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DKs, the cyclin regulatory subunits and their
C natural inhibitors, the CDK tumor suppressor

proteins (CDKIs), are central to cell cycle regula-
tion, and their functions are commonly altered in tumor
cells. Deregulation of CDK2 and CDK4 through inactiva-
tion of CDKIs such as p16™N®a, p21WAFL n27KP1 and
p57KP2 can override the G1 checkpoint (7, 2) and lead
to transformation. CDKs interact with critical cell cycle
substrates through the cyclin binding motif (CBM),
which forms a complex with the cyclin groove of the G1
and S phase cyclins, a surface binding site involving a
protein—protein interaction. It has been shown that CDK
isoform and substrate selective inhibition can be
achieved through the use of peptides that block recruit-
ment of both pRb and E2F and potently inhibit CDK2/CA
kinase activity (3). The cyclin binding motif represents
a consensus of sequences found in many cell cycle and
tumor suppressor proteins (3, 4). Cyclin groove inhibi-
tor (CGI) peptides in transducible form have been shown
to induce cell cycle arrest and selective apoptosis in tu-
mor cells in vitro (5-7). These permeabilized peptides
also act as antitumor agents; when administered di-
rectly to a SVT2 mouse tumor model, significant tumor
growth inhibition was obtained through apoptosis (8).

Inhibition of CDKs though the cyclin provides an ap-

proach to overcome CDK redundancy (refs), to obtain se-
lectivity against other protein kinases and inhibit only
the G1 and S phase CDKs (only these contain a func-
tional cyclin binding groove). In particular, CDKs that
regulate the RNA polymerase-ll transcription cycle
should be unaffected by CGI compounds. Although it
has been shown that cancer cells depend on the RNA-
PIl cycle to express antiapoptotic genes and that inhibi-
tion of transcriptional CDKs leads to potent antitumor
agents (9), it is at the same time likely that this will lead
to effects in normal cells and may be responsible for tox-
icities observed with current CDK inhibitors being clini-
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ABSTRACT An alternative strategy for inhibition of the cyclin dependent ki-
nases (CDKs) in antitumor drug discovery is afforded through the substrate recruit-
ment site on the cyclin positive regulatory subunit. Critical CDK substrates such
as the Rb and E2F families must undergo cyclin groove binding before phosphory-
lation, and hence inhibitors of this interaction also block substrate specific ki-
nase activity. This approach offers the potential to generate highly selective and
cell cycle specific CDK inhibitors and to reduce the inhibition of transcription me-
diated through CDK7 and 9, commonly observed with ATP competitive compounds.
While highly potent peptide and small molecule inhibitors of CDK2/cyclin A, E sub-
strate recruitment have been reported, little information has been generated on
the determinants of inhibitor binding to the cyclin groove of the CDK4/cyclin D1
complex. CDK4/cyclin D is a validated anticancer drug target and continues to be
widely pursued in the development of new therapeutics based on cell cycle block-
ade. We have therefore investigated the structural basis for peptide binding to its
cyclin groove and have examined the features contributing to potency and selec-
tivity of inhibitors. Peptidic inhibitors of CDK4/cyclin D of pRb phosphorylation
have been synthesized, and their complexes with CDK4/cyclin D1 crystal struc-
tures have been generated. Based on available structural information, compari-
sons of the cyclin grooves of cyclin A2 and D1 are presented and provide insights
into the determinants for peptide binding and the basis for differential binding and
inhibition. In addition, a complex structure has been generated in order to model
the interactions of the CDKI, p27"'*, with cyclin D1. This information has been used
to shed light onto the endogenous inhibition of CDK4 and also to identify unique
aspects of cyclin D1 that can be exploited in the design of cyclin groove based CDK
inhibitors. Peptidic and nonpeptidic compounds have been synthesized in order
to explore structure—activity relationship for binding to the cyclin D1 groove,
which to date has not been carried out in a systematic fashion. Collectively, the
data presented provide new insights into how compounds can be developed that
function as chemical biology probes to determine the cellular and antitumor effects
of CDK inhibition. Furthermore, such compounds will serve as templates for
structure-guided efforts to develop potential therapeutics based on selective inhi-
bition of CDK4/cyclin D activity.
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cally evaluated. The ATP competitive CDK inhibitors de-
veloped to date are generally nonspecific against the
single variants in the CDK family and in general potently
inhibit the transcriptional CDKs (10). The most selective
CDK inhibitor described to date is a CDK4,6 selective
compound, PD0332991, although it has apparently not
been tested against the transcriptional CDKs. Regard-
less, this compound is a potent antiproliferative agent
against retinoblastoma (Rb)-positive tumor cells and in-
duces a G1 arrest, with concomitant reduction of phos-
pho-Ser780/Ser795 on pRb (11). Oral administration to
mice bearing the Colo-205 human colon carcinoma xe-
nografts resulted in marked tumor regression, suggest-
ing that it has significant therapeutic potential and that
targeting CDK4/cyclin D may be a viable strategy (12). In
addition to cyclins A and E, the D-type cyclins also con-
tain a functional cyclin groove, and CDK4/cyclin D de-
pendent kinase activities can therefore be blocked by
cyclin groove inhibitors.

CDK4/cyclin D1 is an extensively researched cancer
target, and numerous recent studies warrant continued
investigation. Mice lacking cyclin D are highly resistant
to mammary carcinomas induced by the erbB-2 onco-
gene (13). Further research into the role of cyclin D in tu-
mor formation made use of a mutant form that binds to
CDK4,6 but cannot promote catalytic activity (14). This
kinase-defective cyclin D/CDK complex results in more
evidence of resistance to erbB-2 induced tumorigenesis
in mice. Combination of these two studies strongly indi-
cates that cyclin D1/CDK4 kinase activity is required for
erbB-2-driven tumorigenesis and therefore confirms that
cyclin D1/CDK4 is a promising oncology target. While
there are several reports of potent and selective inhibi-
tors of the CDK2/cyclin AE substrate recruitment, with
both peptidic and peptidomimetic compounds being
identified (15—17), very little has been reported with re-
spect to either inhibitors or the requirements for binding
to the cyclin groove of CDK4,6/cyclin D1 (4). Here, struc-
tural and functional analysis of peptide inhibitor and
p27 binding to the cyclin D1 groove has been investi-
gated and used to design peptides that provide the ba-
sis for structure—activity relationships and have im-
proved binding. Because of the critical roles of cyclin
groove dependent CDK substrates in cell cycle regula-
tion, such compounds will have considerable potential
as chemical biology probes and in antitumor drug
development.
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RESULTS AND DISCUSSION

Structural Comparison of Cyclin A2 and D1 Binding
Grooves. Although numerous experimental structures
exist for CDK2/cyclin A2 and other cyclin structures have
been solved (15-18), for many years CDK4 in complex
with the D type cyclins proved refractory to crystalliza-
tion. The structures for CDK4 in complex with cyclin D1
were recently solved in complex with ligands binding to
the ATP cleft (19, 20). These data provided the opportu-
nity to gain new insights into the cyclin groove of the D
cyclins and also to determine the basis for their interac-
tions with cyclin groove inhibitory (CGI) peptides. A lim-
ited body of data has been generated for CDK4 inhibi-
tion (4) where a series of peptides explored biologically
as CDK2/cyclin A, E inhibitors were also characterized in
terms of their inhibition of cyclin D1 mediated sub-
strate recruitment. These results determined that highly
potent peptidic CDK2 inhibitors were in general, signifi-
cantly less potent against CDK4 (4). In order to deter-
mine the structural and functional differences of these
compounds, their interactions with the cyclin D1 recruit-
ment site were modeled and compared with known cy-
clin A complex structures. In terms of cyclin A binding,
optimized peptides (i.e., the octomer, HAKRRLIF, p21 se-
quence) contain three major determinants which are re-
quired for high affinity binding. These include a primary
hydrophobic pocket which interacts predominantly with
leucine and phenylalanine residues of the peptide
(Figure 1 left), an acidic region which forms ionic con-
tacts with basic peptide residues and a secondary hy-
drophobic pocket occupied by either alanine or valine
of the cyclin binding motif (CBM). While the majority of
CGl peptide contacting residues are identical or semi-
conserved in both cyclin isotypes, two notable excep-
tions were observed. In cyclin D1, Val60 (interacts with
Phe8) and Thré62 (close to Arg4) are substituted for
Leu214 and Asp216 in cyclin A2 respectively. As these
residues in the cyclin A context, make contacts with ma-
jor determinants of cyclin A binding, it is expected that
even semiconservative replacements would lead to sig-
nificant effects on cyclin groove inhibition.

Upon overlay of the corresponding « carbons of the
two cyclins, other semiconserved and nonconservative
differences were observed in the structural comparison.
These residues are not as significant for binding of the
octapeptide; however, their proximity to the cyclin bind-
ing groove suggests that they have potential for exploi-
tation in the design of selective CDK inhibitors targeting
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Figure 1. (Left) Overlay of crystal structures of cyclin D1 (orange carbon atoms; PDB code 2W96) and cyclin A2 (PDB code 10KV) il-
lustrating similarities and differences of CBM (RRLIF) contacting residues. The leucine and phenylalanine residues of the CBM in-
teracting with the primary hydrophobic pocket are shown. E220 and D216 comprise the acidic region, and the secondary hydro-
phobic pocket is to the left of W217. (Right) Ribbon representation of the overlay highlighting the differences in the cyclin box
helices. Cyclin D1 is shown in yellow and the CGI peptide in blue. The region displaying the largest structural differences after
superimposing the backbone atoms is labeled (residues 116—136 of cyclin D1).

cyclin D1. Of the nonpeptide contacting residues, the
largest structural variation is in the exchange of Y286 of
cyclin A for 1132 of cyclin D1. Overlay and comparison
of the Ca trace of the two structures (Figure 1, right
panel) indicates that this variation, coupled with the
relative movement of a helix-loop segment (residues
119—136 of 2W96) leads to a significant conformation
variation proximal to the cyclin groove. This region as a
consequence is considerably more open in cyclin D1
and provides an extension to the primary hydrophobic
pocket (Figure 2, bottom panel; Figure 3). This additional
pocket could therefore accommodate larger ligand
groups than would be feasible for cyclin A inhibitors.

Another consequence of the differing conformation
and composition of the 116—136 region affects the sec-
ondary hydrophobic pocket with which the CGI peptide
Ala2 interacts. 1281 of cyclin A2 is a tyrosine residue
(Y127) in D1. The kinked helix containing this residue
is shifted toward the groove, bringing this residue closer
to the peptide and decreasing the volume of the li-
pophilic pocket on the peptide N-terminal side of the
W63 (Figure 2, bottom panel).

Structural Basis for Cyclin D1 Inhibition. Prior to de-
tailed analysis of modeled peptide-cyclin D1 complexes,
the structural and energetic basis for potencies of cy-
clin A inhibitors was examined. With regards to generat-
ing models of peptide binding to the cyclin groove, two
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factors were taken into consideration. First, it is known
that very little rearrangement of the groove occurs upon
substrate and inhibitor binding. Comparison of the nu-
merous cyclin A complexes available with the nonligan-
ded cyclin A reveals that only minor backbone and side
chain movements are observed and generally involve
only exposed hydrophilic residues. This removes a sig-
nificant part of the complexity of modeling peptide—
cyclin complexes and allows the use of relatively simple
minimization protocols, allowing for movement of li-
gand and receptor side chains where necessary. Sec-
ond, it is likely that preorganization of the peptide con-
formation in solution contributes to the thermodynamics
of binding. Inter-residue interactions between Leu6 and
Phe7(8) are observed in the bound conformation and
therefore would contribute significantly to binding if oc-
curring in the free peptide. Cyclic peptides previously de-
scribed, which display less than expected improve-
ments in affinity, suggest that this is the case (16).
Because a complete set of cyclin A crystal structures
for peptides with cyclin D1 affinity is not available, a cy-
clin A complex for HAKRRLIF was first constructed. This
was completed by building on existing pentapeptide
(10KV) and octapeptide structures to supplement those
available for PVKRRLDL (E2F) and SAKRRLFG (p107)
CBM sequences. This and subsequent modeled com-
plexes were generated using energy minimization proto-
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CYCLIN D1

Figure 2. Comparison of the solvent accessible surface of the cyclin grooves of A2 (top) and D1 (bottom). The following regions displaying struc-
tural differences in cyclin binding determinants are labeled: (Top) The more acidic region of cyclin A compared to cyclin D1, which results in differ-
ential interactions with Arg4 (peptide sequence HAKRRLIF). (Bottom) The primary hydrophobic extension of cyclin D1 (top right); the shallower
cyclin D1 primary hydrophobic pocket (the Leu214—Val60 interchange, bottom right); and the narrower cyclin D1 secondary hydrophobic pocket
(bottom left). Each of these structural features explains the differential requirements for cyclin groove inhibitor binding.
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cols and validated by running molecular dynamics simu-
lations. The nonbonded interactions of these modeled
and crystallographic complexes were estimated by cal-
culation of per residue and total interaction energy val-
ues (DS 2.5, Accelrys) to determine individual contribu-
tions and to establish if these were reflective of the
observed affinities (approximated by inhibition con-
stants). These values (Table 1, Supporting Information)
delineated a relationship in terms of both previous
SARs of individual residues and CGI potency. As deter-
mined through sensitivity to major potency loss by ala-
nine substitution and other residue replacement, the en-
ergetic analysis shows the critical Arg4 of the
octapeptide makes an extensive contribution to bind-
ing, whereas that of the less sensitive Arg5 is lower (3,
4). Truncation of the His-Ala-Lys N-terminal sequence
has been shown to result in a decreased affinity for cy-
clin A with the potency decreasing approximately 100-
fold (3, 4, 15, 21). The contribution of these three resi-
dues to binding is confirmed through the energetic
analysis where His1 and Lys3 especially provide favor-
able interactions with the acidic region of the binding
pocket. The total binding energies of both HAKRRLIF and
RRLIF calculated (—298 vs —191) correlate well with
the inhibition constants of these two compounds. Fur-
ther analysis of the cyclin residue energetics determined
that acidic residues, including Asp216, Glu220, Glu224,
and Asp283, allow favorable electrostatic contacts with
the basic peptide N-terminal sequence. In addition, the
energetics of the contribution of Ala2 for binding (to the
secondary hydrophobic pocket) correlates well with ob-
served potency increase of the Ser—Ala mutation in the
p21 C-terminal context (4).

Further correlation of the interactions and contribu-
tions of the C-terminal sequence of the CBM interacting
with the primary hydrophobic pocket (Figure 1, left) cor-
roborates the structural and energetic differences. In
varying peptide sequence contexts, the p21 Leu-lle-Phe
(LIF “motifette”) sequence has been demonstrated to be
more potent than the p107 (and p27) LFG and E2F, LDL
motifettes (3, 4, 15, 21). While the leucine contributions
in each context are similar, the phenylalanine side chain
provides increased complementarity in the p21 se-
quence (—23.5 vs —12.2 kcal/mol) resulting in its 2- to
3-fold greater affinity compared to the LFG sequence.
More favorable contacts are observed due to the geo-
metrical arrangement of the aromatic side chain allowed
by the spacer residue between the leucine and pheny-
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lalanine in the p21 context (21). Overall, the energetic
analysis of peptide binding to cyclin A confirms that a re-
lationship exists between calculated binding enthalpy
and experimental affinity and additionally that indi-
vidual residue energetics closely correlate with the SAR
and contribution of CBM determinants. This relationship
provides the basis to perform an analysis of peptide
binding to cyclin D1 and to determine the structural ba-
sis for decreased affinity of cyclin D1 inhibitors and
therefore to facilitate the design of more potent
compounds.

The intermolecular complexes of cyclin D1 with the
above peptides were formed by superposition of the
apo-cyclin D1 structure (2W96) with the crystallographi-
cally derived cyclin A bound structure of the CBM con-
taining peptides and followed by deletion of cyclin A.
The energy-minimized structure was then calculated us-
ing the CHARMm molecular forcefield, and the similari-
ties and differences of cyclin binding motif—cyclin inter-
actions were examined. In order to further probe the
molecular consequences of variations in binding resi-
dues, the intermolecular energies were calculated for
the interactions of each of the peptides with cyclins A
and D1. In line with the observed potencies of each
compound and selectivity for cyclin A, a correlation was
determined between affinity (kinase inhibition) and total
calculated interaction energy (CIE) for 4 peptides rang-
ing in ICso from 0.021 to 99 uM (Supplementary
Figure 1). For this relationship, an R? of 0.91 indicated
that both the crystal and modeled structural complexes
are accurate and that the established correlation is use-
ful as a predictive tool for design and synthesis of more
potent and selective compounds. Comparison of the
predicted affinities of each peptide also demonstrates
that the CIE correlates well with the selectivity of the
compound for cyclin A (Table 1, Supporting Informa-
tion). This was additionally confirmed by a second
method for estimation of binding affinity. Calculation of
Ludi Scores provided results directly in line with the rela-
tive potencies on cyclin A versus D1. As a further valida-
tion of the protocol used, the rmsd values of the mini-
mized RRLIF complex were compared with the crystal
structure coordinates. The structures were found to be
highly similar with an rmsd value of 0.21 A). Further
analysis of the individual energetic contributions of resi-
dues of both the peptide and cyclin in each context re-
vealed further evidence for the structural basis of CGI se-
lectivity. Not surprisingly, it was observed that the cyclin
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D binding site variations described above contributed
extensively to the selectivity of each peptide for cyclin
A2.

The optimized p21 derived peptide, HAKRRLIF is
highly selective for A (0.021 wM) versus D1 (6 wM). In
addition to the total interaction energy describing the
nonbonded interactions of the peptide—cyclin interac-
tion, the individual contributions of residues from both
molecules were determined. These results indicate that
the highly basic N-terminal residues interact much more
favorably with the cyclin A groove. As no crystal struc-
ture is available for this peptide, a cyclin A complex was
modeled on the basis of the residue contacts of RRLIF
(10KV) and SAKRRLFG (1H28). Analysis of protein-
peptide contacts and interaction energies reveals that
a greater concentration of acidic residues in A2 com-
pared to D1 contributes extensively to this selectivity.
In particular Asp216 of cyclin A2 (which is aligned with

Thré62 of cyclin D1) provides a favorable addition of 17
kcal/mol to the binding energy in its interactions with
Argé4. This contribution is largely absent in the cyclin D1
complexes modeled where the hydroxyl group of Thr62
weakly interacts with Arg4. When the interaction of
both Arg4 and Arg5 are considered, the calculated bind-
ing energy of these two residues for cyclin A is more
than twice that observed for cyclin D1. Glu220 in cyclin
A2 interacts with Arg4 similarly to the corresponding
residue (Glu66) in cyclin D, suggesting that the ener-
getic differences are mainly due to the absence of the
second acidic residue in D. Desolvation penalties for
peptide cyclin complexes were examined in order to de-
termine how the protein environment around the Arg4
binding site affects peptide interactions in each context
(see Supplementary Table 2). Direct comparisons for
each peptide indicate that the penalty is similar (gener-
ally slightly higher with cyclin D1) and therefore does not

TABLE 1. Structure—activity relationship for C-terminal amino acid substitutions in the cyclin binding motif of

p21 and p107 derived peptides
o o
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O O s g g

X1 X2 X3 X4 X5 X6 X7 X8

Sequence 1C5o CDK2/A2 (uM) Potency ratio 1C5o CDK4/D1 (M) Potency ratio 1C50 CDK2/E (uM)
p107 SAKRRLFG 3.3 2.9
SAKRRLX1G 9.1 2.8 7.5 2.6 4
SAKRRLX2G 27 8.2 11.4 3.9
SAKRRLX3G 1 0.3 6 2.1
SAKRRLX4G 100 30.3 74 25.5
SAKRRLX5G 18 5.5 28 9.7
SAKRRLX6G 83 25.2 36 12.4
SAKRRLX7G 80 24.2 51 17.6
SAKRRLX8G 750 227.3 143 49.3
p21 HAKRRLIF 1.3 1.5 0.3
HAKRRLIX1 6.1 4.7 11.4 7.6 13
HAKRRLIX2 3.6 2.8 6.5 4.3
HAKRRLIX3 25 19.2 100 66.7
HAKRRLIX4 25 19.2 100 66.7
HAKRRLIX5 20 15.4 90 60.0
HAKRRLIX6 58 44.6 6.3 4.2
HAKRRLIX7 29 223 28 18.7
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affect the above conclusions regarding side chain contri-
butions obtained through analysis of interaction ener-
gies

As mentioned above, comparison of the CGI peptide
binding residues in cyclin D1 revealed that a valine resi-
due (Val60) occupied the position observed as a leucine
in A2 (L214V). As this residue is located in the lipophilic
pocket interacting with the LIF motif of p21, the immedi-
ate conclusion is that this contributes significantly to
peptide selectivity for A versus D. Initially, this appears
to be counterintuitive since valine is a smaller residue
and might be expected to provide a larger binding
pocket. Close examination of Val60 indicates that the
shorter and less flexible side chain brings the interact-
ing methyl groups closer to the phenylalanine of the
peptide and therefore decreases the volume of the hy-
drophobic pocket (Figure 1, left panel; Figure 2, bottom
panel). This was confirmed upon overlay of cyclin A2
bound to HAKRRLIF with the cyclin D1 modeled com-
plex, where a significant steric clash with the Phe8 side
chain was observed (Figure 1). This suggests that the
binding mode of Phe8 with cyclin A2 is not compatible
for interaction with cyclin D. In order to determine the
consequences of the overlap, the complex formed be-
tween cyclin D1 and HAKRRLIF was subjected to energy
minimization to relieve this overlap. A significant dis-
placement of the phenylalanine was observed that did
not come at the expense of Leu6, whose position was
not affected. Further analysis of the interaction energy
and comparison with the values calculated for octapep-
tide inhibition of both cyclins indicated a reasonable
correlation between predicted and calculated per-
residue affinity of the C-terminal motifette. These data
suggest that displacement of the aromatic side chain
comes at the expense of its complementarity with the
primary hydrophobic pocket and that the valine substi-
tution is responsible for the significant decrease in affin-
ity for cyclin D1.

Examination of the intermolecular contacts and inter-
action energies for SAKRRLFG (p107 cyclin binding mo-
tif) with cyclin D1 reveals a similar pattern of residue en-
ergetics for the basic region of the peptide as in the
HAKRRLIF context. SAKRRLFG has a lower affinity for cy-
clin A, with the less optimal geometry of the LFG mo-
tifette resulting in a reduced contact surface area of the
phenyl ring with the pocket. Calculation of the individual
residue interaction energies suggests that the presence
of Val60 has a markedly smallerimpact on affinity of the
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p107 peptide for cyclin D1 than in the p21 context as a
result of the different approach angle of the interacting
side chain.

Comparison of the E2F CBM, PVKRRLDL, reveals fur-
ther insights into the structural basis for CGI selectivity
for cyclin A and after comparison of the binding energet-
ics again indicates less favorable contacts with the pep-
tide in the cyclin D1 context. As has been previously de-
scribed, the LDL containing inhibitors generally have a
decreased binding relative to the LIF compounds, which
in this case is reflected in the 50-fold increased ICs
value. In contrast to the LFG sequence, the LDL se-
quence has a substantially lower predicted affinity for
the hydrophobic pocket of cyclin D1, consistent with the
observed inhibition constants.

Further Analysis of Peptide SAR and Insights into
the Design of Selective Cyclin D1-CDK4 Inhibitors. The
insights into the structural basis for peptide recognition
for cyclin A and for the decreased potency against cyclin
D1 provided further opportunity to expand inhibitor
structure—activity relationships. As suggested from the
above structural analysis, differences in the primary hy-
drophobic pocket were the major determinants in cyclin
A selectivity of the studied peptides. These observa-
tions predicted that analogues with variant C-terminal
groups may interact with the cyclin D pocket with differ-
ing affinity than to the cyclin A groove. On the basis of
this observation, peptides were designed to exploit
these structural differences and generate compounds
with increased affinity for cyclin D1. Because of the de-
creased volume of the primary pocket in cyclin D1, a se-
ries of nonproteinogenic cyclic replacements for Phe7
(p107) and Phe8 (p21) cyclin binding motif containing
octapeptides were designed. A series of five- and six-
membered ring systems were incorporated into the p21
(HAKRRLIX) and p107 (SAKRRLXG) contexts (Table 1).
These included 2-furylalanine (X1), 2-thienyl alanine
(X2), 3-thienylalanine (X3), cyclobutylalanine (X4), cyclo-
pentylalanine (X5), cyclohexylalanine (X6), and 3- and
4-pyridyl alanine residues (X7 and X8) providing for the
most part isosteric functionalities mimicking the inter-
actions of the phenylalanine. The inhibition of CDK activ-
ity was determined through a standard filter capture as-
say involving a GST-labeled Rb protein and quantifica-
tion of the incorporation of 3P into the substrate.
Activities of peptides previously tested against CDK2A
and CDK4D were determined using this assay format. Al-
though similar constructs and substrate was used, sig-

VOL.5 NO.12 « 1169-1182 + 2010

1175



1176

nificant differences in potency were observed. In particu-
lar the ICso for HAKRRLIF was approximately 10-fold
higher than previously determined (4, 15, 21) (1.3 vs
0.14 M), and the inhibition of CDK4/D1 was more pro-
nounced than before (1.6 vs 6 wM). These differences
can be accounted for in slight differences in amount of
cyclin in the protein prep, and excess cyclin or CDK
would result in data variation. As a consequence, it
was decided that structure—activity relationships deter-
mined using the kinase assay were best interpreted by
functional comparisons calculated relative to the native
p21 or p107 sequence in each assay. Data is therefore
presented as a ratio of each C-terminal and other ana-
logue activity in addition to the ICsy’s presented for each
compound (Table 1).

For the 2-furylalanine replacement (X1) in the p107
context, it was found that kinase activity induced by
this compound decreased a similar amount in both
CDK2A (2.8-fold) and CDK4D (2.6-fold) although slightly
less so for the latter. In the p21 context more of a differ-
ential was observed (4.7- and 7.6-fold decrease, respec-
tively). The p107 X2 derivative (2-thienylalanine) data in-
dicate that the potency decrease against cyclin D was
considerably reduced (3.9-fold) relative to cyclin A (8.2-
fold decrease). A similar differential was observed for
the p21 X2 derivative (2.8- vs 4.3-fold, respectively). The
X3 amino acid, 3-thienylalanine, was found to be con-
siderably more potent than X2 in the p107 peptide but
less potent in the p21 context.

Examination of the results for aliphatic cyclic amino
acid replacements, including cyclobutyl (X4), cyclopen-
tyl (X5), and cyclohexylalanine (X6), indicated that de-
pending on the CBM context, different selectivity profiles
were observed. X4 resulted in dramatic potency de-
creases in both contexts, however, significantly more
so with cyclin A. Both the p21 and p107 versions incor-
porating X5 indicate that it is tolerated to a larger degree
in binding to cyclin A. Conversely, the p21 derivative of
X6 is tolerated to a significantly larger degree in binding
to cyclin D1 with only a 4-fold drop-off observed com-
pared to 45-fold with CDK2/cyclin A. If the 1Cs5y’s of this
compound are considered, it is significantly more potent
toward CDK4/cyclin D1 than against CDK2/cyclin A (6.3
vs 58 wM). A similar trend was shown for the p107 X6
sequence, although it was not as dramatic. An interest-
ing set of results was obtained for the pyridylalanine de-
rivatives where one carbon of the native phenylalanine
residue is replaced with nitrogen. A large decrease in ac-
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tivity was observed for these compounds in both p21
and p107 variants. Binding to cyclin D1 for these ana-
logues was again tolerated to a larger degree, especially
with the 3-pyridylalanine derivative (X7) in the p107
context. Unexpectedly, the activity of 4-pyridylalanine
(X8) incorporated in SAKRRLXG decreases 200-fold rela-
tive to the native sequence in terms of cyclin. Further
analysis of the p21 analogue binding to cyclin D1 indi-
cates that the X8 containing peptide loses all activity to-
ward CDK4/cyclin D1. The binding of X7 to cyclin D1 de-
creases 17.6-fold relative to the phenylalanine in the
LXG motif and 18.7-fold in the LIX context.

Structure—Activity Relationship for Peptide Binding
to Cyclin D1. For the CDK4/cyclin D1/pRb SAR of the
phenylalanine replacements in the SAKRRLXG context,
the most potent analogue is the 3-thienylalanine X3 de-
rivative with an 1Csq of 6 M, whereas X2, the
2-thiophene containing peptide, is slightly less potent
(11.4 pwM). The order of potency is reversed in the p21
CBM since HAKRRLIX2 peptide has approximately 2-fold
greater inhibition than the furylalanine containing pep-
tide (6.5 and 11.4 M, respectively). The 3-thienyl ana-
logue X3 undergoes a significant potency increase rela-
tive to X2 in the p107 context. Cyclobutylalanine
incorporation into the p107 peptide retained a level of
binding, as do HAKRRLIX5 and SAKRRLX5G, although
this is weak relative to the native sequences. The cyclo-
hexylalanine replacement X6 was of equivalent potency
to the 2-thiophene containing peptide in the HAKRRLIX
context, however, of notably higher inhibi-
tion than the p107 derivative (6.3 vs 36 uM). The
3-pyridylalanine peptides (X7) were considerably more
significant inhibitors when incorporated C-terminal to
the lle containing spacer residue, which has previously
been shown to allow more favorable geometry for bind-
ing. The 4-substituted derivative (X8) is a weak binder
with an 1Cso of 143 wM observed in the CDK4/cyclin D1
kinase assay for SAKRRLX8G. For the most part, the p21
sequences follow the previously observed trend as be-
ing more potent than the p27 (4) and p107 peptides.
Two C-terminal analogues however have higher affinity
when incorporated with the p107 residues, these being
the furylalanine (X1) and 4-pyridylalanine (X8) contain-
ing peptides.

Additional insights into cyclin groove interactions in
cyclin D1 are provided by C-terminal and other deriva-
tives incorporated into HAKRRLIF. The p-fluorophenyl
alanine (4FPhe) derivative has been previously shown
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TABLE 2. Structure—activity relationship for various cyclin D1 binding peptides

(0]
HN
~“~HN \VAAHN -
(0]
HN ©/
Vo
H,N Leu-3PBA
citrulline
Sequence 1C5o CDK2/A2 (uM) Potency ratio 1C5o CDK4/D1 (M) Potency ratio

SAKRRLFG 3.3 2.9
HAKRRLIF 1.3 1.5
RRLIpfF 26 20.0 250 166.7
HAKCitRLIF 18 13.8 21 14.0
HAKTRLIF 50 38.5 25 16.7
CitRLIF 164 126.2 179 119.3
SCCP10 25 19.2 8 5.3
SCCP 5624 >100 60 20.7
SAKRNLFGM 146
SAKRNLFG 75
SAKRALFGM 68
PAKRRLFG 8 6.7
PVKRRLFG 3 28
PVKRRL3CFG 1 3.2

to significantly increase the inhibitory potential of pep-
tide cyclin A inhibitors with respect to the native residue
(15, 22). In contrast to these results, synthesis and test-
ing of RRLI(4FPhe) resulted in decreased inhibition of
CDK4/cyclin D1 kinase activity (compared to HAKRRLIF,
a 160-fold decrease) versus only a 20-fold decrease in
CDK2/cylin A activity). Incorporation of 3-ClPhe into the
E2F sequence, PVKRRLFG, was beneficial for CDK4/
cyclin D1 inhibition, giving greater than a 6-fold increase
in potency relative to that of the native phenylalanine
residue.

As discussed in above sections, there are differ-
ences in the Arg4 interacting residues in cyclin D1 ver-
sus cyclin A2 and that these variations contribute to de-
creased binding of peptides to cyclin D1. Specifically,
cyclin A has two acidic residues that interact with the
positively charged side chain compared to only one in
cyclin D1. This residue has previously been shown to be
critical for cyclin A binding activity. It would therefore
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be predicted that replacement of the arginine with an
isosteric residue would have less of an impact on cy-
clin D binding. Incorporation of citrullene (Table 2) into
p21 (HAKCitRLIF) confirmed that Arg4 is significant for
interaction with cyclin D1. The ratio for the activities of
the citrullene and arginine containing peptides in both
contexts revealed that the effect on cyclin D1 activity
(14-fold potency decrease) was similar to that observed
in cyclin A. This result was corroborated by comparison
of the activities of citrullene incorporated into pentapep-
tide, RCitLIF. Compared to the octapeptide sequence,
the 5mer potency decreased roughly 120-fold for cyclin
A (1.3 vs 164 uM) and cyclin D1 (1.5 vs 179 pM).
Insights into SARs for interactions of cyclin D1 inhibi-
tors of the secondary hydrophobic pocket were revealed
through synthesis of peptides containing the E2F and
p107 CBMs. A preference for smaller side chains was in-
dicated by the increased inhibition of PAKRRLFG com-
pared to that of PVKRRLFG (3 vs 28 wM). This result is in
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affinity for cyclin D1) sug-
gests that the native
leucine residue is optimal
in this context. The results
obtained for the two 3-PBA
containing peptides sug-
gest that the smaller hy-
drophobic pocket of cyclin
D1 can provide more opti-
mal interactions in the
right context.

Modeling the
Interactions of p27 with
Cyclin D1 Structures. It has
been shown that CDK4/
cyclin D1 associates with

Figure 3. Modeled complex of p27 residues 25—49 (green carbons) with cyclin D1 2W9¢) P27 and that this interac-

overlaid with SAKRNLFGM. The P35 and V36 interacting site on cyclin D1 is the region

tion promotes the forma-

shown to provide a more extensive hydrophobic pocket than in the cyclin A2 contextand  tjon of the complex (23). It

which was exploited by methionine substitution (methionine is the C-terminal residue in

the p27 peptide colored with orange carbon atoms).

agreement with the structural analysis, which shows a
decreased volume of this subsite in cyclin D1 compared
to A (Figure 2, bottom panel; Figure 3).

From previous studies into the replacement of pep-
tide determinants with fragment alternatives (17), com-
pounds were identified where the p21 LIF motif was re-
placed with a Leu-bis-aryl ether system (Table 2), while
maintaining a similar potency level for cyclin A2 inhibi-
tion. A compound was synthesized with 3-phenoxy-
benzylamide replacing the phenylalanine and also
N-terminally capped with 1-(3,5-dichlorophenyl)-5-
methyl-1H-1,2,4-triazole-3-carboxylic acid and subse-
quently tested for inhibition of CDK4/D1 (Table 2). SC-
CP10 was found to have a respectable inhibition of
cyclin D1, and in addition, its relative potency com-
pared to the p21 octapeptide was enhanced compared
to cyclin A inhibition. SCCP10 is 5-fold less potent than
HAKRRLIF toward cyclin D1 but undergoes a 20-fold
drop-off when cyclin A2 activity is considered. In order
to further examine the SAR of the
3-phenoxybenzylamine (3-PBA) system, the peptide-
small molecule hybrid Arg-Arg-B-homoleucyl-3-
phenoxybenzylamide (SCCP 5624) was synthesized.
This compound adds a methylene group between the
a-carbon and a-carboxyl of the leucine residue and
probes the spacing requirement of the 3-PBA system.
The lower potency of SCCP 5624 (although with greater
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is also known that different
states of the ternary com-
plex exist, where p27 can bind to generate inhibited
and noninhibited CDK4 species (24, 25). A critical as-
pect of this process is the phosphorylation of p27 on
Y88, sited on the 34, helix that inserts into the ATP bind-
ing site of CDK4 in the inhibited complex. Phosphoryla-
tion presumably leads to dissociation of the helix from
the ATP cleft through disruption of hinge H-bonding in-
teractions and through repulsion of the phosphate with
nearby acidic residues. In this noninhibited form, how-
ever, p27 must still maintain affinity for the complex in
order to sequester the inhibitor from CDK2/cyclin E com-
plexes and allow cell cycle progression (23). A major
contribution to this binding is through cyclin D1/p27 in-
teractions, assisted by the CBM and other residues. So
as to construct a model structure of p27/cyclin D1 inter-
actions, cyclin D1 isolated from the 2W96 crystal struc-
ture was overlaid with the CDK2/cyclin A/p27 termary
complex (1)SU) (26). After deletion of the CDK2, cyclin
A and non-cyclin D1 interacting p27 residues, the newly
formed complex was subjected to energy minimization.
After convergence of the structure to a suitable mini-
mum, and examination of the resulting interactions, a
plausible structural basis for the interactions of p27 with
cyclin D1 interactions was described. Subsequent to
generation of this structure, the interaction energies of
individual p27 residues with cyclin D1 were generated
and compared with those for cyclin A (Table 2, Support-
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ing Information). Significant differences in the intermo-
lecular interactions are apparent for several residues,
several of which are noted in the octapeptide complexes
described in the above sections. These include Ala28,
Asn31, Phe33, Val36, Leu41, and Leu45. Comparison of
the molecular surface for the p27 interacting residues
of cyclin A versus those of cyclin D1 indicated that pro-
found differences exist specifically in the region where
the C-terminus of the inhibitory protein exits from the pri-
mary hydrophobic pocket. As can be seen (Figure 3),
the Pro35 and Val36 contacting site of cyclin D1 has a
larger accessible volume and therefore has suboptimal
interactions with p27. This was confirmed in the per resi-
due interaction energy calculation, which yielded val-
ues of —1.9 and —3.6 kcal/mol for D1 and A, respec-
tively. The more extensive cleft of cyclin D1 led to the
hypothesis that incorporation of a suitable residue
C-terminal to the glycine would lead to increased bind-
ing. Computational design of a number of different resi-
dues suggested that methionine would be a good candi-
date for more optimal interactions, and therefore
synthesis and testing of the p27 sequences (Table 2)
was completed and confirmed this conclusion. The lack
of increase of the asparagine containing sequence
(SAKRNLFGM) can be explained by the formation of an
intramolecular H-bond observed in the crystal structure,
which precludes optimal interactions of the methi-
onine. Substitution of this residue with an alanine re-
sulted in a 2-fold potency enhancement as predicted.
As illustrated (Figure 3), the linear side chain of the P35
M analogue extends with a high degree of complemen-
tarity into the extension of the primary hydrophobic
pocket. These results suggest that this extended bind-
ing site in cyclin D1 could be exploited in the design of
small molecule cyclin groove inhibitors.

Conclusions from Structural Analysis of CGl Amino
Acid Substitutions. In this study, comparison of the cy-
clin binding grooves of cyclin D1 structures obtained re-
cently through crystallographic studies provides consid-
erable insight into the structural requirements for cyclin
A2 versus D1 selectivity and for differential binding of
CGlI peptide analogues. While the binding of peptide in-
hibitors of cyclin A and E substrate recruitment has
been extensively characterized, little information has
been made available describing the determinants of cy-
clin D inhibition. Structural analysis revealed that two
key amino acid substitutions in the cyclin D1 groove
have a major impact on peptide inhibitor binding. Ex-
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change of one of the two acidic residues interacting
with Arg4 (Asp216 and Glu220) with Thr62 significantly
decreases the calculated enthalpic contribution to bind-
ing and is suggestive of a large decrease in affinity. In or-
der to determine if the predicted decrease in the electro-
static interaction energy is significant in contributing to
cyclin A selectivity, the arginine isostere citrullene was
incorporated into the p21 8mer, HAKCitRLIF (Table 2). It
was predicted that because of the less acidic environ-
ment of the arginine contacting residues in cyclin D the
potency decrease would be less marked in this context.
In reality, however, a similar drop-off was demonstrated
in both scenarios, thus indicating otherwise. Closer ex-
amination of the peptide-cyclin D1 structure suggests
that the urea carbonyl of citrullene is within H-bonding
distance of the OH group of Thr62. This interaction
would therefore compensate for the decreased capac-
ity to ion pair and result in a similar potency decrease.
Replacement of Arg4 with threonine was beneficial with
respect to cyclin D1 binding and therefore was in line
with the above result.

The second major difference between the two cyc-
lins is in the exchange of Leu214 in cyclin A for Val60
in cyclin D. The smaller valine side chain projects down
toward the base of this hydrophobic pocket with the net
effect that the y-methyls are brought into closer proxim-
ity to the peptide inhibitor side chains that insert into
this pocket. This substitution therefore decreases the
volume of the primary hydrophobic pocket in the latter
and thereby results in lower affinity of CGI peptides con-
taining phenylalanine. Cyclin bound complexes were
generated for a series of peptides previously determined
to have varying affinities for cyclin A and cyclin D1 and
possessing different C-terminal sequences. The calcu-
lated binding energies for these complexes correlated
well not only for ICsy’s determined for cyclin Aand D1 in-
dividually but also for the selectivity of the peptides ob-
served (data not shown). These results therefore deter-
mined that, in addition to the X-ray structures used, the
model structures for the peptide—cyclin complexes
gave valid results and that this information is useful in
the potential design and optimization of improved cyclin
D1 inhibitors. From these observations, the hypothesis
was proposed that because of the decreased volume of
the primary hydrophobic pocket relative to cyclin A, the
incorporation of non-natural amino acids with differing
cyclic side chains (relative to phenylalanine) might be
tolerated to a greater degree. To this end, the results pre-
sented (Table 1) confirm that this is indeed the case;
however, these are dependent on the ring size and pep-
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tide context. As has been previously structurally charac-
terized, the presence of a spacer residue between the
critical leucine and phenylalanine functions to allow a
geometrical arrangement of the two side chains that in-
teracts with a greater degree of complementarity and
therefore increases binding affinity relative to peptides
with no spacer (21). The results suggest that the non-
spacer containing peptide, SAKRRLXG, has a binding
mode that is more conducive and tolerant of smaller cy-
clic side chains. In order to probe this further, a 3D struc-
ture for each of the synthesized analogues in complex
with both cyclins was generated, and further to this,
their nonbonded interaction energy calculated. The
structural basis for the greater affinity of the furylala-
nine (X1) versus the 2-thienylalanine (X2) in the p107
context is apparent from the modeled structure. The
closer proximity of the heteroatom to Val60 in the pep-
tide without the spacer residue results in displacement
of the larger sulfur containing phenylalanine replace-
ment (2-thiophene ring) and lower relative affinity. In the
p21 peptide, the conformational preference allowed by
the spacer residue results in the heteroatom pointing to
the back wall of the primary hydrophobic pocket, away
from Val60. As the heteroatom projects into more ex-
pansive region, the larger sulfur atom provides greater
complementarity with K96 and Q100, resulting in in-
creased affinity in the thienylalanine derivative. Chang-
ing the context of the heterocyclic sulfur atom as in X3
resulted in potency increase of SAKRRLX3G for cyclin A
but a small decrease in cyclin D1 affinity. The larger hy-
drophobic pocket in cyclin A can accommodate the
bulky sulfur atom more readily than can the cyclin D1
site decreased in volume by Val60. Examination of the
intermolecular contacts for the cyclohexylalanine deriva-
tive X6, a bulkier phenylalanine replacement as a re-
sult of the unsaturated ring, again provides insight into
the differing potencies for peptides containing this
residue with cyclin D1. Modeling of the complex of

SAKRRLX6G with cyclin D1 (12-fold decrease in ICsq) sug-
gests that in order to maintain productive binding, the
CHA side chain is brought in close proximity to Val60 re-
sulting in unfavorable contacts. For the HAKRRLIX6 in-
hibitor (4-fold loss in potency), the side chain can adopt
a more favorable position, contacting several residues
of the primary binding site in line with its higher relative
potency. The dramatic decreases in inhibition of the pyr-
idylalanine derivatives X7 and X8 relative to the native
phenylalanine cannot readily be explained in terms of
different interactions with the cyclin groove. A probable
scenario is that the pyridyl ring is solvated to a greater
degree relative to the phenyl and therefore a desolvation
penalty would disfavor binding. A number of substitu-
tions in the cyclin groove recognition motif have been in-
corporated in the N-terminal and arginine binding site
and provide additional information on the tolerance of
sequence changes upon binding to the secondary hy-
drophobic and acidic regions of cyclin D1 (Table 2).

The results obtained in this study provide new in-
sights into the cyclin regulatory subunits that bind to
CDK family members. The major structural variations in
the cyclin groove between cyclin D1 and A2 have been
described, and the key interaction determinants for the
peptide inhibitor and the receptor have been defined. A
cyclin D1 complex of the endogenous CDK2 and CDK4
inhibitor p27KIP has been generated and used to iden-
tify a unique groove that could be exploited to generate
specific inhibitory compounds. Non-natural amino acid
and fragment based mimetics of the key hydrophobic
pocket determinants have been designed and give ini-
tial insights into compounds that have potential as
highly CDK4/cyclin D1 selective compounds. This
progress will provide the basis for further development
of cyclin groove inhibitors as cell cycle specific antitumor
therapeutics.

METHODS

Solid-Phase Peptide Synthesis. Peptides were assembled by
using standard solid-phase synthesis methods (4) on an Argo-
naut Quest 210 semiautomated solid-phase synthesizer. Ten
equivalents of the C-terminal amino acid were coupled to Rink
resin at the first place using DIEA (0.082 mL) and HBTU (189.6
mg) in 5 mL of DMF for 1 h. Fmoc of the C-terminus amino acid
was removed using 20% piperidine in 5 mL of DMF for 10 min
before assembly of 10 equiv of the next amino acid using DIEA
(0.082 mL) and HBTU (189.6 mg) in 5 mL of DMF. Wash cycles (5
X 10 mL of DMF + 5 X 10 mL of DCM) were applied to each
step in between coupling and deprotection of Fmoc. Upon
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completion of assembly, side chain protecting groups were re-
moved, and peptides were finally cleaved from Rink resin using
90:5:5 mixtures of TFA/H,0/TIS. Crude peptides were purified
using reverse-phase flash chromatography and semipreparative
reverse-phase HPLC methods. Pure peptides were lyophilized
and characterized using mass spectrometry and analytical HPLC
(see Supplementary Table 3). All peptides used in this study
contained free amino termini and were either C-terminal carbox-
ylates or carboxamides.

Computational Chemistry. Modeled complexes of peptidic cy-
clin groove inhibitors bound to either cyclin A or cyclin D were
generated as follows: SAKRRLXG series were modeled from the

www.acschemicalbiology.org



crystal structure the p107 peptide bound to cyclin A (PDB code
1H28). The HAKRRLIX series were obtained by hybridizing the
peptide conformation of RRLIF (PDB code 10KV) and SAKRRLFG
(PDB code 1H28). The cyclin A structure in this complex was
taken from 10KV. Cyclin D1/SAKRRLXG and cyclin D/HAKRRLIX
were generated in a similar manner using cyclin D1 crystal struc-
tures (PDB code 2W96) where the peptidic inhibitor bound to cy-
clin A was superimposed with cyclin D1, followed by deletion
of cyclin A from further minimization of the complex. After apply-
ing the CHARMm forcefield in Discovery Studio 2.5 (Accelrys,
San Diego), the Smart Minimizer algorithm composed of steep-
est descent and conjugate gradient and an implicit solvent
model of Generalized Born with a simple Switching (GBSW)
were applied to the complex. In general, all peptide residues
were flexible, for cyclin A, all protein residues were restrained,
and for cyclin D1, the backbone atoms were fixed and approxi-
mately 300 steps of minimization were required for convergence
to an energy minimum. Molecular dynamics simulations (with
backbone atoms fixed) carried out in order to validate the mini-
mization protocols were completed using the following param-
eters: minimization; 500 steps steepest descent following by
500 steps conjugate gradient; heating stage (2000 steps, 0.001
ps time step), equilibration stage (1000 steps, 0.001 ps time
step), and production stage (1000 steps, 0.001 ps time step).
A target temperature of 300 K was used for each stage. The cal-
culate interaction energy protocol of DS 2.5 was used to gener-
ate nonbonded energy values between the peptidic inhibitor
and its associated cyclin. This included calculation of van der
Waals and electrostatic energies to provide an estimation of the
affinity of inhibitors. The calculate binding energy protocol of
DS 2.5 enabled the generation of desolvation penalty data for
each peptide—cyclin complex. Interaction energy calculations
were performed on low and high energy frames from the molec-
ular dynamics simulations and were found to be closely in line
with the values obtained solely using minimization protocols.
In Vitro Kinase Assay. CDK2/cyclin A2 and CDK4/cyclin D1 ki-
nase assays were performed using full-length recombinant
CDK2/cyclin A2 and CDK4/cyclin D1 coexpressed by baculovi-
rus in Sf9 insect cells using an N-terminal GST tag on both pro-
teins. The kinase assay buffer | consisted of 25 mM MOPS,
pH7.2, 12.5 mM B-glycerol-phosphate, 25 mM MgCl,, 5 mM
EGTA, 2 mM EDTA, and 0.25 mM of DTT added prior to use. The
[32P]-ATP assay cocktail was prepared in a designated radioac-
tive working area by adding 150 pL of 10 mM ATP stock solu-
tion, 100 wL of [*?P]-ATP (1 mCi/100 L) to 5.75 mL of kinase as-
say buffer I; 10 mM ATP stock solution was prepared by
dissolving 55 mg of ATP in 10 mL of kinase assay buffer I. Stor-
age of 200 pL aliquots was at —20 °C. The substrate used was
Rb (773—928) protein with 0.2 mg mL™! concentration. The
blank control was set up by adding 10 p.L of diluted active CDK/
cyclin with 10 pL of distilled H,0; otherwise, 10 L of diluted ac-
tive CDK/cyclin was added with 10 pL of 0.2 mg mL™? stock so-
lution of Rb (773—928). The reaction was initiated by the
addition of 5 pL of [>2P]-ATP assay cocktail, bringing the final vol-
ume up to 25 plL, and the mixture was incubated in a water
bath at 30 °C for 15 min. After the incubation period, the reac-
tion was terminated by spotting 20 L of the reaction mixture
onto individual precut strips of phophocellulose P81 paper. The
precut P81 strip was air-dried and sequentially washed in a 1%
phosphoric acid solution with constant gentle stirring. Radioac-
tivity on the P81 paper was counted in the presence of scintilla-
tion fluid on a scintillation counter. The corrected cpm was de-
termined by subtracting the blank control value for each sample,
and the kinase specific activity was calculated as follows: [*?P]-
ATP specific activity (SA, cpom/pmol) = cpm for 5 L of [*2P]-ATP/
pmoles of ATP (in 5 L of a 250 uM ATP stock solution). Ki-
nase specific activity (SA, pmol/min/wg or nmol/min/mg) =
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corrected cpm from reaction/[(SA of 32P-ATP in cpm/pmol)(reac-
tion time in min)(enzyme amount in wg or mg)][(reaction vol-
ume)/(spot volume)] (SignalChem, Richmond, Canada).
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