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T
he folding of proteins, the complex
behavior of glasses, and the structure
and dynamics of atomic and molecu-

lar clusters have long been studied in sepa-
rate disciplines. In recent years, energy land-
scape theory has emerged as a unifying lan-
guage for experimentalists and theorists to
describe structure formation and dynamics
in these complex systems. Researchers in all
three disciplines met to exchange ideas at a
symposium organized as part of the Ameri-
can Chemical Society (ACS) National Meet-
ing in San Diego, California, in April.

The energy landscape describes how the
energy of a system changes with geometry,
as defined by the coordinates of atoms,
molecules, or side chains. At a minimum, a
small displacement in any direction in-
creases the potential energy, just as in a
basin surrounded by mountains, a step in
any direction is uphill. Potential energy
surfaces of complex systems usually have
vast numbers of local minima; the lowest
onethe deepest basinis the global min-
imum. Energy landscapes for different sys-
tems may differ widely. These differences
are responsible for the fact that natural pro-
teins and crystals can reliably locate one
particular structure from many possible
ones, whereas glasses fail to do so.

Levinthal established the classical
viewpoint of protein folding by noting that
proteins cannot fold by a random search
for the native (correctly folded) state be-
cause this would take far too long, and
must therefore fold via a sequential, ener-
gy biased folding pathway. An energy bias
favoring the native state allows proteins to
fold within a biologically relevant time
frame. For proteins with random amino
acid sequences, one would expect no such
bias and a rough potential energy surface,
reflecting the impossibility of incorporat-
ing all favorable interactions into the same
structure: The system is said to be frustrat-
ed. Natural proteins have presumably
evolved to enhance this native state bias
and to minimize frustration.

Generalizing and replacing the classical
view of folding as a single stepwise path-
way with a series of intermediates, the ener-
gy landscape theory of protein folding (1–3)
involves the progressive organization of an
ensemble of partially folded structures on a
free energy surface that resembles a partial-
ly rough funnel (see the first figure). Local
free energy minima correspond to transient
kinetic traps. The native state lies at the bot-
tom of a set of convergent pathways.

The key role of the energy surface in de-
termining the properties of glasses was rec-
ognized by Goldstein around the time that
Anfinsen and Levinthal made seminal con-
tributions to protein science. Substantial
progress in calculating thermodynamic
properties directly from knowledge of local
minima was made in the 1980s (4). This ap-
proach has been extended to dynamical
properties and applied to a wide variety of
atomic and molecular clusters (5, 6). The
properties of different types of glasses have
also been interpreted in terms of global fea-
tures of the energy landscape (7). More re-
cently, it has been suggested that glassy liq-
uids are composed of a mosaic of clusters,
each of which has its own landscape (8).

The energy landscape for each of these
systems—proteins, glasses, and clusters—
can be conceptualized as a low-dimension-
al  free energy surface, with two axes de-
picting the energy-entropy balance associ-
ated with competing physical processes
and a ruggedness denoting the presence of
frustration that leads to specific kinetic
behavior (see the first figure).

Potential energy surfaces can be visu-
alized more quantitatively with a “discon-
nectivity graph” (9). Such graphs are con-
structed from databases of stationary
points on the many-dimensional potential
energy surface and the pathways connect-
ing them (see A and B in the second fig-
ure). The graphs divide distinct local mini-
ma into separate branches that can only in-
terconvert if a threshold energy is exceed-
ed. A “palm-tree” disconnectivity graph
corresponds to a free energy landscape
with funneling characteristics.

Direct dynamic calculations based on
such graphs have been carried out for pep-
tides and numerous clusters (6). These calcu-
lations reach the experimental time scale but
have not yet been extended to proteins with
more than 20 residues. In the future, such
calculations may help to describe the proper-
ties of bulk glasses and proteins at the level
of detail achieved to date only with smaller
systems, such as the alkali halide clusters that
are being explored with ion chromatography
(10) (see D in the second figure).

For proteins, the potential energy land-
scape can be connected to a free energy
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landscape by projecting the energy surface
onto one or two important coordinates,
such as the number of native contacts and
the radius of gyration. Free energy sur-
faces, like disconnectivity trees, can be
used to calculate  thermodynamics and ki-
netics for problems such as protein folding.

Computer simulation is used to provide
quantitative predictions for all the systems
considered here. The most detailed views
of protein folding come from fully atom-
istic simulation models, which have been
used to explore folding free energy sur-
faces and folding mechanisms (3, 11), pro-
tein unfolding and correlation with mea-
sured data on the folding transition state
(12), and direct folding of small polypep-
tides (13). Simulations with explicit sol-
vent models have shown how water “lubri-
cates” the search for native interactions (3).

Simulations with simplified representa-
tions of proteins have shown how topology
and energy interact to yield specific folding
scenarios for individual proteins and helped
to interpret experimental results pertaining
to the folding transition state (1, 14). These
models are used to interpret experimental
folding kinetics (12) and explore the role of
side chain entropy in folding (15, 16). Re-
lated analytical models are also being de-
veloped for protein design.

Detailed connections between dynami-
cal simulations and the underlying poten-
tial energy surface for model glasses have
also started to appear (17, 18). These cal-
culations have identif ied a “landscape-
dominated” regime, where the barriers be-
tween local minima start to increase and
structural relaxation is slowed down with
decreasing temperatures (18).

Experimental progress is not lagging
behind. Early folding events can now be
monitored on nanosecond to microsecond
time scales, enabling details of the land-
scape near the top of the folding funnel to
be probed (19, 20). Peptides with well-de-
fined structures have been designed, and
are used to determine the formation time
for basic folding structures such as α-he-
lices and β-hairpins (21). Τhe response of
folding kinetics to mutations has been used
to determine the participation of different
parts of the protein in the folding transition
state ensemble and, for larger proteins, in
the intermediate ensembles (12).

The energy landscape approach has al-
so been used to develop new algorithms
for global optimization and protein struc-
ture prediction (22). The principle that
the energy landscape of a protein should
be funnel-like and minimally frustrated
has been used to design knowledge-based

potentials for fold recognition (22–24). 
Related to structure-prediction efforts,

combinatorial experiments, aided by theo-
retical tools, are starting to provide new
ways to probe the determinants of protein
folding and to identify novel folding
amino acid sequences (25). Computational
and theoretical models that examine the
“evolutionary” free energy landscapes of
proteins to understand the interrelation-
ships among protein families and the de-
velopment of drug resistance (26) also ex-
ploit folding landscape ideas. Finally, the
interplay between folding and aggregation
and folding and function (2, 27) can be ad-
dressed using this ensemble description. 

The meeting in San Diego provided a
view of a future in which traditional disci-
plinary boundaries are dissolved and ideas
from many fields are integrated to address
key challenges of complex systems in biolo-
gy, chemistry, and physics. Scientists across
these areas of investigation are focusing on
how experimental observables are deter-
mined by potential and free energy land-
scapes. For proteins, future work must go
beyond folding to understand function and
critical issues related to diseases caused by
misfolded proteins. For glasses, a detailed
understanding of how characteristic proper-
ties arise from the underlying potential ener-
gy surface is required. More accurate calcu-
lations to bridge the time scale gap between
experiment and simulation are likely to play
a key role in each case.
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Making sense of potential energy surfaces. The model

two-dimensional potential energy surface (A) corre-

sponds to  the “palm tree” disconnectivity graph in (B)

and the free energy profiles in (C). Two paths linking

high energy local minima to the global minimum are su-

perimposed on the surface in (A). In (C), the color of the

free energy curve changes from blue to red with increas-

ing temperature. At low temperature, the global free en-

ergy minimum and the global potential energy mini-

mum are the same, but at high temperature the system

is more likely to be found in higher lying local minima.

(D) The multifunnel character of the disconnectivity

graph for a small rock salt cluster with 213 degrees of

freedom and four competing nanocrystal morphologies.

Multiple funnels produce separation of time scales for

relaxation, explaining the experimental separation of

time scales for relaxation to a nanocrystal of any kind

compared with relaxation to the true global minimum.
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