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ABSTRACT. p27KPl contributes to cell-cycle regulation by inhibiting cyclin-dependent kinase (Cdk) activity.
The p27 Cdk-inhibition domain has an ordered conformation comprising-belix, a 3o helix, and
p-structure when bound to cyclin A-Cdk2. In contrast, the unbound p27 Cdk-inhibition domain is
intrinsically disordered (natively unfolded) as shown by circular dichroism spectroscopy, lack of chemical-
shift dispersion, and negative heteronuclear nuclear Overhauser effects. The intrinsic disorder is not due
to the excision of the Cdk-inhibition domain from p27, since circular dichroism spectra of the full-length
protein are also indicative of a largely unfolded protein. Both the inhibition domain and full-length p27
are active as cyclin A-Cdkz2 inhibitors. Using circular dichroism and proline mutagenesis, we demonstrate
that the unbound p27 Cdk-inhibition domain is not completely unfolded. The domain contains marginally
stable helical structure that presagesdhelix, but not the % helix, adopted upon binding cyclin A-Cdk2.
Increasing or reducing the stability of the partially preformeetielix in the isolated p27 domain with
alanine or proline substitutions did not affect formation of the p27-inhibited cyclin A-Cdk2 complex in
energetic terms. However, stabilization of the helix with alanine hindered kinetically the formation of the
inhibited complex, suggesting that p27 derives a kinetic advantage from intrinsic structural disorder.

Many functional proteins involved in cellular processes
such as the cell cycle, gene expression, and translation exhibi A
biophysical properties expected of unfolded, rather than
folded, proteins 1, 2). Such proteins have been variously
called natively unfolded, intrinsically unstructured, or in-
trinsically disorderedi{—4). Several intrinsically disordered
proteins undergo protein folding disordesrder transitions
upon binding target proteins or nucleic acid}, (ndicating
a functional requirement for organized structure for at least
certain intrinsically disordered proteins. Molecular recogni-
tion by intrinsically disordered proteins is therefore analogous
to protein folding in that a very large number of possible
conformations converge to a well-defined structure.

P27l is a member of the p21 family of C#linhibitors
that negatively regulates the cell cycle and contributes to
cellular growth and developmer-7). Human p27 contains
an N-terminal Cdk-inhibition domain and a C-terminal
domain of unknown function called the QT domabh 8).
The crystal structure of the human p27 Cdk-inhibition
domain (residues 22106) bound to human cyclin A-Cdk2 B

shows that residues 283 of p27 bind in an ordered N IE"'OTDi“TK”A e syand
conformation comprising two helices and elements of rigid col "
[-structure (Figure 1)9). However, the p27 Cdk-inhibition T+ 1 1 T 1
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domain lacks an intramolecular hydrophobic core in the  p27:;-97 (corresponding to residues-697 of human p27)
context of the cyclin A-Cdk2 complex9), and circular was prepared by endoproteinase AspN (Sigma P3303)
dichroism and fluorescence spectra show that the unbounddigestion for 16 h at 28C of p271D in 25 mM ammonium
domain is largely unfolded in both ideal and thermodynami- carbonate, 5% (v/v) acetonitrile, pH 7.8. Digest products were
cally nonideal, crowded solution4 ). separated with £HPLC using a linear water/acetonitrile
We report here a study of the functional consequences ofgradient containing 0.1% TFA, and the desired peptide was
conformational preferences in the intrinsically disordered identified with MALDI mass spectrometry (expected mass
human p27 Cdk-inhibition domain. Rather than existing as 0f 4246 Da; observed 4248 Da).
a random coil, the p27 Cdk-inhibition domain exhibits a  Human Cdk2 was expressed in baculovirus-infected High
propensity to form preexisting helical structure that corre- Five cells (4), and human cyclin A and p27 were expressed
sponds to the-helix, but not the & helix, that forms upon  in E. colistrain BL21 (DE3) §, 15) as described elsewhere
binding cyclin A-Cdk2. Disruption of the preorganized (5, 16).
a-helix in the unbound state by mutagenesis does not result Concentration DeterminationsConcentrations of stock
in a significant thermodynamic or kinetic disadvantage to solutions of p27ID (and mutants), p27s7, cyclin A, and
kinase inhibition. However, stabilization of the preformed Cdk2 were determined by absorbannesiM GuHCI using
helix by alanine mutagenesis decreases significantly the rateextinction coefficients at 280 nm of 15 220, 9530, 38 830,
at which p27 inhibits cyclin A-Cdk2. These findings @and 36560 M*cm™, respectively 7). The concentration
emphasize the importance of quaternary interactions during©f full-length p27 was estimated from the absorbance at 280
coupled folding and binding events and suggest that a M in 25 mM HEPES, 150 mM NaCl, 5 mM Mgg:10.05%
biological advantage to intrinsic disorder is speed of mo- NP-40, and 1 mM DTT, pH 7.7, using an extinction

lecular recognition. coefficient of 15220 M! cm™.
Phosphorylation AssaysCyclin A-Cdk2 activity was
METHODS assayed by quantifying histone H1 phosphorylatib8) @s
Protein Expression, Purification, and Mutagenegia71D described previouslyl@). Assays were performed in a total

(corresponding to residues 297 of human p27 with an ~ volume of 20uL at 15 or 30°C and at pH 7.5 in 25 mM
additional N-terminal Gly-Ser—His—Met) was expressed ~HEPES, 50 mM NaCl, and 5 mM MggITen micrograms

as a His-tag fusion protein. The expression vector for p27ID Of calf thymus histone H1 (Gibco BRL 13221-015), 50 nM
(called pET15b-p27ID) was constructed by ligating a PCR €Yclin A-Cdk2, and the quantities of p27, p271D, or p27ID
product encoding residues 287 of human p27 amplified ~ Mutants indicated in the figures were mixed and preincubated
from pET21a-p27%) into pET15b. The coding sequence was 1© allow formation of the inhibited complex before addition
confirmed with dRhodamine automated sequencing. p27ID f 2.5 uCi [y-*P] ATP to initiate phosphorylation. Prein-
was expressed iBscherichia colstrain BL21 (DE3) grown cubation times of 5 to 60 min were used in experiments to

in LB medium and purified from the soluble fraction of the degertmimi the tin;ezct)o gttainze;(lq[gilibrcijum (Fingl_re 8). I?reitn—
cell lysate using His-bind resin (Novagen), and the His-tag cu 6&(1)|on_ mf1estr? i rlnlr,lo\l(p 1 a? € pro |(rj1e_ mutan .S)
was cleaved with thrombin (Novagenll( 12). Final or 60 min (for the triple Ala mutant) were used in experi-

purification was by G HPLC using linear water/acetonitrile ments to (_jetermm_ﬁc_, ya!ues (Figure 9). R_eachons Were run

) e ; . for 20 min after initiation by the addition of ATP. The
gradients containing 0.1% TFA. The identity of each p271D reaction was quenched with/& of 50 mM Tris HC, pH
p(eparation was confirmed with MALDI mass spectrometry, ~"a”q"1o, bromophenol blue, 2% SDS, and 10% ,glycerol
with the observed and expected masses agreeing to within 1. ' :

: 150, . and heating to 90C for 1 min. The solution was analyzed
Da. Uniformly *N-labeled p27ID was prepar'eq in the SaAME - ith denaturing (SDS) polyacrylamide gel electrophoresis,
way except that cells were grown in MOT minimal medium

o and the extent of histone H1 phosphorylation was quantified
containing 1 g/L NH4).SO, (13). : . . )
Expression plasmids for p27ID mutants were prepared by autoradiography with a Molecular Dynamics Phospho

; . rimager. The extent of inhibition was used as a measure of
using the QuikChange PCR protocol (Stratagene), and the g

di ; h ol ' firmed with the extent of binding in a nonlinear least-squares fit to
coding sequence for each plasmid was confirmed WIth c5icyjateK, values for a 1:1 binding stoichiometry.

dRhoda'mine. automated sequencing. Mutant; were expressed CD SpectroscopyCD spectra of p27ID and p27ID mutants
and purified in the same way as p27ID. The identity of €ach e collected with Jasco J720 and Aviv 202 spectrometers.
mutant protein was confirmed with MALDI mass Spectrom- paia were collected at least twice with reproducible results.
et_ry,_ with the observed and expected masses agreeing tOSampIes were prepared in kinase-assay buffer (25 mM
within 2 Da. HEPES, 50 mM NaCl, and 5 mM MgglpH 7.5) containing
— — — 1 mM DTT. Wavelength spectra were the average of 20
1 Abbreviations: f], molar ellipticity; [6]222, molar ellipticity at 222

nm; ATP, adenosine triphosphate; Cdk, cyclin-dependent kinase; Cdk2,scans. (.:O"eCted on samples n O.1Hmm_path length cells
cyclin-dependent kinase 2; CD, circular dichroism; DSS, 2,2-dimethyl- CONtaining 10QuM protein after equilibration at the data-
2-silapentane-5-sulfonate, sodium salt; DQF COSY, double quantum collection temperature for 15 min. Thermal stability was
filtered correlation spectroscopy; DTT, dithiothreitol; GUHCI, guanidine  monitored at protein concentrations of % from the

hydrochloride; HPLC, high-performance liquid chromatograpky; ; ; ; .
dissociation constant; HSQC, heteronuclear single quantum correlationChange in §]222@s @ function of temperature in a 2-mm path

spectroscopy: LB, Luria-Bertani; MALDI, matrix-assisted laser de- 1€ngth cell. Samples were equi_librated at@ for 15 min,
sorption ionization; NOE, nuclear Overhauser effect; NMR, nuclear and the temperature was then increased from O t&6Gh

magnetic resonance; p27ID, biosynthetic protein corresponding to the steps of 2°C with an equilibration time of 240 s and a data

Cdk-inhibition domain of human p27 (residues-227); PCR, poly- : ; ;
merase chain reaction; SDS, sodium dodecyl sulfate; TFA, trifluoro- collection time of 90 s and decreased from 60 t6(in

acetic acid; TFE, trifluoroethanol; TOCSY, total correlation spectros- Steps of 4£C with an equilibration time of 360 s and a data
copy. collection time of 90 s.
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Ficure 2: Full-length p27 inhibits histone H1 phosphorylation by Wavelength (nm)

cyclin A-Cdk2 (25 mM HEPES, 50 mM NacCl, and 5 mM Mggl Ficure 3: CD spectra of full-length p27 (25 mM HEPES, 150
pH 7.5, 30°C), in accord with previous result$)( Reactions MM NaCl, 5 mM MgCb, 0.05% NP-40, and 1 mM DTT, pH 7.7).
contained 50 nM cyclin A-Cdk2 and 0 e¥50 nM p27. The cyclin The negative ellipticity at 200 nm and the lack of significant
A-Cdk2 used here is over 90% active, as calibrated with stauro- ellipticity at 216 nm and above are typical of the CD spectra of

sporine (6). unfolded proteins.
CD wavelength spectra of full-length p27 were collected Histone -
with a Jasco J720 spectrometer as described above. Samples HA
contained 86:M p27 in 25 mM HEPES, 150 mM NacCl, 5 1007
mM MgCl,, 0.05% NP-40, and 1 mM DTT, pH 7.7.
Helix content was estimated from]b., by the method of %‘ 80 7
Chen et al. 19) and with the program CDPro using basis 5
set 7 and a wavelength range of $960 nm @0). < 607
NMR SpectroscopyNMR data were collected with a _g
Varian Unity Inova operating at 500.1 MHz f&é. Samples s 407
contained 1 mM p27ID at pH 4.4 or 7.0 in kinase-assay E'CJ
buffer (25 mM HEPES, 50 mM NaCl, and 5 mM Mgl 20 7
containing 10 mM DTT. Experiments were performed at 30 ]
°C. Spectra were referenced with internal DSS at zero ppm p27ID 0 _ +

(21) and processed with NMRPip&32). Gradient-enhanced
DQF COSY @3), H—15N HSQC @4), and 5N-edited Ficure 4: p27ID inhibits histone H1 phosphorylation by cyclin

- ; A-Cdk2 (25 mM HEPES, 50 mM NacCl, and 5 mM MgglIpH
TOCSY—HSQC @9 spectra consisted of 256 complex 7.5, 30°C). Reactions contained 50 nM cyclin A-Cdk2 and 0 or

increments defined by 32 or 64 transients. Steady-state NOE5q n\ p27ID. The cyclin A-Cdk2 used here is over 90% active,

values were measured with NMRVie\7) from intensity as calibrated with staurosporingéj.

changes in two-dimensionfi—'*N NOE correlation spectra

(26). NOE correlation spectra consisted of 128 complex observed in the crystal structure (Figure 1A). If p27ID were

increments defined by 32 transients, collected with and substantially inactive, then the apparent molar ratio of p27I1D

without a 3 s'H saturation period using relaxation delays of to cyclin A-Cdk2 for essentially complete inhibition would

5 and 8 s, respectively. exceed 1:1, given that the cyclin A-Cdk2 used here is over

90% active, as calibrated with staurosporine.
RESULTS The NMR ties of p27ID at 3TC are characteristi
properties of p a are characteristic

Intrinsic Structural Disorder of p27The full-length p27 ~ of an unfolded protein.'H chemical-shift ranges were

used here inhibits histone H1 phosphorylation by cyclin obtained from DQF COSY (pH 4.4) or TOCSHSQC (pH

A-Cdk2 (Figure 2). The CD spectrum of full-length human 7.0) spectra using gradients for solvent suppression. The H

p27 is characteristic of an unfolded protein (Figure 3). The and H' chemical shifts at pH 4.4 span 3:8.6 and 7.8-8.6

minimum at 200 nm is indicative of an unfolded conforma- Ppm, respectively, and at pH 7.0 span 4-@5659 and 7.77

tion, and the weak negative shoulder at 222 nm suggests8.58 ppm, respectively (data not shown). These chemical-

the absence of significant amounts of helixgestrand. The shift ranges are typical of those observed in unfolded proteins

helix content is estimated at 2 or 6% frof,, or CDPro,  (28). The amide'H—*N NOE is negative (approximately

respectively. The results indicate that full-length p27, while —1 to —3.9) for each of 64 resolved mainchain amide cross-

active as a Cdk inhibitor, is largely unfolded. peaks at pH 4.4 (from an expected total of 70; data not
Intrinsic Structural Disorder of the p27 Cdk-Inhibition ~shown), indicating that the p27ID main chain is highly

Domain.p271D corresponds to residues 22 to 97 of human flexible with motion on a time scale characteristic of unfolded

p27. This region of p27 has an ordered structure when boundpProteins g9, 30).

to cyclin A-Cdk2 (Figure 1A). Cyclin A-Cdk2 is ap- The CD spectra of p27ID in kinase-assay buffer at 30 and

proximately 90% inhibited by equimolar p271D at 3C 60 °C are also characteristic of an unfolded protein (Figure

(Figure 4), in accord with the 1:1 inhibition stoichiometry 5). The minimum at 204 nm is indicative of an unfolded
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Ficure 5: CD spectra of p27ID in kinase-assay buffer (25 mM A L B LR DU I I
HEPES, 50 mM NaCl, and 5 mM MgglpH 7.5) containing 1 0 10 20 30 40 50 80
mM DTT. At both 30 and 60C, the negative ellipticity at 200 nm Temperature ("C)

and the lack of significant ellipticity at 216 nm and above are typical

of the CD spectra of unfolded proteins. APE, the signal at 222 FiGure 6: Temperature dependence éf4, of p27ID and the

nm becomes more negative, consistent with an increase in helixmutants in kinase-assay buffer (25 mM HEPES, 50 mM NaCl, and

stability at lower temperature. 5 mM MgCl,, pH 7.5) containing 1 mM DTT. Changes ifl]f2
were reversible (the folding and unfolding curves were essentially

; ; superimposable, with at least 90% of the starting signal regained
conformation, and the weak negative shoulder at 222 nm on cooling, with the exception of the E86P/R90P mutant which

suggests the absence of significant amounts of helix or yeyained approximately 85% of the starting signal on cooling).
f-strand. The CD spectrum of p27ID at 25 is independent
of pH in the range 4 to 7.5 and concentration in the_ range cyclin A-Cdk2, whereas Leu 41 contacts cyclin A (Figure
20 uM to 1 mM (data not shown). The spectroscopic data 1), The three aromatic residues at the center of ihadix
collectively indicate that the p27 Cdk-inhibition domain is \yere not changed, since mutation of aromatic residues can
intrinsically disordered in isolation under conditions where 4tfect CD spectra regardless of any change in secondary
the domain is functional as a kinase inhibitor, in contrast to gty cture 85). Instead, Glu 86 and Arg 90 were mutated
the ordered structure adopted upon binding cyclin A-Cdk2 together to proline to disrupt main chain hydrogen bonding
(Figure 1A). within the 3 helix. If either thea or the 3, helices are
Local Helix Formation in the p27 Cdk-Inhibition Domain. partially populated at low temperature, then the proline
CD spectroscopy indicates that p27ID becomes partially mutations would be expected to destabilize the helix and
helical at lower temperature (Figure 5). The lack of a folded decrease the helical component of the CD spectrum.
baseline and differing estimates @f]{.. for a fully formed CD indicates that proline substitutions in the region of p27
helix hinder quantitative determinations of helical content that adoptsu-helix upon binding cyclin A-Cdk2 diminish
in largely unfolded proteins such as p27ID. Using the method the helix content of unbound p27ID. Helix formation at 5
of Chen et al. 19) and CDPro 20), the helix content of  °C jn the K47P and A55P mutants is essentially abolished,
p27ID at 5°C is estimated to be 10 and 16%, respectively. as judged by the decrease in the amplitude of the CD signal
Both estimates are less than the tetand 3, helix content at 222 nm (Figure 7A). The CD signal at 222 nm becomes
of 33% observed in the crystal structure of the domain bound more negative with increasing temperature (Figure 6), which
to cyclin A-Cdk2 @). The temperature dependence of the s the opposite behavior expected for thermally induced
CD signal at 222 nm indicates that the helix is only ynfolding of helices and is typical of unfolded or extended
marginally stable (Figure 6). Thus, although intrinsically conformations36). The L41P mutation is less destabilizing
disordered at physiological temperature, p271D exhibits an (Figure 6) and reduces the helix content approximately 2-fold
inherent propensity to adopt helical structure. at 5°C (Figure 7A), which is consistent with its position in
Helix Localization by Proline Mutagenesi€D cannot the first turn of the helix. The proline substitutions in the
determine directly if the helix observed at low temperature region of p27 that adopts theehelix upon binding cyclin
corresponds to the two regions of p27 that adopt stable A-Cdk2 have no significant effect on helix formation
helices upon binding cyclin A-Cdk2. Although single proline (Figures 6 and 7).
residues can be accommodated in helices of folded proteins The proline substitutions map the marginally stable helix
with some local distortion31), proline greatly destabilizes  observed with CD at low temperature to the region of p27
isolated helices32). Proline mutations are therefore expected that forms theo-helix upon binding cyclin A-Cdk2. At 30
to disrupt helix formation in the unbound p27 Cdk-inhibition °C, the CD signal at 222 nm (indicative of helix formation)
domain if placed in regions that adopt helical conformations, is slightly less negative for the L41P, K47P, and A55P
but to have little or no effect on helix content if placed in mutants, suggesting that the helix is present to some extent
unfolded regions33, 34). in the wild-type domain even at 30C (Figure 7B). In
p27 forms two helical regions upon binding cyclin contrast, the @ helix is not populated in the isolated p27
A-Cdk2: ana-helix comprising residues 38 to 59, and;g@ 3 ~ Cdk-inhibition domain even at low temperature.
helix comprising residues 830 (Figure 1A). Three residues Contribution of Local Helix Formation to Cdk Inhibition.
of high intrinsic helical propensity3@) in the o-helix (Leu If the incipienta-helix of p27 contributes significantly to
41, Lys 47, and Ala 55) were substituted individually with the specificity of the interaction between p27 and cyclin
Pro. The Lys 47 and Ala 55 side chains project away from A-Cdk2, then the ability of the L41P, K47P, and A55P
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Ficure 7: CD spectra of p27ID and the mutants in kinase-assay
buffer (25 mM HEPES, 50 mM NacCl, and 5 mM MgCpH 7.5)
containing 1 mM DTT at (top) 8C and (bottom) 30C. A negative

or positive change inf].2, upon mutagenesis reflects an increase
or decrease in helix content, respectively.

mutants to inhibit cyclin A-Cdk2 will be compromised.
Dissociation constantsK{) were determined with cyclin
A-Cdk2 inhibition assays.

The time for p27ID and the proline mutants to attain
equilibrium upon binding cyclin A-Cdk2 was monitored by
following the decrease in activity of cyclin A-Cdk2 after
preincubation with a 50% mol equivalent of p27ID and the
L41P, K47P, A55P, and E86P/RO0P mutants for 5 to 60 min
(Figure 8). The formation of complexes of p271D and the
proline mutants with cyclin A-Cdk2 is at equilibrium under
these conditions within 10 min (Figure 8).

p271D binds cyclin A-Cdk2 with &y of 8 £ 2 nM at 30
°C (Figure 9). The L41P mutant, which contains ap-
proximately half of the helix in unbound p27ID, binds with
essentially the same affinitf)Kg = 9 + 1 nM at 30°C) as
p27ID. The K47P and A55P mutants, in which helix
formation is essentially abolished, bind with slightly lower
affinities (16 + 3 and 13+ 2 nM, respectively, at 30C).

At 15 °C, where the helix is more populated, tKgvalues
for p27ID and L41P are & 1 and 10+ 2 nM, respectively

Bienkiewicz et al.
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Ficure 8: Time to attain equilibrium (50 nM cyclin A-Cdk2, 25
mM HEPES, 50 mM NaCl, and 5 mM MgglpH 7.5, 30°C).
Data are shown in terms of relative activity where the activity of
cyclin A-Cdk2 in the absence of inhibitor is assigned an activity
of 100. In the presence of a 50% mol equivalent of inhibitor, the
relative activity would be 50, if the proteins were equally active.
After 10 min, the activity of cyclin A-Cdk2 is reduced to 455

by p27ID and the single mutants. In contrast, it takes at least 30
min for the E40A/D44A/K47A mutant to reduce the relative activity
of cyclin A-Cdk2 to the anticipated value of 50. AccordingKy
determinations were made using a preincubation time of 20 min
for p27ID and the L41P, K47P, A55P mutants and 60 min for the
triple-Ala mutant. Experiments were repeated four times for p27ID
and the K47P and E40A/D44A/K47A mutants and twice for the
L41P, A55P, and E86P/R90P mutants (data not shown) with
reproducible results. The error in each pointdsl0%.
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FiIGUrRe 9: Ky determinations from cyclin A-Cdk2 inhibition assays
(50 nM cyclin A-Cdk2, 25 mM HEPES, 50 mM NaCl, and 5 mM
MgCl,, pH 7.5, 30°C). Experiments were performed six times with
reproducible results.

p27ID; Figure 9). Since the helix content is unperturbed by

(data not shown). Thus, some correlation exists between losshe E86P/R90P mutations, the change in affinity likely
of a-helix in the unbound inhibitor and an increasekn reflects disruption of the quaternary contacts between the
However, the differences are very small in free energy terms mutated residues of p27ID and Cdk2, including hydrogen

(AAG = 0.1 to 0.4+ 0.4 kcal mof?') as compared to the
free energy of bindingAG = —11.44 0.3 kcal mot? for
p271D).

bonds involving Arg 90 of p27 and GIn 131 and Asn 132 of
Cdk2 ©).
A peptide corresponding to just the Cdk2-binding domain

The E86P/R90P double mutation does not reduce the helixof p27 (p24s-97) does not inhibit cyclin A-Cdk2 (data not

content of unbound p27ID, but does increase Kheat 30
°C to 14+ 2 nM (AAG = 0.3+ 0.2 kcal mot™* relative to

shown), in accord with previous studiésy.(This result rules
out the possibility that just the Cdk2-binding regions of either
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p27ID or the proline mutants are sufficient to inhibit cyclin
A-Cdk2 under the conditions used here.
Helix Stabilization with Alanine Substitution$he im-

Biochemistry, Vol. 41, No. 3, 20057

The primary sequences of both p27ID and full-length p27
are depleted in hydrophobic residues and enriched in Pro,
Glu, Lys, and Arg, relative to the average amino acid

portance of preformed local helix formation can be addressedcomposition of proteins in the SWIS$ROT databasé().

by stabilizing helices with multiple alanine substitutions
(37).2 Three sites in thet-helix (GIn 40, Asp 44, and Lys

The deviations in amino acid composition are consistent with
the intrinsic disorder of p27ID and p21§ 52, 53).

47) were substituted simultaneously with Ala. These residues The p27 inhibition domain is not completely unfolded or

do not make quaternary contacts with cyclin A-Cdk2 in the
crystal structureq), and AGADIR @38, 39 predicts a 56
100% increase in helix content for residues—32 of the
a-helix upon their simultaneous substitution with Ala. CD
spectroscopy indicates that helix content of the E40A/D44A/

unstructured. Instead, the domain exhibits a propensity to
form marginally stable helical structure that presages the
o-helix adopted upon binding cyclin A-Cdk2. The p27 Cdk-
inhibition domain, therefore, samples both local helical and
unfolded structures as opposed to existing as a random-coil

K47A mutant is increased as envisaged (Figures 6 and 7),ensemble that lacks local conformational preferences. Analo-

with an estimated helix content at°® of 17 or 22% from
[60]222 0r CDPro, respectively. The expected value would be
29% if thea-helix (but not the & helix) was fully formed
in the mutant (Figure 1B)9). The Ky of the E40A/D44A/
K47A mutant for cyclin A-Cdk2 is increased slightly to 12
+ 3 NnM (AAG = 0.4 + 0.2 kcal mot* relative to p27ID;
Figure 9).

The results for the E4A0A/D44A/K47A mutant indicate that
stabilization of the incipienti-helix in unbound p27 does

gous observations have been made of low levels of native-
like residual structure in peptide fragments and denatured
proteins 45) and in other intrinsically disordered proteins
(46—-50).

It is intuitively reasonable that preformed secondary
structure in intrinsically disordered proteins will contribute
favorably to stability during coupled folding and binding
events. For example, mutations that increase helical propen-
sity in regions that adopt helices in the native structure

not lead to a corresponding increase in the stability of the stabilize the folded state of a number of monomeric and
complex, and indeed leads to a slight destabilization of the dimeric proteins by approximately 1 to 9 kcal/maIr( 54—
complex in free energy terms. Studies of the time course of 56). For p27, however, both disruption and stabilization by

inhibition indicate that the E40A/D44A/K47A mutant com-

mutagenesis of the incipient-helix in the unbound Cdk-

plex takes approximately three times longer than the p27ID inhibition domain leads to only a marginal decreas®.6

or the single-proline mutants to reach equilibrium (Figure
8). Thus, stabilization of helical structure with Ala mutagen-

kcal mol?) in the stability of the inhibited cyclin A-Cdk2
complex. These losses in stability upon mutagenesis of

esis in the otherwise disordered p27 results in a kinetic residues within thea and 3o helices are small when

impediment to kinase inhibition.

DISCUSSION

The Cdk-inhibition domain of p27 has an ordered structure
when bound to cyclin A-Cdk2 (Figure 1A). In the unbound
state, however, the domain is intrinsically disordered. p27
binding is therefore coupled with folding. The intrinsic
disorder is not due to excision of the inhibition domain from
the full-length protein since full-length p27 is also largely
unfolded.

The Cdk-inhibition domains of pZP¥Wailgand p5¥%iP2 are
also intrinsically disordered or unfoldetig 40). The human
p27 Cdk-inhibition domain (residues 287) shares 36 and

compared to the binding free energy ef.1.4 kcal mot?
for the wild-type complex. This observation indicates that
nonlocal (quaternary) contacts between p27 and cyclin
A-Cdk2 overwhelm any contribution of preformed local
(a-helical) structure in unbound p27 to the free energy of
p27 binding to cyclin A-Cdk2. Indeed, qualitative results
from point or deletion mutagenesis studies of p27 and cyclin
A suggest that a significant fraction of the binding free energy
is embodied in quaternary interactions between cyclin A and
p27 in the N-terminal rigid-coil region of the p27 inhibition
domain 6, 57).

Preorganized, native-like local (secondary) structure for-
mation in unbound disordered proteins that presages the
folded structure formed upon binding may contribute favor-

33% sequence identity with the corresponding regions of ably to the rate of binding. An example is the coupled

human p21 and p57, respectivel, (8, 41-43). Such

dimerization and folding of the GCN4 leucine zipper, where

sequence identity between folded proteins the size of the ptations that increase secondary structure propensities

Cdk-inhibition domains would suggest strongly that the
proteins have similar structure#. Likewise, it is intuitively

accelerate folding37). For p27, however, disruption of the
preformedo-helix by proline mutagenesis does not affect

reasonable that sequence identity with a known disorderedgjgnificantly the rate of complex formation as reflected by
protein wguld be a reliable predictor of intrinsic disorder, the time to form the bound complex. Indeed, stabilization
and this is the case for at least the p21 family of Cdk- 4f theq-helix in unbound p27 with three alanine substitutions
inhibition domains 18). (E40A/D44AIKATA) slows by approximately 3-fold the rate
of formation of the inhibited complex. It has been previously
noted that stabilization of nonnative helical structure in the
unfolded state can slow protein foldingg 59). Such

2TFE has also been used to stabilize helicg8).(TFE induces
changes in the CD spectrum of p27ID that are indicative of helix

formation (L0). Analysis of CD spectra with the method of Chen et al. . . .
(19) suggests that 30 and 93% (v/v) TFE increases the helical content OPS€rvations may be relevant here, sincecteelix of p27

of p271D to approximately 50 and 60%, respectively (E.A.B. and K.J.L., IS irregular between residues 51 and 53 when bound to cyclin
unpublished results). The helix content determined with CDE@pi A-Cdk2 (Figure 1A). Although our current data address
approximately 5% higher. Both estimates of helix content from the cnanges in the overall rate, rather than individual association
CD data exceed that observed upon binding cyclin A-Cd&p ( . . ’ S .

or dissociation rate constants, stabilization of a continuous

suggesting that TFE stabilizes helical structure in p27 that is irrelevant > - - ‘
to the conformation of p27 when bound to cyclin A-Cdk2. o-helix in this region of unbound p27 could introduce a
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requirement for disruption of the helix prior to binding, with
a concomitant decrease in the rate of complex formation.
Alternatively, mutation of the charged residues of the E40A/
D44A/K47A mutant may disrupt a kinetic advantage due to
electrostatic interaction$0). Regardless of the origin of the
kinetic impediment to the E40A/D44A/K47A mutant, the
results indicate that the lack of preformechelix contributes
beneficially to the rate at which p27 inhibits kinase activity.
Different models for protein folding place different weights
on the importance of local (secondary) structure, with
framework or hierarchical models emphasizing early forma-
tion of secondary structure6{, 62 and subdomain or
nucleation mechanisms highlighting tertiary (and quaternary)
interactions that stabilize marginally stable secondary struc-
ture elements@3—66). Both viewpoints are supported by
experimental observations, which certainly reflects a context
dependence of the relative importance of local and nonlocal
interactions during folding. For p27, the linked process of
folding and binding is more akin to a protein-folding
mechanism in which the formation of nonlocal tertiary or
quaternary interactions is more significant in energetic and
kinetic terms than local (secondary structure) formation.
We conclude that the unbound p27 Cdk-inhibition domain
is largely unfolded with a detectable conformational bias
toward theo-helix formed upon binding cyclin A-Cdk2. This
conformational bias is not beneficial in thermodynamic or
kinetic terms for productive folding and binding. Indeed,
enhancement of the propensity to form tadaelix impedes
kinase inhibition in kinetic terms. It is tempting to speculate
that intrinsic disorder in certain regulatory proteins imparts
the evolutionary advantage of a rapid response to extracel-
lular stimuli or cell damage.
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