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Energy-landscape theory has led to much progress in protein folding kinetics, pro-
tein structure prediction and protein design. Funnel landscapes describe protein fold-
ing and binding and explain how protein topology determines kinetics. Landscape-
optimized energy functions based on bioinformatic input have been used to correctly
predict low-resolution protein structures and also to design novel proteins automat-
ically.
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1. Introduction

Evolution solved the protein-folding problem. A major goal of biomolecular science
has been to understand how this was done. In the last few decades, considerable
progress has been made towards this, both on the fundamental physicochemical
principles and on the practical aspects of predicting protein structure from sequence
data and of designing artificial proteins. One catalyst for this progress has been the
appreciation that understanding folding requires the formation of a global picture of
protein energy landscapes and the development of appropriate statistical mechanical
tools for characterizing landscapes (Onuchic et al . 1997).

In a sense, understanding folding is a task of ‘reverse engineering’. We are pre-
sented with working systems: complex heteropolymeric amino acid sequences that
spontaneously fold up into organized three-dimensional structures. We are asked to
understand how folding happens and either to reproduce the process in the com-
puter for novel natural sequences (structure prediction) or to design sequences that
fold from scratch. Reverse engineering exercises start by examining the systems in
action. In the present case, we must analyse the thermodynamics and kinetics of
folding processes of natural proteins. But this is only a start. Next we must try to
fold proteins ourselves. We cannot just look in the back of nature’s book! We must
try—and, inevitably, at first, fail. As we shall see, energy-landscape theory has been
an effective tool for allowing us to learn from our mistakes in an organized way. What
shapes of energy landscapes lead to foldable proteins and how are these encoded in
sequence?

One contribution of 17 to a Discussion Meeting ‘Configurational energy landscapes and structural tran-
sitions in clusters, fluids and biomolecules’.
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2. (Un)common wisdom

Thermodynamics teaches us a lot. In the 1930s Mirsky and Pauling first appreciated
the fundamentally different character of the native states of proteins and their dena-
tured states (Mirsky & Pauling 1936). The cooperative nature of denaturation and
the large magnitude of the corresponding enthalpy change led them to suggest that
the native state was nearly unique in structure, like a crystal, whereas the denatured
state was of much higher entropy, reflecting the numerous disordered conformations
that a chain molecule could take on. Folding, to Mirsky and Pauling, then, is no
more (nor less) miraculous than is the formation of a crystal from a supersaturated
solution. Our current understanding is very much in line with this way of thinking.
We now appreciate, however, that crystallization has its mysteries too. Indeed, honey
sometimes crystallizes in the jar, but usually not for quite a long time. There seem
to be many rather stable, low-energy configurations of sugar and water molecules
that can exist for long periods of time, as witnessed by honey’s high viscosity. High
barriers separate these metastable states. Why do analogous low-energy alternative
configurations not exist for protein molecules?

A clue to answering this last question comes from the experience of crystallo-
graphers. To them, biomolecular structures always make sense and are inevitably
described as ‘beautiful’. What do crystallographers mean by this beauty? Gener-
ally, the beauty of protein structures comes about by the surprising way they satisfy
many energetic biases simultaneously. For example, proteins put mostly hydrophobic
residues in the closely packed interior. Simultaneously, any charged residues found
in the interior are paired up in salt bridges. By being beautiful, many of these small
energy biases add together in harmony to give a big stabilizing energy. These non-
trivial spatial patterns cannot be achieved by just any sequence of amino acids. Why
do the covalent constraints not drag some charged groups into the interior in order to
satisfy the hydrophobic needs of their neighbours? Why are salt bridges not broken
up to yield more polar residues at the surface? If we accept the beauty of protein
structures, however, as being a result of evolution, we can see that the crystalline,
i.e. folded, state can be stable, while alternate configurations that could slow folding
by acting as traps will not be very stable, i.e. the denatured state is apparently not
very viscous. If this is the case, spontaneous folding can occur quickly and efficiently
by guided Brownian motion.

3. Funnelled landscapes and their consequences

The collective dominance of native-like interactions over other alternate combinations
of interactions organizes the energy landscape of a foldable protein: the landscape
appears to be a ‘funnel’ (Leopold et al . 1992), i.e. the stabilization free energy of any
given structure on the average goes down more the closer one gets to the native struc-
ture (Bryngelson & Wolynes 1987). Such a landscape is pictured in figure 1a. The
mouth of the funnel represents the high entropy of denatured states, which becomes
smaller as more contacts are formed at the same time as the stabilization energy
decreases. The resemblance of the landscape to a funnel has immediate consequences
for biology and for structure prediction.

The most obvious biological consequence of funnelling is the robustness of the
structure to mutation (Nelson & Onuchic 1998). Mutating a residue changes the
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energy of the native state by a few times the thermal energy. Such a mutation
may cause the protein to unfold at physiological temperatures because the entropy
at the top of the funnel so nearly balances the stabilization free energy for most
proteins. On the other hand, if the protein still folds after the mutation, for a funnel
landscape, once the protein is folded, it must have very nearly the same structure as
its parent’s protein, since the funnel is very deep (many times kBT ). It will therefore
have an increased chance of continuing to function as before. Only local (not global)
structural changes will result from single-site mutations. Structural robustness, a
consequence of funnelling, may actually be its cause: in small populations, robustness
increases the fitness of the family of mutants that makes up a quasi-species (Taverna
& Goldstein 2002). This gives an advantage to those sequences whose landscapes
allow their structures to only change slowly in evolution.

The slow evolution of protein shape relative to the pace of sequence evolution
underlies the most commonly used method of predicting structures: homology mod-
elling based on sequence comparison (Zhang & Skolnick 2004). We can be fairly sure
that, if sequence analysis shows a protein is evolutionarily related to a known struc-
ture, that much of the two structures will be the same. A good guess as to the novel
protein’s structure can often be made in this way. This procedure would not work if
folding landscapes were very rugged: on a rugged landscape, mutations would lead
to global structural changes.

Signs of the evolutionary pressure favouring funnel-like energy landscapes for pro-
teins are seen in the populations of different structures and distribution of mutations
found in molecular natural history. The common but perplexing observation of sym-
metric protein structures, even coming from asymmetric sequences, makes sense since
such structures can more easily lead to funnelled landscapes (Wolynes 1996), owing
to their larger number of stabilizing contacts. There is even a weak but observable
increase in the number of observed structures with more contacts in thermophiles,
where the funnel must be steeper to overcome entropy (England et al . 2003). Kono
& Saven (2001) have shown how the distribution of amino acids found at particular
sites in a protein can be predicted, by assuming there is a strong evolutionary drive
toward funnelled landscapes.

Another biological consequence of the funnel landscape is that proteins are stickier
to copies of themselves than they are to other unrelated proteins (Silow & Oliveberg
1997). By using the same native-like contacts as in the monomer but making them
between different partners, a protein can form higher oligomers, in a process known
as ‘domain swapping’ (Schlunnegger et al . 1997). Swapping between structurally
different proteins is rare. It is not an accident that most ‘misfolding diseases’ typically
lead to aggregates of a single protein, rather than mixtures of proteins (Alzheimer’s
disease may be an exception) (Dobson 2004). Sometimes domain-swapped protein
dimers have been crystallized. The dominant species of dimer can be predicted just
by knowing the contacts present in the monomer (Yang et al . 2004) by symmetrizing
the native interactions of the monomer (see figure 2).

The funnelled nature of landscapes also has consequences for understanding fold-
ing kinetics. In the limit of perfect funnelling, only two (free-) energy scales enter
the problem: the native stabilizing energy and the free energy associated with the
chain entropy. The overall balance of these two sets the protein stability, which is
small. More importantly, the local imbalances between the two free-energy contribu-
tions that arise as the folded structure is assembled determine the kinetic barriers
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Figure 1. (a) A funnel landscape of an evolved protein with entropy indicated radially, energy
and similarity to the native structure by depth. At high temperature the protein configurations
(indicated by clouds) will be found near the top of the funnel, but will suddenly fall to the bottom
below the folding temperature which is determined by the stability gap ∆Es. (b) The shallower
and more rugged landscape of a randomly chosen heteropolymer. As temperature is lowered,
entropy is gradually squeezed out but, at temperatures low enough to stabilize a unique state,
escape from traps greatly slows the folding search. This occurs at a glass-transition temperature
determined by the ruggedness scale.

(a) (b)

Figure 2. (a) Two dissociated monomers of the Eps8 SH3 domain. (b) We superimpose on (a)
the observed structure of the domain-swapped dimer in grey and the structure most commonly
found using a symmetrized funnel (Go-type) landscape.

between ensembles of intermediates. Like nucleation of solids from solution, a quasi-
thermodynamic theory works for folding kinetics because many, many elementary
barrier-crossing steps come to a steady state, and only a globally determined bot-
tleneck ensemble remains to limit the speed of assembly. On an overall funnel-like
surface, changes in protein stability will directly translate into rates (Bryngelson et
al . 1995; Onuchic et al . 1996). Such extra-thermodynamic relations only hold for
small perturbations in small molecule chemistry. For folding, the collective nature of
the reaction coordinate smooths the relations out. The funnel-like nature of the fold-
ing landscape thus underpins both the existence and the structural interpretation
of the φ values found in the pioneering experiments of Fersht (1997). Simulations
have shown that the structural interpretation of φ values would break down were the
folding landscape not funnel-like, since mutations would stabilize idiosyncratically
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Figure 3. The free energy of structural ensembles is plotted as a function of energetic stabilization
for U1A. Assuming a perfect funnel landscape, two different series of structures that contribute
flux to the folded state (Shen et al . 2005; Portman et al . 1998) are shown. Both free-energy
profiles resemble the result predicted by capillarity theory for crystallite nucleation, which is
also indicated on the graph (Wolynes 1997). The predicted structural order in the ensembles is
shown at various points along one of the folding routes. Blue indicates near-native folded, pink
indicates partially folded residues at the growing front and red denotes nearly unfolded residues.
These agree with the sequence of events inferred from the experimental φ values.

specific traps on a very rugged landscape (Bryngelson et al . 1995; Nymeyer et al .
2000; Shea et al . 2000).

While the inhomogeneity of stabilization energies modulates the magnitude of
kinetic barriers, much of the structure of both bottleneck ensembles and partially
folded intermediates is determined by the perfect funnel landscape, which contains
essentially only protein topology as input since the overall entropy and stabiliza-
tion energies balance so closely (Koga & Takada 2001; Shoemaker et al . 1997, 1999;
Karanicolas & Brooks 2003). The mechanism is less robust than the final structure
but the entropy/energy imbalances intrinsic to a given protein topology determine
the number of intermediates and the crude structures of transition state ensembles.
This realization has powered an explosion of studies using energy functions based
on perfect funnels, like those introduced by Go in his pioneering lattice simulations
(see Ueda et al . 1978 and references therein). These models do a good job of pre-
dicting the presence and structures of partially folded intermediates when they are
observed (Clementi et al . 2000). The predictions of φ values from the simplest off-
lattice models agree well with experiment (Clementi et al . 2001), although it is clear
that the achievement of precise predictions of φ values and barrier heights requires
models containing non-additive forces (albeit still on a funnel landscape (Eastwood
& Wolynes 2001)). Figure 3 shows the predicted intermediates and bottleneck states
for folding U1A in a model balancing energy and entropy as determined by protein
topology (Portman et al . 1998; Shen et al . 2005).
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The funnel-like nature of biomolecular landscapes goes beyond the folding of pro-
tein monomers. Binding processes also have funnel-landscapes, so topology allows
predictions of binding mechanisms (Levy et al . 2004; Verkhivker et al . 2003). Some
allosteric transitions obviously involve at least two native structures and therefore
have bifurcated funnels, but again much can be said on the basis of knowing only
the two dominant structures (Miyashita et al . 2003).

Topology determines landscape, which then determines mechanism. This is all
through the miracle of funnelling. To reverse-engineer the folding process, we must
go beyond appreciating the existence of this miracle and its roots in evolution. We
must see how the miracle occurs in molecular terms.

4. Learning and frustration: an anecdote

The following story from my graduate student days gives several lessons relevant to
the landscape approach to protein structure prediction and design.

A course commonly taken by theorists was a third semester of advanced applied
mathematics, taught by a brilliant but eccentric professor. Towards the end of term,
an oral presentation to the class on a mathematical problem from an application area
was required of each student. One student prepared a presentation on a problem in
the electromagnetic theory of antennas. He started by writing a complex equation on
the board. The professor immediately said, ‘that’s wrong!’. The student countered
by saying that he had found the formula in King’s well-known book on antennas.
The professor said, ‘King is wrong!’. Flustered, the student went back to Maxwell’s
equations and floundered about, getting nowhere during his talk. Finally, the pro-
fessor said, ‘I think this problem can’t be solved!’ and the presentation was over.
That day, another student, worried about his own presentation to be given in a later
class, went to the professor and asked, ‘what exactly is it that you want in these
presentations?’. The professor responded ‘were you in class today?’. ‘Yes, of course!’,
replied the student. ‘That’s exactly not what I want!’ exclaimed the professor, ending
the conversation.

5. Learning to fold proteins and avoid frustration
via energy-landscape theory

The strong evidence that the energy landscape for protein folding is funnelled sug-
gests that all we have to do to predict protein structure is to simulate faithfully the
folding process using all atom simulations based on accurate energy functions. This
route has had some, but limited, success so far (Snow et al . 2002; Garcia & Onuchic
2003). Perhaps the energy functions are too inaccurate. Even if the energy models
were completely accurate, however, we would not know it, because we run out of
computer time in doing such simulations from first principles. Only the smallest,
fastest folding proteins fold on microsecond time-scales—today’s limit for practical
simulations. If we could average over solvent variables so that we could use more
flexible free-energy minimization via simulated annealing rather than slavish sim-
ulation of Newton’s laws, the computational situation would be much better. We
would also not need tremendous computational resources if reduced descriptions of
the protein could be used. Many noble, heroic efforts based on this optimistic strat-
egy were attempted but met with limited success in the 1980s (Moult 1989). What
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is it that went wrong? We can answer this question using energy-landscape ideas.
In the 1980s, models that averaged over solvent and side-chain degrees of freedom
were so inaccurate and sufficiently different from the true energy function under
which the sequences evolved that the sequence could be viewed energetically as at
least partially randomized. Random sequences have ruggedness that comes about
from ‘frustration’, the conflicts between different contributions to the energy made
inevitable by the covalent connections between the amino acid residues (Bryngelson
& Wolynes 1987; Shakhnovich & Gutin 1989). As we see in figure 1b, this frustration
gives rise to many shallow globally different minima, rather than a single dominant
minimum. We can imagine cooling the system during simulated annealing to find
the ground state. By the time thermal energies can distinguish the deep minima
from each other, activated transitions between these minima become very slow. Like
the dynamics of supercooled honey, the dynamics of a random sequence becomes
very sluggish upon cooling until the polymer becomes trapped in a deep minimum.
This is essentially a glass transition. Bryngelson & Wolynes (1987) suggested that,
for non-random, protein-like sequences, this glass transition competed with the fold-
ing transition. For the structure-prediction models, owing to the inaccuracies of the
energy function, glassiness won out, thus yielding no reliable results. The predic-
tion models do not obey the ‘principle of minimal frustration’, so they do not have
funnel-like energy landscapes, making finding their ground states both difficult and,
in the end, probably futile, since the ground states of non-funnelled landscapes would
depend too sensitively on sequence to be correct.

The quantitative form of landscape theory lets us see exactly what is wrong with
any model landscape. We can use polymer physics to estimate the folding temper-
ature of a protein for a given model energy function once the structure is known.
This temperature, TF, depends on the stability gap, ∆Es, the difference in solvent
averaged free-energy between the native structure and the ensemble of compact dena-
tured states. The glass transition temperature TG can be estimated, knowing again
the entropy of the compact states and the variance of energies of compact minima
δE2. The ratio of TF to TG is a monotonic function of ∆Es/δE. The exact relation
depends on details of the backbone chain statistics (Sasai & Wolynes 1990; Plotkin
et al . 1996, 1997). To be funnelled, the energy landscape’s TF must exceed TG; in
which case the sequence is ‘minimally frustrated’.

For a given class of model energy functions, the best ones will lead to high TF/TG
ratios for natural protein sequences. High TF/TG roughly translates to high ∆Es/δE,
so we can search through a family of energy functions to optimize this ratio, some-
times known as the Z-score (Goldstein et al . 1992a, b). If we do this for a set of
proteins with known structure, we can learn the optimal parameters of the energy
functions in this class needed to predict novel structures. There is no guarantee this
procedure will work, especially if the class of energy models optimized has no overlap
with the true solvent-averaged, side-chain averaged free energy, but it is the best we
can do (Hardin et al . 2001; Eastwood et al . 2002).

Optimization of the funnel-like characteristics of the energy function is now a com-
mon feature of many structure prediction algorithms (Hardin et al . 2000, 2003; Lu &
Skolnick 2001; Pillardy et al . 2001; Fain & Levitt 2003). An example of the success
that can be obtained using optimized energy functions is shown in the figure 4a. This
shows the structure we predicted using an optimized associative memory energy func-
tion and the actual protein structure (Onuchic & Wolynes 2004), released to us only
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(a) (b)

Figure 4. (a) A comparison of the result of a blind prediction of the structure of the FF domain
(69 residues) from human HYPH/FBPII, PDB Code IH40 (CASP5 target T0170) with the
observed structure using an optimized associative memory energy function. A root-mean squared
(RMS) value of 3.9 Å is achieved for 64 of the 69 residues. (b) The improved results based on
an optimized energy function including water mediated interactions. The RMS value of 3.0 Å is
achieved for 63 of the 69 residues. The unconventional water mediated interactions are shown
as dashed lines. The total RMS over the whole protein, reflecting the correct docking of the tail
residues, was improved to 3.7 Å from 5.6 Å by the addition of the water-mediated interaction.

after the prediction was made in the CASP V structure-prediction exercise (Aloy et
al . 2003). Low-resolution successes such as these show that we are indeed beginning
to learn how to minimize our frustration in protein structure prediction.

6. Learning chemical physics via bioinformatics

Energy-landscape theory gives us a license to use the protein structural database to
learn the energetic rules that govern folding. Yet we cannot learn the rules if our
worked example set is too limited or if the fundamental form of the interactions we
use is systematically wrong. There are much structural data, but also there are many
parameters that need to be optimized in bioinformatically learned energy functions.
The starkest failures of prediction can be the most informative.

Recently, we learned that there are solvent-mediated interactions in proteins of a
type we did not expect. Everyone knows that the solvent water plays a major role in
folding. Kauzmann (1959) recognized the biochemical role of the hydrophobic effect
very early on. Most bioinformatically learned energy functions (such as the one used
to predict the structure in figure 4a) are in fact dominated by hydrophobic contribu-
tions. These energy functions were learned by optimizing the landscapes for folding
of small-to-moderate-size monomeric proteins. We expected that these energy func-
tions would also describe protein dimers. We discovered this was not always true.
Despite the evidence that dimers also have funnelled landscapes (Levy et al . 2004;
Verkhivker et al . 2003), we found that only a fraction of the known dimer struc-
tures had funnelled binding landscapes when studied with contact energies of the
type used in folding prediction (Papoian et al . 2003). Some dimer interfaces had
landscapes that were actually anti-funnelled when the simple energy functions were
used. A pattern emerged: the interfaces that had anti-funnelled landscapes were very
hydrophilic and it became evident they were being held together by bridging solvent
molecules. These bridges often involved charged residues; often the residues had the
same sign as the charge! Once the existence of these interactions was apparent, we

Phil. Trans. R. Soc. A (2005)



Energy landscapes and solved protein-folding problems 461

could design an energy function describing interactions between residues that were
modulated by the availability of water to bridge the sites. By employing the energy-
landscape potential-optimization strategy, we were able to learn the relative strengths
of the water-mediated interactions (often hydrophilic) and the usually dominant con-
tact interactions. Introducing these interactions into our protein-structure-prediction
algorithms significantly improved the results (Papoian et al . 2004). This improvement
is illustrated by the predicted structure in figure 4b. Now, with the water mediated
interactions, the terminal loop properly docks with the main body of the protein.
The role of these hydrophilic interactions in many biomolecular processes, especially
those involving so-called ‘natively disordered proteins’, invites further investigation
(Vuceti et al . 2003).

7. Learning to fold in the laboratory

Engineers always leave a margin of error in their design. They thereby hope that the
resulting additional robustness will save the situation, should errors in modelling or
changes in the environment compromise the design. The margins of error for natural
proteins have been set by natural history through the stability gap of the funnel.

Correspondingly, design of artificial foldable proteins should be easier than struc-
ture prediction because we may overdesign the system with a still bigger margin of
error than nature uses, to make up for modelling errors. It is perhaps then no surprise
that clever people (Otlesen & Imperiali 2001; Calhoun et al . 2003; Wei et al . 2003),
sometimes armed with combinatorial strategies, have been able to make foldable
proteins. Can this design be automated? The answer seems to be yes, if landscape
theory is used. Recently, Jin et al . (2003) developed an automated algorithm to find
sequences with smooth folding funnels by optimizing TF/TG ratios over sequence,
using a physically based energy function which had been reverse-engineered by land-
scape theory (Fujitsuka et al . 2004). By optimizing the funnel characteristics, they
automatically found a sequence, quite different from naturally occurring ones, that
folded into the desired three-helix bundle topology. When synthesized in the labo-
ratory, the protein shows all the nuclear magnetic resonance spectroscopic signs of
having achieved a properly folded native state.

8. Conclusions

Energy-landscape theory has allowed us to learn a lot about the folding problem. We
have learned enough that predicting protein structure and designing foldable proteins
are no longer quixotic hopes but engineering exercises. We still have more to learn
and there are likely to be surprises in store as we try to achieve greater accuracy
and reliability, as we move on to bigger proteins and as we study more fragile and
dynamic proteins, where smaller free-energy differences count. Understanding more
about energy landscapes will play a significant role in this future progress.
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here. I am especially grateful to Koby Levy, Sam Cho, Tongye Shen and Garegin Papoian for
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National Institutes of Health and the National Science Foundation.
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Discussion

M. Karplus (Laboratoire de Chimie Biophysique, ISIS, Université Louis Pasteur,
Strasbourg, France). In simulations of ribonuclease A in the 1980s (Bruenger et al .
1985), we found that two positive residues (e.g. lysines) could be stabilized by a ring
of three oriented water molecules, in analogy to your water-including potential.

P. G. Wolynes. It is very good to hear that indications for this water-mediated
interaction have been seen in all-atom simulations. Insightful crystallographers have
also pointed out evidence for such interactions in their surveys of the database
(Nooren & Thornton 2003; Luscombe et al . 2001). Energy-landscape theory, as we
have shown, allows for a quantitative analysis of these bioinformatic findings. The
other surprise from the detailed calculations, for us, was that these interactions act
to guide folding of (especially) multi-domain structures kinetically, even when their
structural role in the final structure is not visually apparent to the casual observer.

M. Karplus. In your description of the free-energy barriers that occur in protein
folding, you suggested that the source of the barrier was entropic rather than ener-
getic. Did you mean that and if so what is the evidence?
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P. G. Wolynes. Yes, this is an important point. Homogeneous Go models have no
intrinsic energy barriers. In such models, only configurational entropy compensates
the favourable binding interactions and thereby slows folding. The success of such
purely topology based models in predicting structural aspects of the folding tran-
sition state suggests that achieving this balance between energy and entropy is the
dominant determinant of the landscape topography. On the other hand, once these
opposing thermodynamic forces are balanced, the remaining absolute barriers are a
small fraction of the folding energy and seem to be underestimated by such models.
Non-additive forces play a role in setting the magnitude of the barrier, but not its
location. These forces may have a significant energetic component. Of course, many
of the stabilizing interactions involve solvent entropy (i.e. the hydrophobic effect);
the decision of how precisely to partition energy and entropy between the solvent
and molecule is a formally undecidable issue. Likewise, the transmission coefficient
for the folding rate may involve activated dynamics as we have discussed (Portman
et al . 2001) and thereby may contribute an enthalpic part to the measured barrier.

C. M. Dobson (Department of Chemistry, University of Cambridge, UK ). In the
protein α-lactalbumin ‘intermediate’ structures are particularly interesting because
the interactions between the two domains are based in part on hydrophilic residues
(Vendruscolo et al . 2003). Some of these residues are highly conserved amongst the
sequences of α-lactalbumins from different species. In addition, molecular dynamics
simulations (Williams et al . 1997) have suggested that water can penetrate the inter-
action region between the domains in the homologous protein lysozyme and trigger
unfolding. These observations seem to me to support your ideas about the role of
hydrophilic groups.

P. G. Wolynes. This is again heartening. Clearly, water is important in creating
the funnelled energy landscape for multi-domain proteins.

C. M. Dobson. In amyloid structure, it is usual to find only one type of protein.
In the early stages of aggregation, domain swapping involving native-like interac-
tions may certainly occur; indeed, there is experimental evidence for such effects
(Schlunegger et al . 1997). I think, however, that the mature amyloid assemblies
resemble crystals, where repetition of identical molecules generates stable structures
(Dobson 2003). Similar effects are seen in phase separation processes in polymer
chemistry. Do you think these observations are consistent with your ideas?

P. G. Wolynes. Exactly at which stage the interconversion to the crossed β struc-
ture occurs needs to be clarified. I rather agree it comes after some aggregation has
already taken place. The situation may be like that familiar in metallurgy, where,
according to Ostwald’s rule, a metastable phase with lower interfacial energy may
be formed first, owing to a lower activation barrier. My feeling is that pathologi-
cal protein aggregation is not likely to be very much simpler than the situations
encountered in those non-biological situations of metallurgy, since evolution has not
had much influence other than to avoid the aggregation process, and once the main
bottleneck to misfolding is passed a variety of mechanisms may come to the fore.

A. H. Zewail (Laboratory for Molecular Sciences, Arthur Amos Noyes Laboratory of
Chemical Physics, California Institute of Technology, USA). You mention ‘structural
water’ in the folding; what about ‘dynamical water’? Do you consider the time-scale
to be much faster (or slower) than that of folding?

Phil. Trans. R. Soc. A (2005)



466 P. G. Wolynes

P. G. Wolynes. The dynamics of water around proteins is very interesting. In
folding, it appears the time-scales of the water motions and the chain movements
are commonly slaved to each other. Moving waters out of the way thus contributes
to the dynamical pre-factor for folding that also accounts for the landscape rugged-
ness. Hilson et al . (1999) have shown how the pressure dependence of folding can be
explained in this way i.e. by the pressure effect on de-solvation dynamics (Hilson et
al . 1999). Simulations show that for small, flexible proteins only a modest number
of water molecules are expelled at any one time in crucial folding steps (Cheung et
al . 2002). A more dramatic scenario in which large-scale expulsion (‘drying’) occurs
separately from chain organization has been envisioned by ten Wolde & Chandler
(2002). This mechanism requires the assembly of very large, relatively rigid and
strongly hydrophobic surfaces. A recent all atom simulation study looked specifically
for this effect (Zhou et al . 2004). This study found no evidence for such a catas-
trophic drying transition. Only when the van der Waals and polar interactions were
artificially turned off was a complete drying transition found. They conclude that
the Chandler models are ‘inapplicable in their present form’.

J. Clarke (Department of Chemistry, University of Cambridge, UK ). All the exam-
ples you have given for good structure prediction involved α-helical proteins. Can
you comment on the difficulties in making predictions for β sheet proteins and the
progress you are making in this respect?

P. G. Wolynes. Indeed the α-helical structure prediction problem is in better shape
than those for mixed α/β or for β-sheet proteins. We are making progress on these
systems, however. There are at least two difficulties that may prove to be hard for us
to surmount. Firstly, generally β sheet proteins intrinsically fold more slowly than α
helical ones do, as expected from the contact order. Secondly, registry shifts seem to
be of little energetic cost to our current structure-prediction energy functions. This
near symmetry creates long-lived traps in the simulations. Such traps may be an
intrinsic feature, thus making β sheet proteins harder to predict on the computer,
just as they are slower to fold in the laboratory.

J. C. Schön (Max Planck Institute for Solid State Research, Stuttgart, Germany).
We have been studying the energy landscape of covalent networks (Schön & Sibani
1998, 2000) and polymer systems that had been placed on an underlying grid. Using
the lid-algorithm (Sibani et al . 1993), we have measured the local densities of states
for the basins on those multi-minima landscapes. We have found that these systems
exhibit local densities of states that grow approximately exponentially. A conse-
quence of this growth law is the existence of so-called trapping temperatures Ttrap:
for T > Ttrap the random walker on the landscape ignores the region with the expo-
nential growth, irrespective of the depth of the basin even for T � Ebarrier(1), and
thus the walker does not encounter the high barriers one should usually assume he
would. On the other hand, for T < Ttrap, the walker gets caught in the basin and
the system essentially freezes out, since he now suddenly faces the very large barriers
Ebarrier (Schön 1997).

We have proposed the existence of such trapping temperatures as possibly under-
lying the phenomenon of the glass transition. It would be quite fascinating if such an
exponential trapping phenomenon might also be present in the folding of proteins.

Have you measured the local densities of states for the protein systems you are
studying, and if so, have you ever observed such (approximately) exponential growth?
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P. G. Wolynes. We have not investigated via simulation the landscape topography
in the vicinity of traps. It clearly plays an important role. Our analytical studies
show how trap escape resembles the unfolding process itself (Plotkin et al . 1997)
and therefore has a characteristic dynamical transition temperature, much like your
Ttrap. This is the analogue of TA in the theory of glasses based on random first-order
transitions, and is consistent with mode coupling theory.
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