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The cyclin-dependent kinases 4 and 6 (Cdk4/6) that drive progression through the G, phase of the cell cycle
play a central role in the control of cell proliferation, and CDK deregulation is a frequent event in cancer.
Cdk4/6 are regulated by the D-type cyclins, which bind to CDKs and activate the kinase, and by the INK4
family of inhibitors. INK4 proteins can bind both monomeric CDK, preventing its association with a cyclin,
and also the CDK-cyclin complex, forming an inactive ternary complex. In vivo, binary INK4-Cdk4/6
complexes are more abundant than ternary INK4-Cdk4/6-cyclinD complexes, and it has been suggested that
INK4 binding may lead to the eventual dissociation of the cyclin. Here we present the 2.9-A crystal structure

of the inactive ternary complex between Cdk6, the INK4 inhibitor p18™X4¢ and a D-type viral cyclin. The
structure reveals that p18™%4 inhibits the CDK-cyclin complex by distorting the ATP binding site and

misaligning catalytic residues. p18™¥¢

also distorts the cyclin-binding site, with the cyclin remaining bound

at an interface that is substantially reduced in size. These observations support the model that INK4 binding
weakens the cyclin’s affinity for the CDK. This structure also provides insights into the specificity of the

D-type cyclins for Cdk4/6.
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Cyclin-dependent kinases (CDKs) are a family of closely
related Ser/Thr protein kinases that coordinate the cell’s
progression through the cell cycle by switching between
active and inactive states. CDKs, inactive in the mono-
meric state, are activated by the binding of cyclins,
which impart basal activity to the kinase, and by phos-
phorylation, which fully activates the kinase. CDKs are
inactivated by the binding of CDK inhibitors (CKIs) or by
additional phosphorylation (for review, see Morgan 1995;
Pavletich 1999). The closely related cyclinD-dependent
kinases Cdk4 and Cdké drive the cell’s progression
through the G, phase of the cell cycle. G, progression is
dependent on extracellular mitogenic signals that acti-
vate Cdk4/6 by up-regulating levels of their cyclinD ac-
tivators (Sherr 1994). Cdk4/6 in turn can be inactivated
by the INK4 family of CKIs, which are induced by a
variety of antiproliferative signals such as TGF-B
(p15™K4P) “senescence (p16™%42) and terminal differen-
tiation (p18™%4c and p19'™¥4d) (for review, see Sherr and
Roberts 1999). Cdk4/6 and their regulators have a central
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role in the control of cell proliferation (Sherr 1996), as
underscored by their frequent alteration in cancer (for
review, see Hall and Peters 1996): An INK4 inhibitor,
pl6™XK42 (516), is a tumor suppressor that is altered in
>50% of certain tumor types (Kamb et al. 1994; Nobori et
al. 1994; Hall and Peters 1996); cyclinD is often ampli-
fied in breast and prostate cancer (Hall and Peters 1996);
mutations in Cdk4 that render it refractory to inhibition
by INK4 have been identified in several cancer cases
(Wolfel et al. 1995; Zuo et al. 1996). In addition, certain
v herpes viruses including Kaposi’s sarcoma-associated
herpes virus (KSHV/HHVS; Chang et al. 1994) express an
oncogenic D-type cyclin that can bind to and activate
Cdk4/6 and contribute to the deregulation of the cell
cycle (Godden-Kent et al. 1997; Li et al. 1997).

INK4 inhibitors can bind both monomeric Cdk4/6
(Serrano et al. 1993; Hall et al. 1995; Parry et al. 1995)
and cyclinD-bound Cdk4/6 (Hirai et al. 1995; Adachi et
al. 1997; Reynisdottir and Massague 1997) and appear to
use multiple mechanisms to inhibit the CDK and halt
the progression of the cell cycle. INK4 binding to the
monomeric Cdk4/6 subunit interferes with the subse-
quent binding of cyclinD and renders the CDK nonacti-
vatable (Parry et al. 1995; Guan et al. 1996; McConnell et
al. 1999). This is, at least in part, because of the require-
ment of an Hsp90-Cdc37 heat shock protein complex for
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the assembly of the Cdk4/6-cyclinD complex (Stepa-
nova et al. 1996) and the ability of INK4s to compete
with Cdc37 binding to Cdk4/6 (Lamphere et al. 1997;
Russo et al. 1998). However, if the Cdk4/6-cyclinD com-
plex is assembled first, INK4s can bind the Cdk4/6-cy-
clin complex and inhibit it without dissociating the cy-
clin (Hirai et al. 1995; Adachi et al. 1997). The relative
contribution of these two INK4 activities to cell cycle
arrest has been a point of debate, as several studies have
shown that the majority of pl6 is found in binary com-
plexes with Cdk4/6 in vivo (Parry et al. 1995; McConnell
et al. 1999). However, it has also been shown that induc-
tion of p15™ 4P or p19INK4d (519) to levels that arrest cell
growth results in the formation of INK4-cyclinD-
Cdk4/6 complexes without causing immediate dissocia-
tion of cyclinD from Cdk4/6 (Adachi et al. 1997; Reynis-
dottir and Massague 1997).

Previous crystallographic studies of the pl6-Cdké
(Russo et al. 1998) and p19-Cdké (Brotherton et al. 1998;
Russo et al. 1998) binary complexes showed how these
inhibitors bind the monomeric CDK and, in comparison
with structures of monomeric Cdk2 (De Bondt et al.
1993) and Cdk2-cyclinA complexes (Jeffrey et al. 1995;
Russo et al. 1996), showed that INK4 binding to Cdk6
caused conformational changes that distorted the cata-
Iytic cleft and allosterically altered the cyclin binding
site. However, the way in which INK4s bind the pre-
formed CDK-cyclin complex, how they inhibit its activ-
ity, and how the cyclin remains bound to the CDK has
not been clear.

To address these questions, we have determined the
structure of a pl8™K4_Cdk6-D-type cyclin ternary
complex. We used the D-type cyclin encoded by the Ka-
posi’s sarcoma-associated herpesvirus (K-cyclin; God-
den-Kent et al. 1997; Li et al. 1997), as we were not able
to produce a cellular D-type cyclin in a form suitable for
crystallization. The Cdk6-K-cyclin complex has been
shown to be resistant to inhibition by INK4s (Swanton et
al. 1997), but in this study, we show that when Cdké is
unphosphorylated, the Cdk6-K-cyclin complex is sus-
ceptible to inhibition by INK4s.

The structure of the ternary p18-Cdk6-K-cyclin com-
plex shows that Cdké adopts a conformation where resi-
dues involved in ATP binding and catalysis are mis-
aligned. This active site distortion is similar to that seen
in the binary INK4-Cdk6 complexes. The cyclin-binding
site is also distorted, with the cyclin remaining bound in
a nonfunctional way, via an interface that is 30% smaller
in size. This suggests that INK4 binding reduces the sta-
bility of the CDK-cyclin interface. The structure also
provides insights into how phosphorylated Cdké6 bound
to the viral cyclin may evade inhibition by INK4s.

Results and Discussion

Biochemical characterization of the p18-Cdk6-K-cyclin
complex

Unphosphorylated Cdké bound to K-cyclin has basal ki-
nase activity toward the retinoblastoma protein (Rb) that
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is only slightly lower than that of the fully active phos-
phorylated Cdk6-K-cyclin and Cdk6-cyclinD complexes
(Fig. 1A,B), suggesting that K-cyclin is more effective
than cyclinD as an activator of Cdk6. Previous studies
had shown that the Cdk6-K-cyclin complex is resistant
to inhibition by the INK4 inhibitors (Swanton et al.
1997), but we find that this is the case only when Cdké6
is phosphorylated. As seen in Figure 1A, the unphos-
phorylated complex is inhibited by approximately one
molar equivalent p18, whereas the phosphorylated com-
plex is uninhibited under the same conditions. We thus
used the structure of the unphosphorylated Cdké6 bound
to pl8 and K-cyclin as a model system to understand
inhibition of Cdk4/6-cyclinD complexes.

Overall structure of the p18™X¥_Cdk6-K-cyclin
complex

In the crystal structure of the pl18-Cdk6-K-cyclin ter-
nary complex, p18 and K-cyclin bind to opposite sides of
the Cdké catalytic cleft and do not interact with each
other (Fig. 2A,B). The p18-Cdké6 interface is similar in
size (1850 A2 surface area buried) to the interfaces in the
binary pl6-Cdké (2570 A2) and pl9-Cdké (2070 A?)
complexes (Brotherton et al. 1998; Russo et al. 1998).
The Cdk6-K-cyclin interface, however, is much less ex-
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Figure 1. The Rb kinase activity of the Cdk6-K-cyclin com-
plex is inhibited by p18 when Cdké6 is unphosphorylated but not
when Cdk6 is phosphorylated by the Cdk7-cyclinH CDK-acti-
vating kinase. (A) Phosphorylation of the Rb C-terminal frag-
ment by the unphosphorylated Cdké6-K-cyclin complex (top
panel) and the phosphorylated Cdk6-K-cyclin complex (lower
panel). Both Cdk6 complexes are at 100 nM concentration. The
lanes in the two panels contain p18 at 0, 33, 66, 100, 166, 232,
and 300 nM concentrations. (B) Comparison with the Rb kinase
activity of the Cdk6-cyclinD complex. Reactions contain the
same concentration (100 nM) of Cdké6 and p18 as in the corre-
sponding lanes in A. The gel in the bottom panel was exposed
for the same length of time as the panels in A; the top panel
showing the activity of unphosphorylated Cdk6-cyclinD com-
plex was exposed 10-fold longer because of the low kinase ac-
tivity of the unphosphorylated complex.
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Structure of an INK4-CDK-cyclin complex

Figure 2. Overall structure of the p18-Cdk6-K-cyclin complex and comparison with Cdk2-cyclinA. (A) Schematic view of p18-
Cdké6-K-cyclin. p18 is shown in yellow, Cdké in cyan, K-cyclin in purple. The T loop and PSTAIRE elements of Cdké are highlighted
in red, and the helices of the first cyclin repeat are labeled. N and C termini are labeled where visible. The p18-Cdk6 and K-cyclin—
Cdké6 interfaces do not overlap and lie on opposite sides of the kinase, burying a total of 4350 A2 of surface area. (B) Top view of the
p18-Cdk6-K-cyclin complex, approximately orthogonal to view in A. The ankyrin repeats of p18 are numbered. The PSTAIRE helix
is central to the Cdk6-K-cyclin interface, but the T loop packs on the other side of the kinase. (C) View of Cdk2-cyclinA complex
superimposed on the C lobe of Cdké6 in the same orientation as in A. Both the PSTAIRE helix and T loop, in red, pack against cyclinA.
(D) View of superimposed Cdk2-cyclinA complex from same viewpoint as B.

tensive than that of the active unphosphorylated Cdk2-
cyclinA complex: 2504 A% compared with 3540 A2 (Jef-
frey et al. 1995) surface area buried.

The structure of Cdké6, in common with Cdk2 and
other eukaryotic kinase structures (Taylor and Radzio-
Andzelm 1994), consists of an N-terminal lobe rich in B
sheet (N lobe, residues 9-104) and a larger C-terminal
lobe that is predominantly a-helical (C lobe, residues
105-301; Fig. 2A). The catalytic cleft lies at the junction
of these two lobes, with active site residues being con-
tributed by both lobes.

p18, which consists of five ankyrin repeats (Hirai et al.
1995), binds next to the ATP binding site of the Cdké
catalytic cleft and interacts with both the N and C lobes
of the kinase (Fig. 2A,B). The relative arrangement of p18
and Cdké6 and the intermolecular contacts are very simi-

lar to those seen in the p16-Cdk6 and p19-Cdk6 binary
complexes (Brotherton et al. 1998; Russo et al. 1998),
indicating that the presence of the cyclin does not affect
the INK4-Cdko6 interface significantly.

K-cyclin binds to the side of the Cdké6 catalytic cleft
opposite from where pl18 binds and interacts predomi-
nantly with the N lobe of the kinase (Fig. 2A,B). The
interactions with the N lobe are centered on the
PSTAIRE helix (residues 55-66), which contains the
CDK-specific PSTAIRE sequence motif (sequence is
PLSTIRE in Cdké6; Pines 1994) and that forms the side
wall of the catalytic cleft. The interactions are very simi-
lar to those seen in the active Cdk2-cyclinA structure
(Jeffrey et al. 1995; Fig. 2C,D), and this underscores the
prominent role the PSTAIRE helix has in cyclin binding.
However, unlike the active Cdk2-cyclinA complex,
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there are no significant contacts between the cyclin and
the CDK C lobe in the p18-Cdk6-K-cyclin complex.

The Cdké6 structure in the p18-Cdk6-K-cyclin com-
plex has a large number of conformational changes com-
pared with the active conformation of Cdk2 (Jeffrey et al.
1995; Fig. 2C,D) or of other protein kinases. In this in-
active Cdké6 structure, the N and C lobes are rotated 13°
away from each other, resulting in the misalignment of
ATP-binding residues. The N-lobe PSTAIRE helix,
which contains an invariant active site residue (Glu 61),
is displaced by 4.5 A away from the active site and is
rotated by 16°. A C-lobe loop (T loop, residues 162-182),
which contains the threonine that is phosphorylated
(Thr 177) on the full activation of the kinase (Morgan
1995; Russo et al. 1996) and that forms part of the poly-
peptide substrate-binding site (Brown et al. 1999), is dis-
placed by >30 A. Finally, an additional loop at the back of
the catalytic cleft (residues 99-102), which would hydro-
gen bond to ATP, is displaced by several Angstroms.

The Cdk2-cyclinA structure (Jeffrey et al. 1995)
showed that cyclinA binding to Cdk2 caused conforma-
tional and positional changes in the PSTAIRE helix and
T loop and that these changes activated the kinase by
correctly aligning certain active site residues and reorga-
nizing the polypeptide substrate binding site. In the p18-
Cdk6-K-cyclin complex, not only does the K-cyclin fail
to carry out most of these conformational changes but
p18 causes the misalignment of additional residues in-
volved in ATP binding and catalysis.

Structure of the p18™V¥¥°_Cdké interface

pl8 binds Cdké through an interface consisting prima-
rily of its second and third ankyrin repeats. Residues
from the B hairpin and the first helix of each repeat con-
tact the B sheet of the Cdk6 N lobe, and residues from
the turn between the two helices of each repeat contact
the Cdk6 C lobe. A few additional contacts are contrib-
uted by the first ankyrin repeat interacting with the N
lobe B sheet (Fig. 2A,B), but there are no interactions
between the fourth and fifth ankyrin repeats and Cdké6.

Contacts between the second and third ankyrin re-
peats of p18 and Cdké6 involve both hydrogen-bond net-
works and hydrophobic interactions, and the majority of
these contacts are the same as those found in the binary
INK4-Cdké6 complexes (Brotherton et al. 1998; Russo et
al. 1998; Fig. 3A,B). There are three major intermolecular
hydrogen bond networks linking Asp 67, Asp 76, and Arg
79 of p18 with Arg 31 and Gly 36 of Cdké; the backbone
carbonyl groups of Val 44 and Met 45 of p18 with Lys 29
of Cdk6; and Asp 84 and Gly 48 of p18 with Lys 111 of
Cdk6. Additional hydrogen bonds are formed at the pe-
riphery of the interface. Hydrophobic interactions be-
tween pl8 and Cdké6 are less extensive than the hydro-
gen bond networks. The most significant interaction in-
volves Phe 82, which wedges in between two
polypeptide segments of the C lobe at the back of the
catalytic cleft, packing with backbone and side chain
groups of Asp 102 and Ser 155 (Fig. 3B). This forces the

Figure 3. Interactions between pl8 and Cdk6 mirror those made between p19 and Cdké. (A) Hydrogen bond networks between the
second ankyrin repeat of p18 and Cdké involve equivalent residues to those in p19. p19-Cdké is superimposed on p18—Cdké using
residues from the second ankyrin repeat and adjacent residues in the Cdké N lobe. The p18-Cdké6 residues are colored in yellow and
cyan, that of p19-Cdké6 in gray. Hydrogen bonds in the p18-Cdk6 complex are indicated by green dashed lines. The same hydrogen
bonds are made in the p19-Cdk6 complex but omitted here for clarity. Residue numbering for the INK4 inhibitors is given as p18/p19.
(B) Interface between the third ankyrin repeat of p18 and Cdké showing the extensive hydrogen bonding network centered around Arg
31 of Cdké6. Residues from the second and third ankyrin repeats of p18 contribute most of the interactions with Cdké.
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peptide backbone in the vicinity of Asp 102 to move into
the ATP binding site by 3 A. Phe 82 is conserved in all
INK4 family members, and it also causes the same con-
formational changes in Asp 102 of Cdké6 in the binary
INK4-Cdk6 complexes (Brotherton et al. 1998; Russo et
al. 1998).

Structure of the Cdk6-K-cyclin interface

The K-cyclin structure consists of two tandem repeats of
the five-helix cyclin fold plus an additional N-terminal «
helix. The arrangement is very similar to that in cyclinA
(the relative positions of the two cyclin repeats in K-
cyclin and cyclinA differ by only 11° and 2.5 A; Jeffrey et
al. 1995) and to the structures of the squirrel monkey
herpes virus cyclin (Schulze-Gahmen et al. 1999) and
murine y-herpes virus 68 (MHV6S; Card et al. 2000). Al-
though both K-cyclin and the squirrel monkey herpes
virus cyclin share the ability to bind and activate Cdké,
MHV68 is unable to do so (Card et al. 2000). The first
cyclin repeat of K-cyclin is more similar to that of cy-
clinA (RMS deviation of 0.71 A for all 96 Ca atoms) than
would be expected based on the 28% sequence identity
(Chothia and Lesk 1986), underlining the critical role of
this domain in CDK binding.

In the inhibited complex, K-cyclin binds the N lobe of
Cdké6 using the first cyclin repeat and the N-terminal
helix (Fig. 2A,B) and interacts predominantly with the
PSTAIRE helix of Cdké6. The interactions between K-
cyclin and the Cdké N lobe are similar to those observed
in the Cdk2—cyclin complexes (Jeffrey et al. 1995; Card et
al. 2000), except near the C terminus of the PSTAIRE
helix, where Cdko6 has a three-residue insertion (Fig. 4A).
Contacts equivalent to those in Cdk2-cyclinA include a
hydrogen bond network between the Lys 106-Glu 135
pair in K-cyclin and backbone groups of residues 52-54 of
Cdké6, immediately before the PSTAIRE helix. This Lys—
Glu pair is found in all human cyclins and likely is a
conserved structural feature in CDK—cyclin complexes.
Interactions with the PSTAIRE helix are also similar. Ile
59, at the center of the helix, inserts into a hydrophobic
pocket formed by Val 103, Lys 106, Leu 107, Leu 139, Trp
144, and Thr 146 of K-cyclin (Fig. 4A). Overall, the CDK-
cyclin interactions in this portion of the interface in-
volve residues that are either conserved or conserva-
tively substituted in the CDK and cyclin families.

The differences with respect to Cdk2-cyclinA arise
from contacts at the C terminus of the PSTAIRE helix
caused by a three residue insertion in Cdké (residues
70-72) resulting in one additional helical turn of 3.10
type. The longer PSTAIRE helix of Cdké would collide
with the N-terminal helix of cyclinA (Thr 70 and Phe 71
of Cdk6 would clash with Met 189 and Tyr 185 of cy-
clinA). The longer Cdk6 PSTAIRE helix is accommo-
dated in K-cyclin by a small shift of the N-terminal helix
relative to cyclinA and by the substitution of smaller
amino acids (Asn 24 of K-cyclin instead of Tyr 185 of
cyclinA). This results in contacts between Thr 70 and
Phe 71 in the Cdké6 insertion and Asn 24, Ile 28, and Phe
32 of K-cyclin. This extension of the PSTAIRE helix

Structure of an INK4-CDK-cyclin complex

would also be present in Cdk4, which contains the three-
residue insertion, and could contribute to the specificity
of Cdk4/6 for the D-type cyclins.

Despite the overall similarities in the N lobe-cyclin
interactions between the inhibited pl18-Cdk6-K-cyclin
complex and the active Cdk2-cyclinA complex, there is
a large difference in the position and orientation of the
cyclin relative to the kinase C lobe. When the two com-
plexes are compared by superimposing their CDK C
lobes, K-cyclin is rotated by =40°, and its center of grav-
ity is shifted by 15 A relative to cyclinA. This is caused
in part by the rotation between the kinase N and C lobes
in p18—-Cdk6-K-cyclin and in part by the rotation of the
PSTAIRE helix relative to the N lobe. The shift in K-
cyclin leads to a lack of significant contacts between
K-cyclin and the C lobe and T loop of Cdké6 (Fig. 4B). In
the Cdk2-cyclinA complex, there are extensive contacts
between the first cyclin repeat and the T loop and be-
tween the N-terminal helix and other parts of the Cdk2
C lobe (Fig. 4C; Jeffrey et al. 1995). In the inhibited
Cdk6-K-cyclin complex, there are no contacts with the
T loop and only a few minor contacts with the C lobe.

Conformation of Cdké

The structure of Cdk6 in the p18-Cdk6-K-cyclin com-
plex differs from the structure of cyclinA-activated Cdk2
in the orientation of the N and C lobes of the kinase and
in the positions of the PSTAIRE helix and T loop. Com-
pared to the Cdk2-cyclinA complex, the kinase N and C
lobes of the p18-Cdk6-K-cyclin complex are rotated by
13° about an axis that passes through the back of the
catalytic cleft and is approximately perpendicular to the
plane of the ATP that would bind there (vertical axis in
Fig. 5). This lateral rotation is very similar to that seen in
the binary INK4-Cdk6 complexes, suggesting that it is
caused by the contacts the INK4s make to the two lobes
rather than reflecting a flexibility in the complex.

The rotation between the N and C lobes causes the
PSTAIRE helix, which is attached to the N lobe, to move
away from the catalytic cleft (Fig. 5). The PSTAIRE helix
remains packed against the N lobe but loses about half of
its packing interactions with the C lobe. The PSTAIRE
helix contains a glutamic acid (Glu 61 in Cdké6), invari-
ant among eukaryotic kinases, that contributes to ATP
binding in the active kinase structures (Taylor and Rad-
zio-Andzelm 1994; Jeffrey et al. 1995), and its position is
thus critical for kinase activity. When p18-Cdk6-K-cy-
clin and Cdk2-cyclinA are compared by superimposing
their C lobes, the N terminus of the PSTAIRE helix in
the inactive complex is 4.5 A away from its position in
the active complex, placing the glutamic acid side chain
too far from the other catalytic cleft residues on the C
lobe to carry out its function.

In the inactive INK4-Cdké and monomeric Cdk2
structures (de Bondt et al. 1993), the PSTAIRE helix is
also positioned away from the catalytic cleft (Fig. 5),
similar to the p18-Cdk6-K-cyclin complex. However, in
INK4-Cdk6 and monomeric Cdk2, the PSTAIRE helix is
also rotated 90° about its axis relative to the active con-
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Figure 4. The K-cyclin-Cdké interface. (A) The PSTAIRE helix of Cdké is a central feature of the Cdk6-K-cyclin interface. The
viewpoint shown corresponds approximately to that in B. Three sets of interactions are shown: hydrogen bonds between the Cdké
main-chain preceding the PSTAIRE helix and the conserved Lys—Glu pair of K-cyclin (K106, E135); the conserved Ile 59 of Cdk6 inserts
into a hydrophobic pocket in K-cyclin; residues at the end of the PSTAIRE helix, one turn longer in Cdk4 and Cdké than in Cdk2,
interact with residues on the N-terminal helix of K-cyclin and may play a role in cyclin-CDK specificity. (B) Surface representation
of p18-Cdk6-K-cyclin complex illustrating the minimal interactions between K-cyclin and the Cdk6 C lobe. p18 is colored yellow, the
Cdké6 N lobe is cyan, the Cdk6é C lobe is blue, and the K-cyclin is purple. The viewpoint is approximately the same as Fig. 2A. The
only contacts between K-cyclin and the C lobe of Cdké arise from interactions with the N-terminal helix of K-cyclin. (C) Surface
representation of Cdk2-cyclinA in the equivalent orientation as that in A, showing significantly greater interactions between the C
lobe of the Cdk2 and the cyclinA, giving rise to a much more extensive cyclin-CDK interface.

formation, resulting in the glutamic acid residue point-
ing away from the catalytic cleft. In the p18-Cdk6-K-
cyclin complex, K-cyclin orients the PSTAIRE helix
such that it is rotated only 16° from the active confor-
mation, resulting in the glutamic acid pointing toward
the catalytic cleft.
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The rotation of the N lobe and the PSTAIRE helix
away from the C lobe is also associated with the T loop
not adopting the conformation needed for substrate bind-
ing and kinase activity (Fig. 5). In the Cdk2-cyclinA
complex, the T loop makes multiple contacts with the
PSTAIRE helix, the cyclin, and other parts of the C lobe.
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Figure 5. Schematic representation of the different conformations of the CDK. CDKs undergo extensive conformational changes on
binding of activating or inhibiting subunits. The major determinants of activity are the positions and conformation of the PSTAIRE
helix and T loop, as well as the relative disposition of the kinase N and C lobes. The PSTAIRE helix adopts a position further away
from the catalytic cleft in inactive CDKs (labeled as ‘out’) than in active CDKs (‘in’). The PSTAIRE helix conformation correlates with
the location of a conserved active site residue (Cdk2, Glu 51; Cdké, Glu 61) either inside or outside the catalytic cleft.

As these contacts would not be possible in p18-Cdké6-
K-cyclin because of the misalignment of the lobes and
PSTAIRE helix, the T loop instead adopts a B hairpin
structure and packs on the C lobe in a position near the
first ankyrin repeat of p18 (Fig. 2A,B), which is opposite
from its position in the active CDK. The T-loop phos-
phorylation site (Thr 177) is displaced by 23 A from the
equivalent residue in the unphosphorylated Cdk2-cy-
clinA complex. This inactive conformation of the T loop
and the packing interactions it makes are essentially
identical to those in the p16-Cdké6 and p19-Cdké com-
plexes (Brotherton et al. 1998; Russo et al. 1998).

Mechanism of Cdk4/6-cyclin inhibition by INK4s

The INK4-induced conformational changes in Cdk6
would interfere with the binding of ATP and polypeptide
substrate and would also misalign any weakly bound
substrates with respect to phosphotransfer. On the basis

of studies of Cdk2 (de Bondt et al. 1993; Jeffrey et al.
1995), the binding of the ATP purine group involves hy-
drophobic residues from both the N lobe (Ile 19, Val 27,
and Ala 41 in Cdk6) and C lobe (Leu 154), which sand-
wich the ATP purine ring between them, and also back-
bone amide and carbonyl groups (Glu 99, Val 101) at the
back of the catalytic cleft that hydrogen bond to the N1
and N6 groups of the adenine ring. In the p18-Cdk6-K-
cyclin complex, the twist in the N and C lobes results in
a displacement of as much as 4.5 A for the hydrophobic
residues, and the dislocation of the catalytic cleft loop
(residues 99-102) by p18 displaces the backbone groups
by up to 3 A. The phosphate groups of the ATP are bound
by a network of electrostatic interactions involving a
lysine from the N lobe (Lys 43 in Cdk6), a glutamic acid
from the PSTAIRE helix (Glu 61), and a magnesium ion
coordinated by an aspartic acid (Asp 163) from the C lobe
(de Bondt et al. 1993; Jeffrey et al. 1995). These interac-
tions also help orient the y phosphate group with respect
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to the putative catalytic base (Taylor and Radzio-And-
zelm 1994) on the C lobe (Asp 145) and the polypeptide
substrate on the T loop for phosphotransfer. In the p18-
Cdk6-K-cyclin complex, the misalignment of the N
lobe, C lobe, and PSTAIRE helix results in large displace-
ments of these residues with respect to their configura-
tion in the active CDK structures (e.g., the Cy atom of
Glu 61 moves by 7 A relative to that of Glu 51 in Cdk2—
cyclinA; Fig. 6).

This distortion of the catalytic cleft would not ex-
clude ATP binding, as there is space remaining to accom-
modate it, but would reduce the affinity for ATP and
would misalign any bound ATP for phosphotransfer.
This has been supported by cross-linking studies using
the ATP analog FSBA, which showed that INK4 binding
to either free Cdk6 or cyclinD-bound Cdké reduced the
cross-linking efficiency by a factor of ~20 (Russo et al.
1998).

Resistance to INK4 inhibition by the K-cyclin-bound,
phosphorylated Cdké

The Cdk6-K-cyclin complex becomes resistant to inhi-
bition by p18 when Cdké is phosphorylated at Thr 177,
although the p18-Cdk6-K-cyclin ternary complex still
forms and can be purified by gel filtration chromatogra-
phy without any apparent dissociation (data not shown).

Figure 6. The ATP-binding site of p18-
Cdkl6-K-cyclin and Cdk2-cyclinA. Active
site residues implicated in ATP binding
and catalysis are displaced in the pl8-
Cdk6-K-cyclin complex relative to the ac-
tive Cdk2-cyclinA conformation. Cdk2
and Cdké6 were superimposed on their C
lobes. Cdké6 is shown in cyan, p18 in yel-
low, Cdk2 in gray. Movement of active
site residues is indicated by red arrows.
p18 displaces the N lobe relative to the C
lobe, causing the hydrophobic residues (Ile
19, Val 27, Ala 41, Leu 152) that sandwich
the adenine ring of ATP to move by up to
4.5 A. The p18 inhibitor also distorts the
edge of the active site via Phe 82, affecting
hydrogen bonding interactions with the
edge of the ATP ring. The related shift of
the PSTAIRE helix on the other side of the
active site displaces an active site residue
(Glu 61). The T loop of Cdké diverges from
that of Cdk2 between Phe 164 and Val 181,
and these residues are omitted for clarity.
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In the Cdk2-cyclinA complex, phosphorylation of the
equivalent residue (Thr 160) causes the T loop to un-
dergo a local conformational change (Russo et al. 1996)
that completes the organization of the substrate-binding
site (Brown et al. 1999) and increases the catalytic activ-
ity 300-fold (Russo et al. 1996). In addition, phosphory-
lation stabilizes the active conformation of the kinase
through two mechanisms (Russo et al. 1996): The phos-
phothreonine further links the PSTAIRE helix, C lobe,
and T loop together by coordinating an arginine side
chain from each of these regions (Arg 60, Arg 144, and
Arg 168 in Cdké6); and the reorganized T loop makes
more extensive contacts with the cyclin and the C lobe.

We suggest that the ability of phosphorylated Cdk6-
K-cyclin to evade inhibition by INK4s (Swanton et al.
1997) is the result of increased interactions between the
N and C lobes of the kinase via the phosphothreonine
group and is also because of increased interactions be-
tween K-cyclin and the Cdk6 C lobe, thus stabilizing the
active relative arrangement of the two lobes and the
PSTAIRE helix. These additional interactions should
give rise to an active complex that is more resistant to
the inhibitory conformational changes that would oth-
erwise result on INK4 binding. Although the p18-Cdk6-
K-cyclin complex still forms (data not shown), it is un-
likely that p18 is bound to Cdké in the same manner as
in the inactive complex. We presume that it may remain
bound through interactions with the N lobe only, forgo-
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ing its interactions with the C lobe. In this respect, it
may be analogous to the way the cyclin remains bound
to the N lobe in a nonfunctional way in the inhibited
ternary complex.

Conclusion

Our results demonstrate that binding of INK4 inhibitors
to the preformed active Cdk6-K-cyclin complex results
in a competition between the cyclin and inhibitor to
stabilize structures corresponding to an activated or in-
hibited kinase. The ability of p18 to inhibit Cdk6-K-
cyclin and its inability to inhibit the same complex once
Cdké6 is phosphorylated is a graphic illustration of the
interplay between these competing components. Our
structure also shows that the CDK-cyclin interface in
the inhibited ternary complex is smaller than in the ac-
tive binary complex, and this suggests that INK4s may
increase the rate of cyclin dissociation. This, together
with the short half-life of D-type cyclins relative to
Cdk4/6 and INK4s (Sherr and Roberts 1999) and the abil-
ity of INK4s to prevent the assembly of new Cdk4/6-
cyclinD complexes (Sherr and Roberts 1999), offers an
explanation of how INK4-Cdk4/6 complexes can be sig-
nificantly more abundant than the ternary INK4-Cdk4/
6-cyclinD complexes in the cell.

Materials and methods

Protein expression and purification

K-cyclin and human p18 were expressed in Escherichia coli as
glutathione S-transferase (GST) fusion proteins at room tem-

Table 1. Data processing and refinement statistics

Data Processing

Resolution (A) 100.-2.9 (3.0-2.9)
Observations 131920
Unique reflections 40272
R-sym 0.057 (0.299)
Completeness (%) 0.950 (0.919)
Refinement
Resolution (A) 15.-2.9
Reflections, |Fl > 16F 37749
Data completeness (%) 93.0
No. of atoms 10652
R-free 0.268
Residual 0.224
RMSD bond (A) 0.013
RMSD angle (°) 1.76
RMSD B-factor (A2) 2.2

R-sym = 3, 3, |I,; - <I>|/%, 3, I,; for the intensity (I) of i
observations of a reflection h. R-factor = SIFobs-Fcalcl/2|Fobsl,
where Fobs and Fcalc are the observed and calculated structure
factors, respectively. R-free = R-factor calculated using 5% of
the reflection data chosen randomly and omitted from refine-
ment. RMSD: root mean square deviations from ideal geometry
and root mean square variation in B-factor of covalently bonded
atoms.

Structure of an INK4-CDK-cyclin complex

perature and were isolated by glutathione affinity chromatogra-
phy. Human Cdké (Meyerson and Harlow 1994) was overex-
pressed using a baculovirus vector in Hi5 (Invitrogen) insect
cells in suspension in serum-free media (S{900, GIBCO). Cdké6
was isolated by affinity chromatography using a column of the
GST-K-cyclin fusion protein. The complex of Cdké bound to
GST-K-cyclin was purified using anion exchange chromatogra-
phy, treated with thrombin at 4°C to cleave the GST fusion
protein, and further purified using anion exchange chromatog-
raphy. To form the ternary complex, purified Cdk6-K-cyclin
was incubated with a threefold molar excess of purified p18 at a
total protein concentration of 10 mg/mL, in 200 mM NaCl, 5
mM dithiothreitol (DTT), 25 mM Tris-Cl (pH 7.5), for 1 h at
4°C. The ternary complex was purified by gel filtration and was
concentrated by ultrafiltration (Amicon) to 15 mg/mL and fur-
ther purified by gel-filtration chromatography before concentra-
tion to 20 mg/mL. To prepare the Thr 177-phosphorylated p18-
Cdk6-K-cyclin complex, the p18-Cdk6-K-cyclin complex (124
mg) was incubated with the CDK-activating kinase Cdk7-cy-
clinH (12.5 mg) and expressed and purified as described (Russo
et al. 1996) in 40 mM NaCl, 5 mM DTT, 5 mM MgCl,, 0.5 mM
ATP, 25 mM Tris-Cl (pH 7.5) at a total protein concentration of
1.0 mg/mL. The reaction, monitored by the increased SDS gel
mobility of phosphorylated Cdk6, was complete after 12 h at
6°C and 1 h at 16°C.

Crystallization and structure determination

Crystals were grown using the hanging drop vapor diffusion
method from 38% saturated ammonium sulfate, 6% (v/v) diox-
ane, 5mM DTT, 100 mM Tris-Cl (pH 7.6). They form in space
group P2,2,2, with a=77.8, b =147.0, c = 164.8 A and contain
two complexes per asymmetric unit. Data were collected at
-160°C from a crystal flash-frozen in 40% (w/v) ammonium
sulfate, 6% (v/v) dioxane, 100 mM Tris-Cl (pH 7.6), 30% (v/v)
glycerol using a Rigaku RAXIS IV detector mounted on a Rigaku
Ru200 generator equipped with mirror optics. Data were pro-
cessed using the HKL package (Otwinowski and Minor 1997).
The structure of the pl8-Cdk6-K-cyclin complex was deter-
mined by molecular replacement using AMORE (CCP4 1994).
The models used were the Cdk6é subunit from the p19-Cdké
complex structure (Russo et al. 1998), the monomeric p18 struc-
ture (Venkataramani et al. 1998), and the first cyclin repeat of
cyclinA (Jeffrey et al. 1995). The location of K-cyclin was con-
firmed using twofold averaged 2Fo-Fc model-phased maps cal-
culated using the p18 and Cdk6 coordinates alone. The struc-
ture was refined with CNS (Briinger et al. 1998) using tight
restraints between molecules related by noncrystallographic
symmetry. Initially, the amino acid side chains for the K-cyclin
model were deleted and built back in to twofold averaged 2Fo-Fc
electron density maps calculated using CNS. Omit maps of the
PSTAIRE helix and T loop confirmed the positioning of these
segments. The K-cyclin N-terminal helix was clearly defined in
model-phased difference maps and added to the model during
early stages of refinement. Several N- and C-terminal amino
acids of each subunit are disordered and not observed in the
electron density maps. A disordered internal loop (residues 214—
218) in K-cyclin was omitted from the structure. The current
model consists of residues 8-301 of Cdké6, 16-253 of K-cyclin,
and 6-160 of pl18. The crystallographic data were very aniso-
tropic, and an overall correction (B11=-15.6, B22=0.9,
B33 = 14.7 A2) was applied to the observed data during refine-
ment and map calculation. The coordinates have been deposited
at the Protein Data Bank with accession code 1G3N.
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CDK activity assays

p18 (18, 36, 54, 90, 124, 162 ng) was preincubated with either
200 ng of the Cdk6-K-cyclin complex or 200 ng of the Cdké6-
cyclinD1 complex and purified as described (Russo et al. 1998)
in the presence or absence of 40 ng purified CAK (Russo et al.
1996) in 30 pL of 25 mM HEPES (pH 7.5), 50 mM NaCl, 1 mM
MgCl,, 1 mM DTT, 0.5 mM ATP and [y-*>P]ATP for 1 h at room
temperature. As the substrate, 1 ng of a C terminal fragment of
Rb (residues 773-874) was then added. After incubation at room
temperature for 1 h, the reaction was stopped by the addition of
SDS-PAGE sample buffer.
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