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Origins of barriers and barrierless folding in BBL
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In contrast to classical chemical phenomenology, theory suggests
that proteins may undergo downhill folding without an activation
barrier under certain thermodynamic conditions. Recently, the BBL
protein was proposed to fold by such a downhill scenario, but
discrepancies between experimental results found in different
groups argue against this. After briefly reviewing the major ex-
perimental studies of the BBL folding mechanism, we show that
simulations of both coarse-grained and atomistic models can rec-
oncile the seemingly conflicting observations.
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E volution has selected sequences of natural proteins so that
their energy landscape is globally funneled toward the native
state (1-3). Nevertheless, to reach the native state, proteins
generally must overcome at least one free energy barrier, giving
rise to simple exponential kinetics for smaller proteins and
encouraging the use of standard chemical kinetic phenomenol-
ogy. Although the lack of symmetry between unfolded and
folded ensembles generally allows such a barrier to exist, as in the
nucleation of a liquid droplet from a vapor, the microscopic
origin of the barrier is nontrivial (4-8). In analogy with the
condensation of a liquid near a spinodal or critical point (Fig.
la), under certain circumstances, it would seem possible that a
protein may enter a regime in which the barrier disappears,
giving no obvious separation of time scales (2). Such behavior is
easily found in both on- and off-lattice model simulations of
proteins. In the laboratory, near the midpoint of the thermody-
namic transition, the folding free energy profile usually has two
minima, separated by a barrier (Fig. 1b). To first order, changing
the thermodynamic conditions simply biases the system toward
the folded or unfolded well. Yet, for more extreme conditions,
the protein may change the shapes of the wells, yielding a
“critical point” or spinodal where the free energy barrier dis-
appears, giving a single minimum (Fig. 1¢). Now, the position of
the minimum can be shifted from the folded state all of the way
to the unfolded state in a continuous manner by tuning an
external control variable such as temperature (2, 9). It is
important to note that although theory suggests the possibility of
downhill folding and although such behavior is seen in simula-
tions of model systems, it may be the case that the environment
of proteins cannot be perturbed enough to achieve it under
physiologically relevant conditions (2). To thermally destabilize
the denatured ensemble sufficiently may necessitate freezing of
the surrounding water. It has been argued that the presence of
barriers may not be a physicochemical necessity but may have
evolved as an adaptation. A large folding barrier can guard
against aggregation and proteolysis by making partially unfolded
structures less populated (10-13). In keeping with this sugges-
tion, recent surveys indicate that nearly downhill folding pro-
teins, however, may not be as rare as has been thought (14).
Nevertheless, further studies are necessary to determine whether
these promising candidates are in fact truly downhill folders.
By illuminating the origin of folding barriers in its strictest
form, searching for downhill folders is potentially relevant to
understanding protein folding mechanisms in general. In addi-
tion, it has been emphasized that probing downhill folding
proteins could, in principle, allow direct experimental access to

118-123 | PNAS | January8,2008 | vol. 105 | no.1

the entire spectrum of states between the folded and unfolded
states by continuously changing the position of the free energy
minimum, whereas this direct view is hardly possible for strictly
two-state systems (9, 15). Studying downhill folders is not easy,
however, because they should fold near the diffusion-limited rate
approximately on the order of 1 us. Nevertheless, fast-folding
experiments have given evidence for downhill folding in some
proteins artificially designed to have small and weak hydrophobic
cores such as the engineered mutants of the already fast-folding
lambda repressor protein. This engineered system showed non-
exponential kinetics and exhibited a broad, noncooperative
folding transition as measured by several spectroscopic probes
(16, 17).

In contrast to such deliberately engineered systems, it has been
hotly debated recently in the literature whether downbhill folding
occurs for natural proteins. Experimental studies of BBL by the
Mufoz and Fersht groups have excited much work on this
important question (18-21). BBL is an ~40-residue, indepen-
dently folding domain excised from the much larger 2-oxoglu-
tarate dehydrogenase multienzyme complex (22). The domain is
flanked by long sequences of unstructured residues. Clore,
Gronenborn, and coworkers (23) isolated and resolved the
structure of BBL at pH 5.3 using solution NMR. Although their
protein construct contained 50 residues, only 37 were found to
be structured (Fig. 2d). The final structure consists of two
parallel a-helices separated by a long partially structured loop
(Fig. 2a).

Inspired by the experimental work, the groups of Chan (24)
and Wang (25) performed purely additive Go-model simulations
of BBL using the Clore/Gronenborn NMR structure (Protein
Data Bank entry 1BBL). Their simulations gave no barrier. They
also showed a broad specific heat vs. temperature profile with
low cooperativity. However, it is known that pairwise additive
native structure-based models underestimate free energy barrier
heights (26, 27). Normally, one must incorporate nonadditivity
into Go models to obtain realistic estimates of the free energy
barrier heights. Even so, Chan et al. (24) argued that the lack of
cooperativity observed in the folding of BBL is related to the low
contact density per residue of the protein native topology (24),
a feature we confirm. Wang er al. (25) also attributed the
downhill folding behavior they found for the Clore/Gronenborn
construct of BBL to an absence of long-range interactions in the
native topology present in other two-state folding proteins.

In their work indicating that BBL is a downbhill folding protein,
Munoz and coworkers (18) studied its folding using differential
scanning calorimetry (DSC), far-UV (UV) circular dichroism
(CD), and fluorescence resonance energy transfer (FRET)
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Fig. 1. Schematic diagram and free energy profiles for protein folding. (a)
Phase diagram consisting of a first-order transition between the folded and
unfolded states, which corresponds to a two-state folding behavior. This
regime continues until the critical point (red circle), after which the separation
between the two states is not sharp, corresponding to a downhill folding
mechanism. (b) Free energy profile for a two-state folding mechanism with
two minima corresponding to the unfolded and folded states. (c) Free energy
profiles for a downhill folding mechanism at different temperatures (red,
high; blue, low), where each profile has a single minimum.

experiments. Their protein construct had 39 residues (Fig. 2d),
which included the entire structured region found by NMR in the
Clore/Gronenborn study (Fig. 2d). Because the BBL construct
lacks a natural fluorophore, they introduced a naphthyl-alanine
by substituting an alanine at the N terminus (Naf-BBL). Because
the labels are not stable at neutral pH, the labeled construct was
studied at pH 5.3 without salt, as was done for the Clore/
Gronenborn unlabeled protein. Solution NMR of this labeled
form resulted in a structure in which all 39 residues were
structured. The determined structure closely resembles the
Clore/Gronenborn result both in secondary and tertiary struc-
tures. There is an RMSD of 1.8 A between the labeled and
unlabeled forms (Fig. 2¢). The DSC experiments resulted in a
broad unfolding temperature range, from ~280 to 345 K, with
a maximum at ~322 K (18). The far-UV CD spectrum is
consistent at low temperatures with that of an a-helical structure
with random coils but at high temperatures is characteristic of a
denatured protein. Between the temperature extremes, a grad-
ual, continuous shift from the a-helical profile to the denatured
profile is observed that is superficially consistent with downhill
folding behavior. Nevertheless, an isodichroic point is seen at
~203 nm, possibly indicating some cooperative behavior, but the
degree of cooperativity is unclear. Recently, Mufioz and co-
workers reported the denaturation curves for individual protons
of 158 backbone and side chain protons (out of 204 possible) with
about two-thirds resulting in a sigmoidal curve. The lack of
synchrony of these curves seems to indicate that parts of the
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protein do not fold (or unfold) cooperatively with other parts of
the protein (21).

Independent of the Mufoz work, Fersht and coworkers
probed the folding of a construct of BBL without labels, and they
came to different conclusions from the Mufioz group. Their
construct included four additional residues at the N terminus
plus one additional residue at the C terminus, as compared with
the Munoz construct (19, 20). Furthermore, the structure of this
modestly longer unlabeled construct was determined at pH 7
under high-salt conditions. The resulting structure has many
parallels to the structures of the Clore/Gronenborn and Mufioz
constructs. Like those results, their protein construct consists of
two a-helices separated by a long partially structured loop, but
the Fersht structure is significantly more compact than the
others (Fig. 2a). The thermal denaturation of this BBL construct
was also studied by DSC, far-UV CD, 'H-NMR, and '*C-NMR.
The heat capacity peak is reported to be narrower than that
obtained for the Mufoz construct, and the maximum, corre-
sponding to the melting temperature, is located at 328 K, which
is somewhat greater than the 322 K measured for the Mufoz
construct. Furthermore, the thermal denaturation curves of four
backbone and two side chain carbons as measured by *C-NMR
were fitted to a two-state transition with a melting temperature
of 324-329 K. We see that the cooperative behavior and melting
temperature of the unlabeled and longer BBL as observed by
Fersht and coworkers using multiple, independent experimental
approaches contrasts with the findings of the labeled, shorter
variant of BBL observed by Mufoz and coworkers. The in-
creased stability of the larger construct suggests a higher free
energy barrier for folding than does the Mufioz study and points
to a two-state folding mechanism.

The differences between the constructs and the experimental
protocols studied by the two experimental groups are so small that
ordinarily they would be considered essentially the same protein.
Yet, for the question of downhill folding, there are key differences,
which we shall see can be sufficient to explain the discrepancies in
their findings. First, the sequence lengths of the two protein
constructs were different. The pH and ionic strength were also
different in the two investigations. Furthermore, the shorter mol-
ecule contained relatively bulky fluorescent probes, whereas the
construct studied by Fersht and coworkers did not. Although one
may be tempted to think of these differences as negligible, because
of the sparse three-dimensional connectivity of the protein, they
may play a significant role in the folding mechanism. We will also
show that the published structures differ precisely in the region that
gives rise to the main bottleneck for folding. Indeed, although the
secondary structures of the two are largely the same, the tertiary
structures are different by multiple metrics (Fig. 2c). The Fersht
structure is more compact than the Mufoz structure (Fig. 2a),
resulting in far more long range interactions in the Fersht structure
(Fig. 2b), and these seem to provide the extra cooperativity.
Different refinement methods were used by the two groups, but it
is not clear that this could account for these structural differences.
Our simulations suggest that the differences may actually be due to
the different solvent environments. Independent experimental
studies of two different variants of BBL under different conditions
do suggest different folding mechanisms and apparently result in
modestly different structures of BBL.

Results and Discussion

To explore whether the differences in the protein structures
could lead to significantly different folding mechanisms, we
began by performing purely additive native structure-based
simulations for the full-length Fersht and Muifioz structures, as
well as a truncated Fersht structure in which the sequence is
shortened as in the Mufioz construct. In every case, the pairwise
additive Go-model predicts a very low free energy barrier height
(Fig. 3). Both the full-length Fersht and the truncated Fersht
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Comparisons of independently determined NMR structures for variant protein constructs of BBL. (a) Superimposed ribbon diagrams of the NMR

structures of BBL as resolved by the groups of Clore and Gronenborn (light blue), Mufioz (blue), and Fersht (red). (b) Contact map of the Mufioz (blue) and Fersht
(red) structures with a distance cutoff of 9.0 A. The solid blue lines indicate where the Mufioz structure was truncated. (c) Table of the C,-RMSD, Q-score, and
CE-scores of the Mufnoz and Fersht structures with respect to the Clore/Gronenborn structure. (d) Sequences of the structured residues in the NMR structures of
the protein constructs obtained by the groups of Clore and Gronenborn (light blue, structured; gray, unstructured), Mufioz (blue), and Fersht (red).

structures yield free energy barriers of ~2 kg7, whereas the
profile for the Mufoz structure has a truly negligible barrier.
Native topology-based simulations using the pairwise additive
model underestimate the free energy barrier heights in many
cases when compared with experiments (26, 27), sometimes
giving no free energy barriers even when relatively slow folding
rates are observed in the laboratory. Plotkin and coworkers (27)
found that adding only ~20-30% nonadditivity (i.e., coopera-
tivity) to account for the side chains and solvent interactions that
are absent in the purely additive models generally improves
agreement of simulations with experimentally observed absolute
folding rates and ®-values. Following the protocol of Eastwood
and Wolynes (26), we supplemented the purely additive Go
model with many-body interactions. In this approach, there
exists a continuous adjustable parameter, p, which controls the
amount of nonadditivity added to the purely additive Hamilto-
nian. A p value of 1 is a purely additive Hamiltonian, and a p
value of 2 gives a Hamiltonian having both two- and three-body
interactions. The simulation free energy barriers for all three
protein constructs increase with increasing nonadditivity. Inter-
estingly, the barrier height increases much more rapidly for the
Fersht construct as p is increased than it does for the Mufoz

protein construct. The difference in the barriers becomes >14
kgT for p = 3 (Fig. 3).

Whereas the range of nonadditivity that best reflects normal
experimental thermodynamic conditions is known (=20-30%),
a more precise value can be estimated by benchmarking struc-
tural observables of the folding mechanism (e.g., P-values) from
our simulations against those from experiments (27). Because no
complete ®-value analysis is yet available for any construct of
BBL, we estimated the appropriate amount of nonadditivity in
our model by comparing the temperature dependence of the
folding of individual residues in the simulations with the melting
curves from the "H-NMR experiments of the Mufioz group (21).
Although they observed that a large majority of the residues in
their construct do fold synchronously, there were several notable
exceptions to the synchrony of melting for individual residues
(Fig. 4d). At a p value of 1.3, we observed in our simulations of
the Mufoz construct that the outlier residues that the simulation
suggests fold dissimilarly from the majority are the same as the
outliers found in experiment (Fig. 4c). Furthermore, the
predicted dispersion (i.e., slopes) of the melting profiles is
qualitatively consistent with the experiments. In our view, this
constitutes a remarkable agreement of the simulations with the
site-specific experimental results given that one introduces only
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Fig. 3.

Free energy profiles calculated from Go-model simulations using the different structures of BBL with varying degrees of nonadditivity. The free energy

profiles for the full-length Fersht (a), truncated-Fersht (b), and Mufioz (c) constructs are shown for varying values of p.
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Fig.4. Residue melting profiles of BBL. The g;jvs. temperature of residues in simulations for the BBL constructs of the Fersht (a), truncated-Fersht (b), and Mufoz
(c) structures. Also shown for comparison are the "H-NMR profiles obtained by Mufioz and coworkers for their construct. (Upper) Residues whose profiles are
typical "H-NMR profiles. (Lower) Residues whose profiles are dissimilar as compared with the typical profiles.

a single adjustable parameter into the Hamiltonian. In contrast,
for the same p value, simulations of the full-length Fersht and
truncated-Fersht constructs find that every single residue folds
cooperatively. Clearly, truncation of the construct alone is not
the origin of the change in the folding mechanism. In any case,
the melting profiles from simulations with nonadditivity based
on the Fersht structure are in good agreement with the coop-
erative 3C-NMR thermal denaturation curves of BBL observed
by the Fersht group (see ref. 19). At this value of p, the
simulations of full-length Fersht and truncated Fersht structures
yielded free energy barriers of ~4 kgT, whereas the free energy
barrier predicted for the Munoz structure is <0.5 kg7. There-
fore, by incorporating nonadditivity in a plausible way, our
models predict a higher cooperativity in the folding mechanism
for the Fersht construct than for the Mufnoz construct, but this
difference relies on their observed structural differences at key
locations.

Because the Fersht and Munoz constructs were studied under
different conditions, we further supplemented our pure native
contact-only models with models that also treat long-range
electrostatics by incorporating crudely the effects of pH and
salts. For each structure, the addition of electrostatics to the
basic models does not significantly perturb the barrier heights at
pH 7, even when we unrealistically increase the strength of the
electrostatic contribution by 3-fold [see supporting information
(SI) Fig. 7 d—f]. In addition, when shielding effects are included
in our simulations, the changes in the free energy profile are
modest (SI Fig. 7 a—c). Larger differences are seen when the
simulations are performed at pH 5 but only when the electro-
static contributions are very large (SI Fig. 7 g-[). Clearly, this
coarse-grained treatment of the electrostatics and shielding
effects does not overcome the native tertiary interactions pos-
tulated in the native topology-based models.

We see that the rather modest tertiary structural differences
between the Fersht and Mufioz constructs seem to be the origin
of the discrepancy in whether downhill behavior applies. These
differences are precisely located at the specific cluster of residues
that through many-body interactions leads to the main folding
barrier in the simulation models. As we discussed above, the
main difference between the contact maps of the Fersht and
Muiioz structures is the presence of long-range native contacts
in the Fersht structure that are absent in the Mufioz structure
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(Fig. 2b). A careful analysis of the nuclear Overhauser effects
(NOEs) in the Fersht structure shows that the NOEs associated
with the sixth and eighth residues are relatively weakest (un-
published data). Those residues correspond to the first and third
residues at the N-terminal of the Mufoz sequence. To test
whether these contacts are the crucial ones for the barrier, we
studied a model in which we eliminated the long-range contacts
from the first three residues of the truncated Fersht structure
(corresponding to the sixth to eighth residues in the full-length
Fersht sequence), and we performed Go-model simulations with
electrostatics. Now, we do see a significantly smaller free energy
barrier in the truncated Fersht simulations (SI Fig. 8b) as
compared with the free energy profile of the full-length Fersht
simulations (SI Fig. 8a), although it is not as small as that of the
free energy profile of the Mufioz simulations (SI Fig. 8c). The
influence of electrostatics truncation and of deleting the con-
tacts on the barrier is clearly far greater than the effect of simply
truncating the sequence.

We also investigated the sensitivity of temperature to the free
energy barriers for folding by extrapolating the free energy
profile over a range of temperatures. In the case of the full-length
Fersht construct simulations, the presence of a barrier persisted
for a broad temperature range, and a downhill folding scenario
is reached only at a relatively low temperature, below ~0.7 T
(Fig. 5a). Because the experimentally determined folding (or
melting) temperature of the Fersht construct at pH 7 and
high-salt conditions is 328 K (19, 20), if the hydrophobic forces
did not weaken upon cooling, the Fersht construct would be
predicted by our simulations to fold by a downhill scenario only
at ~230 K, which is an upper limit. Of course, the protein would
be effectively immobilized at that temperature because of the
freezing of the surrounding waters, and, accordingly, downhill
folding would not be observed under physiologically relevant
temperatures in the laboratory. In contrast, the miniscule free
energy barrier of the Mufoz construct simulations disappears
completely with only a minor change in temperature (Fig. 5b).
Therefore, our simulations strongly suggest that the Mufioz
construct is indeed a downhill folder under physiologically
relevant temperatures, whereas the Fersht construct is not.

Is there a microscopic reason for the different structures found
by the two groups? To try to answer this, we complemented our
native structure-based simulations by performing all-atom em-
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at pH 7 with salt (a) and Mufioz construct at pH 5 without salt (b) for p = 1.3.

pirical force field-based simulations. Normally, such simulations
have difficulty probing a large range of conformations for folding
studies owing to their computational cost, but we are most
interested in exploring near the native basin. We thus performed
two explicit water simulations: one with no salt (Fig. 6a) and one
with ~200 mM NaCl (Fig. 6b). In each simulation, the starting
structure corresponded to the full-length structure found by the

a 8 e— T T T
Starting Structure: MD simulation,
=) Fersht Structure (1W4H) explicit waters,
> 6+ pH7 i
O
[a\]
sS4 1
3
s 2
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0 1 1 1
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Fig. 6. All-atom simulations of BBL. (a) C,-RMSD of BBL with respect to the
native Mufioz structure during a 20-ns explicit water, pH 7 simulation of BBL
starting with the native Fersht structure. (b) C,-RMSD of BBL with respect to
the native Fersht structure during a 20-ns 200 mM NacCl explicit water simu-
lation of BBL starting with the native Fersht structure.
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Fersht group, and the protonation state of the residues corre-
sponds to pH 7. In the first simulation (Fig. 6a), corresponding
to pH 7 and no salt, the structure undergoes large structural
changes. Under these conditions, within ~6 ns, the Fersht
construct rearranges its configuration to closely correspond to
the one found by the Mufoz group with C,-RMSD < 2.0 A with
respect to the starting Fersht structure for the residues that are
in common. This structure persisted throughout the rest of the
simulation. We must note that because this is a single trajectory,
resulting in a poor sampling of the conformational space, it must
be taken with a grain of salt. We do not expect that all
trajectories would result in the same outcome, and the obser-
vation of such a transition is clearly fortuitous. However, because
no information regarding the Mufioz structure was provided to
the simulation a priori, it is remarkable that this new native basin
was indeed found and persisted for well over 10 ns.

Because the Fersht construct was studied under higher salt, we
repeated the simulation starting with the Fersht structure, except
that now the simulation was performed at 200 mM NaCl (Fig.
6b). In this case, the Fersht construct structure was largely stable
with the C,-RMSD remaining largely less than 2.0 A with respect
to the starting Fersht structure for the 10-ns simulation. Appar-
ently, far longer all-atom simulations would need to be per-
formed to preclude the existence of a distant stable basin
corresponding to the Mufioz structure under these conditions,
but it is encouraging that, in contrast to the low-salt simulation,
which converged to Mufoz’s low-salt structure, the structure
found by the Fersht laboratory is clearly stable for the duration
of our simulation at the higher salt conditions used by them.

Conclusions

By combining both experimental and theoretical perspectives,
much deeper explorations of protein folding mechanisms are
now possible than years ago. Although the basic nature of
protein folding has now come into focus, there is still much we
have yet to understand, as the BBL story indicates. The exper-
imental groups of Fersht and Mufoz studied the BBL protein
from independent viewpoints, and they arrived at different
pictures of its folding mechanism. Their meticulous and nearly
exhaustive efforts yielding seemingly contradictory interpreta-
tions presented a great opportunity for theoretical studies. The
present theoretical study cannot decisively classify any BBL
construct as a bona fide downhill folding protein with absolutely
no barrier. Nevertheless, consistent with the observation in the
Muiioz laboratory, the Mufioz construct of BBL exhibits in our
simulations the expected behavior of a downhill folding protein.
In particular, the free energy barrier height from simulations of
the Munoz construct of BBL is exceedingly small (=0.5 kgT) and
well under the 3 kgT estimate by Gruebele and coworkers (28)
of the beginnings of the downhill folding regime. At the same
time, the simulations based on the structure of the Fersht
construct exhibit a notably more cooperative behavior, in good
agreement with the observation made in the Fersht laboratory,
with barrier heights of ~4 kg7. These simulations strongly
suggest that the source of the discrepancy seen in seemingly
conflicting observations of the folding behavior of the BBL
variants lies in the fine differences in the native basin of BBL
(and therefore the funneled landscape) under different solvent
conditions that result in different levels of cooperativity in the
folding mechanism. This sensitivity is the result of the subtle
origins of the folding barrier in nonadditive forces, in this case,
coming from a mere handful of tertiary contacts.

Materials and Methods

Go-Model Simulations. To perform folding simulations of the BBL constructs,
we supplemented the basic Go-model Hamiltonian with electrostatic effects.
The full Hamiltonian used in our study is

Cho et al.
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Htotal = Hback + Hcontact + n(Hclcc + Hprot) + HRga

where the first two terms comprise the basic Go-model Hamiltonian (26, 29).
The next two terms describe the electrostatic contributions from the charged
residues at different pH. The final collapse term accounts for general hydro-
phobic collapse. A detailed description of the full Hamiltonian is presented in
SI Methods. The free energy profiles were generated with the weighted
histogram analysis method (WHAM), using the fraction of structural overlap,
Q, as an order parameter (30).

Empirical Force Field-Based Simulations. To explore the dynamics of the Fersht
BBL protein construct at a microscopic level, we performed explicit solvent
molecular dynamics simulations with a standard protocol, which we describe
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in detail in S/ Methods. The starting coordinates were obtained from the
lowest-energy structure of the published NMR ensemble (19). Two simulations
were performed, one in which the solvent was pure water and another in
which the solvent was composed of ~200 mM NacCl.
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