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Studies of folding and misfolding using simplified models

Nikolay V Dokholyan

Computer simulations are as vital to our studies of biological
systems as experiments. They bridge and rationalize
experimental observations, extend the experimental ‘field of
view’, which is often limited to a specific time or length scale,
and, most importantly, provide novel insights into biological
systems, offering hypotheses about yet-to-be uncovered
phenomena. These hypotheses spur further experimental
discoveries. Simplified molecular models have a special place
in the field of computational biology. Branded as less accurate
than all-atom protein models, they have offered what all-atom
molecular dynamics simulations could not — the resolution of
the length and time scales of biological phenomena. Not only
have simplified models proven to be accurate in explaining or
reproducing several biological phenomena, they have also
offered a novel multiscale computational strategy for accessing
a broad range of time and length scales upon integration with
traditional all-atom simulations. Recent computer simulations
of simplified models have shaken or advanced the established
understanding of biological phenomena. It was demonstrated
that simplified models can be as accurate as traditional
molecular dynamics approaches in identifying native
conformations of proteins. Their application to protein structure
prediction yielded phenomenal accuracy in recapitulating
native protein conformations. New studies that utilize the
synergy of simplified protein models with all-atom models and
experiments yielded novel insights into complex biological
processes, such as protein folding, aggregation and the
formation of large protein complexes.
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Introduction

Perturbations of protein structure and dynamics often
alter protein function and, in some cases, lead to human
disease. As our understanding of protein structure has
become increasingly sophisticated, the number of human

diseases associated with abnormal protein folding or
dynamics has risen significantly. Viewed from the per-
spective of thermodynamics, mutations or changes in the
cellular environment often lead to the modification of the
free energy landscape of proteins and the equilibrium
distribution over different conformations. Protein mis-
folding (including formation of partially unfolded protein
conformations) can be an important consequence of
changes that result in protein destabilization. Normally,
cells are equipped with molecular chaperones that reverse
the process of protein misfolding, guiding misfolded
proteins to their native state. However, large populations
of misfolded proteins may impose an insurmountable
stress on this protective machinery by depleting chaper-
ones for other misfolded proteins. Misfolded proteins
tend to aggregate [1], often forming hyperstable assem-
blies. Some of these assemblies, amyloid fibrils, display
distinctive needle-like fibrillar shapes.

Characterization of the structural and dynamic properties
of proteins, especially large multidomain proteins, protein
complexes and protein aggregates, is a major challenge of
structural biology. Dynamic and structural features of
large biomolecules are often ‘invisible’ to current experi-
mental techniques, because of their inherent resolution
limitations in length and time scales. Although there have
been important advances in the structural characteriza-
tion of molecular complexes, such as amyloid fibrils, and
in elucidating the mechanisms of their formation, many
aspects of this process remain unclear.

This review contrasts traditional and new computational
approaches. Also described are recent studies that utilize
the synergy of simplified protein models with all-atom
models and experiments to yield novel insights into
complex biological processes, such as protein folding,
aggregation and the formation of large protein complexes.

Approaches to understanding protein

folding, misfolding and association
Computational approaches offer a unique opportunity to
uncover the atomic structure and biological properties of
experimentally challenging molecules and molecular
complexes. Such efforts must take into account time
scales of protein association and aggregation subsequent
to misfolding, which vary from seconds to hours or even
months, making them unreachable by traditional mole-
cular dynamics (MD) simulations [2,3]. Novel simulation
protocols have been proposed that improve confor-
mational sampling efficiency. Generalized ensemble
sampling techniques involving parallel simulations
of molecular systems coupled by a Monte Carlo (MC)
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protocol [4] have been successfully applied to study
protein folding [5]. Although a one to two orders of
magnitude increase in the accessible time or length scales
has been achieved, such enhancements still permit stu-
dies of only small, fast-folding proteins [6].

An alternative strategy employs a simplified protein
model to access the large-scale dynamics of protein fold-
ing and aggregation. In simplified (coarse-grained) pro-
tein models, amino acids are represented by effective
particles (beads) that correspond to atoms or groups of
atoms [7-12]. The interaction potential between these
beads is empirical and can be derived from protein
structure [13], experimental strategies [14] or physics
[15,16]. A drawback of this approach is that the model
of amino acid interaction is not rigorously derived from
first physical principles. However, the ability to sample
large-scale protein dynamics makes this approach,
coupled with all-atom MD simulations, a promising ave-
nue for developing experimentally testable hypotheses.

Perhaps one of the most striking recent applications of
multiscale modeling methodology is its use in high-reso-
lution de novo structure prediction for small proteins by
Bradley ez a/. [17°°]. By using methods that allow high-
and low-resolution sampling, structure prediction <1.5 A
root mean square distance from the native state was
achieved for proteins with lengths up to 85 amino acids.

An existing multiscale modeling software package,
MM'TSB [18], integrates a simplified protein model with
the MC simulation engine, MONSSTER [8], and the all-
atom MD packages AMBER [3] or CHARMM [2]. In
MONSSTER, each amino acid is modeled by one bead
corresponding to the sidechain center and the effective
beads are positioned on a cubic grid. The lattice model
imposes strong constraints on the angles between the
covalent bonds and, thus, greatly restricts the conforma-
tional space of the protein model. An additional drawback
of this restriction is the inability of these models to
accurately discern the topological properties of the pro-
teins. Because of several remaining delicate issues, such
as the dependence of the dynamics on the MC move set,
an independent test of the dynamics using the MD
approach is needed.

A suitable simulation approach for simplified protein
models is discrete molecular dynamics (DMD) [10,11].
DMD extends the accessible simulation time by using
long integration time steps, made possible by the use of a
different approximation to the energy function than that
used in longer-established MD simulations [2,3]. This
approach permits rapid and accurate sampling of the
conformational space of proteins and protein complexes
[10]. Within the framework of multiscale molecular mod-
eling, the combination of DMD and all-atom MD over-
comes the intrinsic limitation of the lattice MC protein

models. The DMD algorithm satisfies fundamental phy-
sical principles: the energy and momentum conservation.
A unique feature of the DMD algorithm is that it is based
on the solution of the ballistic equations of motion, rather
than Newtonian ones, which reduces the simulation
algorithm to an iterative search of the immediate collision
events in the system. In DMD, as in any other simulation
approach, we approximate interatomic interactions. The
simplification that is necessary for the collision-based
algorithm and that makes this algorithm up to 10%-10°
times faster than traditional MD is the discretization of
the interaction potential: interatomic interactions are
piece-wise curves, each of the pieces of which is a con-
stant (Figure 1). Although such an approximation can
seem limiting for studies of many natural systems, it
nevertheless proves to be sufficient in many cases in
which DMD has been used. It is important that the
discretization of the actual potentials can be made more
realistic by having more ‘square-wells’ steps that mimic
an ‘actual’ potential (Figure 1). However, at least in
protein folding studies, just a single step is often sufficient
to reproduce the phenomena under investigation.

As a validation of the reliability and accuracy of DMD,
simulations were used to fold a small 20-residue Trp-cage
miniprotein from a fully extended conformation using a
simplified interaction model between amino acids [19°°].
In these simulations, the Trp-cage model consistently
reached conformations within a 2 A backbone root mean
square distance from the corresponding NMR structures
(Figure 2), on a par with recent MD simulations of this

Figure 1
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The square-well approximation. The Lennard-Jones interaction
potential (solid line) is approximated by discrete square-well potentials
(dashed lines; more detailed potentials are shown as red dotted lines).
The r'2 potential is approximated by a reflective wall at a distance
corresponding to the sum of the hard-core radii of the interacting atoms.
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Figure 2
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Superposition of the experimentally (bronze) and computationally
(gold) determined three-dimensional structures of the Trp-cage native
conformation. The backbone root mean square distance between these
two structures was reported by Ding et al. [19°°] to be less than 2 A.

protein [20-25]. Despite the simplicity of the interaction
potential employed in the folding of the Trp-cage mini-
protein, it is potentially transferable to larger proteins.
Folding of three designed ccB peptides (51 residues) [26]
in DMD simulations, using the force-field developed for
Trp-cage folding, resulted in lowest energy structures
within 1.26 A of the experimentally determined native
state (F Ding er a/., unpublished; see also Update).

The power of multscale DMD-based modeling
approaches has been clearly demonstrated by recent
folding simulations of B-amyloid [27], polyglutamine
peptides [28°] and the SH3 domain [29]. In these studies,
the important computational strategy was the separation
of time scales. Protein conformations are adequately
sampled at the longer time scales using DMD simula-
tions. The thermodynamic viability of the plausible states
determined by the DMD simulations is then tested at the
shorter time scales using all-atom MD simulations. In
principle, this strategy can be extended to include even
longer time scales when considering mesoscopic biologi-
cal systems, such as chromosomes, or biological pathways
in which multiple scales are involved. The accuracy and

the predictive power of such approaches can be improved
if simulations can be ‘navigated’ by experiments [14,30],
as described next.

Efficient synergy between simplified models
and experiment

Perhaps one of the most important uses of simplified
models is to extend the ‘depth of the field of view’ of
experiments. Experiments have time and length scale
visibility ranges at which the structure and dynamics of
molecules may be seen. For example, the length scales of
microscopic experiments are limited by the wavelength of
light. One approach to extending the experimental vis-
ibility range is to build simplified models based on the
experimental data obtained within accessible time and
length scales, and then perform simulations of the bio-
logical systems using these simplified models in the time
and length scales that are reachable by experiments.

Recently, Vendruscolo ez a/. [30] and Dixon ez al. [14]
related NMR equilibrium hydrogen exchange protection
factors to the interaction parameters of simplified protein
models. The experimental data served as constraints in
MD simulations. The ensembles of conformations
obtained in simulations were consistent with experiment
and provided insights into the biology of studied proteins.
For example, Vendruscolo e /. [30] have found rare
fluctuations around the native state of a-lactalbumin.
Dixon er a/. [14] found a transiently populated phosphor-
ylation-competent intermediate of the targeting domain
of focal adhesion kinase.

Combining structural data from cryo-electron microscopy
(cryo-EM) with molecular modeling enabled Falke ¢z a/.
[31°°] to determine the 13 A resolution structure of the
798 kDa GroEL tetradecamer in both the free state and
bound to a single large monomer of glutamine synthetase
(GSm) (51 kDa). The authors used the known X-ray
crystallographic structure and normal mode flexible fit-
ting analysis based on simplified Ca protein models [32]
to describe the changes that are induced in the GroEL
structure upon GSm binding.

The interpretation of experimental data often relies on
theoretical models. Thus, another important use of MD
simulations of simplified protein models is the ability to
interpret often seemingly contradictory experimental
observations. In this regard, simplified models have been
recently used to describe the structure of unfolded pro-
tein states. As a result of agreement with the experimen-
tally determined scaling of protein sizes, an ensemble of
random-coil conformations with no persistent local and
global structure has been used as a theoretical model
of denatured proteins. In contrast to this random-coil
model of denatured proteins, recent NMR spectroscopy
studies of proteins at high chemical denaturant concen-
trations suggested the presence of significant amounts of
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native-like structure. By modeling denatured proteins in
DMD simulations, Ding e a/. [33°] reconciled these
seemingly controversial observations. For all studied pro-
teins, the authors found that denatured states indeed have
strong local conformational bias toward native states
while a random-coil power law scaling of protein sizes
is preserved. In addition, Ding ez a/. [33°] explained why
the experimentally determined size of the protein crea-
tine kinase does not follow general scaling. It was
observed in simulations that this protein exhibits a stable
intermediate state, the size of which is consistent with the
reported experimental observation.

Protein folding under the ‘computational’
microscope

Developments in molecular modeling approaches have
led to significant recent breakthroughs in our understand-
ing of protein folding. Schematic mechanisms of protein
folding are now being filled with details. With this infor-
mation, we can observe new steps in folding pathways and
intricate details of the transition states ensemble (TSE)
— conformations that appear at the top of the free energy
barrier separating the folded and unfolded states of two-
state proteins.

Specifically, we learned how important the details of the
free energy landscape are. These details include multiple
folding pathways and multiple barriers separating the
folded and unfolded states (Figure 3). For example, using
DMD simulations, Borreguero ez a/. [34] have identified
multiple distinct folding pathways of the c¢-Crk SH3
domain. By studying the folding transitions under various
conditions, which are controlled by simulation tempera-
ture, the authors determined the kinetic partition tempera-
ture — the temperature at which the ¢c-Crk SH3 domain
undergoes a rapid folding transition via the path with the
lowest free energy barrier. Below this temperature, the
model protein folding transition occurred via multiple
folding pathways. This finding suggests the possibility that
proteins may feature multiple folding pathways.

Using all-atom MC simulations, Shimada and Shakhno-
vich [35] found that protein G undergoes three distinct
folding pathways. Prior experimental studies, based on
the monitoring of the burial of the lone tryptophan in
protein G, yielded single exponential kinetics, suggesting
the two-state nature of protein G folding [36]. Shimada
and Shakhnovich demonstrated that the asymmetric loca-
tion of the tryptophan in the protein structure does not
adequately capture folded protein states, thereby ‘dis-
guising’ the presence of multiple intermediates. Using
Brownian dynamics simulations with a protein model
made of coarse-grained physical energy functions respon-
sible for sequence-specific interactions and weak Go-like
energies [13], Lee er al. [37] corroborated the findings of
Shimada and Shakhnovich [35]. A further surprising
aspect of protein G folding was reported by Hubner

Figure 3
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Three-dimensional (a) and contour (b) plots of the free energy landscape
of a hypothetical protein. Protein folding most likely proceeds via two
routes (1 and 2). Although route 2, which connects the unfolded and
native states via a smaller free energy barrier (marked by the dashed
line), may be the preferable protein folding pathway, under certain
conditions, such as salt concentration and pH, route 1 is preferred.

In addition, under specific experimental conditions, a local minimum
appearing on route 1 of the free energy landscape (b) can be promoted,
thereby favoring the formation of the thermodynamically stable folding
intermediate.

et al. [38°°], who found that all folding pathways cross
the same most dominant free energy barrier. The TSE
obtained in their all-atom MC simulations corresponded
to a single nucleation event, which results from the
‘convergence’ of distinct folding pathways.

The protein G story taught us an important lesson:
experiments often provide an average view of the folding
transition. The choice of monitored parameters may skew
the interpretation of experimental data. For example,
an innovative methodology for assessing the roles of indi-
vidual amino acids, known as ®-value analysis, was pro-
posed by Fersht and colleagues [39,40]. A residue’s
®-value quantifies the impact of this residue’s substitution

Current Opinion in Structural Biology 2006, 16:79-85
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on the T'SE and, therefore, has been suggested to measure
the amount of native structure formed by the neighboring
residues in the TSE [41]. Although such an interpretation
of ®-values is reasonable and holds for some proteins, such
as barnase [42], for other proteins, ®-values may represent
the average participation of residues in the TSE (which
incidentally may have its own ‘rippled’ structure [43]) that
appears either on malleable [44°°] or on ‘convergent’ [38°°]
folding routes. For example, Hubner ¢z a/. [45°], in their
recent study of the SH3 domain, found that the nucleus of
this protein — a minimal set of residues that interact at the
TSE — is highly polarized, with several residues exposed
to the solvent. It is interesting that, despite the differences
between the folding T'SEs of barnase and the SH3 domain,
both studies converge on the nucleation protein folding
scenario [46,47], whereby the formation of the nucleus
determines the TSE.

The nature of the T'SE is also important for understand-
ing protein association, which may compete with folding
of the constituent subunits. A recent study by Levy ez a/.
[48] demonstrated that the binding mechanism and the
nature of the binding T'SE can be deciphered from the
interactions that stabilize the native fold. It is remarkable
that a simplified protein model based on a Ca representa-
tion and Go interaction potential [13] resulted in a com-
prehensive protein folding and binding landscape.

The future of molecular simulations

Cellular life is organized hierarchically: whereas proteins
have specific functions (e.g. specific enzymatic reactions),
protein complexes represent higher level functional mod-
ules responsible for large-scale events in cellular life (e.g.
DNA transcription). Molecular complexes are often
dynamic — they appear in various forms at various stages
of their functional life. Thus, understanding the detailed
structures of these large molecular assemblies and their
dynamics is necessary to developing a higher level under-
standing of cellular biology. Uncovering the structure and
dynamics of these complexes will require breakthroughs
in molecular modeling that span scales from atoms to
protein complexes.

It is clear that simplified protein models will have a
prominent role in these approaches because of their
ability to reach biologically relevant time and length
scales in MD simulations. The intrinsic accuracy limita-
tions of these models can be extended by slower but more
accurate all-atom physical models and by experiments.
Hence, the development of a united framework for
molecular modeling that will integrate simplified and
detailed protein models is a promising avenue for future
molecular simulations. These simulations would be dri-
ven by phenomenological force-fields or experimental
constraints at the coarse-grained modeling level, and
by a physical force-field at the all-atom level.

Conclusions

The use of simplified protein models has allowed us to
glance into the large-scale dynamics of biological mole-
cules. The atomic accuracy of molecular modeling can be
recovered by integrating the simulations of simplified mod-
els and all-atom simulations. Simplified models can also be
‘guided’ by experiments in the time scale regime accessible
to given experimental approaches. Because of the ability of
simplified models to access time and length scales of
biological importance, we can ask questions directly perti-
nent to complex biological phenomena. Hence, in the era of
systems biology, the development of simplified models is
pivotal to the future of molecular modeling.

Update

Recent work has demonstrated that the force-field devel-
oped for the folding of the Trp-cage miniprotein,
described in [19°°], is transferable to other systems, such
as the 17-residue ccf3 peptide. Using DMD simulations,
Ding et al. [49°] showed that three cc peptides form a
three-helix bundle, which is within 1.26 A root mean
square distance from the crystal structure [26]. Although
validation and further development of this force-field is
required for application to larger proteins, the success
with ccf peptide folding and assembly is an important
indication that force-field transferability may no longer be
a limitation of simplified protein models.

The work referred to in the text as (F Ding e a/.,
unpublished) has now been published [49°].
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