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We have previously shown that poly(A) polymerase (PAP) is negatively regulated by cyclin B-cdc2 kinase
hyperphosphorylation in the M phase of the cell cycle. Here we show that cyclin B1 binds PAP directly, and we
demonstrate further that this interaction is mediated by a stretch of amino acids in PAP with homology to the
cyclin recognition motif (CRM), a sequence previously shown in several cell cycle regulators to target specif-
ically G1-phase-type cyclins. We find that PAP interacts with not only G1- but also G2-type cyclins via the CRM
and is a substrate for phosphorylation by both types of cyclin-cdk pairs. PAP’s CRM shows novel, concentra-
tion-dependent effects when introduced as an 8-mer peptide into binding and kinase assays. While higher
concentrations of PAP’s CRM block PAP-cyclin binding and phosphorylation, lower concentrations induce
dramatic stimulation of both activities. Our data not only support the notion that PAP is directly regulated by
cyclin-dependent kinases throughout the cell cycle but also introduce a novel type of CRM that functionally
interacts with both G1- and G2-type cyclins in an unexpected way.

Almost all eukaryotic mRNAs contain a string of adenylate
residues at their 39 ends. This structure, known as the poly(A)
tail, has been implicated in mRNA localization, stability, and
translation (reviewed in references 41, 52, and 59). The poly-
adenylation reaction affects, and is affected by, other steps in
mRNA synthesis, such as transcription, splicing, and capping
(e.g., references 11, 12, 29, 44, and 62). Therefore, polyadenyl-
ation could constitute a significant point of regulation utilized
by the cell to control gene expression (reviewed in reference 4).
A growing body of evidence suggests this to be the case in early
development (59), in cell differentiation (e.g., references 19
and 56) and in the M phase of the cell cycle (9).

mRNA 39-end formation is achieved in a two-step reaction:
endonucleolytic cleavage of the pre-mRNA followed by syn-
thesis of the poly(A) tail. Components of the basal polyade-
nylation machinery, which constitute a complex array of pro-
tein factors, work together to catalyze and tightly couple these
two reactions (reviewed in references 8, 34, and 58). Poly(A)
polymerase (PAP) is a single subunit enzyme responsible for
adding the adenylate residues onto the cleaved mRNA, and it
is also required in many cases for the cleavage reaction in vitro.
Multiple additional, multi-subunit proteins are involved in 39
end formation: cleavage-polyadenylation specificity factor
(CPSF), cleavage stimulation factor (CstF), cleavage factors I
and II, and RNA polymerase II. CPSF is required for both
steps of the reaction and is responsible for recognizing the
polyadenylation signal AAUAAA. CPSF binds very efficiently
AAUAAA when complexed with CstF, which is itself required
for efficient cleavage in vitro. CstF also binds RNA specifically
to the GU-rich element found in many polyadenylation sites.
The complexes most likely to be directly involved in the endo-
nucleolytic cleavage of the pre-mRNA are CFI and CFII. The
newest known essential component of 39 processing is RNA
polymerase II, specifically the C-terminal domain of its largest
subunit (CTD). The CTD was shown to be required for the

cleavage reaction in vitro (29), and interactions between the
CTD and CstF and CPSF have been observed (44).

Our laboratory and others have collected data supporting
the regulation of polyadenylation via control of PAP activity.
The U1 snRNP A protein (U1A) is able to repress PAP’s
polymerase activity via a direct interaction between U1A
bound to sequences in the U1A pre-mRNA 39 untranslated
region and the C terminus of PAP, thereby negatively auto-
regulating its own synthesis (22–24). We and others have been
studying the effect of phosphorylation of PAP on its activity in
in vitro and in vivo assays (e.g., references 3, 9, and 64). All
known vertebrate PAPs contain a C-terminal Ser-Thr-rich do-
main with multiple cyclin-dependent kinase (cdk) sites. These
sites are phosphorylated in vitro and in vivo by cyclin B-p34cdc2
(10). In M-phase cells, where cyclin B-p34cdc2 is most active,
PAP is hyperphosphorylated and its activity is repressed (9).
Chicken B cells expressing a PAP with two consensus cdk sites
mutated show growth defects compared to cells expressing
similar levels of the wild-type enzyme (64).

Cyclin B-p34cdc2 is a member of the cdk family, with all
members being heterodimers containing a kinase subunit (the
cdk) and a regulatory subunit (the cyclin). These kinases are
important players in regulating the entry into and progression
of the eukaryotic cell cycle (reviewed in references 32 and 46).
As such their activities are tightly controlled to ensure a proper
cell cycle. One of the most well-studied mechanisms of cdk
regulation is the requirement of the cyclin binding to the cat-
alytic subunit for its activation (e.g., references 31, 33, and 40).
Binding of the cyclin imparts upon the kinase a structure con-
ducive to catalysis (33).

In addition to influencing the structure of the catalytic sub-
unit, the cyclin also apparently imparts upon the cdk much of
its substrate specificity (e.g., references 14, 31, 35, 47, and 48).
Initially through analysis of the crystal structure of cyclin A-
cdk2 complexed with the cdk-inhibitory protein p27 (51), a
motif in p27 was derived that was suggested to be responsible
for the interaction of the inhibitor with the cyclin. This se-
quence, the cyclin recognition motif (CRM), is now known to
be shared by inhibitors (p21, p27, and p57) and substrates (e.g.,
E2F-1, p130, p107, and pRB) alike (1, 2, 6, 15, 38, 42, 43, 45,
49, 53, 65). The CRM’s interaction with the cyclin relies on
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contact with residues in a hydrophobic patch (50, 51, 54), which
are strongly conserved in cyclins A, B, D1, and E, although
CRM-dependent interactions have only been detected with the
G1-specific cyclins, A, D1, and E not with cyclin B1. A cyclin A
mutated in its hydrophobic patch was unable to interact with
CRM-containing proteins and lost its ability to drive cells out
of G1 (54), underlining the importance of CRM-mediated in-
teractions for the cdk in controlling the progression of the cell
cycle. When the CRM’s interaction with the cyclin is disrupted,
decreased phosphorylation of the substrate is frequently ob-
served (1, 2, 38, 43, 54). Not all cdk substrates contain a CRM,
and why some do and others do not is not known.

Here we further investigate PAP’s regulation by cdks. We
extend our previous findings that PAP is a target for cdk
phosphorylation by showing that PAP binds directly to cyclins,
both in vivo and in vitro. PAP interacts with both G1- and
G2-type cyclins and is a substrate for phosphorylation by both
types of cyclin-cdk pairs. Cyclin binding is mediated by a
stretch of amino acids with similarity to the consensus CRM.
An 8-mer peptide spanning PAP’s CRM has novel concentra-
tion-dependent effects on binding and phosphorylation of PAP
by cdks. Unexpectedly, lower concentrations of the 8-mer pep-
tide actually stimulate PAP binding and phosphorylation by
cyclin B-cdc2. Higher concentrations abolish the PAP-cyclin
interaction and, in in vitro kinase reactions, specifically inhibit
both PAP’s and pRB’s phosphorylation by G2- as well as G1
cdks. With its ability to interact with both G1- and G2-type
cyclins, PAP’s CRM allows for the possible regulation of poly-
adenylation throughout the cell cycle, and the novel mecha-
nism by which it interacts with cyclins provides possible insight
into the mechanism of substrate targeting by cyclins.

MATERIALS AND METHODS

Coimmunoprecipitation. Sf9 insect cells were infected with 1 PFU of PAP-
expressing per cell and/or 3 PFU of cyclin B1-expressing recombinant baculovi-
ruses. After 40 h at 27°C, cells were harvested and lysed in 50 mM Tris (pH
8.0)–150 mM NaCl–0.1% aprotinin–10 mM benzamidine–30 mg of leupeptin per
ml–1 mg of bacitracin per ml–10 mg of a2-macroglobulin per ml–0.35 mM
phenylmethylsulfonyl fluoride for 15 min on ice. Lysates were spun at 37,000 3
g for 15 min at 4°C, and supernatants were collected. Protein G-Sepharose beads
(Pharmacia), anti-PAP polyclonal antisera, and supernatants were rocked for 3 h
at 4°C. After an extensive washing with 50 mM Tris (pH 7.2)–200 mM NaCl–
0.1% NP-40, samples were subjected to sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) in a 10% polyacrylamide gel and Western blot
analysis. Filters were probed with a monoclonal cyclin B1 antibody (Santa Cruz).

Far-Western assays. The modified far-Western assay was carried out as pre-
viously described (37). One microgram of protein was used for each strip. After
renaturation and blocking, 100 ng of purified cyclin B1-cdc2 was incubated with
the strips for 12 h at 4°C. After extensive washing, strips were probed with the
anti-cyclin B1 monoclonal antibody.

GST binding assays. Glutathione S-transferase (GST)-cyclin fusion proteins
were expressed in recombinant baculovirus-infected cells. Infection and lysis
were carried out as described earlier (9). GST was expressed in Escherichia coli
(JM101), induced with 1 mM isopropyl-b-D-thiogalactopyranoside (IPTG) at
37°C for 3 h. Proteins were affinity purified using glutathione-Sepharose beads
(Amersham Pharmacia Biotech AB). After an extensive washing with NETN (20
mM Tris, pH 8.0; 100 mM NaCl; 0.5% NP-40; 1 mM EDTA), proteins were
eluted with 120 mM reduced glutathione (Sigma) and dialyzed against 10 mM
HEPES (pH 7.5)–5 mM NaCl–0.1 mM EDTA–1 mM dithiothreitol (DTT)–25%
glycerol. Two micrograms of each GST protein was rebound to glutathione-
Sepharose beads. Unbound proteins were washed away, and in vitro-translated
35S-labeled PAPs (2 ml), purified bacterial PAP (100 ng), or purified hemagglu-
tinin (HA)-cdk2 (100 ng) were incubated with beads for 2 h at 24°C in a total
volume of 40 ml. For assays with peptides, 45 ng of purified GST-B1 bound to
glutathione-Sepharose beads, various amounts of peptides, and 1 ml of in vitro-
translated 35S-labeled PAP were incubated for 2 h at 24°C in a total volume of
200 ml. In vitro-translated proteins were produced using TNT rabbit reticulocyte
lysate (Promega). Bovine PAP I (species II in Fig. 2B) was produced from bovine
PAP I cDNA subcloned into a pET-14b plasmid containing a T7 promoter. The
C-terminal truncated PAP (amino acids [aa] 1 to 434) was in vitro transcribed
and translated with the above-mentioned PAP I-pET14b plasmid linearized with
DraIII. One N-terminal truncated PAP (309 to 689 aa) was produced from a
template constructed by blunt-end ligation of PAP I-pET14b, cut with KpnI and

NcoI. The second, N-terminal truncated PAP (539 to 689 aa) was also produced
from a template constructed by blunt-end ligation of PAP I-pET14b but cut with
SpeI and NdeI.

Protein phosphorylation. A 200-ng portion of purified pRB, PAP or histone
H1 was incubated with 80 ng of purified cdk for 20 min at 30°C in kinase buffer
(25 mM HEPES, pH 7.5; 5 mM MgCl2; 100 mM ATP; 0.5 mCi of [g-32P]ATP; 0.1
mM DTT) in a total volume of 30 ml. Olomoucine (Calbiochem) and roscovitine
(Calbiochem) were added where indicated at the concentrations shown in the
figure legends. Where indicated, peptides were added at the concentrations
shown. Peptides were added to reaction mixtures prior to substrates. The cyclin
B1-cdc2 preparations used in the experiments shown in Fig. 7 and in Fig. 8B
varied slightly in their specific activities, resulting in small differences in phos-
phorylation at lower concentrations.

RESULTS

PAP interacts both in vivo and in vitro with cyclin B1. We
have been studying how PAP is regulated by cyclin B-p34cdc2

phosphorylation, which involves multiple cdk consensus (S/
TPXK/R) and nonconsensus (S/TP) sites and the inhibition of
its catalytic activity upon hyperphosphorylation (9, 10). Given
that some cdk substrates appear to be targeted by a direct
interaction with the cyclin subunit, it seemed that PAP, with its
multiple phosphorylation sites, would be a good candidate for
such an association. To investigate this possibility, we first
sought to test whether PAP can interact with a cyclin in vivo.
To this end, Sf9 insect cells were coinfected with recombinant
baculoviruses expressing bovine PAP I and human cyclin B1.
(PAP I and II arise from alternatively spliced mRNAs [63].
They behave indistinguishably in their interaction with cdk-
cyclins and have been used interchangeably in the experiments
described here.) Total cell extracts were prepared and sub-
jected to immunoprecipitation with a rabbit polyclonal anti-
PAP antibody, and the immunocomplex was analyzed by West-
ern blotting using an anti-cyclin B1 monoclonal antibody (see
Materials and Methods). Figure 1A shows that cyclin B was
present in the anti-PAP immunocomplex (lane 1) and that this
was dependent on coexpression of PAP (lane 2). Lanes 3 and
4 show a Western blot with anti-cyclin B1 antibodies of the
lysates prior to immunoprecipitation, which indicates that a
significant fraction of the cyclin was associated with PAP. We
have been unable to coimmunoprecipitate PAP I and cyclin B1
from uninfected cells. However, this is, to our knowledge,
consistent with all other studies examining cyclin-substrate as-
sociations and suggests that the interactions are relatively weak
and/or transient.

To characterize the PAP-cyclin B1 interaction further, bac-
ulovirus-produced and purified histidine-tagged PAP II and
human cyclin B1-flu epitope-tagged p34cdc2 proteins were used
in a modified far-Western protein-protein interaction assay
(Fig. 1B). Purified PAP II (1 mg) was immobilized on nitro-
cellulose by Western blotting and renatured by serial dilution
with guanidine-HCl, and strips were incubated with purified
cyclin B1-p34cdc2 (100 ng). After extensive washing (see Mate-
rials and Methods), the presence of cyclin B1 bound to PAP II
was determined by its immunoreactivity to the anti-cyclin B1
antibody (strip 1). The absence of cross-reactivity of PAP II
with the anti-cyclin B1 antibody was established by incubating
a strip of PAP II under the above conditions except for ex-
cluding incubation with cyclin B1 (strip 2). A strip containing
p53 instead of PAP was used to demonstrate the specificity of
the interaction (strip 3). Strip 4 contained cyclin B1. The results
of this experiment indicate the existence of a direct interaction
between PAP and cyclin B1-p34cdc2.

PAP interacts with cyclin B1 via sequences N-terminal of the
Ser-Thr-rich regulatory region. To address the role of p34cdc2,
if any, in the interaction of PAP with cyclin B1 and to extend
the above results to soluble proteins, a GST pull-down assay
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was employed. A GST-B1 fusion protein was purified from
recombinant baculovirus-infected Sf9 cells, rebound to a glu-
tathione-agarose matrix, and incubated with in vitro-translated
35S-labeled PAP I. After extensive washing and elution, the
elute was subjected to SDS-PAGE and the presence of PAP I
was determined by autoradiography. In Fig. 2A, PAP I was
detected in the eluate of the cyclin B1 matrix (lane 1) but not
in that of a GST control (lane 2), confirming the interaction of
cyclin B1 with PAP.

The same assay was next used to determine whether the
Ser-Thr-rich C terminus of PAP, which contains the seven
known sites for cyclin B1-p34cdc2 phosphorylation (10), also
contains the residues responsible for associating with cyclin B1.
(Although, perhaps arguing against this, we have observed no
effect of the phosphorylation status of PAP on the enzyme’s
ability to bind cyclin B1; results not shown). For this experi-
ment, full-length in vitro-translated [35S]methionine-labeled
PAP I was again incubated with GST-cyclin B1 bound to glu-
tathione agarose beads, but this time alongside of both N-
terminal and C-terminal truncated PAPs (Fig. 2B). Both the
wild-type and N-terminal truncated species contain the Ser-

Thr-rich region, the last comprising only this region (species II,
III, and IV in panel B), but the C-terminal truncated PAP
(species I in panel B) contains only residues N terminal of the
regulatory region. As seen in Fig. 2C, lanes 1, 3, 5, and 7, only
those species with residues N terminal to the regulatory region
retained the ability to bind cyclin B1, proving that the Ser-Thr-
rich region is neither necessary nor sufficient for PAP’s asso-
ciation with cyclin B1, whereas sequences N terminal to this
region, between residues 309 and 434, are sufficient. Prelimi-
nary data (not shown) suggest the possibility of a weak, sec-
ondary cyclin binding site N-terminal of residue 309, although
this has not been studied further.

PAP contains a novel cyclin recognition motif. Inspection of
the PAP sequence revealed that it contains a stretch of con-
served amino acids with similarity to the consensus CRM,
situated just N terminal of the Ser-Thr-rich regulatory region
(Fig. 3). Although other CRM-containing cdk substrates ana-
lyzed to date do not appear to interact with cyclin B1, B-type
cyclins do contain the residues in other cyclins necessary to
contact the CRM (2, 50, 54). The interaction between PAP and
GST-cyclin B1 is also resistant to high salt concentrations (data

FIG. 1. PAP binds cyclin B1 in vivo and in vitro. (A) PAP associates with cyclin B1 in vivo. Coimmunoprecipitation and Western blot analysis of Sf9 insect cell
extracts made from cells infected with recombinant baculoviruses expressing either PAP plus cyclin B1 or cyclin B1 alone. Lysates were immunoprecipitated with a
polyclonal antibody raised against PAP. The immunoprecipitates (lanes 1 and 2) and 10% of the cell extracts used (lanes 3 and 4) were subjected to SDS-PAGE and
subsequent Western blot analysis using a monoclonal antibody against human cyclin B1. The position of cyclin B1 is indicated. (B) PAP binds cyclin B1-cdc2 directly.
Purified PAP II (1 mg; strips 1 and 2), purified p53 (1 mg; strip 3), and bacterial whole-cell extract expressing human cyclin B1 (strip 4) were first immobilized on
nitrocellulose. Following renaturation by serial dilution with guanidine-HCl, strips 1, 3, and 4 were incubated with purified cyclin B1-cdc2 (100 ng). After washing, cyclin
B1 was detected by immunoreactivity to the anti-cyclin B1 antibody. An arrow on the left indicates the position of PAP II. An arrow on the right indicates the position
of cyclin B1.
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not shown), which could suggest a hydrophobic association,
another trait of a CRM-mediated interaction (50, 54).

To test the functional significance of the putative PAP
CRM, a series of experiments was carried out using a synthetic
peptide spanning these eight residues of PAP (Fig. 3). These
experiments were based on studies of the p21 family of cdk
inhibitors and of cdk substrates, including the transcription
factor E2F-1, the retinoblastoma protein (pRB), and the re-
lated protein p107 (1, 2). We first took advantage of the finding
that phosphorylation of pRB by cyclin A-cdk2, cyclin E-cdk2,
and cyclin D1-cdk4 can be inhibited by the addition of increas-
ing amounts of CRM-containing peptides (from p21, E2F-1, or
pRB) to in vitro kinase assays and tested whether PAP’s po-
tential CRM-containing peptide could also inhibit pRB phos-
phorylation. Baculovirus-produced and purified flu-tagged
pRB and human cyclin A-flu-tagged cdk2 were incubated un-
der kinase conditions in the presence of [g-32P]ATP and ana-
lyzed by SDS-PAGE and subsequent autoradiography. As seen

in Fig. 4A, PAP’s CRM effectively inhibited pRB phosphory-
lation by cyclin A-cdk2 (lanes 2 and 3). The fact that pRB but
not cyclin A phosphorylation (which appears to be a CRM-
independent substrate [54]) was inhibited in the same reaction
mixture provided an internal control for the specificity of the
inhibition. In order to address the sequence specificity of this
effect, a peptide with PAP’s CRM scrambled was also tested,
and it showed no effect on pRB phosphorylation (lanes 4 and
5). Similar results were obtained with cyclin E-cdk2 (data not
shown). These results suggest that eight residues of PAP can
act as a CRM, functionally interacting with cyclins A and E.

Our data has shown that PAP interacts directly with cyclin
B1. We therefore tested the ability of PAP’s CRM to interact
functionally with cyclin B1 by testing the effects of the 8-mer
PAP peptide in the pRB phosphorylation assay. Strikingly,
given the inactivity of other CRM’s on cyclin B1-cdc2 phos-
phorylation (2), PAP’s CRM also strongly and specifically in-
hibited phosphorylation of pRB by cyclin B1-cdc2 (Fig. 4B,

FIG. 2. PAP binds cyclin B1 via residues N-terminal of its Ser-Thr-rich regulatory region. GST-cyclin B1 pull-down assays were performed using purified GST or
GST fusion proteins bound to a glutathione matrix and in vitro-translated 35S-labeled PAPs (2 ml). (A) Autoradiogram of the eluates of either GST-cyclin B1 (lane
1) or GST (lane 2) glutathione matrices and 10% of the input PAP I (lane 3). An arrow on the left indicates the position of PAP I. (B) Schematic representation of
PAP species used in the assay depicted in panel C and summary of results. The black region indicates the Ser-Thr-rich region, and the white bars indicate the sites for
cdk phosphorylation. The bipartite nuclear localization signal sequences are boxed in gray. A plus sign indicates observed binding, two plus signs indicate strongest
binding, and a minus sign indicates no binding was observed. (C) Autoradiogram of 35S-labeled PAPs bound to either GST-cyclin B1 (lanes 1, 3, 5, and 7) or GST (lanes
2, 4, 6, and 8). Lanes 9 to 12 are 10% of the input PAPs. The roman numerals indicate the PAP species used as graphically represented in panel C.
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compare lanes 1 and 3 with lane 2). As observed above with
cyclin A, cyclin B1 autophosphorylation was not affected. To-
gether, these results suggest that PAP contains a novel CRM-
like sequence capable of functionally interacting with both G1
and G2 cyclins.

PAP interacts with and is phosphorylated by cyclin A-cdk2. In
order to determine whether the inhibition of cyclin A-cdk2 phos-
phorylation by the PAP peptide reflected an interaction between
cyclin A and PAP, we investigated the ability of full-length PAP to
bind cyclin A. To this end, a GST binding assay similar to that
used in Fig. 2 was employed. In vitro-translated [35S]methionine-
labeled PAP I was incubated with glutathione-agarose beads con-
taining GST-cyclin B1, GST-cyclin A, or GST alone. As seen on
the autoradiogram depicted in Fig. 5A, similar amounts of PAP I
were present in the eluates of both cyclin B1 (lane 1) and cyclin A
(lane 2) matrices but not in that of the GST control (lane 3),
providing evidence for an interaction between cyclin A and PAP.
(Figure 5B shows a Coomassie blue-stained gel of the purified
GST-cyclin fusion proteins used.)

We next tested whether PAP could bind cyclin A, as well as
serve as a substrate for cyclin A-cdk2 phosphorylation. Phos-
phorylation was examined in an in vitro kinase assay using
baculovirus-produced and purified human cyclin A-flu-tagged
cdk2 and bacterium-produced and purified His-tagged PAP I.
After incubation under kinase conditions in the presence of
[g-32P]ATP, the reaction mixture was analyzed by SDS-PAGE
and subsequent autoradiography. As seen in Fig. 5C, lane 1,
32P was efficiently incorporated into PAP. The specificity of
cdk phosphorylation was controlled for by the addition of two
specific cdk inhibitors, olomoucine and roscovitine, into the
kinase reactions. As seen in lanes 2 to 5, incorporation of 32P
into PAP was inhibited by both compounds. Taken together,
these results demonstrate that PAP can both bind cyclin A and
serve as a substrate for phosphorylation by cyclin A-cdk2. This

is consistent with the fact that PAP is phosphorylated through-
out the cell cycle, not only in the M phase (9).

Novel, concentration-dependent effects of PAP’s CRM. The
data presented above show that PAP can interact with both
cyclin B1 and cyclin A and, at least in the case of cyclin B1, that
these interactions are dependent on residues N terminal of the
Ser-Thr-rich PAP regulatory region which encompass the PAP
CRM. We next wished to examine the CRM dependence of
PAP’s interactions with these cdks, and we therefore under-
took a series of binding and kinase assays using PAP as a
substrate.

Figure 6A and B show autoradiograms of GST pull-down
assays using GST-cyclin B1 and in vitro-translated 35S-labeled
PAP I. These experiments were carried out like those in Fig. 2
and 5, except that increasing amounts of the 8-mer PAP CRM
peptide were added to the glutathione-GST-cyclin B1 matrix
prior to PAP I (see Materials and Methods). Binding studies
examining other CRM-dependent interactions with cyclins
have demonstrated that addition of increasing amounts of
CRM-containing peptides disrupts binding of the CRM-con-
taining protein and the cyclin (e.g., references 1 and 2). Our
experiments with PAP’s CRM also illustrate a disruption of the
interaction between PAP and cyclin B1 (at peptide concentra-

FIG. 3. PAP contains a CRM. A schematic representation of PAP is shown
at the top. The cyclin recognition motif is boxed and striped, and the Ser-Thr-rich
regulatory region is boxed in black, with white bars representing the cdk sites and
gray bars representing the nuclear localization sequences. An alignment of
CRMs with the highly conserved arginine and leucine residues highlighted is
shown below. The CRM consensus contains the nearly invariant arginine and
leucine residues and, in lowercase, the residues found most frequently at the
other positions.

FIG. 4. PAP contains a functional CRM. Inhibition of cdk phosphorylation
of pRB by an 8-mer PAP-derived peptide. (A) Purified pRB and cyclin A-cdk2
were incubated under kinase conditions in the presence of [g-32P]ATP and two
concentrations (9 and 18 mM) of either an 8-mer PAP CRM-derived peptide
(SKIRILVG) (lanes 2 and 3), an 8-mer peptide of scrambled sequence
(LRSGIKVI) (lanes 4 and 5), or no peptide (lane 1). Phosphorylated proteins
were resolved by SDS-PAGE and detected by autoradiography. Arrows on the
left indicate the positions of pRB and cyclin A. (B) Purified pRB and cyclin
B1-cdc2 were incubated under kinase conditions in the presence of [g-32P]ATP
and the 8-mer PAP CRM-derived peptide (18 mM) (lane 2), the 8-mer peptide
of scrambled sequence (18 mM) (lane 3), or no peptide (lane 1). Arrows on the
left indicate the positions of pRB and cyclin B1.
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tions of 36 and 72 mM; compare lanes 4 and 5 with lanes 2 and
3 of Fig. 6A). Unexpectedly, however, at lower concentrations
of peptide (9 and 18 mM), we observed a dramatic stimulation
of binding. Lanes 2 and 3, compared to lane 1, illustrate the
striking enhancement of PAP I’s binding to cyclin B1: up to 50
to 100% bound at the lower concentrations of peptide (com-
pare to lane 6, which displays 100% of the amount of PAP I
used for each reaction). Figure 6B illustrates more thoroughly
the dose-dependent enhancement of PAP I-GST-cyclin B1
binding by the CRM (2.25, 4.5, 9, and 18 mM; compare lane 1
with lanes 2 to 5). As a control for sequence specificity, an
8-mer peptide of scrambled CRM sequence was used (lanes 6
to 9). (Note that these experiments were done with a low
concentration of GST-cyclin B1, which does not allow signifi-
cant PAP-cyclin B1 interaction without addition of the lower
concentrations of CRM peptide [Fig. 6A to C, lanes 1].) These
results together suggest a unique, CRM-dependent interaction
of PAP with cyclin B1.

To determine whether the CRM-mediated enhancement of
the PAP-cyclin association reflects a direct interaction between
these two molecules, we changed the sources of PAP I. Bac-

terium-produced, purified His-tagged PAP I (100 ng) was in-
cubated with the GST-cyclin B1 (1 mg) glutathione matrix in
the presence of the lower concentrations of PAP’s CRM-con-
taining peptide that stimulated the binding seen in Fig. 6A.
After extensive washing and elution, the eluate was subjected
to SDS-PAGE and Western blotting with an anti-PAP poly-
clonal antibody. As seen in Fig. 6C, lanes 3 to 5, compared to
lane 2, addition of the peptide strongly stimulated the associ-
ation of PAP with cyclin B1 (2, 8.6, and 17 mM). Again, nearly
100% of the input PAP bound GST-cyclin B1 at the highest
concentration. As a control for specificity, an 8-mer peptide
spanning p21’s CRM was used. This peptide was chosen be-
cause it has been previously reported not to functionally asso-
ciate with cyclin B1 (2). As seen in lanes 6 to 8, p21’s CRM had
no effect on PAP-cyclin B1 binding. (The apparent absence of
PAP in lane 2 is due to the exposure time of the blot, which was
designed to highlight the dose-dependent stimulation of PAP-
cyclin binding by the peptide.) Together, these results support
a mechanism by which the CRM peptide directly stimulates the
PAP-cyclin B1 interaction at low peptide concentrations but
subsequently inhibits the interaction at higher peptide concen-

FIG. 5. PAP binds cyclin A and is phosphorylated by cyclin A-cdk2. (A) Autoradiogram of in vitro-translated 35S-labeled PAP bound to GST-cyclin B1 (lane 1),
GST-cyclin A (lane 2), or GST (lane 3) glutathione matrices and 10% of the input PAP I (lane 4). An arrow on the left indicates the position of PAP. (B) Coomassie
blue-stained SDS-PAGE of purified GST-cyclin A (lane 2) and GST-cyclin B1 (lane 3) fusion proteins used in the binding reactions. (C) Autoradiogram of
phosphorylated PAP after incubation with cyclin A-cdk2. Purified PAP and cyclin A-cdk2 were incubated under kinase conditions in the presence of [g-32P]ATP (lane
1). Specific inhibitors of cdks, olomoucine (14 and 70 mM) (lanes 2 and 3) and roscovitine (7 and 14 mM) (lanes 4 and 5), were added to establish the specificity of
the reaction. Phosphorylated proteins were resolved by SDS-PAGE and detected by autoradiography. An arrow on the left indicates the position of PAP.
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trations. (Note that the abrupt switch from stimulation to in-
hibition [e.g., Fig. 6A, lanes 3 and 4] is highly reproducible.) A
possible explanation for these results is discussed below.

Although there have been no previous reports suggesting
that a CRM peptide could enhance cyclin-substrate interac-
tions, Adams et al. (2) reported that CRM peptides from p21
or E2F increased cyclin-cdk association. To determine if PAP’s
CRM could also increase cyclin-cdk association, we used a
binding assay with GST-cyclin D1 and baculovirus-produced

and purified human flu-tagged cdk2. Cyclin D1’s binding to
cdk2 was assayed for because of its documented weak affinity
(39). Binding reactions were performed as described above,
and the eluates were analyzed for the presence of cdk2 by
SDS-PAGE and subsequent Western blotting using an anti-flu
antibody. As shown in Fig. 6C, the prior addition of PAP’s
CRM peptide (9 and 18 mM) into the binding reaction signif-
icantly increased the presence of cdk2 in the eluate (compare
lanes 2 to 4), while addition of a control peptide was without

FIG. 6. PAP’s CRM both activates and represses PAP binding to cyclin B1. The effect of the 8-mer PAP CRM-derived peptide in GST-cyclin-PAP pull-down assays
was tested. (A) GST-cyclin B1 glutathione matrices were incubated with in vitro-translated 35S-labeled PAP (1 ml) in the absence (lane 1) or presence of increasing
amounts of PAP’s CRM peptide (9, 18, 36, and 72 mM; lanes 2, 3, 4, and 5, respectively). Samples were washed, and bound proteins were analyzed by SDS–10% PAGE
and autoradiography. An arrow on the left indicates the position of PAP. A total of 100% of the 35S-labeled PAP used in each reaction is found in lane 6. (B)
Concentration dependence of the PAP CRM stimulatory effect. Lower concentrations of PAP’s CRM peptide were used in binding assays similar to those in panel A
(2.25, 4.5, 9, and 18 mM; lanes 2, 3, 4, and 5, respectively), as well as identical amounts of the 8-mer peptide of scrambled sequence (lanes 6, 7, 8, and 9). (C) CRM
enhancement of PAP-cyclin B1 binding reflects a direct interaction. GST-cyclin B1 glutathione matrices were incubated with purified bacterial PAP in the presence of
increasing amounts (2, 8.6, and 17 mM) of either PAP’s CRM (lanes 3, 4, and 5), p21’s CRM (lanes 6, 7, and 8), or no peptide (lane 1). Samples were subjected to
SDS-PAGE and subsequent Western blot analysis using a PAP polyclonal antibody. (D) PAP’s CRM can enhance cyclin-cdk association. GST-cyclin D1 glutathione
matrices were incubated with purified HA-tagged cdk2 in the presence of increasing amounts (9 and 18 mM) of either PAP’s CRM (lanes 3 and 4), a control peptide
(lanes 5 and 6), or no peptide (lane 2). The presence of cdk2 in the eluates was detected by Western blot analysis using a monoclonal antibody against the HA epitope.
Lane 1 contains the amount of HA-tagged cdk2 used.
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significant effect (lanes 5 and 6). These results establish an-
other similarity between PAP’s CRM and other characterized
CRMs, namely, the ability to stimulate the association of a
cyclin and a cdk. Whether these other CRMs might also en-
hance cyclin-substrate binding, under appropriate conditions,
is unknown.

PAP phosphorylation is also first enhanced and then inhib-
ited by the CRM peptide. We lastly wished to test the CRM
dependence of PAP phosphorylation, not only by cyclin B1-
cdc2 but also by a G1-specific cyclin-cdk, cyclin A-cdk2. We
utilized kinase assays similar to those shown in Fig. 4 but with
bacterium-produced and purified His-tagged PAP I instead of
pRB. PAP I was first incubated with baculovirus-produced and
purified cyclin B1-flu-tagged cdc2 under kinase conditions in
the presence of [g-32P]ATP and analyzed by SDS-PAGE and
subsequent autoradiography. As seen in Fig. 7A, the dramatic
stimulation of PAP-cyclin B1 binding seen upon addition of
low concentrations of CRM is mirrored in a similar stimulation
of PAP I phosphorylation: prior addition of PAP’s CRM-con-
taining peptide (4.3 to 8.7 mM) led to a dose-dependent in-
crease of phosphorylation by cyclin B1-cdc2 (compare lane 1
with lanes 2 to 7), while addition of the scrambled sequence
peptide had no significant effect (lanes 8 to 12). This CRM
stimulation of cyclin B1-cdc2 phosphorylation seems to be spe-
cific for PAP, since parallel experiments using either the CRM-
containing substrate pRB (Fig. 7B) or the CRM-independent
histone H1 (Fig. 7C) showed either only inhibition or no effect,
respectively. Consistent with the observed inhibition of cyclin
B1-PAP binding, addition of higher concentrations of PAP’s
CRM-containing peptide (5.8 to 22.5 mM) led to a dose-de-
pendent inhibition of PAP phosphorylation by cyclin B1-cdc2,
after an initial stimulation (Fig. 8A, compare lane 1 with lanes
2 to 5). (Note that in lane 2 stimulation of PAP’s phosphory-
lation upon addition of 5.8 mM CRM was observed not only by
incorporation of 32P but by the shift in mobility, as indicated by
the arrows to the left in Fig. 8A.)

To test the CRM dependence of PAP phosphorylation by
cyclin A-cdk2, a concentration of the PAP (Fig. 8B, lane 2) or
p21 (lane 3) CRM-containing peptide that inhibited PAP
phosphorylation by cyclin B1-cdc2 (25 mM) was added to ki-
nase reactions containing PAP and baculovirus-produced and
purified cyclin A-flu-tagged cdk2. As shown in Fig. 8B, lanes 1
and 2, PAP phosphorylation was strongly inhibited. In keeping
with the known response of cyclin A-cdk2 to p21, the p21 CRM
also strongly inhibited PAP phosphorylation by this cyclin-cdk
pair (Fig. 8B, lane 3). These results establish the CRM-depen-
dent nature of PAP phosphorylation by both cyclin B1-cdc2
and cyclin A-cdk2 and provide further evidence that PAP’s
CRM is exceptional in its ability to interact with cyclin B1.

DISCUSSION

One role of cyclin recognition motifs is to target CRM-
containing proteins for cdk phosphorylation (e.g., reference
54). The data in this report support a mechanism whereby the
complex phosphorylation status of PAP is, at least in part,
CRM mediated. We previously reported that PAP is phosphor-
ylated on multiple sites (9). In bovine PAP, these sites consist
of three consensus sites (T/SPXK/R) and at least four noncon-
sensus sites (S/TP), and phosphorylation on all sites appears to
be required for inactivation of PAP activity. Complete phos-
phorylation of the nonconsensus sites in vitro requires a 10-
fold-higher concentration of kinase than is required to phos-
phorylate the consensus sites (10). By binding to an active
cyclin B1-cdc2, the CRM can help create a high local concen-
tration of kinase, leading to hyperphosphorylation and subse-

quent inactivation of PAP in late M phase. The CRM also
likely helps to maintain normal levels of PAP phosphorylation
throughout the cell cycle.

As mentioned in the introduction, polyadenylation seems to
be regulated not only during M phase but also as cells enter S
phase. Cyclin B1-p34cdc2 is most active in M phase of the cell
cycle, whereas cdk-cyclin pairs such as cyclin A-cdk2 and cyclin
E-cdk2 are more active during the transition into, and in, S
phase (e.g., references 32 and 46). If the cell cycle machinery
also regulates polyadenylation in S phase via cdk phosphory-
lation, utilization of PAP’s CRM likely contributes to targeting
the G1-phase cyclin-cdks. As the data above illustrate, PAP’s
CRM functions to facilitate not only the association of PAP

FIG. 7. Phosphorylation of PAP by cyclin B1-cdc2 is CRM enhanced. (A)
Lower concentrations of CRM stimulate cyclin B1-cdc2 phosphorylation of PAP.
Purified PAP and cyclin B1-cdc2 were incubated under kinase conditions in the
presence of [g-32P]ATP and increasing concentrations (4.3, 5.2, 6.1, 7, 7.8, and
8.7 mM) of either PAP’s CRM (lanes 2 to 7) or an 8-mer peptide of scrambled
sequence (lanes 8 to 12) or else they were incubated with no peptide (lane 1).
Phosphorylated proteins were resolved by SDS-PAGE and detected by autora-
diography. An arrow on the left indicates the position of PAP. (B) Equivalent
concentrations of CRM have either no effect or an inhibitory effect on pRB’s
phosphorylation by cyclin B1-cdc2. Kinase reactions were carried out as de-
scribed above. Lanes 2 to 7 contained increasing amounts (4.3, 5.2, 6.1, 7, 7.8, and
8.7 mM) of PAP’s CRM, and lanes 8 to 11 contained increasing amounts (4.3, 6.1,
7.8, and 8.7 mM) of the scrambled sequence peptide. An arrow on the left
indicates the position of pRB. (C) No CRM peptide effect is observed on
phosphorylation of histone H1 by cyclin B1-cdc2. As above, the same concen-
trations of either the CRM 8mer (lanes 2 to 7) or the scrambled sequence 8-mer
(lanes 8 to 12) were added to the kinase assays. An arrow on the left indicates the
position of histone H1.
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with G1 and G2 cyclins but also the phosphorylation by both
types of cdks. This suggests the potential for regulation of PAP
and polyadenylation by cdks in the G1, S, and G2 phases of the
cell cycle, possibly contributing to the well-documented in-
crease of polyadenylation activity observed upon entry into S
phase (5, 7, 20, 28, 30). PAP is phosphorylated on only a subset
of cdk sites throughout the cell cycle, and it is not yet known
how or if this affects activity.

Much of what we know about CRMs and how they interact
with cyclins has come from the crystal structure of a fragment
of p27kip1 bound to a fragment of cyclin A-cdk2 (51). This
structure shows p27’s CRM to be part of a rigid alpha-helical
coil, tucked into a groove formed by cyclin A’s cyclin box. The
major contacts are with residues conserved in the A-, B-, D-,
and E-type cyclins (the so-called MRAILVDW motif; re-
viewed in reference 50). While many examples of A-, E-, and
D-type cyclins interacting with CRMs have been reported (e.g.,
references 1, 2, 6, 15, 38, 42, 43, 45, 49, 53, and 65), there has
been no evidence of cyclin B-CRM interactions, and it has in
fact been shown in one case that cyclin B does not bind to the
E2F-1 CRM (2). Here we have provided evidence that B-type
cyclins can indeed interact with a CRM. Moreover, since the
PAP CRM can interact with both B- and G1-type cyclins, we
suggest that PAP CRM typifies a novel, universal CRM.

When comparing the core residues of multiple CRMs (Fig.
3), the conservation of the 14 arginine and 16 leucine resi-
dues is striking. These residues are responsible for multiple

contacts with the cyclin, based on the above-mentioned crystal
structure (51). The surrounding residues, however, do not
form as obvious a pattern. When comparing PAP’s CRM to
those listed in Fig. 3, it is apparent that the PAP CRM contains
more hydrophobic residues. The groove in cyclin A shown to
contact the CRM is part of a hydrophobic patch present in all
cyclins, containing the above-mentioned MRAILVDW motif
(50, 51, 54). When several hydrophobic residues in cyclin A
were mutated to alanines, interactions with CRMs were dis-
rupted (54). We therefore propose that the greater hydropho-
bicity of PAP’s CRM contributes to its ability to interact with
both G1- and G2-type cyclins.

By studying the structure of the cyclin box, it has been
proposed that two CRMs can bind one cyclin molecule (50). In
fact, multiple molecules of p21 and p57 (both CRM-containing
proteins) have been shown to complex with one cyclin-cdk
heterodimer (27, 39, 61). The strong initial stimulation of PAP
binding to cyclin B1 by the CRM peptide can be explained as
cooperative binding of two CRM-containing molecules,
whereby binding of the first (the CRM peptide alone) leads to
enhanced binding of the second (PAP). In the case of p21,
multiple molecules binding to a cyclin-cdk complex has been
implicated in the ability of p21 to function as a cdk inhibitor
(25, 26, 61). In the case of PAP, we propose that this property
would provide for a rapid response mechanism to sense the
end of M phase.

M phase is characterized by the stimulation, rise, and sub-
sequent loss of cyclin B1-cdc2 kinase activity, which is mirrored
in the rise and fall of the cyclin B1 subunit (reviewed in refer-
ence 36). As mentioned above, the inactivation of PAP
through hyperphosphorylation is restricted to the late M phase
(10). Cooperative binding of two PAP molecules to cyclin B1,
via their CRM’s, whereby binding of the first strongly stimu-
lates binding of a second, could allow for rapid regulation by
hyperphosphorylation of PAP’s activity in late M phase. PAP
would be extremely sensitive to a rise in cyclin B1-cdc2 levels,
allowing for maintenance of an active PAP in M phase until a
threshold level of cyclin B1-cdc2 is reached. A rapid association
with cyclin B1-cdc2 would then occur, driving subsequent hy-
perphosphorylation and inactivation of PAP in late M phase.
An extension of this model is that the PAP-cyclin B1-cdc2
complex is activated for binding and phosphorylating other
substrates containing a PAP-like CRM. A cooperative inter-
action, involving an activated CRM-cyclin B1-cdc2 complex,
also offers an explanation for the observed precipitous inhibi-
tion of PAP binding at elevated CRM peptide concentrations,
such that the excess peptide is efficiently bound to the second
site, outcompeting the limiting concentration of PAP.

As mentioned in the introduction, the most well-studied
mechanism of cdk regulation is cyclin-cdk binding. A number
of mechanisms have been shown to influence this interaction.
For example, threonine phosphorylation of the cdk subunit has
been shown in some cases to stabilize cyclin-cdk binding (13).
Cyclin H-cdk7 utilizes the assembly factor MAT-1 to promote
an active cyclin-cdk complex (17, 57). Although MAT-1 does
not contain a recognizable CRM, it behaves in a manner sim-
ilar to PAP’s CRM. The C terminus of p27 can also serve as a
stabilizing factor for the cyclin B1-cdc2 interaction (18). Inter-
estingly, in the past few years data have been collected on the
ability of CRM-containing proteins to serve as assembly and
stabilization factors for the association of multiple cyclins and
their respective cdks (e.g., references 27, 39, 48, 60, and 61). In
fact, Adams et al. (2) were able to stimulate cyclin A’s-cdk2
binding with the addition of just the CRM from p21 (as well as
from E2F-1), thus providing evidence that p21’s ability to func-
tion as a cyclin-cdk assembly factor lies in its CRM. As to the

FIG. 8. Phosphorylation of PAP by cdks is CRM dependent. (A) Higher
concentrations of CRM specifically inhibit cyclin B1-cdc2 phosphorylation of
PAP. Kinase reactions were carried out as described in Fig. 7. Samples in lanes
1 to 5 contained increasing amounts of CRM peptide (0, 5.8, 11.6, 17.3, and 22.5
mM). Arrows to the left indicate the positions of PAP and cyclin B1. (B) Phos-
phorylation of PAP by cyclin A-cdk2 is CRM dependent. Inhibition of cdk
activity toward PAP by either by PAP’s CRM or p21’s CRM was tested. Purified
PAP and cyclin A-cdk2 were incubated under kinase conditions in the presence
of [g-32P]ATP (lane 1). Kinase reactions contained 23 mM concentrations of
either PAP’s CRM (lane 2), p21’s CRM (lane 3), or no peptide (lane 1). Arrows
to the left indicate the positions of PAP and cyclin A.
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mechanism, it was speculated that CRM binding to cyclin A
induces an allosteric change, thereby promoting complex as-
sembly (2). In this report we provide evidence that PAP’s
CRM can also stimulate cyclin-cdk association, thereby sup-
porting the generality of this phenomena, and extending it to
G2 cyclin-cdk complexes. We propose that CRM-containing
proteins provide another regulatory mechanism for cdk activ-
ity, ensuring cdk activity at the proper substrates and subcel-
lular localization to allow for proper cell cycle progression.

Early studies of polyadenylation activity during the mamma-
lian cell cycle revealed an increase as cells entered S phase (5,
7, 20, 28, 30) and a decrease during M phase (16, 55). The
hyperphosphorylation and inactivation of PAP in M-phase
cells (9, 10) coincides with the observed decrease in both poly-
adenylation and general gene expression during M phase (21).
The data presented here both provide a mechanistic underpin-
ning for the regulation of PAP by cyclin B-p34cdc2, in which the
PAP CRM plays an important, and complex, role in promoting
phosphorylation, and also opens up the possibility of regula-
tion of polyadenylation during other phases of the cell cycle,
when cdks other than cyclin B-p34cdc2 are active. Interestingly,
all CRM-containing proteins examined to date play active
roles in regulating the cell cycle. It is tempting to speculate that
PAP also plays such a role and that CRM-mediated phosphor-
ylation of PAP helps modulate polyadenylation, and hence
gene expression, throughout the cell cycle.
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