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Complete understanding of the folding process that connects a structurally disordered state of a protein to an
ordered, biochemically functional state requires detailed characterization of intermediate structural states with
high resolution and site specificity. While the intrinsically inhomogeneous and dynamic nature of unfolded and
partially folded states limits the efficacy of traditional X-ray diffraction and solution NMR in structural studies,
solid state NMRmethods applied to frozen solutions can circumvent the complications due tomolecularmotions
and conformational exchange encountered in unfolded and partially folded states. Moreover, solid state NMR
methods canprovide bothqualitative andquantitative structural information at the site-specific level, even in the
presence of structural inhomogeneity. This article reviews relevant solid state NMR methods and their initial
applications to protein folding studies. Using either chemical denaturation to prepare unfolded states at
equilibriumor a rapid freezing apparatus to trapnon-equilibrium, transient structural states on a sub-millisecond
time scale, recent results demonstrate that solid state NMR can contribute essential information about folding
processes that is not available from more familiar biophysical methods.
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1. Introduction

Under physiological conditions, proteins often adopt specific
sequence-dependent three-dimensional structures, rather than the
random-coil and highly disordered structural states commonly encoun-
tered in other kinds of biopolymers and synthetic polymers. The highly
ordered structures of proteins are closely related to specific enzymatic
functions and molecular signaling cascades that constitute the para-
digms of life. It is then intriguing to ask how a protein folds efficiently
and reliably to its native structure. Information about the range of
unfolded and partially folded structures and the pathways for protein
folding is essential for understanding the thermodynamic and kinetic
stabilities of proteins and for subsequent engineering manipulations
through mutations. Consequently, experimentalists and theorists have
addressed the protein folding problem in various ways, with onemajor
goal being the identification and quantification of the structural pro-
gression that accompanies folding. Characterization of folding path-
ways with high structural resolution and time resolution will not only
elucidate the stability of important protein folds involved in biological
functions, but may also indicate pathological pathways (e.g., leading to
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disease-associated amyloid aggregation) and suggest potential thera-
peutic approaches.

Under equilibrium conditions controlled by temperature, pH, or
chemical denaturant concentrations, protein folding can be probed by a
variety of biophysical measurements including optical absorption and
fluorescence spectroscopies, circular dichroism (CD), scattering techni-
ques, and calorimetry. In nonequilibrium experiments, the kinetics of
folding can bemonitored using spectroscopic and scattering techniques
with rapid temporal response [1–7]. While some of these techniques
possess sub-microsecond time resolution and can probe themost rapid
events in protein folding, they generally provide global, rather than site-
specific, structural information.

NMR spectroscopy is a powerful structural tool thanks to the atomic
site-specificity of parameters such as chemical shifts and the direct
association of parameters such as nuclear magnetic dipole–dipole
couplings with molecular structure. The vast majority of protein
NMR studies are carried out in the liquid state, where modern
multidimensional NMR techniques permit full three-dimensional
structure determination with resolution similar to that obtained by X-
ray crystallography. Although solution NMR methods have certainly
been used effectively to characterize unfolded states of proteins [8–24],
dynamical effects complicate the interpretation of NMR spectra
of unfolded proteins, preventing direct observation of the underlying
conformational components. The alternative approach being explored
in our laboratory is to quench the protein and solvent dynamics by
freezing (either slowly or rapidly, to create either equilibrium or
nonequilibrium states) and to use solid state NMR techniques to char-
acterize the freeze-quenched state [25–28]. As demonstrated below,
solid state NMR techniques provide both qualitative and highly
quantitative structural information through a variety of structure-
dependent parameters. Various components within the static confor-
mational ensemble of an unfolded protein in frozen solution can be
resolved spectroscopically or separatedbyappropriate deconvolution of
the solid state NMR data. Even in the presence of structural disorder,
well resolved solid state NMR spectra of protein samples can be
obtained through site-specific 15N and 13C labeling, combined with the
techniques of magic-angle spinning (MAS), proton decoupling, and
multidimensional spectroscopy. In the absence of molecular motions,
nuclearmagnetic dipole–dipole couplings and chemical shift anisotropy
(CSA) tensors can be utilized as direct constraints on the interatomic
distances and backbone or sidechain torsion angles which are essential
for describing the secondary and tertiary structures of proteins.

The following topics are covered in this article: (1) selected
principles of solid state NMRmethods that are most relevant to protein
structural studies; (2) recent progress in the development of solid state
NMR methods for qualitative and quantitative characterization of
protein conformational distributions in partially folded and unfolded
states; (3) recent progress in the development of rapid freezing tech-
niques to trap intermediate states along thepathway fromthe thermally
unfolded state to the folded state of rapidly folding model proteins; (4)
prospects for future applications of solid state NMRmethods to protein
folding and related problems. Much of the presentation below focuses
on work from our own research group, mainly because other groups
have not yet made similar attempts to apply solid state NMR to protein
folding problems. Where possible, relevant work from other groups is
also discussed.

2. Solid state NMR of proteins

The excellent atomic-site resolution of NMR results from the long
lifetimes of coherences among nuclear spin quantum states, and from
the dependence of nuclear spin energies on interactions that include
isotropic and anisotropic chemical shifts, magnetic dipole–dipole inter-
actions, electric quadrupolar interactions (present in systems with
spin quantum number N1/2) and through-bond scalar interactions
(i.e., J couplings). In simple liquids and solutions, the rapid molecular
tumbling averages out the anisotropic terms in these spin interactions,
leaving only the isotropic chemical shifts and J couplings to determine
the NMR frequencies. Anisotropic interactions manifest themselves
indirectly through nuclear spin relaxation processes (e.g., T1 and T2
relaxation, nuclear Overhauser effects). In solids, the anisotropic inter-
actions have direct effects, producing strong dependences of NMR
frequencies on molecular orientation. When all possible molecular ori-
entations are present, as in a “powder”, the NMR spectra typically
contain broad, overlapping lines, with shapes that reflect the details of
the orientation dependences (i.e., “powder pattern” lineshapes). Special
experimental techniquesmust therefore be used to obtain high spectral
resolution. In organic and biochemical solids, high-resolution 13C and
15N solid state NMR spectra can be recorded using a combination of
MAS (i.e., rapid sample rotation about an axis at the angle θm =

cos−1 1 =
ffiffiffi
3

p� �
≈54:7B to the external magnetic field, which averages

out CSA as well as 13C–13C, 15N–13C, and 15N–15N dipole–dipole
couplings) and high-power proton decoupling (i.e., strong irradiation
at the 1H NMR frequency to remove 1H–13C and 1H–15N couplings,
which are generally too strong to be removed efficiently by MAS alone,
especially in the presence of 1H–1H couplings). By concentrating the
NMR signal intensity into sharp lines, MAS dramatically improves not
only the resolution, but also the sensitivity of NMR measurements on
unoriented solids [29–31]. In addition, the sensitivity of 13C and 15N solid
state NMR can be enhanced by cross-polarization, which transfers the
larger spin polarization of 1H nuclei to 13C or 15N nuclei [32–34].

While theabove solid stateNMR techniques result inhigh-resolution
spectra by attenuating anisotropic interactions, the ample structural
information associated with those interactions is also discarded. It is
therefore desirable to “recouple” the anisotropic spin interactions by
applying carefully designed, periodic radio-frequency (rf) pulse
sequences in synchronywithMAS sample rotation [35–45]. Recoupling
techniques allownuclearmagnetic dipole–dipole couplings or CSA to be
switched on in certain periods of multidimensional solid state NMR
experiments, producing nuclear spin polarization transfers, signal
decays, or other effects (e.g., multiple quantum excitation or filtering)
that provide information about molecular structure. Particularly for the
1H, 13C, and 15N spin systems that occur in protein samples, pulse
sequenceshavebeendeveloped to recouple either homonucleardipole–
dipole interactions [36–39,42,43,45], heteronuclear dipole–dipole
interactions [35,41], or CSA interactions [40,44]. Dipole–dipole interac-
tions reflect interatomic distances, which can be either intra-residue
distances that depend on sidechain conformations or inter-residue
distances that depend on backbone conformations and tertiary struc-
ture. CSA interactions reflect the orientations of specific chemical
functional groups. Direct constraints on either backbone or sidechain
torsion angles can be also obtained from measurements that involve
pairs of interactions and hence depend on the relative orientations of
two different chemical bonds (pairs of dipole–dipole coupling tensors)
[46–48], two different functional groups (pairs of CSA interaction
tensors) [49–53], or one bond and one functional group (one dipole–
dipole coupling tensor and one CSA interaction tensor) [54–56]. Such
measurements are generally called “tensor correlation” techniques.

In addition to quantitative structural constraints that are obtained
from precise measurements of dipole–dipole couplings and tensor
correlations, qualitative or semi-quantitative constraints on backbone
conformations can be obtained from isotropic chemical shifts, especially
13C chemical shifts determined frommultidimensional solid state NMR
spectra obtained under MAS [57–59]. Semi-quantitative constraints on
distances (i.e., inter-residue or intermolecular proximities or contacts)
can be obtained from the detection of crosspeak signals in multidimen-
sional spectra that arise from various types of nuclear spin polarization
transfer process [60–63]. Distance constraints can also be obtained from
measurements of couplings between nuclear spins and electron spins in
proteins that contain paramagnetic centers, which can be either
intrinsic paramagnetic metal ions or extrinsic spin labels [64,65].
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In solid state NMR studies of microcrystalline protein samples, it has
been shown that various combinations of the structural constraints
mentioned above can be used to develop accurate and complete three-
dimensional molecular structures [64,66–69]. Full structural models
for noncrystalline samples have also been developed from solid state
NMR measurements, with studies of amyloid fibrils being especially
noteworthy [59,70–77]. In the case of noncrystalline protein and pep-
tide assemblies, solid state NMR can be the most powerful structural
method.

When proteins can be prepared in a highly oriented state, solid state
NMR techniques that take full advantageof the orientationdependences
of dipole–dipole interactions, CSA interactions, and quadrupole inter-
actions can be used to develop full structural models. Such “oriented-
sample” techniques are especially useful in studies of integral mem-
braneproteins andmembrane-associatedpeptides,whereahighdegree
of orientation is achieved through either mechanical or magnetic align-
ment of phospholipid bilayers [78–81].

3. Freeze trapping of protein conformations

Studies of protein foldingby solid stateNMRdependon trapping and
immobilization of proteins in frozen solutions. Freezing of protein
samples to 90–120 K has become routine in X-ray crystallography
because it is an efficient way to reduce radiation damage during dif-
fraction measurements with strong synchrotron X-ray sources. Ample
discussion of the impact of freezing on protein structures exists in the
literature [82–84]. There are two major dangers: (1) formation of crys-
talline ice particles disrupts protein structures, especially protein–
protein interactions and interdomain contacts; (2) cold denaturation of
proteins during freezing results in non-native structures. In general,
both dangers can be avoided by rapid freezing and by addition of
cryoprotectants that suppress solvent crystallization and slow down
protein conformational changes through a rapid increase in solvent
viscosity with decreasing temperature. Solid state NMR experiments
described below were performed with glycerol/water mixtures, with
sufficiently high glycerol content that solvent crystallization was
suppressed even at low cooling rates (∼10 °C per second). With slow
cooling, the protein conformation distribution remains at thermal equi-
libriumuntil the temperature approaches the solvent glass transition, at
approximately −80 °C. Thus, solid state NMR experiments on slowly
frozen samples probe the conformational distribution at thermal
equilibrium near −80 °C. In contrast, rapid freezing can trap nonequi-
librium structural states if the timescale for equilibration (through
conformational exchange processes) exceeds the timescale on which
the sample temperature falls to values where conformational exchange
ceases. In the following sections, we review the initial applications of
solid state NMR to proteins in unfolded states produced either by
chemical denaturants under equilibrium conditions or by rapid freezing
from high temperature under nonequilibrium conditions.

4. Conformational distributions in a helix-forming peptide under
chemical denaturation

The first solid state NMR analysis of conformational distributions
related to protein folding was attempted by Long and Tycko using the
model helix-forming peptide, MB(i+4)EK (N-acetyl-AEAAAKEAAA-
KEAAAKA-NH2), frozen in glass-forming glycerol/water solutions with
various urea concentrations and examined at −120 °C [28]. MB(i+4)
EK is one of a class of relatively short peptides with high helix contents
originally designed by Marqusee and Baldwin [85]. Solid state NMR
experiments on MB(i+4)EK were motivated by prior literature on the
helix-coil transition in short peptides, which had suggested that 310-
helical conformations might be highly populated under conditions
where the overall helix content was low, i.e., that 310-helices might be
intermediates on the folding/unfolding pathways of helical peptides
[86]. Solid state NMR studies of MB(i+4)EK used the 2DEXMAS (two-
dimensional exchange under MAS) technique, a tensor correlation
technique that had been developed previously for quantitative, site-
specific backbone torsion angle measurements on polypeptides pre-
pared with 13C labels at two consecutive backbone carbonyl sites
[50,52,53]. In 2DEXMAS measurements, information about the back-
boneϕ andψ torsion angles of residue k is contained in the intensities of
crosspeak signals that connect MAS sideband lines of carbonyl site k
with those of carbonyl site k−1 at relatively lowMAS frequencies (see
below). Experimental crosspeak intensities are analyzed by direct com-
parison with simulated crosspeak intensities, with the only adjustable
parameters being the ϕ and ψ angles and the overall scaling of inter-
residue and intra-residue crosspeak intensities.

2DEXMAS data for MB(i+4)EK were acquired at 0.0 M and 5.1 M
urea concentrations, where low-temperature circular dichroism spectra
indicated overall helix contents of approximately 90% and 63%, respec-
tively. Two peptide samples, with carbonyl 13C labels at A8 and A9 or
A13 and A14, were examined to test for possible conformational
differences at A9 and A14, i.e., near the middle of the peptide and near
the C-terminus. The datawere fitwith a three-componentmodel for the
conformational distributions, comprised of α-helices, 310-helices, and
random coils. For such a model, the conformational distribution is fully
describedby the fractional populations ofα-helices and310-helices, f(α)
and f(310). Since none of the three components can be adequately
described by a single pair of ϕ and ψ values, distributions of ϕ and ψ
values for each component were derived from simple molecular
dynamics (MD) simulations [28]. Simulated 2DEXMAS data for each
component were then calculated from the MD-derived ϕ, ψ distribu-
tions. Finally, probabilities that given values of f(α) and f(310) were
correct, given the constraints inherent in the experimental data, were
evaluated using Bayesian statistics. This analysis led to the conclusions
that f(α)=1.0 was most probable at 0.0 M urea, and that the most
probable distributions at 5.1 M urea had f(α)+ f(310)N0.8. In other
words, MB(i+4)EK was almost entirely α-helical in the absence of
denaturant (as expected), but partial disruption of the α-helical
conformation by addition of denaturant preferentially produced 310-
helices rather than random coils. The behaviors at A9 and A14 were
found tobe similar,withpossibly larger populationof 310-helical confor-
mations at A9 at 5.1 M urea.

Although these studies were not on a bona fide protein and used a
simplistic model for conformational distributions, they did demon-
strate the potential of solid state NMR to provide quantitative and
site-specific structural characterizations of disordered polypeptides.
Subsequent studies have further explored and refined this potential,
as described below.

5. Denaturation pathways of the helical model protein HP35

5.1. Motivations for choosing HP35

The 35-residue villin headpiece subdomain (HP35) was first
identified as a highly stable globular folded structure by McKnight et
al. [87] CD measurements identified a thermal unfolding midpoint at
68 °C and a guanidine hydrochloride (GdnHCl) denaturation midpoint
at [GdnHCl]=4.1 M (at 4 °C). The folded structure shown in Fig. 1a was
determined first by solution NMR [88] and later by X-ray crystallogra-
phy [89,90]. HP35 contains threeα-helical segments (underlined in the
amino acid sequence LSDEDFKAVFGMTRSAFANL PLWKQQNLKKEKGLF,
conventionally numbered 42–76). Local helix contents predicted by
AGADIR [91] are less than 5% at 4 °C, suggesting that strong secondary
structure propensities alone do not explain the stability of the folded
state. Sidechains of L42, F47, V50, F51, F58, L61, and L75 form a
hydrophobic core that presumably accounts for much of the stability
[92], along with the weak helix propensities and possibly other factors.

The kinetics of HP35 folding have been addressed by time-resolved
fluorescence measurements with rapid temperature-jump methods
[1,2,93,94], as well as by dynamical NMR [95] and time-resolved



Fig. 1. (a) Structure of villin HP35 in the folded state (PDB 1YRF). A ribbon representation
is superimposed on the atomic structure to show the three helical segments. (b) Dena-
turation ofHP35 in glycerol/water by addition of GdnHCl,monitored by circular dichroism
at 222 nm.Circles and squares are data at 22 °C and−55 °C, respectively. Solid anddashed
lines are fits with a simple two-state model, which yield denaturation midpoints equal to
4.1±0.1 M at 22 °C and 4.3±0.2 M at−55 °C, and unfolding free energies at [GdnHCl]=
0.0 M equal to 3.07±0.08 kcal/mol at 22 °C and 3.38±0.39 kcal/mol at−55 °C.
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infrared [96] measurements. Fluorescence measurements on the
N60H mutant of HP35 indicate a 5 µs time scale for folding between
32 °C and 80 °C [2]. The corresponding time scale near 60 °C estimated
from exchange broadening effects in solution NMR spectra of the 36-
residue version of the wild-type subdomain (HP36) is 5–10 µs [95].
Infrared measurements with site-specific isotopic labeling show a
very rapid phase of structural relaxation (∼0.1 µs) in addition to a 5 µs
phase at 45 °C [96]. The apparently rapid folding kinetics and small
size of HP35 (or HP36) combine to make it a popular target for theo-
retical and computational studies of protein folding [97–106], in-
cluding efforts to simulate the entire folding process with atomic
detail. For our own work, the small size permits site-specific isotopic
labeling by solid phase peptide synthesis.

5.2. Qualitative studies of HP35 denaturation

In initial solid state NMR studies of HP35, 2D 13C–13C spectra of a
sample that was 13C-labeled at all carbon sites in selected residueswere
recorded in frozen glycerol/water with varying concentrations of
GdnHCl [27]. Samples for solid state NMRwere frozen relatively slowly
(roughly 10 °C per second), by immersing theMAS rotor that contained
the HP35 solution in liquid nitrogen. CD spectroscopy was also used to
determine thedenaturationmidpoint in glycerol/water at temperatures
between20 °Cand−40 °C (later extended to−55 °C [26]). Suprisingly,
the denaturationmidpointwas found tobe [GdnHCl]=4.2±0.2 Mover
the entire temperature range (see Fig. 1b). Thermodynamic parameters
derived by fitting the CD data with a simple two-state model did not
vary significantlywith temperatureandwere essentially the sameas the
corresponding parameters at 4 °C in the absence of glycerol. Moreover,
all solid state NMR data [26,27] indicate a denaturation midpoint near
[GdnHCl]=4.5 M. With slow freezing, one expects the protein
conformational distribution to remain at thermal equilibrium until the
sample temperature approaches the glass transition temperature of the
glycerol/water solvent (Tg≈−80 °C). The fact that denaturation of
HP35 in glycerol/water is nearly independent of temperature over a
range of nearly 100 °C remains to be explained, but supports the idea
that solid state NMR experiments on frozen protein solutions at low
temperatures are relevant to protein folding in fluid solutions.

13C signals of individual sites in selectively labeledHP35were clearly
resolved in the 2D 13C–13C spectra (see Fig. 2). At [GdnHCl]=0.0 M, 13C
chemical shifts of V50, A57, and L69 were consistent with the expected
helical secondary structure of folded HP35. Moreover, the two methyl
sites of Val50 showed sharp, resolved signals indicative of ordered
sidechain conformations. Thus, “cold denaturation” ofHP35did not take
place even with slow cooling.

AdditionofGdnHCl had aprofoundeffect on the2Dspectra. Between
[GdnHCl]=4.0 M and [GdnHCl]=5.0 M, all crosspeak signals in these
spectra shifted and generally became broader. Because signals from
individual siteswere resolved in the2Dspectra, the solid stateNMRdata
clearly showed that denaturation was not fully synchronized in the
three helical segments of HP35, inconsistent with a simple two-state
denaturation process, even though data from optical techniques such as
CD and fluorescence spectroscopy could be fit with simple two-state
models. For example, as shown in Fig. 2c, solid state NMR signals from
V50 reached their unfolded limit at [GdnHCl]=5.0 M, while signals
from A57 were still intermediate between their folded and unfolded
limits.

Effects of secondary and tertiary interactions on the stability of HP35
were separated by recording 2D solid stateNMR spectra of peptides that
encompass the individual helical segments (residues 42–52, 53–61, and
62–76). Spectra of equimolar mixtures of the three peptides with
variable GdnHCl concentrations, also labeled at V50, A57, and L69, were
similar to those of the intact protein but with reduced helix content at
L69 at [GdnHCl]=0.0 M and with more pronounced site-specific
variations in the apparent denaturation midpoint. All 2D spectra of
intact HP35 could be fit quite well with a “two-step” model [27], in
which the spectrumat eachGdnHCl concentrationwas represented by a
superposition of the fully-folded protein spectrum and the peptide
spectrum at the same GdnHCl concentration (rather than a superposition
of the fully-folded protein spectrum and the fully-denatured protein
spectrum). This model suggests that HP35 denaturation can be con-
sidered to occur in two steps: (i) disruption of tertiary interactions in
a fraction of HP35 molecules by the denaturant, creating a mixture of
folded and unfolded molecules; (ii) independent equilibration of sec-
ondary structurewithin eachhelical segmentof theunfoldedmolecules,
resulting in site-dependent and denaturant-dependent helix contents
that produce non-two-state behavior.

5.3. Site-specific quantitative conformational probes of HP35 denaturation

The initial experiments on HP35 described above established the
feasibility of solid state NMR measurements on partially folded and
unfolded proteins in frozen solutions. These experiments also demon-
strated thatnew information could beobtained through the site-specific
sensitivity of solid state NMR to local structural changes, in the form of
new insights into the mechanism of chemical denaturation. A second
set of experiments on HP35 were then designed to test whether solid
state NMR methods could provide quantitative information about
site-specific conformational distributions in partially folded and
unfolded states [26]. These experiments employed three solid state
NMR techniques that had been developed earlier for structural studies
of structurally ordered proteins and peptides, namely 2D exchange
spectroscopy with magic-angle spinning (2DEXMAS) [50,52,56], con-
stant-time double-quantum-filtered dipolar recoupling (CTDQFD)
[107], and double-quantum chemical shift anisotropy spectroscopy

image of Fig.�1


Fig. 2. Chemical denaturation of HP35 monitored at the site-specific level by 2D solid state NMR. (a) Aliphatic region of the 2D 13C–13C spectrum in frozen glycerol/water with
[GdnHCl]=0.0 M. Cα/Cβ crosspeak signals of the uniformly 13C-labeled residues V50, A57, and L69 (one residue in each helical segment of HP35) are located in the dashed boxes. Red
arrows indicate Cβ/Cγ crosspeaks of V50, which are split due to inequivalence of the two V50 methyl carbons in the folded state. (b) Aliphatic region of the 2D 13C–13C spectrum in
frozen glycerol/water with [GdnHCl]=7.0 M. In this fully denatured state, Cα/Cβ crosspeaks are shifted and broadened, reflecting non-helical and disordered secondary structure. A
single, broader Cβ/Cγ crosspeak is observed for V50, reflecting the absence of native tertiary structure. (c) Dependence of Cα/Cβ crosspeak signals on denaturant concentration. Loss
of helical secondary structure occurs between 4.0 M and 5.0 M, but not simultaneously at all three labeled residues.

14 K.-N. Hu, R. Tycko / Biophysical Chemistry 151 (2010) 10–21
(DQCSA) [49]. All three techniques are applicable to proteins that are
13C-labeled at sequential pairs of backbone carbonyl sites (i.e., residues
k−1 and k), and all three techniques yield quantitative constraints on
the backbone torsion anglesϕ andψ between the two labeled site (i.e.,ϕ
andψ of residue k), as shown in Fig. 3a. Rf pulse sequences and examples
of the resulting data are shown in Fig. 3b–f. In the case of 2DEXMAS
measurements, conformational information is contained in the ampli-
tudes of crosspeaks that connect MAS sidebands of the two labeled
carbonyls. In the case of CTDQFD measurements, conformational infor-
mation is contained in the build-up and decay of double-quantum-
filtered 13C NMR signals (i.e., signals that arise from coherent super-
positions of nuclear spin states that differ by spin flips at both labeled
sites) in an evolution period during which dipole–dipole interactions
between labeled pairs are recoupled under MAS. In the case of DQCSA
measurements, conformational information is contained in the decay of
double-quantum filtered signals in an evolution period during which
CSA interactions of both carbonyl sites are recoupled. 2DEXMAS and
DQCSA data are sensitive to the relative orientations of the two labeled
carbonyl groups, and hence depend strongly on both ϕ and ψ. CTDQFD
data depend primarily on the 13C–13C distance, and hence dependmore
strongly on ϕ than on ψ. For all three techniques, earlier applications to
model peptides had verified that the data could be analyzed accurately
by comparisonwith numerical simulations of the nuclear spin evolution
under the relevant rf pulse sequences [49,50,53,107].

2DEXMAS, CTDQFD, and DQCSA data were obtained for HP35
samples that were 13C-labeled at A49 and V50 (to probe ϕ and ψ of V50
in the first helical segment of HP35), S56 and A57 (to probe ϕ and ψ of
A57 in the second helical segment), or L69 and K70 (to probe ϕ and ψ of

image of Fig.�2


Fig. 3. Solid state NMR techniques for quantitative measurements of backbone ϕ and ψ torsion angles. (a) Section of a polypeptide backbone with 13C labeling at carbonyl sites (black
spheres) of consecutive Ala and Val residues. Solid state NMR data place constraints on ϕ and ψ angles between the two labels. (b) Rf pulse sequence for 2DEXMAS measurements,
showing pulses on 1H and 13C channels. Black bars represent π/2 pulses. CP=cross-polarization. (c) 2DEXMAS spectrum of HP35 in frozen glycerol/water with [GdnHCl]=0.0 M,
recorded at 100.8 MHz 13C NMR frequency with magic-angle spinning at 2.50 kHz and τmix=500 ms. Intensities of crosspeak signals, which connect MAS sidebands of the two
labeled sites (A49 and V50), depend on the relative orientations of the carbonyl groups, hence on ϕ and ψ. This spectrum is obtained by combining data sets with rf pulse timing such
that either τmix or τmix+ t1 is a multiple of the MAS rotation period τR (signals SI and SII). (d) Rf pulse sequence for CTDQFD measurements, with (RFDR)N representing a 13C–13C
dipolar recoupling period of duration NτR. Rf phase cycling (not shown) selects signals that arise from double-quantum coherences involving the 13C-labeled carbonyl pairs. (e)
CTDQFD data for A49,V50-labeled HP35. Build-up and decay of carbonyl signal intensities with increasing M–N depends on ϕ and ψ. (f) Rf pulse sequence of DQCSA measurements.
Thicker black bars represent π pulses that recouple chemical shift anisotropies. Rf phase cycling (not shown) selects signals that arise from double-quantum coherences involving the
13C-labeled carbonyl pairs. (g) DQCSA data for A49,V50-labeled HP35. Decay of carbonyl signals with increasing τ depends on ϕ and ψ.
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K70 in the third helical segment). Datawere obtained in frozen glycerol/
water solutions with [GdnHCl]=0.0 M, 4.5 M, and 7.0 M, representing
the fully folded condition, the approximate denaturation midpoint, and
the strongly denatured condition. At [GdnHCl]=0.0 M, data for all three
samples could be fit with single ϕ, ψ values that agree well with values
for the same sites in HP35 crystal structures. At [GdnHCl]=4.5 M and
7.0 M, the data could not be fit adequately with single ϕ, ψ values,
consistent with the presence of conformational distributions in the
partially and fully denatured states.

Conformational distributions that fit the solid state NMR data
were obtained by invoking two models [26]. In the first model, the
distributions were approximated by small numbers of populated
regions in the ϕ, ψ plane, with each region having a two-dimensional
Gaussian shape. Variable parameters were the number of regions (one,
two, or three), the centers and widths of each Gaussian functions, and
the relative volumes of the Gaussian functions. Data could be simulated
for any choice of these parameters, and the agreement between exper-
imental and simulated data was described by χ2 values, normalized to
experimental uncertainties in order to be statistically meaningful.
Parameters that produced acceptably low χ2 values were found by a
simulated annealing algorithm, and ranges of acceptable parameters
were evaluated by Markov-chain Monte Carlo (MCMC) simulations.
Results of the data analysis with this “multiple Gaussian” model are
shown in Fig. 4. Surprisingly, for all three HP35 samples, the data at
[GdnHCl]=4.5 Mand7.0 Mcould befitwithonly two relatively narrow
populated regions, indicating two predominant backbone conforma-
tions at the labeled sites. At [GdnHCl]=4.5 M, one region was centered
at α-helical ϕ, ψ values, as expected. The other region was near
ϕ≈−120° and ψ≈80° (with significant site-specific variations),
corresponding to extended backbone conformations that approach β-
strands. At [GdnHCl]=7.0 M, the two populated regions were found to
Fig. 4. Analyses of combined 2DEXMAS, CTDQFD, and DQCSA data for A49,V50-labeled H
simultaneously with a “multiple Gaussian”model for the ϕ, ψ distribution at V50. (a) Data at
ϕ, ψ values. (b) Data at [GdnHCl]=4.5 M require two Gaussian functions, centered at α-heli
functions, centered at partially extended and polyproline II ϕ, ψ values. For each value of
averages of all distributions that fit the data adequately, as determined by Markov chain Mo
the solid state NMR data, in which α-helical conformations convert first to partially extend
correspond to extended conformations and polyproline II (PPII) con-
formations (ϕ≈-80° and ψ≈160°). At [GdnHCl]=4.5 M, PPII confor-
mations were not significantly populated, as the χ2 value was not
reduced significantly by using three Gaussian functions instead of two.

In the second model, conformational distributions were approxi-
mated by a large number of populated points in the ϕ, ψ plane. Variable
parameters, again optimized by simulated annealing, were the position
of each point and the number of points. For distributions with low χ2,
most points in this “multiple point”modelwere located in the sameϕ,ψ
regions that were populated in the “multiple Gaussian” model. The
fact that two quite different models yielded similar conformational
distributions indicates that the results are notmerelymodel-dependent.

These results for HP35 suggest an “unfolding pathway” under chem-
ical denaturation [26], shown in Fig. 4. As denaturant is added to the
protein solution, residues in helical segmentsfirst convert preferentially
to extended conformations. As the denaturant concentration becomes
high, the same residues begin to populate PPII conformations and stop
populating helical conformations. Considerable literature, both exper-
imental [108–113] and theoretical [114,115], has suggested that con-
formational distributions in denatured states of proteins contain high
populations of extended and PPII conformations. The results from solid
state NMR generally support this picture, but were obtained without
relying on previous suggestions or assumptions. The “pathway” sug-
gested by solid state NMR experiments has not been identified in
previous studies. Moreover, it is important to recognize that conforma-
tional distributions derived by fitting data such as 2DEXMAS, CTDQFD,
and DQCSA data do not depend in any way on information from
structural databases (e.g., the random coil libraries that have been used
in previous studies [11,19,22]), from molecular modeling [20], or from
“intuition” regarding the structural propensities of polypeptides.
Conclusions from quantitative solid state NMR measurements follow
P35 in frozen glycerol/water. For each value of [GdnHCl], the three data sets are fit
[GdnHCl]=0.0 M are fit adequately by a single Gaussian function, centered at α-helical
cal and partially extended ϕ, ψ values. (c) Data at [GdnHCl] 7.0 M require two Gaussian
[GdnHCl], distributions shown as surface plots (top) and contour plots (bottom) are
nte Carlo simulations. Orange arrows indicate the denaturation “pathway” revealed by
ed conformations, and then to polyproline II conformations.
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simply from fitting experimental NMR signal intensities to numerical
simulations of NMR measurements, which depend only on chemical
bond lengths and bond angles, NMR chemical shifts that are determined
from experiments, and rf pulse sequence conditions.

Identification of the “pathway” in Fig. 4 depends on the ability to
deconvolve the signals of folded molecules from those of unfolded
molecules, and to deconvolve various components within the unfolded
ensemble. Rapid conformational exchangemakes such a deconvolution
difficult in solutionNMR. In principle, vibrational spectroscopiesmay be
able to provide similar information, especially with isotopic labeling of
specific backbone sites, but quantitative analysis of vibrational spectra in
terms of backbone torsion angles is not straightforward. In future solid
state NMR studies, it will be interesting to examine the denaturation
“pathways” for other model proteins, including those with β-sheet
secondary structures.

6. Identification of kinetic folding intermediates

Experiments on HP35 described above provide detailed information
about structural changes that occur at equilibrium, as solvent conditions
change from those that favor the folded state to those that favor a more
disordered state. A more challenging goal, and one that relates directly
to many current computational and experimental studies of protein
folding, is to use solid state NMR to track the time dependence of
structural changes following a rapid change in conditions (e.g., pH,
pressure, or temperature). We have recently reported the first example
of such a study, in which a transient intermediate state of HP35 was
trapped by rapid freezing from a thermally unfolded state and sub-
sequently characterized by solid state NMR [25].

The rapid folding kinetics of HP35 require freezing on the sub-
millisecond time scale. For this purpose, a relatively simple apparatus
was developed for heating an appropriate volume of protein solution
to temperatures up to 90 °C, pumping the heated solution through a
20 μm-diameter aperture to create a fine jet of solution traveling at
104 cm/s, and freezing the solution in stirred isopentane at −140 °C
[25]. Direct imaging of the resulting slurry of frozen solution revealed
that it consisted of particles with diameters of approximately 10 μm.
Numerical calculations of the cooling of water/glycerol particles in-
dicated that the time to pass from90 °C to 0 °Cwas 10–20 μs formost of
the volume, depending on distance from the particle surface. Additional
parts were constructed so that the frozen protein solution could be
separated from the isopentane and packed in a MAS rotor, while main-
taining the sample temperature below −120 °C at all times. Exper-
imental measurements confirmed that protein folding was effectively
quenched during sample preparation and subsequent solid state NMR
measurements, and that cooling of the heated protein solution occurred
almost entirely during the initial immersion in cold isopentane (rather
than during the 100–200 μs travel time from the aperture to the
isopentane surface). Related approaches to rapid freezing have been
developed by other groups for related purposes in magnetic resonance
and other spectroscopies [116–118].

Fig. 5a and b compare 1D 13C NMR spectra of selectively-labeled
HP35, frozen rapidly from the folded state at 24 °C or from the unfolded
state at 90 °C. Rapid freezing from the folded state results in a spectrum
with relatively sharp lines at chemical shifts that are consistentwith the
expected helical secondary structure. The splittingofV50methyl signals
discussed above is clearly resolved. In contrast, rapid freezing from the
unfolded state results in a spectrum with broader lines and without a
resolved splitting of V50 methyl signals. Clearly, despite the reported
5 μs folding time for HP35 in aqueous solution and the estimated 10–
20 μs freezing time in our experiments, a state that is at least partially
unfolded was trapped in these experiments.

Fig. 5c and d compare 2D 13C NMR spectra of selectively-labeled
HP35 in the folded state and in the freeze-trapped state. A single set of
relatively sharp crosspeaks is observed in the folded state. In the freeze-
trapped state, crosspeak signals can be divided into two components.
The first component is broad, and located at chemical shifts that differ
significantly from those of the folded state. This component is assigned
to strongly unfoldedHP35molecules. The second component is sharper,
and located at chemical shifts that are similar to those of the folded state,
suggesting that it arises from folded molecules. However, the second
signal component is not identical to folded state signals. In particular,
no splitting of V50 methyl signals is observed. Thus, no fully folded
HP35molecules are detectable in solid state NMR spectra of the freeze-
trapped state.

Our current interpretation of these results is that folding of HP35
(and perhaps other rapidly-folding proteins and protein domains) from
a thermally unfolded state occurs in twophases, asdepicted in Fig. 6. The
initial, rapid phase involves conversionof strongly disorderedmolecules
to a partially folded intermediate state with native-like secondary
structure but incomplete tertiary structure. The intermediate state
includes a distribution of conformations. In aqueous solution and in the
32–80 °C temperature range, this process would require approximately
5 μs, corresponding to the folding process seen in temperature-jump
fluorescence measurements [2]. In the more viscous glycerol/water
solutions used in our experiments (with strongly temperature-depen-
dent viscosity), this process is slowed to the point where a mixture of
strongly disordered and partially foldedmolecules can be trapped in the
10–20 μs freezing time. The second phase entails the conversion of
partially folded molecules to fully folded molecules with ordered
tertiary structure, a process that requires conformational rearrange-
ments that are impeded by free energy barriers [97]. The time scale of
the second phase can be considerably longer than that of the first phase.
Under the conditions of our experiments, the time scale of the second
phase apparently exceeds 10–20 μs, as fully folded molecules are not
observed. The second phase may not produce measureable changes in
fluorescence quantum yields.

Additional experimental evidence for the intermediate state comes
from additional 2D spectra of freeze-trapped HP35 and from measure-
ments of tertiary contacts by 13C–13C polarization transfer [25]. On the
computational side, Freddolino et al. have recently reported all-atom
MD simulations of HP35 folding in water in which intermediate states
with native-like secondary structure but non-native tertiary structure
are observed in several long trajectories [106]. These intermediate states
have structural properties that are generally consistent with our solid
stateNMRdata for freeze-trappedHP35. Conversion of the intermediate
states to the final folded state occurs at 5.6–8.2 μs in the simulations,
significantly later than the average folding time suggested by
temperature-jump fluorescencemeasurements. The still longer lifetime
indicated by our experiments may be a consequence of the higher
viscosity in the experiments and (to a lesser extent) the fact that the
simulations were performed on the N60Hmutant. Imperfections in the
MD potentials may also contribute to discrepancies between simulated
and experimental time scales. Partially folded intermediates have also
been observed in other computational studies of HP35 folding [97].

7. Related solid state NMR studies

Several studies by other groups are relevant to the protein folding
studies discussed above. Etzkorn et al. [119] have reported solid state
NMR studies of the Crh protein in which a native-like, but noncrystal-
line, precipitate was first prepared at −4 °C. Upon heating to 9 °C, the
Crh sample gradually converted to an insoluble aggregated state with
lower helical and higher β-sheet secondary structure. The structural
conversion process was monitored by 2D solid state 13C NMR, which
revealed large chemical shift changes for specific sites where the
secondary structure changes occurred. This work indicates how an
unfolding process could be studied with site-specific detail.

Ishii and coworkers have used solid state NMR measurements to
examine the conformation and β-sheet structure of metastable oligo-
meric aggregates of the β-amyloid peptide, which typically precede the
appearance of β-amyloid fibrils when fibrils form from the monomeric



Fig. 6. Picture of HP35 folding that emerges from solid state NMR data. Starting from a strongly unfolded state at high temperatures, rapid cooling to below the thermal unfolding
temperature (74 °C mid-point in glycerol/water) leads to conversion to a partially folded intermediate state on the 10–20 μs time scale. The intermediate state has a high population
of native secondary structure, but lacks fully ordered tertiary structure. Conversion to the fully folded state occurs on a longer time scale. Rapid freezing to below the solvent glass
transition temperature prevents this second stage of folding.

Fig. 5. Evidence for a freeze-trapped intermediate state in the folding process of HP35. (a) 1D 13C NMR spectrum of HP35 in glycerol/water after rapid freezing from 24 °C. The protein
is 13C labeled at CO and Cα sites of L69 and at all carbon sites of V50. Double-quantum filtering is used to suppress natural-abundance 13C NMR signals from glycerol. Slow freezing
from 24 °C yields nearly the same spectrum. (b) 1D 13C NMR spectrum after rapid freezing from 90 °C. Broader lines and other changes demonstrate that a non-equilibrium structural
state is trapped by rapid freezing. (c) 2D 13C–13C NMR spectrum after slow freezing from 24 °C, with color-coded 1D slices to the right. (d) 2D 13C–13C NMR spectrum after rapid
freezing from 90 °C. Red arrows indicate signals from strongly unfolded molecules. Cyan arrows indicate signals from partially folded molecules. The absence a splitting of V50 Cγ

signals in the V50 Cα and Cγ slices (cyan and green) shows that partially folded molecules are not fully folded.
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peptide [120]. In the specific oligomer morphology examined by Ishii
and coworkers in a lyophilized state, the peptide conformation and β-
sheet structure (indicated by 13C chemical shifts and intermolecular
dipole–dipole couplings) are remarkable similar to those in mature
fibrils. In futurework, freeze-trapping techniques couldbeused toarrest
the evolution of β-amyloid aggregates at various stages, allowing full
characterization of intermediate structural states [121]. Such studies
would potentially be of great interest, as recent literature suggests that
the primary neurotoxic form of the β-amyloid peptide could be
anywhere from a dimer to a mature fibril.

Solid state NMR techniques have also been used extensively to
characterize structural changes in the light-driven proton pumping
cycle of bacteriorhodopsin [122,123] and the photoactivation of mam-
malian rhodopsin [124,125]. To date, these studies have used contin-
uous optical irradiation and low temperatures to prepare photocycle
intermediates at steady state. In principle, rapid freezing techniques as
described above could be used to trap transient intermediates after
initiation of structural changes by pulsed optical excitation.

The general problemof extracting conformational distributions from
quantitative solid state NMRmeasurements has been addressed by Utz
[126], who developed a mathematic formalism for relating specific
patterns of data (“eigenspectra”) to basis functions for the distribution.
In the absence of noise, Utz's formalism can be used to derive a unique
conformational distribution directly from the data, without invoking
models such as the “multiple Gaussian” and “multiple point” models
discussed above. When noise or other random errors are not negligible,
such a direct analysis does not produce useful results. Fitting the
experimental data with physically reasonable models for the confor-
mational distribution becomes a better approach. Nonetheless, Utz's
formalism provides amathematically justifiedmethod for assessing the
potential information content of each structural technique.

8. Future prospects for solid state NMR in protein folding

Results discussed above amply demonstrate the potential of solid
state NMR methods to provide new information about protein folding,
including the detailed nature of conformational distributions in partially
folded and unfolded states at equilibrium and the time-dependence of
structural distributions after sudden changes in solvent conditions. This
information derives from several unique features of NMR measure-
ments, including their sensitivity to local structural details and their
ability to monitor structural properties at multiple sites simultaneously
(due to high spectral resolution, aided by multidimensional spectros-
copy). Solid state NMR in particular offers the advantage of structural
techniques, including various dipolar recoupling, CSA recoupling, and
tensor correlation techniques, that are highly quantitative and hence
can be analyzed mathematically even in the presence of structural
distributions. Simple measurements of solid state NMR chemical shifts
and lineshapes, in 1D or multidimensional spectra, can also provide
valuable qualitative information about secondary structure, site-specific
order and disorder, and relative populations of distinct structural com-
ponents. By examining proteins in frozen solutions, averaging of
spectroscopic parameters by conformational exchange processes is
avoided, allowing clear separations of structural components to be
made.

One major impediment to structural studies of partially folded and
unfolded proteins has been the low sensitivity of solid state NMR
measurements, exacerbated by the relatively broad NMR lines that
are intrinsic to disordered systems. Experiments on HP35 have been
aided by the fact that protein concentrations of 5 mM or more can be
achieved without aggregation, even in thermally unfolded and chem-
ically denatured states. At lower concentrations, the same measure-
ments would become prohibitively time-consuming. However, this
situation will likely improve dramatically in the near future, as ultra-
low-temperature MAS technology is developed [127] and combined
with dynamic nuclear polarization techniques [128]. Sensitivity enhance-
ments by factors of 100–1000 are expected, making solid state NMR
measurements on frozen solutions with sub-millimolar protein concen-
trations not only feasible but also rapid.

In principle, there is no molecular weight limit on protein folding
studies by solid state NMR, provided that sufficient protein concen-
trations can be achieved. In practice, due to the inhomogeneously
broadened NMR lines of partially folded and unfolded proteins, isotopic
labeling of specific sites is required. This is most easily done when the
protein can be synthesized. Alternatively, proteins can be expressed in
bacteria with selectively labeled culture media. Even when each amino
acid occurs several times within the protein sequence, signals from
specific sites can be selected if certain sequential pairs of amino acids
occur uniquely. When combined with the advances in sensitivity
mentioned above, modern synthesis, ligation, and expression techni-
ques may allow folding processes of proteins in the 10–20 kDa range to
be studied by solid state NMR.

In the case of non-equilibrium experiments, folding events or other
conformational changes could be triggered by sudden changes in
parameters other than temperature, including pressure drops, pH
jumps, and changes in ionic strength. By combining rapid pressure jump
or rapid mixing techniques with rapid freezing, it should be possible to
characterize the ensuing structural evolution by solid state NMR.
Processes in which natively unfolded polypeptides adopt well-defined
conformations through interactions with protein partners could also be
studied in this way. For the full time course of a folding process (e.g.,
conversion of the partially folded state of HP35 discussed above to the
fully folded state) to be accessible, techniques for inserting variable time
delays between the initiation step and the freezing step need to be
developed. Thus, future progress in the application of solid state NMR to
protein folding problems will most likely involve technological
developments in several areas. Results obtained to date indicate that
such technological efforts will produce a wealth of new information.
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