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ABSTRACT: WW domains are the smallest naturally independent β-sheet protein structures available to date and
constitute attractivemodel systems for investigating the determinants of β-sheet folding and stability. Nonetheless,
their small size and low cooperativity pose a difficult challenge for a quantitative analysis of the folding equilibrium.
We describe here a comprehensive thermodynamic characterization of the conformational equilibrium of the
fourthWWdomain from the human ubiquitin ligase Nedd4 (hNedd4-WW4) using a combination of calorimetric
and spectroscopic techniques with several denaturing agents (temperature, pH, and chemical denaturants). Our
results reveal that even though the experimental data can be described in terms of a two-state equilibrium, spectral
data together with anomalous values for some thermodynamic parameters (a strikingly low temperature of
maximum stability, a higher than expected native-state heat capacity, and a small specific enthalpy of unfolding)
could be indicative of more complex types of equilibria, such as one-state downhill folding or alternative native
conformations. Moreover, double-perturbation experiments reveal some features that, in spite of the apparent
linear correlation between the thermodynamic parameters, seem to be indicative of a complex conformational
equilibrium in the presence of urea. In summary, the data presented here point toward the existence of a low-energy
barrier between the different macrostates of hNedd4-WW4, placing it at the frontier of cooperative folding.

The analysis of model systems corresponding to isolated
elements of secondary or tertiary structure has been central to
the understanding of the most elementary processes that govern
protein folding. Because they are amenable to simple modeling
and simulation, it is possible, in combination with high-resolu-
tion experimental data, to describe the folding pathways of these
simple systems at atomic resolution. This cannot be done with
larger and more complex proteins, which are still inaccessible to
accurate biocomputational approaches and far from current
molecular dynamics time scales (1, 2).

WW domains are the smallest naturally occurring β-sheet
proteins identified to date. These domains adopt independent
three-stranded β-sheet structures and have emerged as excellent
candidates for the analysis of β-sheet folding: they are small
[35-50 residues in length (Figure 1)], are highly soluble in
aqueous solvents, have well-defined monomeric native states,
are devoid of cofactors, prosthetic groups, disulfide bridges, and
cis-prolines, and tolerate mutations well. Thus, they appear to be
ideal model systems for tackling the experimental and computa-

tional analysis of the contribution of different forces to β-sheet
folding and stability.

In spite of their interest, a relatively small number of studies
have been reported for a small set of WW domains that include
hYAP-WW (2-6), hPIN1-WW (6), and FBP28-WW (2, 6-8).
These studies have confirmed that with few exceptions WW
domains are monomeric in solution and their folding transitions
are reversible under most experimental conditions. Inmost cases,
the unfolding of WW domains has been described in terms of
two-state equilibriummodels in spite of the fact that many of the
reported results, frequently obtained exclusively by spectroscopic
techniques, are not unequivocal on the matter (2, 3). There is also
some disagreement in the literature about the folding mechanism
of small peptides similar to and/or smaller in size than WW
domains for which evidence of one-state downhill folding has
been reported (9, 10). From an experimental point of view,
downhill folders are essentially characterized by a multistate
equilibrium thermal unfolding as well as by nonlinear dependen-
cies of the thermodynamic parameters derived from a two-state
analysis with denaturant agents (11).

It is well-established that any strategy designed to distinguish
two-state from other types of equilibria should investigate
protein folding using several techniques, probing different struc-
tural features, in combination with denaturant agents. In this
work, wehave tackled the thermodynamic characterizationof the
fourth WW domain from the human ubiquitin ligase Nedd4
(hNedd4-WW4)1 combining calorimetric and spectroscopic tech-
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niques under a wide range of conditions, including changes in
temperature, pH, and denaturant concentration, which has
allowed us to conduct a comprehensive multidimensional analy-
sis of its unfolding equilibrium to reliably determine the different
thermodynamic magnitudes in spite of the low cooperativity of
the unfolding process. The experimental data can be reasonably
described in terms of a two-state equilibrium, although anom-
alous values for some thermodynamic parameters, such as a
strikingly low temperature of maximum stability, a higher than
expected native-state heat capacity, and a small specific enthalpy
of unfolding, together with some spectral features, might be
comparable to those of one-state downhill folding proteins or,
perhaps, could indicate some heterogeneity of the native
state. Double-perturbation experiments provide further indi-
cations of the complex thermodynamic behavior of hNedd4-
WW4.

EXPERIMENTAL PROCEDURES

Protein Samples. The gene encoding the hNedd4-WW4
domain was obtained by PCR using synthetic oligonucleotides
as templates and extension primers. It was cloned into a pETM-
30 vector (Protein Expression and Purification Core Facility,
EMBL, Heidelberg, Germany) and overexpressed in Escherichia
coli BL21/DE3 cells fused to GST and a His tag at the
N-terminus. The protein was purified as described elsewhere (12)
for similar gene constructs by means of affinity chromatography
to a nickel-chelated resin (Ni-NTA agarose, QIAGEN). Samples
were prepared for experimental work by extensive dialysis against
a large volume (1-2 L) of the appropriate buffer, 20 mM
phosphate (pH 7), 20 mM MES (pH 6), 20 mM acetate (pH 5
and 4), or 20 mM glycine (pH 3). Protein concentrations were
measured by absorption at 280 nm using an extinction coefficient

of 11660 cm-1 M-1, determined as described by Gill and von
Hippel (13), and a molecular mass of 5720 Da, as determined by
mass spectrometry (Mass Spectrometry Service of the CIC,
University of Granada).
Differential Scanning Calorimetry (DSC) Measure-

ments. DSC experiments were conducted in a VP-DSC micro-
calorimeter (MicroCal) at a scan rate of 1.5 K/min using protein
concentrations of ∼1.5 mg/mL. The samples were routinely
heated from 5 to 30 �C to avoid instrumental artifacts, then
cooled inside the calorimeter, and heated twice from 5 to 110 �C
to check the reversibility of the unfolding process. Each experi-
mental DSC thermogram was routinely corrected from the time
response of the calorimeter and from the instrumental baseline
obtainedwith both calorimeter cells filled with the corresponding
buffer. After normalization by protein concentration, the partial
molar heat capacity curves [Cp,ap(T)] were calculated from the
resulting thermograms assuming 0.73 mL/g for the partial
specific volume and 5720 Da for the molecular mass of the
hNedd4-WW4 domain. These calculations were made using
ORIGIN. Thus, the baselines extracted from the analyses
represent the net values for molar heat capacities and can be
used as an additional criterion to justify the quality of our fitting
analyses. Finally, urea samples were prepared as we will describe
for CD experiments later in this section.
Differential Scanning Calorimetry (DSC) Analysis.

According to the two-state model (NaU), the DSC traces were
fitted individually to the following equation (see ref 14 for
details):

Cp, apðTÞ ¼ Cp,N þ KN-U

ð1 þ KN-UÞ2
ΔHN-U

2

RT2

þ ΔCpN-U
KN-U

1 þ KN-U
ð1Þ

where Cp,ap(T) is the apparent heat capacity (in kilojoules per
kelvin per mole), equivalent to the experimental DSC data, and
CpN is the heat capacity function of the native state, given by a
linear function of temperature, whereas being a polynomial, the
function CpU (the heat capacity of the unfolded state) can be
estimated by using the method suggested by Makhatadze and
Privalov (15):

CpN ¼ a þ bðT -TrÞ ð2Þ

CpU ¼ c þ dðT -TrÞ þ eðT -TrÞ2 ð3Þ
Tr is a reference temperature introduced to yield the values of the
coefficients at more realistic temperatures than 0 K, which
permits a direct comparison with their corresponding experi-
mental values and avoids uncertainties deriving from unnecessa-
rily long extrapolations. We chose a Tr of 293 K as a suitable
value.

The temperature dependence of the equilibrium constant,
according to the expression obtained from the direct integration
of the van’t Hoff equation, is given by

KN-U ¼ exp
ΔSN-U - ΔHN-U

T

R

 !
ð4Þ

The thermodynamic functions enthalpy (ΔHN-U), entropy
(ΔSN-U), and heat capacity (ΔCpN-U) for the denaturation
process, obtained as temperature functions according to the

FIGURE 1: Schematic ribbon diagram of the NMR structure of the
rNedd4-WW4-rENaC-βP2peptide complex (PDBentry1I5H).The
backbone of the WW domain is represented by the gray cartoon,
whereas that corresponding to the rENaC βP2 peptide is shown as a
purple ribbon. Side chains of the preservedWWdomain tryptophan
residues are colored red, and preserved proline residues are colored
green.The hydrophobic buckle established betweenTrp15 andPro12
and Pro40, which has been described as being essential for maintain-
ing the structural integrity of the WW domain (4), can be seen. A
similar interaction is observed in the complexes involving the second
invariable Trp residue (Trp37) and the proline residues from the core
motif of the ligand. Residues colored blue denote differences between
the rat and human WW domains. The sequence alignment of the
human and rat Nedd4-WW4 domains is shown below.
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Kirchhoff relationships, are

ΔCpN-U ¼ CpU - CpN ¼ A þ BT þ CT2 ð5Þ

ΔHN-U ¼ ΔHm þ AðT -TmÞ þ B

2
ðT2 - Tm

2Þ

þ C

3
ðT3 - Tm

3Þ ð6Þ

ΔSN-U ¼ ΔSm

Tm
þ A ln

T

Tm

� �
þ BðT -TmÞ

þ C

2
ðT2 - Tm

2Þ ð7Þ

Thus, the coefficients in capital letters can be calculated from the
coefficients of the CpN (eq 2) and CpU (eq 3) functions as

A ¼ c - a - Trðd - bÞ þ Tr
2e ð8Þ

B ¼ d - b - ð2TreÞ ð9Þ

C ¼ e ð10Þ
In all the fitting strategies described in this work, we have used

the values of coefficients d (0.0238 kJ K-2 mol-1) and e (-1.163�
10-4 kJ K-3 mol-1) as those obtained from the polynomial
function defined by the individual contributions of amino acids,
allowingTm,ΔHm, a (the value ofCpN atTr), b (the slope ofCpN),
and c (the value of CpU at Tr) to vary.

To obtain the enthalpy values as the area under the heat
capacity experimental curves (ΔHm,exp), we have used homemade
software. TheN andU baselines used to calculate the excess heat
capacity functions were set up according to the Takahashi and
Sturtevant method (16). The values are listed in Table 1, where
errors in these calculations should be considered to be at least
30%.
Circular Dichroism (CD) and Trp Fluorescence Mea-

surements. CD measurements were taken in a Jasco J-715
spectropolarimeter equipped with a temperature-controlled cell
holder. Far-UVCD spectra were recorded from 250 to 190 nm in
a 1 mm path length cuvette using sample concentrations of
0.3 mg/mL. Near-UV CD spectra were measured from 350 to
250 nm in a 5mmpath length cuvette with sample concentrations
of 1 mg/mL. Each CD spectrum was obtained by averaging

10 accumulations collected at a scan rate of 50 nm/min. All
spectra were corrected by buffer contributions and then normal-
ized as mean residue molar ellipticity.

Steady-state fluorescence measurements were taken with an
Eclipse spectrofluorimeter (Cary Varian). Excitation was per-
formed at 298 nm (5 nm slit width). Experiments were conducted
in 20 mM phosphate buffer at pH 7.0 and at a protein
concentration of 20 μM in a 1 cm path length cuvette.

Temperature scans were conducted at a heating rate of 1 �C/
min after equilibration of themeasuring cell within the cell holder
at 2 �C for 10 min. When the final temperature of 98 �C was
reached, the samples were incubated for 10 min to record the
spectrum of the unfolded state and then cooled to 2 �C, at which
point another spectrum was taken to check the reversibility of
unfolding.

Stock denaturant solutions (10Murea inwater) were prepared
gravimetrically in volumetric flasks, and their molar concentra-
tions were checked by measuring the refractometry index of the
solutions at 20 �C (17). Urea solutions were deionized using
AG501-X8 ionic exchange resin (Bio-Rad). For each data point
in the double-perturbation experiments, 85 μL of the dialyzed
protein (1.8 mg/mL) was mixed with 415 μL of a buffered
denaturant solution prepared from the stock solution. The
mixtures were left to equilibrate overnight before CD thermal
unfolding and spectral analysis. The usual protein concentrations
in these experiments were therefore 50 μM.
Thermal Unfolding Followed by Spectroscopy and

Double-Perturbation Analysis. According to the two-
state model (N a U), thermal denaturation experiments fol-
lowed by CD obtained at different urea concentrations were
fitted individually to the following equation (see ref 17 for
details):

Θ235ðTÞ ¼ Θ235,N þ ðKN-UΘ235,UÞ
1 þ KN-U

ð11Þ

where KN-U is the equilibrium constant (eq 4) and Θ230,N and
Θ230,U correspond to the baselines for the native and unfolded
states, respectively, which have been approximated by the linear
functions

Θ235,N ¼ f þ gT ð12Þ

Θ235,U ¼ h þ iT ð13Þ

Table 1: Thermodynamic Parameters of hNedd4-WW4Domain Folding Obtained from the Global Fitting of DSC and CD Thermal Unfolding Experiments

under Neutral- and Acidic-pH Conditionsa

method pH

Tm

(�C)
ΔHm

(kJ mol-1)

ΔHm,exp

(kJ mol-1)

ΔCpN-U

(kJ K-1 mol-1)

ΔGN-U(298)

(kJ mol-1) TS (�C)
ΔGmax(TS)

(kJ mol-1)

CD with DSC global fittingb 7 58.0 133 120 11.6 -25.0 19.5

6 46.5 100 85 5.9 -16.0 11.0

5 37.4 73 65 2.6 -9.0 6.0

4c 22.6 41 -0.3 -3.0 1.8

multiple-wavelength CD global fitting 7c 54.2 120 2.5 10.4

CD thermal unfolding coupled to urea 7c 55.1 150 2.6 9.2

aErrors have been estimated as 5% for Tm (in degrees Celsius), 10% for ΔHm, 30% for ΔHm,exp, and 20% for the rest of the parameters. bAccording to the
fitting procedure, together with the values of Tm and ΔHm given, we obtained the numerical values of CD and DSC baselines, which were Θ230,N = 15.4 -
0.04(T- 293);Θ230,U = 1.21- 0.0112(T- 293); CpN = 10.11 + 0.038(T- 293); CpU = 11.52 + 0.0238(T- 293)- 0.1163� 10-3 � (T2 - 2932), where the
underlined values were estimated from the individual contributions of amino acids and chemical groups (15). cIn these cases, thermal unfolding curves were
obtained via CD experiments alone.
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The thermodynamic enthalpy (ΔHN-U) and entropy (ΔSN-U)
functions for the denaturation process are

ΔHN-U ¼ ΔHm þ ΔCpN-UðT - TmÞ ð14Þ

ΔSN-U ¼ ΔSm þ ΔCpN-U ln
T

Tm

� �
ð15Þ

where the entropy change upon denaturation at Tm is ΔSm =
ΔHm/Tm and the heat capacity change upon denaturation
(ΔCpN-U) was taken to be independent of temperature.

Individual fittings of the experimental traces to the two-state
model, as described by eq 11, were performed taking Tm (the
denaturation temperature, where the N and U populations are
equal to 50%),ΔHm (the denaturation enthalpy value, referenced
at Tm), f (the value ofΘ230,N at Tr), g (the slope ofΘ230,N), h (the
value of Θ230,U at Tr), and i (the slope of Θ230,U) to be floating
parameters. In the initial stages of the analysis, ΔCpN-U was
taken to be zero.

In the double-perturbation fittings, the optimized values for
this parameter were obtained by an iterative process. In the first
step, the thermal unfolding profiles at each urea concentration
were individually analyzed according to a two-state equilibrium
model, takingΔCpN-U to be zero. Although fitting results in this
first round did not properly reproduce the experimental decay at
low temperatures, the slope of the linear dependence for ΔHm

versus Tm resulted in values providing a closer estimation for the
unfolding heat capacity value. This procedure was repeated until
no changes in the unfolding heat capacity were obtained between
two successive iterations. A parallel improvement in the normal-
ization parameter was obtained, indicating the convergence
of fitting sessions. Proceeding in this way, we arrived at
an independently optimized value for ΔCpN-U of 2.6 ( 0.2 kJ
K-1 mol-1.
CD-DSCGlobal Analysis. In our global analysis, we have

considered the same heat capacity functions for the N and U
states at all pH conditions, which is normal for a two-state
analysis (14), although we calculated individually the Tm and
ΔHm values for each pH value. Thus, the CD-DSC global
analysis only integrates the baselines corresponding to the N and
U states. Mathematically, we used eqs 1 and 11 using the same
CpN(T) andCpU(T) functions (eqs 2 and 3) for all traces. With eq
5, we can determine the ΔCpN-U value of both CD and DSC
experiments. Thus, the global fitting routine had 10 parameters,
corresponding to the Tm and ΔHm pair for each of the five pH
conditions (ranging from 3 to 7), plus three parameters, the
values of a, b, and c, which define the CpN(T) and CpU(T)
functions [d and e were taken to be the values derived from
Mackhatadze and Privalov’s calculations (eqs 2 and 3)], and,
lastly, four parameters describing both CD baselines (eqs 12 and
13). All fittings and calculations done in this work were
performed by using Sigma Plot 2000 (Systat Software Inc.).

RESULTS AND DISCUSSION

hNedd4-WW4 Is Characterized by a β-II Type Far-UV
CDSpectrumandUnfolds in a Single Transition.As the first
step, we measured the far-UV CD spectrum of native hNedd4-
WW4 (Figure 2), which is characterized by a small positive peak
centered at 230 nm and an intensely negative peak at 203 nm, as
reported for other WW domains (2-4). It has been proposed
elsewhere (18 and references cited therein) that the positive CD
band in the 220-230 nm region is due to local interactions

involving aromatic side chains, mainly those of Trp residues in a
hydrophobic microenvironment, which, in our case, is probably
associated with the stacking of Trp15 with the side chains of
Pro12 and Pro40 (Figure 1).

The low-wavelength region of the Nedd4-WW4 spectrum is
similar to that previously reported for other β-sheet proteins
containing distorted β-sheets or very short and irregular strands
that resemble those of random-coil conformations (negative
band around 200 nm and positive band around 185-190 nm).
Proteins showing this characteristic CD behavior have been
classified as β-II proteins and have a lower β-sheet/random-coil
ratio than normal all-β proteins (β-I class) characterized by
typical β-sheet CD spectra (negative band at 217 nm and positive
peak at 195 nm) (19). Two main criteria have been proposed to
distinguish between β-II and unfolded conformations (20): (i) the
presence of absorption bands in the near-UV region and (ii) a
sigmoidal dependence of the ellipticity signal at 203 nm upon
temperature, similar to that observed at 230 nm. In this regard,
our CD results clearly indicate that hNedd4-WW4 meets the
criteria to be classed as a β-II protein because it shows sigmoidal
thermal denaturation profiles at 203 and 260 nm, in the far- and
near-UV regions, respectively (Figure 3).

Figure 3 shows the thermal denaturation profiles followed by
Trp fluorescence and circular dichroism at three wavelengths
(203, 230, and 260 nm) in 20 mM phosphate buffer (pH 7). The
best fittings to a two-state equilibrium model obtained from a
global analysis, taking a common value for the Tm and ΔHm

thermodynamic parameters, are also given (Table 1). The
different baselines corresponding to the CD and/or fluorescence
signals for the native and unfolded states were obtained from the
analysis as independent straight lines (Figure 3). It can be seen
that the experimental data can be satisfactorily described by a
two-state model, providing a common set of thermodynamic
parameters for the four thermal denaturation profiles as well as
almost parallel baselines that show small and similar temperature
dependences, as might be expected for a two-state equilibrium
(5, 14, 21-23).

It is interesting to point out that even though a two-state
equilibrium is generally associated with the existence of an
isosbestic point, the hNedd4-WW4 CD spectra obtained at
different temperatures do not exhibit a well-defined isodichroic
point, although the different spectra tend to intersect around
195 nm. In any case, the absence of an isodichroic point has
been previously described for other two-state proteins with
similar β-II spectra, such as SH3 domains (24) or cold-shock
proteins (22).

FIGURE 2: Temperature dependency of the far-UV CD spectra of
hNedd4-WW4 in 20 mM phosphate buffer at pH 7. Ten far-UV
spectra from 2 to 90 �Cwere recorded at increasing intervals of 10 �C
(from top to bottom). The protein concentration was 30 μM.
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Equilibrium Unfolding of hNedd4-WW4 Studied by CD
and DSC Thermal Denaturation Profiles at Different pH
Values.We studied the thermal unfolding of the hNedd4-WW4
domain byDSCandCDover the pH range from 7 to 3 (Figures 4
and 5). At low ionic strengths, in acidic and neutral solutions, the
thermal unfolding of the hNedd4-WW4 domain was highly
reversible (always more than 80%) and no appreciable scan rate
or concentration effects could be seen for theDSC and CD traces
(data not shown). Thus, the domainmay be considered as being a
monomeric protein that unfolds in equilibrium under these
experimental conditions, a conclusion that was further confirmed
by dynamic light scattering experiments, performed as described
elsewhere (12).

We conducted a global fitting of the DSC and CD thermal
unfolding curves to the two-statemodel.We assumed that theDSC
traces obtained at the various pH values shared common CpN(T)

and CpU(T) functions and the CD traces had the same N- and U-
state baselines, as has been observed for typical two-state proteins
such as SH3 domains (14). As illustrated in Figure 5, this analysis
provides a reasonable description of the experimental data, withR
and Rsqr values of 0.99. The CpU(T) function estimated from the
tabulated contributions of individual amino acids (15) coincides
with the experimental heat capacity data after the main transition,
which has been described for other small proteins (12, 14, 25). Only
a few minor deviations can be seen at high temperatures for DSC
traces at pH 6 and 7, which can be ascribed to postdenaturation
aggregation processes and might also be responsible for the small
decrease in reversibility at these pH values (26).

It is important to point out that the common CpN(T) and
CpU(T) functions obtained from the global analysis intersect at
100 �C, a long way from the value of 140 �C traditionally
considered to be the universal convergence temperature for
representative globular proteins, but relatively close to the revised
and more realistic value of 120 �C proposed recently by Privalov
and co-workers (27). In any case, the value obtained from the
global analysis is more realistic than the one obtained from the
fitting of the individual DSC traces, which resulted in baselines
that crossed close to the Tm (Figure 4). The global analysis also
yields quite reasonable CD baselines that do not intersect within
the experimental temperature range and are similar to those
obtained for other small β-sheet proteins, such as SH3 domains
or cold-shock proteins (14, 22, 24) and other small globular
proteins (17, 21, 23).

Analysis of the baseline behavior constitutes an important
matter since incorrect baselines could mask evidence for

FIGURE 4: Temperature dependencies of the partial molar heat
capacity, Cp,ap, of the hNedd4-WW4 domain. Empty circles corre-
spond (from right to left) to 20 mM phosphate (pH 7), 20 mMMES
(pH6), 20mMacetate (pH5), and 20mMglycine (pH3). Solid black
lines are the individual fittings for each curve to the two-state model,
as described in the text. The lines with squares (9) show the heat
capacities of the folded state, Cp,N(T), and unfolded state, Cp,U(T),
obtained from the individual analyses. The dashed line represents the
Cp,N(T) function calculated according to the molecular weight (37).

FIGURE 3: CDandTrp fluorescence thermal denaturation profiles of
hNedd4-WW4 followed at different wavelengths in 20 mM phos-
phate buffer at pH 7 (symbols). Sample concentrations and wave-
lengths were 220 μMat 260 nm, 50μMat 230 and 203 nm, and 20μM
in the fluorescence experiment. The lines through experimental data
correspond to the best multiple fitting of the data to the two-state
equilibrium model (eq 11) sharing ΔHm and Tm values. The straight
lines represent the baselines obtained from the fitting procedure for
the native and denatured states of each thermal denaturation profile:
the solid lines for 203 nm, the solid line with circles for fluorescence,
the dashed line for 230 nm, and the solid gray line for 260 nm.

FIGURE 5: DSC and CD thermal unfolding curves of the hNedd4-
WW4 domain followed at 230 nm under neutral- and acidic-pH
conditions. Experimental data are represented as empty circles at
different pH values (7, 6, 5, 4, and 3 from right to left). The thermal
unfolding curve at pH 4 was obtained only by CD experiments. The
solid lines correspond to the simultaneous global fitting to the two-
state model, accepting a common temperature function of ΔCp,N-U

for both the DSC and CD data sets, which can be directly estimated
fromananalysis of theDSCexperimental traces. The solid black lines
with squares (9) represent the baselines for the native and denatured
states obtained from the global fitting. The dashed lines represent the
Cp,N(T) function calculated according to the molecular weight (37)
and the Cp,U(T) function estimated from the empirical algorithm
developedbyPrivalovandMakhatadze (15), based on the aminoacid
composition.
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populated intermediates and other heat contributions that might
be present during the unfolding process (16). The robustness of
the global analysis is stressed by the fact that, despite the low
cooperativity of the unfolding process, all the fittings give rise to
comparable results for the thermodynamic parameters whatever
the baseline assumptions. Actually, the enthalpy values estimated
directly from the areas of heat capacity curves (ΔHm,exp) are
comparable with those derived from the two-state analysis
despite the high errors associated with the former ones
(Table 1). This is further supported by a van’t Hoff to calori-
metric enthalpy ratio of 0.9. Furthermore, the analysis of the data
using more complex models [three-state equilibrium (28)] essen-
tially reproduces the two-state fittings with no significantly
populated intermediates being revealed by the deconvolution
analysis (data not shown).

In summary, the equilibrium unfolding of hNedd4-WW4 can
be reasonably described according to a two-state equilibrium
model. It is important to note that the model accounts for the
dispersion of the CpN(T) values at low temperatures. The close
agreement between the spectroscopic and calorimetric unfolding
probes is reflected in the combined analysis shown in Figures 3
and 5, although it is true that the resultingTm values at pH 7 from
the different fitting sessions exhibit a dispersion of 4 �C (Table 1),
which, to a good extent, might reflect the high error in the
estimation of the parameters. Nonetheless, it is interesting to note
that similar discrepancies have been reported for some downhill
proteins, for which experimental errors might be comparable to
those shown here (9, 10). In this way, the intersection of the
CpN(T) and CpU(T) baselines resulting from the individual
analyses at temperatures close to the Tm, which also occurs in
our case (Figure 4), giving rise to a change in the sign of
the unfolding heat capacity increment at unrealistic tempera-
tures, has also been described to be indicative of downhill
folding (9, 10).
hNedd4-WW4 Is Characterized by a Lower Than Aver-

age Specific Enthalpy Value. In general, the normalized
thermodynamic parameters provided by the two-state analysis
are within the range typically observed for most small globular
proteins. In fact,ΔHN-U(330)=3.1( 0.4 kJ (mol of residues)-1,
ΔSN-U(330)=9.5( 1.5 JK-1 (mol of residues)-1, andΔCp,N-U

= 50 ( 6 J K-1 (mol of residues)-1, which coincide within a
7-15%errorwith those obtained for other two-state folders (29).

Specific enthalpy functions [Δh(T) = ΔH(T)/Mw] typically
converge at 110 �C to an average value of 54 J/g, which can be
obtained by linear extrapolation of the unfolding enthalpy using
the heat capacity change deriving from the linear regression of the
ΔHm versus Tm values under different pH conditions (25, 30).
Using 2.5 ( 0.5 kJ K-1 mol-1 for the heat capacity change as
derived from theΔHm versus Tm regression of data from Table 1
(r = 0.995), we obtained a value of 45 J/g at 110 �C for the
unfolding specific enthalpy of hNedd4-WW4,which is lower than
the average value. Nevertheless, it is important to bear in mind
that errors in these estimations, arising from the linear approx-
imation of heat capacity functions and the long extrapolation
from the temperature range of the unfolding transitions (from
20-60 to 110 �C), can be greater than 20%, especially for small
proteins of low cooperativity such as hNedd4-WW4.

The convergence behavior of globular proteins has tradition-
ally been ascribed to the fact that the hydrophobic contributions
to enthalpy and entropy approach zero at the convergence
temperature, so at this temperature, the unfolding enthalpy
reflects mostly polar and van der Waals interactions (30). In this

context, the fact that most globular proteins have similar specific
enthalpies at the convergence temperature indicates a consider-
able degree of homogeneity in terms of the density and quality of
the enthalpic contributions per residue (31). Therefore, it is
reasonable to assume that the lower than average specific
enthalpy obtained for hNedd-WW4 probably reflects the low
cooperativity of this domain.
Stability Curves Reveal Marginal Stability and an

Anomalously Low TS Value for the hNedd4-WW4 Do-
main. We calculated the temperature dependence of the Gibbs
energy function at the different pH values and the corresponding
populations for the native and denatured states (Figure 6). It
appears that hNedd4-WW4 is only marginally stable, the Gibbs
energy values being as much as 20 kJ/mol under maximum
stability conditions (Table 1). The stability curves obtained under
all pH conditions converge at 120 �C (Figure 6a), which is a
realistic value according to the statistics mentioned above (27).
Nevertheless, it is important to note that hNedd4-WW4 is
characterized by a strikingly lowmaximum-stability temperature
(TS), which ranges from -25 �C at pH 7 to -3 �C at pH 4
(Table 1). Even though the information about TS values for
different proteins is scarce, a recent compilation (23) clearly
shows that even for small proteins (50-60 residues) TS is well
above 0 �C, with values in some cases close to 30 �C. To the best
of our knowledge, the lowest value reported to date is that

FIGURE 6: Gibbs energy and population analysis of hNedd4-WW4
folding. (a) Gibbs energy changes of unfolding of the hNedd4-WW4
domain found by curve fitting at several pH values. Solid lines with
symbols represent stability functionsΔGN-U(T) as a function of pH,
from top to bottom: pH 7 (b), pH 6 (1), pH 5 (9), and pH4 ([). The
straight solid line corresponds to the pH dependence of the TS value.
(b) Simulated profiles for the temperature dependence of the popula-
tions of unfolded (filled symbols) and folded (empty symbols) states
for the hNedd4-WW4 domain under different pH conditions. The
parameters of the simulations are listed in Table 1. Symbols for the
pH conditions are the same as those described in panel a.



8718 Biochemistry, Vol. 48, No. 36, 2009 Cobos et al.

corresponding to CI2, characterized by a TS of -8 �C under
maximum pH stability conditions (32), which is still significantly
higher than the value of -25 �C obtained for our system.

At this point, a question concerning the significance of such a
low TS in this protein system arises. It is interesting to remember
that increasing the TS parameter is a well-described evolutionary
strategy through which some thermophilic proteins achieve their
stability at high temperatures, by a significant rigidification of
their native states (33-35). Thus, the anomalously low TS value
characteristic of the hNedd4-WW4domain, naturally involved in
protein-protein interactions, may reflect the need for high
plasticity and flexibility in the native state required for the
accommodation of relatively large protein ligands in the binding
site. This is well illustrated by the fact that the W17F mutant of
the hYAP-WW domain, which is seriously destabilized and
mostly unfolded in solution, retains the capacity to bind to its
peptide partner in a coupled binding-folding process (4).
AHigher ThanNormal CpN(293)Confirms aHigh Level

of Flexibility in the Native State of hNedd4-WW4. The
considerable conformational flexibility of hNedd4-WW4 is also
reflected in the magnitude of the native-state absolute heat
capacity [CpN(293) = 1.73 ( 0.2 J K-1 g-1], which is well above
the value of 1.3 ( 0.3 J K-1 g-1 obtained as an average from
different databases of two-state proteins, and traditionally ac-
cepted as a universal value for globular proteins (Figure 5) (36,
37). Nevertheless, the hNedd4-WW4 CpN(293) value lies within
the interval provided by more recent statistics over a wider set of
native globular proteins, with values ranging from 1.25 to 1.8 J
K-1 g-1 (38).

Atypical heat capacity behavior of the pretransition baselines
has been reported elsewhere for other systems, such as some
leucine zipper constructs (27, 39), BBL (9), or gpW protein (10).
Nevertheless, in these cases, in addition to the anomalously high
CpN(293) values, strong temperature dependences of the native-
state heat capacity were observed. Bearing in mind that it is well-
known that pre- and post-transition baselines are closely corre-
lated to enthalpy fluctuations in the corresponding macroscopic
states (native and denatured, respectively) (27, 29, 36, 40, 41),
these anomalously high values have been interpreted in terms of
more complex, non-two-state equilibria. The leucine zipper
constructs have been described in terms of multistate equilibria,
whereas gpW has been considered to be at the boarderline of
downhill folding (10). In the case of BBL, these features have
been proposed to support a downhill folding mechanism, with
the strong temperature dependence of the native heat capacity
reflecting the progressive change in the ensemble properties (9).

In our case, in spite of the elevated value of the CpN(T)
function, its slope is that expected for a protein of this size
(Figure 5). This indicates that the dynamic fluctuations within
macrostates would have a noncooperative nature, being thus
established between iso-enthalpic conformations (36, 42). This
suggests, therefore, a barrier-limited scenario for the equilibria
between such macroscopic states in the hNedd4-WW4 domain.
An alternative explanation for the anomalous experimental
CpN(293) value could be the presence of a conformationally
different folded state, which would also be consistent with the
scattering in Tm values and the absence of an isosbestic point
observed for hNedd4-WW4 (43, 44). Thus, the equilibrium
between two different N states might give rise to a contribution
to the enthalpy changes that will justify the high CpN(T)
values (44). Let us say that this phenomenon has been well
reported in some other examples, one of them being the FBP28-

WW domain, where the conformational change at the N state is
similarly attained through the switch provoked by a single
residue, as a response to the presence of different types of
ligands (6).
Double-Perturbation Experiments: Can a Downhill

Equilibrium Be Ruled Out?. To further investigate the nature
of the conformational equilibrium of hNedd4-WW4, we have
analyzed the coupling of thermal and chemical denaturation.
These double-perturbation experiments have been put forward as
a suitable tool for discerning between the different types of
equilibria (11): in a barrier-limited scenario, the contributions of
both the folded and unfolded states would cause a linear coupling
of the thermodynamic parameters (17, 23), while in a multistate
or downhill barrier-less process, a nonlinear coupling would be
expected, reflecting the continuous change of the conformational
ensemble (9). This one-state mechanismwould also be associated
with some other features, like the intersection of the phenomen-
ological baselines deriving from the analysis within the experi-
mentally accessible temperature range, which is incompatible
with any process involving an energy barrier.With the knowledge
that the baselines reflect the structural properties of the ensemble,
the N and U states would have the same structural content at the
intersection temperature (11).

The results of the double-perturbation experiments conducted
with hNedd4-WW4 are summarized in Figure 7, where the
thermal unfolding profiles at 230 nm corresponding to urea
concentrations ranging from 0 to 6M in 20mMphosphate buffer
(pH 7) are shown (Figure 7a). The most salient feature of this set
of thermal profiles is the progressive downshift of the native CD
signals at low temperatures concomitant with an increase in urea
concentration. This, in principle, could be indicative of downhill
folding (11), although it might also be explained by the onset of
cold denaturation within the context of a two-state equilibrium.

As can be seen inFigure 7a, the two-state fitting reproduces the
effects at low temperatures by interpreting them as cold dena-
turation. Moreover, parallel baselines were obtained from this
analysis, showing similar temperature dependences and thus not
intersecting within the experimental temperature range (9, 11, 14,
17, 21, 23, 24). The Tm and ΔHm values show a very good linear
correlation [r=0.995 (data not shown)] with urea concentration,
and the heat capacity change is comparable to that obtained from
thermal denaturation. In addition, it has been proposed that a
curvature on the dependency of the unfolding enthalpy at 25 �C
with denaturant concentration might indicate a downhill fold-
ing (9, 10). No major deviations from the linear behavior are
observed for hNedd4-WW4 (Figure 7b).

To definitely distinguish among the two possible folding
scenarios in hNedd4-WW4, it would be desirable to obtain
experimental evidence for the cold denaturation predicted by
the two-state analysis of CD data (Figure 7a). To this end, we
have undertaken several DSC experiments at different urea
concentrations (Figure 7c) that did not provide clear evidence
of a cold denaturation transition. Nonetheless, a shift in CpN(T)
toward higher values concomitantly with increasing urea con-
centration (from 9-10 kJ K-1 mol-1 in the absence of urea to
20 kJ K-1 mol-1 at 4.8 M urea) is observed, which parallels the
shift in the native signal found for the CD unfolding profiles
(Figure 7). Even though this behavior may be interpreted as
evidence of downhill folding, it could also be correlated with the
increase in heat capacities associated with cold denaturation,
bearing in mind that the linear heat capacity measured experi-
mentally might result from the overlapping of two wide and flat
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unfolding transitions. It is important to note that the simulation
of the expected DSC heat capacity profiles for hNedd4-WW4 in
the presence of urea yields curves very similar to those obtained
experimentally (Figure 7c). Thus, even in a two-state scenario, for
small proteins characterized by low cooperativity and wide
transitions, it would be difficult to observe experimentally a
well-defined increase in heat capacity at low temperatures
associated with a cold denaturation transition, as has been
described for other highly cooperative proteins (45).

In summary, the linear dependence of the unfolding enthalpies
with both temperature and urea concentration indicates, in
principle, a two-state equilibrium, but the inconclusive cold
denaturation experiments and the similarities between our dou-
ble-perturbation profiles and those described elsewhere for
downhill folding proteins (9-11) argue against this hypothesis.
Moreover, although the two-state model describes the experi-
mental behavior reasonably, the thermodynamic parameters
obtained for hNedd4-WW4 are somewhat similar to those
reported for downhill proteins such as BBL (9) and gpW (10).

Taken together, our data seem to indicate that hNedd4-WW4
could be at the limit of what might be considered a cooperative
two-state equilibrium and reflect the lowering of the energy
barrier between the different macro states induced by changes
in the experimental conditions, such as the presence of chemical
denaturants. The small size of the barrier is also supported by
previous studies on WW domains reporting on the possible shift
between two different native-state ensembles in FBP28-WW (6)
and on the induced cooperative folding of the W17F mutant
in hYap-WW upon ligand binding (4). Within this context,
the anomalous TS and CpN(293) values obtained for hNedd4-
WW4 are indicative of the high conformational flexibility of the
N state.

Evidence of a defined barrier inWWdomains is also provided
by the hierarchical folding transition state where the presence of a
folding nucleus invariably located at the first β-turn has been
shown (7, 8). The picture of a polarized transition state with rate-
limiting β-turn formation has been also reported for other all
β-sheet two-state proteins like SH3 domains and CspB (46). In
addition, the folding-unfolding rate constants are a bit slower
than those for downhill folders that will approach the folding
speed limit (7, 8). Thus, the kinetic studies with WW domains
reinforce the idea of a common and barrier-limited folding
mechanism for β-structures.

One recent computational studywithPIN1-WWhas arrived at
similar conclusions, suggesting that the domain might exhibit
downhill behavior at nonphysiologically low temperatures (47).
These low-temperature effects parallel those observed with our
system upon addition of urea. Thus, the results presented here are
in agreement with the hypothesis that two-state and downhill
equilibria do not constitute two distinctly separate classes but
rather extreme limits of a range of possible behaviors determined
by the height of the folding barriers, which could be modulated
by experimental conditions.Within this context, naturally occur-
ring proteins appear to exhibit cooperative folding transitions
and well-defined macroscopic states under physiologically rele-
vant conditions (46). Evolutionary pressure at the sequence level
against amyloid formation from stable non-native states may be
one important reason for such behavior. In the case of the
hNedd4-WW4 domain, the relatively large size of ligands when
compared to the whole domainmight require sufficient structural
and dynamic flexibility on the part of the latter to properly
accommodate the former, which might even include the organi-
zation of an alternative N state. The thermodynamic character-
ization of otherWWdomains and marginally stable proteins can
be of special interest for acquiring a deeper understanding of the
folding equilibria at the limits of cooperativity.
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FIGURE 7: Urea dependence of thermal denaturation followed by
CD at 230 nm (θ230) for the hNedd4-WW4 domain in 20 mM
phosphate (pH 7). (a) Empty circles show the experimental data at
0, 0.94, 2.01, 2.96, 3.92, 4.89, and 5.98Murea (from right to left), and
the baselines θ230,N(T) (above) and θ230,U(T) (below), as determined
by the multiple-curve fittings, are represented by solid black lines
accompanied by squares. The solid lines show the results of the
multiple-curve fitting to the two-state model, as described in the text
(see Experimental Procedures for details), using the optimized value
for ΔCpN-U of 2.6 kJ K-1 mol-1 determined via the ΔHm vs Tm

analysis. (b) Unfolding enthalpy values extrapolated at 298 K,
plotted vs urea concentration. The solid line is the linear regression
of data. Error bars have been obtained by propagation of fitting
errors. (c) Normalized DSC unfolding traces of the hNedd4-WW4
domain obtained at pH 7 and different mid-urea concentrations.
Three sucesive heatings conducted for each sample in the calorimeter
cell are shown and numbered accordingly. Protein samples were
heated to 70 �C to avoid thermal effects associated with urea
degradation phenomena.
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