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ABSTRACT
Recent investigations of possible
downhill folding of small proteins such as BBL
have focused on the thermodynamics of non-twostate, ‘‘barrierless’’ folding/denaturation transitions.
Downhill folding is noncooperative and thermodynamically ‘‘one-state,’’ a phenomenon underpinned
by a unimodal conformational distribution over
chain properties such as enthalpy, hydrophobic exposure, and conformational dimension. In contrast,
corresponding distributions for cooperative twostate folding are bimodal with well-separated population peaks. Using simplified atomic modeling of a
three-helix bundle—in a scheme that accounts for
hydrophobic interactions and hydrogen bonding—
and coarse-grained Ca models of four real proteins
with various degrees of cooperativity, we evaluate
the effectiveness of several observables at defining
the underlying distribution. Bimodal distributions
generally lead to sharper transitions, with a higher
heat capacity peak at the transition midpoint, compared with unimodal distributions. However, the
observation of a sigmoidal transition is not a reliable criterion for two-state behavior, and the heat
capacity baselines, used to determine the van’t Hoff
and calorimetric enthalpies of the transition, can
introduce ambiguity. Interestingly we find that, if
the distribution of the single-molecule radius of
gyration were available, it would permit discrimination between unimodal and bimodal underlying
distributions. We investigate kinetic implications of
thermodynamic noncooperativity using Langevin
dynamics. Despite substantial chevron rollovers,
the relaxation of the models considered is essentially single-exponential over an extended range of
native stabilities. Consistent with experiments, significant deviations from single-exponential behavior occur only under strongly folding conditions.
Proteins 2006;65:373–391. VC 2006 Wiley-Liss, Inc.

Key words: heat capacity; van’t Hoff enthalpy; sigmoidal transition; chevron rollover;
FRET; single-exponential kinetics
C 2006 WILEY-LISS, INC.
V

INTRODUCTION
Polymer physics is important to the study of proteins
in at least two respects. First, it is a logical starting
point for an analysis aimed at providing a physico-chemical basis for the structure and stability of proteins.1–6
Second, natural proteins are a subset of all possible
polypeptides. As polymers, polypeptides can, in principle, possess a broad range of properties shared with
other chain molecules. By contrasting the properties of
natural proteins with the general behavior of polymers,
we can clarify the biological significance of, and the
selection pressure for, certain generic protein properties
that are remarkable from a polymer perspective. An
obvious example is that many natural proteins have an
essentially unique native structure, even though homopolymers and polypeptides with random amino acid
sequences generally have degenerate ground states.
Thus, for these proteins, the biological requirement of
functional specificity entails selection of uniquely folding
sequences with significantly nonrandom interaction
patterns.7–13
In-depth comparisons between natural protein behavior and general polymer properties have been made
recently with regard to the thermodynamic and kinetic
cooperativity14 of small, single-domain proteins that fold
and unfold with apparent two-state kinetics.15–17 Analyses of this seemingly ‘‘all-or-none’’ switch-like behavior
have provided insight into the critical roles of interaction specificity and nonadditivity,14,18,19 as well as solvation effects,20–22 in giving rise to the folding barriers23–26
and the high degrees of cooperativity exhibited by many
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small natural proteins. Meanwhile, experimental study
of the noncooperative folding kinetics of a de novo
designed protein suggests that cooperativity is an evolutionarily selected property,27 perhaps guarding against
aggregation.28 So, cooperativity, especially in its kinetic
aspect, is not simply a corollary of an amino acid
sequence’s ability to fold to a unique native structure29;
in other words, it is not a physico-chemical requirement
for the folding process.30 Simulation studies of a continuum simplified atomic model also demonstrate that a
protein can be thermodynamically noncooperative, yet
have the ability to fold reversibly to an essentially
unique native structure.31,32 The principle is further
buttressed by cases where noncooperative, downhill,
faster-folding proteins can be engineered experimentally
by modifying a wild-type sequence that exhibits more cooperative behavior.30,33
In the energy landscape perspective,2,34 the thermodynamics of folding and unfolding may be viewed as a
competition between intraprotein interactions and
conformational entropy. As the compact, unique
native structure is approached during folding, nativefavoring interactions tend to reduce the free energy.
At the same time, chain compaction leads to a
decrease in conformational freedom, which tends to
increase the free energy. If the intraprotein interactions are so specific that only conformations very similar to the native state are strongly favored, the loss
of conformational entropy outweighs the favorable
interactions during the initial stages of folding,
resulting in a free-energy barrier at an intermediate
value of some progress variable,35,36 and a two-statelike (bimodal) conformational distribution. If the
native-favoring interactions are less specific, their
contribution is significant earlier in the folding process. If it outweighs the loss of conformational entropy, the free-energy profile lacks a barrier, and the
conformational distribution is unimodal.
For proteins that are thermodynamically two-statelike, analyses of folding and unfolding trajectories simulated using explicit-chain models suggest strongly that
folding/unfolding kinetics are cooperative, with an extensive quasilinear chevron regime, when the folding/
unfolding free-energy barrier is sufficiently high.22,37,38
This is because the high barrier diminishes the population of intermediate conformations that could become kinetic traps and cause chevron rollover.39 A high barrier
tends to imply slower folding than a lower barrier,36,40
provided that the energy landscapes in both cases are
sufficiently smooth. Part, though not all, of this general
trend of behavior is also captured by a recent analytical
energy landscape theory that does not involve an explicit
chain representation.41 Indeed, in both theory37 and
experiment,30 cooperative proteins often fold more slowly
than their less-cooperative counterparts. Therefore, the
question ‘‘why is folding so slow?’’ is as important as (if
not more important than37) the question ‘‘why is folding
so fast?’’ (see e.g., Ref. 42) that is motivated by the socalled Levinthal’s paradox.43,44
PROTEINS: Structure, Function, and Bioinformatics

Since chymotrypsin inhibitor 2 (CI2) was first demonstrated in 1991 to be an apparent two-state folder,15
much of the research on protein folding kinetics has
focused on the increasing number of proteins that have
been found to be two-state (see e.g., Ref. 45). To match
theory to experiment, protein chain models have been
systematically evaluated for their ability to reproduce
the ‘‘smooth’’ energy landscapes, with no significant kinetic traps, and the remarkable cooperative behavior of
two-state proteins.14,19,35,46
However, two-state behavior is not a universal property of natural proteins.14,38 There are at least two possible reasons for significantly non-two-state behavior.
First, even if a high degree of cooperativity and landscape smoothness are desirable for certain biological
functions, physics and chemistry limit the extent to
which these features can be achieved by evolutionary or
artificial design of amino acid sequences. In fact, nonnative interactions are often important in protein folding,47–50 and the folding kinetics of larger proteins,
including many investigated in earlier studies, is generally more complex,23,47,51–53 sometimes involving chevron rollovers that may be viewed54 as manifestations of
glasslike behavior.2
Second, there seems to be no reason to think that
downhill folding is impossible in principle. Given the diversity of functional requirements, it is reasonable to
assume that evolution has exploited not only two-state
but also non-two-state behaviors that are to be found
among the many possible protein folding energy landscapes,2,34,55 if they happen to be fit for certain biological
functions. A protein that folded in a downhill manner
might be able to access different conformations and
energy levels, according to the conditions. Indeed, recent
research has shown that some natural proteins are
intrinsically disordered, and that disordered states56 can
serve biological functions.57–60 For instance, it has been
suggested that the chaperone-like function of the periplasmic protein hdeA from E. coli is performed by its
acid-induced disordered state in the stomach, rather
than by its ordered state at neutral pH.61 Furthermore,
dynamic interconversions among energetically similar
conformations can entail promiscuity in function (polyreactivity), a trait that is likely to have an important
role in evolution.62 It is therefore very important that
we clarify the biophysical implications of possible noncooperative folding behavior.
Kinetic and Thermodynamic Criteria
for Downhill Folding
The original argument of Bryngelson et al. for the possibility of downhill folding was based on thermodynamic
consideration of free-energy profiles under strongly native conditions. This formulation allows both single- and
multiple-exponential kinetic relaxations.2 However, subsequent treatments have emphasized nonexponential (i.e.,
multiple- or stretched-exponential) ‘‘strange kinetics’’ as
a signature of downhill folding.63,64 Multiple-exponential
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behavior has indeed been shown to be associated with a
continuous collapse process in barstar.65 With the advent
of experimental techniques for measuring fast-folding
events,66–68 fast-folding proteins that attain a certain
presumed speed limit69,70 are viewed as prime candidates for downhill folding. This reasoning is inspired by
Kramers’ theory of reaction barriers in solution,71 in
which the folding speed limit is identified as the pre-exponential (front) factor, estimated experimentally from
the kinetic rates of assembly of basic protein structural
elements such as a helices72 and b hairpins,73 and of
forming pairwise interresidue contacts.74–76 In this framework, folding is downhill at the speed limit because it
implies a vanishing exponential barrier in a Kramersinspired abstraction of the folding process.
In line with this emphasis on nonexponential relaxation as a signature of downhill folding, polypeptide
expansion/collapse processes that exhibit an activation
enthalpy and single-exponential relaxation have been
taken to be two-state.77 However, although model studies indicate significant deviation from single-exponential
behavior39,78–80 under strongly downhill folding conditions, it has also been shown that, under certain downhill folding scenarios, the form of the relaxation can be
practically indistinguishable from single-exponential.81
Therefore, the observation of single-exponential relaxation per se does not preclude downhill folding. Moreover,
the presence of an enthalpic barrier to folding need not
imply a corresponding free-energy barrier, because the
gain in solvent entropy upon desolvation of the protein
core21,22 can compensate for the unfavorable enthalpy at
the rate-limiting step.
Indeed, connections between folding speed, nonexponential kinetics, and downhill folding are intricate and
await elucidation. For instance, ultrafast-folding proteins do not necessarily exhibit nonexponential kinetics.
Cases in point include a3D67 and a covalently crosslinked dimeric GCN4 coiled-coil.82 Both fold very fast,
with folding time 3–5 ls, yet their folding kinetics is
single-exponential. For GCN4, data from native-state
hydrogen exchange argue quite strongly for cooperative
rather than downhill folding.82 More fundamentally,
recent experiments, concerning the dependence of folding rates on solvent viscosity, indicate that a Kramersinspired universal diffusional speed limit may not be a
well-conceived concept for protein folding.83,84 This is
because not all of the frictional impediments to folding
can be attributed to the solvent; internal friction, which
is expected to depend on the protein,54 can be important
in the very fast folding regime.83,84
The possibility of downhill folding has also been
explored with thermodynamic experiments, most notably
on the protein BBL, which is the peripheral subunitbinding domain from E. coli’s 2-oxoglutarate dehydrogenase multienzyme complex.85–87 Indeed, in so far as
they are designed to probe the underlying conformational distribution,2 thermodynamic measurements may
be viewed as providing more direct information about
downhill folding than kinetic measurements. For BBL, it

has been reported that the equilibrium folding/unfolding
transitions monitored by different probes (calorimetry
and various spectroscopic techniques) do not coincide
with one another. As is the case with a more recent observation of probe-dependent kinetics in the downhill
folding of a k6–85 mutant,88 this probe-dependent thermodynamics suggests that different parts of BBL are
not folding and unfolding in a cooperative, all-or-none
manner, as they would if the process were two-state.85
According to these reports, the conformational distribution of BBL, with respect to properties monitored by the
experimental probes, appears to be unimodal for a wide
range of conditions including those of the transition
region.
This contrasts with the behavior of certain other proteins, whose folding is downhill (i.e., the conformational
distribution is unimodal) under strongly native conditions, but is two-state when the native bias is weakened.33,63 In certain calorimetrically cooperative proteins
that exhibit a bimodal conformational distribution and a
high free-energy barrier at the transition midpoint, the
denatured ensemble shifts as conditions become more
native.18,89,90 Under conditions strongly favoring the
native state, the conformational distribution may change
from bimodal to unimodal, and the folding landscape
become downhill. In the present article, the term
‘‘downhill’’ is reserved for model proteins that display a
unimodal distribution over the entire range of conditions
considered, the behavior claimed for BBL.85
Modeling as a Way of Classifying Experimental
Folding Behavior
Recently, the conclusion of Garcia-Mira et al.85 that
BBL is a downhill folder has been disputed.91 Apparently,
this objection and the subsequent discussions92,93 hinge
on whether, and if so how, various calorimetric and spectroscopic monitoring techniques, and their conventional
interpretation in the context of protein folding, permit
reliable inferences about whether the conformational distribution is unimodal or bimodal. Seeking to clarify, and
ultimately help to resolve, the fundamental issues in this
debate, the present computational investigation uses
explicit-chain, simplified protein models32,78,94–97 to delineate the logical relationship between experimental probes
and the underlying conformational distribution.
Of course, we cannot use the simulation of simplified
models directly to answer the question of whether a specific protein such as BBL folds in a two-state or in a
downhill manner. That question must be settled by
experiment. However, simulation affords us access to the
underlying behavior of a large class of models. This
access can be used to classify a model according to its
conformational population distribution and the consequent thermodynamic and kinetic properties. Such
detailed information is valuable because, currently, direct experimental investigations of the distribution of
conformational properties, or of individual kinetic trajectories, are often impractical, although single-molecule
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techniques are making rapid advances in closing this
gap.98–107 In the present conceptual framework, a protein investigated experimentally may be fitted into the
classification scheme according to its observable properties, and conclusions drawn about its likely underlying
conformational distribution and the extent to which its
folding process should be described as ‘‘downhill’’ or
‘‘two-state.’’ We can also decide which observable characteristics may be relevant, and which irrelevant, to the
nature of the folding process. In the event that current
experimental criteria are inadequate, the same investigative logic may be used to formulate new criteria.

Coarse-Grained Native-Centric Models

THEORY AND MODELS
The Simplified Atomic Model
We first consider a simplified atomic model that explicitly represents all of the backbone N, Ca, and C0
atoms, the O atom attached to the C0 , and the H atom
attached to the N.108 This allows hydrogen bonds to be
represented realistically as interactions between H and
O atoms; it is not an all-atom representation, however,
because the H attached to the Ca is neglected, and the
side group is represented only by a single virtual Cb
atom. This Cb can be polar, hydrophobic, or absent (to
represent a glycine residue which facilitates turns).
Recently, a slightly modified version of this Ramachandran approach108 has been applied to the folding of real
proteins with some success.109 Here, we focus on a 54residue model, containing 162 backbone and 154 sidechain atoms, that is designed to fold to a three-helix
bundle native-like conformation.31,108,110,111
We have recently studied the thermodynamics of this
model in detail, especially with regard to its apparent failure to conform to the calorimetric criterion for two-state
cooperativity, an observation that makes the model well
suited for exploring possible downhill behavior.32 The present investigation tackles the folding kinetics of the model
to elucidate the relationship between thermodynamic and
kinetic aspects of downhill folding. The potential function
contains eight terms; as the formalism is the same as
before,32 only two key terms are summarized here.
The hydrophobic interaction
Vhp ¼ ehp

 r 6 
X  rhp 12
hp
;

2
lm;n
lm;n
m;n

ð1Þ

where lm,n is the distance between atoms m and n, sums
over all pairs of virtual Cb that are both hydrophobic.
The parameters are rhp ¼ 5.0 Å, ehp ¼ 0 if lm,n > 8.0 Å,
ehp ¼ 2.2 if lm,n/rhp < 0.89, and ehp ¼ 1.0 otherwise. The
hydrogen bonding energy is given by
Vhb ¼ ehb

 r 10 
X   rhb 12
hb
cos2 a cos2 b;
5 m;n
 6 m;n
l
l
m;n

ð2Þ

where the summation is performed over all pairs of atoms
that are made up of one H and one O, a ¼ 1808  \NHO,
PROTEINS: Structure, Function, and Bioinformatics

b ¼ 1808 – \HOC0 , rhb ¼ 2.0 Å, ehb ¼ 0 if a > 908 or b >
908, and ehb ¼ 2.8 otherwise. No long-range cutoff is
imposed on this term. During our simulation, a hydrogen
bond is considered to exist between atoms (m, n) if the
conditions 1.5 Å < lm,n < 3.0 Å, a < 458 and b < 458 are
all satisfied. All geometric and energetic parameters in
the model, including those just described, are as in our
previous study.32 Unlike those of G
o-like native-centric
models78 (see the next section), the potential function is
general and transferable: its definition is not biased toward any particular folded structure.

To address the physical origin of variations in cooperativity among proteins, and their likelihood of exhibiting
downhill folding, we use Ca native-centric G
o-like modeling78,112–114 for four small proteins in the Protein Data
Bank (PDB), referred to here as BBL, NTL9, HP36, and
Psbd41. Specifically, BBL comprises residues 12–48 of the
E3-binding domain of the dihydrolipoamide succinyltransferase core from the 2-oxoglutarate dehydrogenase multienzyme complex of E. coli (PDB ID: 1BBL).115 This 37-residue chain is a truncated version of the 40-residue
forms of BBL used in the experiments mentioned earlier.85–87,91–93 NTL9 comprises residues 1–39 of the Nterminal domain of ribosomal protein L9 (PDB ID:
1CQU).116 This 39-residue fragment, a shorter form of 56residue25 and 51-residue117 versions of the same protein,
has been reported to fold cooperatively.116 HP36 is a thermostable subdomain made up of residues 41–76 of the
chicken villin headpiece (PDB ID: 1VII).118–120 Psbd41
represents residues 3–43 of the peripheral subunit-binding domain of dihydrolipoamide acetyltransferase from
the pyruvate dehydrogenase multienzyme complex of Bacillus stearothermophilus (PDB ID: 2PDD).121 A relative
of BBL, it was reported to fold cooperatively,122 but it has
also been argued that it might fold downhill.85
These models represent each amino acid by a single
position corresponding to the Ca atom in the real protein. The interactions are native-centric: favorable
energy terms are assigned on the basis of a native contact set derived from the PDB structure. The potential
function takes the same form as those in Refs. 78 and
123 and is similar to that in earlier schemes.113,114 In
the present study, a pair of residues belong to the native
contact set if they satisfy two conditions: they are at
least four places apart along the chain, and two nonhydrogen atoms, one from each residue, are less than 4.5 Å
apart in the PDB structure. This definition, which produces a well-behaved model for certain proteins, is the
same as that adopted in two recent studies,36,124 but is
somewhat different from those used previously in other
studies. All other parameters here are identical to those
of the ‘‘without-solvation’’ model in Ref. 78. This reference also contains a discussion of the biophysical motivation for using native-centric modeling, and of the
strengths as well as the limitations of the approach.
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Although these without-solvation models have provided useful insights, they tend to be less cooperative
than the real proteins they are designed to mimic.78 A
likely reason for this mismatch is that desolvation
barriers20–22,38,125 and many-body effects38,126–128 are
omitted for the sake of computational efficiency. Nonetheless, the results of applying similar models to topology-dependent protein folding36,114,124 and downhill folding129,130
lead us to expect that our approach will offer a semiquantitative physical rationalization of variations in cooperativity among different proteins.
Langevin Dynamics
We perform thermodynamic sampling and kinetic simulations of the simplified atomic model and coarsegrained Ca native-centric models using Langevin dynamics131 in a low-friction regime.36,131 The variance of
the random force is a function of the model temperature,
and the (nonrandom) conformational force is the negative gradient of the potential function. The detailed procedure and the parameters adopted are as used in our
previous investigations.32,36,78
Thermodynamics: Heat Capacity and
Radius of Gyration
The heat capacity as a function of temperature is computed from simulation results using the standard relation
CV ðTÞ ¼

i

1 h 2
2
;
ðTÞ

hEðTÞi
E
kB T 2

ð3Þ

where kBT is Boltzmann’s constant multiplied by absolute temperature and the angle brackets denote Boltzmann averaging. The total energy E is a sum of potential and kinetic terms.32,123 Since volume effects are often negligible in protein folding experiments at 1 atm,
the simulated energy E and heat capacity CV may be
regarded as equivalent to the experimental enthalpy H
and constant-pressure heat capacity CP. In our discussions, we will simply refer to the simulated CV as heat
capacity.
A peak in the heat capacity is a necessary but not a
sufficient condition for calorimetric cooperativity and
two-state folding.18,19 The extent to which folding is cooperative is often judged using the calorimetric criterion,
which makes use of the ratio j2 ¼ DHvH/DHcal, where
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2 C ðT Þ
DHvH ¼ 2 kB Tm
m
P

ð4Þ

is the van’t Hoff enthalpy at the temperature Tm of the
heat capacity peak, and
Z
ð5Þ
DHcal ¼ dTCP ðTÞ
is the calorimetric enthalpy of the transition, which
entails an integral of the heat capacity over the transi-

tion region. The calorimetric criterion requires j2  1; if
this condition is satisfied, Tm is essentially identical to
the midpoint temperature, at which native and denatured states are equally populated.14,18,19
Exact satisfaction of j2 ¼ 1 requires an idealized system
with two discrete energy values: that is, a system whose
density of states comprises two d-functions. A real protein
does not constitute such an idealized system, however.
First, interactions between the protein and the solvent
imply a temperature-dependent heat capacity even in the
absence of conformational change. Second, neither the
native nor the denatured state could correspond exactly to
a d-function, and therefore, we expect a contribution to
the heat capacity from conformational changes other than
the main folding/unfolding transition.18,19 Consequently,
analysis of experimental calorimetric data requires baseline subtractions. The aim of these subtractions is to eliminate effects considered irrelevant to the folding/unfolding
transition; the calorimetric criterion is applied to the heat
capacity curve after the subtraction. To compare theory
and experiment, empirical baseline subtractions must also
be applied to simulated heat capacities.19,32,54
Another commonly used indicator of cooperative folding is a sigmoidal folding/unfolding transition in some
experimental property that is presumed to be a probe of
the degree of nativeness. Such properties, which are also
used to monitor folding kinetics, include the average radius of gyration132 and the separation of two parts of the
protein.102 The radius of gyration Rg of a single conformation is defined as
R2g ¼

1 X
jrj  hrij2 ;
N j

ð6Þ

where rj is the position vector of the jth atom, N is
the total number of atoms, hri
¼ Sjrj/N is the mean of
qﬃﬃﬃﬃﬃﬃ
the position vectors, and Rg ¼ R2g . We aim to address the
question of how much the changes in Rg, during a transition, can tell us about the underlying conformational distribution.

Folding/Unfolding Kinetics: Cooperativity
and Chevron Plots
One of the defining characteristics of apparent twostate folding is a chevron plot133 whose folding and
unfolding arms15 are linear. As in previous studies by
our group,14,39,78 model chevron plots are constructed
here as functions of e/kBT, where e is a parameter for
the interaction strength. In the simplified atomic model,
the potential takes the form eV, where V is given by Eq.
(1) of Ref. 32. In the coarse-grained Ca native-centric
models, e has the same meaning as in Ref. 123. To allow
comparison with experimental chevrons at constant T,
variations in e are taken as a rudimentary model for
changes in denaturant concentration, and variable-e
simulations at constant T have been used to obtain
model chevron plots.78 Kinetics are determined, in gen-
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eral, by the independent variables e and T. However, for
models without elementary desolvation barriers, very
similar to those considered here, extensive testing38
indicates that folding and unfolding rates are essentially
controlled only by the ratio e/T.y This feature allows
chevron plots in the present work to be computed at different values of 1/T, e being held constant at unity.
One of our goals is to explore whether chevron features can be useful as tests for downhill folding. To construct a chevron plot from simulated trajectories, we
need a criterion to decide whether a conformation is
folded or unfolded.38,54 Different choices of criterion may
be viewed, roughly, as corresponding to different experimental probes—which may or may not currently be feasible—of the folding/unfolding process. For cooperative
protein models with a free-energy barrier (a population
minimum) between the compact, native-like and open,
disordered conformations, it would be natural either to
identify the barrier as a native/denatured demarcation54
or to exclude part of the barrier (the transition-state
region) from the definition of both native and denatured
states.54,78,113 The resulting chevron plot is not expected
to be too sensitive to the choice of criterion, within a reasonable range of choices.
However, the choice of criterion is not so straightforward for models that lack a barrier: here, any demarcation would appear arbitrary. In search of consistent criteria that cover such noncooperative behavior as well as
cooperative folding, we have adopted here, as a first
step, rather stringent folding/unfolding definitions for
the coarse-grained model, while noting that the precise
relationship between our theoretical criteria and experimental measurements remains to be better elucidated.
We classify a conformation as ‘‘native’’ when all the
native contacts are in place (the proportion of native
contacts Q ¼ 1), and as ‘‘nonnative’’ when the number of
native contacts q is less than a certain threshold number
qu. For the simplified atomic model, we consider folding
to have occurred when at least 34 native-state hydrogen
bonds are present (indicating helical structure), and,
importantly, none of the pairs of hydrophobic groups
that are in contact in the native state is separated by
>14.5 Å (indicating that the protein is packed into a
bundle). The model is considered to have unfolded when,
of the pairs of hydrophobic groups that are in contact in
the native state, at least one is separated by at least
29 Å, because this feature is sufficient to indicate that
the bundle structure has been broken.
For an apparent two-state folder, the folding and
unfolding arms of the experimental chevron plot intersect at the thermodynamic transition midpoint.15 This
feature is reproduced in chain models that are sufficiently cooperative.22,38 However, in noncooperative models, the intersection point of the arms can depend
y
It should be noted, however, that for certain models with pairwise desolvation barriers and more complex thermodynamics for
the intrachain interactions,21,22 rates simulated for the same e/T
can be significantly different for different values of T.
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strongly on the somewhat arbitrary folding/unfolding
criterion (see e.g., Fig. 15 in Ref. 38, and discussion
later). From a purely theoretical standpoint, it is almost
always possible to choose a criterion—if one is not concerned about its physical implications and experimental
feasibility—so that the chevron arms cross at the thermodynamic midpoint. In view of this consideration, the
coincidence of a chevron-defined and a thermodynamic
midpoint is best regarded as a necessary but not as a
sufficient condition for two-state folding. The more important features for our attention are the curvature of
the arms and the relation between mean and median
transition times.

Exponential and Nonexponential Relaxation
Real two-state proteins exhibit single-exponential
relaxation15 following a sudden denaturing change in
external conditions (e.g., a jump in temperature or in
denaturant concentration). For two-state proteins, this
probably reflects the existence of an ensemble of bottleneck, or transition-state, conformations through which
all folding routes must pass. However, essentially singleexponential relaxation can also accompany non-two-state
folding.81
To characterize the extent to which model folding trajectories conform to single-exponential relaxation, we
use simulated values of punf, the proportion of the chain
population that has not yet undergone a single folding
transition. By definition, this quantity will decay to zero
because given enough time every chain would have been
folded at least once, even though some of them would
unfold subsequently. This quantity is not to be confused
with the proportion of the chain population that is
unfolded; the latter would take account of ‘‘back-transitions’’ and would generally decay to a finite equilibrium
value. We fit punf to a function f(t), where f ¼ 1 for t  t0
and f ¼ ek(tt0) for t  t0. Here, k is the folding rate; as
has been discussed,78 the lower bound t0 accounts for
the average time that the unfolded ensemble may take
to pre-equilibrate in adjusting to the new temperature
or solvent conditions. It follows that the interval t0 can
depend on the folding conditions.
For a set of M trajectories simulated under the same
conditions and yielding folding times ti, i ¼ 1,2, . . ., M,
the fitting parameters t0 and k in f(t) are determined by
numerical minimization of
M 
X
f ðti Þ  punf ðti Þ
v ¼
rðti Þ
i¼1
2

2

:

ð7Þ

To estimate r(ti), we consider a theoretical system comprising M exemplars, each of which has a probability
f(ti) of not having folded by time ti. The distribution of
the number of never-folded exemplars can be modeled
by an M-trial binomial distribution with single-trial
probability
f(ti). The standard deviation of the distribupﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
tion is Mf ðti Þ½1  f ðti Þ, and we divide this by M to esti-

DOI 10.1002/prot

CRITERIA FOR NONCOOPERATIVE DOWNHILL FOLDING

Fig. 1. Chevron plot for the simplified atomic model, showing the
negative natural logarithms of the mean first passage times (MFPTs)
(filled symbols) of folding (circles) and unfolding (diamonds) as functions of the interaction strength parameter e/kBT; also the median FPTs
divided by ln 2 (open symbols). e ¼ 1 is used in the simulations.
Curves fitted to the mean FPT values are a guide for the eye. Error
bars are standard deviations of the mean. The vertical dashed line
marks e/kBT ¼ 2.35, corresponding to the heat capacity peak of the
thermodynamic folding/unfolding transition (see Fig. 3). The ribbon diagram shows a typical folded conformation at e/kBT ¼ 2.86.

mate r(ti), the margin of error on the simulated punf.{
Accordingly,
we apply ﬃ this approximation and set
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
rðti Þ ¼ f ðti Þ½1  f ðti Þ=M in Eq. (7). To ensure that r
remains nonzero for ti around t0 and below, a lower
bound is introduced such that it cannot be smaller than
the value derived for M trials and single-trial probability
(M  1)/M, i.e., (Mr)2 ¼ max{1  1/M, Mf(ti)[1  f(ti)]}.
We use v2/M, calculated from the minimized v2, to quantify the deviation from linearity.

RESULTS AND DISCUSSION
Chevron Rollover and Relaxation Behavior
in a Noncooperative Folding Scenario: The
Simplified Atomic Model
We begin with kinetic analyses of the simplified atomic
model; Figure 1 shows a simulated chevron plot for this
three-helix bundle. The plot required extensive simulation,
because the system contains 316 atoms, which is considerably larger than the Go-like continuum models for which
chevron plots have been simulated.22,38,78 To our knowledge, chevron plots have not previously been obtained for
continuum, nonnative-centric models. One reason for
studying the chevron behavior of this model is that it
helps us determine the generality of the trends observed
in continuum Go-like constructs: for those proteins which
{

Fitting procedures used in several other recent investigations of
folding time distributions (e.g., Refs. 78 and 80) effectively adopt a
constant r.139

379

are two-state-like around the transition midpoint, previous
model simulations have suggested that folding under conditions of high native stability is associated with severe
chevron rollover and nonexponential relaxation.39,54 More
importantly, thermodynamic analyses of the simplified
atomic model have shown that its folding/unfolding transition is noncooperative and has downhill characteristics.32
It is worthwhile, therefore, to use this model to explore
the kinetic consequences of downhill folding.
In Figure 1, as in other chevron plots in this study, more
negative e/kBT values correspond to conditions under
which the native state is more favored thermodynamically.
The mean and median folding times as functions of
e/kBT are derived from simulations which were first
run at a high model temperature (T ¼ 1) for a random
number (105) of time steps, then quenched to the desired
T. For unfolding, simulations were initialized in the native
conformation at low T, and then the temperature was increased. Each mean first passage time in Figure 1 represents the average of 50–90 trajectories, except in one slowfolding case where the average is of 37 trajectories.
The folding arm of the chevron plot in Figure 1 shows a
rollover, with a maximum folding rate at e/kBT  2.63;
a less severe rollover is also evident for the unfolding arm
at e/kBT > 2.3. Nonetheless, there is a quasilinear regime37 between e/kBT  2.45 and 2.38. The near coincidences of the mean first passage times (FPTs) with the
median FPTs divided by ln 2, for this range of e/kBT values, indicate that kinetic relaxation is essentially singleexponential54,134 under the quasilinear regime. In contrast,
the discrepancies elsewhere in the plot between the mean
FPTs and the median FPTs divided by ln 2 show that
relaxation deviates more from single-exponential under
stronger or weaker folding conditions. We include error
bars on the mean FPTs to emphasize that the discrepancies are significant.
Figure 2 focuses on folding relaxation, showing in
more detail the crossover from single-exponential to
non-single-exponential behavior.39,78,135–137 Here, punf
represents the distribution of folding times at six different e/kBT values: when ln punf ¼ 3, for example, the
probability of the model having folded once is about
0.95. In Figure 2, the upper panel contains folding time
distributions for e/kBT values under the quasilinear regime, whereas the lower panel covers more strongly folding conditions.
At e/kBT ¼ 2.38 and 2.44, which are, respectively, near
to and slightly more favorable than the e/kBT value at the
heat capacity peak (see Fig. 3), the decay of the unfolded
state appears to be single-exponential. We know this
because the inclined dashed lines in the upper panel of
Figure 2 are a good fit to the unfolding curve. Using the
procedure specified by Eq. (7), the fitted folding rates are,
respectively, k ¼ 9.6 3 108 and 4.3 3 107, with t0/106 ¼
1.46 and 1.41; the minimized values of v2/M, quantifying
the deviation from linearity, are 0.28 and 0.35.
This essentially single-exponential behavior implies
that, after allowing a short time, t0, for pre-equilibration, the folding probability of an individual protein is
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Fig. 3. Heat capacity of the simplified atomic model as a function of
temperature T (in model units). Circles represent the simulation results;
lines joining them are a guide for the eye. The vertical dashed line corresponds to the temperature Tm ¼ 0.42 of the heat capacity peak;
inclined dashed lines are the baselines used in the calculation of the
van’t Hoff to calorimetric enthalpy ratio j2(s).

Fig. 2. Folding time distributions for the simplified atomic model
under different folding conditions, as characterized by e/kBT values indicated in the plots. Data in this figure are from the same simulations as
the folding arm of the chevron plot in Figure 1. Starting from fully
unfolded ensembles, each curve shows the logarithm of the probability
punf that a protein chain remains unfolded, as a function of time
(number of simulation time steps). Different scales are used for the horizontal axes of the two panels, for a clearer presentation. Inclined
dashed lines in the upper panel represent single-exponential fits [see
Eq. (7)] to data for e/kBT ¼ 2.38 and 2.44.

independent of time under the quasilinear chevron regime.§ Under this regime, folding rate increases with
more favorable folding conditions, while the decay remains exponential. However, the punf plot curves downward under stronger folding conditions (e.g., at e/kBT ¼
2.63 in the lower panel of Figure 2, for which v2/M ¼
1.04, substantially larger than the values quoted earlier
for e/kBT ¼ 2.38 and 2.44). This suggests that, perhaps,
because of the more downhill shape of the folding landscape under these conditions, it may no longer be meaningful to distinguish the ‘‘pre-equilibration’’ process of
adjusting to the initial quench from the folding process
itself. It would be interesting to further analyze this prediction, and its experimental implications, in future
studies.
§

The nonnegligible pre-equilibration times observed in folding
simulations (Eq. (4) of Ref. 78) is a kinetic feature that can, in principle, be corroborated by single-molecule experiments. This behavior
is also relevant138 to the accuracy of folding time estimations
obtained from certain methodologies in large-scale distributive computing simulations.
PROTEINS: Structure, Function, and Bioinformatics

Fig. 4. Heat capacities of the coarse-grained Ca native-centric models of fragments NTL9 (black), BBL (red), HP36 (green), and Psbd41
(blue). Inclined dashed lines indicate baselines used in the calculation
of the van’t Hoff to calorimetric enthalpy ratio j2(s) for the NTL9 model.

When folding conditions become even stronger (e/kBT
< 2.63), the folding arm ‘‘rolls down’’; its gradient becomes positive. Early in the folding process, the rate
appears to follow the same trend as at weaker folding
conditions (i.e., it increases as folding conditions become
stronger). Subsequently, it slows down (e/kBT ¼ 2.94
curve in the upper panel of Fig. 2). This is probably
caused by kinetic trapping: strongly folding conditions in
a nonnative-centric model favor intrachain contacts,
largely irrespective of their consistency with the native
fold.39 Because of this slowdown, which gives rise to
non-single-exponential relaxation, the time taken to
reach punf  0.05 (95% have undergone folding once),
for example, is about the same at e/kBT ¼ 2.94 as at
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2.44 (compare crossing of these two curves in the upper
panel of Fig. 2). As has been pointed out, the theoretical
possibility of a chevron rolldown may not be realizable
under common experimental conditions, as the required
level of native stability may be higher than is physically
achievable even at zero denaturant concentration.54 It
would be interesting to explore whether stabilizing
agents such as osmolytes140 can offer access to a wider
range of chevron behavior.
The chevron behavior of this simplified atomic model
may be compared to that of lattice37,39,54,127 and G
o-like
continuum38,78 models. A feature common to all model
chevron plots determined so far is that relaxation is
essentially single-exponential for the quasilinear part of
the folding arm, while kinetic trapping renders foldingarm rollover more severe, and introduces non-singleexponential relaxation37,39,54,127 as folding conditions get
stronger. Chevron plots for certain lattice models with
hydrophobic-like interactions lack a quasilinear regime,
because of trapping effects; their folding rate decreases
with increasing native stability even around the transition midpoint [see Fig. 5(B) of Ref. 14 for a 3-letter
27mer model or Fig. 15 of Ref. 38 for a 20-letter 15mer
side-chain model]. Thus, kinetic trapping appears less
severe in the simplified atomic model than that in some
lattice models. Apparently, kinetic trapping is inhibited
by the specificity provided by the hydrogen bonding
term, allowing a quasilinear chevron regime to emerge.
Alternatively, the difference might be partially due to
the reduced number of degrees of freedom in the lattice
model. Here, however, the most important lesson of
Figure 2 is that downhill folding can be consistent with
a narrow—but not extended—regime of quasilinear
chevron behavior and single-exponential relaxation.93
Calorimetric Cooperativity Criteria
and Baseline Subtractions
To highlight downhill characteristics of the simplified
atomic model, we now briefly revisit its thermodynamics.32 Figure 3 shows its heat capacity as a function of
temperature. Computed values are shown by circles in
the plot: each is derived from at least 3 3 105 conformations sampled from 1.5 3 108 simulation time steps for
0.38  T  0.47, or from at least 1 3 105 conformations
sampled from 5 3 107 simulation time steps elsewhere.
This is equivalent, with more extensive data, to the
upper panel of Figure 3 in Ref. 32.
Our previous investigation of the simplified atomic
model indicates that it is a thermodynamically downhill
folder.32 Its energy distribution has a single peak, which
shifts with changing temperature. The distribution is
never bimodal, but is most spread out in the transition
region (Fig. 9 of Ref. 32), giving rise to a heat capacity
peak. However, such a peak by itself does not imply that
the transition is calorimetrically two-state.18,19 In principle, a more quantitative criterion is that the van’t Hoff
to calorimetric enthalpy ratio DHvH/DHcal  1.
However, this criterion requires caution because, practically, the derivation of DHvH and DHcal from experi-

TABLE I. Geometric and Thermodynamic Properties
of the Coarse-Grained Ca Native-Centric Models
Number of residues
Number of native contacts
Native contacts per residue
Tm
DHvH/DHcal

BBL

HP36

Psbd41

NTL9

37
39
2.11
0.77
0.51

36
50
2.78
0.78
0.68

41
56
2.73
0.82
0.71

39
93
4.77
1.06
0.94

mental measurements calls for baseline subtractions.14,18,141 Empirical procedures for setting calorimetric baselines (which effectively define the native state
ensemble19,54) can involve considerable uncertainties;
this can have a significant impact on the conclusions
drawn about the underlying conformational distribution
and the cooperativity of the transition.19,87,92 Do the
tails observed in simulated heat capacity curves simply
result from a model’s failure to mimic the real protein?19
Or do they correspond (whatever other faults the model
may suffer from) to tails that are present in real systems, and that are lost in the experimental baseline subtraction? Is it possible that information indicating a
transition to be noncooperative could be destroyed by an
experimental baseline subtraction, leading us to conclude wrongly that the transition is cooperative?
These considerations are illustrated by the two sets of
baselines in Figure 3. The baselines are constructed
empirically as approximate tangents extending from the
low- and high-T tails of the heat capacity to the transition region. Both sets of baselines are intuitively reasonable, yet the van’t Hoff to calorimetric enthalpy ratios
resulting from the two sets are significantly different:
the lower set gives19 DHvH/DHcal ¼ j2(s) ¼ 0.56, whereas
the upper set gives j2(s) ¼ 0.80. Nonetheless, the calorimetric criterion—though not always definitive—can be
discriminating to a degree: higher baselines than the
upper set in Figure 3 would not have appeared reasonable. The fact that even the upper baselines fail to satisfy
the criterion DHvH/DHcal  1 serves to emphasize the
downhill nature of the transition and the underlying
unimodal energy distribution.32
Thermodynamic simulations of our coarse-grained G
olike models of BBL, NTL9, HP36, and Psbd41 allow us to
explore the influence of native topology on thermodynamic
cooperativity. Figure 4 shows the heat capacities: each
value is derived from at least 2 3 105 conformations
sampled from 1 3 108 simulation time steps. It is clear
from the very different heat capacity profiles that the
sharpness of the folding/unfolding transition varies considerably among the four models, even though their chain
lengths are all very similar (Table I). The heat capacities
possess peaks of varying height: NTL9 has a sharp peak
at a model transition temperature Tm ¼ 1.06, while the
other three have less prominent peaks.
Interestingly, the degree of thermodynamic cooperativity is related to the topology of the native state, at least
in this coarse-grained modeling scheme. As shown in
Table I, the numbers of native contacts are quite differ-
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Fig. 5. Enlargement of the model BBL heat capacity curve from
Figure 4, showing the three pairs of baselines used to calculate the
van’t Hoff to calorimetric enthalpy ratio j2(s) for this coarse-grained Ca
native-centric model. The vertical dashed line marks the temperature of
the heat capacity peak. The horizontal dotted line indicates the kinetic
contribution 3NkB/2 to the heat capacity32 (N ¼ 37, kB ¼ 1 in the present units).

ent in the different fragments. For instance, each residue in BBL makes an average of 2.11 native contacts,
compared to 4.77 in NTL9. Within this sample, there is
a clear positive correlation between the contacts-per-residue aspect of native topology and the apparent degree
of calorimetric cooperativity. The values of DHvH/DHcal
listed in Table I are obtained using baseline subtractions19; the results are consistent with a very similar
trend first noted by Zuo et al.,129,130 who use j2 values19
without baseline subtractions for a different, and larger,
set of coarse-grained models that includes BBL.
The different behaviors of the coarse-grained models
for NTL9 and BBL may be used to contrast two-statelike (bimodal) and downhill folding scenarios. As emphasized earlier, the models are not expected to be quantitatively accurate for every property of the proteins they
seek to mimic. In particular, it is almost certain that the
cooperativity (and the DHvH/DHcal ratio) is lower than
that of the real protein,21,22,78 owing to the neglect of
many-body interactions and detailed desolvation effects.
Notwithstanding these limitations, this coarse-grained
topology-based modeling (Table I) successfully captures
part of the physics that underlies the difference in experimental cooperativity. Take NTL9 and BBL as examples: despite the short length of the NTL9 fragment, experimental evidence that it folds in an apparent twostate manner is persuasive, especially since its chevron
plot has an extended linear regime.116 On the other
hand, although the question of whether BBL is a downhill folder remains a controversial one,85,91–93 there is
experimental evidence for non-two-state behavior. This
includes an apparent mismatch between m-values determined by thermodynamic methods and that deduced
from a chevron plot that spans a rather narrow stability
PROTEINS: Structure, Function, and Bioinformatics

Fig. 6. Probability distributions P, as a function of potential energy V
(upper panel), and as a function of fractional number of native contacts
Q (lower panel), for the coarse-grained Ca native-centric models of
NTL9 (black) and BBL (red), computed at their respective transition
temperatures Tm.

range (page 441 of Ref. 93). Because of the small size of
BBL, such non-two-state features are unlikely a manifestation of discrete intermediate states separated from
both the native and denatured ensembles by free-energy
barriers, as has been proposed for other proteins.142 In
view of this consideration and our simulation results,
the experimental non-two-state properties may be seen
as evidence for a very low free-energy barrier or barrierless downhill folding for BBL.
Consistent with the trend discussed earlier, Table I
shows that the van’t Hoff to calorimetric enthalpy ratio is
much higher for NTL9 than for BBL. The NTL9 model’s
prominent heat capacity peak allows a more straightforward choice of baselines. An intuitively reasonable set is
indicated in Figure 4; these baselines lead to a value of
j2(s) ¼ 0.94  1. In contrast, the choice of a ‘‘reasonable’’
pair of baselines for the BBL model is problematic. Figure
5 considers three pairs: the lowest pair leads to j2(s) ¼
0.51 (Table I), the middle pair to j2(s) ¼ 0.58, and the top
pair to j2(s) ¼ 1.01. The top pair is clearly unreasonable.
It does not correspond to a set of baselines that would
have been chosen for experimental data. Our purpose of
showing these unreasonable baselines is to emphasize
that the BBL model can appear cooperative only if an
unreasonable set of baselines is chosen. Even from the
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Fig. 7. Typical conformations of the coarse-grained Ca native-centric models of NTL9 (a)–(c) and BBL
(d)–(f). PDB native structures are depicted in thick black lines; 20 conformations for each set of conditions
are drawn in thinner red lines. The conformations are sampled at various Q values; conditions are as in
Figure 6. Positions of these Q values in the probability distributions P(Q) can be readily ascertained from
the lower panel of Figure 6. Numbers of native contacts and Q values are as follows. (a)–(c) NTL9: (a) at
the low-Q peak of P(Q), with 17 native contacts, Q ¼ 0.183; (b) around the P(Q) trough, with 45–49 native
contacts, 0.484  Q  0.527; (c) at the high-Q peak of P(Q), with 77–78 native contacts, 0.828  Q 
0.839. (d)–(f) BBL: (d) at the low-Q tail of the P(Q) distribution, with 8–10 contacts, 0.205  Q  0.256; (e)
at the single P(Q) peak, with 23 contacts, Q ¼ 0.590; and (f) at the high-Q tail of the P(Q) distribution, with
33–37 contacts, 0.846  Q  0.949.

heat capacity alone, we reach a robust conclusion that
this coarse-grained BBL model is not two-state.
Conformational Distributions: Nativeness
Measure and Structural Diversity
Figure 6 confirms the calorimetric inference that the
distribution of energy (essentially equivalent to enthalpy)
is bimodal for the NTL9 model but unimodal for the BBL
model, under transition conditions. The same applies to
the distribution of the nativeness measure Q (fractional
number of native contacts). The BBL model is clearly
non-two-state, as its distributions have only one maximum. In contrast, the distributions of the NTL9 model
have two maxima, so we characterize this model as ‘‘twostate-like.’’ But the data also show that the NTL9 model
is not highly cooperative: intermediate values of V and Q
have substantial probabilities. In this respect, the NTL9
model is less cooperative than similar Go-like models for
larger proteins, which have much lower intermediate-Q
probabilities.22,78 As has been emphasized,19 these results
imply that j2(s)  1 cannot rule out a substantial chain
population with intermediate enthalpies. Furthermore, as
a general feature of this class of Go-like models without
desolvation barriers (see above), the low-V and low-Q

maxima in the NTL9 distributions do not correspond to
the Q ¼ 1 PDB structure. Indeed, the NTL9 native peak
in Figure 6 at Q  0.85 is rather broad: it represents a
conformational ensemble with considerable structural diversity (compare discussion in Ref. 22). Although j2(s)  1
is an informative observation, the criterion allows a wider
range of behavior than the highly cooperative two-state
folding to which it is intended to correspond.
Figure 7 further illustrates differences between the
conformational distributions of two-state-like and downhill folders under transition conditions. At low Q values,
both NTL9 and BBL models adopt a diverse set of
mainly open conformations, as expected [Fig. 7(a,d)].
However, the two models are obviously different at intermediate Q. For the NTL9 model, intermediate values of
Q are minimally populated (see Fig. 6), and conformational diversity is significantly more limited than at low
Q [compare Fig. 7(a,b)]. For a two-state-like protein
chain model, intermediate-Q conformations are closely
related to conformations in the transition-state ensemble.36,113 Figure 7(b) shows that intermediate-Q conformations of the NTL9 model cluster loosely around the
PDB structure. On the other hand, intermediate Q values of the downhill-folding BBL model are maximally
populated (see Fig. 6), while conformational diversity
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is high and comparable to that at low Q [compare
Fig. 7(d,e)]. The difference between the two-state-like
and the downhill folder is also conspicuous at high Q
values. Here, conformations of the NTL9 model cluster
tightly around the PDB structure [Fig. 7(c)]; the downhill-folding BBL model shows more conformational diversity [Fig. 7(f)].
Distribution of Radius of Gyration and
Intraprotein Distances as Signatures for
Downhill Folding Behavior
As Figure 7 suggests, the influence on chain dimension—or conformational size—of changing folding conditions may be used to discriminate between two-state-like
and downhill behavior. The chain dimension of proteins
is commonly characterized by the radius of gyration Rg
(see above), accessible experimentally by means of small
angle X-ray scattering (SAXS).143–146 Figure 8 shows
how the average Rg of our four coarse-grained models
varies with folding conditions (upper panel). To various
degrees, the mean Rg of each model undergoes a sigmoidal transition from low hRgi values at low T (folding conditions) to high hRgi values at high T.
For these models, all of which have very similar chain
lengths, a higher degree of cooperativity is associated
with a sharper transition in hRgi around Tm. The slopes
of the hRgi curves at Tm, and therefore the suggested
degrees of cooperativity, follow the decreasing order
NTL9 > Psbd41 > HP36 > BBL, which is identical to
the ordering determined from calorimetric cooperativity
(Table I and Fig. 4).
A sharp transition does not, however, necessarily
imply an underlying bimodal distribution,147 let alone
conformity to the more stringent calorimetric criterion19
or highly cooperative two-state folding. For this reason,
it would be desirable to use the distribution of Rg or of
some intraprotein distance as an alternative test for
two-state behavior. A protein would qualify as two-state
if the distribution showed a sharp, temperature-independent peak (corresponding to the native conformation)
well below Tm, and if this peak became less prominent
under less native conditions, and finally disappeared,
without changing its position. In contrast, the peak
would move continuously into the denatured region in a
downhill folding scenario.
The lower panel of Figure 8 shows the distributions of
Rg for the fragments at their respective transition temperatures Tm. Varied behavior is observed: The NTL9
model has a sharp peak at low Rg, with a broader,
nearly flat-topped distribution (which does not quite
achieve a second peak) from Rg  9.5 Å to Rg > 13 Å.
This behavior is attributable to a well-populated nativelike low-Rg ensemble at Tm: the overall Rg distribution
for the NTL9 model is a superposition of the native-like
peak and the broad distribution of the unfolded conformations. The BBL model exhibits a single, wide, nearly
symmetric round-topped distribution with its peak
located at intermediate Rg. Such a distribution is conPROTEINS: Structure, Function, and Bioinformatics

sistent with the unimodal distributions of V and Q (see
Fig. 6). The Psbd41 and HP36 models are intermediate
between NTL9 and BBL. Unlike the BBL model, their
distributions are significantly asymmetric. Whereas the
Psbd41 model exhibits a shoulder at Rg  11.5 Å (P(Rg)
concave downward), the less cooperative HP36 model has
a thick ‘‘tail’’ but no shoulder (P(Rg) concave upward at
Rg  11.5 Å). Since the population peak is not at Q ¼ 1
for this class of coarse-grained models (as discussed earlier—compare Fig. 6), in no case does the peak of the Rg
distribution correspond to the PDB structure.
Figure 9 presents simulation results for the dependence of the Rg distribution on folding conditions. The top
panel indicates that, for the most cooperative of our
models (NTL9), the distribution changes from a sharp
low-Rg peak at low T to a broad, flat distribution at high
T. In contrast, the downhill-folding BBL model (middle
panel) does not show a sharp peak even well below Tm,
and there is no dramatic change in behavior as T
increases: the peak simply broadens, shortens, and
shifts. The simplified atomic model is intermediate between the NTL9 and BBL models, as might be expected,
given the calorimetric results (Figs. 3–5 and Table I).
Figures 8 and 9 suggest that qualitative features of Rg
distributions may distinguish downhill folders with a
shifting unimodal distribution, like the BBL model, from
two-state-like folders such as the NTL9 model (see Fig. 6).
Experimental data on the Rg distribution, if available,
would help to uncover possible downhill behavior. However, Figure 9 also indicates that high-precision quantitative measurement may be needed to distinguish between a
downhill folder such as the simplified atomic model, which
is more cooperative than the BBL model (compare Fig. 6
of this article and Fig. 9 of Ref. 32), and a two-state-like
but only weakly cooperative protein such as the coarsegrained NTL9 model (compare top and bottom panels of
Fig. 9): their qualitative features are comparable. Direct
measurement of Rg distributions is difficult with current
SAXS techniques. Physically motivated distributions (such
as that of Flory and Fisk1,148), that are consistent with
data from SAXS and other structural techniques, may be
proposed in some cases (see e.g., Ref. 144). These fitted
distributions provide important insights, but remain hypothetical, and several distributions can fit a set of experimental data equally well. In view of these limitations, it is
desirable to develop new experimental techniques that permit essentially assumption-free determination of Rg distributions.
These considerations also suggest that we might use
other measures of intraprotein distances to discriminate
between two-state and downhill folding. For instance,
spatial separations between two parts of the chain can
be determined using time-resolved fluorescence resonance energy transfer (FRET).149–151 Single-molecule
FRET101–103,107 may also provide distributions of intraprotein separations. In principle, such data could yield
information similar to that provided by the Rg distributions in Figures 8 and 9. As tests for downhill folding,
these methods would avoid baseline subtraction prob-
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Fig. 9. Distribution P(Rg) of radius of gyration at various temperatures T, for the coarse-grained Ca native-centric models of NTL9 (top
panel) and BBL (middle panel), and the simplified atomic model
(bottom panel). Radii of gyration of the native states are marked by vertical dotted lines.

Kinetic Characteristics of Weakly Cooperative
and Noncooperative Downhill Folding:
Single-Molecule Trajectories and Chevron Plots

Fig. 8. Radius of gyration as a probe for folding/unfolding cooperativity. Upper panel: average radius of gyration hRgi of the coarsegrained Ca native-centric models of NTL9 (black), BBL (red), HP36
(green) and Psbd41 (blue), as functions of temperature T. Vertical dotted lines indicate temperatures Tm of the heat capacity peaks (compare
Fig. 4). Lower panel: population (probability) distribution P(Rg) of radius
of gyration, at the temperature Tm of the peak heat capacity of each of
the models. Radii of gyration of their PDB native structures are indicated by vertical dotted lines (same color coding). All Rg values in this
article are given in units of Å.

lems, and might also mitigate uncertainties associated
with the interpretation of sigmoidal unfolding curves.
As the distinction between two-state and downhill
folding scenarios is ultimately a question of conformational distribution, experimental probes that offer a
more thorough characterization of a conformation are
better equipped to provide more definitive answers. In
as much as single-molecule properties are concerned,
structural properties such as Rg and intraprotein distances can be more reliably determined than the energy or
free energy of a conformation. Moreover, as suggested by
the study on BBL, ‘‘interaction’’ probes such as FRET
that detect intraprotein distances appear to be more sensitive to possible noncooperativity of the folding process
(by showing more discrepancies with other measurements such as calorimetry) than probes that measure
the local environment of a given residue or probes such
as circular dichroism that measure overall structural
features (Figs. 2 and 3 of Ref. 85).

We now explore the kinetic properties of the coarsegrained models. Figure 10 compares representative folding trajectories for the two-state-like NTL9 model and
the downhill-folding BBL model. Folding is considered to
have occurred when the chain first reaches Q ¼ 1. At
the transition temperature (upper panels), the example
trajectory for NTL9 undergoes a rough transition after
4 3 105 simulation time steps from an unfolded regime
(Q < 0.5 most of the time) to a native-like regime (Q >
0.5 most of the time), although it does not show the
sharp hopping behavior of models that are even more cooperative (e.g., Fig. 2 of Ref. 38). In contrast, the BBL
model, at its transition temperature, fluctuates over a
wide range centered on Q  0.5. The features of this trajectory are consistent with those determined by Zuo
et al.130 A similar contrast is seen under stronger folding
conditions (lower panels). Once Q > 0.5 is achieved, the
trajectory of NTL9 leads to folding shortly after, whereas
the BBL model spends more time at intermediate values
of Q before it eventually folds. In real proteins, such differences should be detectable by single-molecule measurements.103,105,106
Figure 11 shows chevron plots for all four coarsegrained model fragments. The simulation procedure is
similar to that used for the simplified atomic model.
Folding data are derived from simulations which were
first run at a high temperature (T ¼ 2) for a random
number (105) of time steps, then quenched to the
desired T; unfolding data are derived from simulations
which were initialized in the PDB structure at low T,
and then raised to the desired T. Mean first passage
times are averaged from 200 trajectories, with the excep-
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Fig. 10. Representative folding trajectories for coarse-grained Ca
native-centric models of NTL9 and BBL, showing how the fractional
number of native contacts, Q, evolves with time. The plots show trajectories recorded at temperatures around the transition midpoints, corresponding to the positions of the heat capacity peaks (upper panels), as
well as under strongly folding conditions, i.e., at substantially lower
temperatures (lower panels). Trajectories are constructed from Q values recorded every 500 simulation time steps; their folding times are
marked by vertical dashed lines.

Fig. 11. Chevron plots for the coarse-grained Ca native-centric
models of NTL9, BBL, HP36, and Psbd41, showing negative logarithms
of the mean first passage times of folding (filled circles) and unfolding
(qu ¼ 2, filled diamonds), as functions of the interaction strength
parameter e/kBT. Negative logarithms of median FPTs of folding (open
circles) and unfolding (open diamonds), divided by ln 2, are also plotted
for comparison (compare Fig. 1). Filled squares indicate mean FPTs of
unfolding using alternative definitions of the unfolded state, with qu values given. Lines joining datapoints of simulation results are a guide for
the eye. The vertical dashed lines mark the heat capacity peaks.

tion of a few slow-folding and slow-unfolding datapoints
for the BBL, HP36, and Psbd41 models. The filled diamonds in Figure 11 constitute unfolding chevron arms
simulated using a ‘‘fully unfolded’’ qu ¼ 2 definition of
unfolding. Included for comparison are the unfolding
arms indicated by the filled squares, which use alternative definitions (qu values marked on the figure).
The folding arms exhibit significant rollovers for all
four models, including the two-state-like NTL9 model.
Chevron rollovers are observed in Go-like models78
because mild kinetic trapping, due to steric constraints
and transient formation of partially nonnative topologies, is possible in this construct, even though the pairwise interactions in these models are native-centric (see
explicit examples in Ref. 39). Here, the maximum folding rates of the four models under strongly folding conditions are all very similar (ln (MFPT)  10 to 11).
The coarse-grained Go-like modeling scheme is likely to
be able to capture the general trend, or even the rank
ordering, of cooperativity among different proteins.130
However, as was noted in a prior study of CI2,78 its
essentially pairwise additive interactions tend to underestimate the cooperativity of the proteins it seeks to
model, and is therefore insufficient for quantitative prediction of the degree of cooperativity of real proteins.
This consideration accounts for the chevron rollover in
Figure 11 for the NTL9 model, although the chevron plot
for the real 39-residue NTL9 fragment has no rollover.116 This modeling limitation aside, an important
message from Figure 11 is that broad-brush features of
chevron plots, including their rollover behavior and
maximum folding rates, cannot by themselves be used to

distinguish between a weakly cooperative folder like the
present NTL9 model (or even certain more cooperative
models of CI238,78) and a downhill folder such as the
BBL model.
To test the robustness of our conclusions, we determined folding times for the NTL9 model using an alternative folding criterion, Q  0.817 (76 native contacts,
corresponding to the high-Q peak in the lower panel of
Fig. 6). Naturally, recorded folding times were shorter
than with the criterion Q ¼ 1, but the general features
of the chevron arm were the same. It is noteworthy that
one subtle feature distinguishing the NTL9 model from
the other three, which is probably a consequence of its
more cooperative properties, is the form of the dependence of its unfolding chevron arm on the definition of
unfolding. For the Psbd41, HP36, and BBL models, the
unfolding arms resulting from different choices of qu are
all well separated, and no ‘‘natural’’ intersection point
between the folding and unfolding arms reveals itself.
On the other hand, while the unfolding arm of the NTL9
model shifts substantially between qu ¼ 2 and qu ¼ 12,
and between qu ¼ 24 and qu ¼ 47, it shifts little between
qu ¼ 12 and qu ¼ 24. Moreover, the intersection point
between the folding and unfolding arms for qu ¼ 12 and
24 is very close to the heat capacity peak. This behavior
results from the peak in the conformational distribution
at Q  0.2 (which corresponds to a denatured freeenergy minimum78). The qu ¼ 12 and 24 conditions are
equivalent to setting the folded/unfolded boundary at Q
 0.13 – 0.25, the most probable part of the denatured
state (see Fig. 6). In contrast, downhill folders have no
such denatured peak. As a result, the probability of
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reaching a qu-defined denatured state decreases monotonically with decreasing qu. It remains to be explored
whether experimental probes corresponding to different
unfolding definitions can be developed to exploit this
subtle distinction between weakly cooperative and downhill folding.
Folding Time Distributions Under Weakly and
Strongly Folding Conditions: Downhill
Folding can be Consistent With an Essentially
Single-Exponential Relaxation
We have also investigated the extent to which kinetic
relaxation behavior can be used to discriminate between
two-state-like and downhill folding. The MFPT and (median FPT)/ln 2 nearly coincide, over extended e/kBT
ranges, for all four coarse-grained models, which suggests that the relaxation is essentially single-exponential
under these regimes.54,134 Figure 12 covers a larger
range of e/kBT values, and compares in more detail the
folding relaxation behavior of the NTL9 model (twostate-like but only weakly cooperative) and the downhillfolding BBL model. Figure 12 shows the natural logarithms of the probabilities punf of a chain never having
folded, as a function of simulation time. The behavior is
broadly similar to that of the simplified atomic model
(see Fig. 2). But, perhaps, the salient features are more
effectively illustrated by these coarse-grained models
because they are simpler, more trajectories can be simulated, and stronger folding conditions are computationally accessible.
Figure 12 shows that, under transition and weakly
folding conditions (small e/kBT), folding relaxation is
essentially single-exponential both for the NTL9 model
(e/kBT ¼ 1.00 and 1.11) and for the BBL model (e/kBT ¼
1.43): the time dependence of ln punf is essentially linear. However, under folding conditions much stronger
than those considered in the chevron plots of Figure 11,
relaxation becomes non-single-exponential (e/kBT ¼ 1.25
and 3.33 for the NTL9 and BBL models, respectively).
Under these conditions, the ln punf plots are nonlinear,
and folding time distributions show two distinct regions
for both models. Some members of the ensemble fold
fast, so that the early sections of the ln punf curves seem
to continue the trend of increasing folding speed with
larger e/kBT. However, as e/kBT becomes larger, an increasing proportion of the members of the ensemble take
a very long time to fold, and the folding rate slows dramatically and remains slow. This is probably a consequence of increased kinetic trapping under strongly folding conditions.38,39,78
The crossover from essentially single-exponential to
non-single-exponential relaxation is quantified in the two
insets by the variation of v2/M with respect to e/kBT.
By construction [Eq. (7)], v2/M  0 corresponds to single-exponential relaxation, while a large value for v2/M
implies large deviation from single-exponential behavior.
Thus, v2/M serves a similar role to the FPT-moment
measures introduced by Leite et al. in a 27mer lattice

Fig. 12. Folding time distributions for the coarse-grained Ca nativecentric models of NTL9 (upper panel) and BBL (lower panel), at various interaction strengths parametrized by e/kBT, as in Figure 2. Insets:
v2/M [see Eq. (7)] as a function of e/kBT, quantifying the extent to which
the decay of the unfolded state deviates from single-exponential relaxation during the folding process. The vertical dashed line in each inset
marks the e/kBT value corresponding to the heat capacity peak.

model study80 (see also related analytical consideration
in Ref. 152). The insets in Figure 12 show that, for both
models, v2/M remains 0 for a range of e/kBT values
around the transition point (vertical dashed lines), and
that v2/M deviates greatly from zero only under strongly
folding conditions. The similarity between the NTL9 and
BBL models suggests that relaxation behavior alone cannot distinguish between two-state-like and downhill folding. Indeed, the lower panel of Figure 12 shows that,
under weak folding conditions, downhill folding can exhibit essentially single-exponential relaxation, as is observed for cooperative folding.

CONCLUDING REMARKS
The main focus of the present investigation has been
on the type of possible downhill folding that entails a
unimodal conformational distribution and noncooperative behavior even in the thermodynamic folding/
unfolding transition region or under weakly folding
conditions. To address the question of how such behavior might be experimentally detected, we have studied
a simplified atomic model together with four coarsegrained models of protein fragments with various
degrees of cooperativity.
The modeling effort does not aim to determine
whether a particular real protein is a downhill folder.
That is a question to be settled ultimately by experiments. Nonetheless, the general trend exhibited by our
coarse-grained analysis suggests that real BBL may be
less cooperative than the other three protein fragments
modeled here, especially the conspicuously more cooper-
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ative NTL9 fragment. This is suggested, for instance, by
individual folding trajectories, by the heat capacity, and
by the distribution of the radius of gyration. The degree
of cooperativity appears to be strongly influenced by the
topology of the native state: the higher the average
number of contacts per residue, the higher the degree of
cooperativity. If we had to choose, on the basis of these
results, which of the four fragments would be most
likely to show downhill behavior, BBL would be the best
candidate.
Using extensive simulations, we have evaluated the
effectiveness of several common experimental criteria
for distinguishing two-state folding from noncooperative
downhill folding. Our analysis suggests that ensembleaveraged properties such as heat capacity and average
radius of gyration can, in some instances, supply useful
information about the relative degrees of cooperativity of
different proteins. However, they cannot by themselves
definitively determine whether a protein is a noncooperative downhill folder. For example, empirical baseline
subtractions are necessary for the interpretation of experimental calorimetric data, but the baseline subtraction procedure may inadvertently discard important conformational information.19,87
A chevron plot with linear folding and unfolding arms
under all experimentally accessible conditions, providing
m-values consistent with those obtained from thermodynamic measurements, would be a definitive signature of
highly cooperative two-state folding.14,127 However, a
chevron plot with a rollover can be consistent with both
weakly cooperative (bimodal conformational distribution
at transition midpoint) and noncooperative (unimodal
conformational distribution) behavior. Simulations here
and elsewhere indicate that both weakly cooperative
two-state-like proteins and noncooperative downhill-folding proteins can show chevron rollovers. Thus, chevron
rollover cannot be regarded as a signature of downhill
folding. Similarly, kinetic relaxation in the transition
region and under weakly folding conditions can be
essentially single-exponential, and have similar speeds,
for both a weakly cooperative two-state-like protein and
a downhill-folding protein. It follows that the observation of essentially single-exponential kinetics around the
folding/unfolding transition cannot be used to rule out
an underlying unimodal distribution. However, experimental probes corresponding to different definitions
of the transition might allow the degree of cooperativity
to be quantified using the probe-dependence of the chevron arms.
Noncooperative downhill behavior is defined by its
underlying conformational distribution. Therefore, questions about the existence of such behavior in natural
proteins might be addressed by direct observations of
trajectories of the relevant conformational distributions
using single-molecule techniques under a wide range of
folding conditions. The present simulations suggest that,
if available, distributions of single-molecule radius of
gyration, or distributions of other measures of singlemolecule chain dimension that may be accessible by
PROTEINS: Structure, Function, and Bioinformatics

FRET or other techniques, would allow clearer discrimination between noncooperative and two-state behavior.
We are confident that further experimental advances in
this direction would lead to definitive answers about
downhill folding behavior in proteins.
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NOTE ADDED IN PROOF
Our 41-residue native-centric model for Psbd41, for
which experimental folding data are available,122 is
based on the 43-residue 2PDD structure121 (which is
only two residues longer). The more recently determined
55-residue structure of the same protein (PDB ID:
1W3D) is significantly different from the 2PDD structure in the loop region.153 If the same 41-residue part of
the 1W3D structure were used in our modeling, the
number of native contacts would be increased by 10,
resulting in an enhancement in cooperativity, e.g., the
peak heat capacity value in Figure 4 for Psbd41 would
increase to 400 (Zhirong Liu and H.S.C., unpublished
results). But the ordering of the degrees of cooperativity
of our four coarse-grained models remains unchanged.
We are grateful to Tim Sharpe and Alan Fersht for
bringing the 1W3D structure to our attention.
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66. Eaton WA, Muñoz V, Hagen SJ, Jas GS, Lapidus LJ, Henry
ER, Hofrichter J. Fast kinetics and mechanisms in protein
folding. Annu Rev Biophys Biomol Struct 2000;29:327–359.
67. Zhu Y, Alonso DOV, Maki K, Huang C-Y, Lahr SJ, Daggett V,
Roder H, DeGrado WF, Gai F. Ultrafast folding of a3D: a de
novo designed three-helix bundle protein. Proc Natl Acad Sci
USA 2003;100:15486–15491.
68. Zhu Y, Fu X, Wang T, Tamura A, Takada S, Savan JG, Gai F.
Guiding the search for a protein’s maximum rate of folding.
Chem Phys 2004;307:99–109.
69. Yang WY, Gruebele M. Folding at the speed limit. Nature 2003;
423:193–197.
70. Kubelka J, Hofrichter J, Eaton WA. The protein folding ‘speed
limit’. Curr Opin Struct Biol 2004;14:76–88.
71. Kramers HA. Brownian motion in a field of force and the diffusion model of chemical reactions. Physica 1940;7:284–304.
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V. Robustness of downhill folding: guidelines for the analysis
of equilibrium folding experiments on small proteins. Biochemistry 2005;44:7435–7449.
93. Ferguson N, Sharpe TD, Schartau PJ, Sato S, Allen MD, Johnson CM, Rutherford TJ, Fersht AR. Ultrafast barrier-limited
folding in the peripheral subunit-binding domain family. J Mol
Biol 2005;353:427–446.
94. Thirumalai D, Klimov DK. Deciphering the timescales and
mechanisms of protein folding using minimal off-lattice models. Curr Opin Struct Biol 1999;9:197–207.
95. Chan HS, Kaya H, Shimizu S. Computational methods for protein folding: scaling a hierarchy of complexities. In: Jiang T,
Xu Y, Zhang MQ, editors. Current topics in computational biology. Cambridge, MA: MIT Press; 2002. pp 403–447.
96. Karanicolas J, Brooks CL. The importance of explicit chain
representation in protein folding models: an examination of
Ising-like models. Proteins 2003;53:740–747.
97. Head-Gordon T, Brown S. Minimalist models for protein folding and design. Curr Opin Struct Biol 2003;13:160–167.
98. Lu H, Xun L, Xie X. Single-molecule enzymatic dynamics. Science
1998;282:1877–1882.
99. Zhuang X, Bartley LE, Babcock HP, Russell R, Ha T, Herschlag
D, Chu S. A single-molecule study of RNA catalysis and folding.
Science 2000;288:2048–2051.
100. Yang H, Xie X. Probing single-molecule dynamics photon by
photon. J Chem Phys 2002;117:10965–10979.
101. Schuler B, Lipman EA, Eaton WA. Probing the free-energy
surface for protein folding with single-molecule fluorescence
spectroscopy. Nature 2002;419:743–747.
102. Lipman EA, Schuler B, Bakajin O, Eaton WA. Single-molecule
measurement of protein folding kinetics. Science 2003;301:
1233–1235.
103. Rhoades E, Gussakovsky E, Haran G. Watching proteins fold
one molecule at a time. Proc Natl Acad Sci USA 2003;100:
3197–3202.
104. Rhoades E, Cohen M, Schuler B, Haran G. Two-state folding
observed in individual protein molecules. J Am Chem Soc 2004;
126:14686–14687.
105. Xie Z, Srividya N, Sosnick TR, Pan T, Scherer NF. Single-molecule studies highlight conformational heterogeneity in the
early folding steps of a large ribozyme. Proc Natl Acad Sci USA
2004;101:534–539.
106. Cecconi C, Shank EA, Bustamante C, Marqusee S. Direct observation of the three-state folding of a single protein molecule. Science 2005;309:2057–2060.
107. Schuler B. Single-molecule fluorescence spectroscopy of protein
folding. Chemphyschem 2005;6:1206–1220.
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