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The Role of the LH Subdomain in the Function of the Cip/Kip Cyclin-
Dependent Kinase Regulators
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ABSTRACT The Cip/Kip protein family, which includes p27, p21, and p57, modulates the activity of cyclin-dependent kinases
(Cdks). A domain within these proteins, termed the kinase inhibitory domain (KID), is necessary and sufficient for Cdk inhibition.
The KID consists of a cyclin-binding subdomain (termed D1) and a Cdk-binding subdomain (termed D2) joined by a 22-residue
linker subdomain (termed LH). Before binding the Cdks, D1 and D2 are largely unstructured and the LH subdomain exhibits
nascent helical characteristics. Curiously, although the sequence of the linker subdomain is not highly conserved within the
family, its nascent helical structure is conserved. In this study, we explored the role of this structural conservation in interactions
with cyclin-dependent kinase 2 (Cdk2) and cyclin A. We constructed chimeric p27-KID molecules in which the p27 LH subdo-
main was replaced with the corresponding segments of either p21 or p57. The chimeric molecules bind and inhibit Cdk2 in
a manner similar to wild-type p27-KID. However, the extent of enthalpy/entropy compensation associated with these interactions
was dramatically different, indicating different extents of LH subdomain folding upon binding. Our results indicate that the
different LH subdomains, despite their sequence and thermodynamic differences, play similar roles in binding and inhibiting

Cdk2/cyclin A.

INTRODUCTION

The activity of cyclin-dependent kinases (Cdks), the master
regulators of the cell division cycle (1), is regulated through
post-translational modifications and protein-protein interac-
tions. Phosphorylation within the activation loop activates
Cdks when they are bound to regulatory subunits termed
cyclins (2,3). Phosphorylation of Cdks within an N-terminal
B-strand is inhibitory and these modifications are reversed
by specific phosphatases at critical stages of cell division
(4-6). Certain isolated Cdks and many Cdk/cyclin
complexes associate with additional regulatory proteins,
which are reported to either promote the assembly of
Cdks with their cyclin partners (Cdk4 and Cdk6 paired
with D-type cyclins) and thus promote catalytic activity
(7,8), or to inhibit catalytic activity (Cdk2 paired with cyclin
A or cyclin E) (8). There are two families of Cdk regulators
(termed CKRs): the Ink4 family that includes p15™*" (9),
pl16™ 4% (10), p18™4° (11), and p19™* (11); and the
Cip/Kip family that includes p21WVar/Cipl/Sdil/Cap20 1551y
(12-14), p2757P! (p27) (15-17), and p575P% (p57) (18,19).
The Ink4 family inhibits Cdk activity by binding to Cdk4
and Cdké6 and inhibiting the formation of complexes with
the D-type cyclins (20). The Cip/Kip proteins bind to and
inhibit activated Cdk2/cyclin A and Cdk2/cyclin E
complexes, causing cell cycle arrest at the G, to S transition
during cell division. Paradoxically, Sherr and co-workers (7)
reported that p21 and p27 promoted the assembly of Cdk4/
cyclin D and Cdk6/cyclin D complexes and that these CKR-
containing complexes were catalytically active.
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p21, p27, and p57 lack stable tertiary structure in isolation
and are termed intrinsically disordered proteins (IDPs)
(21-23). As has been observed for many IDPs (24,25), the
Cip/Kip proteins perform their biological functions by
folding upon binding to their Cdk/cyclin targets (24). Despite
their classification as IDPs, the Cip/Kip proteins are not
completely disordered. For example, some segments within
p21 (27), p27 (25,28), and p57 (19) exhibit partially popu-
lated secondary structure (reviewed in (29)); these structural
elements were termed intrinsically folded structural units
(IFSUs) (28). IFSUs occur within the N-terminal, kinase
inhibitory domain (KID) that is conserved between these
three proteins (25,29). The KID consists of three subdo-
mains: the cyclin-binding subdomain (termed D1) contain-
ing the conserved RxL motif; the Cdk-binding subdomain
(termed D2), which also exhibits a pattern of conserved resi-
dues; and a linker subdomain that joins D1 and D2 (termed
LH; Fig. 1 A). The KID of p27 (p27-KID) extensively folds
upon binding to Cdk2/cyclin A (25). In the structure of
p27-KID bound to Cdk2/cyclin A (30), subdomain D1 adopts
an extended conformation and residues within the RxL motif
specifically bind to a conserved groove on the surface of cy-
clin A; individual segments within subdomain D2 fold into
a (3-hairpin, a @-strand (which forms an intermolecular sheet
with Cdk2), and a 3; helix while making extensive contacts
with Cdk2; and subdomain LH forms an ~40 A-long a-helix
that serves as a spacer, which positions subdomains D1 and
D2 to independently bind cyclin A and Cdk2, respectively.
The IFSUs observed for p27-KID correspond to partially
folded forms of secondary structures that are fully folded in
the Cdk2/cyclinA bound state. For example, a partially popu-
lated @-hairpin and a single turn of helix were observed
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FIGURE 1

EHPKPSACRNLFGPVD HGEGTGDLEKHCRDMEEASQRK WNEDFQNHKPLEGKYEWQEVEKGSLPEFYYRPPRPPKGACKVPAQE

WNEDFQNHKPLEGKYEWQEVEKGSLPEFYYRPPRPPKGACKVPAQE

(A) Alignment of the sequences for the kinase inhibitory domains of human p27, p21, and p57. Identical residues are red. The RxL motif is

underlined. (B) Sequences of the p27-KID mutants used in this study. The mutated residues or domains are underlined.

within subdomain D2 for free p27-KID (28), and these struc-
tures are fully folded when p27-KID is bound to Cdk2 within
the Cdk2/cyclin A complex. The most prominent IFSU in
p27 before binding to Cdk2/cyclin A is a 22 residue long
a-helix within subdomain LH that is folded to the extent of
~30% in isolation (25). Of importance, this IFSU has also
been observed in p21 (27) and p57 (19). Subdomain D1,
which exhibits the most extensive sequence conservation
within the Cip/Kip family and mediates specific recognition
of cyclin A, is highly disordered before binding to the Cdk2/
cyclinA complex. Interestingly, although the helical char-
acter and length of subdomain LH appear to be recapitulated
in p21 and p57, the sequence of this subdomain is poorly
conserved between p21, p27, and p57 (e.g., only three resi-
dues within subdomain LH are conserved as identities
(Fig. 1 A)). This situation suggests that subdomain LH plays
a structural role as a linker between subdomains D1 and D2
but that, otherwise, residues within this helical segment do
not play specific roles in the function of p27.

In this study, we prepared chimeric p27-KID variants in
which subdomain LH was replaced with that from either
p21 or p57 (termed p27-KIDP*'™H and p27-KIDP>"'H,
Fig. 1 B) to probe relationships between the sequence and
structure of subdomain LH and its role in Cdk inhibition.
By replacing only the segment corresponding to subdomain
LH, the functions associated with the conserved subdomains
D1 and D2 were preserved, allowing the influence of the
different LH subdomains on the overall function of p27-
KID to be studied. In addition to these naturally derived
chimeras, we also created a variant in which the three resi-
dues that are conserved as identities in subdomain LH
(Glu-39, Leu-41, and Arg-43) were mutated to glycine
(termed p27-KID*™Y) to investigate the role of the
conserved residues in function (Fig. 1 B). Furthermore, the
importance of the linking function of subdomain LH was
probed by studying the Cdk2 inhibitory function of the iso-
lated D2 subdomain, which, in the context of p27-KID, inter-
acts directly with Cdk2 (within the Cdk2/cyclin A complex)
and inhibits ATP binding, and the separate D1 and D2 subdo-
mains in combination (Fig. 1 B). In addition to using kinase
activity assays to monitor inhibitory function, we used
circular dichroism (CD) and thermal denaturation to study
the structure of isolated p27-KID variants and the thermal

stability of their complexes with Cdk2/cyclin A, respectively.
Furthermore, isothermal titration calorimetry (ITC) was used
to determine the values of thermodynamic parameters asso-
ciated with interactions between the p27-KID variants and
the Cdk2/cyclin A complex. We also used NMR spectros-
copy to study the structural features of the ternary complexes
of the p27-KID variants with Cdk2/cyclin A. The results of
these experiments provide insights into the role of the
partially structured LH subdomain in the biochemical func-
tion of a prototype intrinsically disordered protein, p27.

MATERIALS AND METHODS
Preparation of proteins and peptides

p21, p27, and p57 subdomain LH peptides were expressed as glutathione-S-
transferase—6x histidine fusion proteins in Escherichia coli and purified
using the protocol given in the Supporting Material. The LH3G LH subdo-
main and the D1 peptides were prepared by solid-phase synthesis (Hartwell
Center, St Jude Children’s Research Hospital, Memphis, TN). The prepara-
tion of D2, KID variants, Cdk2/cyclin A, and the complexes used in this
study are detailed in the Supporting Material. For the NMR experiments,
the p27-KID variants were “H, "N, and ILV-'H/"*C-methyl labeled as
described in the Supporting Material.

ITC experiments

ITC studies were performed at 25°C using a VP-ITC (GE Healthcare,
Piscataway, NJ) calorimeter. Either p27-KID"" or its variants were titrated
into Cdk2/cyclin A that was contained in the calorimeter cell (experimental
details are described in the Supporting Material).

Thermal denaturation experiments

The thermal denaturation of ternary complexes consisting of p27-KID"" or
one of the LH subdomain variants bound to Cdk2/cyclin A was monitored
from 15°C to 95°C using an AVIV model number 202-1 A circular
dichroism spectropolarimeter equipped with a thermoelectric temperature
controller (AVIV, Lakewood, NJ), as described in the Supporting Material.

NMR experiments

['H,'>N] TROSY (31) and ['H,"*C) HMQC (32) spectra were recorded for
unbound p27-KIDY, p27-KID"/Cdk2, p27-KID"'/cyclin A, D2/Cdk2/
cyclin A, and p27-KID variant/Cdk2/cyclin A ternary complexes at 308
K using a Bruker Avance 800 MHz spectrometer (Bruker, Billerica, MA)
equipped with a 'H and '>C detect, triple resonance cryogenic probe as
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described in the Supporting Material. The strategy for residue assignment is
also reported in the Supporting Material.

Kinase activity/inhibition assays

The inhibition activity of the p27 variants was investigated by determining
their ability to inhibit the phosphorylation of histone H1 by Cdk2/cyclin A.
The experimental procedure is described in the Supporting Material.

RESULTS

The LH subdomains exhibit nascent helical
character

The secondary structure of the p21, p27, p57, and LH3G
subdomain LH peptides (p21™", p27"", p57"H, and
p27-139)and p27-KID™, p27-KIDP*'™ p27-KIDPSMH,
and p27-KID"™¥C were analyzed using CD (Fig. 2, A
and B). The subdomain LH peptides were predominantly
disordered based on the observation of minimum ellipticity
values at ~200 nm; however, two of the peptides (p27-" and
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FIGURE 2 (A) CD spectra of the linker helix peptides of p27, p21, p57,
and LH3G. Each sample contained 60 uM peptide in a buffer containing
20 mM sodium phosphate, pH 7.0 and 1 mM DTT. The spectra for p27,
p21, p57, and LH3G linker helix domain peptides are red, green, blue,
and purple, respectively. (B) CD spectra of the p27-KID™ and the LH sub-
domain variants. Each sample contained 20 uM protein in the same buffer
used for the linker helix peptides. Spectra were recorded at 25°C. The
spectra for p27-KID™, p27-KIDP?'™!, p27-KIDP*""H, and p27-KID"H3S
are red, green, blue, and purple, respectively.
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p57"") exhibited partial a-helical character based on the
observation of reduced negative ellipticity near 200 nm
and the appearance of a second albeit weak ellipticity
minimum near 222 nm. In contrast, p21~* exhibited very
weak a-helical character. These results are consistent with
past observations of helicity within the LH subdomain of
p27 (25,33) and the kinase inhibitory domain of p57 (19).
Previous studies showed that the kinase inhibitory domain
of p21 exhibited weak a-helical character (27) but the iso-
lated p21™* peptide only partially recapitulated this feature
(Fig. 2 A). The p21" may exhibit reduced helicity due to
sequence variations, including a glycine residue at position
40 (Fig. 1 A), as suggested by past secondary structure
prediction (25). The p27-3S peptide is significantly less
helical relative to p27-*, probably because Gly residues
generally exhibit reduced helical propensity. In summary,
the three subdomain LH peptides exhibited o-helical
features that are populated to different extents.

The chimeric p27-KID subdomain LH variants exhibited
nascent a-helical features very similar to those observed for
p27-KID™'. For example, the mean residue molar ellipticity
values of the chimeric mutants at 222 nm ([®,5,]) (Fig. 2 B)
were similar to that of p27-KID"', indicating that they have
similar helical contents. These results suggest that, in the
context of the chimeric variants, the LH subdomains of
p21 and p57 exhibited structural features similar to those
observed previously in their natural context within p21-
KID and p57-KID, respectively (19,27). Therefore, these
reagents are suitable to probe the role of the different LH
subdomains in interactions with Cdk/cyclin complexes.

The p27-KID"™3¢ variant exhibited structural features
similar to those of the other constructs under study (Fig. 2
B). This contrasts with our observations with the isolated
p27-13C peptide (Fig. 2 A) and suggests that this variant
subdomain becomes partially helical in the context of the
p27-KID*"3C construct. This may also reflect limitations
in using CD to detect small differences in helicity within
polypeptides that are predominantly disordered. The obser-
vation of these structural similarities establishes that any
differences in the interactions between p27-KID"™*S and
the Cdk2/cyclin A complex, relative to those of p27-KID"",
are not a consequence of gross structural differences
between the wild-type and mutant LH subdomains.

Binding thermodynamics determined by ITC

We determined the values of the thermodynamic parameters
for the binding of p27-KID"" and the LH subdomain variants
to Cdk2/cyclin A using ITC. Raw titration data (Fig. 3) shows
that each of the binding reactions is exothermic and that the
associated Ky values are approximately equal. ITC instru-
ments can very accurately measure the enthalpy change
(AH®) and stoichiometry (n) associated with protein-protein
interactions. However, given the signal/noise limitations of
current ITC instruments, it is difficult to accurately determine
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K4 (and thus AG®) values for very tight interactions (Kyg <
5 nM), as was observed for p27-KID and the LH subdomain
variants under study here binding to Cdk2/cyclin A. There-
fore, the Ky and AG® values for the binding reactions reported
in Table 1 are considered to be estimates of upper limits of the
actual values. In contrast, the K; and AG°® values, in addition
to values for AH® and n, for the D1 and D2 peptides binding to
Cdk2/cyclin A (Table 1) are well determined by the raw data
and therefore accurate.

Among the proteins under study here, p27-KID™
exhibited the largest binding enthalpy upon association
with Cdk2/cyclin A (AH® = —43.8 + 1.4 kcal mol ';
Table 1). The AH® value for p27-KID*™3C was very similar
to this value [AAH® (AH®,piame — AH%) = +4.1 kcal
mol "), indicating that the conserved residues of the LH sub-
domain contribute only about —4 kcal mol ! (~9.4%) toward
the overall enthalpy of binding. In contrast, the AH® values
for p27-KIDP*'"™M and p27-KIDP™™ were significantly
less favorable (AAH® = +15.9 kcal mol ! and +12.7 keal
mol !, respectively), suggesting that residues in the chimeric
LH subdomains, and possibly others within the flanking D1
and D2 subdomains, interact differently (much less favor-
ably) with Cdk2/cyclin A than do the wild-type subdomains.
We showed previously and demonstrated again here that p27-
KID extensively folds upon binding to Cdk2/cyclin A, which
gives rise to a large and unfavorable entropy change upon
binding (—TAS® = +32.2 kcal mol '; Table 1). The magni-
tude of the change in the values of —TAS® (—TAAS®) for the

p27 variants (relative to that for p27-KID™") were similar but
opposite in sign with respect to the corresponding AAH®
values, indicating that the reduction in favorable interactions
(between p27 variants and Cdk2/cyclin A) is offset by
reduced ordering upon binding—an example of enthalpy/
entropy compensation (34). These observations suggest
that the LH subdomains of the p27 variants, within their
complexes with Cdk2/cyclin A, are more dynamic and
interact less extensively with Cdk2/cyclin A than does the
wild-type LH subdomain.

We also used ITC to analyze the binding of subdomains D1
and D2 to Cdk2/cyclin A to understand the contributions of
these interactions to the thermodynamics of p27-KID"™"* and
the LH subdomain variants binding to Cdk2/cyclin A. The
crystal structure of p27-KID bound to Cdk2/cyclin A and
our previous thermodynamic analyses of this system (25)
showed that subdomains D1, LH, and D2 of p27 interact in
a structurally independent manner with different surfaces of
Cdk2/cyclin A (Fig. S1 A). Therefore, the AH® value for
p27-KID binding to Cdk2/cyclin A approximately equals
the sum of the AH° values for binding of the individual
domains (e.g., AH°x;p = AH°p; + AH® g + AH’py). Inter-
actions between individual subdomains are possible but, based
on a previous NMR and molecular dynamics study of isolated
p27-KID (28), we believe that these interactions are very
weak. Therefore, we have adopted this formalism to estimate
and compare values of AH®| y; for the different KID constructs.
For p27-KID, this value is +3.9 kcal mol ' this corresponds

TABLE1 Thermodynamic parameters for p27-KID"' and LH subdomain variants binding to Cdk2/cyclin A determined by ITC at 25°C

Ky AG* AH —TAS'

Interaction (nM) (kcal mol ") (kcal mol 1) (kcal mol ")

p27-KID™ + Cdk2/cyclin A 33+ 1.6 —11.6 £ 03 —438 * 14 +322 %12
p27-KIDP?'"™ 1 Cdk2/cyclin A 28 + 1.4 —11.7 £ 03 —279 + 13 +162 + 13
p27-KIDP™™M  Cdk2/cyclin A 0.5 = 0.1 —127 + 02 —31.1 £ 05 +184 + 04
p27-KID"3C 1 Cdk2/cyclin A 20 £ 0.7 —11.9 £ 0.2 —39.7 0.1 +27.8 £ 02
DI + Cdk2/cyclin A 422 +52 —10.0 = 0.1 —16.1 = 02 +61 =03
D2 + Cdk2/cyclin A 83.0+ 17.9 —9.7 £ 0.1 —316 = 1.7 +219 + 15

In all the experiments above, the stoichiometry of binding (n) was equal to 1.0 = 0.1. The errors reported above are the standard deviations of the mean based

on triplicate measurements.
*Calculated using the equation: AG = —RT In(1/Kj).
"Calculated using the equation: —TAS = AG — AH.
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to an unfavorable contribution to the overall binding en-
thalpy of the KID. The corresponding values for the variant
LH subdomains are AH°pp = +19.8 kcal mol ',
AHOP57LH = +16.6 kcal IIlOl_l, and AHOLH3G = +8.0 kcal
mol~'. These values correspond to significantly more unfa-
vorable interactions with Cdk2/cyclin A than was observed
for the wild-type LH subdomain. However, the AG® values
for the binding of all of the KID constructs are similar, indi-
cating that the lack of favorable contributions from the LH
subdomains is accompanied by reduction of the unfavorable
AS° values associated with binding.

The K, values for D1 and D2 binding to Cdk2/cyclin A
were also determined through analysis of ITC data; these
values (42.2 nM and 83.0 nM, respectively; Table 1) indi-
cated that these individual subdomains bind more weakly
to their targets, cyclin A and Cdk2, respectively, than does
the intact KID to Cdk2/cyclin A (Ky = 3.3 nM).

The structures of the ternary complexes of p27-
KID variants with Cdk2/cyclin A are similar

Lacy et al. (25), determined that p27-KID"" binds to the
Cdk2/cyclin A complex in a sequential manner with subdo-
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main D1 interacting with cyclin A first followed by folding
of the LH, and finally the folding of D2 as it binds to Cdk2.
p27-KIDY" adopts a molecular staple-like conformation in
the ternary complex (Fig. S1 A). We were interested in
determining whether the identical D1 and D2 subdomains
within the p27-KID variants adopted similar conformations
upon interacting with Cdk2/cyclin A. Two-dimensional
(2-D) ['H,"°N] TROSY and ['H,"*C] HMQC spectra were
recorded for isolated p27-KID™ and several binary and
ternary complexes, including p27-KID“'/Cdk2, p27-
KID"Y/cyclin A, p27-KID"/Cdk2/cyclin A, D2/Cdk2/cyclin
A, p27-KIDP*'M/Cdk2/cyclin @ A, p27-KIDP*""/Cdk2/
cyclin A, and p27-KID""*S/Cdk2/cyclin A. These experi-
ments were performed using “H/"°N-, ILV-'H/"*C-methyl-
labeled p27-KID species. A representative 2-D ['H,'°N]
TROSY spectrum of the p27-KID™ ternary complex is
shown in Fig. 4 A. Backbone resonance assignments for
p27-KID"™ bound to Cdk2/cyclin A were previously pub-
lished (35). The 2-D TROSY spectra for the various ternary
complexes were very similar (Fig. S2), indicating that p27-
KID" and the p27-KID variants interacted with Cdk2/
cyclin A in a similar manner. For example, resonances for
a subset of residues in subdomains D1 (C29, R30, N31,
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o €
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FIGURE 4 (A) ['H,"’N] TROSY spectrum of U-*H/"°N, ILV-"H/'3C-methyl-labeled p27-KID/Cdk2/Cyclin A complex. The panels below the spectrum
show overlaid, expanded views of resonances from ['H,'>N] TROSY spectra for representative residues within subdomains D1 and D2 of p27-KID™
(red), p27-KIDP*'™ (green), p27-KIDP™ (blue), or p27-KID"™C (purple) bound to Cdk2/cyclin A. (B) ['H,"*C] HMQC spectrum of U-*H/"N,
ILV-'H/"*C-methyl-labeled p27-KID/Cdk2/Cyclin A complex. The panels below the spectrum show overlaid, expanded views of resonances from
['H,'*C] HMQC spectra for representative residues within subdomains D1 and D2 of p27-KID™ (red), p27—KIDp21LH (green), pZ7—KID"57LH (blue), or

p27-KID"M3S (purple) bound to Cdk2/cyclin A.
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and L32) and D2 (G72, E75, Q77, and Y88), which served
as reporters of the bound state conformation, exhibited very
similar chemical shift values in the different ternary
complexes (Fig. 4 A). The 2-D ['H, "*C] HMQC spectra
for these ternary complexes were analyzed in a similar
manner and, again, exhibited similar resonance patterns
(Fig. 4 B, Fig. $3). A limited number of "H/'*C methy] reso-
nances were assigned through comparison of 2-D ['H, '*C]
HMQC spectra for p27-KID™ individually bound to either
Cdk2 or cyclin A (L32 and V36 in subdomain DI, and
V79 and L70/L.84 in subdomain D2; Fig. 4 B; see Support-
ing Material for the details of the assignment strategy).
Together, this analysis of backbone amide and side-chain
methyl resonances indicated the D1 and D2 subdomains
of the p27-KID variants interacted with Cdk2/cyclin A in
a manner similar to that of p27-KID"".

Thermal stability of complexes containing the p27
LH subdomain variants and Cdk2/cyclin A

The ability of the subdomain LH variants to stabilize Cdk2/
cyclin A against thermal denaturation was determined
through the analysis of thermal denaturation curves
measured using CD (36) (Fig. S4). Thermal denaturation of
the various ternary complexes was irreversible due to precip-
itation of Cdk2 and cyclin A at temperatures above the un-
folding transition and, therefore, apparent thermal
denaturation temperatures (7,,,°°P) are reported (Table 2).
Our results show that the ternary complex containing p27-
KID™ (T,,*P* = 82.3 = 0.5°C), which was characterized
previously (37), was slightly more thermally stable than
those that contained p27-KIDP*'™ and p27-KIDP"H
(with T,*PP values of 80.7 = 0.2°C and 80.1 *+ 0.1°C,
respectively). The ternary complex that contained p27-
KID"3S was the least stable, with a 7,,*"? value of 74.1 =
0.6°C. The relative instability of the latter ternary complex
may in part be due to the loss of favorable contacts between
the side chain of Leu-41 of p27 (mutated to Gly) and hydro-
phobic residues within a hydrophobic groove on the surface
of cyclin A (30) (Fig. S1 B). In addition, mutation of Glu-39
and Arg-43 to Gly may eliminate favorable electrostatic
interactions among a network of charged residues on the
solvent-exposed face of the LH subdomain that spans from

TABLE 2 Melting temperatures of ternary complexes formed
by either p27-KID"! or the LH subdomain variants bound to the
Cdk2/cyclin A complex

Complex T (°C)
p27-KID™Y/Cdk2/cyclin A* 823 + 0.5
p27-KIDP?'™H/Cdk2/eyclin Af 80.7 + 0.2
p27-KIDP""H/Cdk2/cyclin A* 80.1 + 0.1
p27-KID"3S/Cdk2/cyclin AT 74.1 £ 0.6

*The error reported is the standard deviation from the mean of three inde-
pendent experiments.

iThe error reported is the standard deviation from the mean of two indepen-
dent experiments.
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cyclin A to Cdk2 (Fig S1 B). These binding deficiencies
may be compounded by the reduced helical content of this
mutant LH subdomain, as shown by CD of the LH subdomain
peptide (Fig. 2 A). In summary, with the exception of p27-
KID™S the results of thermal denaturation studies suggest
that the different p27-KID constructs interacted with and
stabilized Cdk2/cyclin A similarly.

Activity of the p27 LH subdomain variants as
inhibitors of Cdk2

The Cdk?2 inhibitory activity of the p27 LH subdomain vari-
ants was determined by measuring the concentration depen-
dence of inhibition of Histone H1 phosphorylation (Fig. 5,
Fig. S5). The ICs value for p27-KID™" was 0.2 nM, whereas
values for the LH subdomain variants ranged from 1.7 nM to
3.5 nM. The effective ICsy value for the subdomain D2
peptide was markedly higher (125 nM) and, importantly,
was unable to completely inhibit Cdk2 even at concentra-
tions above 10 uM. These results indicated that substitution
of the wild-type LH subdomain in p27-KID™" with those
from p21 and p57, or mutation of three conserved residues
within this subdomain to Gly, reduced inhibitory potency
by approximately one order of magnitude (corresponding
to increased ICsq values). In contrast, deletion of subdo-
mains D1 and LH was associated with reduced inhibitory
potency and an inability to completely inhibit Cdk2 within
the subdomain D2/Cdk2/cyclin A complex.

DISCUSSION

Dating back to 1894 and the ideas of Emil Fischer (38), the
classic theory of protein structure-function relationships
postulated that a distinct three-dimensional structure was
critical for protein function. Although this concept certainly
applies to myriad folded proteins, especially enzymes, it is
now well established that many functional proteins lack
secondary and/or tertiary structure in isolation under physi-
ological conditions (29). These so-called IDPs exist in all
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FIGURE 5 Cdk2/cyclin A inhibition curves for p27-KID"" and the LH
subdomain variants. The inhibition curves for p27—KIDW‘, p27—KIDp21LH,
p27-KIDP ™M and p27-KID""3C are red, green, blue, and purple, respec-
tively.
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organisms, from prokaryotes to eukaryotes (39—41). Bioin-
formatics analyses of eukaryotic genomes predict that
approximately one-third of all proteins are either completely
disordered or contain lengthy disordered segments (40).
Furthermore, IDPs are involved in a plethora of cellular
processes including but not limited to transcription, transla-
tion, signal transduction, microtubule and actin dynamics,
chaperone activity, and cell cycle regulation (42). The
Cip/Kip cyclin-dependent kinase regulators, p21, p27, and
p57, are among the best studied IDPs (29) and therefore
serve as a model system for detailed analysis of relation-
ships between polypeptide disorder and function.

The conserved kinase inhibitory domain (KID) within p21,
p27, and p57 mediates interactions with Cdk/cyclin
complexes. Residues within the D1 and D2 subdomains are
highly conserved (Fig. 1 A), are disordered (19,25,27,33),
and mediate specific interactions with conserved surfaces
on the cyclin and Cdk subunits, respectively, of Cdk/cyclin
complexes. Although the sequences are not highly
conserved, the length and nascent helicity of the LH subdo-
main, which connects D1 and D2, are conserved within
p21, p27, and p57 (25) (Fig. 1 A). However, how these
features contribute to Cip/Kip protein function is poorly
understood. To understand the role of the LH subdomain in
p27 function, we created chimeric variants in which the D1
and D2 subdomains of p27 were connected by the LH subdo-
main of either p21, p27, or pS7. Analysis using CD showed
that the isolated LH subdomains exhibit different degrees
of nascent helicity (Fig. 2 A). However, within the limits of
CD analysis, these variations in secondary structure appeared
to not influence the disordered features of the D1 and D2 sub-
domains within the chimeric KID constructs (Fig. 2 B).
Finally, a fourth variant, p27—KIDLH3 G, was prepared by con-
necting the p27 D1 and D2 subdomains with an LH subdo-
main in which three conserved residues were mutated to
glycine (Fig. 1 A and B). The availability of these closely
related chimeric KID variants allowed the role of the LH sub-
domain in p27 function to be studied using biochemical and
biophysical methods.

The p27-KID™ and the LH subdomain variants were
shown to function similarly. For example, they exhibited
similar Ky values for binding to Cdk2/cyclin A (Table 1)
and generally exhibited similar ICsy values for inhibition
of Cdk2 catalytic activity (Table 3). Furthermore, the D1
and D2 subdomains within all natural LH subdomain
constructs bound similarly to Cdk2/cyclin A (Fig. 4) and
they thermally stabilized Cdk2/cyclin A to similar extents
(Table 2). Mutation of conserved residues within the LH
subdomain did alter thermal stabilization (Table 2), prob-
ably due to disruption of favorable hydrophobic interactions
between Leu-41 and the surface of cyclin A and favorable
electrostatic interactions between Glu-39 and Arg-43 on
the solvent exposed face of the LH subdomain helix
(Fig. S1 B) and due to reduced helicity. Taken together,
these results indicate that the sequence differences between
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TABLE 3 ICs, values for inhibition of Cdk2 by p27-KID"" and
the LH subdomain variants

Variant 1C5o (nM) 95% confidence intervals of ICsq (nM)*
p27-KID™ 0.2 0.2-0.3

p27-KIDP?1LH 1.7 1.1-2.7

p27-KIDPSHH 35 23-5.1

p27-KIDM36 2.6 1.7-3.9

D2 125.0f1 45.9-340.8

*Error is reported as the 95% confidence interval of the ICsq from a curve fit
of a triplicate data set.

"This variant only partially inhibits kinase activity. 25% residual kinase
activity observed at inhibitor concentrations as high as 17.7 uM.

the LH subdomains tested herein did not significantly affect
the overall mode of interaction of the chimeric p27 KID
variants with the Cdk2/cyclinA complex.

It is interesting, however, that although the AG® values for
the p27-KID variants binding to Cdk2/cyclin A were very
similar the extent of enthalpy/entropy compensation among
them was highly variable. For example, with p27-KID"",
AH° was very large and favorable (~—44 kcal mol '),
which counterbalanced the large and unfavorable —TAS®
term (~+32 kcal molfl). In contrast, with p27-KIDp2”‘H,
the favorable AH® value was reduced to ~—28 kcal mol ™
and the unfavorable -TAS°® value was reduced to
~+16 kcal mol™'. In both cases, the sum of these two
values, giving AG°, was approximately the same
(~—12 kcal mol™"). The AH® values for the other two LH
subdomain variants were between those for p27-KID™
and p27-KIDP*'"™ and were counterbalanced by —TAS®
values that gave approximately equal AG® values.

We previously determined that extensive folding of p27-
KID™ upon binding to Cdk2/cyclin A is associated with
a large and unfavorable value of —TAS® (25). There are
several contributions to the overall AS° associated with
binding (43), including a favorable contribution to AS° asso-
ciated with burial of hydrophobic residues (AS°yg), an unfa-
vorable contribution associated with the change in
configurational entropy due to a loss of rotational and trans-
lational degrees of freedom (AS°,,), and a highly unfavorable
contribution associated with reduced conformational entropy
due to folding coupled with binding (AS®her). We propose
that the variations in the values of AH® and —TAS® in the
p27-KID constructs with different LH subdomains arise
due to different extents of LH subdomain folding (manifested
as reduced values of unfavorable AS°_4.,) When the other-
wise identical D1 and D2 subdomains bind to Cdk2/cyclin
A. Less extensive folding of some LH subdomains is accom-
panied by smaller and less favorable AH® values probably
due to the formation of fewer, enthalpically favorable helical
H-bonds and side chain-side chain contacts. We suggest that
the primary role of the Cip/Kip LH subdomain, with regard to
interactions with Cdk2/cyclin A, is to covalently link subdo-
mains D1 and D2 to achieve high inhibitory potency. The D2
subdomain alone binds weakly to Cdk2/cyclin A (Table 1)
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and is a poor Cdk2 inhibitor (Table 3) relative to p27-KID™".
Similarly, the D1 subdomain binds relatively weakly to cy-
clin A (Table 1). However, covalent linkage of these two sub-
domains by the different LH subdomains examined herein
similarly enhanced AG® values. This may explain why evolu-
tion has allowed divergence of LH subdomain sequence
within the paralogs, p21, p27, and p57, whereas those of
the D1 and D2 subdomains, which are required for specific
recognition of Cdk/cyclin complexes, are conserved. Our
analysis, however, did not address the possible influence of
sequence variations within subdomain LH on the kinetics
of Cdk2/cyclin A binding, and does not rule out the possi-
bility that alteration of the p27 LH subdomain influences
binding kinetics. We previously showed (25) that the isolated
subdomain D1 binds to cyclin A significantly faster than iso-
lated D2 subdomain binds to Cdk2. However, when the D2
subdomain was tethered to D1 via the LH subdomain, the
entire KID bound as rapidly as did the isolated D1 subdo-
main. The alterations made within the LH subdomain could
conceivably alter this kinetic behavior in such a way that
affects both association and dissociation rates without
affecting binding thermodynamics, as discussed previously
by Lumb and co-workers (33).

A dual mode of recognition, with subdomain D1 binding to
cyclins and subdomain D2 binding to Cdks within Cdk/cyclin
complexes, is required for specific recognition of Cdk/cyclin
complexes that directly regulate cell division (25). The
results presented herein provide further insight into the
requirement for the dual mode of recognition. The thermody-
namics of subdomain D2/Cdk interactions may be incompat-
ible with achieving a sufficiently low Ky value to complete
Cdk/cyclin inhibition (Table 3), as is required for G; to S
phase arrest during cell cycle. The linkage of the D2 subdo-
main to the D1 subdomain, which promotes rapid association
with cyclin A within the Cdk2/cyclin A complex (25), may be
required to tether p27 to these complexes and, therefore,
enhance the overall AG of binding. The thermodynamic
gain associated with linkage via the LH subdomains exam-
ined herein is modest (the K, value for subdomain D2 alone
is ~80 nM, whereas that for the KIDs studied herein ranged
from 0.5 nM to 3.3 nM; Table 1). Nonetheless, this gain,
which has been achieved through natural selection and evolu-
tion, may reflect the cellular conditions under which p27
must function, for example the nuclear concentrations of
the Cdk/cyclin complexes which it targets.
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