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Observation of Noncooperative Folding Thermodynamics in Simulations
of 1BBL
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ABSTRACT One of the predictions of the energy landscape theory of protein folding is the possibility of barrierless, “downhill”
folding under certain conditions. The protein 1BBL has been proposed to fold by such a downhill mechanism, though this is a
matter of some dispute. We carried out extensive replica exchange molecular dynamics simulations on 1BBL in explicit solvent
to address this controversy and provide a microscopic picture of its folding thermodynamics. Our simulations show two distinct
structural transitions in the folding of 1BBL. A low-temperature transition involves a disordering of the protein’s tertiary structure
without loss of secondary structure. A distinct, higher temperature transition involves the complete loss of secondary structure
and dissolution of the hydrophobic core. In contrast, control simulations of the 1BBL homolog E3BD show a single high
temperature unfolding transition. Further simulations of 1BBL at high ionic strength show a significant destabilization of helix Il
but not helix |, suggesting that the apparent folding cooperativity of 1BBL may be highly dependent on experimental conditions.
Although our simulations cannot provide definitive evidence of downhill folding in 1BBL, they clearly show evidence of a com-

plex, non-two-state folding process.

INTRODUCTION

Protein folding is often described in the context of two-state
models, where there are only two states in which the protein
can exist: a native, or folded, state and an unfolded, or de-
natured, state. Under various thermodynamic conditions, one
or the other of these states is more stable. At the melting
temperature (7},), the two states are equally stable and an
ensemble of molecules at the melting point is said to be 50%
folded in the sense that half the molecules are fully folded and
half are fully unfolded. This situation can arise when there is
a free energy barrier separating the folded and unfolded
manifolds of protein conformations, implying that there is a
very low probability of observing partially folded confor-
mations. Fig. 1 shows a free energy landscape projected onto
a hypothetical order parameter that indicates the degree of
folding. For two-state folding, the figure shows the charac-
teristic barrier and the change in relative stability of the two
states with respect to temperature. At any temperature, one
observes an equilibrium distribution of values for the order
parameter, a distribution that will be bimodal near the melting
temperature. The kinetics of two-state folding is generally
first order, with relaxation to equilibrium described with a
single exponential time constant. Furthermore, because the
transition state manifolds are essentially unpopulated, all
experimental probes that monitor the concentration of the
folded state will indicate a single melting temperature. In the
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language of energy landscape theory (1), this is referred to as
a type 1 scenario.

Energy landscape theory also predicts the possibility of
a different picture under conditions that strongly favor the
native state where the unfolded state is so destabilized that
there is no barrier, known as a type 0 scenario. This is also
referred to as barrierless or ‘‘downhill’” folding (Fig. 1, boxed
panel). The theory makes specific predictions about the
thermal dependence of folding and unfolding kinetics in this
situation, which is determined by the degree of roughness of
the energy landscape and may be multiexponential or even
highly nonexponential. In this original development, down-
hill folding was meant to apply only under strongly folding
conditions, and the situation would return to the type 1 sce-
nario under less extreme conditions.

An alternative model (2,3) for downhill folding is that
there is a single thermodynamic state for the protein that
consists of an ensemble of conformations that gradually loses
or gains structure as thermodynamic conditions change. In
this ‘‘one-state folding”’ view, there is a single minimum in the
free energy landscape over a very wide range of thermody-
namic conditions (see Fig. 1). This has also been referred to
as a second-order transition (4). In this view, the probability
distribution for order parameters will show a single peak that
shifts gradually as temperature or denaturant concentration
changes. In contrast to the two-state situation, at the melting
temperature the ensemble of a downhill folding protein
consists of members that could each be considered to be
partially folded. Therefore, different experimental techniques
sensitive to different types of protein structure may show
different melting temperatures. This scenario is very exciting,
since it may allow the characterization of all of the stages and
mechanisms of folding with a series of equilibrium experi-
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FIGURE 1 Idealized free energy surfaces and probability distributions for

one- and two-state folding as a function of a folding order parameter y at
different levels of thermodynamic bias toward the native structure. The
original downhill folding scenario proposed by Bryngelson et al. (1) is a
limiting case of two-state folding under extreme native bias (dashed box),
whereas the one-state model corresponds to downhill folding as described by
Garcia-Mira et al. (2).

ments performed with different degrees of thermal or chem-
ical denaturation (5,6). In the absence of downhill folding, it
is possible to characterize transition states only indirectly, as
with ¢-value analysis (4), where one assumes a linear relation
exists between changes in activation and equilibrium free
energy differences due to mutations.

In reality, and especially in computer simulations of
folding, it may be very difficult to distinguish between these
scenarios. Folded proteins possess various types of second-
ary and tertiary structure that have different degrees of sta-
bility. These different types of structure may not all develop
at exactly the same temperature, creating a loss of coopera-
tivity and probe-dependent transition temperatures. For small
systems even true first-order transitions are rarely sharp,
occurring over a broad range of temperatures (7). Multiple,
two-state, but temperature-broadened transitions that occur
over a narrow temperature range can have many of the sig-
natures ascribed to downbhill folders. The difference between
downhill and simple exponential kinetic behavior can be very
small, if not undetectable, in most observables (8). Similarly,
melting curves for downhill folding transitions, although
broadened, can show the same sigmoidal shapes as two-state
folders (9).

Inspired by all of these theoretical models, evidence for
downhill folding in the protein 1BBL was presented by
Garcia-Mira et al. (2). 1BBL is a parallel two-helix bundle
that serves as the peripheral subunit binding domain (PSBD)
of the E2 in the 2-oxoglutarate dehydrogenase multienzyme
complex of Escherichia coli. Two fluorescently labeled 40-
amino acid variants of the 1BBL protein—a singly labeled
version with an N-terminal napthylalanine (Naf-1BBL) and
a doubly labeled version that added a dansyl group to the
C-terminal lysine (Naf-1BBL-Dan)—were studied and showed
arange of broad, but distinct melting transitions ranging from
304 K (increasing fluorescence resonance energy transfer
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(FRET) efficiency, indicating a decreased end-to-end dis-
tance) to 322-325 K (differential scanning calorimetry
(DSCQ), circular dichroism (CD), napthyl quantum yield).

All these experiments were done at pH 7.0, and parallel
experiments at pH 3.0 showed no evidence of folding and
were used as a representative denatured state for comparison.
The broad, overlapping, yet still distinct melting transitions
seen for different probes of 1BBL folding indicate that it is
not a completely cooperative process. Furthermore, Garcia-
Mira et al. used a statistical mechanical model of the folding
process to integrate these different experiments and showed
that the experimental data could be fit only by a barrierless
one-state downhill folding mechanism. In contrast to 1BBL,
another member of the PSBD family of proteins, the PSBD
from the thermophile Bacillus stearothermophilus (E3BD)
has previously been shown to be a structured (10), fast
folding protein (11) with a two-state melting transition near
328 K (12).

This evidence for downhill folding in 1BBL was chal-
lenged by Ferguson et al. (13), who examined the thermal
denaturation of three different PSBD proteins: an unlabeled
version of 1BBL with an additional four N-terminal residues
and one more C-terminal residue (QNND-1BBL), a variant
of the E3BD protein from the thermophile B. stearothermophilus,
and a destabilized homolog from the hyperthermophile
Pyrobaculum aerophilum (POB). These proteins were studied
by near- and far-ultraviolet (UV) CD, UV absorbance, DSC,
and NMR chemical shift analysis. These experiments pro-
duced a narrow range of T, values for E3BD (330.0 = 0.3 to
330.9 = 0.2 K) and broader ranges for POB (343.9 = 0.2 to
347 £ 12 K) and QNND-1BBL (324 = 1 to 329.7 = 0.3).
Each protein was argued to fold with a single cooperative
transition. In addition, the authors studied the folding of the
doubly labeled 1BBL (Naf-1BBL-Dan) and found that the
labels increased the apparent far-UV T, of the peptide rela-
tive to QNND-1BBL (both at pH 7.0). The authors also re-
ported a significant increase in the propensity of doubly
labeled 1BBL to aggregate, which prevented them from re-
peating the previous DSC experiments. The perturbations
introduced by labeling were argued to account for the non-
cooperative folding of Naf-1BBL and Naf-1BBL-Dan, rather
than downbhill folding.

Further experiments by Naganathan et al. (14) showed that
the folding of Naf-1BBL and Naf-1BBL-Dan were similar
when studied under nonaggregating conditions (pH 7.0 and
low ionic strength) and that the differences between QNND-
1BBL and Naf-1BBL could be attributed to the destabilizing
interaction between the N-terminal positive charge and helix
I in the latter construct. Furthermore, they reanalyzed the
DSC data for QNND-1BBL, arguing that it is incompatible
with a two-state transition. This report highlighted the sig-
nificant sensitivity of 1BBL to experimental conditions, in-
cluding pH, concentration, ionic strength, and denaturant.

The kinetics of PSBD folding were subsequently reported
in an extensive study by Ferguson et al. (15), where they
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found folding half-times of 5 us for a QNND-1BBL mutant,
~3.5 us for POB, and 25 us for E3BD. The QNND-1BBL
variant in these kinetic experiments has His-166 of helix 2
mutated to tryptophan to provide a fluorescence signal of
folding, a possibly significant perturbation given its place-
ment in the hydrophobic core and interface between the two
helices. It is interesting to note that both the folding and
unfolding rates for this QNND-1BBL mutant are quite fast (k¢
of 130,000/s = 10,000/s and &, of 6000/s = 2000/s at 298 K).
These unusual kinetics are ascribed to significant residual
helical structure in the denatured state. This study also re-
visited the evidence for downhill folding in I1BBL, reporting
additional NMR data as well as DSC thermograms for
QNND-1BBL as a function of ionic strength (21-167 mM).
The latter show that QNND-1BBL is destabilized, but not
completely denatured by low ionic strength conditions. The
14 '3C shifts show a range of T,, values from 320 + 2 to
329 = 2 K but can be fit by a single transition with a T}, of
324 * 1 K. Ferguson et al. also point out that they have not
argued that 1BBL and other small proteins are ‘‘two-state’’
folders, rather that they show a ‘‘cooperative’” folding transi-
tion. This is arguably a semantic distinction, since finite sys-
tems such as proteins cannot undergo true two-state phase
transitions with corresponding discontinuities in heat capacity
(16). Furthermore, cooperativity is not a sufficient criterion to
differentiate one- versus two-state transitions.

The folding of E3BD was further studied by a combination
of kinetic studies, ¢-value experiments, and high temperature
unfolding simulations (17). Temperature jump experiments
demonstrated that E3BD folds with simple exponential ki-
netics. The unfolded state of E3BD was shown to have little
helical structure based on CD of model peptides of each helix
as well as the absence of helical C, and Cg conformational
shifts for the denatured state of the full protein. A set of eight
molecular dynamics simulations of the folded structure at
373 K, ranging from 20 to 100 ns in duration, are all de-
scribed as unfolding in a stepwise fashion, starting with a
weakening of tertiary interactions that proceeds through the
melting of helix II and finishes with a loss of structure in helix
L. The highest C,-root mean-square deviation (RMSD) from
the native state sampled in these simulations was 8 A, and the
denatured state was taken to encompass all conformations
with C,-RMSD above 6 A.

Interestingly, this simulated denatured state is described as
having little repeating helical structure, but the residues of
helices I and II show a strong preference for the a-helical
region of the (¢,i/) map. As for the transition state for folding,
most ¢-values ranged from 0.3 to 0.9, indicating a diffuse
transition state. The diffuse transition state and the absence of
structure in the denatured state led the authors to conclude that
E3BD folds by a two-state nucleation-condensation mecha-
nism, with simultaneous formation of secondary and tertiary
structure. Another simulation study used a Go model to study
the folding of 1BBL and compare it with more traditional
two-state folders (18). The apparent downhill folding of
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1BBL is ascribed to its relatively small number of nonlocal
contacts, but this cannot explain the differences seen between
1BBL and its topologically equivalent homologs.

During the initial preparation of this article, further evi-
dence of downhill folding in 1BBL was reported by Sadqi
et al. (19). Extensive measurements of individual proton
chemical shifts as a function of temperature for Naf-1BBL at
pH 5.3 show a broad range of transition temperatures from
280 to 340 K, even though the midpoint of the average NMR
transition (304 K) is in good agreement with CD (308 K).
Careful analysis of transitions in chemical shift for each
proton shows a complex mechanism of overlapping transi-
tions, with the loss of a large number of intramolecular hy-
drogen bonds at low temperature (298 K) followed by a loss
of tertiary structure, particularly the contacts between the two
helices (304 K), and finishing with a loss of backbone struc-
ture (309 K) and hydrogen bonds in the interhelical loop
(311 K).

One of the key themes running through the experimental
investigations of 1BBL folding is a significant sensitivity to
experimental conditions. Slight variations in the construct
studied, pH, or ionic strength can shift the measured transi-
tion temperature by ~10 K. This may be responsible for
some of the dispersion in T, values seen for IBBL and makes
comparisons between different experimental studies difficult.
Nonetheless, both the Munoz and Fersht groups have indi-
cated that there is indeed something unusual about the fold-
ing of 1BBL, though they still differ in the details.

In general, the strongest test of downhill folding is to ac-
tually determine the distribution of conformations along an
order parameter relevant for folding at a state point near the
folding transition and show that it is unimodal rather than
bimodal. One tool for getting such a detailed, microscopic
picture of the conformational ensemble sampled by a protein
is molecular simulation (20). Building on our experiences
using replica-exchange molecular dynamics simulations to
elucidate the details of folding in fast folding systems with
complex thermodynamics and kinetics, such as the trpzip2
peptide (7,21) and A-repressor 685 (22), we carried out ex-
tensive replica-exchange molecular dynamics of the 1BBL
protein in explicit solvent over a temperature range from 250
to 625 K. These simulations, complemented by control sim-
ulations of QNND-1BBL and E3BD, show clear evidence of
noncooperative folding in both 1IBBL and QNND-1BBL.

METHODS

Three different protein sequences were simulated in the course of this work:
the 40 amino acid peptide from Garcia-Mira et al. (2) (indicated as 1BBL), a
longer 45 amino acid sequence of 1BBL with N- and C-terminal extensions
studied by Ferguson et al. (13) (indicated as QNND-1BBL), and a 45 amino
acid sequence of the 1BBL homolog E3BD. Each protein system was built
from the first model of the corresponding NMR structure (Protein Data Bank
(23) IDs 1BBL (10), 1W4H, and 1W3D (15), respectively). All ionizable
groups, including N- and C-termini, were set to their expected protonation
state at pH 7. Unless otherwise specified, each protein was modeled using the
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AMBER parm96 (24) force field. The QNND-1BBL sequence was simulated
with both the AMBER parm96 (QNND-1BBL) and AMBER parm99SB
(25) (QNND-1BBL-ff99SB) force fields. This sequence was also simulated
with the parm96 force field and an excess of Na* and CI~ counterions
corresponding to an ionic strength of 100 mM (QNND-1BBL-ion). Each
protein was solvated in a truncated octahedral box of TIP3P water (26) with a
minimum solute-wall distance of 25 A. In all cases, the systems were neu-
tralized by the addition of chloride counterions as necessary.

After this initial setup, each system was subjected to a protocol of mini-
mization and constant pressure equilibration. The final conformations from
these equilibrations were used to start constant volume production runs for
each system at all temperatures. All minimizations and molecular dynamics
simulations were carried out using the PMEMD module of AMBERS (27).
All production runs used a 9 A nonbonded cutoff with particle mesh Ewald
electrostatics (28), a 2 fs time step with bonds constrained using SHAKE
(29), and an Andersen thermostat (30) with a collision period of 10 ps.
Further details of the simulated systems, equilibration, and production cal-
culations are included in the Supplementary Material (Data S1).

For 1BBL, we carried out extensive replica exchange molecular dynamics
(REMD) (31) with 256 replicas at temperatures exponentially spaced from
250 to 625 K. All replicas were started with the same equilibrated folded
conformation. The REMD calculation was run for 32 ns per replica, for a
total simulation time of 8 us. This calculation was carried out on the
THUNDER supercomputer at the Lawrence Livermore National Lab, using
one four-way Itanium2 node per replica. For the four control calculations,
QNND-1BBL, QNND-1BBL-ff99SB, QNND-1BBL-ion, and E3BD, we
were unable to do the same extensive REMD simulation as above. Instead,
we performed independent NVT molecular dynamics simulations at four or
six different temperatures (ranging from 310 K to 450 K) for a minimum of
34 ns each. All control calculations were carried out on an IBM BlueGene/L
system, using 64—128 processors per run.

Structural analysis of the protein conformations generated from each
simulation was carried out using a combination of tools. Radius of gyration,
C,-RMSDs from reference structures, and geometric parameters (end-to-end
distance, interhelical angle) were determined using programs from the
AMBERS package (27). The secondary structure and solvent-accessible
surface area (SASA) of each conformation was assigned using the STRIDE
(32) package. Interresidue contacts for each conformation were assigned for
all residues with side-chain heavy atoms within 5 A of one another and then
filtered to determine the fraction of native contacts and the number of hy-
drophobic, polar, or ionic contacts. Conformational clustering was carried
out at several temperatures over the last 4 ns of REMD data. A k-medoids
clustering algorithm was used with a C,-C, distance matrix error metric to
identify up to 40 clusters at each temperature.

For 1BBL, the SHIFTS 4.1 software package (33) was used to estimate the
chemical shifts of H, C,, and Cg nuclei in each simulation structure. These
were averaged and compared against the '*C and 'H chemical shifts reported
in Ferguson et al. (15) and Sadqi et al. (19), respectively. We were able to
calculate simulated melting curves for 11 of the 14 unique '*C shifts reported
by Ferguson et al. and 154 of the 158 'H shifts reported by Sadqi et al. T,
values were calculated for all simulated melting curves using a nonlinear least
squares fitting protocol (see Supplementary Material, Data S1).

For most observables including the chemical shifts, data were linearly
averaged over the last 10 ns of simulation at each temperature. The end-to-
end distance was both linearly averaged as well as averaged as the inverse
sixth power (()*’6>7'/6) for more direct comparison with the FRET experi-
ment of Garcia-Mira et al. (2). In addition to simple averages, the tempera-
ture-dependent distributions of observables were calculated by creating
histograms of each property at each temperature to produce a potential of
mean force (PMF), again using the last 10 ns of simulation. These PMFs,
expressed in units of kgT, were examined for evidence of discontinuities or
first-order phase transitions.

The QNND-1BBL, QNND-1BBL-ff99SB, QNND-1BBL-ion, and E3BD
control simulations were analyzed in a similar fashion to the IBBL REMD
data. The only difference was that all results were averaged over the last 5 ns
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of each control trajectory rather than the last 10 ns, and the chemical shift and
PMF analyses were not performed.

To assess the convergence of the REMD calculations, we also looked at
the time-dependent behavior of each observable as a function of temperature.
This analysis (described in the Supplementary Material, Data S1) indicates
that high-temperature transitions (>370 K) are well converged but that
convergence is incomplete at lower temperatures.

RESULTS

Fig. 2 shows the temperature-dependent behavior of 1BBL
observables related to the overall geometry of the protein
structure, including the interhelical angle between the axes of
helices I and II, the radius of gyration, the fraction of native
contacts, and the fractional helicity for each helix. At low
temperatures, the two helices of 1BBL are nearly parallel,
with an interhelical angle near 20°. Near 300 K, the two
helices begin sampling a range of relative orientations, and
they are disordered relative to one another (average angle
90°) at 350 K. In contrast, the radius of gyration gradually
increases with temperature, particularly above 350 K. Both
the linearly averaged and (r—®)~"® averaged end-to-end
distances (not shown) show a weak decrease with tempera-
ture from 250 to 350 K, corresponding to the low-tempera-
ture increase of FRET efficiency seen by Garcia-Mira et al.
(2). Atlow temperature, the parallel helices of 1BBL keep the
N- and C-terminus well separated, whereas the loss of in-
terhelical order with a slight increase in temperature allows
the two helices to sample antiparallel orientations that bring
the two termini closer together.

The loss of interhelical order is also reflected in a loss of
native side-chain contacts (Fig. 2, middle panel), which
shows a very broad transition starting below 300 K and fin-
ishing around 400 K. In contrast, the number of hydrophobic
contacts is stable until 370 K, where it decreases until
reaching a high temperature baseline value at 425 K. The
SASA of hydrophobic residues shows a somewhat broader
transition with a similar midpoint (data not shown). A pos-
sible driving force for the low-temperature loss of interhelical
order is the formation of nonnative salt bridges between
helices I and II. Zero at low temperature, the number of salt
bridges begins to increase at around 300 K and there is an
average of approximately one salt bridge between the two
helices at all temperatures between 350 and 500 K.

The loss of native side-chain interactions parallels the
broad loss of native-like secondary structure between 275
and 425 K. The a-helices of 1BBL start to disorder at 300 K
(Fig. 2), with helix II melting around 350 K and helix I un-
dergoing a broader melting transition centered at 390 K.
Above 350 K, we observed the formation of a small fraction
(10%—-15%) of ordered B-sheet structure. Above 425 K,
1BBL is denatured in our simulations and there is little or no
ordered secondary structure. If we assign secondary structure
based only on (¢,i)) analysis, the disordered chain is 8%
helical, 8% parallel 3, 16% antiparallel 8, and 16% poly-
proline-II helix.
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Other observables that report on local structure are the '*C
C, and Cg chemical shifts reported by Ferguson et al. (15),
which are primarily sensitive to adjacent (¢,i) and y angles
(34). A better indicator of tertiary structure is the large set of
111 simulated "H chemical shifts. The simulated T values
for all these observables are shown in Fig. 3 as a scatter plot
by residue. The scatter plot indicates that low T, values are
associated mostly with residues between the two helical re-
gions. This plot also shows a cluster between 320 and 370 K
associated with residues in helix II, as well as a larger cluster
between 350 and 420 K associated with residues in helix L.
Attempts were made to perform an atom-by-atom compari-
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FIGURE 3 Scatter plot of transition temperatures by residue for simulated
'H and "*C chemical shifts from the IBBL REMD data.
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son of the experimental 'H chemical shift melting curves (19)
with those from the simulation. We found limited correlation
between the simulated melting temperatures and experi-
mental values. However, this is probably not a surprising
result when an overall melting transition is broad in tem-
perature due to the fact that it is made up of many close and
overlapping transitions of different structural elements. In
these cases, due to inevitable limitations in force fields,
chemical shift models, sampling, and equilibration, one is not
likely to see strong and direct correspondence between sim-
ulation and experiment, though they agree in the qualitative
view that different structural elements of 1BBL disorder at
different temperatures.

The potentials of mean force for several order parameters
as a function of temperature are shown in Fig. 4, contoured in
units of 0.5 kgT. The fraction of native contacts and inter-
helical angle show broad, barrierless transitions at a relatively
low temperature. In contrast, the fraction of native secondary
structure and number of hydrophobic contacts show a more
cooperative transition around 400 K. Of these, only the
number of hydrophobic contacts shows anything resembling
two-state behavior, with some small barriers at intermediate
values near the transition temperature. These plots also serve
to summarize the two classes of transitions we see in our
1BBL data. There is a group of low-temperature transitions
(<325 K) that corresponds to a loss of tertiary structure
(interhelical angle, native contacts, a subset of 'H shifts) and
a separate group of higher-temperature transitions (350—400
K) that corresponds to a loss of hydrophobic interactions and
the melting of helices I and II (number of hydrophobic
contacts, native secondary structure). This is schematized in
Fig. 5, which shows the centroids of the five largest clusters at
several temperatures that span these two transitions.
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A possible physical origin of the noncooperative behavior
of 1BBL is suggested by the intraprotein interaction energies
seen in the REMD data (Fig. 6). Protein conformations from
the last 10 ns of REMD at each temperature were analyzed in
terms of their total, bonded (bonds, angles, dihedrals, and one
to four interactions), van der Waals, and electrostatic inter-
actions. The van der Waals term includes only the interac-
tions between protein atoms, omitting solute-solvent effects.

Pitera et al.

FIGURE 4 Contour plots of the temperature-
dependent potentials of mean force in different simu-
lation observables determined from the IBBL REMD
data. Contours are at intervals of 0.5 kgT and range
from dark blue (<0.5 kgT) to red (>5 kgT).

The electrostatic term, however, includes both intraprotein
Coulomb interactions and the effect of solvent via a contin-
uum generalized Born model (35) with a solvent dielectric of
80. The total and bonded energies both increase with tem-
perature, as expected. The nonbonded terms, however, both
show anomalous behavior at low temperatures. In particular,
the electrostatic energy of 1BBL is actually higher between
250 and 325 K (where the protein is largely folded) than at

“' FIGURE 5 Structures representing the five largest clus-

ters populated by 1BBL as a function of temperature during

Y the REMD simulation. The locations of the broad transition

< involving the loss of tertiary structure and interhelical order
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bars.
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FIGURE 6 Components of the average intramolecular
interaction energy for 1BBL from the REMD simulations.
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350 K (where the interhelical order has been lost). This un-
favorable electrostatic interaction is compensated for by a
significantly lower van der Waals energy. In effect, the folded
state of 1BBL appears to be energetically frustrated, with
unfavorable electrostatic interactions that are necessary to
permit optimal van der Waals packing. Any alteration of the
strength of one of these interactions (e.g., by modifying the
ionic strength) might significantly alter the folding thermo-
dynamics of 1BBL.

To verify our observation of two sets of transition tem-
peratures in the IBBL REMD data and test some of these
ideas, we ran control simulations of two related sequences,
QNND-1BBL and E3BD, and analyzed them in a similar
fashion. The QNND-1BBL sequence was also simulated
with a different force field (QNND-1BBL-ff99SB) and at an
elevated (~100 mM NaCl) ionic strength (QNND-1BBL-
ion). The five data sets are compared in Fig. 2. For all three
simulations of the QNND-1BBL sequence, it is clear that the
interhelical angle and radius of gyration undergo a change at
low temperature (between 325 and 350 K), whereas the
helices melt at a higher temperature (above 375 K), similar
in behavior to the two sets of transitions seen for IBBL. In
contrast, the interhelical angle in E3BD does not change until
temperatures above 400 K, where the helices also begin to
melt. There is clearly a decoupling of tertiary order from
secondary structure in 1BBL and QNND-1BBL that is absent
in E3BD. This decoupling is somewhat reduced in the
QNND-1BBL-ff99SB simulations, where helices I and II

both show signs of melting at lower temperatures (350—400
K for I, 325-350 K for II). However, there is still residual
helical content in helix I at temperatures where helix 1II is
completely melted and all interhelical order is lost. A dif-
ferent scenario occurs in the QNND-1BBL-ion simulations at
high ionic strength. These calculations are largely similar to
the QNND-1BBL data except that the T, of helix II is sig-
nificantly depressed (to between 325 and 350 K), whereas
helix I is relatively unaffected (T}, still >375 K). Further
examination of the QNND-1BBL-ion simulations reveals
that helix II has a high density of charged residues (6 out of
10) and appears to be significantly stabilized by salt bridges
between arginine 156 and glutamines at positions 161 and
164. When this electrostatic interaction is disrupted by the
increase in ionic strength, helix II is significantly destabi-
lized.

These control simulations can also be compared against
the simulations of E3BD unfolding at 373 K reported by
Ferguson et al. (17). Although those prior calculations un-
folded to structures no more than 8 A C,-RMSD from the
native state, our replica-exchange simulations of 1BBL are
completely unfolded by their criterion (>6 A C,-RMSD) at
that temperature, ranging from 6.4 A to 16.5 A C,-RMSD.
Our 375 K simulation of QNND-1BBL also shows complete
unfolding, with a C,-RMSD range from 6.6 to 11.3 A over
the last 5 ns. Similar to the Ferguson et al. simulations, our
400 K simulation of E3BD is 51% unfolded by the same
measure, sampling C,-RMSD values from 4.7 to 7.0 A over
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the last 5 ns. Visual inspection of our 400 K E3BD simulation
shows it to still be largely folded, with extensive native-like
secondary structure and tertiary contacts.

DISCUSSION

REMD simulations of 1BBL and conventional molecular
dynamics simulations of the related QNND-1BBL sequence
under varying conditions all show evidence of noncoopera-
tive folding thermodynamics in this putative downhill folder.
Although our calculations cannot provide definitive evidence
of a one-state folding transition, we observe broad, weakly
cooperative unfolding transitions in most order parameters.
Different observables show different transition temperatures,
with a group of transitions around 325 K in observables re-
lated to the tertiary order of the protein. A second set of
transitions between 360 and 400 K represent the melting of
helices I and II and the loss of nonspecific hydrophobic
contacts. Direct calculation of "H and '*C chemical shifts
from the simulation data supports this view with a clearly
multimodal distribution of Ty, values. In a rough sense, our
simulations suggest a hierarchical mechanism for folding in
I1BBL, where hydrophobic collapse and helix formation can
occur at temperatures where the native structure is not stable.
In this state, the two helices are free to sample a number of
different relative orientations and packing arrangements. The
ensemble is dominated only by structures with native-like
tertiary structure at very low temperatures.

Though extensive, our simulations are not long enough to
be fully converged at lower temperatures. Our analysis in-
dicates that some of the high temperature transitions are
stable, but there is still a significant downward shift in the T,
of low temperature transitions with increasing simulation
time. Since the simulations were started using folded con-
formations, we expect anomalously high apparent T},, values
until equilibration is achieved. As a result, we do not expect
that any of our reported T}, values are quantitatively correct.
Given the stability of the high temperature transitions,
however, we do not expect the qualitative features of IBBL’s
folding thermodynamics to change with further simulation.

The ionic strength sensitivity of 1BBL can be combined
with the microscopic details seen in our simulations to pro-
vide a possible explanation for its noncooperative folding.
The two helices of 1BBL have a number of charged residues
at pH 7.0, yet there are no native salt bridges between them.
The low-temperature loss of tertiary structure is associated
with the formation of an average of one nonnative salt bridge
between the two helices. The folded state has, on average, a
higher intramolecular electrostatic energy than the ensemble
of partially unfolded structures. This is compensated for by
more favorable van der Waals interactions in the folded state.
The folded state of 1BBL appears to be energetically frus-
trated, with tightly packed tertiary structure formed at the
expense of unfavorable electrostatic interactions. ¢-value
analysis of E3BD folding also suggests the presence of un-
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favorable electrostatic interactions in the native and transition
states (36).

Alterations to the pH or ionic strength significantly alter
these electrostatic interactions and shift the conformational
ensemble. This hypothesis is supported by the observations of
Ferguson et al. (15) that the folded state of QNND-1BBL is
destabilized at low ionic strength. The specific nature of this
destabilization is evident from our simulations of QNND-
1BBL in 100 mM NaCl, where we observe a significant de-
crease in the Ty, of helix II but little change in the behavior of
helix I. Helix I may, therefore, constitute the residual helical
structure in the unfolded state of 1BBL, whereas variations in
buffer conditions may tune the melting of helix II to be either
coincident or distinct from other structural transitions.

One clear issue with our simulations is the significant shift
we observe in simulated T;, values relative to experiment.
Many of the transitions we observe for IBBL, QNND-1BBL,
and E3BD occur at temperatures from 350 to 400 K, whereas
the experimental melting temperatures for these proteins
range from 280 to 340 K. This is a common problem, and
many other simulations of protein folding thermodynamics
have shown significantly elevated melting temperatures
(37,38). Part of the issue may be equilibration, as noted above.
The other explanation may lie with the specific force field and
simulation conditions used. The high T, values we see for
helices I and II in 1BBL may in part be due to the AMBER
parm96 force field used (24), though some researchers have
reported this force field to preferentially stabilize [3- rather
than a-structure (39). The high pressure at these elevated
simulation temperatures is expected to have little effect on
a-helical stability (40). Further control simulations with the
AMBER parm99SB force field (25) showed a significant
decrease in T}, values for both helices, though the melting of
helix I still occurs at temperatures well above the loss of
interhelical order.

CONCLUSIONS

With the simulation data reported in this work and the pre-
ponderance of experimental data now available (2,13—
15,17,19,36), there is significant evidence for noncooperative
folding thermodynamics in 1BBL. Although our simulations
cannot definitively label 1BBL as a one-state downhill folder,
we find broad, barrierless transitions and a range of T, values
for different observables supporting that possibility. Our
simulations also provide detailed insight into the structural
changes occurring in 1BBL as a function of temperature. For
both 1BBL and the related QNND-1BBL sequence, these
transitions appear to form two classes: a low temperature loss
of native tertiary structure that preserves nonspecific hydro-
phobic interactions and a high-temperature loss of helical
secondary structure and disruption of all hydrophobic con-
tacts. This noncooperativity of structural transitions is reflected
in the range of transition temperatures seen for experimental
(19) and simulated (Fig. 3) 'H and ">C chemical shifts.
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Also, these results are at least somewhat robust to changes
in the protein force field, as two different AMBER force field
variants both show multiple melting temperatures for differ-
ent structural transitions. Further simulations at experimental
ionic strengths revealed that the stability of helix II is highly
sensitive to the counterion environment, whereas helix I is
relatively unaffected. In contrast with experiment, however,
our simulations at high ionic strength show a destabilization
of 1BBL rather than the experimentally observed stabiliza-
tion. Regardless, the differing ionic strength sensitivity of the
two helices may account for some of the variability in ex-
perimental studies of 1BBL, since different ionic strengths
might cause the helical T}, values to coincide (as in cooper-
ative folding) or separate (as in a downhill scenario).

In contrast to 1IBBL and QNND-1BBL, simulations of the
related E3BD protein show a single set of high temperature
transitions, in agreement with prior simulation and experi-
mental data (17) and supporting the idea that the 1BBL
protein folds differently from its homologs. Finally, there is
evidence from our simulations that the native state of 1BBL
is energetically frustrated, a possible source of its unusual
folding behavior and an interesting issue for the use of
frustration-free models (41) in simulation studies of folding.

SUPPLEMENTARY MATERIAL
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