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ABSTRACT: Site-directed mutagenesis, gel filtration, and fluorescence spectroscopy approaches were used
to study the molecular hinge mechanism involved in theâ-strand-exchanged dimer formation of the cyclin-
dependent protein kinase regulatory subunit p13suc1from Schizosaccharomyces pombe.Single and double
mutants of residues Pro-90 and Pro-92 (P90V, P92V, and P90V/P92V) were prepared and assayed.
Substitution of Pro-90 prevented dimer formation by arm exchange. However, single point mutations did
not affect the two-state unfolding transition of wild-type p13suc1at equilibrium (i.e., wild type,∆G°0,un )
7.38( 0.35 kcal mol-1, vs P90V,∆G°0,un ) 6.71( 0.18 kcal mol-1). On the contrary, the double mutant
unfolded with a complex transition, and the reaction was best described by a three-state model
(N / I / U). Resolution of the state-dependent (native vs denatured) intrinsic fluorescence decay
amplitudes of p13suc1showed that with P90V/P92V these parameters were affected at [GuHCl] significantly
less than with wild-type and single mutant proteins. Moreover, with the latter products, fluorescence
quenching measurements at 1 M GuHCl revealed linear Stern-Volmer plots with quenching constants
typical of tryptophan residues located in a native environment (1.6 M-1 < KSV < 2.3 M-1). Dissimilarly,
with P90V/P92V a significant deviation from linearity of the Stern-Volmer plot was obtained. Nonlinear
least-squares analysis of these data resolved the significant contribution of highly solvent-accessible emitting
species (KSV ) 26 M-1) consistent with large exposure of the tryptophan residues. These results are
compatible with the existence of an intermediate unfolding state of the double mutation product. Thus,
while single residue substitution studies give support to the primary role of Pro-90 in the p13suc1 dimer
formation by domain swapping, double residue substitution studies indicate the important role of the
conserved repeat, Pro-x-Pro, for the properâ-strand spatial organization and stability.

The formation of cyclin-dependent kinase (CDK) com-
plexes and their sequential activation are major events in
controlling the cell cycle progression (1). The phosphoryl-
ation of conserved threonine residues (Thr-160 in CDK2 and
Thr-161 in Cdc2) by the CDK-activating complex (CAK) is
required for their activation, and full biological activity is
achieved by the assembly of the catalytic subunit with
cyclins. In turn, CDK inactivation is maintained by inhibitor
proteins (CKI) (2) and by inhibitory phosphorylation of
conserved residues near the amino terminus (Thr-14 and Tyr-
15 in CDK2 and Cdc2) catalyzed by Wee1 and Myt1 (3-
5). In addition, because of the positive regulatory role of
cyclins, their periodic degradation marks the end of a specific
CDK complex activity.

The biochemical and the cell biology dissections of the
crucial mechanisms in the control of the cell division cycle
have led to the definition of check points and have shown
how protein-protein interactions and posttranslational events
represent the actual molecular triggers for proper progression

throughout DNA replication and cell division. In this respect,
the resolution of the crystal structure of the isolated elements
(i.e., CDK2 and cyclin A) (6, 7) and their complexes (8-
10) has provided relevant information for understanding the
structural basis and the conformational changes involved in
the modulation of CDK activity. In addition to the best
characterized regulatory effectors of the CDK biological
activity, some essential functions are performed by the
CDK1- and CDK2-binding protein family (CKS, cyclin-
dependent kinase subunit): a group of small proteins (9-
18 kDa), with highly conserved sequences (50-80% se-
quence identity) and a high functional homology (11), which
act in higher eukaryote cell cycle control. The prototype
members of this class were isolated fromSaccharomyces
cereVisiae (Cks1, Cdc28 kinase subunit) (12) and from
Schizosaccharomyces pombe(p13suc1, suppressor of cell
cycle) (13). Homologues have been found in all animal
eukaryotes and also in plants (14).

p13suc1, originally identified as extragenic suppressor of
certain CDC2 temperature-sensitive mutations (13), was
found associated with the major cell cycle regulator, p34cdc2,
and its binding to this cyclin-dependent kinase has been
widely used in many biological assays in vitro (15). In
association with CDK1/CDK2 kinases, p13suc1’s biological
function is particularly essential in the G0/M phase (11),
where it also affects Cdc25 phosphatase activity and
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abrogates kinase activation by Thr-14/Tyr-15 dephosphor-
ylation (16). In fact, p13suc1inhibits the entry into mitosis in
Xenopusextracts (17) as well as meiotic reinitiation in
mammalian oocytes (18). In consistent agreement with these
findings, p9, the homologous CKS inXenopus, has been
found recently to stimulate the regulatory phosphorylation
of Cdcd25, Myt1 and Wee1 that are carried out by the Cdc2/
cyclin B complex (19).

Finally, both p9 (20) and p13suc1 (21, 22) have been
suggested to facilitate substrate recognition in the ubiquitin-
mediated proteolysis of cyclin B by the cyclosome (the
anaphase-promoting complex, APC), thus acting in the late
phases of mitosis.

The crystal structure of different CKS have been solved,
including p13suc1 (23-25) and the human homologues
CksHs2 (26) and CksHs1 (27). Intriguingly, in all of these
studies a peculiar oligomeric assembly has been revealed.
In particular, with p13suc1and CksHs1 an unusualâ-strand-
exchanged dimer form has been found (Figure 1). In these
dimeric structures,â-strand 4 of each subunit is provided
by the partner monomer subunit. This arrangement is reached
with loss of aâ-turn in a crucial hinge region of CKS, and
the involvedâ-strand changes its spatial configuration from
folded (inserted betweenâ-strands 3 and 2), in the monomer,
to extended, in the dimer. This transition has been recently
referred in a review on proline-dependent oligomerization
(28) to a domain swapping mechanism (29).

The exchangingâ-hinge comprises the residues H88xPEPH93

(single-letter amino acid code) that are conserved across all
members of the CKS family. Site-directed mutagenesis
analyses of CKS single mutants have been performed in two
independent studies by substitution of Glu-63 of the human
CksHs2 (30) and by substitution of the proline residues Pro-
90 and Pro-92 of p13suc1(31), respectively. Analyses on the
human complex, CDK2-CksHs1, predict that important
contacts between some crucial residues of CKSs (i.e., His-
88, His-93, and Glu-91 of p13suc1) and the CDK2 surface

are precluded when theâ-hinge is in the extended conforma-
tion (27). Indeed, it was found that replacing Glu-63 with
glutamine modifies the CKD2 binding property of the CKS
but does not impair its ability to form the dimer. On the
other hand, replacement of the hinge residue Pro-90 with
alanine appeared to prevent p13suc1 arm-exchanged subunit
association.

More recently in blind studies, a complete protein engi-
neering evaluation (32) and molecular dynamic simulations
(33) on the folding pathway of p13suc1 provided evidence
for a nucleation-condensation mechanism in whichâ-strand
4 forms an integral part of the folding nucleus. According
to this view, separation in monomer and dimer forms
represents an early eventVia unfolded states, and it has been
emphasized (32; V. Daggett personal communication) how
some aspects of these hypotheses could be remarkably
consistent with previous experimental observations on the
monomer-dimer equilibrium (34) and partial temperature
stability (35) of p13suc1.

In the present paper we have further probed the relevance
of sequence/structure relationships of theâ-hinge region on
the overall stability and oligomerization properties of p13suc1.
Valine has been used to replace residues Pro-90 and Pro-
92, and the single substitution products (P90V and P92V)
have been analyzed by gel filtration chromatography and
fluorescence methods. In addition, a double proline substitu-
tion (P90V/P92V) was inserted to test the role of the
sequence Pro-x-Pro that has been proposed to represent a
conserved motif among arm-exchanged proteins (i.e., SV40
and CKS) (28). The comparison of the data obtained with
single and double mutation products is presented. p13suc1

contains two tryptophan residues (Trp-71 and Trp-82) located
in the R-helix 3 andâ-strand 3 regions, respectively, and
their intrinsic fluorescence properties have been previously
characterized under native and denaturing conditions (35).
Here, the information provided by equilibrium denaturation
studies has been examined at the steady-state as well as
resolved in the nanosecond time domain. Finally, fluores-
cence quenching measurements performed in the presence
of denaturant have been used to unravel the existence of
protein species with distinct solvent accessibility.

On one hand, single mutant studies support the crucial
role of residue Pro-90 on CKS dimerization by arm
exchange; on the other hand, the double mutant studies reveal
that both of theâ-hinge prolines are required for the proper
organization and stability of the CKS monomerâ-strand
cluster.

EXPERIMENTAL PROCEDURES

Materials.Guanidine hydrochloride (GuHCl),1 melatonin,
and the buffer salts were from Sigma-Aldrich Co. (St. Louis,
MO) for molecular biology and electrophoresis reagent grade,
respectively. T4 DNA ligase andNdeI andEcoRI restriction
enzymes were from Takara Biomedicals (Japan). Sepharose
CL6B and Sephacryl S-100HR were obtained from Amer-
sham-Pharmacia Biotech AB (Uppsala, Sweden).

p13suc1 Protein Expression and Purification.p13suc1 was
expressed and purified fromEscherichia coli[BL21(DE3)]-

1 Abbreviations: COM, center of mass; DAS, decay-associated
spectra; FWHM, full width at half-maximum; GuHCl, guanidine
hydrocloride.

FIGURE 1: Diagram of the CKSâ-strand-exchanged dimer as-
sembly. The diagram was prepared from the crystallographic struc-
ture data file 1sce.pdb (23) using the program WebLabViewerPro
(Molecular Simulation Inc.). In the chain represented on the left as
schematic secondary type are indicated the secondary structure
assignments. Theâ-hinge proline residues (single-letter amino acid
code) of this chain are outlined together with the tryptophan
residues. The partner monomer subunit is represented on the right
as solid ribbon type.
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pLysS cells. TheSUC1-containing plasmids pTZ19R (muta-
tion vector) and pRK172 (expression vector) were a kind
gift from Dr. Jane Endicott (Laboratory of Molecular
Biophysics, Oxford University, Oxford, U.K.). Bacterial
growth and purification were carried out following the
original procedure of Brizuela et al. (15) with minor
modifications (35). The same procedures were used for the
wild-type and the mutant proteins. The purified proteins were
concentrated to 0.5-2.0 mg/mL by ultrafiltration on an
Amicon cell (Amicon, MA) using 3000-10 000 molecular
weight cutoff membranes and stored at-80 °C. Protein
concentration was determined by the Lowry method (36),
by the procedure based on the Bradford method (37) using
bovine serum albumin as a standard, and by the experimen-
tally determined extinction coefficient of p13suc1 (E280

1% )
17.20).

Preparative gel filtration chromatography was performed
on Sepharose CL6B and Sephacryl S-100HR (Amersham-
Pharmacia Biotech AB, Uppsala, Sweden) columns (80× 2
cm, flow rate 0.1 mL/min) eluted with a buffer containing
50 mM Tris-HCl, 2 mM EDTA, and 150 mM NaCl at pH
8.0 and using a BioLogic LP (Bio-Rad Laboratories)
apparatus. Analytical size-exclusion chromatography (FPLC)
was performed on a BioLogic System (Bio-Rad Laboratories)
using a Bio-Silect 125-5 column eluted with a buffer
containing 100 mM potassium phosphate and 150 mM NaCl
at pH 6.8 at a flow rate of 0.8 mL/min. Thyroglobulin (670
kDa), IgG (158 kDa), ovalbumin (44 kDa), myoglobin (17
kDa), and vitamin B12 (1.35 kDa) from Bio-Rad Laboratories
were used as molecular mass standards. Following size-
exclusion chromatography the identity of the eluted peaks
was confirmed by 13% SDS-PAGE (w/v) (38).

Site-Directed Mutagenesis.p13suc1mutants were obtained
by a PCR-based site-directed mutagenesis method (39) using
the Quick-Change PCR kit (Stratagene). By that proce-
dure, a valine was used to replace the conserved proline
residues, P90 and P92, to give the mutants P90V, P92V,
and P90V/P92V. Valine was used because its mass is very
close to that of proline, 99.14 vs 97.12 Da (40) and after
trials using the option SUGMUT of the WHATIF software
program (G. Vriend, Center for Molecular and Biomolecular
Informatics, CMBI, Nijmengen, The Netherlands). The
oligonucleotides used for P90V, P92V, and P90V/P92V were
respectively 5′TATGAAGTCCATGTCGTGGAGCCACA-
CATCCTG3′, 5′CAGGATGTGTGGCTCCACGACATG-
GACTTCATA3′, 5′GAAGTCCATGTCCCAGAGGTGCA-
CATCCTGCTATTTAAG3′, 5′CTTAAATAGCAGGATG-
TGCACCTCTGGGACATGGACTTC3′, 5′CATGTCCAT-
GTCGTGGAGGTGCACATCCTGCTA3′, and 5′TAGCAG-
GATGTGCACCTCCACGACATGGACATG3′. Mutant plas-
mids were identified by sequencing.

Fluorescence Measurements and Data Analysis.Steady-
state fluorescence intensities and emission spectra were
recorded using a PTI QuantaMaster C60/2000 spectro-
fluorometer with excitation and emission slit widths of 2.5
nm each and an excitation wavelength of 295 nm. The center
of mass (COM) of fluorescence emission spectra was
calculated as COM) ∑xkyk/∑yk, wherex and y indicate,
from left to right, thekth wavelength and intensity coordinate
of the emission spectrum, respectively.

Fluorescence quenching measurements of the p13suc1

proteins were performed using potassium iodide as quencher.
Protein samples at increasing concentrations of the quencher
were prepared by adding small aliquots from a concentrated
solution of KI (4 M). KI stock solutions were freshly
prepared in the presence of≈1 × 10-4 M Na2S2O3 to avoid
I3

- formation (41).
The steady-state fluorescence data were analyzed accord-

ing to the general form of the Stern-Volmer equation for
collisional quenching (41, 42):

whereF0 andF are the fluorescence intensities measured in
the absence and the presence of the quencher, KSV is the
Stern-Volmer constant, and [Q] is the quencher concentra-
tion. This simple form of the equation was used to analyze
the experimental data when linear Stern-Volmer plots were
obtained. Moreover,KSV is equal tokqτ0, wherekq is the
apparent rate constant for the collisional quenching process
and represents a measure of the overall accessibility of the
fluorophores. Alternatively, when nonlinear Stern-Volmer
plots were obtained, the following modified form was used
(43):

Here, the dynamic quenching of multiple species with distinct
contributions, f(i), and quenching constants,KSV(i), is
considered, and the experimental data were fitted to the
equation using a nonlinear least-squares procedure.

Nanosecond time-resolved fluorescence measurements
were obtained by the time-correlated single photon counting
method (42) using a Model 5000U fluorescence lifetime
spectrometer (IBH Consultants Ltd., Glasgow, U.K.) imple-
mented to perform automated multiple emission wavelength
decay measurements. The instrument response function was
typically 1.4 ns (FWHM) using a Hamamatzu R3235 photo-
multiplier. The channel width was 0.103 ns per channel, and
data were collected in 1024 channels.

The data were analyzed by the nonlinear least-squares
method assuming the fluorescence decay as a sum of discrete
exponential components, each described by a decay constant
(lifetime, τi) and its relative contribution (amplitude,Ri) to
the total fluorescence decay (44):

Decay curves collected at multiple emission wavelengths
were simultaneously analyzed by the global procedure with
linking lifetimes and used to resolve the decay-associated
spectra (DAS) (45). The same method was used to analyze
the fluorescence intensity decay as a function of denaturant
concentrations. In this case, the lifetimes were linked within
the entire concentration interval. When data were corrected
for scattered light, a very short decay component (0.01 ns)
was added to the fluorescence decay model. The quality of
the fitting statistics was judged by the plot of the weighted
residuals, the autocorrelation function of the residuals, and
the value of the reduced Chi square (ø2) (46). Errors
associated with the recovered decay parameters (at the 67%

F0/F ) 1 + KSV[Q] (1)

F0

F
) [∑i)1

n f(i)

{1 + KSV(i)[Q]}]-1

(2)

I(t) ) ∑Rie
-t/τi (3)
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confidence level) were calculated using rigorous error
analysis as described elsewhere (47).

Equilibrium Unfolding Measurements and Data Analysis.
To monitor the unfolding transition of p13suc1 as a function
of GuHCl concentration, small aliquots (25-1500 µL) of
denaturant from a 8 M stock solution were added by
microsyringe to a protein sample (-1 µM) of the initial
volume of 2 mL. The samples were equilibrated at 25°C
before the entire emission spectrum was recorded. Data were
corrected for dilution asFcor ) Fobs(Vt/Vi), whereFcor and
Fobs indicate the dilution-corrected and the observed fluo-
rescence intensities,Vi represents the initial sample volume
in the absence of denaturant, andVt represents the total
sample volume after the denaturant addition. Alternatively,
equilibrium denaturation experiments were also performed
by adding the same amount of a protein stock (100µL) to
denaturant solutions of the same volume (1.9 mL) and
increasing concentrations. The results obtained by the two
methods were superimposed. Each protein unfolding curve
was repeated at least three times, and the error associated to
the measured fluorescence intensities did not exceed 2-5%.

To describe a two-state transition, N/ U, between the
native and the unfolded states with an unfolding equilibrium
constant,Kun ) [U]/[N], and a free energy change given by

the following linear relationship (linear extrapolation model)
was used to describe the thermodynamics of the denaturant-
induced unfolding of proteins (48, 49):

where ∆G°0,un is the free energy change of unfolding
extrapolated to zero denaturant concentration at a reference
temperature andm, the denaturant concentration index, is a
measure of the dependence of∆G°un on denaturant concen-
tration. A simple extension of these relationships was used
to describe a three-state transition, N/ I / U, where I is
an intermediate state and the equilibrium constants of each
unfolding step can be defined asKI/N ) [I]/[N] and KU/I )
[U]/[I], respectively.

Equilibrium denaturation data analysis was performed as
previously described (49). Briefly, from the combination of
eqs 4 and 5 and using the appropriate partition coefficients
to indicate the mole fractions of each state, the following
equation was used to fit the experimental data by a two-
state transition model (49):

whereF0N andF0U are the intensities of the native and the
unfolded states in the absence of the denaturant D, and the
termsSN andSU represent the baseline slopes for the native
and unfolded regions. When reported, the experimental data
were also analyzed according to a three-state transition model
using an expansion of eq 6 which contemplated a total
number of 10 fitting parameters. In this case, with∆G°0,un1

and∆G°0,un2 were indicated the free energy changes in the
absence of denaturant for the N/ I and the I / U
denaturation reaction pathways, respectively.

Equation fitting was obtained by the nonlinear least-
squares utility included in the SigmaPlot 3.2 software
package (SPSS Science Software, Germany).

RESULTS

p13suc1 wild type is known to exists in a monomer and a
dimer form in a very slow equilibrium, with the monomer
largely representing the predominant species (70-80%), and
they have been suggested to be separated by a high
thermodynamic barrier (34).

The structural basis of the oligomeric species is an arm
exchange betweenâ-hinge chains as shown by crystallo-
graphic data (23-25). To investigate the role of this region
by solution methods, different mutants of theâ-hinge proline
residues, P90V, P92V, and P90V/P92V, were prepared, and
their properties were studied by biochemical and biophysical
techniques.

Oligomerization Properties of Wild-Type and Mutant
p13suc1 Proteins.The ability to form oligomeric species of
the wild type and the proline to valine mutants of p13suc1

was investigated by gel filtration chromatography and SDS-
PAGE. The results obtained are summarized in Figure 2.

From Sepharose CL6B chromatography (Figure 2A), the
wild-type protein (left side panels) eluted as a mixture of
monomer and dimer species. This is a well-known pattern
(28, 30, 34) and was revealed by SDS-PAGE analysis of
the fractions collected from this separation (Figure 2B) that
showed the presence of the native protein under two distinct
elution volumes. These volumes were separately collected
in two pools: a first pool contained fractions 50-70 and
the second pool contained fractions 71-83. In Figure 2C, it
is shown the following elution of the first p13suc1-containing
pool loaded on Sephacryl S-100HR. With the dashed line is
marked the elution of the second pool. The chromatogram
clearly showed the separation of the wild-type protein in two
stable monomer (M) and dimer (D) peaks. With the single
mutant P92V equivalent results were obtained (see below),
thus indicating that substitution on this position does not
significantly affect arm-exchange dimerization. On the other
hand, with the single mutant P90V (Figure 2, right side
panels) we could not detect the presence of the dimer form,
and the protein was found exclusively in a single elution
volume. These results, obtained with the valine mutants of
Pro-90 and Pro-92, remarkably reproduced the findings
obtained by Rousseau et al. (31) with alanine mutants and
indicated the Pro-90 residue as the determinant in triggering
the CKS dimerization by domain swapping. The final
separation of the double mutant P90V/P92V was consistent
with this interpretation, and only the monomer form was
isolated.

To further characterize the expressed SUC1 variants,
samples of the different mutant products were tested by
analytical size-exclusion chromatography. In Figure 3, the
elution profile of a sample of the wild-type protein predomi-
nantly in the dimer form (line 1) is shown together with
samples of P90V (line 2), P92V (line 3), and P90V/P92V
(line 4). The small amount of the monomer form in the wild-
type chromatogram clearly indicated the correspondence of
the retention time of the P90V and P90V/P92V samples with
that of the monomer form. Finally, the size-exclusion
separation of the P92V sample clearly shows that this protein
elutes as a mixture of monomer and dimer forms.

∆G°un ) -RT ln Kun (4)

∆G°un ) ∆G°0,un - m[D] (5)

F )
F0N + SN[D] + (F0U + SU[D])e(-∆G°0,un+m[D])/RT

1 + e(-∆G°0,un+m[D])/RT
(6)
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Steady-State Fluorescence-Detected Equilibrium Dena-
turation of Wild-Type and Mutant p13suc1 Proteins. The
steady-state intrinsic fluorescence properties of p13suc1have
been previously characterized and the emission of its
tryptophan residues, Trp-71 and Trp-82, used to obtain
structural and hydrodynamics information (35). In its native
form the emission spectrum of p13suc1is centered at 336 nm,
and upon denaturation it shifts to 355 nm with 70% decrease
of the fluorescence intensity. These changes have been used
to monitor the denaturation of p13suc1 and to show that it
unfolds reversibly using guanidine and urea (31, 35). In
addition, the unfolding kinetic properties of the dimeric form
have been shown to be nearly identical to those of the
monomer, and it has been concluded that, with the exception
of the â-hinge region, the two forms have essentially the
same structure and the same energy barrier of unfolding (31).

In this work equilibrium denaturation studies were carried
out to examine the structural stability and thermodynamics
of the p13suc1 wild type and its variant proteins and, in
particular, to study the role of theâ-hinge region and its
proline residues on the unfolding transition. In Figure 4 A,
equilibrium denaturation experiments monitored by fluores-
cence intensity measurements are presented. With increasing
denaturant concentration the wild-type protein unfolded with

a transition that was appropriately fitted by a typical two-
state equation. The same experiment is reported also for the
single point mutations P90V and P92V and for the double
mutation P90V/P92V. It is shown that the two-state unfolding
mechanism of the wild-type protein was conserved when the
single proline-mutated proteins were assayed. In addition,
the recovered thermodynamic parameters reported in Table
1 reflected a small shift of the denaturation curve of P90V
to a higher GuHCl concentration (Cm 1.96 M vs 1.80 M)
and a lower denaturant index (mGuHCl 3.42 kcal mol-1 M-1

vs 4.08 kcal mol-1 M-1), whereas the denaturation curve of
P92V did not significantly differ from that obtained with
the wild-type protein. On the other hand, with the double
mutant the denaturation curve showed a more complex
transition. Indeed, the unfolding transition could not be
satisfactorily described by a two-state reaction (dashed line),
and a three-state model was required to obtain a good fit of
the experimental data (solid line). According to the thermo-
dynamic parameters reported in Table 1, this transition was
consistent with the formation of an intermediate state at low
GuHCl concentrations (∆G°0,un11 kcal mol-1 and aCm1 0.7
M) whose contribution to the overall protein unfolding
corresponded to a mole fraction of 0.15, calculated as
∆G°0,un1/(∆G°0,un1 + ∆G°0,un2).

FIGURE 2: Gel filtration purification and SDS-PAGE analysis of the p13suc1 wild-type and P90V proteins. (A) Preparative separation on
Sepharose CL6B. The column was equilibrated and eluted (flow rate 0.3 mL/min) with 50 mM Tris-HCl and 150 mM NaCl at pH 8.0
containing 2 mM EDTA. The vertical lines indicate the collected pools (see text). (B) SDS-PAGE (13%) analysis of the fractions collected
from the Sepharose CL6B elution. Black arrows indicate a higher stain density in fraction 62 (dimer) than in fraction 68, with the highest
protein concentration found in fraction 74 (monomer). (C) Final preparative separation on Sephacryl S-100 HR (see text). The column was
equilibrated and eluted using the same buffer reported for the Sepharose CL6B column (flow rate 0.1 mL/min). The UV range scale of the
detector was set to 0.5 AU, and a 280 nm band-pass filter was used.

8034 Biochemistry, Vol. 40, No. 27, 2001 Simeoni et al.



The dependence of the emission spectral distribution on
the chemical nature of the fluorophore’s surrounding is an
essential quality of many fluorescent probes including
tryptophan (42). Thus, the unfolding reactions of the p13suc1

proteins were also monitored by the changes of the position
of the tryptophan emission spectra. Although the calculation
of the center of mass is largely the preferred measure of this
property, we found that, apart from a difference in the
recovered coordinate (COM) 343 nm vsλmax ) 336 nm,
under native conditions), the final results obtained by this
procedure did not significantly differ from those obtained
by recording simply the changes of the position of the
maximum of the emission intensity (λmax). For this reason,
to analyze repeated experimental data of the different
mutants’ transitions, we made use of the latter more
expeditious method. Such results are presented in Figure 4B,
where in the insert graphically superimposed transitions
obtained by COM calculations andλmax measurements are
also presented for comparison. It is shown that the fluores-
cenceλmax-detected unfolding transitions of the wild-type,
P90V, and P92V proteins were nearly superimposed. Proper
fittings of the experimental data to a two-state model were
obtained, and the emission wavelengths associated to the
initial and the final states of the unfolding transition were
correctly recovered from these analyses. On the contrary,
the maximum of the fluorescence emission of the P90V/
P92V protein shifted to the red region of the spectrum at

lower GuHCl concentrations (Cm 1.67 M vs 1.98 M), and
the fitting of the experimental data to a two-state model failed
to recover the emission wavelengths characteristic of the
initial and the final states of the unfolding transition (dashed
line in Figure 4B). These data were also analyzed in terms
of a three-state transition. Although by this model a fitting
function that better traced the experimental curve was found
(dotted line), the presence of 10 fitting parameters likely
caused large errors, and not unique solutions for the searched
parameters were obtained (data not reported). As an alterna-

FIGURE 3: Analytical size-exclusion chromatography of wild-type
and mutant p13suc1 proteins. (A) Chromatograms 1 and 2 refer to
the injection (250µL) of a sample (0.2 mg/mL) of purified p13suc1

wild-type dimer and P90V, respectively. (B) Chromatograms 3 and
4 refer to the injection of a sample of P92V and P90V/P92V from
a Sepharose CL6B separation, respectively. A Bio-Silect 125-5 Bio-
Rad FPLC column was used with a buffer containing 100 mM
potassium phosphate and 150 mM NaCl at pH 6.8 as the mobile
phase (flow rate of 0.8 mL/min). The elution positions of molecular
mass standards are indicated by vertical bars.

FIGURE 4: Equilibrium unfolding transitions of p13suc1 wild-type
and mutant proteins by GuHCl. (A) Steady-state fluorescence
intensity changes as a function of the denaturant concentration of
the wild type (0) and P90V (4), P92V (3), and P90V/P92V (O)
mutants using GuHCl. The protein (0.8µM) was dissolved in 50
mM Tris-HCl, pH 7.1, and 50 mM NaCl at 25°C. Emission spectra
were recorded exciting at 295 nm and using excitation and emission
slit widths of 2.5 nm. (B) Changes of theλmax of the emission
spectra of the p13suc1 proteins as a function of the denaturant
concentration. In the insert, the transitions obtained with the mutant
P92V by the changes of the center of mass (b) andλmax (3) are
shown. For comparison with the data presented in Table 1, the
relative center of mass recovered thermodynamic parameters were
the following: ∆G°0,un1 ) 6.89 ( 0.33 (kcal mol-1), mGuHCl1 )
3.59( 0.17 (kcal mol-1 M-1), andCm1 ) 1.92( 0.13 (M). In the
panels, solid lines represent the nonlinear least-squares fits of the
p13suc1 wild-type and single mutant data to a two-state equation
and that of the double mutant data to a three-state equation; the
dashed lines represent the results obtained with the double mutant
using a two-state equation, whereas the dotted line indicates the
result obtained using a three-state equation. With the cross symbols
are indicated the resulting fitting functions of the experimental data
analyzed as two independent two-state transition steps (model
“2+2” of Table 1).
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tive, the entire complex transition was considered as two
“independent” two-state transitions, and the [GuHCl] regions
(0-1.4 and 0.8-3.4 M) were separately analyzed. This
approach provided meaningful thermodynamic parameters
with Cmi comparable to those recovered by fluorescence
intensity measurements (Table 1). Thus, the information
provided by the precocious increase of the emissionλmax of
this double mutant is relevant. In the lower denaturant
concentration interval, it reported the contribution to the
unfolding process of an intermediate species with higher
accessibility of the tryptophan residues to the polar solvent.

Altogether, these results indicate that the Pro-90 residue
is the determinant for the domain swapping dimerization
mechanism and a crucial role is played by both of the proline
residues of theâ-hinge since their concomitant substitution
significantly affects the unfolding transition of p13suc1.

Time-ResolVed Fluorescence-Detected Equilibrium De-
naturation of Wild-Type and Mutant p13suc1 Proteins.In a
preceding report (35) the fluorescence decay of wild-type
p13suc1 under native conditions has been resolved in two
major decay components of 2.9 ns (τ2) and 6.0 ns (τ3) which
contributed 96% of the total emitted fluorescence (τ2 ) 32%;
τ3 ) 64%), with the residual fluorescence due to a fast
component of 0.6 ns (τ1). In addition, each fluorescence
lifetime spectral distribution (DAS) has been defined. The
value of this methodology for understanding the photo-
physical heterogeneity of proteins has been exhaustively
described (45, 50), and it has provided relevant information
to study the conformational dynamics and changes of the
local secondary structure of proteins in many biological
systems (51-54). Here, the DAS of the wild-type protein
and its mutants were resolved to define the nature of the
molecular contour of the tryptophan residues of each p13suc1

variant in its native state. An example of these data is
presented in Figure 5, where the recovered spectra for the
wild type and the double mutant are shown. In the absence
of significant changes of the recovered lifetime values (see

legend to Figure 5), they suggest that in the native state the
environment of the tryptophan residues was not significantly
affected by substitution of the prolines in theâ-hinge chain.

Table 1: Thermodynamics of the Equilibrium Unfolding Transition of the p13suc1 Proteinsa

protein model ∆G°0,un1 Cm1 mGuHCl1 ∆G°0,un2 Cm2 mGuHCl2

Changes of the Fluorescence Intensityb

wild type 2 7.34( 0.35 1.80( 0.12 4.08( 0.20
P90V 2 6.71( 0.18 1.96( 0.08 3.42( 0.10
P92V 2 7.16( 0.18 1.86( 0.10 3.85( 0.10
P90V/P92V 2 6.97( 0.81 2.04( 0.35 3.42( 0.41
P90V/P92V 3 1.25( 0.81 0.74( 0.70 1.70( 1.40 7.08( 1.02 2.08( 0.42 3.39( 0.46

Changes of the Fluorescenceλmax
c

wild type 2 7.36( 0.57 1.98( 0.21 3.72( 0.29
P90V 2 6.74( 0.90 1.90( 0.27 3.55( 0.48
P92V 2 7.28( 0.54 2.05( 0.20 3.55( 0.25
P90V/P92V 2 5.52( 0.40 1.67( 0.17 3.31( 0.25
P90V/P92V 2+2 3.86( 0.95 0.64( 0.22 6.05( 1.43 7.80( 0.81 1.88( 0.28 4.14( 0.44
a ∆G°0,uni (kcal mol-1 ), the free energy change of unfolding extrapolated to 0 M GuHCl concentration, andmGuHCli (kcal mol-1 M-1), the

dependence of∆G°uni on denaturant concentration, were obtained from the nonlinear least-squares fitting of the data presented in Figure 4. In the
table, according to the two-state transition N/ U (model 2) with∆G°0,un1 andmGuHCl1 are represented the relative parameters∆G°0,U/N andmU/N,
whereas according to the three-state transition N/ I / U (model 3) with∆G°0,un1, ∆G°0,un2, mGuHCl1, andmGuHCl2 are represented the relative
parameters∆G°0,I/N, ∆G°0,U/I, mI/N, andmU/I, respectively.Cmi (M), the GuHCl concentrations at half-denaturation, were obtained asCmi ) ∆G°0,uni/
mGuHCli. The errors in∆G°0,uni andmGuHCli were recovered from the nonlinear least-squares analysis; those inCmi were obtained from the relative
propagation of errors (46). b The changes of the fluorescence intensity as a function of the GuHCl concentration were measured by exciting the
samples at 295 nm and observing the emission at 338 nm and using excitation and emission slit widths of 2.5 nm each.c The changes in the
maxima of the tryptophan emission spectra were measured under the same conditions reported above. The contribution of the blank was subtracted
from the recorded spectra at all GuHCl concentrations. The emissionλmax (nm) for the native and the denatured states recovered from the nonlinear
analysis were as follows: wild type, 336.2 and 355.7; P90V, 336.0 and 355.3; P92V, 336.6 and 354.8; and P90V/P92V, 337.9 and 357.9. When
the complex transition of the double mutant was analyzed as two independent two-state transitions (model 2+2), the emissionλmax (nm) recovered
by the one-at-a-time fitting were as follows: first step, 335.9 and 340.1; and second step, 340.1 and 357.1.

FIGURE 5: DAS of p13suc1 wild type and P90V/P92V. DAS of
native wild-type (0) and P90V/P92V (O) p13suc1 (0.2 mg/mL in
50 mM Tris-HCl, pH 8.0, 2 mM EDTA, 20°C). Data were collected
using an excitation wavelength of 295 nm. The DAS were obtained
from the global analysis of multiple emission wavelength experi-
ments (16-24 data sets). With 1, 2, and 3 are indicated the spectra
(expressed asRiτi products) associated withτ1, τ2, and τ3,
respectively. The recovered decay parameters with the relative upper
and lower limits (at the 67% confidence level) of wild-type p13suc1

wereR1 ) 0.13 < 0.21 < 0.32,τ1 ) 0.42 < 0.76 < 1.24,R2 )
0.28< 0.36< 0.42,τ2 ) 1.97< 2.76< 3.87,R3 ) 0.26< 0.39
< 0.48,τ3 ) 5.43< 5.74< 6.18, whereas the recovered parameters
of P90V/P92V wereR1 ) 0.14< 0.20< 0.24,τ1 ) 0.14< 0.25
< 0.39,R2 ) 0.21< 0.25< 0.31,τ2 ) 2.31< 2.79< 3.40,R3 )
0.21< 0.29< 0.35,τ3 ) 5.28< 5.58< 5.95. Global reducedø2

ranged from 1.13 to 1.33.
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Upon denaturation of wild-type p13suc1, no significant
changes of the lifetimes were observed, with the decrease
of the fluorescence intensity that was assigned to a drop of
the amplitude of the long lifetime (R3) and a concomitant
increase of the amplitude of the medium (R2) and the short
lifetime (R1) (35). Thus, lifetime amplitudes were found as
reliable markers of the protein unfolding. Here, because of
the low relative yield of the shortest component (4%) and
the consequent higher variability associated to its amplitude,
we monitored the equilibrium denaturation of the p13suc1

proteins by examining the changes in the amplitudes of the
two major decay components,R2 andR3. In Figure 6, typical
experimental data recorded in the absence and in the presence
of three increasing GuHCl concentrations are shown together
with the plot of the relative weighted residuals obtained by
the analysis of the fluorescence decays as biexponential
function plus a scattering component. The results of the entire
array of the decay experiments collected as a function of

GuHCl concentrations are presented in Figure 7. They show
that the wild type and the single mutant P90/V share a similar
crossing point (0.5 M GuHCl) of theR2 andR3 amplitudes.
On the other hand, with P90V/P92V this event took place
at much lower GuHCl concentrations, confirming in the
nanosecond time domain that (1) the structural changes
involved affect the tryptophan environment and that (2) with
double mutation, considerable conformational degeneracy
was induced at very low levels of denaturant.

Structure Accessibility of Wild-Type and Mutant p13suc1

Proteins at Low GuHCl Concentration.Fluorescence quench-
ing measurements provide a tool to investigate the solvent
accessibility of intrinsic and extrinsic fluorophores in proteins

FIGURE 6: Time-resolved fluorescence decay of p13suc1 wild type
as a function of GuHCl concentration. (A) Typical fluorescence
decay data obtained at 25°C using an excitation wavelength of
295 nm (slit width of 32 nm) and observing the fluorescence
emission at 338 nm (slit width of 16 nm). The protein concentration
was 0.2 mg/mL in a buffer containing 50 mM Tris-HCl and 50
mM NaCl (pH 7.1) at 0 M (curve 1), 1.6 M (curve 2), 2.07 M
(curve 3), and 3.50 M (curve 4) GuHCl concentrations. The
calibration time for each channel was 0.103 ns. On theY-axis the
photon counts are reported in a logarithmic scale. With L the
instrument’s response function (lamp) is reported, whereas the
slower decaying noisy and noise-free solid curves represent the
experimental decay and the theoretical parameters convolved with
the lamp, respectively. Decay curves are reported normalized to
the maximum count peak of the experiment recorded in the absence
of GuHCl. (B) Plot of the weighted residuals obtained from the
analysis of the data reported above according to a biexponential
model plus a scatter component.ø2 from single decay curve analysis
ranged from 0.99 to 1.27.

FIGURE 7: Time-resolved fluorescence equilibrium denaturation of
p13suc1wild-type and mutant proteins. Plot of the recovered relative
amplitudes,R2 (O) andR3 (b), of the intrinsic fluorescence decay
of wild-type (A), P90V (B), and P90V/P92V (C) p13suc1 as a
function of GuHCl concentration. Decay curves were collected up
to 10 000 counts in the peak, and they were analyzed by the global
procedure by linking the lifetimes across the entire denaturation
transition.
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(42). According to the Stern-Volmer treatment of steady-
state fluorescence quenching data (see eq 1), a linear plot is
expected to describe purely collisional quenching processes,
and it reflects the existence of a population of fluorophores
with equivalent accessibility. Nonetheless, nonlinear plots
have been often described, and in the common case of a
downward curvature these graphs have been related to the
existence of multiple emitting species with distinct acces-
sibilities (i.e., tryptophan residues located in distinct regions
of the same protein or a mixture of proteins in solution with
significantly different solvent accessibility) (41, 42). In
addition, methods have been developed to separate the
specific contribution of each species to the overall quenching
process (41-43).

From the general representation of unfolding intermediate
states of globular proteins (i.e., a molten globule) (55), the
presence of highly solvent-accessible hydrophobic regions
would distinguish these states from the native structure. Here,
by fluorescence quenching measurements on the different
p13suc1products we aimed to unravel distinct protein acces-
sibilities and, in particular, to test by this technique the
formation, at low denaturant concentrations, of intermediate
states of the P90V/P92V mutant. Quenching experiments
were carried out at 1 M GuHCl and using KI as a quencher.
In the left and the right panels of Figure 8 the Stern-Volmer
plots obtained with the p13suc1 wild-type protein and its
variants are presented. The relative quenching constants
recovered by linear regression and nonlinear least-squares
analyses of the experimental data are shown in Table 2. As
reported in Figure 8, linear fits well described the collisional
quenching of the wild-type and the single mutant proteins.
The recovered quenching constants (KSV1) ranged from 1.8
to 2.3 M-1, in good agreement with the value of 2.09 M-1

previously measured by time-resolved techniques for the total
collisional quenching of p13suc1under native conditions (35).
Thus, the quenching of these p13suc1products was consistent
with the existence of a single population of protein molecules
with low solvent accessibility and nativelike structure.
However, the linear regression analysis was clearly inad-

equate to describe the collisional quenching of the double
mutant protein as shown by the dot-dashed line in the right
panel of Figure 8. A nonlinear approach was required to
accurately describe the data (solid line). In this case, the best
result was obtained by assuming a model of two species with
distinct accessibilities. According to this model, in the
presence of 1 M GuHCl, the intrinsic fluorescence quenching
of the double mutant P90V/P91V originated by the sum of
a 70% contribution of a low solvent-accessible species (KSV1

) 1.0 M-1) and a 30% contribution of a very high solvent-
accessible species (KSV2 ) 26.2 M-1). Interestingly, the latter
quenching constant was found to be very close to the value
measured under the same condition with melatonin (see insert
to Figure 8 and Table 2), a compound used as a model of
fully exposed tryptophan residues. Moreover, when the
graphs obtained with wild type and single mutants of p13suc1

were analyzed by the nonlinear method to test its accuracy,
the recovered quenching constants did not differ significantly
from the results obtained by the simple linear regression
method. As an example, the quenching parameters recovered
with wild-type p13suc1 are reported in Table 2.

FIGURE 8: Stern-Volmer plots of p13suc1wild- type and mutant proteins obtained in the presence of 1 M GuHCl. Steady-state fluorescence
intensity measurements were performed at 22°C using an excitation wavelength of 295 nm and observing the emission at 340 nm. The
protein samples (1µM) were dissolved in a buffer containing 50 mM Tris-HCl and 50 mM NaCl (pH 7.1), and small aliquots of KI (4 M)
were added by microsyringe. In the left and the right panels, the results obtained with P90V (∆), P92V (3), wild-type (0), and P90V/P92V
(O) p13suc1are presented, respectively. With the dashed lines are represented the results obtained by the linear regression fits and with the
solid lines are represented the results obtained by the nonlinear least-squares fits of the experimental data. The dot-dashed line represents
the results of the linear regression fit obtained with P90V/P92V. The quenching of melatonin measured under the same conditions is
reported in the insert of the right panel.

Table 2: Stern-Volmer Quenching Constants of the p13suc1

Proteins in the Presence of 1 M GuHCla

protein f1 KSV1 (M-1) f2 KSV2 (M-1)

wild typeb 1 1.75( 0.17
wild typec 0.94( 0.01 1.62( 0.03 0.06( 0.01 440( 597
P90Vb 1 2.34( 0.20
P92Vb 1 2.13( 0.20
P90V/P92Vb 1 2.05( 0.20
P90V/P92Vc 0.69( 0.03 1.01( 0.15 0.31( 0.03 26.16( 6.3
melatoninb,d 1 25.15( 0.10

a The quenching parameters reported refer to the experimental data
presented in Figure 8.b Linear regression analysis was used to fit the
data to eq 1 in terms of the collisional quenching of a unique species
with quenching constantsKSV1. c Nonlinear least-squares analysis was
used to fit the data to eq 2 in terms of the collisional quenching of
multiple species. In this approach, two species were assumed with
distinct quenching constants,KSV1 andKSV2 (see text).d Melatonin in
water (OD) 0.06) was used as a model compound for the quenching
of fully exposed tryptophan.
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We interpret the experimental evidence obtained with the
double mutant of p13suc1 in terms of the formation, at low
denaturant concentrations, of an unfolding intermediate state
with high solvent-accessible structural organization which
coexists in solution with a nativelike structural form.

DISCUSSION

CKS are small proteins which act at different stages of
the cell cycle. They appeared to be associated to CDK1/
CDK2 (11, 13, 15) and to influence crucial events in the
regulation of the biological function of these kinases. The
resolution of the structure of p13suc1 (22-24) has provided
new clues for understanding structure/function relationships
of CKS. In particular, apart from a “phosphate anion-
binding” site and a “hydrophobic patch” site that have been
suggested as potential sites for interaction with CDC2 (24)
and substrate recognition in the ubiquitin-mediated degrada-
tion of the cyclin B-CDC2 complex degradation (21), an
unusualâ-strand-exchanged dimer form has been revealed.
This structure has been found also in the human CKS
homologues (25, 26), and the dimerization reaction by arm
exchange has been referred to a domain swapping mecha-
nism.

Moreover, with resolution of the CDK2-CksHs1 complex
(27) it has been shown that the critical residues for the
structural interactions in kinase binding are invariant within
the CKS protein family and, conceivably, the structure of
CksHs1 bound to CDK2 can be expected to be representative
for both human and yeast CKS proteins. Remarkably, it has
been described that, with dimerization and extension of the
â-hinge, the crucial CKS residues are moved apart from
interacting with the complement side chains on CDK2.

In the present work we have studied the effects of
replacement of the proline residues of theâ-hinge conserved
sequence, HxPEPH, on the protein oligomerization and
unfolding transition by integrated mutagenesis and biochemi-
cal and biophysical approaches. Moreover, it has been
pointed out by Bergdoll et al. (28) that the presence of a
pair or a triplet of prolines separated by one residue may
represent a conserved sequence motif among arm-exchanged
proteins (i.e., SV40, Cks, and aspartate aminotransferase).
For this reason, the effect of the associated substitution of
both of the proline residues has been also analyzed in the
study.

Oligomerization of the p13suc1 Wild-Type Protein and Its
Variants. The results presented here using valine to replace
theâ-hinge’s proline residues are in excellent agreement with
the alanine-screening study previously described by Rousseau
et al. (31) where the determinant role of Pro-90 on p13suc1

dimerization by domain swapping was first reported. Ana-
lytical size-exclusion runs on the P90V mutant (Figure 3)
unambiguously substantiated this finding.

Equilibrium Denaturation of the p13suc1Wild-Type Protein
and Its Variants. The fluorescence-detected denaturation
curves and thermodynamics obtained with the wild-type
protein and its single mutant variants have not shown
remarkable differences within error (Figure 4 and Table 1),
and these transitions could be strictly described by a two-
state model. From this evidence it can be concluded that
single substitutions of theâ-hinge proline residues do not
affect the cooperative character of the denaturation reaction

and the recovered transitions can be appropriately described
in terms of a simple equilibrium between two protein
populations with native and denatured structures, as a
function of GuHCl concentrations.

Notably, a different unfolding process was observed when
both of the proline residues were replaced and the P90V/
P92V mutant’s denaturation curve was best fitted by a
multistate transition model. This result is consistent with the
formation of an unfolding intermediate state at low denaturant
concentrations. More important, it also indicates that, in CKS,
structural fluctuations and heterogeneity may be constrained
by the coordinate role of Pro-90 and Pro-92.

Although the actual structure of partially folded states of
globular proteins can be extremely variable (from compact
intermediate, as the “molten globule”, to entirely unfolded),
the existence of solvent-accessible hydrophobic regions is
commonly regarded as a signature of unfolding intermediate
states (55). Leading from this concept, in the present paper
some experiments have been designed to possibly distinguish
the characteristic solvent accessibility and polarity of the
tryptophans’ environment of the double mutant from that of
the single mutants and the wild-type p13suc1 proteins.

In addition to the changes of the fluorescence intensity
(Figure 4A), denaturation curves were traced also by
recording the changes of the emissionλmax (Figure 4B). By
testing different simulation models and using photophysical
arguments, Eftink (49) delineated potential pitfalls in moni-
toring unfolding transition in proteins. In particular, he
pointed out that when the quantum yields of the native and
the unfolded states differ significantly, then the emission
spectrum of the state with a higher quantum yield will
dominate and the apparentλmax is skewed toward this state.
The fluorescence properties of p13suc1 under native and
denatured conditions (35) closely resembled the case II
simulation model presented by Eftink (49). In this situation
the quantum yield of the native state strongly dominates the
quantum yield of the unfolded state and changes of the
apparentλmax trace transition curves that are shifted to higher
denaturant concentrations (i.e., higherCm are recovered). In
this respect, the experimentalCm values obtained with wild
type and P92V reported in Table 1 and their relative changes
obtained using the different fluorescence methods are in
excellent agreement with the simulations discussed by Eftink
(49). More important, in the absence of significant changes
of the relative quantum yields of P90V/P92V, these consid-
erations further stress the actual structural meaning of the
shift to lower [GuHCl] of theCm calculated with this mutant.
It indicates that upon double mutation a protein species with
lower stability and increased polarity of the tryptophan
residues’ environment is formed.

This result can be relevant for understanding the overall
structural organization of p13suc1and CKS proteins in general.
Thus, to further investigate the effect of double substitution
and possibly confirm the specific induction of an intermediate
state, the unfolding reaction of the p13suc1 proteins was
assessed by time-resolved fluorescence techniques. Under
native conditions, none of the different substitutions modified
the basic spectral features of the DAS resolved with the wild-
type protein (Figure 5). On the other hand, upon the
denaturant perturbation and using the changes of the intrinsic
fluorescence decay amplitudes (R2 and R3) of the p13suc1

proteins as “markers” of unfolding (35), a significant
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deviation of the data obtained with P90V/P92V from the data
obtained with wild-type and single mutant proteins was
observed (Figure 7). Namely, the increase ofR2 and the
decrease ofR3 took place at a much lower denaturant
concentration. Hence, in good agreement with the steady-
state measurements, the resolution of dynamics parameters
in the nanosecond time scale has confirmed the relevant
structural role of the proline pair and how, solely, their
associate replacement affects the whole CKS protein stability.

Moreover, as mentioned under the Results section, changes
of the preexponential terms of the emission decay of
tryptophan have been used to study structural properties of
proteins in biological systems as different as isolated
molecules (52, 53) and protein-DNA (54), and peptide-
lipid membrane (55) complexes. In general, changes of the
fluorescence lifetime amplitudes can be regarded as a change
of the contribution of distinct rotamer populations (conform-
ers) (52, 53) or as a change of the contribution of a specific
tryptophan residue to the overall protein conformation. With
p13suc1, it has been shown previously that the intrinsic emitted
fluorescence is dominated by the contribution of the two
tryptophan residues, and the more realistic explanation of
its multiexponential decay is a simple two-compartment
heterogeneity model (35). In addition, the amplitudeR2 was
assigned to Trp-82 and the amplitudeR3 was assigned to
Trp-71. These two aromatic residues are located at the NH2

extreme ofâ-strand 3 and at the COOH extreme ofR-helix
3, respectively. Therefore, it appears that modifications on
the â-hinge sequence can affect the structural stability and
organization of peptide chains several residues apart. In
particular, lifetime tryptophan residue assignments (35) took
advantage also of the location of Trp-82 inside the phosphate
anion-binding site (24). Thus, it would be tempting to
postulate thatâ-strand organization affects the tridimensional
structure of such a biologically relevant site of CKS.

Steady-State Fluorescence Quenching Measurements and
Structure Accessibility of the p13suc1Wild-Type Protein and
Its Variants. Fluorescence quenching techniques can provide
the quantitative resolution of diffusional rates and useful
information on the solvent accessibility of proteins (42).
Here, Stern-Volmer plots were obtained at 1 M GuHCl to
compare and evaluate the accessibility of the p13suc1proteins
to a soluble quencher (KI). Yet, the linear graphs obtained
with p13suc1 wild-type and the single mutant products are
consistent with the existence in solution of homogeneous
populations of proteins species with nativelike solvent
accessibilities (Table 2). Interestingly, a different result was
obtained with the double mutant, and a significant deviation
from linearity of the Stern-Volmer plot was observed
(Figure 8). In the absence of changes of the recovered
lifetimes in the presence of 1 M GuHCl, the Stern-Volmer
constant can be approximate to diffusional accessibilities.
Thus, the results presented are consistent with the assignment
of a state with low solvent accessibility to a nativelike protein
species and a state with higher solvent accessibility to an
intermediate unfolding species. Moreover, the comparison
of theKSV quenching constant of the accessible species with
the quenching constant of free melatonin in solution revealed
that likely the tryptophan residues in the intermediate state
are completely exposed to the solvent. For a protein of small
dimension as p13suc1, this is not a surprising result, and it
may suggest that upon substitution of both Pro-90 and Pro-

92 either a compact molten globule or a partially unfolded
intermediate state is induced.

In the presence of multiple tryptophan residues and
complex fluorescence decays of proteins, the relation between
the accessible fraction obtained by steady-state measurements
and its meaning in terms of actual protein concentration is
not straightforward; for this reason a rigorous thermodynamic
description of the quenching data cannot be presented.
Nonetheless, from our results it seems that relevant informa-
tion can be obtained on protein accessibility by the combina-
tion of fluorescence quenching measurements and denaturant
perturbations. In the present study we performed steady-state
measurements, and for our purposes a single denaturant
concentration was tested. In fact, quencher molecules’
diffusion can be measured across an entire titration curve,
and changes of the characteristic accessibility can be searched
along the full transition of a protein from the native state to
the unfolded state. In addition, time-resolved studies can be
performed to recover directly diffusional rates, and in
favorable cases, experiments can be designed to separate and
probe the accessibility of distinct tryptophan residues.

The structural information provided by the present study
can be combined with the evidence coming from previous
protein engineering studies (32) and molecular dynamics
simulations (33) on p13suc1 folding pathways to reach a
comprehensive description of the role of Pro-90 and Pro-92
on local domain folding, hinge/arm interactions, and global
p13suc1structure. Indeed, from unfolding kinetics studies and
computational folding simulation trials it was concluded that
(1) p13suc1 folds by a nucleation-condensation mechanism,
(2) strandâ4 forms an integral part of the folding nucleus,
and (3) arm-exchange and subunit association is an early
event in the folding reaction. Here, on one hand it has been
presented that Pro-90 is a determinant by itself in arm
exchanging and we propose that one role of residue Pro-90,
independent by Pro-92, is crucial in the early dynamics of
the folding process and it is related to localâ4 arrangements
(i.e., folded/extended) which drive the monomer/dimer
separation. On the other hand, equilibrium denaturation
studies on the double site mutant have indicated the existence
of a combined role of residues Pro-90 and Pro-92 on p13suc1

structure. It appears that relevant interactions for proper
monomer structure and stability are affected. In this form,
the insertion ofâ4 betweenâ3 andâ2 is a peculiar feature
of the p13suc1 â-domain organization. This stable core has
been suggested to be relevant in the overall assembling of
CKS proteins (32, 33), and it is feasible that hinge destabi-
lization, due to double mutation, allows resolution of some
aspects of this process. According to this view, the coordi-
nated molecular role of the two hinge proline residues is
effective at late stages of the folding pathway of p13suc1, in
a process that drives the final refinement of tridimensional
organization and stability.

Yet, as previously mentioned, fluorescence-detected de-
naturation reports processes uniquely related to changes of
chain interactions which affect the tryptophan residue
environment. For a protein of the size of p13suc1 this
limitation may be negligible. Nonetheless, it must be noticed
that tryptophan-excluded intradomain interactions may elude
intrinsic fluorescence detection and conceal a significant part
of the process (i.e., p13suc1undergoes an unfolding coupled
process). According to this hypothesis, the two-state unfold-
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ing transitions recorded with wild type and single mutants
could be apparent, with the actual unfolding process that
proceeds via destabilization of intradomain interactions
followed by cooperative global unfolding. In this respect,
double mutation and hinge destabilization would have
revealed the “elusive” part of the coupled process.

In conclusion, the results obtained in this study by gel
filtration methods on the single mutant proteins are in
agreement with a primary role of Pro-90 on p13suc1 dimer-
ization by domain swapping. In addition, to our knowledge
the potential effects of a double mutation of theâ-hinge
proline residues on the whole structural organization of CKS
were not raised and tested before. In this respect the data
obtained with the double mutant P90/P92V have provided
novel information on the role and the significance of proline’s
repeat motifs in proteins and, in particular, in the stabilization
of crucial â-strands of CKS.

In the end, although the understanding of the actual
molecular role of each proline residue may require further
investigation supported by specific experimental designs at
atomic resolution (i.e., X-ray and NMR), the results obtained
revealed significant information on the p13suc1structure and
oligomerization mechanism.
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