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The equilibrium unfolding of the Formin binding protein 28 (FBP)
WW domain, a stable three-stranded �-sheet protein, can be
described as reversible apparent two-state folding. Kinetics stud-
ied by laser temperature jump reveal a third state at temperatures
below the midpoint of unfolding. The FBP free-energy surface can
be tuned between three-state and two-state kinetics by changing
the temperature, by truncation of the C terminus, or by selected
point mutations. FBP WW domain is the smallest three-state folder
studied to date and the only one that can be freely tuned between
three-state and apparent two-state folding by several methods
(temperature, truncation, and mutation). Its small size (28–37
residues), the availability of a quantitative reaction coordinate
(�T), the fast folding time scale (10s of �s), and the tunability of the
folding routes by small temperature or sequence changes make
this system the ideal prototype for studying more subtle features
of the folding free-energy landscape by simulations or analytical
theory.

�-sheet � �-strand � protein folding mechanism

The WW-domain family (1, 2), named after the two conserved
tryptophan residues, adopts an isolated antiparallel and

highly twisted three-stranded �-sheet structure (Fig. 1). The
small size (28–37 residues for the variants reported here) and
ready availability from either recombinant or chemical synthesis
(3–5), combined with their ability to fold into the desired
structure after mutagenesis at virtually every position (ref. 3 and
unpublished data) make them excellent model systems to pro-
vide further insight into �-sheet folding and stability.

WW domains have helped to clarify the folding dynamics of
�-sheet formation (3, 6–9). Hints of the complexity of the
free-energy landscape associated with the folding of the hYap
WW domain first emerged with reports that transition-state
structure could be altered or tuned with changes in temperature
(7). An extensive mutation study in the hPin1 WW-domain
sequence, evaluated by discrete and continuous �-value analysis,
revealed residues important in defining transition-state structure
(3). The loop connecting �-strand 1 and �-strand 2 (loop 1) is
formed in the rate-limiting step for folding of hPin1 at physio-
logical temperature. Although hPin1 was an apparent two-state
folder under all conditions, these studies also suggested that it is
possible to modify the folding free-energy surface through
temperature and mutational tuning, such that different struc-
tural motifs could control the free energy of the transition state.

Here, we report kinetic data on another WW-domain family
member, the domain derived from Formin binding protein 28
(FBP; ref. 10). The FBP WW domain (37 residues) is smaller
than the hYap WW domain (57 residues), yet it is significantly
more resistant toward thermal denaturation. Fersht and cowork-
ers (8) used a continuous-f low mixing apparatus to study the
folding mechanism of the FBP WW domain at ambient temper-
ature, using chaotropes as the folding perturbant. Linear dena-
turant extrapolation was used to estimate the folding rate
constant in aqueous solution. The value of 32,000 s�1 indicates
faster folding than for the fastest hPin1 mutants (�10,000 s�1).

Our direct measurements of FBP folding in denaturant-free
aqueous buffer, using temperature denaturation and laser tem-
perature-jump relaxation, reveal a richer kinetic picture. At
temperatures below the midpoint of unfolding (TM), folding of
the WT FBP WW domain is strongly biphasic. Trp-30 in
particular reports on the slow phase. The folding mechanism can
be tuned to an apparent two-state process by increasing the
temperature, or by small truncations at the termini. Three-state
folding in the truncated protein is partially restored by mutation
in loop 2 (near the C terminus). These observations are consis-
tent with our previous report of a broad and rough transition-
state region describing WW-domain energetics between the
folded and unfolded states (3, 7). The shape of the free-energy
surface and associated folding channels can be sculpted easily by
subtle changes in experimental conditions or by mutagenesis,
and at least a two-dimensional free-energy surface is required to
account for the observations in a single consistent picture. This
responsive behavior from FBP is not specific only to WW-
domain proteins, as other proteins have displayed similar trends
(11). Karanicolas and Brooks (12) have recently carried out
off-lattice folding kinetic and free-energy simulations that seem
to be quite consistent with our data. These simulations provide
detailed structural information into the folding process of this
�-sheet that has been useful in our ongoing analysis of the folding
mechanism.

Materials and Methods
Reagents. The WT FBP28 WW-domain gene and its variants
were amplified by using PCR and cloned into the prokaryotic
expression vector pGEX-2T (Amersham Pharmacia). The WW
domain was expressed as a GST-fusion protein and purified as
described (3). Some variants were chemically synthesized by
using solid-phase synthesis methods (13) employing fluorenyl-
methoxycarbonyl chemistry (Applied Biosystems). Protein mass
and identity were confirmed by electrospray-ionization mass
spectrometry and reversed-phase HPLC, respectively. Protein
concentrations were determined spectrophotometrically by us-
ing calculated extinction coefficients (14). All variants reported
are monomeric, as confirmed by analytical ultracentrifugation
(ref. 15 and data not shown).

Equilibrium Unfolding Experiments. Steady-state experiments were
conducted in 10 mM sodium phosphate buffer (pH 7.0). Protein
fluorescence was studied by excitation at 295 � 0.5 nm and
detected at 330 nm. Equilibrium thermal denaturation curves
were recorded by far-UV CD (30 nm) and by fluorescence-
emission intensity. Measurements were performed in 2-mm
(far-UV CD) and 10-mm (fluorescence) Teflon-sealed quartz
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cuvettes. The temperature dependence was measured in 2°C
increments from 2 to 108°C. Protein concentrations varied from
10 to 100 �M. The normalized unfolding transitions were
superimposable within this concentration range. Equilibrium
unfolding transitions were �95% reversible for final tempera-
tures below 80°C. Exposure to higher temperatures resulted in
partial irreversibility.

Thermodynamic parameters were determined as described (3,
7). Briefly, thermal unfolding transitions were fitted to a two-
state unfolding model

��T� � ��N(T) � �D(T)Keq(T)]�[1�Keq(T)], [1]

where �N(T) and �D(T) are linear pretransition and posttransi-
tion baselines, and Keq 	 exp(�
G(T)�RT) is the temperature-
dependent equilibrium unfolding constant. 
G(T) was approx-
imated by a second-order Taylor series expansion about TM.
Thermal denaturation curves were normalized to the fraction of
unfolded protein (FU) to allow for comparison of different
spectroscopic techniques.

Kinetic Experiments. Relaxation kinetics of the FBP WW domain
were measured by using a nanosecond resolution laser temper-
ature-jump system. Temperature jumps between 8 and 13°C
were used to perturb the N N D equilibrium. Protein concen-
trations ranged from 10 to 100 �M, and concentration depen-
dences of rates were studied. Fluorescence decays (induced by a
292 � 2 nm UV pulse) were collected every 14 ns for 500 �s after
each temperature jump to follow the relaxation kinetics of the
polypeptide chain to the new equilibrium value. The observed
relaxation rates were calculated from the fluorescence decays by
using our previously reported � analysis, where the time-evolving
shape f of each fluorescent decay is fitted to a linear combination
of the denatured ( f1) and final ( f2) decay shapes (16, 17). The
result is a curve of relaxation kinetics normalized to span the 1–0
range. This analysis yields a single exponential decay for appar-
ent two-state reactions. Multistate processes cause a nonexpo-
nential trace. For internal consistency, all fits reported here were
to double exponentials with f2 evaluated at 300 �s, which allowed
straightforward distinction of single exponential from nonsingle
exponential kinetics. The slowest processes could not be fol-
lowed to the baseline, so their reported k2 is an upper bound.

When the folding reaction was apparently two-state, the
unfolding equilibrium constant Keq 	 ku�kf and observed relax-
ation rate constant kobs 	 kf � ku were combined to extract
folding rates kf and unfolding rates ku. For three-state reactions,

the observed relaxation rates and amplitudes were used to
characterize the kinetics.

Where kf could be evaluated, activation-free energies were
calculated by simultaneously fitting the folding and unfolding
rate constants to a Kramers model by using a temperature-
dependent free energy of activation (18)

kf � v†(TM)
�(TM)
�(T)

e�
G†/kT. [2]

A viscosity-corrected frequency v† of 20 MHz, based on exper-
imental observations of minimal chain-diffusion times (19, 20),
describes the characteristic diffusional motion at the barrier,
according to the high friction limit in the Kramers’ theory. The
folding rate is used to calculate the activation-free energy in the
form of a second-order Taylor series polynomial, as described (3,
7). For consistency, the same quadratic functional form is used
for 
G† as for 
G.

Results
Redesign of the FBP WW Domain. The WT FBP WW domain folds
into a twisted three-stranded antiparallel �-sheet tertiary struc-
ture, bracketed by two conserved Trp residues (Fig. 1; ref. 15).
In an effort to reduce the size of the FBP WW domain, variants
were constructed by shortening the N and�or C termini (Fig. 1).
Inspection of the ensemble of 10 NMR-solution structures,
selected on the basis of minimum total energy (15), indicates that
the deleted N-terminal sequence (residues Gly-1–Val-5, Fig. 1)
is conformationally f lexible and does not interact with the
remainder of the WW domain. The lower stability of 
N
C
Y11R FBP (see next section) results principally from deletion of
the C-terminal Leu-36 residue, part of a delocalized hydrophobic
core, involving the side chains of Trp-8, Tyr-20, and Pro-33. This
Trp-Tyr-Pro cluster is conserved among WW-domain sequences
(15, 21–25). In the homologous hPin1 WW domain, even con-
servative sequence manipulation in this core region results in
drastic thermodynamic destabilization as well as disruption of
transition-state structure (3). Efforts to truncate the C terminus
beyond the invariant Pro-33 residue proved unsuccessful: an
ensemble of nonnative conformers with a high propensity to
aggregate resulted (data not shown).

Several mutants were also investigated. Tyr-11 in strand 1 is
part of a solvent-exposed hydrophobic cluster, including the side
chains of Tyr-19 and Trp-30. A Tyr-11 3 Arg (Tyr11Arg)
mutation adds charge to the exterior of this potentially aggre-
gation-prone hydrophobic cluster. In the homologous hPin1 WW
domain, Tyr is replaced by an Arg residue (3). The Tyr11Arg
mutation increases the stability of the WT FBP domain. The
Tyr19Leu mutation examines the role of this position and
residue identity in core integrity and folding stability. A Tyr or
Phe residue is the preferred amino acid at this position in the
WW-domain family, and a Tyr 3 Leu mutation in the context
of the Pin WW domain is destabilizing, as it is for FBP. Leu-26
is a moderately large hydrophobic residue in loop 2, which may
help register that loop during folding by interacting with other
hydrophobic residues. It was mutated to Ala in the truncated
mini protein. Finally, Trp-30 is located near the C terminus and
reports on the dynamics of the 11�19�30 cluster and the C-
terminal domain. It was replaced by Phe and Ala; the latter was
also studied by Fersht and coworkers, who reported position 30
to be engaged in nonnative interactions in the transition state
(�M 	 �0.4; ref. 9).

Thermal Denaturation Experiments. Thermal denaturation curves
obtained for representative variants of the FBP WW domain are
depicted in Fig. 2A and were independent of concentration in the
10–100 �M range. The 
N
C Y11R-truncated mini-variants are
slightly less stable than the full-length mutants. All variants have

Fig. 1. Structure of the WT FBP�WW domain showing the main mutation
sites and Trp-8. The 
N�
C truncations are shown in red and blue, respectively.
The sequence is summarized below the structure. This figure was created by
using PYMOL (available at http://pymol.sourceforge.net/).
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simple sigmoidal unfolding transitions. They are slightly less
cooperative than those obtained for the hPin1 WW domain (3,
4). Broad thermal denaturation curves are expected for proteins
of the size of a WW domain, because of small heat capacity
changes associated with the unfolding process (26). The far-UV
CD spectra of the FBP WW domain and the 
N
C Y11R-
truncated mini-versions are very similar (data not shown) and
comparable to published spectra (15), suggesting that terminal
truncation does not significantly perturb the WW-domain fold.
Although atypical for �-sheet proteins, the maximum near 230
nm is characteristic of folded WW domains and most likely
results from strong coupling of the aromatic side chains to the
amide chromophore. Under strongly denaturing conditions, all
FBP WW domains described display random-coil spectra, with
a single minimum �200 nm. Thermal equilibrium denaturation
curves can be fitted well with a two-state model (Eq. 1).
Normalized transitions obtained by fluorescence and far-UV
CD spectroscopy at different wavelengths are superimposable
within experimental error, supporting the validity of a simple
two-state model (Fig. 2B). A summary of the thermodynamic
parameters is provided in Table 1.

Tunable Multistate Kinetics of the FBP Domain. Kinetic experiments
were carried out on the mutants of full-size and truncated FBP
variants shown in Table 1. Fig. 3 summarizes the most important
results at about 40 and 65°C (below and above the transition
midpoint). Below the transition midpoint, WT FBP kinetics
deviate strongly from a single-exponential decay, implying at
least an apparent three-state folding scenario (Fig. 3A). Slow and

fast phases are observed, with amplitudes essentially indepen-
dent of protein concentration (10–250 �M, data not shown), so
the observed kinetic heterogeneity cannot be attributed to
intermolecular aggregation. The fast phase has a time constant
of �30 �s, while the time constant of the slowest phase is �900
�s. As temperature is increased, the slow phase disappears
completely near the midpoint of thermal unfolding (Fig. 3A
Inset). Single exponential relaxation with a time constant of �15
�s is observed at 65°C. Temperature jumps after cooling the
protein samples back to 35°C yielded the same biexponential
kinetics again. To rule out the possibility that the slow FBP
kinetic phase was a measurement artifact, we also interleaved
measurements of WT hPin1 WW domain, previously shown to
be a two-state folder (3), and WT FBP at different laser power
levels. Individual relaxation measurements consistently showed
either single exponential (hPin1) or nonsingle exponential ki-
netics (WT FBP). Thus, it seems that additional free-energy
minima complicating the folding mechanism can be tuned out of
free-energy range by raising the temperature.

As shown in Fig. 3B and its Inset, the 
N truncation and
Tyr11Arg mutant have little effect on the biphasic kinetics at low
temperature. For the N-terminal truncation, this finding is not
surprising in light of the NMR structure, which shows little
interaction with the rest of the protein. The insensitivity to
Tyr11Arg, which participates in the Tyr-11�Tyr-19�Trp-30
crossstrand cluster, indicates that reduced hydrophobicity in that
cluster does not destabilize the nonnative state(s). The Y19L
core mutant similarly retains biexponential kinetics, providing
further evidence against the cluster being associated with bi-
phasic kinetics (data not shown).

Fig. 2. (A) Thermodynamic analysis based on CD (230 nm) of WT FBP WW domain, its mutants, and truncations. The truncated variants denature �10°C lower
but have essentially the same cooperativity as WT and variants thereof. (B) Different spectroscopic probes yield superimposable transitions, the hallmark of
thermodynamic two-state transitions. All other FBP variants tested behave similarly (data not shown).

Table 1. Thermodynamic and kinetic parameters for FBP and its variants

Name TM, °C 
G0 
G1 
G2 k1 (40 � 2°C) k2 (40 � 2°C) k (65 � 2°C)

FBP WT 64 0.13 (2) 0.352 (2) 0.00220 (20) 0.030 (1) �0.0011 0.071 (2)
FBP Y11R 66 �0.05 (3) 0.384 (3) 0.00172 (22) 0.025 (4) �0.0014 0.040 (1)
FBP Y19L 55 0.76 (7) 0.197 (4) 0.00029 (10) 0.035 (2) �0.0021 0.073 (2)
FBP W30A 57 �0.33 (8) 0.171 (5) �0.00037 (17) 0.027 (1) — —
FBP W30F 66 0.05 (4) 0.401 (5) 0.00235 (32) 0.054 (2) — 0.110 (6)

N Y11R 66 �0.31 (2) 0.402 (3) 0.00186 (19) 0.026 (3) �0.0016 0.038 (1)

N
C Y11R 55 �0.10 (3) 0.315 (3) 0.00148 (16) 0.050 (2) — 0.106 (4)

N
C Y11R�L26A 56 0.02 (2) 0.322 (2) 0.00074 (14) 0.044 (1) �0.0020 0.097 (2)

N
C Y11R�W30F 54 �0.29 (4) 0.322 (4) 0.00080 (23) 0.035 (1) — 0.088 (1)

The free-energy parameters are defined by using a second-order Taylor series expansion about the melting temperature, TM. Uncertainties in parentheses are
one SD. All 
G in kJ�mol�1, all k in �s�1; the melting temperatures are nominal (�1°), so 
G0 � 0 was fitted also; k2 is the nominal slow biexponential component
for f2 at 300 �s, which is a lower limit to the true slow-rate constant. —, These proteins exhibit single exponential kinetics and hence k2 is not relevant.
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However, temperature is not the only variable that simplifies
the folding scenario for FBP WW domain. Fig. 3C shows the
kinetics of the 
N
C Y11R doubly truncated version revealing
that the additional C-terminal truncation completely restores
apparent two-state folding over the entire temperature range we
measured. The C terminus, including Leu-36, is, therefore, a
candidate for involvement in deviations from two-state behavior.
Concentration studies of the 
N
C Y11R truncated mini-
protein revealed the presence of a slow phase at high concen-
tration (�50 �M), consistent with aggregation inhibiting fast
folding only at higher concentrations. This result is to be
contrasted with full-length FBP, which showed no decrease in
the slow phase when protein concentration was lowered from 150
to 10 �M.

Another structural region of the FBP WW domain, which
could be involved in stabilizing nonnative states, is loop 2

(centered on Arg-24 and Thr-25). Previous studies of hPin1
domain indicated that loop 2 was close energetically to contrib-
uting to the folding mechanism (3). Because the strand-crossing
11�19�30 hydrophobic cluster is not a likely cause of the
three-state scenario, we investigated loop 2 next. Fig. 3C Inset
shows that a Leu26Ala mutation of the 
N
C Y11R-truncated
FBP domain partially restores biexponential kinetics in the 
N

C mini-domain that is normally a two-state folder. Thus, very
small sequence truncations at the C terminus and point muta-
tions can both modulate the two- and three-state behavior of
FBP WW domain.

A final set of mutants investigated the effect of a Trp30Phe
substitution. The folding kinetics of the 
N
C Y11R mini-
variant were only slightly affected by this mutation and remained
single exponential at all accessible temperatures with or without
the tryptophan (data not shown). Interestingly, the full-length

Fig. 3. (A) Relaxation kinetics of WT FBP WW domain below and above the transition midpoint. (Inset) Increase in the slow-phase amplitude as temperature
is lowered, overlaid on the fraction of unfolded protein from Fig. 2A. (B) A Tyr11Arg mutation, even combined with an N-terminal truncation, does not alleviate
the double-exponential kinetics. (C) Further modification of the construct in B by truncation of the four C-terminal residues restores apparent two-state behavior
at all temperatures, whereas a Leu26Ala mutation in loop 2, which may enhance misregistration there, partially restores three-state behavior at low temperatures
in the 
N
C Y11R variant background. (D) Trp30Phe and Trp30Ala mutations of the full-length protein fold in a single phase, which may be caused by a reporter
effect, or by involvement of other C-terminal residues in the formation of an intermediate with nonnative structure.
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FBP WW domain with the C-terminal Trp30Phe mutation
exhibits single-exponential kinetics under all conditions tested,
even at temperatures below the midpoint of folding, where a slow
phase is clearly evident in the WT construct (Fig. 3D). The
relaxation time constant varies from 18 �s at 35°C to 9 �s at
56.1°C. This relaxation could be caused by a further C-terminal
effect on intermediate state(s), which are tuned to high free
energy by this fairly conservative mutation. It is more likely that
a reporter effect is responsible, where the Trp30Phe mutation
eliminates the indole probe that has the ability to detect the
multistate nature of the transition: the Trp 30-containing 
N
C
Y11R-truncated mini-protein certainly is single exponential
(Fig. 3C), demonstrating that Trp-30 by itself cannot be respon-
sible for the more complicated kinetics we observe in WT FBP.

Although the Trp30Phe mutation of the 
N
C Y11R FBP is
not the key to controlling three-state behavior, it is nonetheless
of great utility. Unlike the Trp variant, which transiently aggre-
gates at concentrations �50 �M, the Phe variant meets ther-
modynamic and kinetic two-state folding criteria at concentra-
tions up to 300 �M. The relaxation time constants vary from 28
�s at 40°C to 11 �s at 65°C. The absence of a second phase at
high concentrations makes 
N
C Y11R W30F an ideal system
for studying two-state �-sheet folding. Folding and unfolding
rate constants for this mutant, therefore, were obtained at many
temperature points, and the free energies of folding and acti-
vation as a function of temperature were calculated according to
Keq 	 e�
G(T)/RT and Eq. 2, as shown in Fig. 4 A and B. The
entropic reaction coordinate

�T	

S†(T)

S(T)

	
�
G†(T)��T
�
G(T)��T

[3]

was used to quantify the progress toward the native state
achieved at the transition state. �T measures the change in
reaction entropy achieved in going from the denatured state to
the transition state, relative to the full entropy of folding to the
native state. The plot in Fig. 4C shows how the transition state
moves up in free energy (manifested in slower folding rates) and
toward the native state (a larger �T) as the native state is
destabilized.

Discussion
The Free-Energy Landscape of the FBP WW Domain. Proteins that
explore multiple regions of the free-energy surface by redesign
can provide particularly stringent tests for folding models (3, 27,
28). FBP WW domain is the smallest and most flexibly tunable
of these proteins so far. Fig. 5 summarizes the folding process of
the FBP WW domain in terms of a simplified, smoothed

two-dimensional free-energy surface (29). Here, qnative measures
the number of native contacts, whereas qC measures nonnative
interactions in the C-terminal region. In addition to the native
and denatured basins, there is a third basin corresponding to
nonnative interactions in loop 2 and at the C terminus. This basin
is clearly not obligatory for folding because the 
N
C-truncated
variant folds in a single phase and faster than WT FBP, but with
the same cooperativity (Fig. 2). Thus, we assign the slow phase
of WT FBP to nonnative interactions stabilizing the intermedi-
ate basin, but only at low temperatures and in the presence of the
C-terminal residues. Hence, the intermediate basin does not lie
‘‘between’’ the D and N basins in Fig. 5, but at larger values of
qloop2,
C.

The experimental results thus can be rationalized as follows:
in WT FBP, the energy for the three-state path is lowest, and an
apparent three-state mechanism is seen, although some protein
can simultaneously fold directly (dotted curve in Fig. 5A). As the
temperature is raised, or if the C terminus is removed, the
intermediate basin is destabilized, and the direct path is stabi-
lized, yielding apparent two-state folding. A mutation in loop 2
such as Leu26Ala may again stabilize a misfolded intermediate,
most likely by increasing the probability of misregistration in
loop 2 during folding. The Trp30Phe mutation is not needed to
lower the energy of the third state because the 
N
C-truncated
protein with Trp-30 folds in a single phase (Fig. 3C). Although

Fig. 4. (A) Folding and unfolding rate constants from temperature-jump experiments of 
N
C Y11R W30F. Excellent fits can be obtained to a quadratic
expansion of the free energy with temperature; these fits are used to calculate free energies as a function of temperature. (B) Free energies derived from the
rates in A and from the thermodynamic data in Fig. 2A. (C) Energetics of the 
N
C Y11R W30F WW domain, plotted as a function of �T from Eq. 3. The transition
and native states are shown ‘‘unstressed’’ (40°C) and stressed (65°C).

Fig. 5. Folding free-energy landscape of the FBP WW domain. The energy
landscape is defined by two coordinates, the number of native contacts
(qnative) and nonnative contact formation (qC) involving loop 2�C terminus.
The two dominant minima represent the ensemble of denatured states (D)
and the native state (N). The third local minimum accounts for the third species
(I) manifested in the folding of the WT FBP WW domain under conditions that
favor the native state. The experimental results are best rationalized in terms
of such a two-dimensional surface (see text).
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some studies have implicated Trp-30 in local nonnative contact
formation (9), it clearly is by itself not responsible for the more
complicated folding of WT FBP. Similarly, a Trp30Ala mutation
decreases the rate and yields a single phase (Fig. 3D).

Karanicolas and Brooks have recently carried out extensive
off-lattice simulations of FBP WW-domain folding (12). They
conclude that the folding is biphasic, with the slow phase caused
by states with nonnative (e.g., misregistered) structure in loop 2.
This simulation agrees with our results, including the reemer-
gence of some degree of three-state behavior when Leu-26 in
loop 2 is mutated in the mini-protein. It will be very interesting
to see whether further simulations of 
C-truncated proteins
reveal a connection with loop 2 during misfolding. Our results
and the work by Karanicolas and Brooks show that modeling can
provide microscopic insight into the folding mechanism, when
subtle features of the experimental data are successfully repro-
duced by the model.

Energetics of the FBP and hPin1 WW Domains. The free energy of
activation for folding of the 
N
C Y11R W30F variant is about
3 kJ�mol lower than that for hPin1 (Fig. 4C and ref. 3). The
folding free-energy curves for both proteins cross at about 70°C.
This kind of behavior would be unusual if we were comparing a
Pin variant with WT Pin. However, there are enough differences
in sequence and structure between WT Pin and 
N
C Y11R
W30F to justify such intersections in stability. For example, loop
1 in FBP is a (3:5) type-I �-bulge (15), which seems to be the
preferred loop type in the WW-domain family at this position.
The hPin1 loop, on the other hand, carries a one-residue
insertion and adopts an unusual (4:6)-conformation with a
type-II �-turn found within the larger (4:6) loop conformation
(22). The hPin1 domain is more twisted than the FBP WW
domain, which may be a direct consequence of the unusual loop
1 conformation in the former. Most importantly, the hydropho-
bic core of 
N
C FBP is partly truncated, owing mainly to the
loss of Leu-36 upon domain minimization.

Fig. 4B depicts the transition-state energetics for the truncated

protein plotted against the entropic reaction coordinate �T. As
expected from Hammond’s postulate, imposing thermodynamic
stress against the native state by increasing the temperature
shifts the transition-state ensemble both vertically (free energy)
as well as horizontally (entropically) from an early (�40%
native-like) to a later, low-entropy ensemble (�80% native-like).
The findings are in excellent qualitative agreement with studies
on the hPin1 domain (3). 
N
C FBP, however, has a larger �T
value than hPin1 at low temperature [�T (Pin) � 0.1; �T (FBP) �
0.35]. This observation indicates that there is a higher entropic
penalty in the 
N
C FBP domain for forming the crucial
transition-state contacts that lead to productive downhill folding.
One possibility is that partial core truncation associated with
FBP domain shortening not only removes energetically favorable
contacts in the native protein, but may also lead to an expansion
of the denatured-state ensemble by weakening transient residual
structure. Or, additional nonnative interactions, as those seen in
the immunity protein Im7 (11), may play a dominant role in
modifying the free-energy landscape on which the protein
traverses. Irrespective of the exact source of the differences
between the transition-state position characterizing the Pin and
FBP WW domains, our quantitative �T-value approach does not
support the substantially more compact transition state of WT
FBP (�70% native-like) at ambient temperature, inferred by
continuous-f low experiments and linear extrapolation to aque-
ous buffer conditions (8).
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