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ABSTRACT: Coarse-grained chain simulations were used to study fragments of two
homologous proteins of the peripheral subunit-binding domain (PSBD) family, Bacillus
stearothermophilus PSBD (E3BD) and Escherichia coli 2-oxo-glutarate dehydrogenase PSBD
(BBL). To ascertain a robust rank order of folding cooperativity, native-centric intraprotein
interactions were modeled by (i) a common Gō-like potential, and (ii) native-centric
potentials with desolvation barriers or (iii) many-body terms. Homologous proteins can
possess substantially different folding cooperativity. Consistent with experiment, our
calculations indicated that E3BD fragments fold more cooperatively than BBL fragments of
approximately the same chain length. For a given fragment, native contacts deduced from
Protein Data Bank structures can vary significantly depending on the number of residues
that the structure encompasses in addition to those of the fragment itself, resulting in
variation in model folding cooperativity predicted using different native contact sets for the
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NONCOOPERATIVE FOLDING OF SMALL PROTEINS

same fragment. This observation underscores that folding cooperativity of these fragments
can be extremely sensitive to change in chain length. Thus, a ∼40-residue protein
fragment’s folding cooperativity, or lack thereof, does not necessarily imply essentially
identical behaviors for super- or sub-fragments with only several residues more, or less,
than the given fragment. Ramifications for experimental investigations of downhill folding
are discussed. © 2009 Wiley Periodicals, Inc. Int J Quantum Chem 109: 3482–3499, 2009

Key words: Gō model; desolvation barriers; downhill folding; many-body interactions;
nonadditivity

1. Introduction

P rotein folding is a focal point of diverse areas
of investigation in biophysical chemistry and

biomedical sciences. As in any scientific endeavor,
to elucidate the physical basis of the folding pro-
cess, theory and computational modeling are indis-
pensable. Indeed, significant theoretical advances
have been made during the past 20 years (see, e.g.,
Ref. [1, 2] for historical perspectives). Nonetheless,
our understanding of certain fundamental ques-
tions in protein folding is still far from adequate.
One intriguing aspect of protein behavior is the
high degrees of cooperativity exhibited in the fold-
ing of some proteins. Since the 1960s [3], it has
been known experimentally that many proteins with
�180 amino acid residues populate essentially only
two thermodynamic states — folded and unfolded.
These proteins possess little, though not nonex-
istent, intermediate conformational population at
equilibrium [4, 5], even though kinetic intermedi-
ates could transiently accumulate during folding
[6]. Subsequently, in the early 1990s, the possibil-
ity of even more switch-like folding came to light
[7]. From that time onward, an increasing num-
ber of single-domain proteins with <100 residues
have been found to undergo essentially two-state
folding/unfolding kinetics with no appreciable, or
extremely low, population of transient intermediates
[8, 9].

Inspired by these experimental discoveries, it has
become progressively clear from recent theoreti-
cal analyses that protein folding cooperativity is
a physically remarkable phenomenon. As a poly-
mer property, experimental two-state–like folding
cooperativity does not readily follow from intuitive
notions of protein energetics based upon pairwise
additive terms [10]. Rather, cooperativity consti-
tutes a strong indication that substantial many-body
effects are in play in the driving forces for fold-
ing [11, 12]. Thus, a polypeptide’s ability to fold to
a stable, essentially unique structure does not nec-
essarily mean that it has to do so cooperatively [13].

This theoretical insight was confirmed by the nonco-
operative folding behavior of the de novo designed
protein Top7 [14], raising the possibility that evolu-
tionary selection for biological functions might have
led to folding cooperativity [15, 16].

In light of a better conceptual grasp of protein
folding cooperativity, especially the recognition that
cooperativity is not automatic, recent experimental
findings of possible noncooperative, nontwo-state,
barrierless or “downhill” folding [17, 18] are excit-
ing (see Refs. [19, 20] for recent reviews). Downhill
folding was first stated explicitly in an insightful
exposition as a new theoretical possibility [1], even
though — unbeknownst at the time — most of the
coarse-grained protein chain models studied in the
1990s actually had low degrees of folding cooper-
ativity and thus they either folded “downhill” or
had tendencies to do so (see model evaluation in
Refs. [11, 12]). Theoretical and experimental stud-
ies identified two types of downhill folding: First,
some proteins such as certain mutants of λ-repressor
behave in a two-state manner near their transition
midpoint and under mildly folding conditions, but
they can fold downhill under strongly folding con-
ditions [17, 21]. Second, some proteins can undergo
global downhill folding, which means that the pro-
tein always behaves in a one-state, unimodal man-
ner for the entire range of experimental conditions
[22, 23].

Motivated by the proposal that the Escherichia coli
protein BBL is a global downhill folder [18], much
of the experimental investigation of global down-
hill folding has focused on ∼40-residue fragments of
the peripheral subunit-binding domain (PSBD) fam-
ily [24–28]. During the past several years, significant
information has been gained about the folded struc-
tures, thermodynamics, and folding kinetics of vari-
ous BBL constructs as well as BBL homologues from
other organisms [24–28], even though whether BBL
is indeed a global downhill folder remains contro-
versial [29–31]. More recent progress following these
lines of investigation includes an extensive folding
study of the BBL homologue Pyrobaculum aerophilum
PSBD (POB) [32], a study involving high-resolution
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temporal and structural monitoring of BBL folding
dynamics [33], an analysis of pH effects on BBL fold-
ing [34], as well as an extensive study of folding
kinetics of several BBL mutants each with a sin-
gle tryptophan substitution [35]. Beyond the PSBD
family, the 62-residue gpW protein was recently
identified as a likely candidate to fold downhill [36].
Other studies delineated the conditions governing
the crossover from two-state-like to downhill folding
in λ6−85 mutants [37] and in WW domain sequences
[38].

In our view, data from these experiments and the
theoretical considerations they inspired (see below)
indicated quite convincingly that global downhill
folding is probable for at least certain mutated forms
of natural proteins such as BBL. As we have noted
[22, 39], the possibility of global downhill folding
is conceptually in line with the recently broadened
view of the structure-function relationship of pro-
teins. Many proteins participating in cellular regula-
tion in higher organisms are now known to function
in intrinsically disordered states, involving broad
conformational ensembles rather than an essentially
unique structure [40, 41]. The behaviors of intrinsi-
cally disordered proteins demonstrate that biology
can exploit physical interactions to serve a wider
variety of purposes than those in globular, coop-
eratively folding proteins (see, e.g., Refs. [42, 43]).
Conformational diversity could also allow a protein
to tackle multiple tasks and facilitate evolution of
new biological functions [44, 45].

Recent coarse-grained chain modeling of PSBD
and other proteins have demonstrated that native
topology (i.e., native contact pattern) plays a signif-
icant role in folding cooperativity [22, 39, 46–48].
(For a historical perspective of the usage of the
term “topology” in protein folding, see pp. S308–309
of Ref. [49]). By comparing the folding coopera-
tivity of models for different proteins, it is quite
clear that chain models with more nonlocal con-
tacts tend to fold more cooperatively [22, 46]. This
finding is in line with earlier theoretical predictions
[50, 51] and the model results provided plausible
rationalizations for the apparent difference in fold-
ing cooperativity (or lack thereof) between different
BBL constructs [48] as well as between PSBD pro-
teins from different organisms [39]. In fact, the trend
is consistent with the seminal discovery that among
two-state proteins, those with more nonlocal native
contacts tend to fold slower [8, 52] (see Ref. [53]
for theoretical ramifications of this discovery). The
consistency follows from the consideration that a
higher folding cooperativity means a higher overall

free energy barrier between the unfolded and folded
states, and thus a higher barrier to folding kinet-
ics as well. Therefore, proteins with higher degrees
of folding cooperativity should fold slower [39, 49].
The recent studies discussed above showed that this
correlation between the predominance of nonlocal
contacts and folding cooperativity applies not only
to two-state folders but also to marginal coopera-
tively or noncooperatively (non-two-state) folding
short protein fragments. In fact, the constraining
effect of native topology on folding cooperativity is
not restricted only to proteins with ∼40 residues. A
notable example is the designed protein Top7 with
>90 residues. The noncooperative folding of this
protein was thought to be caused primarily by limi-
tations of current artificial design algorithms [14, 16].
In view of the field’s rudimentary knowledge of pro-
tein energetics, it is certainly reasonable to assume
that current artificial design would be less compe-
tent in achieving folding cooperativity than natural
evolutionary design. However, recent model simu-
lations showed that a more basic physical origin of
the non-two-state folding of Top7 may be the con-
straining effects of its very de novo target native
topology [54].

Beside explicit-chain modeling, nonexplicit-chain
Ising-like treatments [55] have also been applied
to study putative downhill folding [56, 57]. These
approaches have proved useful for comparing fold-
ing cooperativity of different proteins. However,
because of their intrinsic limitations, these abstract
constructs tend to overestimate folding cooper-
ativity (see below). This is one of the reasons
for our unyielding emphasis on the primacy of
explicit-chain methodologies in folding studies [10].
Among explicit-chain approaches, all-atom simula-
tions would appear to be most realistic. Downhill
folding was addressed recently by three indepen-
dent atomic simulation studies [58–60]. Simulation
data obtained by Zhang et al. indicated that the
free energy profile of BBL as a function of frac-
tional number of native contacts, Q, was one-state
[58], similar to those observed in coarse-grained
modeling [22, 46] and in agreement with the exper-
imental interpretation that this protein is a global
downhill folder [18, 27]. Simulation data obtained
by Pitera et al. for several different BBL sequence
constructs and the homologue Bacillus stearother-
mophilus E3BD showed no sigmodial folding tran-
sition as a function of temperature [59]. Although
the authors noted that the simulated variation of
E3BD properties as a function of temperature was
slightly sharper than those for the BBL constructs
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[59], the difference is much less discernible than the
clear distinction in folding cooperativity between
BBL and E3BD in experiment [25], a distinction that
native-centric coarse-grained modeling was able to
capture [39]. The more recent simulation by Settanni
and Fersht produced the intriguing result that the
BBL native state was heterogeneous and that the
population ratio of the two predominant confor-
mations changed with folding conditions, a feature
the authors proposed as a possible underpinning of
the apparently asynchronous unfolding behavior of
BBL [60].

How should these all-atom simulation efforts be
evaluated? For the one-state free energy profiles
computed from all-atom simulations of putative
downhill folders to carry weight, control simula-
tions need to be performed. The reason is basic: The
finding of a one-state profile for a putative down-
hill folder would be informative only if, using the
same algorithm, a two-state profile can be found
for a cooperatively folding protein. Otherwise, the
meaning of a predicted one-state profile would be
ambiguous if equivalent simulations for proteins
that are experimentally known to be two-state were
also predicted to have one-state transitions. The
logic is analogous to that for control experiments.
Unfortunately, as it stands, it is not clear whether
current atomic simulations are capable of predict-
ing an appreciable free energy barrier for proteins
that are known to be two-state folders. For instance,
in an extensive all-atom simulation study of a 46-
residue fragment [61] of the 58-residue B domain
of Protein A, which likely folds in a two-state–like
manner experimentally [62], no clear free energy
barrier was observed along Q at the model chain’s
transition midpoint [Fig. 2(C) of Ref. [61]]. Thus, the
question of control atomic simulation remains to be
elucidated, and atomic simulation results on puta-
tive downhill folding should be interpreted with
caution in the meantime.

Now, to gain further insight into global down-
hill folding, we use coarse-grained, explicit-chain
modeling with multiple native-centric interaction
schemes [39]. In evaluating whether a protein may
fold downhill, coarse-grained modeling has the
obvious advantage, owing to its computational
tractability, that the protein’s predicted behaviors
can be explored using physically motivated varia-
tions in model construction [13, 63] and compared
in detail with control cases. For example, our previ-
ous work has shown clearly that several ∼40-residue
fragments of members of the PSBD family fold signif-
icantly less cooperatively than a 39-residue fragment

of the N-terminal domain of ribosomal protein L9
(NTL9), thus providing a plausible rationalization
for the corresponding experimental observations
[22, 39].

We focus this study on BBL and E3BD. Our previ-
ous multiple-interaction-scheme study modeled one
45-residue fragment for each of these proteins. Those
models were based on structures listed under Pro-
tein Data Bank (PDB) codes 2BTH and 1W4E for
single-point mutants with a tryptophan substitu-
tion at position 166. Our previous effort predicted
that the 45-residue E3BD fragment should fold more
cooperatively than the 45-residue BBL fragment [39].
This result is in accord with the trend exhibited
by experimental chevron plots of these fragments
[25] and consistent with the calorimetric observa-
tion of a significantly sharper heat capacity peak for
E3BD than for BBL [Fig. 8(a) of Ref. [25]]. Build-
ing on this theoretical advance, the present study
takes a broader view. We note that folding coopera-
tivity can be significantly different for native-centric
models of BBL fragments of different chain lengths
and/or based upon different PDB structures [48].
Experimental data on BBL and E3BD fragments with
different chain lengths are available [18, 64] and
should be taken into account. Therefore, we extend
our approach [39] to consider three PDB structures
for BBL sequences with 40, 47, and 51 residues (same
structures studied in Ref. [48]); and two PDB struc-
tures for E3BD sequences with 44 and 55 residues.
Additional results on NTL9 are included also for
comparison.

As in Ref. [22], we examine below the free energy
profiles, sigmoidal transitions, and distributions of
radius of gyration of our models to evaluate and
compare their folding cooperativity. We also apply
the theoretical equivalent [10–13] of the experimen-
tal calorimetric criterion [3–5], which has seen useful
applications in analyses of barrier heights and other
aspects of putative global downhill folding [22, 65,
66]. Interestingly, similar to a prior observation for
two different BBL structures in the PDB [48], we
found that folding cooperativity of native-centric
models for the same BBL sequence or the same E3BD
sequence truncated from different PDB structures
can be substantially different. Because the different
PDB structures encompass different total number of
residues (see above), this apparent uncertainty in
native-centric model prediction underscores the fact
that core packing and folding cooperativity for these
small protein fragments are highly sensitive to even
small variation in total chain length [64]. Taking this
into consideration, a more coherent physical picture
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emerges: Our calculations suggest that when homol-
ogous BBL and E3BD sequences of equal length (in
the range ≈40–45 residues) are compared, the E3BD
fragment generally folds more cooperatively than
the BBL fragment. This trend agrees with experiment
and is apparently driven by sequence-specific inter-
actions that underpin a higher native contact density
in E3BD than that in BBL.

2. Models and Method

Recognizing the predominant role of native inter-
actions in natural protein folding, the present
methodology is limited to that of native centric
modeling. Favorable nonnative interactions are not
considered although experiments showed that non-
native interactions exist in protein folding [67–69].
Because some of the effects of nonnative interactions
may be treated as a perturbation on coarse-grained

native-centric models [70, 71], the present approach
may be viewed as a zeroth-order approximation in
that regard.

We use the multiple native-centric interaction
scheme method developed recently [39]. For each
PDB structure investigated, continuum Cα chain
models were constructed using three different inter-
action schemes: a common Gō-like [72] model [73,
74], a physically motivated potential with desolva-
tion barriers (db model), and a potential with a for-
mal many-body energy term (mb model) [39]. Ther-
modynamic sampling were conducted by Langevin
dynamics [75] using the same parameters as those in
Refs. [13, 49]. Common Gō models tend to underes-
timate folding cooperativity of natural proteins [10,
11, 13], whereas the db and mb models entail higher
degrees of folding cooperativity. Using two well-
studied examples, Figure 1 provides an overview
of the general trend of behaviors afforded by our
three native-centric interaction schemes, in which

FIGURE 1. Free energy profiles and conformational
fluctuations. Profiles as functions of fractional number of
native contact Q (top plots) are shown near each model’s
folding/unfolding transition temperature for the 39-residue
NTL9 fragment (1CQU1−39) and 37-residue BBL
fragment (1BBL12−48) modeled native-centrically using
the common Gō (Gō, dashed curves), desolvation-barrier
(db, dotted curves) and many-body (mb, solid curves)
interaction schemes. �G/RT = − ln P(Q) + constant,
where P(Q) is the probability of a conformation having
Q. Note that the �G/RT scales for 1CQU and 1BBL are
different. The 1CQU1−39 profiles are similar to that in
Ref. [39]. The chain drawings depict and compare
conformational fluctuations around the native (high-Q)
minima for all three models of 1CQU (blue arrows) and
for the mb model of 1BBL, as well as around the global
minima for the Gō and db models of 1BBL. To
characterize thermal fluctuation around each of these
free energy minima, we denote the Q value at the
minimum as Qm and consider the ensemble of
conformations around Qm spanning the range Q > Q+RT

m
for each model, where Q+RT

m is defined as the Q value at
which �G is RT higher, for the first time, than that at Qm

as Q decreases from Qm in the given model
(Q+RT

m < Qm). The root-mean-square deviation (rmsd) of
the conformations [77] in these ensembles from their
respective PDB structures are, for 1CQU: 1.94 Å (Gō),
0.87 Å (mb), 0.64 Å (db); and for 1BBL: 8.06 Å (Gō), 6.32
Å (mb), 7.63 Å (db). For each model, 1,000 randomly
selected conformations were used to determine rmsd,
and 20 randomly selected conformations are shown (red
Cα traces) superposed upon the PDB structure (black Cα

trace).
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free energy as a function of Q is plotted in units of
RT, where R is the gas constant and T is absolute
temperature.

2.1. PHYSICALLY-MOTIVATED
DESOLVATION/SOLVATION BARRIERS
ATTENUATE CONFORMATIONAL
FLUCTUATIONS

We consider the db model because desolva-
tion and solvation effects are essential in folding
and unfolding [76] (see introductory discussion
in Ref. [77] and references therein). Desolvation
underlies many experimentally observed biophys-
ical properties of folding such as pressure effects,
activation volumes [78], and enthalpic barriers [79,
80]. At the same time, a high solvation barrier to
unfolding is seen as key to kinetic stability of pro-
teins [81]. Here, we use an implicit-solvent approach
to incorporate desolvation barriers (db’s) [13, 63,
79, 82]. A detailed description of our formulation
is provided in Ref. [77]. As discussed in Ref. [82],
we consider temperature-independent terms with
a functional form motivated by atomistically sim-
ulated (pairwise) two-methane potentials of mean
force (PMF’s). It should be noted that this simpli-
fied approach accounts for neither the temperature
dependence of PMF’s [77, 79] nor their nonadditivity
[83]. In spite of these limitations, the resulting models
with db’s can still capture useful, essential physics of
solvation and desolvation at a coarse-grained level
(reviewed in Ref. [84]). For instance, these mod-
els are effective in enhancing folding cooperativity
[63, 82] and in accounting for the remarkable diver-
sity of folding rates [85] observed in experiments
[52].

For the 39-residue 1CQU fragment considered
in Figure 1 (left), we see that db’s significantly
reduce conformational fluctuation in the native state
(native free energy minimum at Q ≈ 1) vis-à-vis
that allowed by the common Gō model (native free
energy minimum at Q ≈ 0.8). This salient feature
of the db model is important and physically realis-
tic; and the trend here is in line with that observed
previously for db models of larger proteins includ-
ing chymotrypsin inhibitor 2 (CI2) and barnase [77].
For the same protein, the db model is more con-
straining on native-state conformational fluctuation
than the mb model (native free energy minimum at
Q ≈ 0.93), although the mb model has a higher free
energy barrier and thus folds more cooperatively
[39].

On the other hand, results for the 37-residue 1BBL
fragment in Figure 1 (right) indicate that db’s can-
not enhance folding cooperativity of a native-centric
model that folds globally downhill under the com-
mon Gō potential. For this protein, there is no overall
free energy barrier in both the common Gō and db
models. This result suggests that the ability of db’s
to enhance folding cooperativity is conditional and
likely involves a subtle interplay with native topol-
ogy. Db’s can enhance folding cooperativity if a given
native topology already affords a tendency to fold
cooperatively (as for 1CQU). However, if the native
topology is so inconducive to cooperative folding
that there is no free energy barrier at the common
Gō model level (as for 1BBL), adding db’s would
still not create an overall folding free energy barrier.

2.2. FORMAL MANY-BODY TERMS
AS A CONCEPTUAL TOOL

To explore more broadly how model folding coop-
erativity of a given protein varies with native-centric
interaction scheme, we have also considered a many-
body (mb) term. Whereas potential energy E is
approximately proportional to −Q in the common
Gō potential and the db model (E ∼ −Q), our mb
potential energy E ∼ −Q2 [39]. Here we use the
same mb formulation that was described recently in
Ref. [39]. Because Q counts pairwise contacts, the
quadratic form −Q2 constitutes a nonadditive mb
effect by which contacts reinforce one another. The
consideration of mb effect has been motivated by
experimental data indicating that while the energy
landscapes of many proteins are funnel-like, their
high degrees of folding cooperativity imply a “near-
Levinthal” scenario [86]. Because chain models with
the common Gō potential are insufficient to mim-
ick highly cooperative folding [11, 13], an emerging
consensus is that mb effects beyond pairwise interac-
tions are needed to account for the physical driving
forces in small, single-domain proteins [87–90].

Physical considerations suggest that mb effects
in cooperatively folding protein likely take the gen-
eral form of a coupling between local and nonlocal
interactions [88, 91]. As has been argued in Ref. [88],
such a mechanism might arise from well-designed
sidechain packing. Another possible physical origin
for local-nonlocal coupling could be an enhance-
ment of hydrogen bonding strength by hydrophobic
burial [92, 93]. Local-nonlocal coupling can lead to
cooperative folding behaviors reminiscent of that
exhibited by small, single-domain proteins, as has
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been demonstrated in extensive lattice modeling
[88, 91, 93]. More recently, proteinlike cooperative
folding was also achieved in an analytic theory for
helix bundle folding that coupled local Zimm-Bragg
zipping of helical segments with nonlocal native con-
tact formation between two or more helices [94].
This theory is native-centric (no favorable nonna-
tive interactions) and is an elegant formulation of
a local–nonlocal coupling mechanism similar to that
proposed for the lattice four-helix bundle models in
Refs. [91, 93].

In seeking a deeper physical understanding, it
is important to recognize that the trend of protein
folding properties predicted by different forms of
mb effects varies. Not all experimental trends of
cooperative folding follow from mb effects per se.
For instance, the correlation between native topol-
ogy and folding rate [52] and the convergence of
isotherms in native-state hydrogen exchange data
[15, 95] were rationalized by local–nonlocal coupling
but not necessarily by other forms of mb effects [12,
88, 91]. Results from recent experiments on the coop-
erative folding of ankyrin [96] and other repeats
(reviewed in Ref. [97]) suggest strongly that local–
nonlocal coupling may be a rather general mech-
anism operative not only in small, single-domain
globular proteins but in larger repeat proteins as
well.

In contrast to local–nonlocal coupling, the E ∼
−Q2 mb term used in this study is formal. We des-
ignate it as such beause E ∼ −Q2 is a mathematical
construct invoked merely to increase the overall fold-
ing cooperativity of a protein chain model without
regard to how cooperativity might arise from plau-
sible physical interactions between different parts of
the chain. Even so — and similar to other formal
mb terms [98], our mb term is useful for conceptual
exploration. However, it should always be remem-
bered that formal mb terms such as ours (unlike
the db term) was not derived from a microscopic
physical perspective on how constituent parts of a
protein interact. For instance, our mb model does
not consider db’s, which are physically important.
Therefore, results from our mb model [39] and other
similar constructs [98] should be interpreted with
extra caution.

Figure 1 shows that our mb model is significantly
more cooperative than the db model for 1CQU (left
part of the figure). For this protein, the mb model
produced an overall free energy barrier significantly
higher than that of the db model. On the other hand,
for 1BBL (Fig. 1, right), the mb interaction scheme
produced only a barely existent overall free energy

TABLE I
Native contacts in the protein fragments studied in
the present work.

Protein Fragment N Q̃n 2Q̃n/N NN

BBL 1BBL12−48 37 39 2.11 0.73
1W4H131−167 37 57 3.08 0.97
2CYU2−38 37 30 1.62 0.59

E3BD 2PDD3−43 41 56 2.73 0.85
1W3D131−170 40 63 3.15 0.90

NTL9 1CQU1−39 39 93 4.77 2.08
BBL 2BTH126−170 45 66 2.93 1.09
E3BD 1W4E126−170 45 75 3.33 1.07

N is the length of the protein fragment (number of amino acid
residues); Q̃n is the number of native contacts determined
according to a 4.5 Å separation cutoff (see text) between
residues in the protein fragment; 2Q̃n/N is the correspond-
ing number of native contacts per amino acid residue. NN
is the number of nonlocal native contacts (|i − j | > 6) per
amino acid residue computed using the definition of Zuo et al.
with a 5.0 Å cutoff for native contacts [46]. (The NN value for
1BBL12−48 is identical to that in Ref. [46].) The bottom two rows
of data are included here for reference only. We have studied
the 2BTH and 1W4E models previously [39] and they are not
being further investigated in the present work.

barrier, rendering the model marginally cooperative.
Similar to the conditional ability of db’s to enhance
folding cooperativity, as noted above, even the mb
scheme apparently cannot beget highly coopera-
tive folding if a given protein is a global downhill
folder when modeled using the common Gō poten-
tial. All in all, these results are consistent with a
certain degree of robustness in the rank order of
folding cooperativity across different native-centric
interaction schemes [39].

2.3. PDB STRUCTURES USED IN
NATIVE-CENTRIC MODELING

Figure 2 shows the PDB structures (thick Cα

traces) of four PSBD protein fragments (1BBL [99],
1W4H [25], 2PDD [100], 1W3D [101]) and their native
contacts (thin traces) used for our native-centric
modeling. The numbers of native contacts in these
structures are given in Table I with those in two other
structures in this study (the cooperatively-folding
[102] 1CQU [103] and a more recent BBL structure
2CYU [27]; drawings shown in subsequent figures)
as well as two additional structures we studied pre-
viously. As in Ref. [39], only native contacts between
amino acid residues i, j separated by three or more
residues are considered (|i − j| > 3). For a given PDB
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structure, a pair of residues constitutes a native con-
tact if a pair of nonhydrogen atom, one from each
residue, are less than 4.5 Å apart.

From a native-centric modeling perspective, the
chain length of a PDB structure can affect model fold-
ing cooperativity via at least two effects: First, all else
being equal, models with longer chain lengths tend
to fold more cooperatively [11]. Second, even if one
focuses only on a given fragment of a protein (i.e., the
fragment length is fixed), the PDB contact pattern
of the fragment, and thus the native-centric model
interactions, may depend on the total chain length
of the PDB structure. For instance, a longer total
chain length may increase local packing and result
in more native contacts. We are interested in the sec-
ond effect, which is less understood. For this reason,
we consider model BBL fragments of equal length
(37 residues) extracted from three different PDB
structures, and model E3BD fragments of essentially
equal length (41 and 40 residues) extracted from two
different PDB structures (see Table I). The 41-residue
2PDD fragment is identical to the one studied pre-
viously using only the common Gō potential [22]. A
40-residue 1W3D fragment is chosen here because
the Cα position of the last residue in the 41-residue
2PDD fragment (alanine, no. 43 in the 2PDD file) was
not available for 1W3D (the same alanine is labeled
no. 171 in the 1W3D file). For notational simplicity,
when the meaning is clear from the context of the dis-
cussion, we will omit below the subscripts specifying
the ranges of residues for the fragments in Table I.

All six PDB structures used in this study were
determined by NMR. For 1BBL, we used the only
structure provided in its PDB file. For PDB files with
multiple NMR structures, we used the “best rep-
resentative conformer” (model no. 1) for all cases
in which such a conformer was identified (1W4H,
1W3D, and 2CYU). For the remaining two PDB files,
we used model no. 1 for 2PDD and model no. 5 for
1CQU as in our previous investigations [22, 39].

3. Results

3.1. RANK ORDERING FOLDING
COOPERATIVITY BY FREE ENERGY PROFILES

Figure 3 compares the model free energy profiles
of the BBL and E3BD fragments modeled using five
different PDB structures. Following the approach
we developed [22, 39], it is clear from the heights
of the overall free energy barriers, or lack thereof,

that the following rank order of folding cooperativ-
ity, 1W3D > 1W4H > 2PDD > 1BBL > 2CYU, holds
consistently across the three different native-centric
interaction schemes. From a modeling standpoint,
this rank order of folding cooperativity is readily
rationalized by an identical rank order of the cor-
responding number of native contacts per residue in
these structures, viz., 3.15 > 3.08 > 2.73 > 2.11 > 1.62,
as can be seen from the column for 2Q̃n/N in Table I.
A positive correlation between folding cooperativ-
ity with native contact density 2Q̃n/N is consistent
with our previous findings [22, 39]. This trend is
essentially, though not completely, in line with a cor-
relation between folding cooperativity and “number
of nonlocal contacts per residue (NN)” noted by Zuo
et al. [46] (the ranking of 1W3D and 1W4H by 2Q̃n/N
was switched by NN). It should be noted that NN

includes only |i − j| > 6 contacts whereas 2Q̃n/N
counts all contacts with |i − j| > 3, and that NN was
defined using a slightly larger cutoff for native con-
tacts (see Table I). As exemplified by a recent study
on Top7, the effectiveness of NN in predicting folding
cooperativity needs to be further evaluated [54].

Figure 3 shows that the 2PDD models (blue)
of E3BD fold more cooperatively than the 1BBL
models (red) for BBL. This result confirms and gen-
eralizes our previous finding based upon only the
common Gō potential [22]. However, on the face of
it, Figure 3 fails to provide an unambiguous predic-
tion that the 40- or 41-residue fragment of E3BD folds
more cooperatively than the 37-residue fragment of
BBL. The apparent ambiguity is exhibited by the
results that the 2PDD models (blue) for E3BD fold
less cooperatively than the 1W4H models (green)
for BBL, even though the E3BD models based upon
1W3D (black) fold more cooperatively than the BBL
models based upon 1W4H (green).

This observation raises a basic question in native-
centric modeling of protein fragments. To resolve
the paradox, it is crucial to realize that the subset
of native contacts in a 45-residue 1W4H structure
for our 37-residue BBL fragment can differ signif-
icantly from the native contacts actually exist in
an independently folded 37-residue BBL fragment.
Accordingly, we posit that the higher native contact
density deduced from the 1W4H structure for the
37-residue BBL fragment (see Table I) is not repre-
sentative of that of the fragment as an independent
entity — that is, when it is not part of a larger
structure. The eight additional residues in 1W4H
likely led to a folded structure with a higher average
compactness than that prevails in the folded struc-
ture of an independent 37-residue BBL fragment. In
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contrast, we deem the 1BBL and 2CYU structures
more representative of the actual folded structure
of the 37-residue BBL fragment. This is because the
37-residue fragment encompasses the entire ordered
structure in 1BBL (unlike for 1W4H, no truncation
of ordered structure was needed), and it is only
three residues shorter than the 40-residue BBL frag-
ment used to determined 2CYU (which provides
coordinates for 39 residues). These physical con-
siderations argue against using the 1W4H native
contacts to model our 37-residue BBL fragment.
Taken together, we view the available computational
evidence as supportive of our expectation that the
40- or 41-residue fragment of E3BD should fold more
cooperatively than the 37-residue fragment of BBL.

Beside effects of total chain length, another pos-
sible source for the appreciable differences in the
native contacts of the 37-residue BBL fragments
deduced from 1BBL, 2CYU, and 1W4H is the differ-
ent pH conditions under which these structures were
determined (pH 5.3 for 1BBL and 2CYU [27, 99] and
pH 7.0 for 1W4H [25]), as has been pointed out [34,
48]. This question is worthy of further investigation
but is beyond the scope of our present work.

3.2. RANK ORDERING FOLDING
COOPERATIVITY BY SHARPNESS
OF SIGMOIDAL TRANSITIONS

Figure 4 compares the temperature variation of
Boltzmann-averaged potential energy 〈E(T)〉 in the
common Gō model for 1BBL against that for 1CQU.
The results show that the sigmoidal transition of
〈E(T)〉 as a function of temperature T for 1CQU is
significantly sharper than that for 1BBL. As for the
trend exhibited in Figure 3, this difference is read-
ily rationalizable by native contact density. Data for
2Q̃n/N in Table I show that the more cooperatively
folding 1CQU has a native contact density of 4.77
(see contact pattern on the right of Fig. 4), which
is more than double that of 2.11 for 1BBL [22]. As
part of the 1CQU model’s more sigmoidal behav-
ior, its slope of 〈E(T)〉 outside the transition region
is not as steep as that for 1BBL. This means that the
construction of folded- and unfolded-state baselines
(by extrapolating, respectively, from low- and high-T
behaviors of 〈E(T)〉) is relatively unproblematic and
less ambiguous for 1CQU than for 1BBL.

With regard to the question about truncation
discussed above, the present model 39-residue frag-
ment of 1CQU was truncated from a 56-residue
NMR structure [103], and thus our model might
overestimate the fragment’s folding cooperativity.

Despite this caveat, because the 1CQU native topol-
ogy is so significantly distinct from that of the PSBD
fragments, we have confidence in the validity of
our prediction (which agrees with experiment) that
1CQU1−39 is a more cooperative folder than the PSBD
fragments we studied [22, 39].

Figure 5 tracks the temperature-dependent fold-
ing/unfolding transition of the model proteins in
Figure 2 by their normalized potential energy

〈Ẽ(T)〉 ≡ 〈E(T)〉 − 〈E(T)〉N

〈E(T)〉D − 〈E(T)〉N
(1)

and average fractional number of native contacts,
〈Q(T)〉. In the above definition of 〈Ẽ(T)〉, 〈E〉N and
〈E〉D are both linear functions of T corresponding,
respectively, to the baseline average potential energy
of the native (folded) and denatured (unfolded)
states estimated from the low- and high-T depen-
dence of the 〈E(T)〉 function outside the transition
region (see Fig. 4). Figure 5 shows that, irrespective
of interaction scheme, the sharpness of the sigmoidal
transitions of the model proteins follow the rank
order 1W3D > 1W4H > 2PDD > 1BBLfor both 〈Ẽ(T)〉
and 〈Q(T)〉.

This rank order of sharpness of sigmoidal transi-
tion in Figure 5 is identical with the rank order of
folding cooperativity ascertained from the Q-based
free energy profiles in Figure 3. For protein models of
approximately equal chain length, as is the case here,
a correlation is expected between transition sharp-
ness and the height of overall free energy barrier —
or equivalently the degree to which the transition
is two-state–like [77]. However, it is important to
note that sharpness per se [104] of a transition does
not necessarily imply that it is two-state–like [10].
In general, sharpness tends to increase with chain
length even if the transition is not two-state–like.
A case in point is the sharp yet non-two-state coil-
globule transition of the 62,000-unit homopolymer
poly(N-isopropylacrylamide) [105].

3.3. RANK ORDERING FOLDING
COOPERATIVITY BY THE CALORIMETRIC
CRITERION

The folding cooperativities of our protein frag-
ment models were further compared using the
calorimetric criterion [3–5, 10–12]. To this end, the
heat capacity function

Cp(T) = 1
RT2

[〈E2(T)〉 − 〈E(T)〉2] (2)
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FIGURE 2. Native contacts used for modeling folding
cooperativity of protein fragments. Shown here are four
different PDB structures: 1BBL and 1W4H for the protein
BBL, 2PDD and 1W3D for the protein E3BD. Thick lines
are the native Cα traces of the PDB conformations
chosen for modeling; thin lines joining a pair of Cα

positions indicate native contacts defined by the 4.5Å
criterion (see text). Additional information about these
structures and their contacts can be found in Table I. The
structures are color coded for clarity in subsequent
discussion.

was computed for every model. Examples are shown
in Figure 6. In the present formulation, only the
potential energy enters into the heat capacity. For

FIGURE 3. Comparing folding cooperativity of the
protein fragments. Free energy profiles computed using
the three native-centric interaction schemes (Gō, db, mb)
are shown for 1BBL (red), 2PDD (blue), 1W4H (green),
and 1W3D (black) using the color code in Figure 2. Here,
�G/RT = − ln P(Q). Included also for comparison are
the magenta curves (with lowest minima) providing the
corresponding free energy profiles for a 37-residue
fragment of BBL modeled using the PDB structure 2CYU
(see Table I).

FIGURE 4. Cooperative folding entails a sharper
variation of potential energy with temperature near the
folding/unfolding transition temperature. Average
potential energy 〈E (T )〉 as a function of temperature T
was computed using the common Gō potential for the
1BBL and 1CQU fragments. Datapoints plotted were
determined by direct simulations at each given
temperature, whereas continuous curves were estimates
by using histogram techniques based upon simulations
near the transition temperature. Shown on the right is the
native structure and native contacts (same style as in
Fig. 2) used for 1CQU1−39 modeling in our present and
previous efforts [22, 39].

our purpose, the difference between this formula-
tion and that of Langevin dynamics studies that
also included kinetic energy in the calculation of
model heat capacities [22] is inconsequential. This
is because it can be shown in general that insofar as
the potential energy is not a function of momenta
(which is the case here), at any T, the Cp(T) defined
in Eq. (2) using only potential energy is smaller by

FIGURE 5. Average normalized potential energy
〈Ẽ (T )〉 and average fractional number of native contacts
〈Q(T )〉 as functions of temperature. Results for the three
model interaction schemes (Gō, db, mb) are shown for
1BBL (red), 2PDD (blue), 1W4H (green), and 1W3D
(black). Datapoints plotted for each T were obtained from
direct simulations at the given T . Curves joining the
datapoints are merely a guide for the eye. The
normalized Ẽ (T ) was obtained from E (T ) using fitted
baselines for the folded and unfolded states.
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FIGURE 6. Characterizing folding cooperativity by the model heat capacity functions Cp(T ). Example results are
shown for 1BBL, 2CYU, and 1W3D. Cp is in units of R. The Cp scale for 2CYU is identical to that for 1BBL. In all three
panels, the heat capacity functions for the Gō, db, and mb models are invariably those with, respectively, the lowest,
middle, and highest Cp peak; and the horizontal dotted lines marked the low-T baseline heat capacity of 3N/2 (see text).
Every plotted datapoint was obtained by direct simulation at the given temperature. Included for comparison in the 1BBL
and 1W3D panels are continuous curves representing heat capacity functions estimated using histogram techniques
based only upon simulations near each model’s transition temperature.

a constant value of 3NR/2 than the full heat capac-
ity that includes kinetic energy. (N is the number of
particles in the system; N is equal to the number of
Cα’s in our models.) It should also be noted that the
difference between constant-pressure and constant-
volume heat capacities (Cp and Cv, respectively) is
negligible for proteins under ambient conditions.
Thus, even though our model heat capacity is effec-
tively computed under constant volume, we denote
our heat capacity as Cp to underscore its role as the
model mimick of the constant-pressure heat capacity
meausred experimentally by differential scanning
calorimetry.

Figure 6 also compares directly simulated Cp val-
ues with histogram-technique estimates based on
simulations near each model’s transition tempera-
ture Tm at which Cp is maximum. The results indicate
clearly that such histogram techniques are some-
what reliable outside the transition regime only
when the model is relatively cooperative (1W3D)
but are much less reliable when the model is non-
cooperative (1BBL). In view of these test results,
only directly simulated Cp’s are used in the present
analysis.

The calorimetric criterion for two-state–like pro-
tein folding requires �HvH/�Hcal ≈ 1 [3–5, 10]. In
this expression, �Hcal ≡ ∫

dTCp(T) is the calorimet-
ric enthalpy and

�HvH = 2
√

RT2
mCp(Tm) (3)

is the van’t Hoff enthalpy determined for the
Cp maximum in accordance with the κ2 and κ

(s)
2

definitions for �HvH/�Hcal in Ref. [11]. As in
experimental calorimetry, the determination of a
model �HvH/�Hcal ratio suitable for quantifying
folding cooperativity often necessitates baseline sub-
tractions [11]. In this regard, the simulation results
(see e.g., Fig. 6) suggested that a folded-state base-
line of Cp = 3NR/2 may be appropriate for our
models. Fundamentally, this is because the behav-
ior of every one of our models at low temperatures
(T → 0) resembles that of 3N one-dimensional har-
monic oscillators, which entails a full heat capacity
of 3NR [106, 107]. Thus, after subtracting the 3NR/2
contribution from kinetic energy precluded in Eq.
(2), a low-T baseline of 3NR/2 ensued. This is the
folded-state Cp baseline we adopted for all of our
models. On the other hand, the unfolded-state Cp

baseline was not the same for different models. For
unfolded states, we considered Cp values above Tm

separately for each model and used the directly-
simulated Cp values at the 20 highest T’s investigated
for the given model to construct the unfolded-state
Cp baseline for the model.

Table II shows that 1CQU is most cooperative
among the protein fragments studied here, irre-
spective of the native-centric interaction scheme
used. Even so, because of its small size, models of
1CQU1−39 appear less cooperative than longer pro-
tein chains such as CI2. Whereas db models of CI2
exhibit �HvH/�Hcal = κ

(s)
2 ≈ 1 [77], the correspond-

ing κ
(s)
2 value for the present db 1CQU1−39 model is

only 0.78. As reported in Table II, for 1CQU1−39, a
more cooperative mb interaction scheme is needed
for κ

(s)
2 ≈ 1. Models for the PSBD fragments
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TABLE II
Folding/unfolding cooperativity of the model
protein fragments.

�HvH/�Hcal

Protein fragment Gō db mb

1BBL12−48 0.36 0.31 0.55
1W4H131−167 0.44 0.47 0.85
2CYU2−38 0.38 0.37 0.56
2PDD3−43 0.46 0.48 0.76
1W3D131−170 0.60 0.65 0.84
1CQU1−39 0.73 0.78 0.97

Cooperativity is quantified by the van’t Hoff versus calorimet-
ric enthalpy ratio �HvH/�Hcal, computed here as the κ

(s)

2
parameter in Refs. [11, 22, 93] with baseline subtractions
(see text). Results shown are for native-centric Cα models
of the protein fragments using, respectively, the common Gō
(Gō), desolvation-barrier (db), and many-body (mb) interaction
schemes.

are even less cooperative. None of their com-
puted �HvH/�Hcal values is higher than 0.85 even
after reasonable baseline subtractions as described
earlier.

Consider the expression for �HvH in Eq. (3) before
baseline subtractions. Clearly, �HvH increases with
increasing Tm and with increasing peak heat capac-
ity value Cp(Tm). For the five PSBD models, we
found that both Tm and Cp(Tm) follow the rank order
1W3D > 1W4H > 2PDD > 1BBL > 2CYU (detailed
data not shown). This rank order is identical to the
rank order of folding cooperativity deduced from
the free energy profiles in Figure 3 and rational-
ized above by the native contact densities in Table I.
This coincidence of rank order of E-based and Q-
based cooperativity parameters is not too surprising
given the native-centric nature of the model inter-
actions. Nonetheless, it underscores the robustness
of these constructs as predictive models for folding
cooperativity.

After baseline subtractions, Table II shows that the
resulting κ

(s)
2 values of the PSBD models follow the

rank order 1W3D > 2PDD > 1W4H > 2CYU > 1BBL
for the common Gō and db models, and 1W4H >

1W3D > 2PDD > 2CYU > 1BBL for the mb models.
For the common Gō and db models, the κ

(s)
2 values

of 1W4H and 2PDD are essentially the same, and
the κ

(s)
2 for 1BBL and 2CYU also take quite similar

values. The κ
(s)
2 values for 1BBL and 2CYU are essen-

tially identical for their mb models as well. However,
for the mb interaction scheme, the κ

(s)
2 values for

1W4H and 1W3D are approximately equal, which is

not the case for the common Gō and db interaction
schemes.

Two clear trends emerged despite these subtle
effects of baseline subtractions, a procedure that is
inevitably somewhat subjective [11] both experimen-
tally and theoretically (note that different sets of
baselines were used in Ref. [22]). First, recall the
results in Figures 3 and 5 indicating that model of
a fragment based upon truncation of a larger PDB
structure tends to fold more cooperativity, a trend
we rationalized by chain-length effects on packing
(see above). Consistent with this trend and irrespec-
tive of native interaction scheme, Table II shows that
for E3BD, the 1W3D model is calorimetrically more
cooperative than the 2PDD model. Similarly, for BBL,
the 1W4H model is calorimetrically more coopera-
tive than the 1BBL and 2CYU models. Second, Table
II demonstrates that, by the calorimetric criterion, the
41-residue 2PDD model is consistently more coop-
erative than the 37-residue 1BBL or 2CYU model.
Thus, the heat capacity consideration here is seen
to provide additional theoretical support to the con-
tention that the 41-residue E3BD fragment should
fold more cooperatively than the 37-residue BBL
fragment.

3.4. DISTRIBUTION OF RADIUS OF GYRATION
AND FOLDING COOPERATIVITY

Figure 7 provides the distribution of radius
of gyration for all the protein fragment models
studied in this work, simulated near their respec-
tive transition temperature Tm. Raidus of gyration

Rg =
√∑N

j=1 |rj − 〈r〉|2/N where rj is the position

vector of the jth Cα and 〈r〉 ≡ ∑N
j=1 rj/N. Results

in Figure 7 show that more cooperatively fold-
ing models tend to have bimodal Rg distributions
[P(Rg)’s] whereas less cooperatively or noncoopera-
tively folding models have unimodal P(Rg)’s. For the
least cooperative models 2CYU and 1BBL, the mb
interaction scheme is needed for a bimodal P(Rg).
For the other four models whose native topologies
are more conducive to cooperative folding, P(Rg)

begins to become bimodal at the level of the db
interaction scheme. Expectedly, the more coopera-
tive a model – which means that the model’s folded
and unfolded conformations are more clearly sep-
arated in E or Q, the more bimodal is its P(Rg).
Thus, as has been proposed [22], if single-molecule
measurement of Rg is possible, P(Rg) may pro-
vide a definitive means to distinguish between

VOL. 109, NO. 14 DOI 10.1002/qua INTERNATIONAL JOURNAL OF QUANTUM CHEMISTRY 3493



BADASYAN, LIU, AND CHAN

FIGURE 7. Distribution P(Rg) of radius of gyration Rg

for all of the model protein fragments studied in this work.
Each distribution was computed at the transition
temperature of the given model.

two-state–like, bimodal cooperative folding and
one-state, unimodal, noncooperative folding.

4. Discussion

4.1. EFFECT OF CHAIN LENGTH
ON PACKING DENSITY

The above-noted impact of overall chain length
of a protein on the native contact (packing) density
of a truncated fragment is an effect that deserves
further examination. To address this issue, Figure 8
compares the native contact maps of the same 37-
residue sequence truncated from 1BBL and 2CYU
(wherein contacts between residues i, j in their
respective PDB structures are marked). Even though
the 2CYU and 1BBL structures were determined
by NMR under similar solvent conditions (both at
pH 5.3, 2CYU was determined at 278 K, whereas
1BBL was determined at 288 K and 298 K) [27,
99], there are significantly fewer contacts in the 37-
residue 2CYU fragment than in the corresponding

1BBL fragment, resulting in a native contact density
for 2CYU2−38 (2Q̃n/N = 1.62), that is, 23% lower
than that for 1BBL12−48 (2Q̃n/N = 2.11; see Table
I). Because the NMR structural determinations for
2CYU and 1BBL were performed on peptides with
total lengths of 40 and 51 residues, respectively, the
present observation suggests strongly that a longer
overall chain length tends to increase native con-
tact density. This hypothesis is consistent with a
recent result [48] showing that native-centric mod-
els with different levels of mb interactions based on a
39-residue truncation of 1W4H (termed “truncated-
Fersht”) folded more cooperatively than the corre-
sponding models based upon the 39-residue 2CYU
(termed “Muñoz”).1 In this regard, the comparison
in the present Figure 8 may be even more revealing
and provide stronger support for the chain length-
packing hypothesis because 1BBL and 2CYU were
determined under more similar conditions, whereas
1W4H was determined under a different pH of
7.0 [25, 48].

4.2. SENSITIVITY OF NATIVE-CENTRIC
MODELING TO CHOICE OF CONTACT SET:
QUESTIONS OF ROBUSTNESS

Next we turn to a perennial question in native-
centric modeling: To what extent are our conclusions
robust with respect to how we define native contacts
from a given PDB structure? As a matter of principle,
our group has long advocated the need to explore
physically plausible variations in native-centric for-
mulations as a means to avoid over-interpretation
and to ascertain robust conclusions [13]. We have
also paid attention to the ramification of multiple
NMR-determined PDB structures on native-centric
modeling of putative downhill folding [39]. Model-
ing issues related to multiple PDB structures have
recently been pursued in other contexts as well [108,
109]. For instance, a comparison was made between
the Gō model behaviors (no consideration of db and
mb effects) of immunoglobulin-binding domain of
streptococcal protein G based upon an average struc-
ture from NMR (PDB ID: 2GB1) and those based

1The criterion for native contact was more permissive in Cho
et al. [48], with “a distance cutoff of 9.0 Å.” Accordingly, the num-
bers of native contacts, Q̃n, in these authors’ “Muñoz,” “Fersht,”
and “truncated-Fersht” models are, respectively, 61, 117, and 101
[Fig. 2(b) in Ref. [48]]. Because N = 39, 45, and 39, their 2Q̃n/N =
3.13, 5.2, and 5.18, respectively. The corresponding NN computed
using the definition in Ref. [46] (with a different criterion for native
contacts) are 0.56, 0.98, and 0.95, respectively.
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on a structure from X-ray crystallography (PDB ID:
1PGB) [108].

As stated, results presented so far in this work
were obtained using a 4.5 Å cutoff between nonhy-
drogen atoms to extract native contacts from PDB
structures.2 To address the robustness question, we
have also studied alternate models for the four PDB
structures in Figure 2, now constructed with native
contacts extracted using a 6.0Åcutoff. With this more
permissive criterion, there are more native contacts
in the alternate models than that depicted by the
thin lines in Figure 2. Specifically, the numbers of
native contacts for 1BBL, 1W4H, 2PDD, and 1W3D
increase from those in Table I to 74, 100, 99, and 106,
respectively.

We compared the free energy profiles for these
model fragments in Figure 3 (native contacts defined
by a 4.5 Åcutoff) with those constructed using native
contacts defined by a 6.0 Å cutoff (examples shown
in Fig. 9). By inspecting the free energy profiles, we
found that the above rank order of folding cooper-
ativity 1W3D > 1W4H > 2PDD > 1BBL remains
invariant under the more permissive criterion for
native contacts. With the 6.0 Å native-contact cutoff,
the overall free energy barrier height for every model
increases a little relative to that for the correspond-
ing model with the 4.5 Å native-contact cutoff. But
the differences in behavior between the BBL models
(1BBL and 1W4H) and that between the E3BD mod-
els (2PDD and 1W3D) remain largely unchanged by
the shift in native-contact cutoff. The only notable
exceptions are those in Figure 9, which shows the
creation of an overall free energy barrier for 2PDD
comparable in height to that for 1W3D in the db
interaction scheme, and the narrowing of the differ-
ence in overall free energy barrier height between
2PDD and 1W3D in the mb interaction scheme (cf.
corresponding profiles in Fig. 3). Nonetheless, albeit
the overall free energy barrier heights for 2PDD and
1W4H become almost identical in the db interac-
tion scheme with the 6.0 Å native-contact cutoff,
the overall free energy barrier heights in both the
db and mb interaction schemes still follow the rank
order 1W3D > 1W4H > 2PDD > 1BBL, lending cre-
dence to the robustness of this predicted trend of
behavior.

2We note that folding rates of the four BBL mutants each with
a single tryptophan substitution in Ref. [35] (PDB structures for
these new mutants are not yet available) are similar to that of the
BBL H166W mutant 2BTH in Ref. [25], suggesting that the overall
folding free energy barrier heights are similar for the new mutants
and for 2BTH.

4.3. IMPORTANCE OF EXPLICIT-CHAIN
MODELING IN ADDRESSING PHYSICS
OF FOLDING COOPERATIVITY

As has been touched upon in the Introduction,
besides explicit-chain simulations [22, 39, 46–48,
58, 59], nonexplicit-chain Ising-like constructs [55]
have recently been applied also to study putative
downhill folding [56, 57]. However, key conclusions
reached in some of these nonexplicit-chain studies
are inconsistent with those obtained from explicit-
chain modeling. For instance, using an extended
version of the Ising-like formulation of Muñoz and
Eaton [55], Yu et al. asserted that BBL folds coopera-
tively. In particular, their computed chevron plots for
models based upon the 1BBL and 1W4E structures
had linear arms that showed no rollover [57], directly
contradicting results from our explicit-chain native-
centric models based upon the same PDB structures
[22, 39].

We are of the opinion that some of the main results
of Ising-like modeling of protein folding are arti-
factual. Although Ising-like models are useful for
rank ordering folding rates and thus folding coop-
erativities [55], these nonexplicit-chain constructs
often preclude existent physical interactions that are
detrimental to two-state–like folding. Consequently,
these constructs tend to overestimate folding coop-
erativity, for the following specific reasons. First, in
these constructs, native contacts are deemed favor-
able only when all the residues (peptide bonds)
between them are in the native state. As pointed out
by Bruscolini et al. [56], this is a drastic assumption. It
precludes many conformations of intermediate com-
pactness, thus artifically enhancing folding coopera-
tivity. In this regard, this assumption is very similar
to that of the COREX algorithm [110, 111], which
boosts global folding cooperativity by presuming all-
or-none order-disorder conformational transitions of
local chain segments (see pages 554–557 of Ref. [10]).
Second, applications of master-equation formulation
to a small number of conformational states con-
structed by grouping conformations with similar
properties tend to minimize trapping and land-
scape ruggedness effects, and thus lead to an arti-
ficial increase in kinetic cooperativity. Consider the
two-dimensional lattice HP+ model introduced in
Ref. [112]. This model does not satisfy the calorimet-
ric two-state criterion, as is evident from its exact
heat capacity function in Figure 5 of Ref. [10] and
the calculation of the resulting �HvH/�Hcal in the
same reference. However, a master-equation approx-
imation of the folding kinetics based on grouping
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FIGURE 8. Comparing native contacts from two
different PDB structures for BBL. (a) Contact map
showing 25 contacts common to both 1BBL and 2CYU
(black squares), 14 contacts in 1BBL but not in 2CYU
(red squares), and 5 contacts in 2CYU but not in 1BBL
(magenta circles). As in Ref. [39], the |i − j | = 5 dashed
diagonal may be used to demarcate between local and
nonlocal contacts. (b) Native structure and native
contacts used here to model 2CYU2−38 (same style as in
Fig. 2).

of conformations [113] yielded a chevron plot with
no rollovers for this model (Fig. 7, upper left, of
Ref. [2]). This shows that master-equation approxi-
mations can produce linear chevron plots even for
cases in which the underlying models are ther-
modynamically non-two-state. Furthermore, for the
explicit-chain HP+ model itself, the linear chevron
plot obtained by master-equation approximation
was also likely inaccurate because direct simula-
tions have demonstrated that even thermodynam-
ically much more two-state–like three-dimensional
Gō models have chevron rollovers [13, 114, 115].

In view of these basic mismatches between physi-
cal expectations on one hand, and Ising-like model
assumptions as well as master-equation kinetics on
the other, predictions of folding cooperativity of indi-
vidual proteins based solely on nonexplicit-chain
modeling cannot be considered conclusive in the
absence of explicit-chain evaluation.

5. Concluding Remarks

Using multipe native-centric interaction schemes,
we have documented a diverse range of cooperative,
marginally cooperative and noncooperative folding
behaviors among model protein fragments with ∼40
residues. Our results once again underscore that sig-
nificant information regarding how cooperatively a
protein may fold can be gleaned from its native con-
tact pattern. As manifested in their sometimes subtly
different native topologies, the folding cooperativity
or noncooperativity of homologous proteins such as
E3BD and BBL can be quite different. More generally,
members of a protein family sharing the same fold
can have significantly different packing densities in
order to, perhaps, serve different biological func-
tions [116]. Therefore, the folding cooperativity or
lack of folding cooperativity of a member of a protein
family may not provide accurate inference for the
cooperative or noncooperative behavior of another
member of the same family. Not surprisingly, fold-
ing cooperativity of small protein fragments are
sensitive to chain length. For instance, experiments
have shown clearly that a 33-residue E3BD frag-
ment folds less cooperatively than either a 41- or

FIGURE 9. Free energy profiles under a varied definition of native contacts. Shown are �G/RT versus Q plots for
2PDD (blue) and 1W3D (black) computed using a 6.0 Å contact criterion (see text) instead of the 4.5 Å criterion used for
results presented in all other figures in this article. The profiles are for the db (left) and mb (right) models at each model’s
transition temperature.
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a 36-residue E3BD fragment [64]. We found that
total chain length can affect native contact density
as well. For the cases investigated, longer total chain
length increases native contact density. This observa-
tion implies that in the construction of native-centric
models, it should be more appropriate to extract
native contacts from PDB structures that require
least truncation. Taking the present results for 40-
or 41-residue E3BD fragments and 37-residue BBL
fragments together with our previous results for 45-
residue E3BD and BBL fragments [39] — results
that agree with experiments [25], it suggests quite
strongly that an E3BD fragment always folds more
cooperatively than a homologous BBL fragment of
approximately equal chain length.
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