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We demonstrate an experimental approach to structural studies of
unfolded and partially folded proteins in which conformational
distributions are probed at a site-specific level by 2D solid-state 13C
NMR spectroscopy of glassy frozen solutions. Experiments on
chemical denaturation of the 35-residue villin headpiece subdo-
main, a model three-helix-bundle protein with a known folded
structure, reveal that 13C-labeled residues in the three helical
segments of the folded state have markedly different conforma-
tional distributions in the unfolded state. Moreover, the 2D solid-
state NMR line shapes near the unfolding midpoint do not fit a
simple two-state model, in which the conformational distributions
of the unfolded component are assumed to be independent of
denaturant concentration. Comparison with solid-state NMR spec-
tra of peptides containing the individual helical segments suggests
an alternative two-step description of conformational distribu-
tions in partially folded states of the helical villin headpiece
subdomain, in which chemical denaturation is viewed as a disrup-
tion of tertiary contacts followed by equilibration of local second-
ary structure according to the intrinsic helical propensities of
individual segments.

chemical denaturation � magnetic resonance � protein structure � two-
state system � villin

Processes involving unfolded or partially folded states of
proteins are both fundamentally intriguing and biologically

relevant (1), but the structural properties of these states are not
well understood. The kinetics and thermodynamics of protein
folding have traditionally been studied primarily by optical
spectroscopies, calorimetry, and scattering techniques. Although
these techniques provide crucial information about global struc-
tural transitions, they provide relatively little direct information
about site-specific structural features. Although the folded struc-
tures of proteins can be determined precisely by x-ray crystal-
lography and multidimensional liquid-state NMR, crystallogra-
phy is not applicable, and liquid-state NMR provides limited
information in studies of unfolded proteins. Simple analyses of
protein-folding data treat the unfolded state as a uniform
random coil with conformational properties described by statis-
tical models for polymer chains. Evidence for nonstatistical
conformational distributions in unfolded proteins has been
found in recent experiments (2–8) and simulations (9–12), but
a detailed understanding of these distributions has not been
achieved yet. A more complete experimental characterization of
the structural properties of unfolded and partially folded states
of proteins would (i) facilitate the interpretation of kinetic and
thermodynamic data on protein folding, (ii) contribute to the
development of more accurate and precise descriptions of
protein-folding pathways, (iii) permit more stringent tests of
computer simulations of these states, and (iv) possibly shed light
on protein-aggregation phenomena such as amyloid formation
(13). Progress in these areas will depend on the introduction of
new experimental approaches.

Detailed structural characterization of unfolded and partially
folded states of proteins is inherently difficult both because these
states are disordered, implying that each structural parameter
(e.g., torsion angle, interatomic distance) takes on a site-specific

distribution of values, and rapid exchange among populated
conformations in the liquid state tends to produce experimental
data that are dynamically averaged functions of the structural
parameters. In principle, solid-state NMR measurements on
glassy frozen solutions can overcome these difficulties. With
appropriate choices of isotopic labels and solid-state NMR
techniques, the solid-state NMR data are sensitive to site-
specific structural parameters and can differentiate among com-
peting models for distributions of these parameters. In addition,
dynamical averaging is suppressed at temperatures well below
the solvent glass transition (Tg). The applicability of various
solid-state NMR techniques to disordered systems similar to
unfolded proteins has been demonstrated in studies of synthetic
organic polymers (14, 15) and biopolymers (16–18), including
helical peptides in frozen glycerol�water (19). A recent struc-
tural study of an HIV-related peptide�antibody complex further
illustrates the structural-information content of solid-state NMR
data in glassy frozen solutions (20).

In this article, we describe a solid-state NMR study of site-
specific conformational distributions in a 35-residue three-helix-
bundle protein (HP35) (21, 22) that has been the subject of
recent computational (10, 11, 23, 24) and experimental (25–28)
studies. We demonstrate that information about these distribu-
tions in unfolded and partially folded states, which are induced
by chemical denaturation with guanidine hydrochloride
(Gdn�HCl), is contained in 2D solid-state 13C NMR spectra of
13C-labeled HP35 in frozen glycerol�water. Specifically, we show
that the backbone conformational distributions in unfolded
HP35 are reflected in crosspeak line shapes in the 2D spectra and
are significantly different at 13C-labeled sites in the three helical
segments of the folded state. The crosspeak line shapes further
reveal that backbone conformational distributions near the
denaturation midpoint of HP35 are not represented accurately
by a simple two-state model but can be described by the two-step
model presented below.

For the solid-state NMR data in frozen solution to be relevant
to our understanding of protein folding under more conventional
experimental conditions, it is important that structural aspects of
the protein-folding phenomena under study not be altered
qualitatively by the use of low temperatures and a glass-forming
solvent. Circular dichroism (CD) and NMR data presented
below indicate that the solid-state NMR indeed are relevant, at
least in the case of HP35.

Materials and Methods
HP35 (amino acid sequence LSDEDFKAVFGMTRSAFANL-
PLWKQQNLKKEKGLF, representing residues 42–76 of the
76-residue chicken villin headpiece) was synthesized with stan-
dard solid-phase methods and purified by high-performance
liquid chromatography (water�acetonitrile gradient, C18
reverse-phase column). The folded state of HP35 contains the
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three helical segments H1, H2, and H3 [residues 44–50, 55–58,
and 63–72, respectively (21, 22)]. Uniformly 13C-labeled residues
were introduced at V50, A57, and L69 as probes of the confor-
mational distributions in H1, H2, and H3. These particular
amino acids were selected to ensure well resolved 2D 13C NMR
signals. The three peptides HP42–52, HP53–61, and HP62–76 (HPn–m
represents residues n through m) were also synthesized with the
same labeled residues.

CD measurements were performed on a Jasco (Easton, MD)
720 instrument with a home-built low-temperature chamber.
Samples for CD measurements shown in Fig. 1 were 30 �M
HP35, pH 5, with a 2-mm path length. Thermodynamic param-
eters for HP35 folding in glycerol�water at low temperatures
were derived from the CD data as explained in the Fig. 1 legend.
CD spectra at �40°C and [Gdn�HCl] � 0, 4, and 7 M were found
to be independent of HP35 concentration from 17 �M to 9.2
mM, indicating that significant protein aggregation does not
occur in this concentration range and therefore does not affect
the data shown in Fig. 2.

Solid-state NMR measurements were carried out at a 13C
NMR frequency of 100.8 MHz by using a Varian Infinity
console and Varian magic-angle spinning (MAS) probe with
6-mm sample rotors (240-�l sample volume). Solid-state NMR
samples were 5–10 mM HP35 in 1:1 vol�vol glycerol�water, 1
mM CH3COONa, 6 mM CuSO4 (to reduce the proton spin-
lattice relaxation time to 1 s in the frozen state), pH 5, with the
indicated [Gdn�HCl] values. Samples of peptide mixtures were
pH 7, with 6 mM CuNa2EDTA in place of CH3COONa and
CuSO4. Solid-state NMR signals of HP42–52 alone and HP53–61
alone were identical to those in the peptide mixture, showing
that peptide association does not affect the data shown in Fig.
4. Samples were frozen in the MAS rotors by immersion in
liquid N2, producing cooling rates of �10°C�s. 2D spectra
shown in Figs. 2 and 4 were acquired at �120°C sample
temperatures, with MAS at 6.7 kHz and two-pulse phase-
modulated proton decoupling (29) at 75 kHz. To maximize
C��C� crosspeak intensities, finite-pulse radio frequency-
driven recoupling (30) was applied during 1.6-ms mixing
periods by using 30-�s 13C � pulses and a carrier frequency
centered in the aliphatic region of the 13C NMR spectrum.
Data were acquired with active rotor synchronization to
minimize distortions arising from MAS side bands of natural-
abundance glycerol 13C NMR signals, with coaddition of
spectra generated by Herzfeld–Roberts–Griffin and Hagem-
eyer–Schmidt–Rohr–Spiess processing (31) to maximize the
signal-to-noise ratio. Total measurement times were 4–10 days
per 2D spectrum depending on the HP35 and Gdn�HCl
concentrations. All 13C chemical shifts are referenced to
adamantane at 25°C (38.56 ppm).

Results
CD data shown in Fig. 1 are consistent with a helical folded
structure and a cooperative, two-state unfolding of HP35 by
addition of Gdn�HCl in glycerol�water, with a denaturation
midpoint at [Gdn�HCl] � 4.1 M between 20 and �40°C. The
denaturation midpoint and thermodynamic parameters ex-
tracted from the data shown in Fig. 1 (see legend) are nearly
identical to those extracted from CD data in aqueous solution at
4°C by McKnight et al. (21), indicating that the use of glycerol�
water and low temperatures has little effect on the Gdn�HCl
denaturation of HP35. The 13C NMR chemical shifts discussed
below provide additional strong evidence that the folded struc-
ture of HP35 is preserved in frozen glycerol�water.

Fig. 2a shows aliphatic regions of 2D solid-state 13C NMR
spectra of HP35 in folded ([Gdn�HCl] � 0 M) and unfolded
([Gdn�HCl] � 7 M) states (see Fig. 5, which is published as
supporting information on the PNAS web site, for full 2D
spectra). As established by previous empirical (32, 33) and ab

initio (34) studies, 13C chemical shifts for C� and C� sites in
proteins and peptides are determined primarily by backbone
conformation. In the folded state, C��C� crosspeaks for all
three 13C-labeled residues are relatively sharp (2.3–3.9 ppm
full width at half maximum), consistent with a well defined
conformation in a rigid, noncrystalline solid state (20). C� and
C� chemical shifts are consistent with the expected helical
secondary structure at these sites. All 13C chemical shifts are
within 0.2 ppm of those observed in aqueous solution at 25°C,
including those of V50 methyl carbons that are sensitive to
tertiary contacts through ring-current effects (25). In the
unfolded state, significant broadening of NMR lines and
changes in chemical shifts are observed, ref lecting increased
conformational disorder and changes in the predominant
conformations. C��C� crosspeak line shapes for the three
labeled sites are qualitatively different in the unfolded state.
The crosspeak for L69 broadens substantially in both dimen-
sions and loses nearly all intensity at its initial (i.e., [Gdn�HCl]
� 0 M) position; the A57 crosspeak broadens and shifts but
maintains significant intensity at its initial position; and the
V50 crosspeak shifts to a new position but remains relatively
sharp. The L69 crosspeak line shape is consistent with nearly
complete disorder in H3, i.e., population of all sterically
allowed regions of the backbone �,� torsion-angle space, with
no preference for helical �,� values. The crosspeak line shape
for A57 is consistent with �25% �-helix content in H2. The
crosspeak position for V50 indicates loss of nearly all �-helix
content in H1 and is consistent with (but does not prove) a
predominant polyproline II conformation in the unfolded state
(35). These data rule out a uniform statistical model for
conformational distributions in unfolded HP35.

Differences among C��C� crosspeak line shapes for V50, A57,
and L69 in unfolded HP35 do not result simply from inherent
differences in 13C NMR chemical-shift distributions or confor-

Fig. 1. Chemical denaturation of HP35 by Gdn�HCl at 20°C (E) and �40°C (▫),
monitored by the CD signal at 222 nm. The known folded HP35 conformation
at low [Gdn�HCl] is shown as a ribbon diagram. Solid-state NMR data shown in
Figs. 2–4 probe the unknown conformational distributions at high [Gdn�HCl].
Solid lines are least-squares fits to a standard, simple, two-state model (40):
CD(g) � CDfold � (CDfold � CDunf){exp[(mg � �G0)�RT]�{1 � exp[(mg � �G0)�
RT]}}, where CDfold and CDunf are the CD signals of the folded and unfolded
states, g � [Gdn�HCl], and �G0 is the free energy of unfolding at g � 0. At 20°C,
m � 0.83 � 0.10 kcal�mol�M (1 cal � 4.18 J), �G0 � 3.41 � 0.40 kcal�mol,
CDfold � �14,180 � 320 cm2�deg�dmol, and CDunf � 710 � 46 cm2�deg�dmol.
At �40°C, m � 0.82 � 0.21 kcal�mol�M, �G0 � 3.51 � 0.90 kcal�mol, CDfold �
�16,570 � 810 cm2�deg�dmol, and CDunf � 3,510 � 1,230 cm2�deg�dmol. At
4°C (data not shown), m � 0.79 � 0.06 kcal�mol�M, and �G0 � 3.36 � 0.25
kcal�mol. At �20°C (data not shown), m � 0.71 � 0.07 kcal�mol�M, and �G0 �
3.17 � 0.31 kcal�mol. (Errors are 95% confidence limits.)
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mational propensities for valine, alanine, and leucine residues.
Crosspeak line shapes in unfolded HP35 are significantly dif-
ferent from crosspeak line shapes in ‘‘random-coil’’ pentapep-
tides GGXGG (36) in frozen glycerol�water (X � V, A, L; see
Fig. 6, which is published as supporting information on the PNAS
web site), which reveal the inherent spectroscopic properties of
these residues.

Fig. 2b shows the evolution of the C��C� crosspeak line
shapes near the CD denaturation midpoint. Crosspeak line
shapes, S(�1, �2; g), for each labeled residue can be fit
individually to a linear combination of the fully folded and fully
unfolded line shapes, i.e., S(�1, �2; g) � ffold(g)Sfold(�1, �2) �
funf(g)Sunf(�1, �2), where �1 and �2 are the NMR frequencies in
the two dimensions, g � [Gdn�HCl], Sfold(�1, �2) and Sunf(�1, �2)
are the crosspeak line shapes for the folded and unfolded states
(normalized to unit volume), with ffold(g) � funf(g) � 1.
However, as shown in Fig. 3 (first and second columns), good
fits cannot be obtained when ffold and funf are required to be the

same for all labeled residues. This result shows that a simple
two-state model for chemical denaturation of HP35, in which
partially denatured states would have conformational distri-
butions describable as the sum of a fraction ffold of folded
proteins and a fraction funf of unfolded proteins [with Sunf(�1,
�2) independent of [Gdn�HCl]], does not describe the solid-
state NMR data adequately.

Fig. 4 shows 2D solid-state 13C NMR spectra of an equimolar
mixture of HP42–52, HP53–61, and HP62–76. These spectra closely
resemble spectra of HP35 in Fig. 2 but indicate more confor-
mational disorder in the peptide mixture than in the protein at
[Gdn�HCl] � 0 M. Comparison of Figs. 2 and 4 suggests that
crosspeak line shapes for HP35 at a particular [Gdn�HCl] near
the denaturation midpoint may be modeled as a linear com-
bination of line shapes for fully folded HP35 and line shapes
for the peptide mixture at the same [Gdn�HCl], i.e., S(�1, �2;
g) � ffold(g)Sfold(�1, �2) � fpep(g)Spep(�1, �2; g), where fpep(g) is
the fractional contribution of the [Gdn�HCl]-dependent cross-

Fig. 2. Two-dimensional solid-state 13C spectra of HP35 in frozen solution. (a) Aliphatic regions of 2D spectra at [Gdn�HCl] � 0 M (Left) and 7 M (Right). Dashed
boxes enclose C��C� crosspeaks for 13C-labeled V50, A57, and L69. Contour levels increase by successive factors of 1.3. Arrows indicate C��C� crosspeaks of V50
(green), C��C� crosspeaks of L69 (orange), and C��C� crosspeaks of V50 (red). (b) Expansions showing the dependence of C��C� crosspeak shapes on [Gdn�HCl].
Color scales run from the maximum signal intensity in each crosspeak (dark red) to 15% of the maximum intensity (dark blue). Differences in crosspeak shapes
at high [Gdn�HCl] reflect site-specific differences in conformational distributions.
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peak line shape Spep(�1, �2; g) for the peptide mixture. As
shown in Fig. 3 (first and third columns), good fits are obtained
by using the same values of ffold and fpep for all labeled residues.
This result supports the following two-step description of
chemical denaturation: (i) in the presence of denaturant, the
conformational distribution of HP35 consists of a fraction ffold

of folded proteins and a fraction fpep of proteins in which
tertiary contacts have been disrupted; and (ii) proteins with
disrupted tertiary contacts have local conformational distri-
butions dictated by the intrinsic secondary structure propen-
sities of the three segments containing H1, H2, and H3. In

other words, at a given [Gdn�HCl], disruption of tertiary
contacts by addition of denaturant produces nearly the same
local conformational distributions as does disruption of ter-
tiary contacts by division of the HP35 sequence into the three
separate peptides. Because the three peptides have different
intrinsic dependences of helix content on [Gdn�HCl] and
because the solid-state NMR data are sensitive to local
conformational distributions, the simple two-state model can-
not fit the solid-state NMR data.

Discussion
Data shown in Figs. 2–4 demonstrate that information about
the conformational distributions in unfolded and partially
folded proteins can be obtained from crosspeak line shapes in
2D solid-state 13C NMR spectra. To a first approximation, the
inhomogeneously broadened C��C� crosspeak line shapes are
maps of backbone �,� torsion-angle distributions at the 13C-
labeled residues, because the C� and C� chemical shifts are
determined largely by the local � and � values. 2D spectros-
copy reveals the correlations between C� and C� chemical
shifts, enhancing the information content of the line shapes,
and allows the NMR signals of multiple labeled residues to be
resolved.

The �,� torsion-angle distributions probed by our measure-
ments in frozen glycerol�water are approximately the equilib-
rium distributions at an effective temperature Teff at which
local structural relaxation becomes too slow to keep up with
temperature-dependent changes in the equilibrium distribu-
tions as the samples are cooled. At the relatively low cooling
rates of the experiments described above (�10 °C�s), we
expect Teff to be several degrees above the solvent glass
transition (Tg � �75°C). At [Gdn�HCl] � 5 M, C��C� cross-
peak line shapes are essentially identical when the cooling rate
is increased to �1,000°C�s (see Fig. 7, which is published as
supporting information on the PNAS web site), consistent with
rapid structural relaxation in HP35 (26, 27) and the relatively
weak dependence of the equilibrium conformational distribu-
tions on temperature indicated by our CD (Fig. 1) and
liquid-state NMR (see Fig. 8, which is published as supporting
information on the PNAS web site) data. The absence of a
significant dependence on cooling rate also shows that our
solid-state NMR data are not affected by protein aggregation,
formation of microcrystalline ice, precipitation of buffer salts,
or other extraneous factors.

In principle, the C��C� crosspeak line shapes could serve as
quantitative constraints on backbone conformational distribu-
tions, provided that the dependences of chemical shifts on � and
� were known accurately (see Fig. 9, which is published as
supporting information on the PNAS web site, for ab initio
chemical-shift calculations and line-shape simulations). How-
ever, even a qualitative and empirical analysis of the solid-state
NMR data yields important information. Specifically, the evo-
lution of crosspeak line shapes with increasing [Gdn�HCl] (Fig.
2) shows that 13C-labeled residues in the three helical segments
of folded HP35 have markedly different conformational distri-
butions in unfolded HP35. V50 in H1 adopts a relatively well
ordered but nonhelical conformation; A57 in H2 is more con-
formationally disordered, but retains significant helix content;
and L69 in H3 is the most disordered of the three labeled
residues in unfolded HP35. Moreover, conformational distribu-
tions near the denaturation midpoint are not described accu-
rately by a simple two-state model. As described above, com-
parison of crosspeak line shapes for intact HP35 with those for
peptides containing H1, H2, and H3 (Fig. 4) suggests an alter-
native, two-step description of conformational distributions near
the denaturation midpoint, which accurately fits the solid-state
NMR data (Fig. 3).

Fig. 3. Least-squares fits of experimental C��C� crosspeak shapes to two-
state and two-step models (see Results) for the conformational distribution of
HP35 near its denaturation midpoint. (a) [Gdn�HCl] � 4 M. Folded fractions ffold

derived from the fits are 0.48 � 0.04 and 0.50 � 0.05 for the two-state and
two-step models, respectively. (b) [Gdn�HCl] � 5 M. Folded fractions are 0.05 �
0.05 and 0.00 � 0.05 for the two-state and two-step models, respectively. The
two-step model represents the crosspeak shapes accurately, whereas the
simple two-state model does not.
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The good fit of CD data to a simple two-state model (Fig. 1)
may be explained by the fact that CD contributions from
individual helices are not resolved. The two-step model indicates
that helical CD signal at [Gdn�HCl] 	 5 M, where fits to the
solid-state NMR data yield ffold � 0 (see Fig. 3 legend), does not
arise from a nonzero population of fully folded HP35 molecules,
as would be inferred from a simple two-state analysis of the CD
data. Rather, the helical CD signal arises from the partial helical
content of HP35 molecules with disrupted tertiary contacts
(especially in H2). Thus, in the case of HP35, the solid-state
NMR data reveal a significantly different physical picture of
chemical denaturation than would be indicated by a conventional
treatment of CD data, including a more rapid loss of fully folded
molecules with increasing denaturant concentration and a larger
secondary structure content in molecules with disrupted tertiary
structure.

The two-step model for conformational distributions in
HP35 is reminiscent of the diffusion-collision model for
protein-folding kinetics (37). Although recent diffusion-
collision calculations by Islam et al. (24) were unable to explain
the rapid folding (26–28) of HP35, this discrepancy is likely

caused by an underestimation of the helical propensities of the
HP35 segments, as discussed by Islam et al. and supported by
the data shown in Fig. 4. Although CD and proton NMR data
for HP42–53, HP52–61, and HP62–76 have been reported by Tang
et al. (25) as evidence that these peptides are ‘‘basically
unstructured’’ in aqueous solution at 25°C, their data seem
consistent with helix contents �20%. One might expect the
helix contents of the three peptides (and denatured HP35) to
be enhanced by glycerol and low temperatures, but liquid-state
13C NMR chemical shifts for the peptide mixture show only
minor effects at 	0°C (see Fig. 8).

Relatively simple solid-state NMR techniques were used in the
experiments described above, and the structural information was
extracted solely from isotropic 13C NMR chemical shifts. This
work can be extended by quantitative measurements of inter-
atomic distance and torsion-angle distributions by using appro-
priate solid-state NMR techniques to measure and correlate
nuclear magnetic dipole–dipole couplings and chemical-shift
anisotropies (14–16, 18–20, 31, 38). Other likely extensions
include kinetic measurements based on rapid-mixing and freeze-
quench techniques (39) and applications to proteins with non-
helical secondary structures.

Fig. 4. Two-dimensional solid-state 13C spectra of HP42–52, HP53–61, and HP62–76 peptides (1:1:1 mixture) in frozen solution. (a) Aliphatic regions of 2D spectra
at [Gdn�HCl] � 0 M (Left) and 7 M (Right). (b) Expansions showing the dependence of C��C� crosspeak shapes on [Gdn�HCl] for V50 (in HP42–52), A57 (in HP53–61),
and L69 (in HP62–76).
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