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1. Introduction
Preparation of biological macromolecules in the

pure state requires that cells be disrupted, releasing
and mixing the contents. Only the most stable and
highly structured molecules can survive in the cel-
lular “soup”, which contains proteases and nucleases
that would be tightly controlled and sequestered in
a normal living cell. Thus, as long as “activity” of

polypeptides had to be measured by classical bio-
chemical methods, in test tubes, using purified and
well-characterized components, the paradigm that a
functional protein must be well-structured held good.
However, as methods for exploring the functions of
proteins (and other macromolecules) within cells and
in more complex in vitro systems have arisen, it has
become clear that unfolded and partly folded proteins
have important roles to play in numerous cellular
processes and signaling events. The extent and
variety of the role of such proteins has not been
determined as yet, but promises to provide a fruitful
new field for thinking about the molecular mecha-
nisms of biological processes.

It has long been recognized that biological macro-
molecules are far from rigid in their structures.
Motion is implicit in the normal function of such well-
known molecules as serum albumin1 and myoglobin.2
Segmental motion of protein subunits in isolation,
which become locked into specific structures in the
presence of specific binding partners3,4 is now recog-
nized as an important component of binding specific-
ity. Binding sites for interacting proteins are fre-
quently more mobile than the rest of the protein.5
However, until quite recently, the presence of func-
tional polypeptide domains that consist of a confor-
mational ensemble lacking an overall uniform three-
dimensional structure has not been recognized.6
Using a neural network algorithm,7 Dunker and
colleagues show that an appreciable portion of pub-
lished genomes should code for proteins with un-
structured regions of 50 residues or more. Certain
classes of proteins, particularly those involved in
transcriptional activation8 and cell cycle regulation,9
appear to contain domains that are intrinsically
unstructured in solution, but become structured on
binding to their physiological targets. Since then, the
literature on “intrinsically unstructured proteins” has
burgeoned, and this topic has been the subject of a
number of recent reviews.6,7,10-17 In addition, the
process of protein folding itself has become of in-
creasing interest. NMR has emerged as a particularly
important tool for studies of protein folding because
of the unique structural insights it can provide into
the events of the protein folding process.18

NMR remains one of the few comprehensive sources
for information on unstructured and partly struc-
tured proteins and on the protein folding process. One
of the earliest NMR solution structure calculations
was performed for the micelle-bound peptide hor-
mone glucagon,19 which is intrinsically unstructured
in solution,20 like many other small peptide hor-
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mones. Proton NMR studies of denatured proteins
are difficult because of the characteristic lack of
resonance dispersion. However, indirect detection
heteronuclear NMR techniques overcome the prob-
lem of resonance overlap21 and provide high-resolu-
tion information on highly denatured proteins (see
following section). The earliest report of NMR obser-
vation of residual structure in a highly denatured
protein appeared in 1992.22 In most cases, unique

three-dimensional structures of unstructured pro-
teins will not be available from crystallographic
studies because crystals of conformationally disor-
dered molecules are difficult to form and if formed
may not be representative of the conformational
ensemble in solution. Recent attempts have been
made to characterize functionally disordered systems
by crystallizing them together with fusion proteins
such as GST23 or in the presence of binding partners
or antibodies,24,25 but these structures remain rep-
resentative only of one particular member of the
conformational ensemble of the free protein in solu-
tion. By contrast, the NMR method can give a great
deal of (less specific but more accurate) information
on the structural composition of members of a con-
formational ensemble. A few examples have been
reported of solution structure calculations from NMR
data of the structures present in the conformational
ensembles of unfolded proteins26 or transition state
ensembles.27

In this review, we first survey NMR methods that
are particularly applicable to the study of unfolded
and partly folded proteins, and the types of informa-
tion that can be obtained. The second part of the
review provides some examples of protein systems
in which NMR has been instrumental in the elucida-
tion of folding pathways and mechanisms. Finally, a
few examples are provided of NMR studies of func-
tional unfolded proteins.

2. Methodologies for Studying Unfolded and
Partly Folded Proteins

A recent issue of Advances in Protein Chemistry
(Volume 62, 2002) was devoted to the study of
unfolded proteins. A comprehensive review of the
NMR methodology applied to unfolded and partly
folded proteins is included in this volume,15 together
with other techniques such as Raman optical activ-
ity,28 fluorescence correlation spectroscopy,29 infrared
absorption and vibrational CD,30 and small angle
scattering.31 Other recent reviews deal with applica-
tions of NMR to study the protein folding process.32,33

Direct characterization of unfolded and partly
folded proteins is possible on a residue-specific basis
using high-field NMR spectrometers, uniformly and
specifically labeled proteins, and isotope-edited and
triple-resonance pulse sequences. These methodologi-
cal improvements have overcome the problem of
proton signal overlap that hampered early NMR
studies of unfolded proteins. In many cases, reso-
nance assignments can be made using the dispersion
of the 13C and 15N nuclei, which are more sensitive
to local amino acid sequence, rather than the protons,
which are most sensitive to structural context in
three dimensions.34 Comprehensive tabulations of
sequence-dependent corrections to random coil chemi-
cal shifts35,36 should prove of particular use in detect-
ing and quantifying residual structure in unfolded
or partly folded proteins. Models for the “random coil”
distributions of φ and ψ angles37 and ø1 side chain
dihedral angles38 have also been proposed, allowing
estimates to be made of the presence of residual
structure from the measurement of coupling con-
stants.38
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2.1. Information from Chemical Shifts

Once resonance assignments have been made for
an unfolded or partly folded protein, a number of
NMR measurements can be made to further charac-
terize the conformational ensemble. The primary
observable in NMR studies of unfolded and partly
folded proteins remains the chemical shift. Variations
in chemical shift from “random coil” values estab-
lished by various means39-43 give important insights
into the structures populated in the conformational
ensemble in incompletely folded proteins. An example
of this is shown in Figure 1, which shows the
secondary chemical shifts, corrected for sequence-
dependence,35 for several nuclei in the NMR spectra
of apomyoglobin unfolded at pH 2.3. All of the data
are consistent in showing the presence of a residual
propensity for helical structure in the A and H helices

of the fully folded protein, as well as a small area of
non-native helical propensity in the D/E helix linker.

2.2. Dynamic Information from Relaxation Data
Estimates of backbone and side chain dynamics

using NMR relaxation provide a unique insight into
protein motions. A number of techniques have been
used to characterize the dynamics of unfolded pro-
teins, and the results have been used to make
inferences about the local and global motion of
unfolded molecules. The most commonly used NMR
techniques for studying polypeptide chain dynamics
involve the measurement of T1, T2, and heteronuclear
NOE for backbone resonances. Most studies use the
convenience of the backbone amide proton in 15N-
labeled proteins.

Recent innovations include R2 relaxation disper-
sion,44 NMR relaxation coupled with MD simula-

Figure 1. Secondary chemical shifts, corrected for sequence-dependent contributions,35 of (a) 13CR, (b) 13CO, (c) 1HR, (d)
13Câ, (e) 1HN resonances of acid-unfolded apomyoglobin. Regions corresponding to the helices of the native protein are
marked with black bars. (Reprinted from ref 175 with permission. Copyright 2001 American Chemical Society).
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tion,45 dipole-dipole cross-correlated spin relax-
ation,46 and off-resonance R1F.47 All of these methods
are in general similar to those used for folded
proteins, producing only a different range of values.
Side chain dynamics can provide a particularly useful
insight into the development of hydrophobic interac-
tions in unfolded states: these have been measured
using 2H and 13C relaxation.48-50

For data analysis, the use of the model-free formal-
ism51,52 is not usually valid for highly unfolded
proteins because the assumption of a single overall
correlation time and the temporal deconvolution of
internal motions and molecular tumbling is invalid.
Model-free calculations have been used to analyze
relaxation measurements on unfolded states,53,54 but
most studies use the method of reduced spectral
density mapping.55,56 Recent variations on the model-
free method take into account the distribution of
correlation times.57,58

2.3. Distance Information: NOEs and Spin Labels
The three-dimensional structures of folded proteins

are elucidated in solution primarily with the aid of
long-range distance information available from the
nuclear Overhauser effect. Regions of the protein that
are distant in the primary sequence but close to-
gether in space in the folded protein structure give
rise to NOEs that can be utilized to determine the
global fold. The NOE depends on the inverse sixth
power of the internuclear distance, and thus, the
complete set of distance restraints consists of a list
of proton contacts within about 5 Å. Detection and
assignment of long-range NOEs in unfolded proteins
is extremely difficult, although elegant pulse se-
quences have been devised for this purpose.59,60

Medium-range NOEs indicative of helical or turn-like
structure have been observed in peptides and in
unfolded proteins, but long-range interactions indica-
tive of the presence of transient tertiary structure at
equilibrium61 have not in general been well-authen-
ticated.62 It is likely that, for most systems so far
studied, either the population of the transiently
structured forms is too low, or the ensemble contain-
ing them is too heterogeneous, for the NOE to be
observable. Other NMR evidence for transient long-
range interactions, for example, from relaxation data,
is strong in several cases (see later section).

Long-range distance information to complement
and extend these observations has recently been
obtained from the use of covalently attached nitroxide
spin labels. Paramagnetic nitroxide spin labels cause
broadening of nuclear spins within a radius of about
15 Å and were originally used to determine inter-
atomic distances in folded proteins.63,64 Extension of
the method for use in unfolded and partly folded
proteins was pioneered by Shortle, studying a frag-
ment of staphylococcal nuclease (see later section)65,66

and more recently used on protein L,67 acyl CoA-
binding protein,68 and apomyoglobin.69

The method involves engineering of a single Cys
residue into the protein by site-directed mutagenesis
(the same method can be used to substitute nondis-
ulfide Cys residues already present in the sequence).
The thiol group of the Cys residue reacts with a spin-

label reagent, for example, PROXYL (1-oxyl-2,2,5,5-
tetramethyl-3-pyrrolidinyl) activated as an iodoace-
tamide or methanethiosulfonate. Spin label sites
must be chosen with care not to disrupt or influence
structure formation. Distance information is obtained
by assessing the broadening effect of the spin label:
a spectrum, for example, a 1H-15N HSQC spectrum
is recorded for the paramagnetic (oxidized spin label)
sample, then a second spectrum is obtained with the
spin label reduced to the diamagnetic state. Differ-
ences in the line width, relaxation rates, or intensity
in these two spectra give an estimate of the distance
of the spin label site from any given amide. An
example of such an experiment is shown in Figure
2. Results may be analyzed either qualitatively,
utilizing a plot that compares the intensities of cross-
peaks in the spin labeled and reduced spectrum or
by a more quantitative analysis that gives actual
distance ranges.66 Figure 3 shows the type of infor-
mation that can be obtained from spin label experi-
ments on unfolded and partly folded proteins. Un-
folded apomyoglobin shows evidence of transient
long-range interactions within the C-terminal 50
residues and between the N- and C-terminal regions
(Figure 3B), while other parts of the molecule show
no evidence of such interactions (Figure 3A).

2.4. Structural Information: Dipolar Couplings
A powerful new method for the characterization of

overall structure in biological macromolecules utilizes

Figure 2. 750 MHz 15N-HSQC spectra at pH 2.3, 25 °C,
of the K77C* derivative of apomyoglobin spin-labeled by
reaction of the spin label (1-oxyl-2,2,5,5-tetramethyl-∆3-
pyrrolin-3-yl)methyl methanethiosulfonate with the cys-
teine thiol. The spectrum of the paramagnetic form (red)
is superimposed on that of the diamagnetic state obtained
by reduction of the spin label with ascorbic acid (black).
Labeled cross-peaks are for resonances that are broadened
by the presence of the spin label. (Adapted from ref 69 with
permission. Copyright 2002 Elsevier).
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residual dipolar couplings in partially aligned me-
dia.70,71 These methods and the relationship between
residual dipolar couplings and macromolecular struc-
ture have been recently extensively reviewed.72-74

Partial alignment may be accomplished in a number
of ways: by direct induction in the magnetic field,75

by the use of dilute solutions of lipid bicelles,71 using
filamentous bacteriophages,76 or by incorporation of
the sample in stressed polyacrylamide gels.77,78 The
majority of the literature utilizing residual dipolar
couplings for structure determination by NMR has
focused on their application to the refinement of
protein structure, particularly in cases in which the
overall topology of the molecule is not well deter-
mined due to a paucity of restraints that would fix
long-range order. For example, residual dipolar cou-
plings can be used to determine the relative orienta-
tion of independently folded protein domains79,80 or
the bending of nucleic acid structures.81

Application of dipolar couplings to unfolded and
partly folded states could, in principle, give valuable
information on the overall backbone topology, without
relying on NOEs or spin labels.74 Care is required,
however, to ensure that the media used to obtain
partial alignment do not interact with the unfolded
or partly folded proteins of interest. When a protein
is incompletely folded, there may be extensive areas
of exposed hydrophobic groups, which cause binding
to bicellar media and consequent loss of signal. The
most successful medium for the study of unfolded and
partly folded proteins has been the polyacrylamide
gel.82,83

2.5. Amide Proton Hydrogen Exchange
One of the earliest methods of NMR characteriza-

tion of unfolded states was the measurement of
amide proton hydrogen exchange, and the compari-
son of exchange behavior in native and non-native

states.84-86 Information on the integrity of structural
domains under weak and strong denaturing condi-
tions, as well as an indication of polypeptide motional
changes, have been demonstrated by equilibrium
hydrogen exchange measurements on a number of
systems.87-92 Quench-flow hydrogen exchange experi-
ments analyzed by NMR93,94 and mass spectrometry95

remain the basis for most kinetic studies of protein
folding.

2.6. NMR under Pressure

The ensemble of conformational states sampled by
a protein in solution under a given set of conditions
can be perturbed by increasing the pressure. This
occurs because the ensemble contains conformers
with different effective volumes, in rapid equilibrium
with each other. An increase in pressure favors states
of the system with smaller volume, and thus shifts
the conformational equilibrium in the direction of
lower-volume conformers. In a number of cases, this
perturbation of the conformational equilibrium can
result in the population of higher energy states under
normal conditions of pH, temperature, and denatur-
ant concentration. These higher energy states can
approximate folding intermediates and unfolded
states of the protein. Variable-pressure NMR studies
have been published on a number of proteins, includ-
ing lysozyme,96 R-lactalbumin,97 myoglobin,98 and
ubiquitin.99 Detailed reviews of variable-pressure
NMR have recently been published.100,101

2.7. Real-Time NMR

Since NMR is intrinsically a slow technique, in
which it may take minutes to hours for measure-
ments to be made, the study of protein folding in real
time has been limited to those systems in which the
folding process is exceptionally slow. Even within this
class, which includes proteins where disulfide ex-
change and proline isomerization slow the folding
rate dramatically, some systems are not amenable
to study by this method, due to problems with
exchange-mediated line broadening and resonance
overlap. An important innovation was made by the
combined use of rapid mixing techniques and NMR
to monitor different aspects of the folding of R-lact-
albumin.102-105 Other systems studied by real-time
NMR include triple helical collagen peptide mod-
els,106,107 apoplastocyanin,108 and barstar.109 Such
studies confirm the highly cooperative nature of the
protein folding process, with probes at all sites in the
molecule displaying identical folding kinetics.

A related technique involves the use of time-
resolved photo-CIDNP (chemically induced dynamic
nuclear polarization) NMR, in which laser pulses are
used to excite a dye present in the protein solution
as it sits in the NMR probe. Depending on their
solvent exposure, tyrosine, histidine, and tryptophan
side chains in the protein are excited to form short-
lived radical pairs, which can be detected in 1D110 or
2D NMR experiments.111 This method has been used
to explore the configuration of several proteins during
the folding process, including R-lactalbumin112 and
lysozyme111 and single-tryptophan mutants of HPr.113

Figure 3. Paramagnetic enhancement to nuclear spin
relaxation for unfolded apomyoglobin at pH 2.3. The
histograms show the experimental intensity ratios (I )
Ipara/Idia) for each residue with an adequately resolved cross-
peak in the 1H-15N HSQC spectrum of (A) K77C* and (B)
K133C*. (Adapted from reference 69 with permission.
Copyright 2002 Elsevier).
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Detailed reviews on real-time methods have been
published over the past few years.114-116

2.8. Diffusion-Based Methods for Determination
of Hydrodynamic Radius

The effective hydrodynamic radius of a macromol-
ecule, defined as the radius of a sphere with the same
diffusion coefficient,117 can be estimated by measur-
ing the diffusion coefficient by gradient NMR meth-
ods. In the case of unfolded proteins, which consist
of a rapidly interconverting conformational ensemble,
the diffusion coefficient is a population-weighted
average. In general, the results obtained by NMR
methods agree extremely well with those obtained
by small-angle X-ray scattering, as seen for lyso-
zyme117-119 and the drk SH3 domain.120 Pulsed field
gradient diffusion methods have been used to eluci-
date the composition of unfolded states,121 and have
been utilized in questions of association state.122-124

3. Toward an Understanding of the Protein
Folding Process

The processes of DNA replication, gene transcrip-
tion, and mRNA translation, all necessary prelimi-
naries to the formation of a polypeptide chain, are
extremely complex, and involve layers of control that
are only now being elucidated. However, the process
of producing a polypeptide remains the same, no
matter what the primary sequence of the protein. The
details of the final step in the process, the folding of
the protein, depend strongly on the actual composi-
tion and primary sequencesalthough the physical
principles that govern the folding process are the
same for all proteins, folding pathways may differ
significantly for different proteins. Some proteins
require extra help, such as prosequences and chap-
erones, to fold to the correct conformation.125,126 Many
different protein systems are under study at present,
as a number of groups endeavor in the long term to
discern the common features in the various systems
and to determine general principles. NMR has an
important role to play in such studies, but there is a
fundamental disconnect between the process being
studied and the basic attributes of the technique
itself. This disconnect is due to the different time
scales of the folding process, which is complete in
milliseconds for many proteins, and of the NMR
experiment (the fastest 2D spectra can only be
accumulated in minutes). NMR experiments to study
aspects of the folding process must therefore be
creatively tailored to give valid information. Valuable
information on the kinetics of protein folding can be
obtained from quench-flow hydrogen exchange meth-
ods, detected by NMR93,94 or using mass spectrom-
etry.95 Magnetization transfer methods have been
successfully used to study fast-folding proteins.127-130

Recently, equilibrium approaches, in which stable
unfolded or partly folded states can be studied in
solution over a relatively long period, have been
extremely fruitful for a number of protein systems,
to be discussed in the following sections.

The importance of the composition of the denatured
state in the study of protein folding processes was

first recognized by Tanford.131,132 The following sec-
tion reviews approaches to the characterization of the
unfolded states of proteins, in the context of the
information obtained on particular systems. Often,
a number of methods, both NMR and non-NMR, are
combined to give a more complete description. In the
following paragraphs, we attempt to distill the ex-
tensive research that has been published on four
major protein systems, the SH3 domain of drk,
staphylococcal nuclease, lysozyme, and apomyoglo-
bin. NMR studies have been published on many other
unfolded proteins: examples include FK506-binding
protein,133 barnase,134-136 Protein G,137 and acyl co-
enzyme A-binding protein.68

3.1. Folded and Unfolded States in Equilibrium:
An SH3 Domain of drk

NMR studies of the N-terminal src-homology (SH3)
domain of the Drosophila signal adapter protein drk
have provided novel insights into the behavior of
unfolded proteins in solution. Because this domain
is present in solution under normal conditions (pH
6.0-7.5, 50 mM sodium phosphate, 23-37 °C) as an
equilibrium mixture in slow exchange on the NMR
time scale between a fully folded form and one which
is largely unfolded,138-141 many aspects of the struc-
ture and dynamics of the unfolded protein, as well
as the nature of the transition to the folded form, can
be examined conveniently. Following assignment140

and structural characterization139 of both folded and
unfolded forms of the protein, backbone dynam-
ics138,142 of the unfolded form could be extensively
studied. NMR experiments were designed to deter-
mine the rates of exchange between the two forms,
under conditions in which at least one of the ex-
changing forms has rapid exchange of amide protons
with solvent.141 To discriminate the NMR character-
istics of the two forms, the equilibrium between
folded and unfolded forms was perturbed toward
stabilization of the folded form by the addition of a
proline-containing peptide, and toward the stabiliza-
tion of the unfolded form by the addition of a
denaturant.143 These studies showed the presence of
residual structure, mainly turn-like structures, in
both unfolded states (in the presence and absence of
chemical denaturant), but there were differences in
detailed structural features that prompted a caution
regarding extrapolation of results obtained from
studies of chemically denatured proteins to native
folding conditions. Most recently, this system has
been used as a vehicle for the elucidation of non-
native residual structure in the unfolded form144 and
for the evaluation of the influence of electrostatic
interactions on pKa and protein stability.145 The
N-terminal SH3 domain of the drk protein has proved
to be an excellent model system for the NMR study
of unfolded states of proteins under nondenaturing
conditions.

3.2. Staphylococcal Nuclease: Fragments and
Mutations Define an Unfolded State

To examine in detail a denatured state under
nondenaturing conditions, a destabilized mutant of

3612 Chemical Reviews, 2004, Vol. 104, No. 8 Dyson and Wright



staphylococcal nuclease146,147 was prepared for NMR
study. Later work involved a large fragment, termed
∆131∆,148 consisting of residues 1-3 fused to residues
13-140, forming a 131-residue protein in which
the native state is destabilized relative to the wild-
type protein. Under nondenaturing conditions, the
fragment is largely unfolded, according to CD spec-
tra148 and water-amide proton exchange rates,91 but
residual helical structure is observed in the NMR
spectra of the fragment, in rapid equilibrium with
extended forms,148 and the backbone dynamics53

are inconsistent with a totally random coil poly-
peptide. The authors reported that the regions of
elevated S2 values, corresponding to regions of re-
duced backbone mobility, were better correlated
with highly hydrophobic portions of the polypeptide,
rather than with regions of high intrinsic helical
propensity. Nevertheless, the propensity for helix
formation was observed in hydrophobic regions that
contained helical structure in the native folded
state.53

Like the drk SH3 domain system, the staphylococ-
cal nuclease system is relatively well-behaved in
solution, but problems inherent in the study of
unfolded proteins have necessitated creative innova-
tions. The general dearth of long-range structural
information was addressed in an innovative manner
by Gillespie and Shortle,65,66 who used covalently
attached spin labels to elucidate long-range contacts
in ∆131∆. Ensembles of structures compatible with
these restraints were generated, providing insights
into the likely conformations present in the ensemble
of the unfolded protein.66 Most significantly, the
authors concluded that the denatured nuclease frag-
ment exhibits a nativelike topology in the unfolded
state, despite the apparent absence of tertiary struc-
ture stabilization by fixed hydrophobic packing,
hydrogen bonds, or salt bridges. More recently,
Shortle and Ackerman, using dipolar coupling data
obtained from partial alignment of the unfolded
fragment in strained polyacrylamide gels,83 reported
the observation of a persistence of nativelike topology
in the denatured state in 8 M urea.82 This result was
surprising, given the common assumption that high
concentrations of denaturants would generate states
that correspond to “random coil” for all proteins.
These authors suggested that the “nativelike topol-
ogy” persists even when there is extensive mutagen-
esis of the ∆131∆ fragment,149 although the backbone
dynamics of these variants did not appear to show
any overall conformational restriction consistent with
a nativelike topology.150 Ohnishi and Shortle report
the observation of similar dipolar coupling results for
short peptides.151 Is this phenomenon limited to the
staphylococcal nuclease system, or will this apparent
persistence of nativelike topology under all circum-
stances be commonly observed? A recent analysis of
the origins of residual dipolar couplings in unfolded
proteins152 and analysis of the data obtained for
unfolded apomyoglobin153 (see following section) in-
dicate that these observations may be more related
to intrinsic properties of unfolded chains than to
propensities for nativelike structure in highly un-
folded states.

3.3. Apomyoglobin: Equilibrium and Kinetic
Dissection of a Folding Pathway

As well as being amenable to kinetic folding stud-
ies, the apomyoglobin system provides a number of
excellent equilibrium models for states along the
folding pathway, and has been a major focus for
several laboratories. A large number of techniques
other than NMR have been brought to bear on the
apomyoglobin system in recent years,154-166 giving
detailed insights into its folding pathway and par-
tially folded states. In this section, we concentrate
on NMR studies of apomyoglobin, which has proved
to be one of the best-behaved protein systems for
folding studies in solution.

Quench-flow pulse labeling93,94 has proved a par-
ticularly valuable technique for kinetic studies of
apomyoglobin folding. An initial study utilizing 1H
2D experiments167 provided definitive evidence for
the similarity of the kinetic intermediate observed
by quench-flow pulse labeling and the well-known pH
4 equilibrium intermediate previously identified by
CD spectroscopy168 and amide proton exchange mea-
surements.85 This result formed the basis for a series
of NMR studies aimed at dissecting the folding
pathway of apomyoglobin. The quench-flow kinetic
studies have been repeated and extended using 15N-
labeled apomyoglobin,169,170 and an extensive set of
mutant proteins has been examined,169,171,172 as well
as a variant protein, leghemoglobin, a plant oxygen
carrier.173 All of these proteins, even the evolution-
arily distant leghemoglobin, fold using a mechanism
that involves a burst phase intermediate. However,
the detailed pathways of folding vary widely from
protein to protein. For example, the H64F mutant
apomyoglobin169 is more stable than the wild-type
protein, and folds more rapidly. These effects are
likely due to the added hydrophobicity of the pheny-
lalanine side chain, which stabilizes the E helix of
the protein in the kinetic intermediate and the final
folded state. The histidine residue at position 64 (the
distal histidine) is important in the heme- and
oxygen-binding function of myoglobin. Thus, in this
case, the presence of the hydrophilic histidine side
chain exacts a price in protein stability and folding
rate for its importance in function.

NMR studies of equilibrium states of apomyoglobin
that model stages in the kinetic folding pathway have
yielded a number of insights into structural and
dynamic changes that occur as the protein folds.
Extensive structural and dynamic characterization
has been carried out on five states of apomyoglobin,
modeling various stages of polypeptide chain compac-
tion. The CR secondary chemical shifts (δ∆ ) δobserved
- δrandom coil), calculated using sequence-corrected
random coil shift values,35 shown in Figure 4, clearly
show an increase in the helical structure of apomyo-
globin from solutions in 8 M urea at pH 2.3,174 pH
2.3,175 pH 4.1,176 and pH 6.177 Further, the location
of the helical structure corresponds, in the main, to
the locations of ordered helix in the fully folded
myoglobin structure. It is clear from Figure 4 that
there is very little helical structure in the urea-
denatured state. The acid-denatured state contains
some propensity for helix, mainly in the regions of
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the sequence corresponding to the A and H helices,
and in a region that encompasses the end of the D
helix and beginning of the E helix. The so-called
“molten globule state” at pH 4.1 has helical structure
in all of the major helical regions of the folded state,
with the exception of the F helix. No signals are
observed for the F helix in the folded apomyoglobin
at pH 6.1, most likely due to a conformational
equilibrium on a time-scale comparable to the chemi-
cal shift time scale, resulting in broadening of the
resonances beyond detection. It is thought that this
conformational equilibrium may be between folded
helical forms similar to that in the heme-containing
holoprotein and unfolded states: such an equilibrium
would be conducive to proper formation of the func-
tional holoprotein by allowing access of the bulky
heme prosthetic group to the interior of the mol-
ecule.178

The completely unfolded protein is modeled by the
state in 8 M urea at pH 2.3.174 Perhaps surprisingly,
variations were observed in the relaxation param-
eters for the backbone of urea-denatured apomyoglo-
bin. These variations were strongly correlated with
intrinsic properties of the local amino acid sequence,
as illustrated in Figure 5. Clusters of glycine and
alanine residues show a greater mobility than the
average, while persistence of local hydrophobic in-
teractions causes slight restriction of backbone mo-
tions in other regions of the polypeptide. Since these
interactions depend only on the most basic attributes
of the amino acid sequence, the surface area buried
upon folding, they are candidates for the fundamental
events that initiate protein folding.174

Propensities for secondary structure formation
provide the next level of folding initiation. This is
demonstrated by the behavior of apomyoglobin at
acid pH (2.3) in the absence of denaturant.175 A small
but significant propensity for helix formation is
observed in three parts of the sequence (Figure 4).
In addition, motional restriction is observed in these
regions, and localized regions of increased R2 relax-
ation rate in the A and G helices raised the intriguing
possibility that these regions of the protein were in
transient contact in the conformational ensemble at
pH 2.3.175 This hypothesis was borne out by the
results of experiments in which spin labels were
covalently attached to various sites in the molecule.69

With the spin label in the region corresponding to
the H helix in the folded protein, clear evidence of
broadening was observed in the region corresponding
to the G helix (Figure 3B). By contrast, no broadening
was observed in the E helix region, which had shown
no increase of R2 relaxation rate.175 This observation
was corroborated by the results of a similar experi-
ment with the spin label in the E helix: only local
broadening was observed at pH 2.3 in this protein
(Figure 3A). These results demonstrate not only that
there are areas of nativelike secondary structure
occurring in this highly unfolded state of apomyo-
globin, but that transient nativelike tertiary interac-
tions occur within the conformational ensemble.

The use of strained polyacrylamide gels77,78 has
successfully allowed residual dipolar coupling mea-
surements to be made for unfolded apomyoglobin at
pH 2.3 and in 8 M urea at pH 2.3.153 Significant

Figure 4. Plot of the secondary 13CR chemical shift (δobserved
- δrandom coil) as a function of residue number for apomyo-
globin under solution conditions shown. The urea-unfolded
state174 is in 8 M urea, pH 2.3, 20 °C. The acid-unfolded
state175 is at pH 2.3, 25 °C. The molten globule state176 is
in acetate buffer (10% ethanol) at pH 4.1, 50 °C. The
apoprotein (without the heme prosthetic group)178 is in 10
mM acetate buffer, pH 6.1, 35 °C.

Figure 5. Relaxation rate R2 for apomyoglobin unfolded
in 8 M urea, pH 2.3, 20 °C (open circles joined by thin lines),
plotted as a function of residue number. The dashed line
shows the R2 values calculated according to a simple model
incorporating only side chain radius of gyration and with
persistence length λj ) 7 except for Gly and Ala (λj ) 1).
The red line shows the result of the calculation incorporat-
ing both the radius of gyration and four clusters centered
at residues 12, 103, 113, and 135. Calculated values have
been scaled for comparison with the experimental data.
Black bars represent the positions of the helices A-H in
the fully folded holoprotein. The positions of hydrophobic
clusters (black bars) and of glycine residues (filled circles)
and alanine residues (open circles) in the sequence of sperm
whale apomyoglobin are also indicated. (Reproduced from
ref 174 with permission. Copyright 2002 American Chemi-
cal Society).
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residual dipolar couplings were observed for the
protein, even in 8 M urea, as was previously seen
for staphylococcal nuclease.82 However, rather than
an interpretation invoking persistence of a nativelike
topology in the presence of a high concentration of
denaturant,82 the results for unfolded apomyoglobin
have been interpreted153 on the basis of a model that
incorporates the notion of “jointed statistical seg-
ments”179,180 that occur in unfolded proteins, but not
in folded proteins. This analysis resembles the theo-
retical treatment of Louhivuori et al.152 for denatured
proteins in liquid crystal media, and is consistent
with recent results on ACBP.181 For folded proteins,
the magnitude and direction of the dipolar couplings
depend on the orientation of each bond vector to the
alignment tensor of the whole molecule. For unfolded
proteins, the residual dipolar couplings are a conse-
quence of local conformational restriction of the
backbone. The chain has a characteristic persistence
length, the length of chain over which successive
residues tend to adopt similar (φ,ψ) dihedral angles.180

For several unfolded proteins, the persistence length
has been shown by relaxation data to be about seven
residues.174,182 Each of these “statistical segments” is
described by its own alignment tensor; these tensors
move independently of each other. This interpreta-
tion relies only on the polymer-like nature of the
unfolded polypeptide chain, and thus appears more
feasible than a hypothesis that would invoke specific
nativelike topology in high concentrations of chemical
denaturant, in which all other measurements con-
spicuously point to a highly flexible chain and the
absence of persistent structure.

3.4. And Amyloid Too? Versatile Lysozyme
Just as lysozyme was one of the earliest systems

for the development of NMR techniques for studying
folded proteins in solution, it was also the subject of
one of the earliest NMR studies of unfolded pro-
teins,21 and work with lysozyme was instrumental
in the development of a number of techniques for the
study of unfolded proteins.110,183 It continues to be
utilized extensively today, as much for its inherently
interesting properties as for its stability and ame-
nability to experimentation under a wide variety of
solution conditions.

Amide exchange in lysozyme was measured to
probe the unfolded/folded transition,90,184 and quench-
flow studies showed the presence of folding domains
corresponding to the structural domains of the
protein.185-187 Lysozyme was the model protein used
in the exploratory NMR studies of the differing effects
of denaturants, solvents, calcium ions, heat, and
pH.188-194 In particular, hen lysozyme in trifluoetha-
nol (TFE) and equine lysozyme at pH 2 were found
to form partially folded states, which were exten-
sively characterized by NMR. Amide hydrogen ex-
change measurements of the equine lysozyme at pH
2 showed that the helices of lysozyme differ greatly
in their protection, defining a compact cluster in the
core of the protein that was identified with the
molten globule folding intermediate.195-197 Resonance
assignments for the partly folded state in TFE
showed that it contains extensive secondary struc-

ture, with different stabilities in different parts of the
polypeptide;198 this information was further amplified
by extensive studies of backbone dynamics on this
partly unfolded state of lysozyme.54 Interestingly, the
presence of TFE appears to accelerate the folding of
hen lysozyme, an indication that the slowest steps
of the folding process are associated primarily with
the reorganization of hydrophobic side chains in the
core of the molten globule, rather than with the
formation of hydrogen bonded secondary structure.199

The folding of lysozyme is complicated by disulfide
bridge formation; the reduced protein refolds much
more slowly than when the disulfide bridges are left
intact, but folding remains highly cooperative.200

Both oxidized and reduced forms of lysozyme have
been studied by a number of different NMR tech-
niques in highly unfolded states. Complete 1H and
15N resonance assignments for lysozyme in 8 M urea
at low pH were utilized to provide a basis for
comparison of NOE, coupling constant, and relax-
ation time data obtained both by NMR and by
molecular dynamics simulations.201 The experimental
and theoretical results were generally in good agree-
ment, and indicated that only local interactions were
occurring in lysozyme under these conditions. The
presence or absence of the disulfide bonds appeared
to make little difference to the conformational en-
semble in this high concentration of denaturant. The
relaxation data were interpreted to indicate the pres-
ence of weak hydrophobic clustering in the vicinity
of tryptophan side chains. A recent reexamination of
the relaxation data, together with mutagenesis data,
has led these authors to postulate the presence of
long-range interactions in this state of lysozyme.182

Lysozyme continues to participate in important
advances in the protein-folding field. It provided the
means for an exhaustive recent examination of the
distributions of side chain rotamers,202 providing a
baseline set of values of great utility in the charac-
terization of protein random coils and more struc-
tured states. Lysozyme provided the test case for the
use of CIDNP-pulse labeling in probing partially
folded states along the folding pathway.203 Finally,
consistent with its continuing role at the forefront of
research into protein folding, variants of lysozyme
have recently been found to undergo fibrillogenesis,
in a reaction analogous to the formation of fibrils in
amyloid diseases such as Alzheimer’s disease and
prion diseases.204-207

3.5. Molten Globules − A Challenge for NMR
The molten globule state was first described by

Ptitsyn and co-workers on the basis of spectroscopic
data of R-lactalbumin.208 The molten globule was
conceived as a state containing nativelike secondary
structure but loosened or “molten” tertiary structure.
This concept has proved to be a very useful one in
the description of folding pathways and intermedi-
ates, but it appears that the definition has been
stretched in many directions, to encompass a number
of different states as different authors study different
molecular systems. The study of molten globule
states by NMR is exceptionally difficult. This is
because molten globule states are fluctional, mostly
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on time scales that correspond with intermediate
exchange broadening in NMR. Unfolded states also
populate many conformational states, but the ex-
change between them is fast, giving rise to (usually)
a single set of resonances corresponding to an en-
semble average. Slow exchange between multiple
states gives rise to multiple sets of resonances, which
can be deconvoluted and separated if necessary (as
in the case, for example, of the drk SH3 domain, see
section 3.1). However, when states are in intermedi-
ate exchange, the resonances are broadened, some-
times beyond detection. Even if the resonances can
be observed, their line width is such that resonance
overlap becomes very much worse than it would
otherwise be, while the intensity of the signal is
correspondingly decreased. These problems were seen
in early NMR studies of the molten globule state of
R-lactalbumin.84 A number of clever techniques were
developed to obtain information on the R-lactalbumin
molten globule, using amide trapping experiments
and subsequent NMR experiments on the native
state of the protein,84,209 peptide studies coupled with
2D 1H NMR experiments,210 and R2 measurements.211

Denaturant-induced unfolding of the R-lactalbumin
molten globule was followed by 2D 1H-15N HSQC
spectra, providing residue-specific information on a
highly stable core that is present in the human
protein under strongly denaturing conditions, but not
in the homologous bovine protein.212 Extremes of
pH,213 temperature,214 and pressure,97 as well as site-
directed mutagenesis215 have been used to access
excited states approximating the R-lactalbumin mol-
ten globule, and have enabled excellent NMR data
to be obtained for this difficult system.

The molten globule state of apomyoglobin has
proved to be a much more straightforward subject
for NMR studies.176,177 While it is not easy to work
with, and requires relatively high temperatures (50
°C) for optimal NMR spectra and the presence of a
small amount of cosolvent (ethanol, 10%) to protect
against aggregation during acquisition of multidi-
mensional NMR spectra,216 double- and triple-labeled
samples of the apomyoglobin molten globule state at
pH 4.2 give excellent triple-resonance spectra, from
which almost all of the resonances can be assigned.
Chemical shift deviations from random coil, together
with relaxation measurements, delineated a picture
of a classic molten globule state: most of the helices
in the molecule populate helical secondary structure
significantly, but fixed tertiary structure does not
form. Compared to the fully folded native state, the
helices range in population from about 70% for each
of the A, G, and H helices to about 30% for the D
and E helices. All of the helices are significantly
frayed at the ends. Mobility of the polypeptide back-
bone is greatest in the areas that contained the least
secondary structure, and 15N spin relaxation data
show evidence for packing of the A, G, and H helices,
and part of the B helix to form a compact hydrophobic
core. The picture that emerges is of a molten globule
state that varies in stability throughout the polypep-
tide. The remaining helices populate a significant
amount of helical structure, but are more loosely
associated with the better-structured core.

Extensive NMR studies have also been performed
for the well-behaved A-state of ubiquitin, which is
formed at low pH in mixed methanol-water. A
comparison of the slowly exchanging amide protons
in native and A-states217 showed that the overall
topology of the A-state remains similar to that of the
native state, while certain regions of the protein,
particularly in the central â-sheet, retain the same
amide hydrogen bonding interactions as the native
form. According to heteronuclear NMR measure-
ments, only the first two strands of the â-sheet,
together with a few turns of helix, remain fully
structured in the A-state,218 constituting an N-
terminal folded subdomain. The C-terminal half of
the molecule undergoes a methanol-induced transi-
tion to a poorly structured, highly dynamic state.219

More recently, the contributions of non-native struc-
ture to the A-state has been evaluated by site-
directed mutagenesis and NMR.220 Interestingly, the
mutation of a residue in the N-terminal region of the
protein from a sequence favoring a Type I turn to
that favoring a Type II turn showed a preference for
Type II turn in isolated peptides (representing the
fully unfolded state of ubiquitin), but when the
mutation was incorporated into the full-length pro-
tein, the structural preference in the A-state was for
the Type I turn characteristic of the native protein,
indicating that the structural specificity and stability
of the A-state are modulated to a great extent by
nonlocal, long-range interactions.

Other molten globule states studied by NMR
include a CheY mutant,221 cystatins,222 and carbonic
anhydrase.223

4. NMR Studies of Intrinsically Unstructured,
Functional Proteins

NMR has been instrumental in identifying and
characterizing unfolded and partly folded protein
domains that are functional. This field is rapidly
expanding. We provide three examples to show the
range of contributions that the NMR method has
made in this area. Intrinsically unstructured, func-
tional proteins show different degrees of disorder in
their native states. The first example to be discussed
is a case in which the individual domains of a DNA-
binding protein are connected by flexible linkers and
tumble independently in the absence of DNA, but
adopt a rigid, ordered structure in complex with
DNA, providing a mechanism for high-affinity, se-
quence-specific binding. The second example is a case
in which a protein is unfolded in isolation but folds
when bound to its (folded) interaction partner. This
is a very common pattern for the interactions of
unstructured proteins, including small peptide hor-
mones. The third example shows the case of two
unstructured proteins that are mutually folded when
they interact.

4.1. Sequence Specific DNA Binding by Zinc
Finger Proteins: The “Snap-Lock”

The DNA-binding interactions of zinc finger pro-
teins provide an excellent example of the interplay
of structure and flexibility in the promotion of
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sequence-specific binding. Zinc fingers are small zinc-
binding motifs first identified as a repeating homolo-
gous sequence in the transcription factor TFIIIA, the
factor specific for the internal control region of the
5S RNA gene.224 In the absence of zinc, the finger is
unstructured;225 the structure of the individual zinc
finger is stabilized by coordination of a zinc ion to
four ligands (generally a combination of Cys and His
side chains) in a tetrahedral arrangement.226,227

Sequence-specific DNA recognition is achieved by the
concerted interaction of several fingers, connected by

short but highly conserved linker sequences.228 Struc-
tures of tandem zinc finger proteins bound to DNA,
for example, zif268229 and TFIIIA,230 show a charac-
teristic wrapping of the fingers around the DNA,
making base-specific contacts in the major groove
(Figure 6). It is clear from this mode of binding that
the structure of the free zinc finger protein must
differ in important ways in solution and in the DNA
complex, since the DNA forms a central, integral part
of the structure of the complex. The polypeptide chain
dynamics of a construct containing three zinc fingers
showed that the individual fingers behave largely as
“beads on a string”, with minimal interaction be-
tween them, but with long-range motional restriction
mandated by the anisotropy of the molecule.231 The
role of the conserved linker sequences was recently
explored by comparing the NMR spectra and dynam-
ics of zinc finger proteins free and in complex with
DNA.3 A comparison of the superposition of the linker
sequences of 12 structures of a construct containing
the first three zinc fingers of TFIIIA, free in solution
(X. Liao and P. E. W., unpublished data) and com-
plexed to the cognate DNA sequence230 is shown in
Figure 7. It appears that the linker provides in the
complex but not in the free protein a stabilizing
capping motif, complete with a side chain-backbone
hydrogen bond, for the helix of the N-terminal zinc
finger. Heteronuclear 1H-15N NOE measurements
(Figure 8) show that the linker sequences have

Figure 6. The three amino-terminal zinc fingers of
transcription factor IIIA bound to DNA, as determined by
NMR spectroscopy.230 DNA strands are shown in white and
yellow. Zinc finger 1 is colored orange, finger 2 is cyan, and
finger 3 is green. (Adapted from ref 230 with permission.
Copyright 1997 Elsevier).

Figure 7. Comparison of the 13CR chemical shifts of the protein in the DNA complex and free in solution (∆δ13CR
bound-free)

for the R-helical regions of the four fingers of the DNA-binding isoform of the Wilms’ tumor zinc finger transcription factor.
A schematic representation of the corresponding hydrogen bonding pattern is shown below the bar plot for each finger.
For each finger, the hydrogen bonds between residues that are both in regular helix are shown underneath the amino acid
sequence, while hydrogen bonds that include one or two residues outside the regular helix (i.e., the capping hydrogen
bonds) are shown above the sequence. The hydrogen bonds that exist in both the free and the DNA-bound forms of the
proteins are represented with solid lines. The DNA-induced C-capping hydrogen bonds for each finger are represented by
dashed lines. (Adapted from ref 3 with permission. Copyright 2000 Elsevier).

Figure 8. Backbone 1H-15N NOE values as a function of residue number for the four fingers of the DNA-binding isoform
of the Wilms’ tumor zinc finger transcription factor, free (light symbols) and DNA bound (dark symbols). The â-sheet
(open arrows), R-helix (open rectangles), linker regions (zigzag lines) in the zinc finger domain of WT1 are indicated
schematically.
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considerable flexibility in the free form of the protein,
but are rigidified to the same extent as the folded
zinc finger domains in the DNA complex. Thus, one
might envision a mechanism for the binding of
tandem zinc fingers to DNA consisting initially of
nonspecific interaction involving primarily the sugar
and phosphate moieties. The protein, with individual
zinc fingers structured but segmentally disordered,
is able to search along the DNA for the correct base
sequence because the nonspecific association is weak.
Once the correct base sequence is encountered, base-
specific contacts are initiated in the major groove,
followed by the formation of the helix capping inter-
action in the linker sequence. This concept of the
formation of a specific structure in a flexible protein
in response to binding to the correct base sequence
has been termed the “snap-lock” mechanism.3

4.2. Folding of Unstructured Proteins upon
Binding

A number of systems have been shown to contain
components that are unstructured in isolation, but
which fold to defined structures upon binding to
physiological targets. This area has recently been
reviewed.14 The protein CBP (CREB-binding protein)
and its homologue p300 are large proteins that
contain both structured domains and long intrinsi-
cally unstructured regions. Structural and dynamic
information for these domains and their complexes
with physiological ligands have been obtained almost
exclusively by NMR. NMR studies show that a
number of the domains are relatively well-folded in
isolation in the absence of binding partners.8,232,233

The TAZ domains of CBP/p300 are zinc-containing
domains with a distinctive fold. Each of the three zinc
binding motifs consists of two helices joined by a
connecting loop, with one histidine and three cysteine
ligands that are arranged sequentially to form an
HCCC-type zinc-binding motif.232 TAZ1 and TAZ2
share significant sequence homology, but bind a
different subset of transcription factors.234 The struc-
tures of the two domains are quite similar, but differ
significantly in the third zinc site.233 A number of
TAZ domain ligands appear to be unstructured in the
free state, for example, the minimal binding domain
of the hypoxia-inducible transcription factor HIF-1R
is unstructured in solution, but binds with nanomolar
affinity to TAZ1.233,235 This is indicated by the disper-
sion of the 1H-15N HSQC spectrum of 15N-labeled
HIF-1R free and in complex with TAZ1 (Figure 9a).
The structure of the complex (Figure 9b) illustrates
a likely reason for the necessity for HIF-1R to be
unstructured in the free state: the ligand polypeptide
is wound around the TAZ1 core to give maximal
binding surface area. It is clear that a stable tertiary
fold in free HIF-1R would not be conducive to complex
formation.

4.3. Mutual Synergistic Folding of Two
Unstructured Domains

The response to nuclear hormones occurs via
nuclear hormone receptors that regulate gene ex-
pression, and is mediated by recruitment of coacti-

vators such as p160, which recruits the general
coactivator CBP. The nuclear receptor coactivator
binding domain of CBP is located at the C-terminus
and is intrinsically unstructured in isolation;236 its
spectroscopic properties and heat capacity are char-
acteristic of a molten globule state. The interaction
region of its binding partner, activator for thyroid
hormone and retinoid receptors (ACTR), is also
unstructured in solution.236 When the two domains
interact, the NMR spectra (Figure 10a) clearly show
that both domains are well-folded. Solution structure
determination of the complex236 revealed an inter-
twined helical bundle (Figure 10b) with an extensive
leucine-rich hydrophobic core. Within the complex,
the three helices of the CBP domain form a small

Figure 9. (a) 600 MHz 1H-15N HSQC spectrum of HIF-
1R (776-826) free (red) and bound to unlabeled TAZ1
(black). The spectrum of the free HIF-1R domain shows the
limited 1H resonance dispersion characteristic of unstruc-
tured proteins. (Adapted from reference 233 with permis-
sion. Copyright 2002. National Academy of Sciences of the
United States of America). (b) Ribbon representation of the
structure of a single structure from the family of NMR
solution structures of the TAZ1-HIF-1R complex. TAZ1 is
shown in blue, with zinc ions as silver balls. Zinc ligands
are shown in blue (His) and yellow (Cys). HIF-1R is shown
in red. (Adapted from ref 233 with permission. Copyright
2002. National Academy of Sciences of the United States
of America).
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intramolecular hydrophobic core, but there are no
long-range intramolecular contacts in the ACTR
domain. These observations demonstrate that the
stability of the complex is dependent largely, if not
completely, on the intermolecular interactions that
are potentiated when the two domains fold mutually
and synergistically.

5. Conclusion
This review has attempted to summarize some of

the many contributions of NMR studies to our
knowledge of unfolded and partly folded proteins.
Structural and dynamic characterization of intrinsi-
cally unstructured, functional proteins both free and
in complex with their binding partners is an impor-
tant area that we anticipate will receive a great deal
of attention in the future, as the products of unknown
genes from published genomes are expressed and
characterized. As well, the process of folding of
proteins that are well structured in their functional
state remains a hurdle in our understanding of
cellular processes. Indeed, the correct folding of
proteins is a most important process, which appears
to go awry as the organism ages. Misfolding of
proteins too is a harbinger of disease. We need to
know as much as we can about these processes. It is
clear that, because of the unique information it
provides in solution under physiologically relevant

conditions, NMR will continue to play a pivotal role
in the elucidation of the structure and function of
these important systems.
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