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Abstract

Protein folding is an important problem in structural biology with significant medical implications,
particularly for misfolding disorders like Alzheimer’s disease. Solving the folding problem will
ultimately require a combination of theory and experiment, with theoretical models providing a
comprehensive view of folding and experiments grounding these models in reality. Here we
review progress towards this goal over the past decade, with an emphasis on recent theoretical
advances that are empowering chemically-detailed models of folding and the new results these
technologies are providing. In particular, we discuss new insights made possible by Markov state
models (MSMs), including the role of non-native contacts and the hub-like character of protein
folded states.

Introduction

Ever since Anfinsen’s discovery that denatured proteins can spontaneously self-assemble
into their native conformations [1], researchers have tried to understand the molecular
mechanisms by which proteins fold. Understanding these mechanisms has become
increasingly important in light of many neurological disorders, such as Alzheimer’s disease,
that have been directly linked to protein misfolding in the cell [2].

Ultimately, elucidating how proteins fold must involve a combination of theory and
experiment, with theoretical models providing a complete picture of folding and
experiments grounding these models in reality. Despite decades of research, however, it
remains a challenge to predict how proteins fold to their native structures directly from their
primary amino acid sequences.

Where are we in our ability to realize this goal? In this article, we summarize the transition
from simplified, native-centric models to atomically-detailed, physics-based models that has
occurred over the past decade and the factors that motivated this transition. We also describe
recent technological and methodological advances that have enabled current theoretical
approaches. Many advances in simulating protein folding have come from Markov State
Model (MSM) approaches, a new paradigm in molecular simulation that uses large-scale
statistical sampling to construct a comprehensive model of protein folding thermodynamics
and kinetics on long timescales [3-16].
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Much like the theory of quantum mechanics in its infancy, surprising experimental data has
provided the impetus for new theoretical developments, and now in turn, theoretical models
are providing a new set of surprising predictions. In particular, MSM methods, which can
tame the otherwise overwhelming complexity of folding revealed by large-scale simulations,
have yielded quantitative agreement with experiments [17-22] and led to new predictions
about the importance of non-native contacts [18,19] as well as the resulting hub-like
character of protein native states and slow dynamics within the unfolded ensemble [20,23].

Lastly, we describe some of the future challenges we face in making quantitative
connections to experiment—including making direct predictions of experimental
observables and interpreting the meaning of particular reaction coordinates in their larger
context—and new directions for the protein folding community.

The native-centric view is unsatisfying

Ten years ago, all-atom molecular dynamics (MD) simulation was relegated to nanosecond
to single microsecond timescales while folding experiments were typically capturing events
on the millisecond timescale. As a result, many theorists turned to a native-centric view of
folding, which had the potential to provide a unified picture of folding and computationally
tractable models [24-26].

A variety of experimental results motivated the focus on native-centric models. Whereas
chemically-detailed physical simulation of the folding process at that time appeared to be
nearly intractable, experiments showed that, on a macroscopic scale, proteins fold very
simply [27]. Fast-mixing studies of folding kinetics showed that small globular proteins are
well described by a cooperative two-state mechanism, with an activation barrier separating
unfolded and native states. ¢-values measured in site-directed mutagenesis studies and high-
temperature unfolding simulations suggested that the ensemble structure of these transition
states were very native-like. The correlation between native-state topology and two-state
folding rate further supported this view [28]. Thus, despite the huge complexity of the
conformational search, many of the atomistic details of events preceding the folding
transition appeared to be largely irrelevant.

This native-centric view inspired the widespread use of simplified models, called Go
models, in which only native state interactions and self-exclusion of the protein chain are
accounted for [29,30]. These were justified in part by spin-glass-like theories of folding that
predicted that proteins should be minimally frustrated in order to avoid kinetic traps [24]. Go
models (and other Go-like models capturing various levels of detail) speed folding
dynamics, such that folding can be seen in nanosecond-scale simulations, and thus were
considered to be sufficiently computationally efficient to capture aspects of the entire
folding reaction and predict some mechanistic quantities [31].

Despite the promise of native-centric models in the field of protein folding, they represent an
increasingly unsatisfying direction for further theoretical inquiry. Recent experiments have
revealed details about folding that cannot be accounted for by native-state interactions alone.
For example, non-native interactions in the unfolded state can be significant [32,33]. Native-
centric models are not transferable, so they cannot address the fundamental question of how
primary sequence dictates folding pathways, and in particular, how the chain is able to fold
without an exhaustive search of conformational space. Moreover, they cannot be used when
structural information is more limited or even unavailable, such as for protein misfolding
and aggregation, or intrinsically unstructured proteins. For many other proteins, the two-
state approximation breaks down [34,35]. Ultrafast downhill folders, for example, have
apparent negative activation barriers, as their folding rate may be diffusion-controlled [36].
Additionally, some native-centric properties—such as the correlation between native
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topology and folding rate—may be more complicated than earlier studies have suggested
[37].

It is thus becoming increasingly clear that a comprehensive understanding of folding must
require physics-based, transferrable molecular simulation models. Whereas these models
were previously too computationally expensive, advances in hardware and simulation
methodology have helped push simulations from nanosecond timescales into the millisecond
regime, opening up new avenues in the field.

New simulation methodologies allow atomically-detailed models of folding
on biologically relevant timescales

New advances in MD simulation software and hardware are now helping the protein folding
field move beyond the native-centric view by allowing theorists to simulate biologically
relevant timescales (e.g. microsecond to milliseconds timescales, see Figure 1) using
physics-based simulations that can capture the balance between native and non-native
interactions. For example, simulation packages like GROMACS [38] and OpenMM [39] are
able to automatically select the best combination of hardware and algorithms on a given
computer. When run on GPUs or multi-core CPUs, these codes allow the execution of
simulations on tens of microseconds timescales on a routine basis, which is an impressive
advance given that atomistic MD simulations had previously been limited to tens of
nanosecond timescales. Packages like NAMD [40] and DESMOND [41] also allow
simulations of tens of microseconds timescales by parallelizing the computation over many
CPUs in addition to making very efficient use of individual CPUs. Therefore, the ability to
simulate small, fast-folding proteins is widely available. Using more expensive, purpose-
built hardware, it may even be possible to run individual simulations of millisecond
timescales [42]. Another 2x to 10x speedup may be obtained by exploiting new algorithmic
developments [43-46] and improvements to the force fields used to describe atomic
interactions [47-51] are making these simulations a more accurate reflection of reality.

Directly simulating these timescales is an impressive feat (see
http://www.youtube.com/watch?v=gFcp2Xpd29l for an example); however, long
simulations on their own are not sufficient to provide better models of protein folding
because protein dynamics are inherently stochastic and, therefore, demand a statistical
description. For example, to predict an ensemble property like the average folding timescale
of a protein, one must simulate numerous statistically-independent folding events. One could
run a simulation that was hundreds or thousands of times longer than the average folding
time to achieve this but such an approach is inherently inefficient. Instead, it is better to run
many shorter simulations in parallel. Regardless of whether one runs a few long simulations
or many shorter ones, however, analyzing the resulting data is still a significant challenge.
Some methods based on non-equilibrium statistical-mechanics exist for extracting ensemble
properties from numerous shorter simulations [52-54], but even these are limited in the types
of systems and properties they can address.

MSMs are capable of providing a complete description of the equilibrium thermodynamics
and kinetics of any simulated system, regardless of whether the specific dataset is composed
of a few long simulations, many shorter ones, or a mixture thereof. MSMs are discrete-time
master equation models for protein dynamics composed of a network of metastable states—
or sets of rapidly mixing conformations that tend to persist for extended periods of time—
and the probabilities (or, equivalently, the rates) of transitioning between pairs of states in
some time interval called the lag time of the model [3-5]. Building and analyzing these
models is challenging but now there are a number of software packages that can automate
these tasks [10,16,19]. All of these approaches identify the states for an MSM by performing

Curr Opin Struct Biol. Author manuscript; available in PMC 2012 February 1.


http://www.youtube.com/watch?v=gFcp2Xpd29I

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bowman et al.

Page 4

a kinetic clustering of an MD dataset. That is, conformations that can interconvert rapidly
(indicating they are not separated by substantial free energy barriers) are grouped into the
same state and ones that can only interconvert slowly (indicating that they are separated by
substantial barriers) are grouped into separate states. One can then calculate the probabilities
(or, equivalently, the rates) of transitioning between pairs of states from the number of
transitions observed in the dataset. For details on constructing an appropriate set of states we
recommend referring to Refs [17] and [19].

Because of the kinetic definition of states, an MSM is essentially a map of the underlying
free energy landscape that determines a molecule’s thermodynamics and kinetics. As in a
computer mapping program (such as Google or Yahoo maps), one can “zoom out” on an
MSM to get a big picture view of processes like protein folding then “zoom in” on regions
of conformational space of particular interest or calculate the average time for transitioning
between two states. This “zooming in” or “zooming out” is achieved by varying the
definition of what it means for two conformations to interconvert rapidly. For example, by
requiring that two conformations be able to interconvert on a nanosecond timescale for them
to be grouped in the same state, one can build a very high-resolution model with many small
states that would be appropriate for making a quantitative comparison with experiments
[17,19,55]. By only requiring that conformations in the same state be able to interconvert on
microsecond timescales one can obtain a more coarse-grained model with fewer, larger
states that would be appropriate for gaining human insight. Such human insight can be
obtained by visualizing the model directly (i.e. extracting representative conformations from
each state and examining the transition rates between states) or by using transition path
theory (TPT) to visualize the highest flux pathways between some start and end state
[19,56,57]. One can also use an MSM to generate new trajectories to mimic single molecule
experiments or to model the relaxation of an ensemble of proteins to make a direct
connection to bulk experiments.

Moreover, MSMs provide a way to exploit metastability—which is largely responsible for
making long simulations inefficient—to build models with tremendous efficiency. For
example, in a simple system with metastable states A«>B«>C (where B is an obligatory
intermediate for transitioning between A and C) one can calculate the average timescale for
the slow transition between states A and C even if no individual simulation starts off in state
A and ends in state C so long as one sees the faster transitions between states A and B as well
as between states B and C. Decomposing the problem in this manner is efficient because
each step can be simulated in parallel. Adaptive sampling is an iterative algorithm that
facilitates this parallelism by allowing one to use an initial MSM to decide where to run new
simulations [58-60]. During each round of adaptive sampling, one calculates the
contribution of each state to the statistical uncertainty in some property of interest (like the
average folding rate), starts new simulations in the states causing the most uncertainty, and
then rebuilds the model. By running N simulations per iteration of adaptive sampling one
can reduce the time required to build a model by a factor of N and the total computational
resources required to build that model by a factor of two [59]. Therefore, simulations that
previously would have taken decades can now be performed in a matter of weeks or months.

MSMs have allowed us as a field to build more detailed models of protein folding and
validate them against experiment. For example, many groups have successfully modeled the
dynamics of small model systems for folding [9-12,14,15,61-64]. In one of the first forays
into full protein systems, Jayachandran et al. built a model for the villin headpiece [65],
which folds on a microsecond timescale. Bowman et al. have also modeled villin using new
automated methods for constructing MSMs [17]. This model was built from hundreds of
microsecond-timescale, atomistic simulations in explicit water [66] and, therefore,
represents the state of the art in simulation accuracy. The native state of this model (i.e.
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lowest free energy state) was within 1.8 A of the crystal structure, an important achievement
given that all the simulations used to build the model started from unfolded conformations,
and the average folding rate agreed with the experimental value within statistical
uncertainty. In addition, MSMs for villin can predict triplet-triplet energy transfer (TTET)
experiments for multiple probe locations and the metastable states that have been inferred
from these experiments [22]. Noe et al. have also used MSMs to model the folding of
another fast-folding protein, the PinWW domain (a 34-residue protein with a microsecond
folding time) [19]. The ability of these models to predict structures, thermodynamics, and
rates indicates they should be capable of predicting any experimental observable, since all
are functions of these properties.

More recently, we have demonstrated that MSMs can be used to model the folding of larger,
slower systems than one could hope to address with the traditional long simulation
approach. For example, Voelz et al. have built an MSM for a 39-residue fragment of NTL9
[18], which has an average folding time of 1.5 milliseconds. This is an exciting achievement
because long simulations can barely reach the millisecond timescale, much less capture the
hundreds or thousands of milliseconds one would have to simulate to extract the average
folding time for this system. Bowman et al. have also modeled ten millisecond timescales
for an 80-residue fragment of the lambda repressor protein and made a number of
hypotheses that suggest directions for further experimental investigation [21].

What you see is not always what you get

There is no doubt that folding is complex due to factors like the enormity of conformational
space and the delicate balance between opposing forces. Despite this, protein folding looks
quite simple in many experiments. For example, many folding experiments are dominated
by single exponential relaxation and have sigmoidal melting curves. Therefore, based on
Occam’s razor, it has been reasonable to conclude that protein folding is often a two-state
process with a moderately populated unfolded basin separated from a well-populated native
state by a single dominant barrier [27]. By the same logic, one can also reasonably conclude
that multi-state systems fold via a single, linear pathway [67]. Using MSMs built from
atomistic simulations and validated against experiments, we can finally hope to reconcile the
known complexity of folding with this observed simplicity.

MSMs for a number of systems suggest that many proteins may fold via parallel paths
[17-20]. For instance, great parallelism was found in early MSMs for the villin headpiece
[65], and this observation has been confirmed by more recent models with more thorough
sampling [17,20,22]. Parallel paths have been suggested in a number of previous theoretical
and experimental studies [24,36,66,68,69] but with MSMs we can better map out these
paths. For example, Noe et al. developed an algorithm for examining the highest flux paths
between two states in a model and showed that it takes 3-5 pathways to account for 50% of
the folding flux for the PinWW domain and up to 20 pathways to account for 90% of the
flux [19]. Despite this, the relaxation of the model is dominated by a single-exponential with
a timescale in remarkable agreement with the experimentally measured folding rate. Using
similar methods, Voelz et al. have mapped out a number of parallel folding pathways for
NTL9 [18]. This is a landmark study because it is the first demonstration that MSMs built
from atomistic simulations can capture, with statistical significance, millisecond timescale
events that could not be addressed by conventional simulation methodologies. The results of
this NTL9 study demonstrate that there is a good deal of mixing between these parallel
pathways (Figure 2). In addition, many of the intermediate states along these pathways have
significant non-native contacts that appear to help the protein fold. For example, state L in
Figure 2 has an extended beta-hairpin that is not found in the native state (state N). While
direct tests of the specific non-native interactions found in our models have yet to be
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performed, these predictions certainly seem reasonable given a large body of recent
experimental work demonstrating complex structures in the unfolded ensembles of proteins
[32,70,71] and even within the native basin [72].

Taking the idea of parallel pathways a step further, Bowman et al. recently discovered that
the native states of many simulated systems appear to act as kinetic hubs [20]. As a result,
many folding pathways have distinct starting points, as shown in Figure 3, though there is
still mixing between pathways. In addition, transitioning between different non-native states
is typically quite slow compared to folding due to the strength of non-native contacts, the
enormity of conformational space, and greater evolutionary pressure to fold than to
transition rapidly between unfolded conformations. This result is in direct contradiction of
the two- and three-state models typically used to describe folding, which assume that
dynamics within the unfolded ensemble are fast relative to folding. Despite their unexpected
topology, these hub-like models still produce the simple single and biexponential relaxation
seen in many protein folding experiments [20,21]. Therefore, while the simplest explanation
for the relaxation seen in experiments is often a two- or three-state model, it would appear
that these kinetics may result from the convolution of different rates for crossing a large
number of free energy barriers of different heights. Once again, direct experimental tests of
this prediction have not yet been performed but there is a growing body of work that
corroborates our models. For example, recent microfluidic mixing experiments have
identified extremely slow dynamics in the unfolded ensembles of proteins [73]. If further
experiments validate this model, then the folding field may have to re-evaluate much of the
existing literature, where a two-state assumption is often made in interpreting both
theoretical and experimental results.

While the hub model is more complex than the two- and three-state models that have
dominated the protein folding field for some time now, these new models still have their
own elegant simplicity. Pande has shown that one can analytically derive a hub-like model
by assuming that the transition state between states A and B only has residue-residue
contacts that are formed in both the start and end state [23].

Conclusions & future directions

We are now entering an era when theory could take the lead in protein folding by explaining
the origins of experimental observables and generating new hypotheses, both about specific
systems and general principles of folding. Making this advance has required moving from
native-centric models to transferrable, physics-based simulation models. It has also required
moving from an anecdotal description of simulations to a statistical description using
Markov state models—highly parallelizable, multi-scale methods that can address long
timescale events by drawing on information from shorter timescale simulations.

Three important results from MSMs are: (1) many proteins fold via parallel paths [17-19],
(2) non-native contacts can play important roles in folding [18,20,23], and (3) the native
states of many proteins may be kinetic hubs [20,21,23]. Despite these complexities, these
models are still capable of predicting the apparently simple behavior of many experimental
probes. They have also driven the development of new models for protein folding [23].

In the coming years, making quantitative comparisons between theory and experiment
should further deepen our understanding of processes like folding and allow us to refine
simulation methodologies and parameterizations. Some important future directions for
theory and simulation are (1) making a more direct connection with experiments by more
closely mimicking experimental procedures and probes, (2) comparing mutants to dissect
parts of the folding process, as is often done in the experimental literature, and (3)
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developing a novel analytic theory which can explain and predict the behavior seen in both
detailed simulations and new experiments. This endeavor will also benefit from the
development of experiments that can probe folding in greater detail and that can be more
easily understood and modeled (e.g. do not require invoking quantum mechanics to predict
fluorescence). We can then hope to address considerably larger systems, design folding
pathways, and understand folding in cellular contexts using atomistic simulations and
MSMs.

Thus, with the ability to predict experimentally relevant timescales (milliseconds to seconds)
with experimentally relevant systems for folding (e.g. on the ~100 amino acid length scale),
we are beginning to realize the dream of marrying theory and experiment to finally solve the
protein folding problem. Looking to the future, it will perhaps be in the application of this
knowledge to numerous related problems, such as protein misfolding (relevant for numerous
diseases [2]) and protein dynamics associated with function (such as enzymatic activity
[74]), where advances in protein folding will continue to yield insight and impact for many
years to come.
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Figure 1.

The average folding time versus length for a number of fast-folding proteins from the
experimental literature that are candidates for atomistic simulations and MSMs. Overlays of
the crystal structure (cyan) and our predicted native state (dark blue) are shown for a number
of systems highlighted in this review.
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Figure 2.

The highest flux folding pathways from a 2000-state MSM for NTL9 taken from Ref [18].
These pathways account for only ~25% of the total flux and transit only 14 of the 2000
metastable states (labeled a-n). The size of each state is proportional to the logarithm of its
equilibrium population and arrow sizes are proportional to the logarithm of the interstate
flux.
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Figure 3.

Schematic of a native hub model with a native state (N) and non-native states (nn) taken
from Ref [20]. The size of each node is correlated with its equilibrium probability and the
connectivity falls off as one moves away from the native state.
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