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D-type cyclin-dependent kinase activities have not so far been detected in mammalian cells. Lysis of rodent
fibroblasts, mouse macrophages, or myeloid cells with Tween 20 followed by precipitation with antibodies to
cyclins Dl, D2, and D3 or to their major catalytic partner, cyclin-dependent kinase 4 (cdk4), yielded kinase
activities in immune complexes which readily phosphorylated the retinoblastoma protein (pRb) but not histone
Hi or casein. Virtually all cyclin Dl-dependent kinase activity in proliferating macrophages and fibroblasts
could be attributed to cdk4. When quiescent cells were stimulated by growth factors to enter the cell cycle, cyclin
Dl-dependent kinase activity was first detected in mid G1, reached a maximum near the G1/S transition, and
remained elevated in proliferating cells. The rate of appearance of kinase activity during G1 phase lagged
significantly behind cyclin induction and correlated with the more delayed accumulation of cdk4 and formation
of cyclin Dl-cdk4 complexes. Thus, cyclin Dl-associated kinase activity was not detected during the Go-to-G1
transition, which occurs within the first few hours following growth factor stimulation. Rodent fibroblasts
engineered to constitutively overexpress either cyclin Dl alone or cyclin D3 together with cdk4 exhibited greatly
elevated cyclin D-dependent kinase activity, which remained absent in quiescent cells but rose to supraphysi-
ologic levels as cells progressed through G1. Therefore, despite continued enforced overproduction of cyclins and
cdk4, the assembly of cyclin D-cdk4 complexes and the appearance of their kinase activities remained dependent
upon serum stimulation, indicating that upstream regulators must govern formation of the active enzymes.

D- and E-type cyclins govern the rate of progression of
mammalian cells through the first gap phase (Gl) of the cell
cycle and enforce the commitment of cells to replicate their
chromosomal DNA (reviewed in reference 44). When quies-
cent cells enter the cell cycle, both classes of cyclins are
synthesized during G, phase and associate with cyclin-depen-
dent kinases (cdks) to form holoenzymes whose activities are
presumed to facilitate entry into S phase.

Cyclin E, first identified by complementation of G, cyclin
deficiency in yeasts (22, 25), is synthesized in late G, phase and
associates with cdk2 to generate a histone Hi kinase that is
maximally active during the Gl-to-S phase transition in mam-
malian cells (10, 23). The enforced overexpression of cyclin E
in fibroblasts shortens their G, interval, decreases (but does
not eliminate) their dependency on serum growth factors, and
leads to a reduction in their size, indicating that cyclin E can be
rate limiting for G1 progression (33). Its catalytic partner, cdk2,
is also necessary for S-phase entry (34, 48), but it remains
unclear whether this is due to its association with cyclin E
and/or with cyclin A, which is expressed somewhat later during
the cell cycle and steadily accumulates during the S and G2
phases (30, 38, 39). The activity of the cyclin E-cdk2 complex is
most likely subject to both positive and negative regulation.
For example, phosphorylation of cyclin A- or B-bound cdc2
and cdk2 by a cdk-activating kinase can markedly increase
their kinase activity (6, 14, 41, 45, 46). Conversely, a titratable
stoichiometric inhibitor of the cyclin E-cdk2 complex has
recently been identified in cells growth arrested by either
contact inhibition or treatment with transforming growth fac-
tor ,B (TGF-P) (40). Therefore, cyclin E-cdk2 complex forma-
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tion per se appears insufficient for maximal holoenzyme activ-
ity, and upstream signals that influence the synthesis of the
catalytic and regulatory subunits, their assembly, and post-
translational modifications might all contribute to the cell's
rate of entry into S phase.
Three D-type cyclins (Dl, D2, and D3) identified in the

context of the delayed early response to growth factor stimu-
lation (27) are differentially and combinatorially expressed in
mammalian cells (1, 21, 27, 28, 32, 53). Cyclin Dl can
complement G, cyclin-deficient yeasts (25, 54), and its locus is
a known target of chromosomal translocations in human
malignancies (31, 52). In general, the D-type cyclins are
induced earlier in G1 than cyclin E and can form complexes
with cdk2, -4, -5, and -6 (4, 26, 29, 55). Although cdk4 appears
to be their most prominent partner in macrophages and
fibroblasts (26, 55), complexes with cdk6 predominate in
peripheral blood T cells (29). Like cyclin E, overexpression of
cyclin Dl in mammalian fibroblasts shortens GI, reduces cell
size, and decreases the cells' serum dependency (42). Con-
versely, cells microinjected during the G, interval with cyclin
Dl antisense vectors or with specific antibodies to the Dl
protein are inhibited from entering S phase, but injections
performed at or after the G1/S transition are without effect (3,
42). At least in fibroblasts, then, cyclin Dl is both necessary
and rate limiting for G, progression. TGF-3 arrests cells in late
G1 by inhibiting the expression of cdk4 (13) and the activity of
the cyclin E-cdk2 complex (24). Overexpression of cdk4, but
not cdk2, in epithelial cells can abrogate the ability of TGF-f
to arrest cell cycle progression and leads to reactivation of
cyclin E-cdk2 histone Hi kinase activity (13). Therefore, the
similar phenotypes induced by cyclin D and E overexpression
in fibroblasts may reflect a dependency of cyclin E-cdk2 activity
on the earlier formation of cyclin D-cdk4 complexes, thereby
temporally ordering the activity of the holoenzymes as cells
progress through G, (13, 40).
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When cyclin-cdk complexes are reconstituted in insect cells,
each of the D-type cyclins can activate cdk4 (19) and cdk6 (29),
whereas D2 and D3, but not DI, can also functionally interact
with cdk2 (12). Complexes between cdk2 and cyclins A or E
readily phosphorylate histone HI, but histone HI is a relatively
poor substrate for reconstituted cyclin D-cdk4 and cyclin
D-cdk6 complexes, which preferentially phosphorylate the
retinoblastoma protein, pRb (19, 26, 29). This appears to be
due, at least in part, to the ability of the D-type cyclins to bind
to pRb directly (7, 12, 19). Paradoxically, cyclin D-cdk4
complexes recovered by immunoprecipitation from mamma-

lian cell lysates have not yielded either histone HI or pRb
kinase activity when assayed in vitro, and this has greatly
hampered efforts to determine their timing of action and their
interactions with putative physiologic substrates, pRb among

them. We now show that these limitations are technical in
nature and that cyclin D-cdk4 kinases recovered from mam-

malian cells are activated during G, phase after quiescent cells
have entered the cell cycle.

MATERIALS AND METHODS

Cells and culture conditions. Murine BAC1.2F5A macro-

phages were maintained in Dulbecco's modified Eagle's me-

dium supplemented with 15% fetal bovine serum (FBS), 2 mM
glutamine, 100 U of penicillin per ml, 100 pLg of streptomycin
per ml, and 25% L-cell-conditioned medium as a source of
colony-stimulating factor 1 (CSF-1) (27, 47). Mouse myeloid
32DC13 cells (15) and derivatives overexpressing D-type cyclins
(20) were grown in Iscove's modified medium with 20% FBS,
glutamine, antibiotics, and 25% WEHI-3B-conditioned me-

dium as a source of interleukin-3. The derivation and proper-
ties of mouse NIH 3T3 and rat-2 fibroblasts overexpressing
D-type cyclins and cdk4 have been described (42). G418-
resistant rat-2 cells transfected with a control vector encoding
neomycin (neo) resistance were used as controls in analyses of
endogenous cyclin DI-associated kinase activity. NIH 3T3 cells
stably overproducing cyclin D3 and cdk4 were developed by
using identical transfection and selection procedures, employ-
ing pRc/RSV-neo vectors to express the cDNAs (Invitrogen,
San Diego, Calif.) and drug selection in 0.8 mg of G418
(Geneticin; GIBCO/BRL, Gaithersburg, Md.) per ml to obtain
polyclonal populations.

Antibodies. Antisera and monoclonal antibodies (MAbs)
used in these studies are summarized in Table 1. Polyvalent
rabbit antisera to mouse cyclins DI (RE and RR), D2 (RS, and
RT), and D3 (RM) and to cdk4 (RY) were generated to
bacterially produced polypeptides (26, 27). All sera were raised
to full-length proteins except for RR, which was prepared to a

C-terminally truncated cyclin DI mutant, lacking amino acid
residues 215 to 295. The antisera to cyclins DI and D2
cross-react with one another but preferentially precipitate the
cognate proteins, whereas those to cyclin D3 do not detect Dl
or D2 (26, 27). The antiserum to cdk4 is hiXhly specific and
both precipitates and blots authentic p34c k4 from rodent,
human, and mink cells (13, 26). An antiserum (Rz) to a

synthetic C-terminal peptide of mouse cdk4 (NH2-ISA-
FRALQHSYLHKEESDAE) conjugated to keyhole limpet
hemocyanin was prepared as previously described (9); this
antiserum does not cross-react with cdc2, cdk2, or cdk5
transcribed in vitro or expressed in insect Sf9 cells and detects
only p34clk4 in metabolically labeled lysates of rodent mac-

rophages and fibroblasts. A specific antiserum to a C-terminal
peptide of cdk2 was prepared by similar methods (34, 35).
Mouse and rat MAbs to intact proteins made in bacteria were

raised and have been characterized in detail elsewhere (50).

TABLE 1. Antibodies to D-type cyclins and cdks"

Antibody Antigen Specificity

Rabbit
E (RE.) Bacterial DI DI > D2; no D3
R (RR) Bacterial Dl (amino acids DI > D2; no D3

1-214)
S (Rs) Bacterial D2 D2 > DI; no D3
T (RT) Bacterial D2 D2 > DI; no D3
M (RM) Bacterial D3 D3 only
Y (Ry) Bacterial CDK4 CDK4 >> CDK2

or CDC2
Z (Rz) CDK4 CDK4 only

(C-terminal peptide)

Mouse MAb Bacterial DI Rodent DI only
D1-72-13G

Rat
MAbs Dl- Bacterial DI DI > D2; no D3
17A6, Dl-
10C3, and
D1 18B6
MAb D2- Bacterial D2 D2 >> DI; no D3
34B 1-3
MAb D2- Bacterial D2 D2 only
34B4-7
MAbs D3- Bacterial D3 D3 only
18B6-lOB,
D3-32A1-7,
D3-21A2-2,
D3-23D6-6,
D3-22B5-7,
and D3-
24B4-2

a The derivation and specificity of all MAbs have been described elsewhere
(50). The symbols > and > > indicate their relative degree of cross-reactivity to
heterologous D cyclins and cdks.

Rat MAbs to mouse cyclin DI and cyclin D2 weakly cross-react
with epitopes in mouse cyclins D2 and DI, respectively,
whereas all rat MAbs to cyclin D3 recognize only the cognate
D3 protein. The rat MAbs react strongly with their rodent and
human counterparts. A highly specific mouse MAb to cyclin
Dl (D1-72-13G) reacts only with the cognate rodent protein
but does not cross-react with cyclins D2 and D3 and is
biologically active in arresting G1 progression in fibroblasts
after microinjection (42). Because of its specificity for DI
alone, this MAb was used for immunodepletion analyses (see
Fig. 3) and for studies of cyclin Dl-dependent kinase activity
throughout the cell cycle (see Fig. 4 to 6). However, in
fibroblasts and macrophages, similar data can be obtained by
using other Dl antisera which support kinase activity.
Immune complex kinase assay. Cells were suspended at I x

106 to 5 x 106/ml in IP buffer [50 mM N-2-hydroxyethylpipera-
zine-N'-2-ethanesulfonic acid (HEPES; pH 7.5), 150 mM
NaCl, 1 mM EDTA, 2.5 mM ethylene glycol-bis(,-aminoethyl
ether)-N,N,N',N'-tetraacetic acid (EGTA), 1 mM dithiothrei-
tol (DTT), 0.1% Tween-20] containing 10% glycerol, 0.1 mM
phenylmethylsulfonyl fluoride, 10 ,ug of leupeptin per ml, 20 U
of aprotinin per ml, 10 mM P-glycerophosphate, 1 mM NaF,
and 0.1 mM sodium orthovanadate (all protease inhibitors are
from Sigma Chemicals, St. Louis, Mo.) and sonicated at 4°C
(Virsonic 475, full microtip power two times for 10 s each
time). Lysates were clarified by centrifugation at 10,000 x g for
5 min, and the supernatants were precipitated for 2 to 6 h at
4°C with protein A-Sepharose beads precoated with saturating
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amounts of the indicated antibodies. When MAbs were used,
protein A-Sepharose was pretreated with rabbit anti-mouse or
anti-rat immunoglobulin G (Cappel Organon, Durham, N.C.)
to provide a suitable affinity matrix. Immunoprecipitated pro-
teins on beads were washed four times with 1 ml of IP buffer
and twice with 50 mM HEPES (pH 7.5) containing 1 mM
DTT. The beads were suspended in 30 tl of kinase buffer (50
mM HEPES [pH 7.5], 10 mM MgCl2, 1 mM DTT) containing
substrate (either 0.2 ,ug of soluble glutathione S-transferase-
pRb fusion protein [see below], 1 ,ug of histone Hi [Boehr-
inger Mannheim, Indianapolis, Ind.], or 1 jig of casein [Sig-
ma]) and 2.5 mM EGTA, 10 mM 3-glycerophosphate, 0.1 mM
sodium orthovanadate, 1 mM NaF, 20 ,uM ATP, and 10 ,uCi of
[y-32P]ATP (NEN Dupont, Boston, Mass.; 6,000 Ci/mmol).
After incubation for 30 min at 30°C with occasional mixing, the
samples were boiled in polyacrylamide gel sample buffer
containing sodium dodecyl sulfate (SDS) and separated by
electrophoresis (2). Phosphorylated proteins were visualized
by autoradiography of the dried slab gels.

For preparation of pRb substrate, Escherichia coli trans-
formed with pGEX-Rb (379-928) (12) was grown to saturation
overnight, diluted 1:10 in L broth, and incubated at 37°C for 2
h. Glutathione S-transferase-pRb fusion protein was induced
by addition of 0.2 mM isopropylthioglycoside to the culture for
3 h, after which cells were recovered by centrifugation (5,000
x g for 5 min) at 4°C and lysed on ice by sonication in a 1/10
volume of NETN buffer (50 mM Tris HCl [pH 7.5], 120 mM
NaCl, 1 mM EDTA, and 0.5% Nonidet P-40 [NP-40]). Cleared
lysates were mixed with glutathione-Sepharose 4B (Pharmacia,
Piscataway, N.J.) and incubated for 1 to 18 h (as convenient) at
4°C. Beads were washed three times with NETN buffer and
twice with kinase buffer, and the pRb fusion proteins were
released at 4°C by incubation in kinase buffer containing 2 mM
reduced glutathione (Sigma). The concentration and purity of
soluble pRb were estimated by Coomassie blue staining of
electrophoretically separated proteins on denaturing poly-
acrylamide gels in comparison to protein standards of known
concentration.

Cell cycle analysis. For flow cytometric analysis (FACS) of
DNA content, approximately 106 cells were suspended in 1 ml
of a solution of 0.1% sodium citrate and 0.1% Triton X-100
containing 50 jig of propidium iodide per ml and treated for 30
min at room temperature with 1 jig of RNase (Calbiochem,
San Diego, Calif.) per ml. DNA fluorescence was measured
with a Coulter EPICS 753 flow cytometer, and the percentages
of cells within the Gl, S, and G2/M phases of the cell cycle were
determined (27). Estimates of S-phase fractions by this method
correlate very well with those made on the basis of incorpora-
tion of 5-bromodeoxyuridine into replicating nuclear DNA
(42). To analyze cyclin and cdk expression and kinase activity
in synchronized cells, BAC1.2F5A macrophages arrested in
early G1 by CSF-1 starvation for 16 h were restimulated with
the growth factor to reenter the cycle (27, 49). Fibroblasts
made quiescent by contact inhibition and serum starvation in
medium containing 0.1% FBS for 36 h were trypsinized and
replated at subconfluent densities in complete medium con-
taining 10% FBS. Cells progressing through the cycle were
harvested at the intervals indicated in the figures.

Protein analysis. For detection of cyclins and cdks through-
out the cell cycle, unlabeled cell lysates were immunoprecipi-
tated with the indicated antisera, and denatured immune
complexes were separated on gels, transferred to nitrocellu-
lose, and immunoblotted (8) with antisera to the same pro-
teins, by using 125I-protein A (Amersham, Arlington Heights,
Ill.) to visualize sites of antibody binding. Detection of cyclin-
cdk complexes was achieved by immunoprecipitation with

antiserum to one subunit (e.g., anti-cyclin) and blotting with
antiserum to the other (e.g., anti-cdk) or vice versa. When
indicated, the levels of D-type cyclins were also quantitated by
direct immunoblotting analysis with MAbs detected by ECL
enhanced chemiluminescence (Amersham), according to the
manufacturer's instructions.

RESULTS

D-type cyclin-associated kinase activity in immune com-
plexes. Antibodies to D-type cyclins and to their associated
cdks can immunoprecipitate the cognate proteins and com-
plexes between them from detergent lysates of mammalian cell
lines, but many such reagents have not so far proven useful in
recovering protein kinase activity in immune complexes. These
have included polyvalent rabbit antisera raised against bacte-
rially produced cyclins DI, D2, D3, and cdk4; antisera to a
synthetic peptide representing the carboxyl-terminal amino
acids of cdk4; and a panel of MAbs to the mouse D-type cyclins
(Table 1). Negative results were previously obtained by using
several substrates, including histone Hi, the bacterially pro-
duced retinoblastoma protein (pRb), casein, myelin basic
protein, synthetic copolymers, or a synthetic peptide contain-
ing canonical p34cdc recognition sites (26, 27).

In contrast, extracts of Spodoptera frugiperda (Sf9) insect
cells coinfected with baculovirus vectors encoding cdk4 and
D-type cyclins contain readily detected cyclin D-dependent
kinase activity able to phosphorylate pRb (19, 26). We subse-
quently found that addition of detergents to these Sf9 lysates
followed by precipitation of D-type cyclin-cdk4 complexes with
polyvalent antisera or MAbs directed to the cyclins yielded
significantly less pRb kinase activity than expected in the
resulting immune complexes. SDS, sodium deoxycholate, Tri-
ton X-100, and NP-40 at concentrations as low as 0.1% all
reduced the recovery of cyclin D-dependent kinase activity,
whereas 0.1% Tween 20 appeared to be noninhibitory. Al-
though SDS and sodium deoxycholate interfered with recovery
of cyclin D-cdk4 complexes, NP-40 did not, and the subsequent
removal of detergents by washing of immune complexes did
not regenerate full enzyme activity (data not shown).
Because coinfected Sf9 cells express as much as 1,000-fold

more cyclin and cdk4 than proliferating mammalian cells, we
reasoned that we might be more likely to recover cyclin
D-dependent kinases from mammalian cells engineered to
overexpress the proteins. If such cells were mechanically
disrupted in hypotonic buffers lacking detergent and then salt
was added to extract nuclear proteins, immunoprecipitates
prepared with antibodies to D-type cyclins or to cdk4 con-
tained unacceptably high levels of contaminating nonspecific
kinase activity. However, when such cells were lysed with 0.1%
Tween 20 (but not SDS, sodium deoxycholate, or NP-40) and
precipitated with antibodies to the cyclins, we retrieved readily
detectable pRb kinase activity in the immune complexes (Fig.
1). As shown in Fig. 1A, polyvalent antisera (lanes 2 and 3) and
a single mouse MAb directed to cyclin Dl (lane 7) supported
pRb kinase activity in immune complexes, whereas three rat
MAbs to Dl (lanes 8 to 10) or a cross-reactive MAb to D2
(lane 11) did not. An antiserum to the C terminus of cdk4 also
supported enzymatic activity (lane 5) compared with one
raised to the entire bacterially produced cdk4 protein (lane 4).
Similar data were obtained with cells overproducing both cdk4
and cyclins D2 (Fig. iB) or D3 (Fig. IC), although in these
cases, several of the rat MAbs as well as polyvalent rabbit
antisera were effective in recovering active enzyme complexes
(see Fig. 1B, lane 9 for D2, and Fig. 1C, lanes 7 to 11, 13, and
14 for D3). It seems likely that the nature and concentration of
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FIG. 1. Cyclin D-associated kinase activity in immune complexes.
Extracts of 32Dcl3 myeloid cells engineered to overexpress cyclin DI
(A) (20) or NIH 3T3 cells overexpressing cdk4 and cyclins D2 (B) (42)
or D3 (C) were immunoprecipitated with the indicated antibodies (see
Table 1), with NRS or preimmune rabbit serum (RZ-PRE), with an
irrelevant MAb to the human CSF-1 receptor (Control MAb), or with
beads alone (BEADS). Immune complexes were assayed for pRb
kinase activity. All autoradiographic exposure times were 1 h.

detergents are critically important in extracting stably assem-
bled cyclin D-cdk complexes from cell nuclei, where they are
normally compartmentalized (3).
At least in some cases, antibodies used to precipitate the

cyclin D-cdk4 complexes can inhibit kinase activity. Enzymat-
ically active complexes were recovered from cells overexpress-
ing cyclin DI by use of an antibody directed to the cdk4 C
terminus (Rz) (Fig. IA, lane 5). The washed complexes were
resuspended either in antiserum to the intact cdk4 protein
(Ry) or in nonimmune rabbit serum (NRS), and the beads
were then rewashed and tested for pRb kinase activity (Fig.
2A). No kinase activity was precipitated from the cells by using
nonimmune serum (lane 3), nor did it inhibit the pRb kinase
activity recovered with antiserum to the cdk4 C terminus (lane
1). Under identical conditions, the antiserum to intact cdk4
inhibited the pRb kinase reaction (lane 2). In agreement,
precipitates prepared with antiserum Ry LCid not support
kinase activity in cells overproducing cyclin DI, D2, or D3 (Fig.
1).

Cyclin D-cdk4 complexes engineered in Sf9 insect cells
phosphorylate pRb much better than histone Hi (12, 19, 26).
Figure 2C shows the kinetics of kinase reactions performed
with different holoenzymes assembled in Sf9 cells. Although
complexes composed of D-type cyclins and cdk4 showed an
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FIG. 2. Properties of the cyclin D-cdk4 kinase. (A) Lysates of
32Dcl3 myeloid cells overexpressing cyclin Dl were precipitated with
an antiserum to the C terminus of cdk4 (Rz, lanes 1 and 2) or with
NRS (lane 3). The precipitates were washed and resuspended (arrows)
in NRS or in antiserum directed to the entire cdk4 polypeptide (Ry).
Following incubation at 4°C for 1 h, the precipitates were rewashed
and assayed for pRb kinase activity. (B) Immune complexes from the
same cells were prepared by using MAb D1-72-13G to cyclin DI and
assayed for kinase activity against pRb (lane 1), histone HI (lane 2),
casein (lane 3), or a mixture of pRb and HI in a 1:5 ratio (lane 4).
Autoradiographic exposures for panels A and B were 4 h. (C) The
indicated cyclin-cdk complexes reconstituted in insect cells were tested
for their ability to phosphorylate pRb (open circles) or histone HI
(closed circles). Kinase reactions were initiated by using empirically
determined, limiting enzyme concentrations and an excess of substrate
(either 2.5 ,ug of histone Hi or 1.25 ,ug of pRb). Samples recovered at
the indicated times were separated on denaturing gels, and radioac-
tivity incorporated into labeled substrates was measured by liquid
scintillation of the excised bands.

almost absolute preference for pRb over histone Hi (Fig. 2C,
left panels), those containing cdk2, as well as the cyclin E-cdk2
complex, preferred histone HI (right panels). Cyclin DI differs
from cyclins D2 and D3 in not forming functional complexes
with cdk2 in this system (12). Although the substrate prefer-
ence of cyclin D-cdk4 complexes may in part reflect the ability
of D-type cyclins to interact directly with pRb (12, 19), the fact
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FIG. 3. Cyclin Dl kinase activity depends upon cdk4. (A) Deter-
gent lysates from BAC1.2F5A macrophages were pretreated with the
indicated antisera (Depletion), and cleared supernatants were repre-

cipitated (IP) and tested for kinase activity. Depletion was performed
with NRS, MAb D1-72-13G (D1), or antiserum to cdk4 (Ry). Immu-
noprecipitation was performed with the same reagents except for cdk4,
for which Rz was used. (B) rat-2 cells engineered to overproduce cyclin
DI were immunodepleted and assayed for kinase activity as for panel
A. The antiserum to cdk2 was directed to a C-terminal peptide. The
exposure time for both panels was 30 min.

that complexes between cyclins D2 or D3 and cdk2 phos-
phorylate HI well implies that the catalytic subunits also
contribute to substrate specificity. Similarly, cyclin D-associ-
ated kinase activity recovered in immune complexes from
mammalian cell lysates (Fig. 2B) was more reactive toward
pRb (lane 1) than to histone Hi (lane 2) and did not
phosphorylate casein at all (lane 3). When the bacterially
produced pRb fusion protein was mixed with a fivefold molar
excess of histone Hi and tested in the assay, pRb was again the
preferred substrate (lane 4). Similar data were obtained with
cyclins D2 and D3, and the kinetics of pRb versus histone Hi
phosphorylation obtained with the immunoprecipitated en-

zymes from mammalian cells recapitulated those observed with
the enzymes reconstituted in insect cells (data not shown). We
therefore continued to use pRb in all subsequent assays.

Cyclin D-dependent kinase activity in macrophages and
fibroblasts is primarily due to cdk4. cdk4 is the major partner
of D-type cyclin complexes in macrophages and fibroblasts (26,
55), but it cannot be activated in insect cells by cyclin A, B, or

E (19). We therefore tested whether antisera to cdk4 could
deplete Dl cyclin-dependent kinase activity from mouse mac-

rophages and vice versa (Fig. 3A). Preclearing of mouse

macrophage lysates with NRS had no effect on the recovery of
kinase activity precipitated with a MAb to Dl (Fig. 3A, lane 2),
but pretreatment with the MAb itself removed the activity
(lane 3). The vast majority of kinase activity was also removed
by rabbit antiserum to cdk4 (lane 4). Reciprocally, pretreat-
ment with NRS did not affect the recovery of kinase activity
precipitated with an antiserum to the cdk4 C terminus (lane 5),

but antibodies to DI (lane 6) and to cdk4 (lane 7) depleted
most of the activity.

In fibroblasts engineered to overexpress Dl, most if not all
cdk4 is complexed with this cyclin (42). When lysates of
asynchronously proliferating rat-2 fibroblasts overproducing
Dl were depleted by precipitation with antiserum to cdk4,
immunoblotting confirmed that a 6- to 10-fold excess of cyclin
DI remained in the supernatant (data not shown). Reprecipi-
tation of residual cyclin Dl from the precleared supernatant
resulted in the loss of detectable pRb kinase activity in immune
complexes (Fig. 3B, lane 4), whereas preclearing with nonim-
mune serum was without effect on recovery of the Dl-
associated kinase (lane 2). Pretreatment of lysates with mono-
clonal antibodies specific for cyclin Dl also led to the complete
loss of kinase activity in the anti-Di immune complexes (lane
3). However, preclearing with an antiserum to the cdk2 C
terminus did not diminish recovery of cyclin Dl-associated
kinase activity (lane 5). The antiserum to cdk2 was itself able to
precipitate high levels of kinase activity, after preclearing of
the lysates with either nonimmune serum (lane 6) or anti-Dl
(lane 7). Therefore, most if not all Di-dependent kinase
activity in macrophages and fibroblasts is due to complexes
containing cdk4, and overproduction of cyclin DI did not
facilitate its functional interaction with cdk2.

Induction of cyclin Dl-dependent kinase activity in mac-
rophages. Macrophages deprived of CSF-1 arrest in early GI
and ultimately undergo apoptosis, but cells transiently de-
prived of the growth factor reenter the cell cycle synchronously
upon restimulation and begin to replicate their DNA 10 to 12
h later (49). Expression of cyclin Dl mRNA and protein is part
of the delayed early response to CSF-1 stimulation and can be
detected early in G1 with maximal Di protein levels achieved
by mid-G1 phase (Fig. 4A) (27). In these cells, the total Di
protein level oscillates minimally (less than twofold) through-
out subsequent cell cycles, with its highest expression observed
near the G1/S transition (Fig. 4, compare top and bottom, 9
and 12 h). Two forms of cyclin Dl can be detected in
immunoblots, but the species of slower mobility is more
pronounced at the G1/S boundary (Fig. 4A) (27). Both forms
are phosphoproteins, and the biochemical differences that
distinguish them have not been defined. In contrast, cdk4 is
expressed at very low levels in CSF-1-starved cells and in-
creases following CSF-1 stimulation, reaching maximal levels
by early S phase (Fig. 4B) (26). Note that Dl is induced several
hours prior to cdk4 (Fig. 4A and B) and that both proteins
continue to be synthesized throughout the cell cycle as long as
CSF-1 is present (26, 27). Withdrawal of CSF-1 at any time
during the cycle leads to the rapid loss of cyclin Dl (half-life,
ca. 20 min) and to a slower decline in cdk4 levels (half-life, ca.
4 h) (26, 27).
As might be expected from these results, the rate of complex

formation between cyclin DI and cdk4 is limited by the slower
appearance of the catalytic subunit during G1. When cyclin Dl
immunoprecipitates were separated on denaturing gels, trans-
ferred to nitrocellulose, and blotted with antiserum to cdk4,
the rate of complex formation closely corresponded to the
accumulation of cdk4 during G, (Fig. 4C). Reciprocal experi-
ments in which cdk4 immunoprecipitates were separated and
blotted with antibodies to cyclin Dl rendered virtually identical
results (Fig. 4D). Both forms of cyclin Dl normally detected in
macrophages formed complexes with cdk4.

Assays of cyclin Dl-associated kinase activity throughout the
first cycle after growth arrest indicated that cells deprived of
CSF-1 lacked enzyme activity (time 0), but the kinase was
induced during mid-G1 phase and, once induced, remained
elevated (Fig. 4E). Kinase activity appeared not to significantly
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FIG. 4. Kinetics of appearance of cyclin Dl (A), cdk4 (B), D1-cdk4
complexes (C and D), Dl-associated pRb kinase (E), and cdk2-
associated pRb kinase (F) following CSF-1 stimulation of growth
factor-deprived macrophages. The intervals (in hours) following stim-
ulation are indicated at the tops of the panels, and the distribution of
cells in different phases of the cell cycle is indicated at the bottom of
the figure. (A and B) Lysates prepared at indicated times were
immunoprecipitated and blotted with RE (anti-Dl) and Ry (anti-
cdk4), respectively; (C and D) lysates precipitated with one of the
antisera were blotted with the other in the order shown (left to right)
in the margin; (E) pRb kinase activity performed with immune
complexes (aDl) prepared with MAb D1-72-13G; (F) assays per-
formed with antiserum (aCDK2) to the cdk2 C terminus. Exposure
times ("2I-protein A detection) for panels A to D are 18 h, and those
for panels E and F (32P) are 2 h and 30 min, respectively. The gels
shown in panels A, E, and F were performed by using narrower combs.

oscillate throughout subsequent cycles, but it rapidly declined
in parallel with cyclin Dl when CSF-1 was withdrawn, regard-
less of position in the cell cycle (data not shown). Note that for
transiently starved and restimulated cells in which good syn-
chrony can be achieved, maximal kinase activity was initially
observed by 12 h after stimulation (Fig. 4E), corresponding to
the rate of formation of cyclin Dl-cdk4 complexes (Figs. 4C
and D). However, Di-associated kinase activity appeared to be

subtly biphasic with a very minimal decline observed in S phase
(15 h) followed by a small but reproducible rise in late S and
G2 phases (18 h) and falling again during peak mitosis (21 h).
Although unimpressive in magnitude, the latter oscillations in
kinase activity later in the cycle were observed reproducibly in
four independent experiments using MAb D1-72-13G, anti-
serum RE, or an antiserum directed to a cyclin Dl C-terminal
peptide. Immunodepletion assays (similar to those whose
results are shown in Fig. 3) performed with cells synchronized
in late S/G2 again suggested that most DI-dependent pRb
kinase activity was due to cdk4, but given the limits of the
assays, we cannot exclude minor contributions from other
catalytic partners. Unlike the kinase activity associated with
cyclin Dl, pRb kinase assays (or histone Hi kinase assays [data
not shown]) performed with immune complexes prepared with
an antiserum to cdk2 yielded very different kinetics throughout
the cell cycle (Fig. 4F). cdk2-associated kinase activity was
detected late in G1 but increased steadily as cells moved
toward M phase. It is likely that this activity is initially due to
holoenzyme complexes involving cyclin E, which form late in
GI (10, 23), and cyclin A, which is first synthesized near the
G1/S transition and accumulates until cells enter mitosis (11,
35, 38, 39, 43).

Cyclin Dl-associated kinase activity in serum-stimulated
fibroblasts. Similar data for quiescent rat-2 fibroblasts stimu-
lated to reenter the cell cycle with serum were obtained (Fig.
5A, top). Here, not all cells reentered the cycle, their genera-
tion time was shorter, and the degree of synchrony obtained
was therefore lower (Fig. 5A, bottom). The major D-type
cyclin expressed in rat-2 cells (42), as in other fibroblast lines
(3, 53), is also Dl, again in complexes with cdk4 (55). The
expression of cyclin Dl tends to be more periodic in fibroblasts
than in macrophages, with maximal levels achieved late in Gl,
followed by a more appreciable decrease as cells enter S phase
(3, 53). Immunofluorescence studies revealed that D1 accumu-
lates in the nucleus during G, phase, but nuclear staining is lost
as cells replicate their DNA (3). We observed that Dl-
associated pRb kinase activity was virtually absent in quiescent
cells (Fig. SA, top, 0 h) but was induced by serum, rising
abruptly before the G1/S transition (6 to 9 h) and increasing
somewhat more as cells progressed through the cycle. The high
levels of kinase observed by the end of the experiment are
typical of those in asynchronously proliferating cells (data not
shown). Immune complex kinase assays performed with con-
trol beads rendered only background levels of pRb kinase
activity throughout the cell cycle (Fig. 5A, middle). The subtle
oscillations in Dl-associated kinase observed in macrophages
(Fig. 4E) were not seen in rat-2 cells.
Kinase activity in cells overexpressing D-type cyclins and

cdk4. Fibroblasts overexpressing cyclin Dl exhibit contracted
G1 intervals (42). If the rate of increase of cyclin Dl-dependent
kinase during reentry into the cell cycle is normally determined
by the rates of synthesis of both cyclin Dl and cdk4, we would
assume that cells engineered to constitutively overexpress one
or both subunits would not only exhibit significantly higher
levels of kinase activity but might also manifest this activity
earlier in G1.

Figure SB shows that rat-2 cells overproducing five to
eightfold-more Dl than counterparts transfected with a con-
trol neo vector (42) also expressed much higher levels of cyclin
Dl-associated kinase activity (note the 1-h exposure for Fig.
SB, top, versus 8 h in Fig. 5A, top), whereas very little activity
was detected with control beads (Fig. SB, middle). As previ-
ously reported, it was much more difficult to arrest the growth
of these cells by serum starvation (Fig. SB, bottom). Even so,
the kinase was induced during G1 (Fig. 5B, top). It is unlikely
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FIG. 5. Kinetics of appearance of cyclin Dl-associated kinase in
rat-2 fibroblasts. Quiescent cells (time zero) were stimulated to reenter

the cell cycle, and lysates prepared at the indicated times (in hours)
were immunoprecipitated with MAbD1-72-13G and assayed for pRb
kinase activity (top strips in both panels). The middle strips show
results with control beads prepared with an irrelevant antibody.
Results with control rat-2 cells (A) are contrasted with those of
derivatives engineered to overexpress cyclin Dl (ca. five- to eightfold
increase at the protein level) (B). The latter cells were not completely
quiescent at the start of the experiment because of their reduced serum

dependence (42). Note the different autoradiographic exposure times
in panels A (8 h) and B (1 h). (B) The lower strip shows direct
immunoblotting analysis of constitutively expressed cyclin DI per-

formed with MAb D1-72-13G, using the same cell lysates shown above;
DI was detected by enhanced chemiluminescence. Cell cycle distribu-
tions determined by FACS analysis are indicated below both panels. In
all experiments, lysates from 2 x 106 cell equivalents were loaded per

lane.

that endogenous DI synthesis accounted for the temporal
variation in kinase activity, given that very high levels of the
cyclin were constitutively expressed in starved cells and
throughout the cycle (Fig. 5C).
We performed similar experiments using a mouse NIH 3T3

cell derivative engineered to overexpress both cdk4 and cyclin
D3. Because cyclin D3 is not detectably expressed in parental
NIH 3T3 cells (42), its contribution to kinase activity would
ordinarily be negligible. In agreement, we were unable to
detect significant endogenous D3-associated kinase activity in
cell lysates from parental NIH 3T3 cells by using immune
complex assays performed with MAbs to D3 (negative data not
shown). Unlike NIH 3T3 cells overproducing cyclin Dl (42),
those cotransfected with D3 and cdk4 did not consistently
exhibit contracted G, intervals compared with those of paren-
tal cells transfected with a control neo expression vector. In two
experiments, GI was shortened by ca. 1 h versus that in
controls, whereas in two others, we detected no differences.
About 90% of cells overexpressing D3 and cdk4 underwent
growth arrest when starved in 0.1% serum for 48 h, and more
than 60% synchronously entered S phase by 12 h after restimu-
lation (data not shown). Importantly, high levels of D3 and
cdk4 were detected even when the overexpressor cells were

quiescent, and their expression was sustained throughout the
cycle after restimulation with serum (Fig. 6A and B). None-
theless, cyclin D3-cdk4 complexes did not efficiently assemble
in serum-starved cells (Fig. 6C), which lacked significant cyclin
D3-associated kinase activity (Fig. 6D, 0 and 4 h). The levels of
complexes (Fig. 6C) cannot be directly compared with those of
the individual subunits (Fig. 6A and B) because of the different
methods used for their detection (see Fig. 6 legend). Assembly
of complexes and kinase activity ensued after serum stimula-
tion and increased as cells progressed through G,. As for the
Dl overexpressor line (Fig.SB), ectopic production of D3 plus
cdk4 yielded supraphysiologic levels of assayable kinase (note
the relatively short exposure time for Fig. 6D equivalent to that
in Fig.SB), even though no statistically significant phenotypic
effects could be documented. D3-associated kinase activity
peaked near the G1/S boundary (12 h) and declined somewhat
as the cells completed the cycle. We repeated the kinase assays

by using antiserum to cdk4 and obtained the same result (Fig.
6E). Together, these findings indicate that the formation of the
catalytically active complexes must be subject to additional
rate-limiting controls.

DISCUSSION

An assay for cyclin D-dependent kinases in mammalian
cells. The major impediment in characterizing the manner by
which D-type cyclins function during the cell cycle has been the
inability to measure their associated kinase activities in mam-
malian cells. Although the D-type cyclins form complexes with
known cdks in vivo (4, 20, 26, 29, 55) and can directly activate
certain of these catalytic subunits in artificially reconstituted
systems (12, 19, 26, 29), direct evidence supporting such a role
in mammalian cells has been conspicuously lacking. We found
that three variables are of prime importance in recovering
active holoenzymes containing cdk4. First, by reconstituting
recombinant cyclin D-cdk4 complexes in Sf9 insect cells and
attempting to recover their enzyme activity in immune com-

plexes, we recognized that certain detergents would inhibit the
recovery of cyclin D-associated kinase activity from mamma-

lian cell lysates. Of the detergents tested, Tween 20 afforded
the best results. Second, unlike other functional cyclin-cdk
complexes which readily phosphorylate histone Hi, reconsti-
tuted cyclin D-cdk4 complexes have a strong substrate prefer-
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FIG. 6. Kinetics of appearance of cyclin D3-cdk4

3T3 cells overproducing both subunits. The experiment

as described in the legend to Fig. 5, by using 5 x105

per lane in each assay. (A and B) Direct immunoblotting

and cdk4, respectively, as detected by enhanced

(C) To study complex formation between the two lysates

prepared at the indicated intervals were precipitated

cyclin D3 (MAb D3-1836-1OB) and blotted with

(Ry). Detection of sites of antibody binding

'25I-protein A (exposure time, 14 h). Because of the

used, intensity of the signals in panel C cannot be

in panels A and B. Kinase activity was determined

complexes prepared with the MAb to D3 (D) or (Rz)
to the cdk4 C terminus (E). The autoradiographic

panels D and E were h. Background kinase activity

control beads was equivalent to those observed 0-h

throughout the experiment.

ence for pRb over histone HI (26), in part

propensity of the D-type cyclins to bind to pRb

19), and this was also observed for holoenzymes

from mammalian cells. Finally, not all antibodies

D-type cyclins or to cdk4 are capable of supporting

activity in immune complexes, and at least some

inhibit the enzymes. Under optimized conditions,

sensitive, convenient, highly specific, and can be

kinase activity associated with each of the D-type

Using an antiserum directed to a C-terminal

cyclin Dl (TPTDVRDVDI, residues 286 to 295),

(16) detected low levels of associated histone HI

activity in immunoprecipitates recovered from

sates of rat epithelial and human osteosarcoma

lysis buffers contained 0.3% NP-40 and 0.2% X-100

which in our hands inhibited cyclin DI-associated

activity recovered with several other polyvalent

peptide antibodies and MAbs. Moreover, DI-associated

activity was attributed to complexes containing

whereas we have been unable to reconstitute DI-associated

pRb or histone HI kinase activity with either of

subunits (12, 19). The anti-peptide serum to Dl C

terminus, but not an antiserum directed to the entire cyclin Dl
protein, coprecipitated another 46-kDa protein, which Hall
and coworkers designated cyclin X (51). The latter species
differs from bona fide cyclin DI in its timing of expression, in
its immunoreactivity and primary structure, and in its prefer-
ential association with cdk2. When partially purified, this
protein exhibited significantly greater histone HI kinase activ-
ity than authentic cyclin DI isolated from the same cells,
suggesting that the kinase activity attributed to cyclin Dl in
these studies may reside with cyclin X. None of our antibodies
precipitated or immunoblotted this 46-kDa protein.

Cyclin DI preferentially activates cdk4 in macrophages and
fibroblasts. In CSF-1-dependent macrophages in which cyclin
D3 is not expressed and D2 is synthesized at very low levels and
in rat-2 cells in which ectopically expressed cyclin DI was

synthesized in significant excess over endogenous cdk4, immu-
nodepletion of detergent lysates with antiserum to cdk4 re-

moved virtually all cyclin Di-associated pRb kinase activity
(and vice versa); depletion of cdk2 was without detectable
effect. In such cells, then, most if not all cyclin DI-associated
cdk activity could be attributed to cdk4, and excess DI was

unable to detectably activate other cdks. In Sf9 cells engi-
neered to produce mammalian cyclin-cdk complexes, cdk4 can

be activated by each of the D-type cyclins but not by cyclins A,
Bi, orE, whereas cdc2 (and cdk5 [18]) do not functionally
interact with D-type cyclins in this system (19). However,
cyclins D2 and D3, but not DI, can functionally interact with
cdk2 in Sf9 cells (12), leaving open the possibility that in those
mammalian cells which predominately express cyclins D2 and
D3 (e.g., T lymphocytes or early myeloid precursors [1, 20, 21,
27, 29]), at least some cyclin D-associated kinase activity might
be due to cdk2. Moreover, Meyerson and Harlow (29) provide
accompanying evidence that the major D-type cyclin catalytic
partner in T cells is cdk6. Observations that cyclin DI can form
complexes with cdk2 in fibroblasts (55) suggest that it might
direct cdk2 to other substrates or alternatively act as a cdk2
inhibitor. D-type cyclins might also form functional complexes
with yet other novel cdks whose inability to phosphorylate
either histone HI or pRb could hamper their detection.
Temporal expression and regulation of cyclin D-associated

kinases. Early-G,-arrested, CSF-1-deprived macrophages and
quiescent, serum-starved fibroblasts do not express detectable
cyclin DI-associated kinase activity, but the enzyme is induced
once cells reenter the cell cycle and initially reaches a maxi-
mum near theG1/S transition. Very similar kinetics of activa-
tion were observed in T lymphocytes for cyclin D-dependent
complexes containing cdk6 (29). This argues strongly against a

role for cyclin D-associated kinases during theGo-to-G, tran-

sition, which occurs in the first few hours after growth factor
stimulation (36). Importantly, the synthesis of cyclin Dl during
GI phase preceded the appearance of cyclin DI-associated
kinase activity, which temporally corresponded to the induc-
tion of cdk4 and its movement into complexes with DI. Thus,
a functional execution point for cyclin DI is likely to occur late
in GI, consistent with conclusions culled from microinjection
experiments (3, 42). Enforced overexpression of cyclin DI,
which, as shown here, led to significant increases in kinase
activity, shortens the GQ-to-S phase transition of rat-2 or

mouse NIH 3T3 cells by several hours (42), but the results
above imply that cdk4 synthesis is also rate limiting during GI,
at least for cells reentering the cycle from a quiescent state.
The niaintenance of cyclin DI-cdk4 complexes in continu-

ously proliferating cells depends upon persistent growth factor-
induced signals (3, 26-28, 53), but because cdk4 turns over

much more slowly than DI (26), it is less likely to be as rapid
or sensitive a sensor. However, TGF-r arrests mink epithelial
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cells in G, by interfering with cdk4 synthesis but not that of
cyclin Dl, D2, E, or cdk2 (13, 24). The enforced expression of
cdk4 in such cells can override the TGF-, block, enabling
subsequent activation of the cyclin E-cdk2 complex, pRb
phosphorylation, and S-phase entry (13). Therefore, the syn-
thesis of both cdk4 and cyclin Dl can be independently
governed by upstream regulatory controls which determine
their rates of synthesis and, ultimately, their assembly into
functional holoenzyme complexes.
Although constitutive overexpression of either cyclin Dl

alone or D3 together with cdk4 in proliferating fibroblasts led
to very significant overall increases in D-type cyclin-dependent
kinase activity relative to the endogenous levels, the kinases
remained inactive in quiescent cells. Entry into the cell cycle
was accompanied by an increase in both cyclin D-cdk4 com-
plexes and kinase activity as cells approached the GI/S bound-
ary. For NIH 3T3 cells overexpressing cyclin D3 and cdk4, the
increase in kinase activity during G, clearly cannot be attrib-
uted to the expression of endogenous D-type cyclins, because
the parental cells synthesize negligible quantities of cyclin D3,
and the MAb used to immunoprecipitate D3-cdk4 complexes
from the overexpressors does not cross-react with D2 or Dl
(50). Assembly of active cyclin D-cdk4 complexes therefore
appears to be subject to posttranslational controls, and the
abundance or activity of their regulator(s) must also be rate
limiting for the Go-to-S phase transition.
A surprising result was that ectopic expression of the cyclin

D3-cdk4 complex, as opposed to D1-cdk4 (42), did not consis-
tently affect the rate of G, progression. Perhaps, the Dl- and
D3-containing holoenzymes exhibit distinct preferences for
physiologic substrates, and these are simply not reflected in
immune complex kinase assays performed with pRb. A con-
ceptually analogous result was previously obtained with early
myeloid cells which normally express D2 and D3 but not D1;
overexpression of D2 and D3 perturbed their ability to differ-
entiate to neutrophils in response to granulocyte CSF, whereas
Dl was without effect (20). Together, these results buttress the
view that D-type cyclins are unlikely to be redundant (44).
A candidate positive regulator of the cyclin D-cdk4 complex

is the cdk-activating kinase, which might trigger its activity by
phosphorylating cyclin D-bound cdk4 on threonine 172 (anal-
ogous in context and position to Thr-160 and Thr-161 in cdk2
and cdc2, respectively). cdk-activating kinase itself contains a
catalytic subunit (alias M015) which is distantly related to
known cdks, and like the latter, it appears to require another
regulatory subunit(s) for its activity (14, 41, 45). We have
evidence that cdk4 bound to D-type cyclins is phosphorylated
on threonine 172 and activated through this mechanism when
the two subunits are coexpressed and assembled in intact Sf9
cells (18). However, additional factors, present either in Sf9 or
in mammalian cell lysates, are required for efficient cyclin
D-cdk4 assembly. Negative regulators of the cyclin D-cdk4
complex, analogous to those that govern cyclin E-cdk2 activity
(24, 40), may also exist. In keeping with this possibility, cdk4
forms stable complexes in vivo with a series of low-molecular-
weight proteins whose functions have not yet been determined
(55, 56). On the basis of results here with cells overproducing
cdk4 and D-type cyclins, one or more of these putative
regulators of the holoenzyme complexes are also likely to be
responsive to growth factor-induced signals.

In proliferating macrophages and fibroblasts, oscillations of
the cyclin Dl and cdk4 proteins are not readily apparent,
although both components are somewhat more abundant
during late G, (3, 26, 27). However, immunofluorescence
staining of asynchronously replicating, 5-bromodeoxyuridine-
labeled human fibroblast strains revealed an intense accumu-

lation of cyclin Dl in cell nuclei during GI phase followed by
its marked decay in S phase (3). The simplest interpretation,
then, is that the execution point for Dl function in continu-
ously proliferating fibroblasts and macrophages also occurs in
late G1. Given the persistence of Dl-associated kinase activity
throughout the cell cycle in growing cells, it will be important
to determine whether the enzyme activity repartitions between
the cytoplasm and nucleus, as can be the case for the cyclin
B-cdc2 complex (17, 37). Our results do not exclude an
ancillary role for Dl-associated kinase activity later in the cell
cycle. In fact, the activity of the Di-associated kinase appeared
subtly biphasic in macrophages with a second maximum
achieved in the late S and/or G2 phases. Conceivably, a minor
fraction of the latter activity could include a contribution from
another catalytic subunit, but if so, the putative Dl partner
during S/G2 is not likely to be cdk2, for which we have only
negative evidence, or cdc2, which fails to functionally interact
with D-type cyclins in Sf9 cells (19). Moreover, if a late-S/G2
function exists for cyclin Dl, it is unlikely to be essential for cell
cycle progression, because macrophages brought synchro-
nously into early S phase after CSF-1 stimulation can complete
mitosis even if the growth factor is subsequently withdrawn and
cyclin Dl is rapidly degraded (27).
The fact that cyclin D-cdk4 complexes are subject to up-

stream regulatory controls might explain why their overexpres-
sion reduces but does not bypass growth factor requirements
for progression through Gl. In turn, several lines of evidence
now suggest that the activity of cyclin E-cdk2 is regulated, at
least in part, by formation of the D-cdk4 complex (13, 40). The
relative timing and interdependence of the cyclin D-cdk4 and
cyclin E-cdk2 kinases are likely to be important in ensuring an
orderly phosphorylation of physiologic substrates as cells com-
mit to DNA synthesis and concomitantly lose their require-
ment for mitogenic growth factors until they complete division
and reenter GI (36).
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