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ABSTRACT: This Feature Article presents a view of the
protein folding transition based on the hypothesis that Nature
has built features within the sequences that enable a Shortcut
to efficient folding. Nature’s Shortcut is proposed to be the
early establishment of a set of nonlocal weak contacts,
constituting protein loops that significantly constrain regions
of the collapsed disordered protein into a native-like low-
resolution fluctuating topology of major sections of the
backbone. Nature’s establishment of this scaffold of nonlocal
contacts is claimed to bypass what would otherwise be a
nearly hopeless unaided search for the final three-dimensional
structure in proteins longer than ∼100 amino acids. To
support this main contention of the Feature Article, the loop
hypothesis (LH) description of early folding events is experimentally tested with time-resolved Förster resonance energy
transfer techniques for adenylate kinase, and the data are shown to be consistent with theoretical predictions from the sequential
collapse model (SCM). The experimentally based LH and the theoretically founded SCM are argued to provide a unified
picture of the role of nonlocal contacts as constituting Nature’s Shortcut to protein folding. Importantly, the SCM is shown to
reliably predict key nonlocal contacts utilizing only primary sequence information. This view on Nature’s Shortcut is open to the
protein community for further detailed assessment, including its practical consequences, by suitable application of advanced
experimental and computational techniques.

■ INTRODUCTION

A central goal of molecular biology has been to understand the
principles that govern the protein folding transition, that is, the
self-assembly process that leads from an unstructured protein
chain to a functional protein.1−3 Under physiological
conditions, most globular proteins fold within seconds and
even microseconds into a compact structure.4 An ensemble of
disordered protein molecules, which successfully undergoes a
transition to ordered molecules, must, in principle, explore an
astronomically large number of pathways, due to the many
degrees of freedom of the backbone and side chains.5 Yet, in
the laboratory the folding transition is extremely fast and
efficient for almost all globular proteins. This is the source of
the common hypothesis that the mechanism of the folding
transition of globular proteins is not a random search, but
rather, a constrained random process that gradually reduces
the conformational space available to the protein.6−9 Experi-
ments show that the folding time increases significantly with
chain length,10 as the number of possible configurations
increases exponentially, but even so, the folding time still
remains in the range of a few seconds in the laboratory,4,11

which is an infinitesimal fraction of the time required to
stochastically sample all possible chain configurations. Over the

years, several proposals have been put forth to explain the
broader features of the folding mechanism.8,9,12−16

The elementary steps of the folding transition, like any
transition in biopolymers, are stochastic, driven by thermal
fluctuations. The Anfinsen experiment led to the “thermody-
namic hypothesis”, and the emergent original view of the
mechanism of folding was a “bottom up” type of mechanism,
where short segments could form native structures that
eventually coalesce to form folding of the full-length chain.
Later the Leventhal paradox5 led to the notion that the
mechanism of folding should include intermediate states,
which form a sequential pathway.7,17 Several versions of the
dominant pathway model were proposed (e.g., framework
model,7,16,18 the diffusion collision,19 and the nucleation-
condensation models20), which differ in the details of the
formation of the intermediate structures.
In contrast, the energy landscape theory (ELT)21 (the “new

view” 1995), which is based on considerations of statistical
mechanics, assumes that proteins fold to their unique native
state through multiple stochastic microscopic paths with a bias
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toward the native interactions. A funnel-shaped energy
landscape represents these multiple pathways,14,22 while it is
assumed that no intermediate states exist and that none of the
multiple pathways is dominant.23 The ELT is supported by
lattice and coarse-grained simulations22,24,25 as well as by
recent force-induced unfolding and refolding experiments.26−28

A common feature for both types of models is the notion that
the initial phase of the folding transition must include multiple
microscopic paths due to the large number of conformations
populated in the unfolded ensemble. However, the dominant
pathway-type models assume that the paths toward the
transition-state ensemble (TSE) converge to one major
dominant pathway, while available alternative pathways are
populated when the sequence or the folding conditions are
perturbed.26

The specific pathway models do not assume a single
obligatory order of subdomain transitions. Several alternative
pathways are available, and if the dominant one is blocked,
other pathways can become dominant, and folding can
proceed.4 The bulk of the folding research over the past 60
years focused at studies of the rate-limiting step of the
transition, that is, the rate of formation of the transition-state
ensemble. Moreover, it was shown that native-like conformers
populate this ensemble. That observation calls for search for
structural transitions that lead to the native-like TSE.
However, despite the collective prior work, the physical basis

of the efficiency of protein folding has remained elusive,
thereby forming a challenge to understand that deserves
exploration. The need for detailed mapping of distributions of
intramolecular distances in the transient ensembles of refolding
proteins prior to the transition-state ensemble was recognized.
This can be achieved by detailed Förster resonance energy
transfer (FRET) experiments (either time-resolved (tr) at the
ensemble level29 or single molecule detection14,30) as well as
by detailed simulations.
Advanced molecular dynamics simulations (MD) have

attempted to mimic the natural stochastic search of the stable
native structures by means of free energy calculations using
increasingly refined force fields.31,32 Ab initio native-like
structures have been reliably predicted through MD for
proteins of less than ∼100 residues, but predictions have not
been satisfactory for longer proteins.32−34

The ab initio treatment of the protein folding problem, by
any approach, is further complicated by the very nature of
protein structure and dynamics: The global free energy
difference between the folded and unfolded states is very
small (often as low as ∼15−20 kT),35,36 and the native
structures are stabilized by the cooperative contribution of
many very weak interactions that are dependent on the local
physical properties of the sequence.37−39 Often, the complete
establishment of the native structure depends on the binding of
specific ligands or prosthetic groups, and many proteins appear
disordered in the absence of such specific interactions.40

Likewise, early intermediate states along the folding process
tend to be only marginally stable and context-dependent, and
thus their characterization remains a significant experimental
and simulation challenge.
However, it is also well-established that the sequence

information that controls the folding transition is relatively
robust to conservative substitutions,41,42 which underlies the
broad and successful employment of sequence homology to
predict protein structures. The measured degree of mutational
robustness43,44 is an indication that a few basic common

physical principles may form the foundation of the dynamics of
the folding process. A protein can avoid searching irrelevant
conformations and fold quickly by making a few critical folding
steps early in the process, well before the rate-limiting folding
step, that is, the formation of the TSE.
This Feature Article will draw out that Nature’s Shortcut to

folding appears to involve (a) specific very weak early
dynamical events along the folding pathway that form nonlocal
contacts (i.e., contacts established between amino acids more
than ∼10−15 amino acids along the sequence), constraining
the configurational search from the initial folding stages, (b)
relative robustness, depending on some key dominant
properties of the sequence and thermodynamic considerations,
and (c) common principles across different classes of globular
proteins. The resultant reduction in the search space enables
fast and parallel folding of subdomain elements consistent with
the experimentally observed time frames.
The stability of this early set of nonlocal contacts is likely

very low, as the overall stability of the three-dimensional (3D)
structure of globular proteins is low. But the stability of the
early nonlocal contacts should be beyond the thermal noise, to
have a significant impact on the folding mechanism.45 Also,
because of the weak nature of such nonlocal contacts, they
likely form only transiently in subsets of the overall population
of folding molecules. Thus, the experimental detection of such
weak nonlocal contacts can be a challenge. However, even a
small population of conformers with such specific contacts can
prescribe the folding pathways.45

To support the view that Nature employs a Shortcut to
folding, the results of two independent but related approaches
will be presented. First, the experimental results obtained
within the loop hypothesis (LH) context employing FRET
techniques by Haas and collaborators (i.e., with an emphasis
on recent results for the early kinetics of Escherichia coli
adenylate kinase (AK) folding) will be shown to lend support
to the main proposal of this Feature Article.46,47 Then, the
theoretical basis for the view of protein folding presented here
will be seen to naturally emerge from the so-called sequential
collapse model (SCM) of Bergasa-Caceres and Rabitz,48 based
on concepts first presented in Bergasa-Caceres’ Ph.D. thesis.49

A comparison also will be made between the SCM prediction
and the LH experimental results for early nonlocal contact
formation in adenylate kinase.
The resulting model of the folding process, either expressed

as LH or via SCM, is then shown to be conceptually and
experimentally consistent with additional protein folding
experimental results and theoretical expectations. From an
experimental Feature Article, it is well-established that (a)
loops can form very fast in proteins;50,51 (b) substantial weak
interactions exist in highly disordered states of proteins;52,53

and (c) nonlocal interactions in proteins are more conserved
than short-range ones.54 From a theoretical Feature Article, the
view presented here shares, along with early pathway-based
approaches, the general idea that native subdomain structural
elements are folded sequentially along the pathway. Pathway
sequentiality is common to models such as diffusion-collision,8

framework,7 foldon,9 or nucleation-condensation.13 Beyond
such general considerations, the SCM aims to identify, from
primary sequence information alone, specific nonlocal contacts
that are important to initiate Nature’s Shortcut to the folding
of proteins. In this fashion, the SCM strives to be an effective,
semiempirical predictive tool of specific folding transitions.
Also, the SCM does not prescribe that folding initiation must
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always proceed from a unique initial event. Rather, the model
is flexible enough to allow for several possible pathways to exist
when allowed by the sequence. The prospect of having several
possible pathways has also been argued to be generally
consistent with the funnel view.55

Concerning the application of ab initio MD to the folding of
long proteins (i.e., longer than ∼100 residues), it is proposed
that the understanding of the rules governing the establishment
of the early scaffold of nonlocal contacts could be an important
added component to facilitate such MD simulations, by
significantly constraining of the initial state and, thus, opening
the avenue toward successfully calculating protein tertiary
structure and dynamics. In this regard, successful computa-
tional prediction of 3D structures for proteins longer than
∼100 amino acids has recently been obtained, when empirical
information (i.e., correlated mutations in an evolutionary series
of specific proteins) was introduced as constraints to the initial
unfolded state.56,57 These results lend support to the
contention that early topological constraints appear to be
Nature’s Shortcut for constraining the random search toward
the native structure. We remark that Nature must be
successfully and rapidly locating the early nonlocal contacts
through its use of an intrinsic form of “MD”. As computational
MD has not been successful alone for such long proteins, even
with sufficient computer time, some subtle issues with MD
remain to be resolved to reconcile this apparent paradox, which
remains as a challenge to understand protein folding. The need
for the discovery of specific rules that will reduce the
computational search in MD simulations was expressed
recently within the MD community.34,58

Section 2 of the Feature Article will cover the experimental
work that underpins the LH, thereby explaining how those
results bolster the Shortcut hypothesis of this Feature Article.
In Section 3, the SCM will be presented in summarized form,
with a focus on early sequential nonlocal contact formation,
considered to be the key to Nature’s Shortcut, and a summary
of contact predictions obtained to date is given in the
supporting material. The SCM’s predictions for adenylate
kinase, employing just primary sequence information, also will
be shown to match the experimental results presented in
Section 2. Section 3 will briefly discuss the Nature’s Shortcut
view here within the current context of the protein folding
field. Finally, Section 4 will present conclusions and directions
for further research.

2. THE ROLE OF NONLOCAL CONTACTS FORMED AT
THE INITIATION OF THE FOLDING TRANSITION OF
GLOBULAR PROTEINS STUDIED BY
TIME-RESOLVED FRET-BASED METHODS

Experiments aimed to test theories of the mechanism of
protein folding should ideally yield a series of “snapshots” of
ensembles of folding protein molecules, at least with
microsecond resolution, to resolve the order of formation of
specific features (e.g., local or nonlocal contacts, subdomain
transitions, etc.) in the background of multiple nonspecific
interactions during the initial and late phases of the folding
transition. The observed relative order of appearance of local
and nonlocal contacts and formation of subdomain folding
transitions prior to the cooperative TSE would provide a direct
test of the hypothesis presented in this Feature Article.
Such an ideal kinetic experiment could be combined with

site-directed mutagenesis, to search for the key sequence sites

and their residues that stabilize and lock structural elements
along the gradually narrowing pathway options toward
reaching the native fully folded state. A series of experiments
could enable identification of the basic principles that define
the nature of the constraints on the stochastic search through
formation of specific nonlocal contacts and formation of
subdomain partially folded elements such as 3D structure
loops and foldons.2 According to this view, the key sequence
information can be viewed as prescribing the formation of
native nonlocal contacts that shorten the time needed for
formation of the TSE, thereby corresponding to Nature’s
Shortcut to folding whose elementary steps still remains
subject to stochastic fluctuations.
The challenges inherent in any attempt to implement such a

combined mutagenesis and kinetic approach are formidable. At
a minimum they include (a) the characterization of transient
very short-lived ensembles in terms of distributions of
intramolecular distances at microsecond time resolution
under conditions where these ensembles include a wide
range of fluctuating conformations; (b) the detection of small
subpopulations of conformers where specific (likely native)
contacts are formed within the broader ensemble of overall
disordered molecules; (c) the obligation to work with
complete proteins, as any globular protein is a highly
cooperative system, with context-dependent interactions.39,59

Reductionist approaches studying the folding of isolated
subdomain elements are likely to be only partially informative,
or possibly even misleading.
Experimental methodologies based on FRET60 and, in

particular, on time-resolved FRET (trFRET),61 are adequate to
achieve the goal of characterizing the transient ensembles of
unfolded, collapsed, and partially folded globular protein
molecules during the full span of the folding transition.29,62

These methodologies rely on determining the distribution of
intramolecular distances between specifically labeled donor−
acceptor probes through trFRET measurements. This
approach enables the monitoring of minute changes of the
average spatial distance between specific selected subdomain
chain elements (e.g., the loops’ contact segments, or secondary
structure elements, within the entire molecule). Such high
spatial resolution, combined with very fast data collection,
enables, in principle, the direct observation of the sequential
establishment of distance-constraining contacts that guide the
folding pathways.47 Also, subpopulations of folded and
disordered chain segments, and the time course of their
evolution along the folding pathway, can be resolved.63 Thus,
trFRET experiments, in the ensemble as well as operating in
the single molecule mode,64 can yield meaningful information
describing selected specific subdomain conformational tran-
sitions and the order of their occurrence along the folding
pathways.62,65−67

In practice, however, trFRET kinetics experiments are still
far from reaching the ideal comprehensive picture described
above. The main issues associated with the current trFRET
and smFRET methodologies are (a) the experiments are often
limited to a few pairs of suitable sites where probes can be
inserted, and (b) the probes inserted in the protein sequence
can contribute non-native interactions and bias the results.
Thus, the unambiguous application of trFRET techniques to
the study of fast protein folding remains a challenge, and
considerable effort must be put into making sure that the
results are both comprehensive and meaningful for the
particular protein.
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In the “double-kinetics” method employed in the experi-
ments discussed here, fast initiation of the folding transition is
achieved by rapid dilution of a denaturant utilizing a mixing
device (e.g., stopped flow or continuous flow).68−72 Two time
regimes are involved in these experiments: (1) the duration of
the folding transition, from the ensemble of fully disordered
molecules to the ensemble of native structures, referred to as
the chemical time regime (tc) from microseconds to seconds,
and (2) the spectroscopic time regime (ts), (nanoseconds)
defined as the rate of fluorescence decay of the probes. The
product of a double-kinetics experiment is a series of snapshots
of the distributions of distances between pairs of sites along the
protein backbone selected for labeling. A set of such
experiments can enable the determination of the rates of
specific nonlocal contact formation events at the initiation of
the folding transition.
2.1. Probing Nonlocal Contact Formation in the

Initial Compact Ensemble of Disordered Adenylate
Kinase Molecules. On the basis of existing evidence, it is
generally accepted that the starting point of the folding
pathway is a very short-lived transient ensemble of disordered,
apparently nonspecifically compact molecules under folding
conditions.73−75 This ensemble is expected to be different from
the collapsed ensembles studied under equilibrium at low
denaturant conditions,76 because such ensembles can contain a
substantial number of specific interactions.77 This Feature
Article proposes that Nature’s Shortcut to protein folding is
initiated by the formation of specific nonlocal contacts in at
least a fractional population of the initial disordered protein
ensemble.
The existence of specific nonlocal contact formation events

at the initiation of the folding transition has been investigated
within the LH context, employing E. coli adenylate kinase (AK)
as a model system. AK is a 214 residue bacterial protein that
catalyzes the transfer of a phosphoryl group between adenosine
triphosphate (ATP) and adenosine monophosphate (AMP).78

The 3D structure of AK includes three domains, the CORE
domain (residues 1−29, 60−121, and 160−214), the LID
domain (residues 122−151), and the AMP binding domain
(residues 30−59). The native structure of the AK molecule
includes seven long loops defined by nonlocal contacts, eight
helices, and nine strands.
Folding of Adenylate Kinase. Potential nonlocal contacts

(i.e., loop nodes) and both ends of several helices and strands
were double labeled (FRET pairs), one pair in a particular
mutant, which was studied through double kinetics experi-
ments as described above.29 The long loops and the secondary
structural elements of the AK molecule are presented (color
coded) in Figure 1. The amino acid sequence of the AK
molecule is also presented in Figure 1. The highlighted
nonpolar residues are expected to possibly contribute
interactions in the loop nodes, based on the 3D structure.
In a solution of 2 M guanidinium chloride (GndHcl) at pH

7 an ensemble of AK molecules is fully disordered. Ultrafast
initiation of refolding of such an ensemble is made possible by
fast dilution of the denaturant and formation of an ensemble of
still disordered AK molecules under folding conditions.29 The
ensemble refolds to a native structure at a rate of 0.7 s−1.
2.2. Microsecond Kinetics of Long Loop Closure

Events in Adenylate Kinase. Application of the trFRET-
based double-kinetics experiment yielded results for the rate of
closure of five of the loops evident in the folded structure.
Loops IV and V were closed only at the scale of formation of

the TSE (i.e., at a time corresponding to the global cooperative
transition).47 However, the three N terminal loops (I−III,
Figure 1) were closed within the initial ∼200 μs of the
refolding transition.29,79

The N terminal loop (loop I Figure 1) is closed within less
than 60 μs from the initiation of refolding.29 Loop II closes at a
similar rate but shows an additional small reduction of the
mean end-to-end distance in a second phase within a time of
∼200 μs (Figure 2). Loop III is also closed in the microsecond
time regime, and final tight binding of the loop’s ends is done
in the slower folding transition. Loop IV, which includes the
three fast-closing N terminal loops, was partially closed within
the first 5 ms of the transition followed by slow full compaction
to native-like end to end distance.
Notably, while the TSE is reached only ∼1.5 s after initiation

of folding, specific loop closure events occur in a time regime
that is 5 orders of magnitude faster. We conjecture that the
closure of the selected loops is likely to have a major role in
ensuring that the overall folding mechanism is fast and
efficient.
The combination of site specifically labeled protein samples

enabled the detection of the fast closure of selected long loops
This study shows the very fast closure of long loops in the
ensemble of nonspecifically collapsed disordered protein
molecules and the fine-tuning of sequential order of formation
of a few very early specific pretransition state nonlocal
contacts.

2.3. Mutational Analysis of Potential Loop Nodes.
The information that directs the early loop closure in the
collapsed ensemble is expected to be contained in the

Figure 1. Loop structures and secondary structure elements in the E.
coli AK molecule in its native folded state. (left) The five-strand β
structure forming the main body of the CORE domain and the nine
helices. (right) The seven loops defined in the backbone. Loops I
(green) and II (light blue) are included in loop III (red) and further
extended in loop IV (yellow). Loop V (purple) is extended to form
loop VI (light purple). (bottom) The amino acid sequence of the AK
molecule highlighting the clusters of hydrophobic residues that can
form loop nodes (PDB ID code: 4AKE).
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sequences of few (∼3−5) residue segments on each loop’s end.
This hypothesis can be tested by site-directed mutagenesis of
the relevant segments. An interesting example of a significant
mutagenesis test is the AK N-terminal cluster of nonpolar
residues (i.e., 1 and 3−6), which form several nonlocal
interactions in the native state including closure of loops I and
III. This test will be shown in Section 3 to be an essential
element of the SCM analysis of the AK folding pathway. We
conclude that this short segment seems to be critical for the
formation of the native structure of AK. Several attempts to
produce foldable AK mutants failed when residues R2, I3, or I4
were replaced by either Cys or Trp or Ala residues.80 This
outcome is probably due to lack of closure of loop I as well as
loop III affecting both the folding mechanism and the native
state stability.
A second example is perturbation of the sequence assumed

to be the loop II node. Mutation L35A results in a negligible
expression yield of this AK mutant, which is an indication of a
perturbed folding mechanism and loss of most of the
incompletely folded molecules by digestion. Mutation of
residues 34, 67, or 68 to Ala (one at a time) had a minor
effect on the fast closure of loop II and the stability of the
folded mutants. However, simultaneous mutation of both
residues 67 and 68 resulted in a mutant that showed slow
closure of loop II but still folding to the native structure. Thus,
residues 35, 67, and 68 seem to contribute to the specific
nonlocal interaction that enables fast closure of loop II in the
otherwise disordered molecule. Perhaps the side chain of
LEU35 is inserted as a wedge between residues 67 and 68.
2.4. Additional Studies of AK Folding. Following the

first 1996 trFRET experiments AK became a popular model for
folding and dynamic studies. Several groups studied the
conformational dynamics of native AK.81−86 Haran and co-
workers studied AK folding by smFRET methods.30 These

studies were done at equilibrium under partial unfolding
conditions. Six metastable states were observed by means of
hidden Markov model analysis of detected single-molecule
trajectories.87 Further analysis87,88 showed that the multiple
folding states (at low ∼0.5 M urea) converged to one
sequential dominant mechanism at higher concentrations (∼1
M urea), which get closer to the cooperative transition.
Destabilizing mutations at the interface between two domains
perturbed the folding pathways of wt-AK and populated
alternative pathways.89 Mantulin and co-workers90 studied the
kinetics of folding of AK by monitoring tryptophan emission
and found sequential folding phases in agreement with our
time scales.
Several coarse-grained simulations of AK folding pathway

were reported. Nussinov and co-workers91 identified the N
terminal loop (loop I above) as a building block critical for the
folding of AK. Gosavi92 used coarse-grained simulation of the
folding pathway of AK and concluded that his simulation
closely reproduced the sequential folding steps detected by our
first set of double-kinetics experiments. Coarse-grained
simulation by Li et al.93 reproduced the folding rate detected
by the double-kinetics experiments and detected successive
transitions among five substates in the CORE domain.
Our trFRET double-kinetics experiments enable us to get

closer to the ideal folding experiment portrayed (Section 2)
above. We obtain transient distributions of intramolecular
distances between multiple pairs of sites specifically labeled by
site-directed labeling. Unlike the new and popular smFRET
experiments (so far done mainly under equilibrium con-
ditions), trFRET experiments produce strong enough flux of
photons that enable microsecond double-kinetics experiments.
Our experiments employ probes of small size and natural
amino acyl FRET pairs, which were inserted at multiple pairs
of sites in the AK molecule with minimal structural
perturbation. This enables us to probe the folding of each
subdomain element and obtain a global time-dependent map
of the multiple transitions from multiple different labeled
mutants. These probes also allow selection of small Förster
critical distances in the range from 10 to 40 Å, which enable
fine resolution of distances and detection of close contacts.
We achieve highly detailed time-dependent mapping of the

evolution of the ensemble of refolding AK molecules with
microsecond time resolution and subdomain spatial resolution.
We detect the transition of each selected (by labeling)
subdomain element and test specific hypotheses related to
the stepwise self-assembly of the AK native structure. We are
testing the role of selected short clusters of residues that
contribute to each step in the global transition. We focus on
the pretransition state steps by the ultrafast mixing by the
microfluidic device starting from the ensemble of fully
disordered molecules. We already monitored the kinetics of
closure of six long loops and several secondary structure
elements in the AK molecule. This work is in progress, and we
are on our way to obtaining a full time-resolved map of the
subdomain transitions in the AK molecule. We tested the loop
hypothesis in the case of AK, and we tested some of the
theoretical predictions obtained by the application of the SCM
to the AK case.

2.5. Do the Nonlocal Contacts Depend on Secondary
Structure? An interesting question is whether the initial
nonlocal interaction defining a protein loop, which form
helices or β strands in the native structure, depends on prior or
simultaneous establishment of the respective nodes’ segments’

Figure 2. Kinetics of loop closure studied by trFRET-detected
double-kinetics experiments in the microsecond time regime. Each
color-coded dot represents the mean of the distribution of the
distance between a Trp residue and a Cys residue, which is modified
by labeling with 4-acetamidosalicylic acid located near the loop nodes.
The triangles to the left represent the mean of the corresponding
distributions under denaturing conditions (2 M GndHcl, pH 7.0), and
the triangles at the right-hand side are the corresponding values under
equilibrium. Color codes, Loop I (blue), loop II (red); loop II with a
perturbation mutation (M34A, which shows no effect upon the rate of
loop closure) (gray), Loop II with two replacements (Ala) at both
residues 67 and 68, which are thought to be part of the loop node
(green). Loop III (black).
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secondary structures. This issue remains an open question.80

Fersht94 concludes that, only when the propensity of
establishing stable secondary structures is high, do they form
first, followed by their assembly. But, for the majority of
proteins, the unstable secondary structures are also stabilized
by nonlocal interactions. In the case of AK, the kinetics of local
folding of five secondary structure elements in the CORE
domain (β1, β3, β9, α2, and α7) were studied by the double-
kinetics experiment. The short helix, α2, at the N terminal end
of loop II was folded in the microseconds time regime, while
strands β1 and β3 (i.e., part of the nodes of loops I and III)
were disordered at the time of the loop closure transition.29,95

Strand β4, which forms the C terminal side of the node of loop
IV (with strand β1 on the N terminal side) is also disordered at
the time of the loop IV initial closure.29 Thus, the closure of
loops I, III, and IV seems to be independent of the secondary
structures of their nodes. Similarly, in the folding of the B
domain of protein A two early loops are closed between two
helix-forming segments, but in both cases nonlocal contacts
were formed between the folded helix and unfolded helix-
forming segment.67 Thus, our experiments suggest that, at least
in some cases, loops are closed independently of the formation

of local secondary structure elements, particularly in the case of
β strands.

3. NONLOCAL INITIATION OF THE FOLDING
PATHWAY: THE SEQUENTIAL COLLAPSE MODEL
(SCM)

3.1. Early Nonlocal Contacts Constrain the Random
Search toward the Native Structure. The core physical
elements of the hypothesis presented in this Feature Article
have been extensively studied theoretically within the SCM,
independent of the experimental evidence gathered within the
LH context and presented in Section 2. This section will give
an overall summary of the SCM with further details found in
the references. The SCM was developed starting ∼25 years ago
to investigate protein folding pathways, with a focus on
intermediate states whose main element consisted of early
nonlocal contact formation leading to protein loops. The
present form of the SCM relies on a combination of coarse-
grained physics and empirical results to predict the location of
the earliest possible nonlocal contacts along the folding
pathway of proteins longer than ∼100 amino acids, from
primary sequence information alone.48,96−99 It has also been

Figure 3. A schematic of the two protein loop regimes considered in the SCM as a function of loop length n. (left) When the radius of gyration
Rg(n) is larger than the average side-chain length £(n), the protein loop is considered long, and the solid sphere approximation is taken to be a valid
framework. (right) When the radius of gyration Rg(n) is shorter than the average side-chain length £(n), the protein loop is considered short, and
the solid sphere approximation is corrected to take into account high self-crowding effects.
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successfully applied to the study of (a) the kinetics of two-state
transitions,100,101 (b) the effects of macromolecular crowding
on protein folding thermokinetics,102−104 and (c) nonlocal
contact formation in α-synuclein.105 Here we will just focus on
the earliest nonlocal contact formation events in protein
folding, and it is bearing on the subsequent folding pathways.
In the SCM, the entropic cost of forming protein contacts is

studied at low resolution, assuming that, to a reasonable
approximation, the degrees of freedom of the unfolded protein
can be separated into the contributions of (a) the protein
backbone and (b) the chemical properties of the side chains of
the amino acids involved in the contact and the intervening
loop. This assumption has recent support from some MD
simulations across the protein database.106 Thus, the entropic
cost ΔSloop of forming a protein loop of n amino acids can be
written to a first approximation as

Δ ≈ Δ + Δ + ΔS S S Sloop contact loop,backbone loop,sidechains (1)

The term ΔScontact represents the entropic cost of
constraining the side chains of the amino acids forming the
contact, and it opposes contact formation when ΔScontact > 0. A
precise sequence-specific determination of the value ΔScontact
for a given contact would require advanced MD techniques;
however, its determination is not critical if very weak early
contacts are consistently detected in experiments (see section
2). For a coarse-grained model, it is reasonable to assume that
the value of ΔScontact can be taken as roughly constant for any
contact defined by relatively similar amino acid types, based on
the observation that protein folding is usually resilient to
conservative amino acid substitution.107 The term
ΔSloop,backbone represents the entropic cost of constraining the
backbone into a loop conformation. In the SCM it is taken to
have the classical Jacobson-Stockmeyer (JS) form, which yields
a result for the entropic cost of forming loops in polymers with
excluded volume, when the monomer volume is taken in Flory
style as solid balls,108 such that

Δ ≈ − +S n C3/2 ln( )loop,backbone (2)

where n is the loop length, and C is a constant. Kinetic loop
closure experiments both with short peptides109 and in protein
loops110 have provided significant support to the proposition
that eq 1 represents a good approximation to the entropic cost
of forming loops in globular proteins as a function of loop size.
Because the JS entropic cost of forming loops grows
monotonically with loop size, these observations were taken
generally to imply that there was a strong preference for short-
range contacts (i.e., short loops) at all stages of the folding
process. Finally, the term ΔSloop,side chains represents the
entropic cost of constraining the side chains of the amino
acids (i.e., included in a protein loop) into a much smaller
volume than in the unfolded chain, even if those side chains are
not involved in the contact itself. The side-chain term is then
expected to satisfy ΔSloop,side chains < 0 and oppose formation of
the contact. Also, because the side chains contain many more
degrees of freedom than the backbone, within the SCM it is
assumed that |ΔSloop,side chains| > |ΔSloop,backbone|, for loops small
enough to induce a significant increase of steric hindrance
between side chains not close along the sequence upon loop
formation.48

Author: In the SCM, the side-chain entropic term
ΔSloop,side chains is assumed to drive the formation of nonlocal
contacts in the earliest folding stages based on a coarse-grained

analysis of the excluded volume effects of forming protein
loops: Two types of nonlocal contacts are distinguished as a
function of the resulting loop length: (a) short-range nonlocal
contacts are those for which the Gaussian radius of gyration of
the resulting loop is smaller than the average side-chain length
£(n), such that Rg(n) < £(n); for these short loops the JS
Flory-like solid sphere approximation is inadequate, as loop
formation will induce increased interpenetration in the absence
of significant constraints on the available configurations; (b)
long-range nonlocal contacts are those for which the Gaussian
radius of gyration of the resulting loop is larger than side-chain
length Rg(n) ≳ £(n). For such long loops, the amino acid side
chains do not need to interpenetrate more than in the unfolded
chain, and a Flory-like approach is likely to be satisfactory.
Both loop formation regimes are represented in Figure 3. It is
then reasonable to expect that the transition from short to long
loops takes place when Rg,loop(n) ≈ £(n). For a typical proteins
sequence Rg,loop(n) ≈ £(n) for n ≈ 65 amino acids, and this
loop length is called the optimal length, nop. However, the
exact value of £(n) will be sequence-dependent. Moreover, a
fully detailed model should go beyond consideration of the
coarse-grained £(n) measure of side-chain size and calculate
the optimal loop length as a function of the detailed structure
of the side chains in the loop.
The long-loop regime is physically equivalent to the original

JS picture, and the entropic cost of forming protein loops is
well-represented by eq 1 in the solid ball limit. In the short-
loop regime, however, the internal degrees of freedom of the
side chains cannot be neglected, and the entropic cost of
forming short loops must be higher than would arise from
treating the amino acids as solid spheres. The difference in the
physical regimes for short and long loops in the SCM is
depicted in Figure 3. Moreover, because most of the degrees of
freedom are in the side chains, we expect the contribution of
the side chains to the overall entropic cost to be dominant with
respect to that of the backbone. Thus, in the SCM, it is
expected that, for a short loop, the entropic cost of loop
formation may be approximately expressed as

Δ ≈ Δ − + Δ +S S n S n C3/2 ln( ) ( , £)loop contact loop,sidechains

(3)

with ΔSloop,side chains ≪ 0, and opposing folding. When Rg(n) ≳
£(n), we have ΔSloop,side chains ≈ 0, and the fully JS regime is
recovered. The side-chain crowding term ΔSloop,side chains will
appear as a thermodynamic correction to the JS results for
shorter loops. Experimental kinetic observations show that the
behavior of the entropic loss due to short-loop formation is
roughly JS-like.109,110 We do not expect a direct correlation
between these experiments and the SCM explanation for
nonlocal early contact formation, as the term ΔSloop,side chains(n,
£) appears in the model as a thermodynamic consequence of
stable contact formation. Given the complexity of considering
the entropy of a full protein for long time scales, it is only
reasonable to expect that unveiling the general properties of
ΔSloop,side chains(n, £) and its precise sequence dependence will
require a fuller consideration of side-chain geometry and
dynamics.
Thus, in the SCM, Nature’s Shortcut to the folding of

relatively long proteins (i.e., ≳100 amino acids), is likely to
involve early nonlocal contacts, with initial preference in most
proteins for contacts separated by n ≳ 65 amino acids, called
primary contacts in the model, with the values of n modulated
by the sequence through the £(n)-dependent term. The
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entropy of loop closure, and the attractive interactions that
stabilize the nonlocal contact, determine the location of the
primary contact. The initial formation of the nonlocal contacts
in the SCM nucleates a specific cooperative molecular collapse
(i.e., a TSE) dominated by short-range nonlocal loops,100

similar to the general nucleation-condensation mechanism.20

Because primary contacts are established between segments
located at distances comparable to the overall protein length,
only a few early primary contacts can be established, and most
of the native nonlocal contacts will form at n < nop, usually with
n closer to the minimum loop size that allows for contact
formation, which in the model is taken to be nmin ≈ 10−15
amino acids, likely depending as well on the excluded volume-
driven persistence length of the unfolded chain in the
region.48,100 The specifically collapsed state including the set
of nonlocal interactions that broadly define the native topology
is then expected to guide a constrained search of the final
native structure through a series of slower processes involving
the full exclusion of water from the protein core and the
establishment of the detailed interactions characteristic of
native structures. Thus, the SCM provides the theoretical
justification for the view presented here and contains the
necessary ingredients to develop from the primary sequence
the successive establishment of the early loops. The SCM is in
the same spirit as that of theoretical efforts to develop simple
models able to describe the intermediates along the folding
pathway in the context of the funnel view of the folding
process.111,112 The SCM, however, also shares much of the
“classical” view of the folding process, in which the protein
descends toward the free energy minimum through a few
highly deterministic intermediate steps. Both views have been
shown to be compatible, in principle.24 Also, the possibility
that nonlocal contacts might play a role in folding nucleation is
not exclusive of the SCM. Earlier models such as Diffusion-
Collision8 naturally include the possibility that diffusing pieces
of the protein chain, separated along the sequence, might
collide and nucleate folding. The novelty in the SCM is the
provision of additional physics through a fuller consideration of
the entropic consequences of forming loops, that rest on
utilizing primary sequence information to unambiguously
predict the location of the nonlocal contacts that nucleate
the native folding pathway.
After a nonlocal contact is formed, thus initiating Nature’s

Shortcut, in the SCM the folding process proceeds through the
two-state topological (i.e., establishment of a set of specific
loops) transition of the region included in the intervening loop.
3.3. Two-State Molecular Collapse Transitions Are

Kinetically Determined by Loop Dynamics. In the SCM,
formation of the overall topology of the folded subregion (i.e.,
occurring naturally through random search) occurs prior to the
full apparent two-state transition. Then, the rate of the two-
state transition for any protein region is governed in the SCM
by a kinetic rate equation100,101

κ ≈ − Δg Gln ln RCOf conf (4)

where κf is the rate of two-state collapse, g is the characteristic
diffusional frequency, RCO is the relative contact order (i.e.,
the average loop size of the final topology), and ΔGconf is the
entropic free energy cost of folding, which can be simply
written in Boltzmann-Gibbs form as ΔGconf = −kTL ln( f f/f 0),
where L is the length in terms of the number of amino acids of
the collapsing region, and f f and f 0 are the average number of
configurations accessible to the amino acids in the folded and

the unfolded state, respectively. Equation 1 reproduces the
experimentally observed Plaxco-Baker dependence of two-state
rates with contact order,35 when we employ the experimental
value g ≈ 1 × 107 s−1, which is close to the observed folding
speed limit.113 From the SCM and LH Feature Articles, in
accordance with the view presented here, the native topology
of proteins larger than ∼100 amino acids is defined by an
earlier configurational search in the unfolded state for the
correct topology as defined by loops determined from excluded
volume effects and attractive hydrophobic interactions,
nucleated by one or a few nonlocal contacts. There is
theoretical evidence showing that the two-state folding rates of
globular proteins can be obtained, if the assumption is made
that the protein folds from a topologically native-like unfolded,
yet compact, state,114−117 consistent with the main contention
of the Feature Article.
It is now easy to show that formation of primary contacts

greatly accelerates folding in the SCM. We assume that
collapse is preceded by formation of a nonlocal contact that
constrains the region consisting of n amino acids in a protein
loop. The volume Vloop(n) of a protein loop of length ∼n is in
the Gaussian approximation Vloop(n) ≈ (1/2)3/2Vopen(n),
where Vopen(n) is the volume of an equivalent unfolded region.
This large reduction in the available freedom due to formation
of a nonlocal contact can then be introduced in eq 1, assuming
that the conformational freedom of the fully unfolded chain
undergoes an equivalent reduction upon formation of a
nonlocal contact that constrains the region n in a loop, that
is, f 0(loop) ≈ 0.354f 0(open), and the conformational cost of
folding then becomes ΔGconf (n, loop) ≈ ΔGconf (n, open) −
1.04n. For a protein of more than ∼100 amino acids, within
the Gaussian approximation, the effect of establishing an early
nonlocal contact between residues 65 amino acids apart along
the sequence is a reduction of the entropic barrier to collapse
of ∼68 kT. The effect on the rate is equally dramatic, κf(loop)
≈ exp(−RCO 68)κf(open), which for typical values of RCO
from 0.1 to 0.2 gives κf(loop) ≈ 9 × 10−3 − 8 × 10−6 κf(open).
Thus, nucleation by primary contacts is an effective mechanism
to greatly facilitate the stochastic search for the native
topology, thereby supporting the SCM’s contention that
primary contact formation is the key to Nature’s Shortcut to
the 3D structure. This calculation is a rough estimate, as the
Gaussian approximation does not take into account nonspecific
hydrophobic effects, which might lead to a higher degree of
initial compaction, and chain self-avoidance that would
counterbalance such an effect to some extent.
The large reduction in conformational entropy, attainable

through the formation of just a few early nonlocal contacts,
lends support to the existence of a minimal entropy variational
principle implied by the SCM. According to this “least entropy
pathway” principle,49 the protein folding pathway is driven by
minimization of the entropic cost of folding initiated by a
heavily constrained initial scaffold of nonlocal contacts that
determines the optimal set of loops driving the protein at the
fastest possible rate toward the 3D structure. Unveiling the
details of the SCM entropic variational principle governing
folding remains an open challenge.

3.4. Practical Testing of the SCM Predictions from
Primary Sequences, and Particular Results for Adeny-
late Kinase. Controlled experimental tests of the above
predictions can include (a) persistent structural elements in
largely unfolded states of globular proteins and (b) kinetic
experimental evidence on the earliest folding stages. Evidence
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of substantial native-like topological elements in heavily
denatured states (up to 8 M urea) of a truncated form of
staphyloccocal nuclease was discovered by Ackerman and
Shortle.118 Several observations of nonlocal contacts in
denatured states of globular proteins were reported,52,119−121

including nonlocal interactions in lysozyme,52 which were
disrupted by mutation of Trp62 to gly. Regarding kinetic
experimental evidence, the SCM results for the earliest folding
events have been compared mostly with proton exchange data
and shown to be consistent for the proteins studied.48,96−98,101

However, such comparisons might not be conclusive, as the
experimental time scales involved (∼ms) are long enough that
substantial structure may already have formed, and purely local
interpretations of the observed interactions are possible.122−127

The SCM has been applied to a substantial set of proteins to
reveal the earliest nonlocal contacts, employing only primary
sequence information, and the results have been shown to be
consistent with experimental evidence.48,96−98,101 In particular,
initial nonlocal contacts, consistent with the structural and
kinetic data available, were predicted for cythochrome c,
apomyoglobin, barnase, and ribonuclease A.48 Additionally, the
SCM prediction for the earliest events along the folding
pathways of two structurally and kinetically related proteins,
namely, lysozyme and α-lactalbumin, were compared,96

particularly also showing that the model predicts that major
rearrangements of the protein core are entropically unfavorable
and that the formation of more than one early nonlocal contact
likely leads to the formation of autonomous folding domains.96

Interestingly, independent experiments on protein SH2 have
shown that the entropic cost of forming 60−80 loops is less
than theoretically expected from classical polymer theory
suggesting that loops of this length play a significant role in
domain formation.128 The model was then shown to be able to
reproduce the observed large differences in the observed
proton exchange folding pathways of two structurally very
similar proteins, apomyoglobin and apoleghemoglobin.97 The
issue of pathway degeneracy emerging from alternative initial
contacts was studied for β-lactoglobulin101 and staphylococcal
nuclease.98 As described in Section 3.2, the model was
employed to derive an equation describing the kinetics of
molecular two-state collapse, both for proteins that had
undergone an initial collapse nucleated by a nonlocal
contact100 and for small proteins with apparent two-state
kinetics.101 The resulting equations were shown to be
consistent with the observed Plaxco-Baker relationship
between a protein’s topology and folding rates, thus under-
scoring the relevance of considering the dynamics of protein
loops for a description of overall folding kinetics. The existing
SCM predictions for primary contacts for 10 proteins are
presented in Tables S1 and S2 in the Supporting Information,
together with their representation on the accompanying the
3D structure figures. The excellent agreement between the
SCM predictions and the location on the 3D structure of the
contacts, in all cases, lends support to the hypothesis that the
primary contact is the key to Nature’s Shortcut.
Considering the growing importance of research into

pathogenic proteins, the SCM was applied to calculate the
entropic barrier to folding of the murine prion protein
mPrP(121−231). It was shown that the model predicts that
there is a direct correlation between average protein flexibility
and folding rate.129 This work was done while developing a
model for the effects of macromolecular crowding on protein
stability and folding kinetics, and the results were applied to

study the effects of macromolecular crowding on the stability
and kinetics of mPrP(121−231).103,104,130 Also, the model was
recently applied to predict the location of the nonlocal contacts
in the intrinsically disordered α-synuclein.72

We applied the SCM to the prediction of the best (i.e., the
most thermodynamically favorable) initial nonlocal contacts in
AK and compared the results to the trFRET studies of the
Haas lab (see Section 2). The best primary contact for AK is
predicted to form between segments I3-G7, centered at L5,
and N79-L83, centered at D81. The second best possible
contact is established between segments Y105−F109 centered
at L107 and L178-Y182, centered at G180.
Only the best possible contact was so far probed in the

trFRET experiment (see Section 2), corresponding closely to
loop III in the 3D structure. It appears to form within the
experimental time of ∼50 μs, in agreement with the SCM
prediction. The contact also includes most of the mutation-
ultrasensitive segment M1-L6 that seems to be critical for the
folding of AK, an observation consistent with the SCM
proposal that formation of the best primary contact (I3-G7,
N79-L83) constitutes an essential nucleation point for the
early folding of the N-terminal domain of AK. Whether the
best primary contact (I3-G7, N79-L83) also constitutes a key
nucleation event for the formation of the shorter loops that
also appear folded in the trFRET experiment could only be
determined by higher time resolution or mutagenesis.
Interestingly, the region around residue 66 is by far the most
hydrophobic within the best predicted primary loop. This
observation suggests that it might play a key role in nucleating
the specific set of subsequent contacts within the primary loop,
in accordance with the experimental results presented in
section 2.
Because the SCM postulates that the earliest nonlocal

contacts are weak, it is not expected that these initial contacts
translate unequivocally into native nonlocal contacts. It is
however reasonable to expect that they are spatially near in the
3D structures. The segments defining the predicted best
contact are shown on the 3D structure in Figure 4.

Figure 4. Best predicted SCM primary contact for E. coli AK (I3-G7,
N79-L83), displayed on the ribbon 3D structure. The side chains of
the amino acids involved in the contact are displayed in atomic detail,
the N-terminus of the protein is represented in blue, while the C-
terminus is represented in pink.

The Journal of Physical Chemistry B Feature Article

DOI: 10.1021/acs.jpcb.8b11634
J. Phys. Chem. B 2019, 123, 4463−4476

4471

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.8b11634/suppl_file/jp8b11634_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcb.8b11634


4. CONCLUSION
In this Feature Article, we suggest that the ability to locate
pairs of clusters of residues that can interact and form nonlocal
contacts early along the folding pathway constitute Nature’s
Shortcut to the efficient folding of globular proteins. Also, we
argued that identification of the early nonlocal contacts by
SCM from the primary sequence, and their utilization in MD
calculations, can bolster the capability to ab initio predict the
3D structures of long proteins. We believe that further
development of the SCM with more detailed calculations,
and the study of early loop closure in many proteins with
spectroscopic methods (e.g., trFRET), can fully assess the
Feature Article claimed to be Nature’s Shortcut to folding. The
final goal of these efforts would be the development of a
complete understanding of a common set of rules determining
the establishment of the early set of nonlocal contacts and their
influence on the later detailed folding events.
This Feature Article on protein folding presented here opens

a new set of questions that will likely call for the application of
advanced experimental and theoretical techniques for their
elucidation. On the experimental side, if the set of early
nonlocal contacts is established on the microsecond time scale,
its dynamics can only be probed fully by refining existing
ultrafast techniques of protein dynamics characterization, such
as with trFRET, and possibly developing new spectroscopic
tools specifically tailored to the task. From a theoretical point
of view, a more detailed version of the SCM that takes into
fuller account the microscopic details of the chain constituents
at each stage is needed to completely elucidate the early
dynamics of nonlocal loops. Moreover, theoretical develop-
ments within the SCM could also provide additional insight
into determining the set of loops that constrain the early
folding stages, employing just primary sequence information,
thereby possibly guiding future experiments. As remarked
earlier, an important goal is an essentially ab initio model based
on an entropy optimization principle.
We propose that a thorough program, both experimental

and theoretical, based on the concepts presented in this
Feature Article, will lead to an elucidation of Nature’s Shortcut
to the fast and efficient folding of long proteins. Further efforts
are needed to (a) reveal and characterize early nonlocal
contacts to assess their decisive role for the initial folding
nucleation, as well as (b) discover the rules by which the
scaffold of early nonlocal contacts translates into the proteins’
complete 3D structure. We suggest that the notions in this
Feature Article and these further advances could provide a
basis to better understand and predict the process of protein
folding.
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■ NOTE ADDED AFTER ASAP PUBLICATION
This paper published ASAP on April 3, 2019 with errors in the
caption of Figure 2. The corrected version reposted to the Web
on April 4, 2019.
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