes between pRb and D-type cyclins have not been 
detected in mammalian Saos-2 cells where a functional 
interaction between them has been documented (M.E. 
Ewen, H.K. Sluss, C.J. Sherr, D.M. Livingston, and H. 
Matsushime, in prep.), a potential explanation may be 
that the D-type cyclins can target cdks to pRb, thereby 
inducing pRb hyperphosphorylation and destabilization 
of the complexes. Cdk4-mediated phosphorylation, and 
not simply cdk4 binding, was required for disruption of 
these complexes, because an inactive mutated kinase 
was recruited into stable ternary complexes. Thus, 
D-type cyclins may be multifunctional regulators, which 
not only govern the enzymatic activity of certain cdks 
but also direct the kinase to pRb and possibly to other 
pRb-like proteins. Similarly, B-type cyclins interact with 
both p 3 4  r162 (cdkl) and a class of tyrosine phosphatases 
whose action is required for triggering p34 cdc2 kinase ac- 
tivity (Galaktionov and Beach 1991). 

Because very high levels of vector-encoded proteins 
were produced in insect cells, these might obscure po- 
tential differences in the rates of pRb phosphorylation 
catalyzed by cdk4 complexes containing different D-type 
regulatory subunits. However, kinetic analyses in vitro 
did not reveal such differences, suggesting that only un- 
der conditions in which these components are limiting is 
the putative targeting function of the regulatory cyclin D 
subunits likely to be critical. The D-type cyclins did not 
functionally interact with p34 cd~2, and only they (but not 
cyclin A, B1, or E) were able to activate cdk4 in vitro, 
arguing for strong type specificity in the activation of 
this catalytic partner. However, these results do not pre- 
clude interactions between D-type cyclins and other cat- 
alytic subunits, and they can form complexes with both 
cdk2 and cdk5 in human fibroblasts (Xiong et al. 1992). 
On the basis of the data now available, cdk2 appears to 
be relatively promiscuous in its ability to form active 
complexes with cyclins A, B1, E, and at least some 
D-types, whereas cdc2 and cdk4 are more restricted in 
their functional interactions. 

Given that cyclins D2 and D3 bind preferentially to 
pRb, they might be more effective than cyclin D1 as 
regulators of pRb phosphorylation in mammalian cells. 
When these cyclins were cotransfected with pRb into 
Rb-negative, human Saos-2 cells, cyclin D2, but not D1, 
induced significant pRb phosphorylation and preferen- 
tially overrode its ability to suppress G1 exit (M.E. Ewen, 
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H.K. Sluss, C.J. Sherr, D.M. Livingston, and H. Matsush- 
ime, in prep.). Hinds et al. (1992) reported that enforced 
expression of cyclins A and E, but not B or C, also in- 
duced pRb phosphorylation and abrogated its growth- 
suppressive effects in Saos-2 cells. Although cyclin D1 
neither induced pRb phosphorylation nor its release 
from its nuclear tether, it facilitated S-phase entry in a 
lower percentage of cotransfected cells, possibly by tar- 
geting the underphosphorylated forms for degradation. 
Whatever the mechanistic interpretation, cyclin D 1 ap- 
pears to exhibit different properties from cyclins D2 and 
D3 in its interaction with pRb, both in vitro and in intact 
insect or mammalian cells. Because cyclin E (Dulic et al. 
1992; Koff et al. 1992), cyclin A (Giordano et al. 1989; 
Pines and Hunter 1990; Tsai et al. 1991; Cao et al. 1992; 
Desai et al. 1992; Elledge et al. 1992; Pagano et al. 
1992a), and D1 or D3 (Xiong et al. 1992) associate with 
cdk2 in separate complexes during late G a- and S-phase, 
reconstitution experiments of this type are unlikely to 
be sufficiently stringent to define the cdk(s) that nor- 
mally phosphorylate pRb. Moreover, more than one of 
the cyclins might regulate pRb function(s), possibly trig- 
gering its phosphorylation at different sites or times or 
affecting its activity in a more subtle manner. 

Complexes between pRb and E2F-1 could also be gen- 
erated in insect cells, but unlike the interactions of pRb 
with cyclins D2 and D3, E2F-1 was bound at low stoi- 
chiometry, possibly because the cells lack, or express 
limiting quantities of, accessory factor(s) (Hiebert et al. 
1992; Ray et al. 1992) or other E2F isoforms that are 
normally required for high-affinity E2F binding. In mam- 
malian cells, only hypophosphorylated forms of pRb 
bind E2F (Chellappan et al. 1991; Helin et al. 1992; Kae- 
l i ne t  al. 1992; Shirodkar et al. 1992). Coexpression of 
cyclin D2 or D3 with pRb in insect cells did not signif- 
icantly disrupt pRb-E2F- 1 complexes, but the addition of 
cdk4 again led to pRb phosphorylation and completely 
abrogated E2F-1 binding. Therefore, not only can cyclin 
D/cdk complexes associate with and phosphorylate pRb, 
but they can affect its interactions with a cellular tran- 
scriptional regulator. 

Complexes of cdk4 and D-type cyclins phosphorylate 
pRb in vitro at many sites, which correspond to those 
normally observed in proliferating human T cells. It re- 
mains unclear how phosphorylation might lead to the 
changes in pRb conformation that alter its biologic func- 
tions, pRb can repress transcription from several differ- 
ent promoters containing E2F-binding sites (Weintraub 
et al. 1992; Hamel et al. 1992b; Hiebert et al. 1992), 
suggesting that pRb--E2F complexes negatively regulate 
certain genes whose transcription might be stimulated 
by free E2F {Blake and Azizkhan 1989; Mudryj et al. 
1990; Hiebert et al. 1991). A mutant form of pRb altered 
at eight potential phosphorylation sites acts as a much 
stronger repressor, thereby implicating pRb phosphory- 
lation in governing this switch (Hamel et al. 1992b). The 
shift in pRb mobility on denaturing gels can be elimi- 
nated by mutations at Set-800 and Ser-804 in routine 
pRb (Hamel et al. 1992a), which correspond to Ser-807 
and Ser-811 in its human counterpart. However, phos- 

phorylation at these sites affects neither T-antigen bind- 
ing nor pRb repression of the E2F-responsive adenovirus 
early promoter, EIIaE, indicating that more complex 
modifications are required to disrupt E2F-pRb interac- 
tions (Hamel et al. 1992b). In agreement, we found that 
human pRb mutants lacking Set-807, or Set-807 and Ser- 
811, did not undergo characteristic mobility shifts on 
gels but were still hyperphosphorylated. Carboxy-termi- 
nally truncated pRb lacking residues 793-928 was not 
phosphorylated at all, suggesting that other carboxy-ter- 
minal cdk sites in addition to Set-807 and Set-811 might 
be important or that the deletion compromises pRb con- 
formation so as to prevent its phosphorylation. 

In mammalian cells, E2F also associates indepen- 
dently with an Rb-like protein, p107, and such com- 
plexes can include either cyclin A (Cao et al. 1992; De- 
voto et al. 1992; Ewen et al. 1992; Faha et al. 1992; Pa- 
gano et al. 1992b) or cyclin E (Lees et al. 1992) and their 
common catalytic partner cdk2 (see above). If, by analogy 
to results given here, phosphorylation of p107 interferes 
with its ability to form complexes with E2F and cyclins, 
we might infer that those cdk2/cyclin complexes that 
are stably associated with p107 are either catalytically 
inactive or do not phosphorylate p107 itself, p107 can 
also bind in vitro to cyclins D2 and D3 (M.E. Ewen, H.K. 
Sluss, C.J. Sherr, D.M. Livingston, and H. Matsushime, 
in prep.) and can serve as a cdk4/cyclin D substrate (Mat- 
sushime et al. 1992), but its interactions with the D-type 
cyclins depend on p107 subdomains other than those 
necessary for its binding to cyclin A (Ewen et al. 1992). 
Complexes containing p107 and E2F first appear during 
G1 (Lees et al. 1992; for review, see Nevins 1992) and 
might potentially involve different combinations of E2F 
family members, pointing to further complexity in un- 
derstanding how such proteins regulate transcription. 

Several substrates for p34 cdc2 have been well charac- 
terized (for review, see Moreno and Nurse 1990; Nigg 
1991), and independent complexes between different 
D-type cyclins and their catalytic partners should simi- 
larly phosphorylate many target molecules. The replica- 
tion factor, proliferating cell nuclear antigen (PCNA), a 
subunit of the 8 DNA polymerase, as well as an as yet 
uncharacterized 21-kD protein, coprecipitate with cyclin 
D1 from lysates of human fibroblasts (Xiong et al. 1992) 
and mouse macrophages (our confirmatory observa- 
tions). PCNA does not appear to be a phosphoprotein, 
but D-type cyclins might indirectly modulate its func- 
tion, possibly by assembling into multiprotein com- 
plexes that include additional cdk substrates. Given the 
potential targeting function of D-type cyclins, it would 
be of interest to determine whether PCNA, "p21," and 
pRb share structural motifs that enable them to bind to 
these regulators. 

Materials and methods 

Insect cell culture and baculovirus infection 

Sf9 cells were maintained at 27~ in Grace's medium contain- 
ing 10% fetal bovine serum (FBS), yeastolate, lactalbumin hy- 
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drolysate, and gentamicin in 100-ml spinner bottles. Virus in- 
fections and plaque assays were performed in 60-mm-diam. 
dishes {Summers and Smith 1987). Vectors encoding mouse 
D-type cyclins and cdk4 were described previously (Matsush- 
ime et al. 1992), and those encoding human cyclins A, B1, and 
E were provided by Dr. David Morgan {Univerity of California, 
San Francisco). cDNA fragments containing the entire coding 
regions of human pRb and human E2F-1 (supplied by Dr. 
William G. Kaelin, Dana Farber Cancer Institute) were inserted 
into the transfer vector pAcYM1 (Matsuura et al. 1987) and 
cotransfected into Sf9 cells with linearized baculovirus DNA 
(Pharmingen, San Diego, CA) using a liposome-mediated trans- 
fection kit (Invitrogen, San Diego, CA). Recombinant viruses 
purified from plaques were assayed for expression of their en- 
coded proteins by metabolic labeling and immunoprecipitation 
or by immunoblotting (Matsushime et al. 1992). 

An~bo~es  

Antisera to mouse cyclins D1, D2, D3, and cdk4 were prepared 
by immunizing rabbits with full-length recombinant proteins 
produced in bacteria (Matsushime et al. 1991b, 1992). The an- 
tiserum to cdk4 was raised against the complete protein fused to 
GST at its amino terminus and is able to coprecipitate D-type 
cyclins in complexes with p34 oak4 from mammalian cells. 
Mouse monoclonal antibody (C36) and rabbit antisera against 
human pRb were from Oncogene Sciences (Manhasset, NY). A 
rabbit antiserum to E2F-1 was raised against a carboxy-terminal 
peptide (NH2-LDYHFGLEEGEGIRDLFD) corresponding to 
codons 409-426 {Helin et al. 1992; Kaelin et al. 1992). 

Metabolic labeling, immunoprecipitation, and 
protein detection 

Sf9 cells {1 x 106) were infected with combinations of recom- 
binant viruses, each at a m.o.i, of 30. Cells were labeled for 4 hr 
40 hr post-infection with 200 izCi/ml of [3SS]methionine (1000 
Ci/mmole) in 1 ml of methionine-free medium (supplemented 
with 5% dialyzed FBS) or with 1 mCi of carrier-free [32p]ortho- 
phosphate (9000 Ci/mmole) in 1 ml of supplemented phos- 
phate-free medium. Labeled cells were lysed for 1 hr at 4~ in 1 
ml of EBC buffer [50 mM Tris-HC1 at pH 8.0, 120 mM NaC1, 
0.5% NP-40, 1 m_M EDTA, and 1 mM dithiothreitol (DTT)] con- 
taining 5 ixg/ml of aprotinin, 5 ~g/ml of leupeptin (both Sigma 
Biochemicals), 0.1 mM NaF, 10 mM 13-glycerophosphate, 0.1 mM 
phenylmethylsulfonyl fluoride (PMSF), and 0.1 mM sodium or- 
thovanadate. Centrifuged lysates were incubated with the des- 
ignated monoclonal antibody or antisera for 3 hr at 4~ and 
protein A-Sepharose beads {precoated with anti-mouse IgG for 
precipitation with monoclonal antibody) were added and incu- 
bated for an additional hour. Immunoprecipitates were col- 
lected by centrifugation, washed five times in EBC buffer at 4~ 
and separated electrophoretically on polyacrylamide gels con- 
taining SDS (Anderson et al. 1984}. To isolate phosphorylated 
pRb from mammalian cells, 5 x 108 Molt-4 human T lympho- 
cytes were metabolically labeled in phosphate-free medium 
with 2.5 mCi /ml  [a2P]orthophosphate (Matsushime et al. 
1991b); pRb was then immunoprecipitated from detergent cell 
lysates and separated on denaturing gels using identical meth- 
ods. Where indicated, phosphorylated pRb was eluted from gels 
and digested with trypsin, and phosphopeptides were separated 
into two dimensions by electrophoresis and ascending chroma- 
tography (Rettenmier et al. 1985). Immunoblotting was per- 
formed with 12SI-labeled protein A for detection {Downing et al. 
1988). 

In vitro kinase assay 

Forty-eight hours postinfection, 1 x 10 z infected Sf9 cells were 
lysed at 4~ in 250 ~1 of kinase buffer [50 mM HEPES at pH 7.5, 
10 mM MgC12, 1 mM DTT containing protease and phosphatase 
inhibitors (see above)) and then cleared by centrifugation. Ali- 
quots (25 lzl) were mixed with bacterially expressed GST-pRb 
fusion proteins, prepared, and immobilized on glutathione- 
Sepharose beads (Matsushime et al. 1992). Where indicated, ly- 
sates were precleared of cyclins or cdk4 by use of appropriate 
antisera or p13 sue1 beads (Oncogene Science, Manhasset, NY). 
Kinase reactions were initiated at 30~ by adding 10 IxCi of 
[~/YP]ATP (6000 Ci/mmole) adjusted with unlabeled ATP to a 
final concentration of 25 txM. After incubation for the indicated 
times, the beads were washed three times with ice-cold TNEN 
buffer (20 mM Tris HC1 at pH 8.0, 100 mM NaC1, 1 mM EDTA, 
0.5% NP-40), and the phosphorylated GST-pRb fusion proteins 
were resolved on gels. 

Phosphatase assay 

Immunoprecipitates bound to protein A-Sepharose beads were 
washed and equilibrated in 50 ~1 of calf intestinal phosphatase 
(CIP) buffer (10 mM Tris HC1 at pH 8.0, 1 mM MgC12, 0.14 U/ml  
of aprotinin, and 1 mM PMSF). CIP (40 units, Sigma Chemicals, 
St. Louis, MO), with or without sodium orthovanadate at a fully 
inhibitory concentration (1 mM), was added for 3 hr at 37~ 
where indicated. Beads were washed three times with ice-cold 
CIP buffer supplemented with sodium orthovanadate and then 
processed for gel electrophoresis. 

Gel retardation assay for E2F 

High salt (450 mM NaC1) extracts of Saos-2 cells and virus- 
infected Sf9 cells were prepared by microextraction (Sch61er et 
al. 1989). For reconstitution of the E2F-pRb complex, 10-fold 
serial dilutions of Sf9 extracts were added to 5 ~g of Saos-2 
extract and diluted 1 : 2.5 in 1 x gel-shift buffer {20 mM HEPES 
at pH 7.85, 1 mM MgC12, 0.1 mM EDTA, 0.5 mM DTT, and 40 
mM KC1) containing 1 mg/ml of bovine serum albumin. After 
10 min of incubation on ice, E2F DNA-binding activity was 
measured by gel retardation of a a2P-end-labeled probe from the 
adenovirus 5 E2 promoter, which lacks an ATF-binding site 
(Hiebert et al. 1991). For antibody disruption, 0.2 ~g of an anti- 
pRb monoclonal antibody, or 1 ~1 of antiserum directed against 
a peptide representing the pRb-binding domain of E2F-1, was 
added just after the addition of radiolabeled DNA. DNA-pro- 
tein complexes were separated on a 4% polyacrylamide gel buf- 
fered with Tris-borate/EDTA (Hiebert et al. 1991). 
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