PHILOSOPHICAL

TRANSACTIONS Phil. Trans. R. Soc. A (2005)
or doi:10.1098 /rsta.2004.1501

THE ROYAL

SOCIETY

Towards complete descriptions of
the free-energy landscapes of proteins

By MICHELE VENDRUSCOLO AND CHRISTOPHER M. DOBSON

Department of Chemistry, University of Cambridge,
Lensfield Road, Cambridge CB2 1EW, UK (cmd44@cam.ac.uk)

In recent years increasingly detailed information about the structures and dynamics
of protein molecules has been obtained by innovative applications of experimental
techniques, in particular nuclear magnetic resonance spectroscopy and protein engi-
neering, and theoretical methods, notably molecular dynamics simulations. In this
article we discuss how such approaches can be combined by incorporating a wide
range of different types of experimental data as restraints in computer simulations
to provide unprecedented detail about the ensembles of structures that describe pro-
teins in a wide variety of states from the native structure to highly unfolded species.
Knowledge of these ensembles is beginning to enable the complete free-energy land-
scapes of individual proteins to be defined at atomic resolution. This strategy has
provided new insights into the mechanism by which proteins are able to fold into
their native states, or by which they fail to do so and give rise to harmful aggregates
that are associated with a wide range of debilitating human diseases.
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1. Introduction

Characterizing the nature of partially folded states of proteins is crucial for under-
standing the determinants of many aspects of their behaviour, including the stability
of the native state, the kinetics of folding and the mechanisms of misfolding (Ven-
druscolo et al. 2003a). Extensively or partially unfolded species are also interesting
in their own right, as in the cell they are often involved in processes such as signal
transduction, translocation across membranes, transcriptional activation and cell
cycle regulation (Uversky 2003).

Most approaches used for protein structure determination, including X-ray crystal-
lography, nuclear magnetic resonance (NMR) spectroscopy and electron microscopy,
involve three major steps:

(i) a suitable technique is chosen and the results of the experimental measure-
ments are interpreted in terms of parameters known to be related to molecular
structures;
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(ii) an appropriate model is chosen to represent the structure and the energy of
the molecule;

(iii) an optimization method is defined that minimizes violations of the calculated
conformations from the experimentally derived structural information.

This approach has proved extremely successful for native states of proteins and pro-
tein complexes. Examples of recent spectacular achievements include the determina-
tion of the structures of F1-ATPase (Abrahams et al. 1994), the proteasome (Groll
et al. 1997) and the ribosome (Ban et al. 2000; Wimberly et al. 2000). In principle,
extensions of these methods will make it possible to determine the structures of yet
larger and more complex systems, provided that the structures themselves are well
defined (Aloy et al. 2004). However, as we mentioned above, a number of important
aspects of protein behaviour involve non-native states, or more generally states that
are only partially or transiently structured (Vendruscolo et al. 2003a) (see figure 1).
The general problem posed by the determination of the structures of such species
is that they must be described in terms of ensembles of conformations. Sometimes
these ensembles are made up by relatively compact, native-like structures, but in
other cases they may be rather heterogeneous. In this latter case, the conformational
preferences may not differ greatly from those corresponding to a random-coil state
(Lindorff-Larsen et al. 2004a). In addition, the dynamics within stable or metastable
non-native states are rich and may span time-scales from picoseconds to seconds or
more. Furthermore, it is often extremely important to characterize the dynamics of
transitions between different states to understand complex biological processes such
as protein folding. In such cases, kinetic measurements, particularly when coupled
with protein engineering techniques, can provide structural information about the
relevant transition states (Fersht 1999).

One major goal for theoreticians working in this area is to calculate protein struc-
tures, and the pathways that connect them, ab initio from the sequence of the
polypeptide chain. In approaches of this type only step (ii) in the previous scheme is
used, without assuming directly any experimental knowledge. The latter, however,
may be used afterwards for the purpose of validating the structures. This approach
has been used successfully in a number of applications (Fersht & Daggett 2002) and is
based upon the availability of reliable force fields, as well as of a considerable amount
of computer time. The latter issue is of major significance in the case of non-native
states, where the ensembles may cover vast regions of conformational space.

Experimentalists, in contrast, strive to measure parameters that describe in the
required detail the key structural features of a given state of a protein molecule.
In the case of native states the procedures are relatively well developed, notably in
both X-ray diffraction and NMR spectroscopy (Brunger et al. 1998). More recently,
a wide range of experimental techniques has been developed to probe the structure
and dynamics of non-native states of proteins (Ferguson & Fersht 2003; Vendrus-
colo et al. 2003a). In particular, new approaches involving NMR spectroscopy have
been shown to be very powerful in providing such information at the atomic level,
e.g. through the detection of dipolar couplings between atomic nuclei and their relax-
ation rates (Akke 2002; Kay 1998). Experimentalists so far have relied for the most
part on using mainly step (i) in the previous scheme in the context of the structure
determination of non-native states. The results are sometimes interpreted simply
by relating them qualitatively (and thus implicitly carrying out step (iii)) to the
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Figure 1. Some of the states accessible to a protein after its
biosynthesis in the ribosome (adapted from Dobson (2003b)).

structure of the native state (a procedure corresponding to step (ii)). Although this
strategy has provided valuable insights into the general organization of non-native
states, it becomes difficult to apply when the topology departs significantly from
the native one and often lacks any specific structural information and predictive
power.

In order to develop techniques for the quantitative determination of non-native
structures it is essential to address the issue that there will often be quite large
ensembles of conformations that minimize the violations from the experimental data
(Lindorff-Larsen et al. 2004a; Vendruscolo et al. 2001, 2003b). Indeed, a series of
questions arises about any approach: is the structural interpretation of the restraints
correct? Is the ensemble under-determined, i.e. are there too few restraints? How
well does the calculated ensemble correspond to the true one? Moreover, as exper-
imental techniques give time- and ensemble-averaged measurements, one should be
able to reconstruct a representative ensemble of conformations knowing only some
of its average properties (Lindorfl-Larsen et al. 2004a; Vendruscolo et al. 2003b).
In the following sections we shall discuss methods by which these problems can be
approached.
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2. Restrained simulations: applications
(a) General approach

We have recently developed an approach that combines directly computer-based sim-
ulations with experimental data, the latter being used as restraints in the sampling
of conformational space. This approach aims at finding all the conformations that
minimize a pseudo-energy function composed of two parts. The first part defines the
physico-chemical properties of the polypeptide chains and their environment, and
the second part penalizes deviations from the experimentally derived information
(Paci et al. 2002; Vendruscolo et al. 2001). The simultaneous optimization of the two
components of the pseudo-energy function ensures that the molecular models gener-
ated by the simulations have the properties of proteins and that they are compatible
with the experimental measurements.

(b) Native-state fluctuations

Under native conditions, a globular protein exists for most of the time in a narrow
ensemble of conformations, centred about a well-defined average structure. Large
thermal fluctuations are, however, possible and a wide variety of experimental data,
ranging from proteolytic susceptibility to fluorescence quenching measurements, indi-
cate that the protein does occasionally visit substantially more unfolded conforma-
tions that can be of great biological significance, for example, in defining the sus-
ceptibility to degradation or to aggregation (Dobson 2003a, 2004). Such states are,
however, difficult to study as they are populated only during very rare and tran-
sient events. Hydrogen-exchange experiments are uniquely suited to provide residue-
specific information about such rare fluctuations (Dobson et al. 1998; Fersht 1999).
These experiments monitor, through the use of NMR spectroscopy, the replacement
of labile hydrogen atoms, notably those bonded to backbone amide nitrogen atoms,
for solvent hydrogen atoms of a different isotope. Results are usually given in terms
of protection factors, which are defined as the ratios of the rates of exchange observed
for labile hydrogen atoms in the states of the protein under consideration to the rates
of exchange of the same type of hydrogen atoms in a reference state representing a
fully unfolded random-coil state.

We have recently developed a method that uses protection factors to bias the sam-
pling of conformational space in order to define the structures of the protein from
which the exchange takes place (Vendruscolo et al. 2003¢). This approach is based on
the assumption that protection factors are proportional to the free-energy differences
between open (or exchange competent) and closed (or exchange incompetent) con-
formations (Fersht 1999). In the calculations, these free energies are approximated
in terms of numbers of inter-atomic contacts and hydrogen bonds formed by a given
labile hydrogen atom; these terms are chosen following the assumption that protec-
tion arises either from burial inside the core of a protein or from hydrogen bonding.
An important technical aspect of this computational approach is that, as protec-
tion factors are measured as averages over a large number of molecules in solution
(typically 10'®), no single molecule can be required to satisfy a given set of experi-
mental protection factors. Since an exchange event requires a significant disruption
of the structure, at least in the proximity of the amide group involved, the simulta-
neous enforcement of all the protection factors to be satisfied by a single molecule
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Figure 2. Representation of a series of structures of the protein a-lactalbumin that give rise
to hydrogen exchange under native conditions (adapted from Vendruscolo et al. (2003c)). For
comparison, conformation represented by a thick line represents the X-ray structure.

would always require global unfolding. Therefore, we impose the restraints as aver-
ages over a sufficient number of replicas of the molecules (typically 20), so that a
single molecule at any given instant may maintain its overall folded conformation,
except for one or very few local structural rearrangements.

We have initially applied this approach to determine the structures that give rise
to hydrogen exchange from the native state of a-lactalbumin (Vendruscolo et al.
2003¢). The ensemble of resulting structures, shown in figure 2, reveals that the
large fluctuations that give rise to exchange may be more than five times larger than
those measured by crystallographic B factors, which describe the average structural
variability, and that some native a-helices may undergo sizeable reorientations. The
use of this technique is not, however, limited to native states, and can be applied to
any state, stable or metastable, for which some protection from hydrogen exchange
is experimentally detectable. We anticipate that particularly interesting applications
will involve the determination of the structures of molten globule states, of reaction
intermediates and of amyloid fibrils.

Native states of proteins are also highly dynamic on much shorter time-scales,
from picoseconds to nanoseconds, and in this case such fluctuations occur around
the average structure. Motions of individual bond vectors on these time-scales are
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accessible through NMR relaxation experiments, which are usually analysed using
the so-called model-free approach (Lipari & Szabo 1982), where it is assumed that
large-scale motions of the molecule take place on longer time-scales than the small
fluctuations that influence the relaxation data. In these experiments, the amplitude
of the motion of a bond vector (usually a backbone amide group or a side-chain
methyl group (Choy et al. 2003)) is quantified in terms of an NMR order parameter,
called S2. We have recently proposed a method that uses S? values as restraints
in computer simulations to obtain a model of the motions of the protein backbone
and side-chains on the nanosecond time-scale (Best & Vendruscolo 2004). The use of
replicas is in this case essential, as order parameters are by definition always equal to
unity for a single molecule at any given time. In this computational technique, order
parameter restraints act to define the width of the distribution of bond vectors. They
are therefore complementary to other restraints, such as NOEs or residual dipolar
couplings, where average values are enforced in the simulations.

Application of this approach to describe the native dynamics of the fibronectin
type-II1 domain from human tenascin has provided a uniquely detailed description
of the relative populations of the rotameric states of the side-chains of the protein and
has been validated by the calculation of the average values of a set of three-bond (3J)
couplings that were compared with the corresponding experimental values (Best &
Vendruscolo 2004). The successful prediction of these quantities, which were not used
as a bias in the simulations, suggests that the ensemble of conformations determined
through the use of S? order parameters as a bias is a faithful representation of the
true native ensemble. We anticipate that the simultaneous use of restraints that
define average values of molecular properties and their width should provide a more
accurate determination of the ensemble of structures representing the native state
of proteins and that the use of this approach will give new insight into the role of
dynamic effects in the packing of hydrophobic cores of proteins and the changes in
the dynamics upon mutation or upon ligand binding. Indeed, we have very recently
obtained results that support this conjecture (Lindorff-Larsen et al. 2004c).

(¢) Unfolded states

The conformations present in highly unfolded states of proteins may be expected to
resemble those present in a random-coil ensemble, except for the effect of any residual
preferential interaction between side-chain or main-chain atoms. The characterization
of this residual structure is important, since any weak conformational preference may,
for example, bias the system towards conformations involved in the initial events
leading to folding and, in less benign cases, to misfolding. Furthermore, this type of
structure is now recognized to be important in its own right, as a sizeable portion,
perhaps up to one-third, of the proteins encoded in the genome of an organism may
be, at least in some regions, intrinsically disordered, i.e. lacking a well-defined three-
dimensional structure under physiological conditions unless in complex with their
binding partners (Dunker et al. 2001).

NMR spectroscopy can be used, at least in favourable cases, to obtain structural
information about such unfolded states, e.g. through NOEs, chemical shifts or resid-
ual dipolar couplings (Choy et al. 2003, 2001; Crowhurst & Forman-Kay 2003; Dyson
& Wright et al. 2002; Kazmirski et al. 2001; Wong et al. 2000). Relaxation experi-
ments may also be used to identify regions of reduced mobility and hence of partial
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ordering; the existence of persistent and partially non-native hydrophobic clusters
in the unfolded state of lysozyme has been, for example, demonstrated in this way
(Klein-Seetharaman et al. 2002). Since dipolar interactions between unpaired elec-
trons and atomic nuclei up to distances of 20 A can be detected experimentally
(compared with ca.5 A for intermolecular dipolar interactions) they may provide
extremely valuable information about the structural ensemble describing such a state.
We are using this type of experiment to characterize the residual structure in chemi-
cally unfolded states, e.g. the four-helix bundle protein ACBP (Lindorff-Larsen et al.
2004a) (see figure 2). These studies reveal that in the guanidine-induced denatured
state of this protein there is very weak preferential sampling of a native-like topology,
but no evidence of a persistent population of native-like structures. Most structures
in the unfolded state ensemble of ACBP have random-coil-like characteristics, except
for a small but significant increase in the probability of specific native-like interactions
in the regions of the sequences corresponding to the second and the fourth « helices
in the native state. Interestingly, the latter regions are important in the nucleation
of the folding process. These results suggest that evolution may have resulted in the
selection of polypeptide sequences that have a tendency in the unfolded state to form
at least transiently clusters of residues with a native-like arrangement; the bias in
the stochastic search towards specific interactions may thus increase the probability
of formation of the folding nucleus.

(d) Transition states for folding

While most proteins are likely to fold through a complex process characterized
by a multiplicity of intermediates formed on different time-scales (multi-ezponential
kinetics), it has been shown that some small proteins can be observed essentially
in only two states: the native and the unfolded ones (Fersht 1999). During folding,
the free-energy barrier between the unfolded and the folded states must be crossed,
but it is extremely difficult, as for all reactions, to obtain any direct experimental
information about the transition state for folding, because of its transient nature.
The major technique currently available involves protein engineering (Fersht 1999),
in which conservative mutations of particular side-chains are carried out and the
effects on the kinetics of folding and unfolding are measured. In order to map the
transition state, conservative mutations (e.g. the removal of a methyl group) are
most readily interpreted. Experimental results are often given in terms of ¢ values; a
¢ value of unity indicates that the stability of interactions made by a particular side
chain in the transition state is the same as in the native state. A ¢ value of zero, by
contrast, indicates that no native-like interactions are formed in the transition state,
and therefore that residue does not play an active role in determining the rate of
folding.

In some respect, ¢ values are analogous to NOEs, as they provide structural infor-
mation in terms of distance restraints (Daggett et al. 1996; Vendruscolo et al. 2001).
An important difference, however, is that fractional ¢ values are difficult to interpret
in structural terms. Nevertheless, armed with the assumption that ¢ values can be
approximated to the fraction of native interactions formed in the transition state, at
least in the cases of conservative mutations, we have shown that it is possible to use
¢ values as restraints in simulations to generate ensembles of structures that repre-
sent the transition state of proteins (Davis et al. 2002; Lindorff-Larsen et al. 2004b;
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Figure 3. The unfolded state of the protein ACBP. This state consists of a large ensemble
of conformations, which range from compact, native-like structures to highly extended ones
(adapted from Lindorff-Larsen et al. (2004a)).

Paci et al. 2002, 2003, 2004; Vendruscolo et al. 2001). The most important insight
that these calculations have given so far is that the topology of the transition state
appears to be established as native-like when the ¢ values of just a small number of
residues are specified. For example, using only three ¢ values, the topology of the
native state is present in the large majority of the members of the transition state
ensemble of AcP (Vendruscolo et al. 2001) and all the remaining ¢ values can be
predicted with high precision (see figure 3). One of the consequences of this result is
that the transition state ensemble is rather heterogeneous and yet its overall topology
is native-like (Lindorff-Larsen et al. 2004b, 2005; Vendruscolo et al. 2001). We have
demonstrated this conclusion in a quantitative way by showing that the overwhelm-
ing majority of the structures of the transition state ensemble matches the correct
fold in the PDB in a structural alignment procedure (Lindorff-Larsen et al. 2004b,
2005).

These results imply that a careful ¢ value analysis provides an over-determined
set of restraints, as far as the definition of the overall topology of the molecule is
concerned, in that a few specific ¢ values are sufficient for its unambiguous definition.
This surprising conclusion may be understood in the context of a network analysis of
protein structures (Vendruscolo et al. 2002) (see figure 4). Given the constraints that
result from the connectivity of the polypeptide chain, the overall fold of a protein is
established when the interactions between a few key residues are created. In turn,
this result provides a physical description of the mechanism of nucleation process
that is thought to be principally responsible for efficient protein folding. It also
provides a structural model of the critical nuclei that complements those obtained
by techniques such as atomic force microscopy for nucleation processes involving
much larger particles, such as the crystallization of proteins (Yau & Vekilov 2000)
and of other colloidal systems (Russel 2003).

In terms of the finer details of the structures of the transition state ensemble
the restraints obtained through ¢ value analysis will generally represent an under-
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Figure 4. (a) The transition state for folding of the protein acylphosphatase. The network
of interactions that stabilize this state is determined when the contacts of three key residues
are specified (adapted from Vendruscolo et al. (2002)). (b) The critical network of interactions
involved in the formation of the folding nucleus of the src SH3 domain is formed by any triplet of
residues chosen among a set of six central residues (adapted from Lindorff-Larsen et al. (2004b)).
When these interactions are formed, all the remaining ¢ values can be predicted (horizontal axis)
and the topology of the ensemble resembles that of the native state (vertical axis).

determined set, as they may provide insufficient information to describe the structure
accurately at a more local level. The most important question in this respect, how-
ever, is whether the calculated ensembles can be validated by using them to make
predictions about the results of additional experimental measurements. In the case
of the transition state of, for example, the protein barnase, the structures have been
used to predict ‘double-mutant’ ¢ values that are in remarkably good agreement
with experiments (Salvatella et al. 2004). This type of test is particularly stringent,
as double-mutant experiments often report on the interactions between residue pairs
at the surface of the molecule, i.e. far from the folding nucleus, which is the region
where most structural information is provided by the single-mutant ¢ values.

Another important question is whether the structural interpretation that we have
given of ¢ values in terms of the fraction of native contacts is appropriate. This
interpretation is, however, supported by the fact that, as we mentioned above, we
can use a subset of ¢ values as restraints to predict all the remaining ones (Lindorff-
Larsen et al. 2004b; Paci et al. 2003, 2004; Vendruscolo et al. 2001). Since ¢ values are
derived from ensemble-averaged experimental measurements, it is also important to
examine how the use of replicas influences the results of the structure determination
procedure. We have shown that, when parallel folding pathways are present, use of
multiple replicas in the simulations restrained by the ¢ values is essential for making
correct predictions (Davis et al. 2002). However, when folding proceeds through
a dominant pathway, albeit involving broad ensembles of conformations in many
cases, i.e. through a single transition state, calculations using a single replica are a
suitable method. In most cases, proteins appear to fold through a single dominant
pathway, perhaps as a consequence of the evolution of a quality-control mechanism
that minimizes the tendency to misfold (Davis et al. 2002).
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Table 1. Example of experimental techniques suitable for providing
structural information about native and non-native states of proteins

(References are given in the cases when these techniques have been used to provide restraints
for the type of simulations discussed in this paper.)

state technique

native state NMR order parameters (Best & Vendruscolo 2004;
Lindorfl-Larsen et al. 2004c)

residual dipolar couplings (Lindorff-Larsen et al. 2004c)

nuclear Overhauser effects (Lindorff-Larsen et al. 2004c)

J couplings (Best & Vendruscolo 2004; Lindorfl-Larsen et al. 2004c)
hydrogen exchange protection factors (Vendruscolo et al. 2003c)

transition state ¢ values (Lindorfl-Larsen et al. 2004b;
Paci et al. 2002, 2003, 2004;
Vendruscolo et al. 2001)

double mutant cycles (Salvatella et al. 2004)

(B Tanford values (Lindorfl-Larsen et al. 2004b;
Paci et al. 2002, 2003, 2004;
Vendruscolo et al. 2001)

intermediate state NMR chemical shifts (Korzhnev et al. 2004)
hydrogen exchange protection factors
nuclear Overhauser effects

molten globule progressive unfolding detected by NMR techniques
(Vendruscolo et al. 2003b)

hydrogen exchange

unfolded state spin-labelling NMR techniques (Lindorff-Larsen et al. 2004a)
nuclear Overhauser effects
NMR chemical shifts
residual dipolar couplings

protein aggregate  solid-state NMR distance measurements (Jaroniec et al. 2002, 2004)
NMR chemical shifts
spin-labelling NMR techniques

hydrogen exchange protection factors

(e) Intermediates

The free-energy landscapes of proteins appear to have evolved to minimize the
presence of long-lived non-native intermediate states or to regulate their properties
to optimize folding or to reduce the possibility of misfolding and aggregation (Dobson
2003a). Intermediate states must, however, always be populated to some degree. This
expectation is based on a view of protein folding as a condensation process, akin
to liquid—solid transitions. It is known that this type of process tends to progress
through metastable states. According to this observation, the phase that appears
first in the process need not be the most stable thermodynamically, but is the one
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Figure 5. (a) Representation of the ensembles of structures making up the intermediate states
of two mutational variants of the Fyn SH3 domain (left, G48M; right G48V). (b) Energy maps
corresponding to the two intermediate states; for comparison the energy map of the native
state is shown below the diagonal in each case. An energy map illustrates the interaction energy
between two amino acids averaged over the ensemble of conformations representing a given state
(Korzhnev et al. 2004).
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closest in free energy to the initial state (Auer & Frenkel 2001; Ostwald 1897) or, more
precisely, since nucleation is a dynamic process, the state that is separated by the
lowest energy barrier from the initial state. The short lifetimes of many intermediates
in protein folding, however, makes it difficult to extract experimental information
about their structures. For the completion of the folding process—the crossing of the
free-energy barrier between the intermediate and the native states—local interactions
are probably responsible for the close packing of the side chains. More complex folding
processes may involve the successive formation of several intermediates according
to similar principles. In addition, large proteins are likely to fold in segments, or
domains, with a final step in which such domains are closely packed together (Fersht
& Daggett 2002; Vendruscolo et al. 2003b).

Structural information about intermediates can be obtained through ¢ value analy-
sis, the measurement of NOEs, of NMR chemical shifts and of protection factors
from hydrogen exchange. In principle, all these types of measurements can be used
as restraints in computer simulations (see table 1). As one example, we have recently
identified and characterized intermediates present at very low population (about 1%)
in equilibrium with the native and unfolded states of two mutants of an SH3 domain
(Korzhnev et al. 2004); in this case the restraints were based on the measurement
of the chemical shift differences between the native and the intermediate states. The
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latter were obtained by relaxation dispersion NMR, experiments that extracted such
data from the contributions of chemical exchange to the transverse relaxation rates.
By repeating these experiments at different temperatures, not only structural infor-
mation but also thermodynamic and kinetic parameters characterizing the folding
process can be obtained. In these experiments, therefore, contributions to line widths
of cross peaks in 'H-'®N correlation spectra are interpreted in terms of the rates
of interconversion between states (kinetics), their chemical shift differences (struc-
ture) and their populations (thermodynamics) (Akke 2002; Mulder et al. 2001). The
results of the restrained simulations reveal that the SH3 intermediates share dis-
tinctive topological features with the corresponding transition state for folding (see
figure 5). By taking this approach further, this study suggests a general strategy for
an experimental determination of the free-energy landscape of a protein by applying
this methodology to a series of mutants whose intermediates have different degrees
of structural similarity to the native state.

(f) ‘Molten globules’

The native states of some proteins that are relatively unstable with respect to
perturbations such as the removal of a substrate or metal ion, the reduction of disul-
phide bridges or the lowering of pH can form ‘molten globules’. In these cases, the
tight native packing of side-chains is lost so as to allow the protein to convert into
the so-called molten globule state, which is nearly as compact as the native state,
despite having large structural fluctuations (Kuwajima 1996; McParland et al. 2002;
Pande & Rokhsar 1998; Schulman et al. 1997). The dynamic nature of the molten
globule state, however, makes it difficult to extract experimental information about
its residual structure, as such species do not crystallize and NMR spectra are usually
severely broadened by chemical exchange effects of the type discussed in the previous
section. We have shown that it is possible to use NMR 'H-1°N heteronuclear single
quantum coherence (HSQC) spectra recorded at increasing concentrations of denatu-
rant to monitor the relative stability of native-like interactions in the molten globule
state of a-lactalbumin (Schulman et al. 1997). These NMR data can be translated
into restraints for simulations, by defining the set of residues that become unstruc-
tured at different stages of the denaturation procedure. Analysis of the structural
ensembles obtained in this manner reveals that, upon addition of urea, a-lactalbumin
can undergo a structural transition in which the interface between the two structural
domains of the protein becomes disordered, while the two domains themselves retain
a significant degree of native-like order (Vendruscolo et al. 2003b) (see figure 6).
The use of the restraints derived from experimental measurements at different con-
centrations of denaturant allowed extensive sampling of conformational space to be
achieved and, as a result, a coarse-grained experimental free-energy landscape could
be defined (Vendruscolo et al. 2003b). The result of this procedure suggests that
evolution has created landscapes that are characterized by the presence of deep and
extended basins that make them generally robust against perturbations, such as the
addition of denaturant, changes in temperature, mutations or chemical modifications
of the molecules (Vendruscolo & Paci 2003; Vendruscolo et al. 2003b).

The molten globule of a-lactalbumin represents a particularly interesting case for
structural determination approaches using restrained simulations, as a range of dif-
ferent sets of experimental measurements is available (Kuwajima 1996; Vendruscolo
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Figure 6. (a) Representation of the structures of a-lactalbumin that are populated in the native
state (left), and in the ‘molten globule’ state at pH 2 (centre) and at pH 2 and 10 M urea
(right). (b) Representation of free-energy landscape at pH 2, reconstructed by combining the
ensembles of conformations corresponding to NMR, 'H-'N HSQC spectra recorded at increasing
concentrations of urea (adapted from Vendruscolo et al. (2003D)).

et al. 2003b). By repeating the determination of the ensemble of structures repre-
senting the molten globule state using different types of experimental data, it should
be possible to validate the structural interpretation of the experimental measure-
ments. In addition, combining the various experimental sets of data as restraints
in the structure calculation should allow increasingly well-defined ensembles to be
determined. Studies of this type are in progress.

(g) Protein aggregates

As figure 1 illustrates, it is important to characterize not only monomeric states,
but also aggregated states, in order to provide a complete description of the confor-
mations accessible to a protein molecule. Of particular interest is the recent recogni-
tion that the phase diagrams of polypeptide chains contain a second kind of highly
ordered state, in addition to the native state. This state is characterized by ordered
linear assemblies, known as an amyloid (Dobson 1999, 2003a). The formation of this
type of assembly is generally harmful to a living system and a wide range of cellular
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mechanisms have evolved to avoid it, or to counteract it when it happens (Cohen &
Kelly 2003; Selkoe 2003). These defence mechanisms are, however, sometimes over-
whelmed, and more than 20 diseases have so far been associated with the presence
of amyloid aggregates in a variety of different tissues (Soto 2003; Stefani & Dobson
2003). Omne reason for this imperfect quality control is that the sequence determi-
nants of the folding process are similar to those of the misfolding process, resulting
in an inherent tendency for the latter to occur even under physiological conditions
(Chiti et al. 2003).

Conventional techniques, such as X-ray crystallography and solution NMR spec-
troscopy, are not ideally suited for obtaining the detailed information needed for
structural determination of amyloid fibrils. It has been recently recognized, however,
that solid-state NMR techniques allow interatomic distances within amyloid fibrils
to be measured with great accuracy (Jaroniec et al. 2002, 2004; Petkova et al. 2002;
Tycko 2004). These distances can be used as restraints in computational approaches
to structure determination. In this case, simulation techniques that are commonly
used for the determination of native states of proteins (Brunger et al. 1998) may be
suitable to define the narrow ensembles of conformations that characterize the rather
rigid structure of amyloid fibrils.

Of very great interest in addition to the structure of amyloid fibrils is the deter-
mination of the intermediate states present along the pathways that lead to their
formation. A question of general interest is the extent to which folding and misfold-
ing intermediates resemble each other and to what degree folding and misfolding
pathways share common traits. Studies of the aggregation of lysozyme, for example,
suggested that the amyloidogenic intermediate is similar to species populated during
the normal folding process (Dobson 2001). In addition, recent studies have, for exam-
ple, identified amino acids, sometimes known as gatekeepers, that appear to play a
crucial role in directing the correct folding (Chiti et al. 2002; Otzen & Oliveberg
1999). One exciting possibility is to use NMR-derived restraints (McParland et al.
2002) of the type described above to bias computer simulations in order to determine
an ensemble of conformations representing these amyloidogenic intermediates. Such
a strategy could provide a uniquely powerful approach to defining the molecular basis
of the different types of misfolding diseases.

3. Conclusions

Structural biology is facing exciting new challenges and opportunities. On the one
hand it is becoming possible to resolve at atomic resolution the structures of ever
larger complexes, such as the ribosome (Ban et al. 2000; Wimberly et al. 2000);
indeed it has been suggested that the structural properties of entire cells can be
determined, although initially at low resolution (Medalia et al. 2002). On the other
hand, it is also becoming clear that biological macromolecules, and the complexes
that they form, exist in highly dynamical states. An understanding of their behaviour
requires a knowledge of all the conformations that they can assume, as well as the
interactions that stabilize them and permit their interconversion (Vendruscolo et al.
2003a) (see figure 1).

In this article we have outlined some results of our long-term programme to define
the different states that are accessible to a set of representative molecules in the
cell. In the approach that we have discussed here, experimental measurements are
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translated into structural restraints, which are then used in computer simulations
to determine ensembles of conformations at high resolution. The application of this
approach to specific proteins has provided important insights into the general princi-
ples regulating the behaviour of these macromolecules, such as how nucleation mech-
anisms are established at an atomic level (Lindorff-Larsen et al. 2004b; Vendruscolo
et al. 2001), and how free-energy landscapes of proteins that have been selected by
biological evolution are robust to many types of perturbations (Vendruscolo & Paci
2003; Vendruscolo et al. 2003b).

Structural studies such as those that we have presented here will gradually provide
complete descriptions of the behaviour of individual macromolecule as well as inter-
acting macromolecules, including proteins, lipids and nucleic acids. These descrip-
tions will require representations such as those we have discussed, such as probability
distributions, energy plots and free-energy landscapes. We believe that the innova-
tive combinations of experimental data and simulation techniques of the type that
we have described here have a unique role to play in enabling these objectives to be
achieved.

We acknowledge fruitful discussions and collaborations with a large number of colleagues, many
of whose names appear in papers we have cited, and in particular Martin Karplus. We also
thank the Wellcome Trust and the Leverhulme Trust for financial support.
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Discussion

A. H. ZEWAIL ( Laboratory for Molecular Sciences, Arthur Amos Noyes Laboratory of
Chemical Physics, California Institute of Technology, USA). What about the matrix
in which folding, unfolding and misfolding take place, namely water? Do you think
that your idea of aggregation—rather than conformational change—can explain the
prion disease mechanism?

C. M. DoBSON. Firstly, water is an extremely important factor that contributes very
significantly to the thermodynamics and kinetics of folding and misfolding and one
that is implicitly or explicitly included in the approach that we discussed. Secondly,
I think that the existence of the prion diseases can be rationalized on essentially
the same basis as the other diseases we have discussed, although the mechanism of
transmission is a unique feature of these conditions and it is not yet understood in
detail. It may well be that the phenomenon of seeding is a crucial factor, and indeed
recent work from Prusiner’s laboratory at the University of California, San Francisco
(Legname et al. 2004), has strengthened the link with amyloid formation.

P. F. MCMILLAN (Department of Chemistry, University College London, UK ). With
reference to Angell et al. (2005) and your picture of folding evolving within a highly
crowded environment with the cell, are these configurational landscapes determined
by constant pressure or constant volume conditions?

C. M. DoBSON. The free-energy landscape of a protein is greatly modified in a
crowded environment since the conformational space is restricted by the presence of
other molecules (Minton 2000). Since this restriction is greater for more extended
conformations, the free energy of the unfolded state is increased, and therefore the
stability of the folded state is also increased by crowding. A proper description of
these effects should involve the explicit treatment of the crowding agent, rather than
simulations at constant volume or constant pressure.
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J. F. DAVIES (Wirral, UK). When we cook a protein, we cause denaturation. Do we
also cause aggregation or fibrillation that resists breakdown in the digestive process,
and can accumulate, e.g. in the gut, and be a source of disease?

C. M. DOBSON. It is extremely likely that many proteins give rise to amyloid fibrils
when heated, and indeed there is firm evidence for such a conclusion from the stud-
ies we have described here. There is, however, no evidence that such species have
any link with the induction of disease, except in the case of prion disorders arising
either from voluntary or involuntary cannibalism (e.g. Kuru and Bovine Spongi-
form Encephalopathy) or from contamination of pharmaceutical products or medi-
cal instruments, e.g. Creutzfeldt—Jakob disease from growth hormone usage or from
surgical procedures (Prusiner 1997).

M. KARPLUS (Laboratoire de Chimie Biophysique, ISIS, Université Louis Pasteur,
Strasbourg, France). If fibrous gels are the ultimate stable state of polypeptides
at high concentrations, could you speculate on their role in evolution. Were there
originally gels from which structured proteins evolved? What would have been the
survival value of these gels?

C. M. DoBSsON. It is highly tempting to speculate on the role that the amyloid state
has had in the evolution of biological systems. We have thought most about the effects
on protein sequences of the need to avoid conversion to this type of structure (Dobson
1999). Tt is interesting, however, that amyloid structures have been associated with
some functional properties in bacteria and fungi in particular and we have wondered
if it could have been more important in early life forms (Dobson et al. 2000). But
such ideas are of course just speculation!

J. P. SIMONS (Physical and Theoretical Chemistry Laboratory, University of Oxford,
UK). If the late transition state for protein folding is associated with the formation
of a small set of properly disposed ‘key contact’ groups, does this imply that the role
of the amino acid sequence is principally to provide the appropriate spacings? If so,
does this imply (for the set of natural proteins) that the sequence of residues does
not control their global minimum conformation? And is the role of the chaperone
simply to facilitate access to the late transition state configuration, for example, by
removing or lowering the intervening barriers?

C. M. DoBsoON. The key residues that we have described have the role of promoting
the folding process by creating a critical nucleus. The uniqueness of the folded state
is achieved because the formation of the critical nucleus results in the establishment
of the correct topology (Vendruscolo et al. 2001). The remainder of the sequence
must be fully compatible with such a topology and therefore one can still say that
the sequence controls the formation of the folded state.

It is now widely accepted that the folded state is fully encoded by the sequence of
amino acids and that the role of chaperones is to help the proteins to escape from
metastable and misfolded states that occur during the process of folding.
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