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Abstract: To probe the conformational requirements of loop 1 in the Pin1 WW domain, the residues at thei
+ 2 and i + 3 positions of aâ-turn within this loop were replaced by dPro-Gly and Asn-Gly, which are
known to prefer the conformations required at thei + 1 andi + 2 positions of type II′ and type I′ â-turns.
Conformational specificity or lack thereof was further examined by incorporating into thei + 2 and i + 3
positions a non-R-amino acid-basedâ-turn mimetic (4-(2′-aminoethyl)-6-dibenzofuran propionic acid residue,
1), which was designed to replace thei + 1 andi + 2 positions ofâ-turns. All these Pin WW variants are
monomeric and folded as discerned by analytical ultracentrifugation, NMR, and CD. They exhibit cooperative
two-state transitions and display thermodynamic stability within 0.5 kcal/mol of the wild-type WW domain,
demonstrating that the acquisition of native structure and stability does not require a specific sequence and, by
extension, conformation within loop 1. However, it could be that these loop 1 mutations alter the kinetics of
antiparallelâ-sheet folding, which will be addressed by subsequent kinetic studies.

Introduction

Engineeringâ-sheet proteins to understand their stability and
mechanism of folding is an area of considerable recent interest.1

The general lessons learned from analysis of protein-based data,
such asâ-sheet propensities and preferences for interstrand
residue pairings, have been valuable tools in these efforts.2 It
has become clear, however, that the roles of loops (or reverse
turns) inâ-sheet folding have to be defined separately for each
individual system.3 In some cases, they are essential for the
nucleation and stability ofâ-sheets4,5 while in others, they are
simply flexible linkers between modules of secondary structure;6

clearly, their role is context-dependent.4 The issue of loop

importance has usually been addressed in the context of either
full proteins or minimalâ-hairpin peptides.3,4 A bridge between
the complexity of the former systems and the simplicity of the
latter areâ-sheet mini-proteins.â-Sheet mini-proteins are ideal
model systems for the study ofâ-sheet folding in general and
the role of loops specifically.7 Unlike full proteins, they are
readily accessible by both routine solid-phase peptide synthesis
and recombinant approaches, and unlikeâ-hairpin peptides
(whose folding is only weakly cooperative8) they exhibit
cooperative transitions between the folded and unfolded states
that facilitate detailed kinetic and thermodynamic analysis.

In our continuing efforts to understandâ-sheet folding, we
have chosen to studyâ-sheet mini-proteins derived from WW
domains, named after the two conserved tryptophan residues
in this family of domains with over 200 members.9 WW
domains are structural motifs found in many multidomain
proteins. They bind proline-rich ligands and are often involved
in protein-protein interactions.9 Here we examine theâ-sheet
mini-protein derived from the N-terminal WW domain (residues
6-39) of Pin1 (human rotamase or peptidyl-prolylcis-trans
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isomerase), a mitosis cell cycle regulator.10 The crystal structure
of Pin1 has been solved to 1.35 Å resolution.11 The portion of
the structure corresponding to its N-terminal WW domain is
shown in ribbon diagram format in Figure 1. The WW domain
folds into a three-stranded antiparallelâ-sheet conformation with
two loops, one consisting of six residues (loop 1, Ser16-Arg
21), and aπ loop consisting of four residues (loop 2, His27-
Asn30).12 The wild type WW domain of Pin1 is independently
folded, is stable (∆Gunfolding ) 3.3 kcal/mol), and exhibits a
sigmoidal unfolding curve upon thermal and chaotropic dena-
turation (vide infra). With this in mind, we set out to explore
the possibility of reengineering the loop segments to determine
their roles in its folding. However, it was evident from the crystal
structure of the full protein that loop 2 is in proximity to the
other domain of Pin1 (the PPIase domain), whereas loop 1 is
solvent-exposed. Because packing may influence the conforma-
tion of loop 2 observed in the crystal structure, we chose to
focus our efforts on loop 1. Figure 2 shows the conformation
of the residues in and around loop1, while Table 1 lists the

correspondingφ, ψ angles. Residues S16 through S19 form a
type II â-turn centered around R17 (i + 1) and S18 (i + 2)
within the loop. This is apparent both from theφ, ψ angles
(compare to the expected values ofφi+1 ) -60°, ψi+1 ) 120°
andφi+2 ) 80°, ψi+2 ) 0°) and from the hydrogen bond between
the CO of S16 (i) and the NH of S19 (i + 3). Following thei
+ 1 and i + 2 residues of this type IIâ-turn are S19 in an
extended (ε) conformation, G20 in a conformation that does
not fall into any of the standardφ, ψ regions, and R21 which
resumes the sheet. These last residues confer upon the loop an
overall conformation that is not commonly observed in the loops
of other proteins. To test the necessity or lack thereof of this
conformation and its role in WW stability, we sought to replace
the i + 2 andi + 3 residues of theâ-turn (S18 and S19) with
dipeptide sequences that have known preferences to adopt
dissimilar conformations, that is, conformations typically adopted
at thei + 1 andi + 2 positions of aâ-turn. We expected such
substitutions to have one of two possible effects on the structure
and stability. If the loop requires a defined conformation, then
the substitutions should be very disruptive to the structure, and
the mutant mini-proteins should be much less stable than the
wild type, if they are folded at all. If a specific loop conforma-
tion is not required forâ-sheet structure, then it ought to be
able to accommodate the substitutions without undue strain, and
the mutants should have stabilities comparable to those of the
wild type. The dipeptide residues chosen for this substitution
experiment were dPro-Gly and Asn-Gly. These are well-known
to adopt the conformations required by thei + 1 and i + 2
residues of type II′ and type I′ â-turn conformations, respec-
tively, and they have both been used extensively in the design
of â-hairpin peptides.13,14

In addition, the conformational requirements of loop1 could
also be evaluated by incorporating one of the non-peptide
scaffolds that have been used to induceâ-hairpins in short
peptides.15 We have chosen to work with the 4-(2′-aminoethyl)-
6-dibenzofuranpropionic acid residue (1), designed to replace
the i + 1 andi + 2 residues of aâ-turn. Thisâ-turn mimic has
been shown by our group to promoteâ-hairpin formation in
short peptides.16 It has also been incorporated in place of thei
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Figure 1. Ribbon diagram of the polypeptide backbone of the isolated
WW domain from Pin1. The figure was prepared using MOLMOL29

based on the coordinates from the X-ray structure of Pin.11

Figure 2. Ball-and-stick representation of the residues forming loop
1 and their conformation in the Pin1 WW domain. This Figure was
designed using MOLMOL24 and does not depict the entire side chain.

Table 1: Backbone Dihedral Angles (φ, ψ) of Residues S16-R21
Forming Loop 1

residue φ (deg) Ψ (deg)

S 16 -68.59 -140.22
R 17 -65.22 139.93
S 18 62.92 26.81
S 19 -148.64 173.18
G 20 -107.77 9.08
R 21 -74.80 114.20
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+ 1 andi + 2 residues in the turn region of two small proteins
where it was found to be compatible withâ-sheet structure,
although the folds were slightly destabilized relative to the
R-amino acid based sequence.17 In peptideâ-hairpins1 functions
optimally as aâ-turn inducer when flanked by hydrophobic
residues. Here, it is flanked by Arg and Gly residues, hence it
is not clear whether the dibenzofuran ring is oriented perpen-
dicular to theâ-sheet interacting with the N-propyl substructure
of the Arg residue or whether it is in an extended conforma-
tion.16 Either of these low energy conformations should impart
strong conformational constraints on the loop, and thus suit the
requirements of this study. Similar to the dPro-Gly and Asn-
Gly substitutions, the constraints introduced by the dibenzofuran
turn mimic into loop 1 should disrupt the structure if the loop’s
conformational requirements are rigid.

Results

The wild-type WW domain was made recombinantly using
the GST-Pin(6-39) fusion protein as described in the Experi-
mental Section, while the three mutants discussed above were
chemically synthesized by a solid-phase peptide synthesis
strategy using Fmoc chemistry. All of their sequences are shown
below. The recombinant Pin WW domain has two additional
residues (Gly and Ser) at the N-terminus which resulted from
proteolytic cleavage of the GST-Pin(6-39) linker peptide. The
â-turn mimic (1) was synthesized using methods developed by
our group.18 Its incorporation in the protein was carried out by
manual manipulation of the resin bound peptide as described
in the Experimental Section.

The thermodynamic analysis of these mini-proteins requires
that they be both monomeric and stable. The former issue was
addressed by sedimentation equilibrium analytical ultracentrifu-
gation (AUC). The AUC data were obtained for each mini-
protein (40µM) in phosphate buffer at pH 7.0. Each set of data
was fit to a single ideal species model (see Supporting
Information); the molecular weights obtained from the fits were
comparable to the theoretical masses of the monomers in every
case. This, together with the small, randomly distributed
residuals19 indicates that all of the mini-proteins were mono-
meric in aqueous solution, including the wild-type sequence.
In addition, the tendency or lack thereof of Pin WT to associate

at higher concentrations was assessed by variable concentration
CD spectroscopy. The CD spectrum of Pin WT does not change
over the concentration range from 40 to 200µM, indicating
that it remains monomeric over this range. The issue of whether
these domains are folded was addressed by CD and NMR
spectroscopy. The far-UV CD spectra measured at 4°C of the
three Pin mutants in comparison to the WT domain are shown
in Figure 3. Each of these has a prominent positive band at 227
nm, most likely attributable to aromatic contributions to the far-
UV CD spectrum (as was shown previously using W to F
mutants of the hYap WW domain20a,b). While this does not
resemble the commonly accepted CD spectrum ofâ-sheets,
which has a minimum at 215-218 nm, this feature seems to
be common to WW domains, since it has been observed in the
hYap WW domain as well.20a The amide/aromatic and upfield
regions of the NMR spectra of the three Pin mutants were
recorded and compared to that of the wild type at 4°C (Figure
4). In all four cases, the signals are well dispersed, with a number
of peaks appearing downfield of 8.5 ppm, similar to the hYap
WW domain NMR spectrum.20aThe CD and NMR spectra show
that Pin-NG and Pin-DBF are folded, and that their fold is
similar to that of the wild-type mini-protein (the NMR structure
of which has been recently determined by our group in the
absence of the ligand,21 providing further evidence for the lack
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Figure 3. Far-UV CD spectra of 40µM solutions of the WW domains
in 10 mM sodium phosphate buffer (pH 7.0) at 4°C.

Figure 4. 1H NMR spectra of 500µM solutions of the WW domains
(A) Pin-DBF, (B) Pin-dPG, (C) Pin-NG, and (D) Pin-WT. Spectra were
acquired at 600 MHz in 90% H2O buffered with 50 mM sodium
phosphate (pH 6.2), 10% D2O at 5°C.
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of assembly at higher concentration). For Pin-dPG, the presence
of additional weak resonances between 9 and 10.5 ppm may
result from a small population of an alternatively folded WW
domain, possibly due tocis-trans-proline isomerization. Oth-
erwise, its CD and NMR spectra indicate that the dominant
species has the same fold as the Pin-WT.

A variety of spectroscopic methods (far- and near-UV CD,
fluorescence) were used to characterize the folding thermody-
namics of each Pin WW domain variant. In all four cases,
thermal unfolding was measured through the temperature range
of 2-98 °C by monitoring the CD ellipticity at 227 nm. The
thermal denaturation profiles in terms of the fraction unfolded
are shown in Figure 5, and theΤm’s obtained by fitting the data
to a two-state model (see Experimental Section) are recorded
in Table 2. The CD spectra measured at 2°C before heating
and after cooling were identical except for a slight loss in
ellipticity, as has been observed in studies of the hYap WW
domain (data not shown).20a In addition to thermal unfolding,
GuHCl-induced unfolding (4°C) of all sequences was monitored
by CD ellipticity at 227 nm. The chaotropic denaturation
profiles, in terms of the fraction unfolded, are shown in Figure
6. These data were analyzed as described in the Experimental
Section, and the resulting free energies of unfolding at 4°C
are listed in Table 2.

Since these mini-proteins have conserved tryptophan residues,
fluorescence emission spectroscopy can be used to monitor
changes in their tertiary structure upon unfolding, complement-
ing the changes in secondary and tertiary structure monitored
by CD. The emission maxima of tryptophan residues in proteins
red shift as a protein is unfolded because the polarity of their
environment increases. The intensity can either increase or
decrease as quenching can be less or more efficient when
tryptophan is solvent-exposed. The fluorescence emission
spectra of native Pin-WT, Pin-NG, and Pin-dPG were similar
to each other and to that of the hYap WW domain20a with an
emission maximum at 342 nm (excitation at 295 nm, see inset

to Figure 7). The GuHCl-induced denaturation curves at 4°C
for Pin-WT, Pin-NG, and Pin-dPG were measured by monitoring
the decrease in fluorescence intensity at 342 nm. These are
shown in Figure 7, and as with the data in Figure 6, they were
analyzed as described in the Experimental Section, and the
resulting∆G values at 4°C are listed in Table 2.

The Pin-DBF mutant could not be studied by fluorescence
because the dibenzofuran substructure contributed to the spec-
trum and overwhelmed the signal from the tryptophans (data
not shown). Therefore, instead of using fluorescence, we used
near-UV CD to monitor changes in tertiary structure. The near-
UV CD of Pin-DBF showed a positive peak at 269 nm (see the
inset to Figure 8) similar to that of the WT (data not shown).
This wavelength was used to monitor the thermal denaturation
under conditions analogous to those used for far-UV CD (Figure
8). The data were fit as before to eq 1, and theTm is listed in
Table 2.

Discussion

The unfolding transitions for Pin-dPG, Pin-NG and Pin-DBF
are rather broad, as expected because such a short sequence
should have a small∆Sand∆Cp of unfolding.22 Nevertheless,
the clearly sigmoidal shape of their thermal and chaotropic
denaturation curves indicates substantial cooperativity very
similar to that exhibited by the wild-type Pin domain. There
are also strong indications from the plots in Figure 9 that these
transitions involve only a native state and an unfolded state.

(22) Alexander, P.; Fahnestock, S.; Lee, T.; Orban, J.; Bryan, P.
Biochemistry1992, 31, 3597-3603.

Figure 5. Thermal denaturation profiles in terms of fraction unfolded
for the WW domains as monitored by far-UV CD at 227 nm. The
protein concentration was 40µM in 10 mM sodium phosphate buffer
(pH 7.0), and the samples were heated from 2 to 98°C with 10 min
equilibration time at each new temperature.

Table 2: Thermodynamic Parameters for the Equilibrium
Unfolding of the Wild-Type Pin1 WW Domain and Its Variants

Τm (°C)
∆Gunfolding (kcal/mol) at 4°C
from GuHCl denaturation

protein far UV-CD near UV-CD far UV-CD fluorescence

Pin-WT 58.0( 0.2 - 3.3( 0.1 3.4( 0.2
Pin-NG 54.4( 0.2 - 2.8( 0.1 2.8( 0.2

Pin-dPG 54.8( 0.6 - 3.5( 0.2 3.7( 0.1
Pin-DBF 48.2( 0.3 48.1( 0.2 3.6( 0.1 -

Figure 6. GuHCl-induced denaturation curves at 4°C showing fraction
unfolded for the WW domains (5µM) in 10 mM sodium phosphate
buffer (pH 7.0) as monitored by far-UV CD at 227 nm.

Figure 7. GuHCl-induced denturation profiles at 4°C for wild-type
WW and variants thereof (2µM) in 10 mM sodium phosphate buffer
(pH 7.0) monitored by fluorescence intensity at 342 nm. A representa-
tive emission spectrum of the WW domain and the mutants at 4°C
(excitation at 295 nm) is shown in the inset.
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Figure 9a,b,c shows the superimposition of the chaotrope-
induced denaturation as monitored by far-UV CD and fluores-
cence for the wild type (Pin-WT), Pin-dPG and Pin-NG mutants,
respectively. A similar plot is shown in Figure 9d for the thermal
unfolding of the Pin-DBF mutant with the far- and near-UV
CD data. The superimposition of unfolding curves obtained from
different spectroscopic methods such as far-UV CD and
fluorescence or far- and near-UV CD shows that the unfolding
of the secondary and tertiary structure is coincident in the wild
type and each variant. Since there are no detectable intermediates
in which secondary structure is retained while tertiary structure
is lost (or vice versa), the unfolding transition is most likely
two-state. Kinetic studies on the Pin-WT confirms this expecta-
tion.23

Given that the unfolding of all of the Pin WW variants is
both cooperative and apparently two-state, the thermodynamic
data in Table 2 can now be interpreted in terms of the
conformational requirements of loop 1. All of the mutants
exhibit resistance to thermal denaturation comparable to the
wild-type Pin WW domain. TheTm values range over only 10
°C, from 58 °C for the wild type to 48˚C for the Pin-DBF
mutant, with the dPG and NG mutants falling in between. The
stabilities of the mutants with respect to chaotrope denaturation
are within 0.5 kcal/mol of the wild type, with the DBF and
dPG mutants exhibiting slightly increased stability. As was noted
above, the introduction of the dipeptides dPro-Gly and Asn-
Gly into positions 18 and 19 should have resulted in dramatically
altered stability of the mini-protein if the loop had specific
conformational requirements; however, this was not observed.
The conformational preferences introduced into loop 1 by dPro-
Gly and Asn-Gly were easily accommodated, without major
disruptions in stability or structure in comparison to that in the
wild-type protein, as determined by NMR. The introduction of
the non-peptidic turn template1 should be an even stronger
test of the conformational requirements in and around the loop.
Pin-DBF is in fact the least resistant variant to thermal
denaturation, itsTm being significantly (10°C) less than the
WT. However, its stability measured in chaotropes by the linear
extrapolation method is greater than that of the rest of the
variants. This again shows that the loop’s conformational
requirements are flexible enough to accommodate this (i + 1)-
(i + 2) â-turn dipeptide mimetic in place of thei + 2 andi +

3 positions of theâ-turn that exists within the loop 1, although
at the expense of thermal stability.

In conclusion, the Pin1 WW domain is independently folded
and stable with a wide variety of sequences incorporated into
loop 1. This demonstrates that thermodynamic stability does
not require a specific loop 1 sequence and therefore a specific
conformation. However, it does not mean that the loop sequence
is not important for folding; these variants could exhibit
dramatically altered folding rates, implying its importance in
transition-state structure. Aφ value analysis will be carried out
on these variants to address this possibility experimentally.20c

Experimental Section

The wild-type WW domain was made recombinantly. The gene
sequence encoding residues 6-39 was amplified by PCR starting from
a plasmid encoding the full-length Pin1-rotamase (vector kindly
provided by M. Verdecia and Dr. J. Noel, The Salk Institute, La Jolla,
CA) and cloned into the commercially available expression vector
pGEX-2T (Pharmacia). The GST-fusion protein thus obtained was then
expressed and purified as described previously for the hYap WW
domain.20a,b Typical yields were about 2 mg/L culture. The purified
WW domain was dialyzed against 10 mM sodium phosphate buffer
(pH 7.0) and stored at 4°C until used. Protein identity and homogeneity
was analyzed by electrospray ionization mass spectrometry (ESI-MS;
expected mass) 4167.6; observed) 4167.2) as summarized below
and reverse phase HPLC, respectively. The WW mutants studied were
chemically synthesized using an ABI 433A peptide synthesizer (Applied
Biosystems Inc., Foster City, CA). Reagents used for peptide synthesis
were purchased from Fisher, Aldrich, or Applied Biosystems Inc, except
that Fmoc-protected amino acids and Wang acid resin were acquired
from Novabiochem (Calbiochem-Novabiochem Corp., La Jolla, CA).
All materials were used without further purification. The dibenzofuran-
based amino acid template, 4-(2′-aminoethyl)-6-dibenzofuranpropionic
acid (1) was synthesized as described previously.17 High performance
liquid chromatography (HPLC) was carried out using a Waters 600E
multisolvent delivery system (Waters Corporation, Milford, MA)
equipped with either a Waters 2487 dual absorbance detector or a
Waters 486 tunable absorbance detector. VYDAC C18 protein and
peptide reverse phase columns were used with flow rates of 1 and 10
mL/min for analytical and preparative HPLC, respectively. Linear
gradients of two solvent mixtures, solvent A (95% water, 4.8%
acetonitrile, 0.2%TFA) and solvent B (95% acetonitrile, 4.8% water,
0.2%TFA) were used for analysis and purification. Typically, chro-
matography was monitored by absorbance at 214 and 280 nm.
Thermodynamic studies were carried out in 10 mM sodium phosphate
buffer (pH 7.0). Concentrations were determined spectrophotometrically
using ε280 ) 13940 Μ-1 cm-1 (for Pin-NG, Pin-dPG, Pin-WT) as
calculated using the method of Edelhoch.24 For Pin-DBF the extinction
coefficients of the protein and DBF25 were added to yieldε280 ) 31737
Μ-1 cm-1.

Peptide Synthesis.The Pin mutants were synthesized by solid-phase
peptide synthesis utilizing Fmoc chemistry. The side chain-protected
amino acids used were Fmoc-Arg(Pbf)-OH, Fmoc-Asp(tert-Butyl)-OH,
Fmoc-Asn(Trt)-OH, Fmoc-His(Trt)-OH, Fmoc-Gln(Trt)-OH, Fmoc-
Glu(tert-Butyl)-OH, Fmoc-Lys(t-Boc)-OH, Fmoc-Ser(tert-Butyl)-OH,
Fmoc-Thr(tert-Butyl)-OH, Fmoc-Trp(t-Boc)-OH, and Fmoc-Tyr(tert-
Butyl)-OH. The synthesis was initiated using preloaded Fmoc-Gly on
a Wang resin (0.1 mmol/g), and the chain extension was accomplished
on the automated synthesizer using the standard Fmoc-based FastMoc
coupling chemistry provided by the system’s software. Briefly, the
coupling reactions were carried out inN-methylpyrrolidone (NMP)
using 10 equiv of amino acid and the activating agents (2-(1H-
benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (10
equiv) and 1-hydroxybenzotriazole (10 equiv) in the presence of
diisopropylethylamine (10 equiv). The N-terminal Fmoc deprotection
was achieved using 20% piperidine in DMF for 30 min. The template

(23) Jager, M.; Nguyen, H.; Crane, J.; Kelly, J. W.; Gruebele, M.
Manuscript submitted.

(24) Edelhoch, H.Biochemistry. 1967, 6, 1948-1954.
(25) Bekele, H. Ph.D. Dissertation, Texas A & M University, August,

1999.

Figure 8. Thermal denaturation profile showing the fraction of Pin-
DBF unfolded as a function of temperature monitored by near-UV CD.
The protein sample (150µM) in 10 mM sodium phosphate buffer (pH
7.0) was heated from 2 to 98°C with a 10 min equilibration time at
each new temperature. A near-UV CD scan of a 150µM solution of
Pin-DBF in 10 mM sodium phosphate buffer at 2°C is shown in the
inset.
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1 (1.2 equiv) was incorporated manually using 1.2 equiv of the
activating agents HBTU/HOBT in DMF (2 mL) in the presence of 2.2
equiv of diisopropylethylamine (2 M in NMP). The coupling was carried
out for 24 h before loading the resin back on the synthesizer for further
extension of the peptide chain. The final deprotection and cleavage
was achieved by shaking the resin-bound peptide (100 mg) with the
cleavage mixture of TFA (2 mL), water (100µL), thioanisole (100
µL), m-cresol (100µL), and ethanedithiol (50µL) for 2 h.26 The resin
was filtered off, and the filtrate was forced through a frit into cold
tert-butylmethyl ether, causing the polypeptide to precipitate. The
precipitate was centrifuged and washed several times withtert-
butylmethyl ether. The dried solid was dissolved in water and then
loaded onto a preparative HPLC for purification using a linear gradient
of 20-80% B. The HPLC fractions were collected and analyzed by
ESI-MS to confirm the products. A brief summary of this characteriza-
tion is shown below:

Acetonitrile and traces of TFA were removed by rotary evaporation
and the aqueous solutions were lyophilized. The peptides were refolded
by dissolving the lyophilized powder in 10 mM sodium phosphate
buffer (pH 7.0) before proceeding with the thermodynamic studies.

CD Studies. CD measurements were made on an AVIV model
202SF stopped flow circular dichroism spectrometer equipped with a
Peltier temperature-controlled cell holder using a 0.1 cm path length
Suprasil quartz cell (Hellma, Forest Hills, New York). Far-UV CD
spectra were recorded using 300µL of a 40 µM solution of the WW
domains in 10 mM phosphate buffer (pH 7.0). Thermal unfolding
experiments were monitored at 227 nm over a temperature range of
2-98 °C with 10 min thermal equilibration at each 4°C temperature
step. Signals were averaged for 30 s. Identical parameters were used
for the near-UV CD thermal denaturation curve carried out for the
Pin-DBF mutant, except the 269 nm wavelength was monitored, the

protein concentration was 150µM, and a 1.0 cm path length was used.
The thermal denaturation profiles were analyzed by a nonlinear least-
squares fit, assuming the two-state model described by eq 127 and that
∆Cp ) 0.

whereY is the observed ellipticity,∆Hm is the enthalpy at the unfolding
transition,Tm is the melting temperature,T is the temperature in Kelvin,
andR is the universal gas constant. The parametersyn andyd refer to
they-intercepts of the native and the denatured baselines, respectively,
while mn and md are the slopes of the baselines (baselines were
determined from the global fit). All experiments were performed in 10
mM sodium phosphate buffer at pH 7.0.

Guanidinium hydrochloride (GuHCl) denaturation was accomplished
using the automated titrator accessory on the Aviv instrument model
202SF. Two solutions were prepared. The first being 5µM protein in
10 mM phosphate buffer, and the second 5µM protein and 7.0 M
GuHCl in 10 mM phosphate buffer. The second solution was added to
the first in steps such that the denaturant concentration of the mixture
increased by 0.2 M/step while the protein concentration remained fixed.
The equilibration time was fixed to 10 min for each addition with
constant stirring. The data were collected at 227 nm with a 30 s
averaging time. The denaturation curves were analyzed, assuming two-
state behavior using eq 2:27

where ∆G is the free energy of unfolding at a given denaturant
concentration,R is the gas constant,T is absolute temperature, andyf

andyu are the ellipticities of the folded and unfolded states, respectively.
Values ofyf andyu in the transition region are obtained independently

(26) King, D. S.; Fields, C. G.; Fields, G. B.Int. J. Pept. Protein Res.
1990, 36, 255-266.

(27) Liskin, S.; Robertson, A. D.Protein Sci. 1993, 2, 2037-2049. Pace,
C. N.; Scholtz, J. M.Protein Struct.(Creighton, T. E., Ed.) 1997, 299-
321.

Figure 9. Denaturation profiles for WW and its variants demonstrating the presence of only a native and an unfolded state as indicated by
superimposition of curves derived from different spectroscopic techniques. Panels a, b, and c show that the chaotrope-induced unfolding transitions
are superimposable when monitored by far-UV CD and fluorescence (FLO) for wild type, Pin-dPG, and Pin-NG, respectively. Panel d shows that
the thermal unfolding transitions as monitored by far- and near-UV CD are indistinguishable for Pin-DBF.

polypeptide expected mass observed mass

Pin-NG 4020.5 4020.8
Pin-dPG 4003.5 4003.0
Pin-DBF 4114.6 4114.0

Y )
(yn + mnT) + (yd + mdT) exp[∆Hm

R ( 1
Tm

- 1
T)]

[1 + exp[∆Hm

R ( 1
Tm

- 1
T)]]

(1)

∆G ) -RT ln[(yf - y)

(y - yu)] (2)

CooperatiVely Foldedâ-Sheets J. Am. Chem. Soc., Vol. 123, No. 22, 20015211



by separate linear fits of the pre- and posttransition regions. The∆G
of unfolding is thus determined at a number of denaturant concentrations
in the transition region, and the∆G in the absence of denaturant is
determined by linear extrapolation back to 0 M GuHCl.

Fluorescence.Fluorescence measurements were carried out on a
AVIV model ATF105 automated differential/ratio spectrofluorometer.
Emission spectra were recorded from 310 to 410 nm in 1 nm steps
with excitation at 295 nm using a 1× 0.6 cm cuvette. GuHCl
denaturation experiments were conducted at 4°C using the automated
titrator accessory on the AVIV model ATF105 as described for the
CD-monitored denaturation except that the protein concentration
employed was 2µM. Measurements were monitored at the maximum
tryptophan emission at 342 nm. The denaturant was added in concentra-
tion steps of 0.2 M with an equilibration time of 10 min. The data
were fitted to a two-state model using eq 227 as above.

1H NMR Studies. The aqueous WW domain samples were analyzed
by 1H NMR using data recorded on a Bruker AMX 600 MHz
spectrometer. The spectra were acquired at a spectral width of 9000
Hz at an operating frequency of 600 MHz using 800 points at 5°C.
Spectra were referenced to the methyl proton resonances of the internal
standard 3-(trimethylsilyl) propionate-2,2,3,3-d4 (Aldrich, Milwaukee,
WI), which were assigned a chemical shift of 0.0 ppm. Sample
concentrations of 500µM in 10 mM sodium phosphate buffer at pH
7.0 (10% D2O) was employed. Water suppression was achieved using
the Watergate pulse sequence.28 The data were processed using XWIN
NMR software version 6.0 (Bruker) using a line-broadening parameter
of 5 Hz.

Analytical Ultracentrifugation. The monomeric nature of the
samples was confirmed by sedimentation equilibrium measurements
carried out employing a temperature-controlled Beckman XL-I Analyti-
cal Ultracentrifuge equipped with an An-60 Ti rotor and a photoelectric
scanner (Beckman Instrument Inc., Palo Alto, CA). Protein samples
(40 µM, 140 µL) in 10 mM sodium phosphate buffer (pH 7.0) were
loaded in a double sector cell equipped with a 12 mm Epon centerpiece
and a sapphire optical window. The reference compartment was loaded
with a 10 mM sodium phosphate buffer (140µL). The data were
monitored at 280 nm employing a rotor speed of 30000 to 40000 at 20
°C and analyzed by a nonlinear squares approach using Origin software
(Microcal Software Inc., Northampton, MA). The data were fitted to a
single ideal species as described previously.20a,b
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