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ABSTRACT: A quantitative characterization of the structure and energy of the denatured states of proteins
represents the cornerstone to a molecular-level understanding of both protein stability and fold specificity.
Recent studies have revealed a significant bias in unstructured peptides toward the polyproline II (PII)
conformation, even when no prolines are present in the sequence. This indicates that the PII conformation
is a dominant component of the denatured states of proteins, although a quantitative description of the
component enthalpy and entropy functions associated with this conformation (i.e., the thermodynamic
mechanism) has thus far proven elusive. An experimental system has been designed that, when analyzed
with high-precision isothermal titration calorimetry, provides direct access to the residue-specific
thermodynamics of the PII structure formation in disordered proteins and peptides. Here, it is shown that
the PII bias is driven by a favorable and significant enthalpy (∆h) of -1.7 kcal mol-1 residue-1, which
is partially offset by an unfavorable entropy (T∆s) of -0.7 kcal mol-1 residue-1, relative to the ensemble
of disordered conformations of the molecule. In addition to impacting dramatically the interpretation of
thermal denaturation experiments, these experimental values form the framework of a quantitative energetic
description of the denatured states of proteins.

Protein folding describes the process whereby a nascent
polypeptide chain achieves a unique and functional tertiary
structure through a search of conformational space. Several
decades ago, the observation was made that, for a polypeptide
chain to achieve its unique structure in a biologically relevant
time frame, a random search of all accessible conformations
is not possible and that the polypeptide chain must therefore
search a significantly smaller space than would be predicted
from steric considerations alone (1). Indeed, numerous efforts
have focused on the effects of residual native structure,
excluded volume, and non-native conformational propensities
on the stability as well as the folding kinetics of proteins
(2-10). Notwithstanding these efforts, a quantitative ther-
modynamic description of the myriad of conformations in
the denatured state has proven problematic, primarily because
of the experimental difficulty in deciphering the relationship
between the structural and thermodynamic properties of the
individual conformations, which can vary significantly, and
the average properties of the ensemble as a whole.

The polyproline II (PII)1 structure has emerged as an
important component in the conformational manifold of
disordered peptides (11-22). Indeed, recent work has

suggested that the PII structure may in fact dominate the
ensemble of conformations for polypeptides (23) even at
nonproline positions (24-26). The PII conformation is
characterized by a left-handed helical turn with the amide
hydrogen and the carboxyl oxygen of each peptide backbone
projecting into solution, presumably making favorable
interactions with the solvent (27-30). In addition, the PII
conformation appears to facilitate favorable intrachainn f
π* interactions, which should also be stabilizing (31). Despite
clear experimental evidence for the existence of this structural
bias and a number of plausible explanations for its origin,
little is known of the detailed energetics of the PII conforma-
tion. For instance, is the PII state favored enthalpically,
entropically, or both? A detailed energetic description of the
PII bias, relative to the ensemble of disordered states, is
therefore of significant value because it provides direct access
to the energetic variations within the denatured state. The
significance of such a description is that it provides a residue-
specific description of how the denatured state will change
throughout the unfolding transition, providing a quantitative
estimate of the error associated with the assumption of a
single thermodynamic denatured state.

MATERIALS AND METHODS

Isothermal Titration Calorimetry (ITC).The binding
energetics used here were those reported previously (24) and
are listed in parts A and B of Table 1, The previously
reported mean and standard deviation in∆Hbinding (Table 2
in ref 24) correspond to the results obtained by averaging
the enthalpy columns in Table 1B.
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RESULTS AND DISCUSSION

Binding Equilibrium Linked to Folding.The PII bias at
each position in a peptide is locally driven (32). As shown
below, the result is in an expression wherein the residue-
specific PII propensity of the peptide backbone can be
determined directly from ITC experiments, which monitor
the binding of the C-terminal Sem-5 SH3 domain (SEM5)
to analogues of the polyproline peptide sequence (P1P2P3-
V4P5P6R7R8R9) found in the Son of Sevenless (Sos) protein
(Figure 1). For a protein binding to a disordered peptide
(Figure 1), the overall binding reaction can be divided into
two separate equilibrium processes. First, the unbound
peptide exists as an ensemble of interconverting conforma-
tional states, which must shift to the binding-competent
conformation to bind. In the case of the Sos peptide, the
binding-competent state is the PII conformation. Second, an
equilibrium exists between the unbound state of the binding-
competent conformation and the state that is bound to the
SEM5 protein. Thus, the overall binding energy (∆Gbind )
-RT ln Kbind) is the difference between the free energy
required to fold the peptide into the PII conformation (∆Gconf)
and the free energy of interaction between the PII conforma-
tion of the peptide and the SEM5 protein (∆Gint). If the
peptide ensemble is completely biased toward PII in the
unbound state,∆Gconf ()-RT ln Qconf) will be ∼0 and the
measured binding energy will simply correspond to the
intrinsic free energy of interaction (i.e.,∆Gbind ) ∆Gint). If,
on the other hand, the unbound peptide molecules are
populating a structurally heterogeneous ensemble, the con-
formational free energy will correspond to the energy
difference between the heterogeneous state and the PII

conformation. In this study, mutations are made that impact
the conformational free energy in a known way, as described
below. By monitoring the impact of these mutations on the
observed binding, it is possible to elucidate the degree and
thermodynamic mechanism of PII conformational bias in the
unbound ensemble at the level of the individual amino acid.

The strategy used here is to target a surface-exposed
proline residue at position 3 (P3) on the Sos peptide for
mutation to alanine (P3A) (Figure 1). Because the side chain
of residue 3 does not make contact with the SEM5 protein,
as determined from solvent-accessible surface area calcula-
tions on the crystal structure of the complex (33) (data not
shown), the binding interfaces of the P3-SEM5 and P3A-
SEM5 complexes are expected to be identical. For such a
case, the difference in binding free energy to each Sos variant
should arise solely from the difference in the conformational
free energies of folding each Sos variant into the PII

conformation.

Indeed, as demonstrated previously (24), the NMR{1H-15N}
HSQC spectra of SEM5 in complex with either the P3-Sos
or P3A-Sos peptides are virtually super-imposable, indicat-
ing that the bound states are essentially identical and
suggesting that eq 1 is a reasonable approximation.

Microscopic Equilibrium Constant for PII Formation.The
conformational entropy,Sconf, of disordered peptides and
proteins describes the number of conformations accessible
to the system (i.e., the degeneracy,Ω) and, assuming equal
a priori probability for each conformation, can be related by
the following expression:

whereR is the molar gas constant. It is well-known (34, 35)
that the free energy of unfolding a protein can be affected
through point mutation of surface-exposed residues, even if
the side chain for the substituted amino acid projects into
solution and makes no interactions in the native state. The

Table 1

(A) Binding Constants for the Interaction of SEM5 Analogues with the P3 and P3A-Sos Peptides as well as
the Calculated Microscopic Free Energy Difference between PII and Non-PII Conformationsa

protein
P3-Sos peptide

[Kobs (M-1)]
P3A-Sos peptide

[Kobs (M-1)]

∆∆G binding
[-RT ln(KP3/KP3A)

(cal/mol)]

microscopic PII
equilibrium

(κmic)

microscopic∆gmic

(gnonPII - gPII)
(cal mole-1 residue-1)

wild type 2.81× 104 ( 493b 1.12× 104 ( 335 -545( 16 0.191( 0.011 981( 33
S170G 2.18× 104 ( 366 0.86× 104 ( 108 -551( 17 0.194( 0.005 972( 17
S170A 2.58× 104 ( 329 1.01× 104 ( 150 -556( 16 0.197( 0.006 962( 17

average 972( 24

(B) Enthalpy of Binding of SEM5 Analogues to the P3 and P3A-Sos Peptides as well as
the Calculated Microscopic Enthalpy Difference between PII and Non-PII Conformationsc

protein
P3-Sos peptide

[∆Hbind (cal/mole)]
number of

binding sites (N)
P3A-Sos peptide
[∆Hbind (cal/mole)]

number of
binding sites (N)

microscopic∆hmic

(hnonPII - hPII)
(cal mole-1 residue-1)

wild type -7917( 39d 0.902 -8579( 86 1.168 1103
S170G -7614( 35 0.970 -8900( 50 0.961 2143
S170A -7771( 23 1.050 -8866( 47 1.094 1825

average 1690( 530e

a κmic is determined from eq 5 with PII as the reference state, and the microscopic free energy is calculated as∆gmic ) -RT ln κmic. Positive
values for∆gmic indicate that the PII conformation is favored. A description of the materials and methods can be found elsewhere (24). Experiments
were conducted at 298 K.b Standard deviation of the fitted parameters to a two-state model.c Values are reported using PII as the reference state;
thus, positive values indicate that PII is favored.d Standard deviation of the fitted parameters to a two-state model.e Standard deviation of the mean
for the binding to the three SEM5 analogues.

∆∆Gbind(P3f A) )

-RT ln( P3Kbind

P3AKbind
) ≈ -RT ln(P3AQconf

P3Qconf
) (1)

Sconf ) R ln Ω (2)
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physical basis of the stability difference stems from the fact
that the particular chemical structure of each amino acid
determines the number of accessible conformations that it
can adopt at each position when it is not in the folded
structure. Likewise, when an unstructured peptide binds to
a protein in a unique conformation, the degeneracy of the
unbound state of the peptide will influence the binding
affinity, independent of the interactions that are made at the
binding interface. Indeed, substituting Ala or Gly at the
solvent-exposed P3 position of Sos results in a significant
difference in binding affinity for SEM5 (24).

Previous results from this laboratory (24) have demon-
strated that although Ala, Pro, and Gly residues show a
difference in the degree of PII bias, with the rank order:
Pro > Ala > Gly, the observed differences between each
amino acid can be accounted for by the differences in the
degeneracy of each residue when not in the PII conformation.
A direct consequence of this result is that the per residue
equilibrium constant (Ki) between the PII state and the
ensemble of non-PII conformations can be expressed as a
product of two terms, the degeneracy (Ωi) of all non-PII

conformations, which is residue-specific (34) and the mi-
croscopic PII bias,κmic, which is common to Pro, Ala, and
Gly.

In other words, the results indicate that a baseline energetic
bias exists that is common to Ala, Gly, and Pro residues,
which can be interpreted as a per residue free energy
difference (∆gmic ) -RT ln κmic) between the ensemble of
non-PII conformations and the PII state. The importance of
eq 3 is that it provides straightforward means of simplifying
the conformational free energy term (eq 1) for the Sos
peptide. This is shown in Chart 1, where the ensemble of
conformational states of the peptide (Qconf) is enumerated
and consists of all possible combinations for each amino acid
to be in either the PII conformation (P) or the disordered/
non-PII conformation (U).

The statistical weight (SW) of each conformational state
is therefore the product of allκmic and degeneracy terms (Ωi)
at each position. If no PII bias exists (i.e.,κmic ) 1), the
statistical weight is determined only by the degeneracy and

FIGURE 1: Experimental model system. Sem-5 C-SH3 domain (ribbon) binds to the polyproline Sos peptide in the PII conformation
(Ac-VPPPVPPRRRY-amide, CPK model), (PDB 1SEM). PRO3 of the Sos peptide (green) is targeted for a mutation to Ala. Shown in the
brackets are alternative peptide conformations in the unbound state. The equilibrium binding constant can be expanded to account for the
conformational equilibrium in the peptide, whereKbind is the equilibrium binding constant,Kint is the intrinsic binding constant, [M] is the
total protein concentration, [MP] is the concentration of the SEM5:Sos complex, [PII] is the concentration of peptide in the PII conformation,
ki is the statistical weight of theith peptide species,Qconf is the conformational partition function of the peptide,∆Gint is the change in the
intrinsic Gibbs free energy upon binding,∆Gconf is the change in conformational Gibbs free energy upon binding (-RT ln Qconf), and
∆Gbind is the total change in Gibbs free energy upon binding.

Ki ) Ωiκmic (3)

Chart 1
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the ensemble corresponds to a disordered state (34). If a PII

bias exists, however (i.e.,κmic < 1), the statistical weight
for adopting a non-PII conformation will be decreased and
the conformational free energy of folding the peptide into
the binding competent conformation will likewise be de-
creased.

The ability to represent the PII bias in terms of a baseline
κmic (for Pro, Ala, and Gly) allows the conformational
partition function, Qconf, to be reduced to a binomial
expansion of the energetic bias at each position, and eq 1
takes the form:

where the products are over all residues in the P3A and P3-
Sos peptides that occupy the PII conformation in the bound
state (i.e., residues 1-7) (33).

For the experimental protocol described here, a single
amino acid substitution is made at the 3rd position of the
peptide, leaving all other positions unchanged

Because the degeneracy of the Pro residues are equivalent
at position 2 of the P3A-Sos peptide and position 3 of the
P3-Sos peptide as described previously (24), the change in
binding free energy between SEM5 and the two Sos peptides
(eq 4) simplifies to

whereP3AΩ3 is the degeneracy, relative to the PII conforma-
tion, of the substituted Ala at position 3 in the P3A-Sos
peptide. Of note is the fact that the only remaining term in
eq 5 involves the description of the equilibrium at position
3, and this description in terms ofκmic and P3AΩ3 follows
directly from experimental substitution data at that position
(Table 1A).

The importance of eq 5 is that it reveals a direct connection
between the experimentally observed difference in binding
free energy and the microscopic equilibrium constant for PII

unfolding. Here, the previously determined backbone entropy
contribution for Ala,∆S) 4.1 eu (entropy units) cal mol-1

K-1) (34), is used, which according to eq 2, corresponds to
a degeneracy ofP3AΩ3 ) 7.9. Table 1A shows the values of
κmic determined from the analysis of the binding of the P3
and P3A-Sos peptides to three different SEM5 analogues.
The good agreement between the∆∆Gbind values (and hence
theκmic) obtained with different SEM5 variants indicates that
the specific protein used in the study does not impact the
analysis and that the effects can be entirely attributed to the
changes in the peptide conformational ensemble as suggested
by eq 5.

The values ofκmic shown in Table 1A indicate that the
residue-specific energy of adopting a non-PII conformation
is unfavorable (i.e., positive), demonstrating that the PII

conformation is favored. The thermodynamic mechanism of
the microscopic PII bias (i.e., the component enthalpy,∆hmic,
and entropy functions,∆smic) can be obtained from the
appropriate temperature derivative of eq 5

Because∆∆Hbind(P f A) can be ascertained directly from
ITC experiments (Table 1B), it is straightforward to obtain
an estimate of the microscopic enthalpy∆hmic and entropy
∆smic [)(∆hmic - ∆gmic)/T] for the process. The average
values are shown in Figure 2 and reveal that the energetically
favorable PII bias of-972( 24 cal mol-1 residue-1, relative
to the unfolded or random-coil state (i.e., all other states), is
driven by a decrease in enthalpy (-1690( 530 cal mol-1

residue-1), which is partially offset by an increase in entropy
(-T∆S ) 718 ( 530 cal mol-1 residue-1). We note from
inspection of the data in Table 1B that the∆hmic obtained
from the analysis of the wild-type protein is significantly
less than the values obtained from the S170A and S170G
proteins. Although we have no unambiguous explanation for
this difference, we do note that the values ofN (number of
binding sites) obtained from the fit differ considerably for
the binding to the P3 and P3A peptides. Nonetheless, the
results that are obtained from the analysis of each protein

∆∆Gbind(P3f A) ≈ ∆∆Gconf(P3f A) )

-RT ln(∏i)1

Nres

(1 + P3AΩiκmic)

∏
i)1

Nres

(1 + P3Ωiκmic)
) (4)

P3-Sos: Ac-V0P1P2P3V4P5P6R7R8R9Y10-NH3

P3A-Sos: Ac-V0P1P2A3V4P5P6R7R8R9Y10-NH3

∆∆Gbind(P3f A) ≈ -RT ln(1 + P3AΩ3κmic) (5)

FIGURE 2: Microscopic thermodynamic parameters for PII formation
are shown, where the microscopic entropy is∆smic, the microscopic
enthalpy is∆hmic, and the microscopic free energy is∆gmic, as
shown in parts A and B of Table 1. The error bars are derived
from the standard deviations of these terms based on the binding
of the peptides to three different C-SH3 variants. The values are
plotted with the disordered non-PII conformation as the reference
state (i.e., negative values indicate that the PII conformation is
favored). The solid bars correspond to the values determined using
the lower limit for the degeneracyΩA ) 3.0 (∆S ) 2.2 eu), and
the hashed bars correspond to the values determined usingΩA )
7.9 (∆S ) 4.1 eu).

∆∆Hbind(P3f A) ) -R
∂ ln(1 + P3AΩ3κmic)

∂ (1/T)
)

P3AΩ3κmic

1 + P3AΩ3κmic

∆hmic (6)
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are of the same sign and order of magnitude, and the
corresponding uncertainty does not impact the interpretation
of the results.

The microscopic PII thermodynamic values (Figure 2) are
important because they provide a per residue description of
the energetic cost of PII formation, which is common to Pro
and Ala residues. The fact that the reported PII bias in Gly
is consistent with the difference in degeneracy between Pro,
Ala, and Gly, as determined previously (24), suggests that
indeed these values represent a baseline energetic cost for
all amino acids to adopt PII. Although the studies presented
here do not address the molecular origins of observed
energetics, the apparent similarity in the thermodynamic
mechanism for the different amino acids would appear to
implicate a phenomenon related to backbone-backbone or
backbone-solvent interactions (20, 21, 23, 27-31) or, as
recently suggested, a combination of multiple subtle effects
(36). It should be noted that, regardless of the intrinsic
backbone contributions to the PII formation identified here,
it is also plausible that additional energetic factors related
to specific side-chain-side-chain and side-chain-backbone
interactions may need to be considered for other amino acids.

Several caveats should be noted, which are relevant to the
interpretation of the values calculated with eqs 5 and 6. First,
the value ofκmic determined from eq 5 is inversely correlated
to the value for the degeneracy that is used for Ala (P3AΩ3)
because they appear as a product in eq 5. As such, an
overestimate ofP3AΩ3 will translate into an underestimate
of κmic. The importance of this observation stems from the
large variability in the reported conformational entropy of
Ala, with some estimates being as low as 2.2 eu (37)
(corresponding to an apparent degeneracy ofP3AΩ3 ) 3.0),
in contrast to the value of 4.1 eu used here. Although these
estimates vary significantly, Figure 2 indicates that only the
microscopic entropy∆smic and free energy∆gmic and not the
enthalpy∆hmic are affected by the precise value ofP3AΩ3

used. As is evident, using realistic values for the high and
low extremes ofP3AΩ3 does not affect the enthalpy of PII

formation, which is obtained directly from the calorimetric
analysis (eq 5). In either case, the interpretation is the same;
the PII conformation is driven by a large favorable enthalpy.

Second, we note that the degeneracy term calculated from
eq 2 represents an upper limit, because it is predicated on
equal a priori probability for all of the non-PII conformations.
Use of this expression also carries with it the assumption
that the apparent conformational entropy of Ala is temper-
ature-independent, an assumption that is supported by the
observation that Ala to Gly mutations result in similar free
energy changes regardless of the experimental temperature
(24, 34, 35). In any case, it is important to note that the
specific form of the relationship between the degeneracy and
the entropy does not qualitatively impact the interpretation
of the results as shown in Figure 2.

The determination of the component microscopic enthalpy
and entropy of the PII formation represents a significant
advance in our understanding of the observed conformational
bias, and this level of understanding is important for two
interrelated reasons. First, it provides unprecedented insight
into the thermodynamic mechanism, which, as described
below, is the basis for understanding how the bias will be
affected by changes in the environmental conditions. Second,
from a detailed knowledge of how the denatured ensemble

responds to environmental changes, a quantitative impact of
the PII bias on the biophysical and functional properties can
be assessed directly.

Consequences of the PII Bias on Equilibrium Thermody-
namic Measurements.The picture of the denatured state that
emerges from this study reveals several consequences that
must be considered in future attempts to model the unfolded
states of proteins, as well as to interpret experimental results.
Specifically, as the PII bias is driven by a favorable and
significant enthalpy, the effect of increased temperature will
be to populate the ensemble of non-PII states at the expense
of PII. Although a precise quantitative description of the
impact of the temperature-induced redistribution within the
denatured state ensemble will ultimately require explicit
consideration of the energetic contributions of each residue
in the sequence, the values determined here can be used to
estimate the effect on a hypothetical polyalanine protein.

Because the PII conformation is locally driven (32, 38)
and therefore highly noncooperative, the transition from PII

to the ensemble of non-PII states will be characterized by
two features. First, the overall probability of finding a
molecule with a specific number of residues in PII will be
describable in terms of the individual probabilities at each
position (see below). Second, the transition will occur over
a broad temperature range, making it difficult to evaluate
the impact of this transition on the thermodynamic param-
eters associated with unfolding of proteins. This can be
demonstrated by considering the enthalpy fluctuations as a
function of temperature. For the denatured state of a
hypothetical polyalanine protein withN amino acids, wherein
each residue can be folded in the PII conformation in all
combinations with the other residues in the sequence, the
average excess enthalpy (relative to the PII state) can be
expressed as

where the summation on the right describes the contribution
of all states that havem number of residues in the non-PII

conformation. As indicated by Figure 3A, the polyalanine
denatured state ensemble experiences a gradual yet significant
heat effect throughout the entire temperature range modeled
(i.e., 50-423 K), as the ensemble transitions from the fully
PII to the fully non-PII state. The corresponding excess heat
capacity function (i.e.,〈∆CpPII〉 ) d 〈∆HPII〉/d T), which is
the quantity that is obtained directly from differential
scanning calorimetry (DSC) experiments, is likewise sig-
nificantly affected by the shift in the denatured state ensemble
(Figure 3B).

The practical manifestation of these effects can be
observed when the magnitude of the expected heat effect
for a protein of a specific size is compared to the heat
capacity of unfolding (∆Cpu) for that same protein. Shown
in Figure 3C are the experimental∆Cpu values for a database
of proteins (Table 2) plotted as a function of the protein
length (39). The linear regression provides an estimate of

〈∆HPII
〉 ) ∑

i)1

Nstates

Pi∆Hi ) ∑
m)0

Naa

m∆hmic

P3AΩ3
m
κmic

mN!

m!(N - m)!

∑
m)0

Naa
P3AΩ3

m
κmic

mN!

m!(N - m)!

(7)
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the expected mean and range of∆Cpu values for each protein
length. Despite the high correlation coefficient, there is
considerable variability in∆Cpu for a given protein size
(almost 100% atN ) 100). The importance of this correla-
tion, as well as the range in the data, becomes clear upon
inspection of Figure 3D, which shows the simulated excess
heat capacity function for a two-state unfolding transition
of a protein, wherein the mean and the range of∆Cpu values
from Figure 3C are modeled. As is well-known (40), the
difference between the pre- and post-transitional baselines
obtained from a DSC scan corresponds to the∆Cpu for the
unfolding transition. Thus, from the range of∆Cpu values
presented in Figure 3C for the unfolding of a 100 amino
acid protein, Figure 3D shows the range of expected post-
transitional baselines. Also shown in the figure is the heat
effect associated with the fluctuations between PII and non-
PII conformations within the denatured state ensemble (from
Figure 3B). A comparison of this heat effect with the
expected values for∆Cpu reveals at least two noteworthy
features. First, the heat effect associated with the PII

fluctuations represents a sizable fraction of the apparent∆Cpu.
In fact, from the range of values, the heat capacity change
associated with these fluctuations represents between 10 and
30% of the total∆Cpu of unfolding.

Second, the apparent〈∆CpPII〉 associated with fluctuations
is temperature-dependent, decreasing at higher temperatures
(Figure 3D). This result is a direct consequence of the fact
that the midpoint of the PII to non-PII transition (where the
heat effect is maximal) is centered far below 0°C (273 K)
(parts A and B of Figure 3). The excess heat capacity
function associated with these fluctuations therefore decreases
at temperatures above the midpoint of the transition (Figure
3B). Although slight differences in the PII thermodynamics
are likely to be found when other amino acids are investi-
gated, the phenomenological implications are nonetheless not
likely to be qualitatively different from what is shown in
Figure 3D. Namely, the temperature-dependent redistribution
of the denatured state ensemble will produce a substantial
heat effect because of the magnitude of∆hmic, and the
magnitude of that heat effect will decrease with increased
temperature, so long as the midpoint of the PII transition
shown in parts A and B of Figure 3 does not change
dramatically (i.e., it occurs at a lower temperature than the
Tm for the protein). The result will be an apparent temper-
ature dependence in∆Cpu. It is noteworthy that the apparent
temperature dependence in∆Cpu has been observed previ-
ously (41), although to date, the physical basis for this
dependence has not been experimentally established. The

FIGURE 3: (A) Average excess enthalpy and (B) excess heat capacity for the transition from PII to unfolded for a hypothetical 100 (N )
100) and a 200 amino acid polyalanine protein (N ) 200). The highlighted area is the experimentally observable region for protein unfolding
(∼273-373 K). Although the midpoint of the transition is far below 273 K, the heat effect associated with the transition is nonetheless
considerable at temperatures where proteins typically unfold. (C) Heat capacity of unfolding (∆Cpu) for the database of proteins shown in
Table 2 plotted as a function of the number of residues. Linear regression identifies the mean∆Cpu for a given protein length, and the error
bar atN ) 100 (red) provides the approximate experimental range. (D) Simulated excess heat capacity function for a protein undergoing
a two-state temperature induced transition with∆Cpu values corresponding to the mean and the approximate range (dashed curves) for a
100-residue protein (from Figure 3C). For comparison, the excess heat capacity function for the PII to unfolded transition in the denatured
state of a 100 amino acid protein is shown (from Figure 3B). Results show that the PII-related denatured state fluctuations constitute a
sizable fraction of the observed∆Cpu. Simulation parameters for the unfolding transition are∆Hu ) 150 kcal/mol,Tm) 60 °C (333.15 K),
and∆Cpu ) 750, 1360, and 1725 cal/(mol K).
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thermodynamic values for PII unfolding reported here suggest
that the PII-related structural fluctuations in the denatured
state are at least partially responsible for this behavior.

The significance of the results presented in Figure 3 is
that it impacts the molecular interpretations of the origin of
∆Cpu for proteins. As is well-known, the excess heat capacity
function for a protein can be expressed as

where Pi, ∆Hi, and ∆Cpi are the probability, enthalpy
difference, and heat capacity difference (relative to the native
state) for statei and the summation is over allN states
accessible to the protein. The two terms in eq 8 represent
contributions from distinctly different origins (42, 43). The
first term is the transition excess heat capacity,〈∆Cptran〉, and
corresponds to the heat effect associated with fluctuations
between the different conformational states of the protein.

It is the〈∆Cptran〉 that is responsible for the bell-shaped curve
seen in the DSC scans at temperatures close to the transition
temperature (Figure 3D). The second term, which is referred
to as the baseline excess heat capacity,〈∆Cpbaseline〉, corre-
sponds to the population weighted difference in heat capacity
between the beginning and the end state. For a two-state
transition, the difference between the pretransitional heat
capacity value, where the native state dominates, and the
post-transitional signal, where the unfolded state is populated,
provides access to the∆Cpu of unfolding, as shown in Figure
3D. Because the value of〈∆Cptran〉 presumably takes into
account all of the heat effects associated with conformational
fluctuations on the part of the protein,〈∆Cpbaseline〉 reflects the
difference between how the native and denatured states of
the molecule interact with the solvent (42, 43). Indeed,
numerous research efforts have focused on the correlations
between the measured∆Cpu and changes in solvent-accessible
surface area (39, 44-46). A direct consequence of the
temperature-dependent redistribution of the denatured state
ensemble from the PII to non-PII states is the fact that the
post-transitional baseline will not simply reflect the difference
between how the native and denatured states interact with
the solvent. On the contrary, the denatured state itself will
be changing, and a sizable fraction of the∆Cpu will be
attributable to the changing character of the denatured state
throughout the unfolding transition. This contribution, which
can vary in an unknown way, does not need to be
proportional to the surface area in the denatured state of the
molecule. However, even in cases where proportionality
between surface area and∆Cpu is observed, the results
presented here indicate that the proportionality constant
cannot be compared in a physically meaningful way to values
obtained from non-peptide-based model compound studies.

PII Conformation and the Size of the Denatured State
Ensemble.As recognized by Levinthal, an unguided search
of conformational space from the unfolded random coil to
the folded native state is not possible in a biologically
reasonable time (1). This problem is often graphically
depicted using the funnel representation of the energy
landscape (Figure 4A), wherein the top of the funnel
describes the unfolded conformations (47). The folding
problem arises because the energy landscape of unstructured
states is believed to be comparatively featureless (i.e., few
low energy states exist). In the absence of distinct minima
in the energy surface, protein molecules will be randomly
distributed over a large number of conformations [e.g., a 100
amino acid protein with a degeneracy of 7.9 per residue gives
an overall degeneracy ofΩ ) 7.9100 (∼1089)]. Exploring such
a search space is clearly intractable, and this point highlights
the nature of the Levinthal paradox. Namely, although it is
physically possible for a native state to be in equilibrium
with a large ensemble of denatured conformations, the size
of the ensemble will determine the duration of time it takes
the system to reach equilibrium. As such, for a protein to
achieve equilibrium in a biologically reasonable time, a
conformational bias must exist in the denatured state that
serves as a preorganization step, effectively reducing the
search space accessible to the polypeptide (20, 23).

The microscopic PII parameters determined here provide
a straightforward estimate of the quantitative impact of PII

on the accessible conformations in the denatured state. In
the case of a single Ala residue, for example, the apparent

Table 2: Amino Acid Length and Heat Capacity for 31 Proteins

protein name number of residues ∆Cp

ovomucoid third domain (turkey)a 56 590
IgG-binding domain of protein Gb 56 620
SH3 domain ofR spectrinc 62 813
chymotrypsin inhibitor 2d 62 720
Btke 67 740
ubiquitine 76 1360
λ repressor 6-85f 80 1440
EcHPrg 85 1490
BsHPrh 88 1160
barstari 89 1460
ribonuclease Saj 96 1520
cytochromec (horse heart)k 104 1730
ribonuclease T1l 104 1270
arc repressorm 106 1600
iso-1-cytochromec (yeast)n 108 1370
thioredoxin (E. coli)o 108 1660
binasep 109 850
barnaseq 110 1650
ribonuclease Ak 124 1230
ROPr 126 1890
lysozyme (hen egg white)k 129 1540
lysozyme (human)s 130 1580
staphylococcal nucleaset 149 2320
interleukin 1-âu 153 1890
metmyoglobin (horse)V 153 1870
metmyoglobin (sperm whale)k 153 2770
T4 lysozyme (T54, A97)w 163 2570
R chymotrypsink 241 3020
tryptophan synthase,R subunitx 268 4600
pepsinogenk 370 6090
phosphoglycerate kinase (yeast)y 415 7500

a Swint and Robertson (1993) (51). b O’Neil et al. (1995) (52).
c Viguerra et al. (1994) (53). d Jackson et al. (1993) (54). e Knapp et
al. (1998) (55). f Huang and Oas (1996) (56). g Nicholson et al. (1996)
(57). h Scholtz, J. M. (1995) (58). i Agashe and Udgaonkar (1995) (59).
j Pace et al. (1998) (60). k Privalov and Gill (1988) (61). l Yu et al.
(1994) (62). m Bowie and Sauer (1989) (63). n Cohen and Pielak (1994)
(64). o Santoro and Bolen (1992) (65). p Protasevich et al. (1987) (66).
q Griko et al. (1994) (67). r Munson et al. (1994) (68). s Herning et al.
(1992) (69). t Carra et al. (1994) (70). u Makhatadze et al. (1994) (71).
V Kelly and Holladay (1990) (72). w Hu et al. (1992) (73). x Stackhouse
et al. (1988) (74). y Murphy and Freire (1992) (44).

〈∆Cp〉 )
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degeneracyΩ ) 7.9 in the absence of a PII bias is reduced
by a factor of∼5 (i.e., 1/κmic ) exp [-∆gmic/RT]) to Ω )
1.6 when the PII bias is considered. In the context of a 100
amino acid protein with a PII bias at each position, the
apparent degeneracy is reduced to∼1019, a factor of more
than 1070 over the unbiased ensemble! Consequently, the
intrinsic PII bias at each residue significantlyreduces and
restricts the conformational search space. In terms of the
funnel representation, an energetic minimum of-1.7 kcal/
mol is present at the PII conformation for each residue (Figure
4B) and each molecule will spend a significant fraction of
time in a conformation wherein some region of the molecule
occupies the PII space. Remarkably, from theκmic values
determined here (Table 1), the probability of a 100 amino
acid protein to adopt a conformation that does not have at
least one residue in the PII conformation is less than 1 part

in 1020. Interestingly, the fact that the PII bias shows
significant temperature dependence indicates that the appar-
ent conformational entropy of the denatured state also
increases with temperature. From the∆hmic and∆smic values
determined here, the impact of the shift in the PII bias at
high temperatures provides a quantitative estimate of the
apparent change in the conformational entropy of unfolding
(Figure 4C). For example, the denatured state of a 100 amino
acid protein at 298 K is a factor of 1013 smaller than the
denatured state at the approximate median unfolding tem-
perature of the proteins listed in Table 2 (i.e., 333 K) (48)
and a factor of 1024 smaller than the denatured state at
373 K.

Finally, although the current study does not address the
kinetic aspects of PII formation, one of the most important
implications of this work is the fact that the folding process
of proteins will be largely restricted to a specific region of
conformational space, in effect providing a bias in the
ensemble of starting conformations for the folding reaction.
This finding by itself does not imply that folding should be
accelerated relative to a more disordered or random-coil
ensemble. The fact that proteins do indeed fold rapidly (49)
indicates that the series of steps involving the accretion of
higher order structure must be accessible from the PII state
(although such a scenario does not imply that PII is an
obligatory conformation). This is shown schematically in
Figure 4, where the PII bias in the denatured state is shown
to restrict the conformational search to a space wherein the
folding reaction can begin. If it is true that the PII conforma-
tion is indeed a major reason that the folding reaction
proceeds quickly, it would represent a somewhat paradoxical
result. It is difficult to envision how an energetically favored
conformation, which is not overwhelmingly prevalent in the
final native folds of proteins (∼6%) (50), could facilitate
the folding reaction. It would seem at first consideration to
significantly slow the folding process because it traps the
residues in a low energy well, thus creating an energy gap
between PII and the nativeæ/ψ angles for each residue.
Whether the folding process involves exhaustive exploration
of an intractably large conformational space or whether it
depends on multiple residues becoming excited from a low-
energy state simultaneously, the problem would appear
similarly challenging. However, the PII conformation or any
conformation for that matter could facilitate rapid folding if
the energy barrier between the PII conformation and native-
state conformations was small or if the PII state prevented
nonproductive folding events. Along the lines of the latter,
it is noteworthy that the PII conformation is considerably
expanded (i.e., it extends linearly and translates 3.12
Å/residue) and would disfavor (at least locally) the collapse
of the polypeptide chain into small, nonspecific structural
units. In effect, the PII conformation could be viewed as a
local conformational “place holder”, preventing the misfold-
ing of small units of the sequence. Whether this is indeed
the case awaits further study, where the relationship between
folding rates and PII propensities can be quantitatively
evaluated.

CONCLUSION

The results presented here provide the first calorimetric
characterization of the thermodynamic origins (i.e., enthalpy
and entropy) of the PII bias in the disordered states of

FIGURE 4: Folding funnel representation of the energy landscape
of proteins (A) with no bias and (B) with a PII bias. According to
this representation, the native state is at the bottom of the funnel
and the unfolded conformations are at the top. The width schemati-
cally depicts the conformational entropy of the denatured state
(S ) R ln Ω). When the PII bias obtained here is applied to a 100
amino acid protein (schematically depicted in B as a groove with
a depth∆hmic ∼ -1.7 kcal mol-1 residue-1), the apparent degen-
eracy of the denatured state is decreased by a factor of∼1070. The
PII bias requires that the conformational search of each amino acid
will be significantly restricted relative to a completely random
search. The solid red arrow represents a random search through
unstructured conformations, and the dashed arrow represents the
process involving the accretion of the native structure (i.e., the
folding pathway). Note: the direction and length of the arrows are
for illustrative purposes only and are not intended to imply the order
or mechanism of folding. The fact that proteins fold rapidly implies
that the classically defined folding pathway can be accessed from
the PII conformation. (C) Temperature dependence of the apparent
conformational entropy (Sconf,app ) R ln Ω100) for a hypothetical
100 amino acid polyalanine protein. Shown are the values at 298
and 333 K (60°C), which is the approximate median unfolding
temperature for the database of proteins used to generate Figure
3C.
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peptides, which can be applied to the denatured states of
proteins. We have used this bias to extract residue-specific
energetics, which correspond to the backbone contribution
for Ala. The component enthalpy and entropy functions of
PII formation indicate that the energetics are driven by a large
favorable enthalpy change and are partially offset by an
unfavorable entropy change. Furthermore, the thermody-
namic parameters were used to provide an estimate of the
quantitative impact of denatured state fluctuations on equi-
librium thermodynamic measurements. In effect, the results
described here represent an experimentally based quantitative
description of the energetic consequences of the structural
variations within the denatured state ensemble. Last, the
values determined here reveal a denatured ensemble that is
effectively reduced by a factor of 1070 at 298 K from that
predicted for a random-coil model of an average size
unfolded protein. However, because of the significant and
favorable heat associated with adopting the PII conformation,
the PII bias decreases with increased temperature, resulting
in a sizable temperature dependence of the apparent con-
formational entropy of the denatured state.
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