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Abstract: The denatured state of a protein contains important information about the determinants of the
folding process. By combining site-directed spin-labeling NMR experiments and restrained computer
simulations, we have determined ensembles of conformations that represent the denatured state of the
bovine acyl-coenzyme A binding protein (ACBP) at three different concentrations of guanidine hydrochloride.
As the experimentally determined distance information corresponds to weighted averages over a broad
ensemble of structures, we applied the experimental restraints to a system of noninteracting replicas of
the protein by using a Monte Carlo sampling scheme. This procedure permits us to sample ensembles of
conformations that are compatible with the experimental data and thus to obtain information regarding the
distribution of structures in the denatured state. Our results show that the denatured state of ACBP is
highly heterogeneous. The high sensitivity of the computational method that we present, however, enabled
us to identify long-range interactions between two regions, located near the N- and C-termini, that include
both native and non-native elements. The preferential formation of these contacts suggests that the
sequence-dependent patterns of helical propensity and hydrophobicity are important determinants of the
structure in the denatured state of ACBP.

Introduction

Providing a detailed characterization of structural features in
non-native states of proteins is becoming increasingly important
in molecular biology. A large number of proteins are believed
to contain long “natively unfolded” regions,1 that is, sequences
that do not by themselves adopt a single, well-defined confor-
mation under physiological conditions.2,3 Residual structure in
the denatured state may also affect both protein stability4,5 and
folding behavior.6,7 It has also been suggested that partially
unfolded conformations populated at equilibrium may be the
precursors for formation of amyloid fibrils and toxic prefibrillar
protein aggregates.8,9

Small-angle X-ray scattering studies indicate that individual
structures of denatured proteins vary from being rather compact

to highly expanded.10 Additional detailed structural information
about denatured states can be obtained by nuclear magnetic
resonance (NMR) spectroscopy.11-13 NMR experiments are able
to provide data such as NOEs, chemical shifts, and scalar
coupling constants that are commonly employed in structure
determination of native states, but which also have been applied
to denatured states.14-19 More recently, paramagnetic relaxation
enhancement (PRE) from site-directed spin-labeling20-22 and
residual dipolar couplings23 have also proved to be useful in
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obtaining information about denatured states. Dynamic proper-
ties can be extracted from heteronuclear spin relaxation experi-
ments24,25and may provide further information about structural
features in the denatured state.

A major difficulty in the structural interpretation of NMR
studies of denatured states is the fact that the experimental data
are averages over a broad ensemble of structures. For example,
in NOE and PRE experiments, the measured distances are
weighted averages that are biased toward close contacts, because
of the r-6 dependence of dipole-dipole interactions. The use
of such average distances as restraints in structure calculations
of denatured states is problematic, and it is critical to take this
averaging specifically into account. Therefore, standard structure
determination procedures where experimentally determined
restraints are interpreted in terms of a single molecular structure
cannot be applied to denatured states.26,27

Several computational approaches have been developed to
solve the less dramatic but still important averaging problem
involved in the determination of native structures. One of these
methods27 has recently been extended to structure determination
of the denatured state ensemble. The central idea in these
methods is that experimental data must be compared to averages
calculated over an ensemble of structures. These computational
techniques can be divided into three categories. The first and
most straightforward approach is to pregenerate multiple
conformations and subsequently assign weights to each con-
formation so that the ensemble average matches the experi-
mentally determined results. In the case of native states, these
initial structures can be determined using either all or a subset
of the available restraints.28-30 For a denatured state ensemble,
large numbers of random conformations have been used to form
the pregenerated ensemble.27 This approach requires that the
ensemble of initial conformations includes the structures in the
specific state under investigation as no new conformations are
added during the assignment of the relative weights.

The second method, referred to as molecular dynamics with
time-averaged restraints (MD-TAR),31-36 is based on the
equivalence between time and ensemble averages expected in
sufficiently long simulations. In MD-TAR, time averages are
calculated over conformations generated during a molecular
dynamics (MD) trajectory, by introducing a memory function
weighted exponentially in the molecular mechanics force-field.

The method requires that the time span over which averages
are taken is sufficient to sample the conformational space
available.

In the third method, known as “ensemble averaged refine-
ment” in NMR structure determination37-41 or “multiconformer
refinement” in X-ray structure determination,36,42,43 several
noninteracting copies of the molecule are simulated in parallel,
and at each step of the simulation the experimental restraints
are compared to ensemble averages calculated across the
multiple copies. As the simulation proceeds, each copy may
diverge and explore different regions of conformational space
as long as the ensemble average does not violate the restraints.
So far, this procedure has mainly been applied to the refinement
of native state structures.

In this work, we describe an approach, the Monte Carlo
replica sampling (MCRES) method, that considerably extends
the scope of the multiconformer technique and allows for
efficient sampling of very heterogeneous ensembles of struc-
tures. We have applied the method to experimental PRE data
from the denatured state of the bovine acyl-coenzyme A binding
protein (ACBP). ACBP is an 86 residue four-helix bundle
protein whose folding process has been studied extensively.44-46

The native state structure of ACBP is shown in Figure 1. The
denatured state of ACBP is known to contain a broad range of
protein conformations,21,47 and it is therefore essential to take
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Figure 1. NMR structure of the native state of ACBP. The protein is
colored from its N (blue) to C (red) terminus. The four helices are spanned
by the following residues: A1, 3-15; A2, 21-36; A3, 52-62; and A4, 65-
84. The side chains of five residues that were individually mutated to
cysteine are shown and labeled. The figure was prepared using Bobscript.70
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ensemble averaging into account in structural interpretation of
the PRE data. The results in this study show that the MCRES
method permits us to sample the denatured state efficiently and
to obtain structural information that could not otherwise be
extracted from the experimental data.

Methods

Experimental Methods.Spin-labeling experiments were carried out
as described previously.21 In short, five site-directed cysteine insertion
mutants (T17C, V36C, M46C, S65C, and I86C) of ACBP were
expressed, purified, and labeled individually with the nitroxide spin-
label MTSL. 15N-1H HSQC experiments were recorded on a Varian
NMR spectrometer operating at a proton frequency of 750 MHz. Spectra
were recorded with the nitroxide in both its oxidized (paramagnetic)
and its reduced (diamagnetic) state; the latter was obtained by reduction
with ascorbate.21 The denatured state was stabilized by addition of either
1.6, 1.9, or 3.0 M guanidine hydrochloride (GuHCl). NMR peak
intensities were converted into distance restraints as described previ-
ously.21,26 Distance restraint values of 280, 303, and 269 (|i - j| > 1)
were obtained from the data at 1.6, 1.9, and 3.0 M GuHCl, respectively
(see Supporting Information).

1H PG-SLED (pulse gradient stimulated echo longitudinal encode-
decode) NMR experiments48,49were performed on wild-type ACBP to
determine the hydrodynamic radius (Rh) of the denatured state. Dioxane
was used as an internal standard.48,49

Computational Methods.Monte Carlo simulations were carried out
using a CR model of the protein chain.50,51 The CR pseudoatoms are
separated by a fixed bond-length of 3.8 Å from their neighbors and
have a hard-sphere diameter of 5 Å. Apart from these two types of
interactions and the distance restraints described below, our model does
not contain any additional interaction potential. In MCRES, an ensemble
of Nrep noninteracting replicas of the molecule are simulated in parallel.
Each step in the Monte Carlo simulation consists of a crank-shaft
move50,51 of a randomly selected residue in each of theNrep members
of the ensemble. For each pair of residues, we calculate the ensemble
averaged distances as the average over theNrep replicas according to
dij

calc ) (Nrep
-1 ∑k)1

Nrep rij ,k
-6)-1/6. The calculated distances are compared to

the PRE derived experimental restraints using a penalty function of
the form: E ) ∑i,j(dij

exp - dij
calc)2. In the calculation ofE, distances

were allowed to vary within(5 Å in accord with previous estimates
of the uncertainty of PRE derived distance information.26,52In the case
of distance restraintsg20 Å, the lower bound was set to 20 Å, and no
upper bound was enforced. Each Monte Carlo step is evaluated
according to the Metropolis criterion53 using a pseudo temperature of
10-3. At this temperature, the average pseudo-energy,E, obtained is
about 10-3 with fluctuations also of the order of 10-3. The small value
of the energy and of its fluctuations ensures that the restraints are
satisfied during the simulations. The number of Monte Carlo steps
varied between different simulations, depending on which observables
were recorded. Convergence of simulations was determined by
monitoring several sets of molecular properties including the radius of
gyration (Rg) and individual pairwise distances. After we established
that 20 replicas were sufficient to sample the denatured state (see
Results), long simulations were run for 2× 107 Monte carlo steps, the
first half of which was discarded to ensure equilibration. Structures
were saved every 104 Monte Carlo steps so that the final ensembles
consisted of 20 000 uncorrelated structures (1000 per replica).

In the calculation of contact probabilities, we define residues as being
in contact if their pairwise distance is below 8.5 Å.50,51All-atom models
were generated from the CR structures using MAXSPROUT54 with
default settings. These structures were energy minimized for 200 steps
using CHARMM55 with the EEF1 potential.56 The global features of
the structures did not change as a result of this energy minimization
(not shown).

A 2 ns native state CHARMM/EEF1 MD all-atom simulation was
carried out at 300 K. The EEF1 interaction energy between each pair
of residues was calculated from this simulation as described previ-
ously.57 Four 10 ns high temperature (400, 500, 600, and 700 K) MD
simulations were also performed using CHARMM/EEF1, and each was
initiated from a single highly expanded structure. A total of 103 all-
atom structures from the 700 K simulation were selected to sample a
range of values ofRg. The Rh value of each of these 103 structures
was estimated using HYDROPRO58 with default settings and automatic
extrapolation to zero bead-size.Rg was calculated from the CR
coordinates to allow for a comparison to the values calculated from
the CR model.

Results

For most proteins, the denatured state is populated at a very
low level under near-physiological conditions. It is therefore
usually studied by destabilizing the native state either by addition
of denaturant,15,19,24,59by heat,60 by mutation,61 or by removal
of binding partners.62 Evidence for nonrandom residual structure
in the GuHCl unfolded state of ACBP was recently found from
site-directed spin-labeling measurements.21 In this work, we
extended these experiments to additional GuHCl concentrations,
enabling us to explore the extent to which the structural features
of the denatured state are affected by the presence of GuHCl.
The experiments include the site-specific attachment of a
nitroxide spin-label to one of five genetically engineered cysteine
residues. The five residues (see Figure 1) are distributed along
the sequence of ACBP and were chosen to avoid drastic
perturbations in the chemical nature of the amino acid. The
m-values for the spin-labeled mutants,21 which are correlated
to the degree of exposure of surface area during unfolding,63

are approximately the same as that of wild-type ACBP (14.7(
0.1 kJ mol-1 M-1), with them-value of M46C (12.6( 0.4 kJ
mol-1 M-1) being the most dissimilar. The overall similarity
of the m-values suggests that the denatured states of the
mutational variants are not significantly different from that of
the wild-type protein.

As the native and denatured states are in slow exchange on
the NMR time-scale, we can study the denatured state even
under conditions where the native state is significantly popu-
lated. This is illustrated in Figure 2 in which we show15N-1H
HSQC NMR spectra of the diamagnetic form of the MTSL-
labeled T17C mutant of ACBP in 3.0 M GuHCl and 1.6 M
GuHCl. In the spectrum recorded in 3.0 M GuHCl, we observe
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one set of peaks corresponding to the denatured state of ACBP.
In the spectrum recorded in 1.6 M GuHCl, we observe an
additional set of peaks corresponding to the native state of
ACBP. The peaks corresponding to the denatured state in the
spectrum recorded at 1.6 M GuHCl spectrum could be assigned
and analyzed separately based on the assignments of the
denatured state21 and of the native state in the absence of
denaturant.

The interaction between the paramagnetic nitroxide radical
and nearby protons causes broadening of their NMR signals by
an increase in transverse relaxation rate. In the simplest case,
this effect is dependent on the electron-proton distance asr-6.
By measuring peak intensities in two15N-1H HSQC NMR
spectra, with the nitroxide in both its paramagnetic (oxidized)
and its diamagnetic (reduced) form, it is therefore possible to
obtain distance information between the spin-label and the
various amide protons in the protein.20,21,52,64,65The intensity
ratio Iox/Ired is a convenient indicator of this interaction. A ratio
of unity indicates no relaxation enhancement and thus an average

distance between electron and proton larger than∼20 Å.21,52A
ratio of zero indicates complete elimination of the amide proton
signal and thus a very strong electron-proton interaction.

We performed PRE experiments on ACBP in 1.6, 1.9, and
3.0 M GuHCl. The resultingIox/Ired intensity ratios are shown
in Figure 3. The population of the denatured state under these
three denaturant concentrations can be estimated from GuHCl
induced unfolding curves for the five mutants, analyzed under
the assumptions of a two-state equilibrium.21 In 1.6 M GuHCl,
the denatured state is populated between 40% (T17C) and 90%
(S65C), and in 1.9 M GuHCl, it is between 80% (T17C) and
99% (S65C). In 3.0 M GuHCl, the denatured state is>99.9%
populated for all mutants. We have also performed experiments
under iso-stability conditions21(S.K. and F. M.P., unpublished)
in which the denatured state was equally populated (at 45%,
65%, 95%, and 100%) for all five variants; only the results
obtained at a fixed denaturant concentration are, however,
discussed here.

The Iox/Ired ratios were converted into distance restraints as
described previously.21,26,52,64,65With these data as restraints,
we performed MCRES calculations of the denatured state of
ACBP using a CR model of the protein chain. This model is
computationally fast and permits us to sample the denatured
state efficiently. Although the model lacks a detailed molecular
force-field, the use of experimental restraints allows us to sample
conformations that are experimentally relevant and to examine
the topological features of the denatured state.

We first examined whether there are conformations that, either
individually or as ensembles, satisfy the experimental distance
restraints. In the Monte Carlo sampling, we found that even in
simulations withNrep ) 1 it is possible to find structures that
satisfy all of the available restraints within error bounds.
However, as in the simulations withNrep ) 1, we require that
all restraints are satisfied in a single structure; such simulations
can only sample a small fraction of the denatured state ensemble.
By increasingNrep, it becomes possible to sample additional
conformations that, when distances are averaged, are also fully
compatible with the experimentally observed data. This is a
result of ther-6 averaging of the distances across the replicas
such that short distances in only a few replicas permit longer
distances in the remainder. An important parameter in MCRES
is thereforeNrep, the number of replicas used in the simulations.
We examined values ofNrep ranging from 1 to 50 and predicted
that the overall calculated structural ensembles will expand as
a function of the number of replicas.

In Figure 4A, we show the distribution ofRg values obtained
with values ofNrep in the range from 1 to 50. In the one-replica
simulations, only compact conformations are sampled, whereas,
as more replicas are included, structures with largerRg are
observed. To examine whether the expanded structural en-
sembles calculated with multiple replicas are consistent with
independent data, we determinedRh experimentally using NMR
diffusion experiments.48,49 Such experiments report on the
translational diffusion coefficient which is directly related to
Rh.49,66 In 3.0 M GuHCl, we foundRh ) 25.1 ( 0.3 Å by
measuring the translational diffusion coefficient of denatured
ACBP relative to that of dioxane. This value is slightly lower
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Figure 2. HSQC spectra of the diamagnetic form of the spin-labeled T17C
mutant of ACBP recorded in (A) 3.0 M GuHCl and (B) 1.6 M GuHCl. In
the spectrum recorded in 3.0 M GuHCl, we observe one set of peaks
corresponding to the denatured state of ACBP. In the spectrum recorded at
1.6 M GuHCl, the native state is populated to approximately 60% and gives
rise to an extra set of peaks in addition to those from the denatured state.
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than the 28 Å predicted from the length dependence ofRh for
a series of denatured proteins and peptides.49 For comparison,
the Rh of the native state was determined to be 17.6( 0.2 Å.

To convert the data from the structural ensembles into a form
which can be directly compared to the diffusion experiments,
we use a method previously described for the SH3 domain from
drkN.67 First, we generated an ensemble of 103 all-atom
conformations of ACBP using high-temperature MD simula-
tions. For each of these 103 structures, we calculated theRg of
the CR atoms and estimatedRh using the program HYDRO-
PRO.58 The results from this procedure suggest a phenomeno-
logical relationship between the NMR diffusion data andRg

values. This relationship is shown in Figure 4B in which each
point corresponds to one of the 103 ACBP conformations
obtained from the MD simulations. The results indicate that,
for ACBP, Rh

-1 and Rg
-1 are approximately linearly related.

Thus, we estimate the hydrodynamic radius of the calculated
ensembles asRh

calc ) 〈0.0212+ 0.430Rg
-1〉-1, whereRg andRh

are both measured in angstroms. A numerically similar expres-
sion was derived for the SH3 domain,67 and we obtained
essentially identical results (Rh

calc ) 〈0.0212+ 0.428Rg
-1〉-1)

using TRADES68 sampling of ACBP conformations. In Figure
4C, we plot our calculated estimates ofRh as a function ofNrep.
It is evident that the average molecular size in the calculated
denatured state ensembles increases as a function ofNrep. The
molecular size, however, converges to a value between 25 and
26 Å at all three denaturant concentrations. These predictions
are in close agreement with the value ofRh ) 25.1 ( 0.3 Å
determined experimentally in 3.0 M GuHCl, thus confirming

that the multiple replica sampling approach is able to sample
the expanded conformations relevant to the denatured state. We
carried out additional diffusion experiments at several different
denaturant concentrations and observed a slight expansion of
the denatured state of about 0.44( 0.06 Å/M when the GuHCl
concentration was increased. A similar trend was observed in
the calculated values ofRh (Figure 4C), but the small differences
observed are on the same order of magnitude as the experimental
error.

The multiple replica sampling method can also be tested
through a cross-validation procedure using the experimental
data.36,40,43For each of the datasets at 1.6, 1.9, and 3.0 M, we
performed cross-validation calculations with 1-50 replicas. For
each denaturant concentration, we divided the distance restraints
into five randomly selected subsets. We then carried out a series
of simulations, in each case using only four of the five subsets
and leaving out the last for cross validation. We then calculated
an R-score defined asRfree ) ∑(dij

calc - dij
exp)2/∑dij

exp, where
“free” indicates that the summation includes only the distances
that were not used as restraints. In Figure 5, we show the average
of the fiveR-scores from each subset as a function of the number
of replicas. The results show that the prediction of the
experimental distance information in the test set improves
significantly when multiple replicas are included in the simula-
tions. The largest improvement occurs when going from one to
two replicas, but further addition of replicas up to about 20
causes an additional decrease in theR-score at all three
denaturant concentrations. TheR-score then remains approxi-
mately constant at higher values ofNrep.

To study the denatured state in more detail, we performed
long simulations (107 Monte Carlo steps for each replica after
an initial relaxation phase of the same length) withNrep ) 20
using each of the datasets at the three denaturant concentrations.

(67) Choy, W. Y.; Mulder, F. A.; Crowhurst, K. A.; Muhandiram, D. R.; Millett,
I. S.; Doniach, S.; Forman-Kay, J. D.; Kay, L. E.J. Mol. Biol. 2002, 316,
101-112.

(68) Feldman, H. J.; Hogue, C. W.Proteins2000, 39, 112-131.

Figure 3. Site-directed spin-labeling reveals residual structure in the denatured state. Each plot shows peak intensity ratios between HSQC NMR spectra
with the nitroxide in its paramagnetic and in its diamagnetic state. The five plots correspond to different sites for attachment of the spin-label. The experiments
were performed at three different GuHCl concentrations: top, 1.6 M; middle, 1.9 M; and bottom, 3.0 M. The dashed lines in the 3.0 M plots show the
expected ratios in a random coil model.21
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We choseNrep ) 20 as a compromise between having sufficient
replicas to sample expanded conformations (see above) and
otherwise minimizing the computational requirements. In Figure
6, we show a set of structures selected from the 1.6 M denatured
state ensemble to represent the wide range of compactness
observed. To highlight the considerable volume taken up by
side-chain and backbone atoms, we have, for this figure,
reconstructed all-atom models of the denatured state of ACBP

from the CR atom coordinates (see Methods). The figure clearly
shows that the ensemble contains a very broad range of
conformations and that many different interactions are formed
in the denatured state.

Detailed examination of the structures in the calculated
denatured state ensembles shows that there are only weak
preferences for forming particular interactions. Therefore, we
determined the residual structure in the denatured state. The
residual structure is defined by the structural features that are
more dominant than in a specified reference state representing
a fully random polypeptide chain. To determine the latter, we
performed a long simulation (6× 108 Monte Carlo steps) of
the CR chain without distance restraints but with retention of
the excluded volume associated with the hard-sphere radii of
the pseudoatoms. Using this state as a reference, we calculated
the relative contact probabilities of each pair of residues. In
Figure 7B-D, we show the result of these calculations as maps
whose entries are-ln(pij/pij

ref), wherepij is the contact prob-
ability from the replica simulations andpij

ref is from the
reference state simulation. To minimize artifacts arising from
the fact that the five spin-label sites have many more distance
restraints than the other residues, we averaged the map locally
over a window of(3 residues. Additionally, in Figure 7A, we
show an “energy map”57 representing the native state ensemble
of ACBP. In this map, the entries are the EEF156 interaction
energies between each pair of residues averaged over the native
state ensemble.

Using the unbiased simulation as a reference in this way, we
can detect a significant degree of long-range residual structure
in the denatured state of ACBP at each concentration of
denaturant. In particular, residues in the regions spanned
approximately by 15-35 and 60-86 show in each case a
nonrandom tendency to interact; these two regions correspond
approximately to helices A2 and A4 in the native state structure.
A more detailed comparison with the “energy map” shows that

Figure 4. Comparison of calculated and experimental estimates of the
average molecular dimensions of denatured ACBP. (A) Distribution ofRg

in simulations using 1.6 M GuHCl data and with 1-50 replicas. (B) An
empirical linear relationship betweenRg

-1 andRh
-1. Each point on the plot

corresponds to a different all-atom ACBP conformation for which we
calculatedRg from the position of the CR-atoms and estimatedRh using
HYDROPRO.58 C: Rh

calc as a function ofNrep at three denaturant concen-
trations.

Figure 5. Cross-validation of the experimentally derived distance restraints.
Rfree was calculated as described in the text. Use of multiple replicas up to
about 20 significantly improves the prediction of experimentally determined
distances used in the cross-validation.

Figure 6. Examples of structures from the denatured state of ACBP in 1.6
M GuHCl. Structures are colored from their N (blue) to C (red) terminus.
The radius of gyration of each conformation is indicated by arrows on the
Rg histogram obtained from 20 000 conformations from the 1.6 M GuHCl
denatured state ensemble. The relative ruggedness of this curve at high
values ofRg is presumably due to incomplete sampling of these very rare
and highly expanded conformations. We estimate the error in the probability
density atRg > 35 Å to be∼10-20%. The structures were prepared using
Bobscript.70
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the residual structure involves both native and non-native
interactions. Finally, we observe that the extent of residual
structure in the denatured state increases as the denaturant
concentration is decreased, with observable differences even
between 1.6 and 1.9 M GuHCl and even larger changes in 3.0
M GuHCl. The most persistent interactions appear to be those

involving residues 20-30 and 60-65, as these interactions are
formed at all three denaturant concentrations with approximately
equal probability.

MD simulations have previously been used in combination
with NMR experiments to obtain structural information on
denatured states of proteins.69 MD simulations at the experi-
mentally relevant temperature, and with an atomistic description
of solvent and denaturant, are extremely demanding of com-
putational time; such simulations are therefore usually carried
out at high temperatures to increase the rate at which different
conformations are sampled. We performed a series of MD
simulations at 400, 500, 600, and 700 K to sample unfolded
conformations. Analysis of each of the ensembles showed that
more expanded conformations are sampled at the higher
temperatures. By comparison with the experimentally deter-
minedRh values, we chose the MD simulation at 600 K (Rh

calc

) 25.4 Å, calculated fromRg as described above) for further
examination. We calculated ther-6 averaged distances from the
600 K MD simulation and compared the results to each set of
PRE derived distance restraints by calculation ofR-scores. We
find the best match to the experimental dataset measured in 1.6
M GuHCl, for which we obtainR ) 0.63 Å. For this dataset,
we find 22 distance violations (taking error bounds into account);
only seven of these are, however, larger than 1 Å, and none is
larger than 5 Å. Inspection of these violations reveals that,
although the MD sampling underestimates the interaction
between residues 20-30 and the C-terminal region, the distribu-
tions of pairwise distances from the MD simulation in general
agree with those obtained from MCRES. Together, these results
show that high-temperature MD simulations, validated by
comparison with the experimentalRh value, are complementary
to the MCRES analysis and reinforce the conclusions drawn
from the latter about the overall distribution of structures in
the denatured state of ACBP.

Discussion

We have used experimental PRE data as restraints in a Monte
Carlo sampling procedure (MCRES) to determine ensembles
of structures representing the denatured state of ACBP at three
different GuHCl concentrations. The approach takes into account
the fact that the experimental results provide interresidue
distances averaged over a large ensemble of heterogeneous
conformers. By simulating noninteracting replicas in parallel,
we have shown that MCRES allows for efficient sampling of
such broad ensembles of structures.

The experimental PRE data described here are averages over
a large number (2× 1017) of molecules. As ensembles of this
size cannot be simulated, it is important to demonstrate that
averages taken over a much smaller number of molecules are
sufficient to capture the broad character of the denatured state
ensemble. We have used two complementary methods to
evaluate the effect of the number (Nrep) of replicas on the
properties of the denatured state of ACBP obtained from the
calculations. First, we compared the molecular dimensions,
measured experimentally by the hydrodynamic radiusRh, to the
predictions from PRE restrained simulations and found a very
good agreement when 20 replicas or more are used. Second,

(69) Wong, K. B.; Clarke, J.; Bond, C. J.; Neira, J. L.; Freund, S. M.; Fersht,
A. R.; Daggett, V.J. Mol. Biol. 2000, 296, 1257-1282.

(70) Esnouf, R. M.J. Mol. Graphics Modell.1997, 15, 132-134.

Figure 7. Residual structure in the denatured state contains both native
and non-native elements. In (A), we show an “energy map”57 of the native
state of ACBP. Entries are the calculated pairwise energies between residues,
averaged across the native state ensemble. The colorbar to the right indicates
the energy scale (in kcal/mol) with more negative energies representing
stronger contacts. Residual structures in the denatured state at 1.6, 1.9, and
3.0 M GuHCl are shown in (B), (C), and (D), respectively. The entries in
these plots are-ln(pij/pij

ref). The colorbars to the right indicate the scale.
Negative entries indicate contacts that are more persistent in the ACBP
denatured state than in a random coil model.
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full cross-validation of the experimental restraints shows that
multiple-replica sampling of the denatured state significantly
increases the quality of the structural ensembles. Taken together,
these results show that the ensembles that we have determined
provide a self-consistent representation of the structural features
in the denatured state of ACBP. We note that our result that 20
replicas are needed in the case of ACBP may not generalize to
other systems. We expect that the optimal value ofNrep can be
affected by several factors including the broadness of the
ensemble, the number of restraints, and the tightness with which
these restraints are employed. However, as the denatured state
of ACBP constitutes a very broad ensemble of structures, we
expect that 20 replicas will be sufficient in most cases. Further,
the methods that we present to determine an optimal value of
Nrep are general and should be applied when possible.

The calculations reveal a very broad ensemble of structures
whose compactness values range from that of the native state
to almost fully extended conformations (Figure 6). At the same
time, the MCRES method is extremely sensitive and can be
used to determine even small preferences for specific types of
nonrandom structure. When the structural ensembles are com-
pared to a random-coil model with excluded-volume, we find
clear evidence for long-range, residual structure in ACBP. In
particular, we observe interactions between the two regions
consisting of residues 15-35 and 60-86. Interestingly, this
finding is consistent with a recent observation that the mutation
Ile27Ala causes significant changes in residual dipolar couplings
in the C-terminal region of ACBP (W.F. and F.M.P., submitted).

The hydrophobicity profile and predicted propensities for
formation of helices and turns in ACBP have previously been
described21 and provide an explanation for the existence of the
long-range residual structure that we observe. The segment 20-
30 is the most hydrophobic region of the ACBP molecule.
Furthermore, there is a high helical propensity and intermediate
hydrophobicity in the C-terminal region corresponding to the
amphipathic helix A4 in the native state (residues 65-84).
Between these two regions is a stretch of amino acids that
display a high propensity for formation of turns. We therefore
suggest that the long-range residual structure is caused by
interactions between the region of high hydrophobicity (20-
30) and high helical propensity (60-80). The high propensity
for turn formation in the intervening sequence may in addition
disrupt persistent contacts involving these residues. Finally, the
N-terminal residues display both low helical propensity and low
hydrophobicity, presumably causing these regions of the
sequence to have little residual structure.

By comparing the ensembles obtained at three different
denaturant concentrations, we observe changes in the degree
of residual structure. This result emphasizes an important issue
in studies of the denatured state. On one hand, one must stabilize
the denatured state relative to the native state to populate it
sufficiently for its characterization, but, on the other hand, one
will thereby perturb its structure. This observation applies not
only to stabilization by denaturant but also by heat, pH, or
mutation. One advantage of using a denaturant is that its
concentration can be varied continuously. Further, the effects
of denaturants are expected to be global and not through one
or a few specific amino acid residues. From our calculations,
we observe long-range interactions in ACBP at all three
denaturant concentrations, although these are less pronounced

in 3.0 M GuHCl. These results suggest strongly that these
interactions are present, and probably even more persistent,
under native conditions. In particular, interactions between
residues in the vicinity of 20-30 and 60-65 are approximately
equally prevalent at all three GuHCl concentrations. Further-
more, recent experimental results on the acid denatured state
of ACBP have revealed that this state is structurally quite similar
to the denaturant-induced unfolded state (S.K., W.F., and F.M.P.,
unpublished data). This finding suggests that the structural
features that we observe are not specific to the denaturant-
stabilized denatured state.

The propensity to form persistent structure in the denatured
state of a protein may affect the events leading to the formation
of the native state. The appearance of structure during the folding
of ACBP has been examined using a range of biophysical
experiments. The early stages of ACBP folding have been
studied using quenched-flow hydrogen-exchange45 and rapid-
mixing techniques.46 The results of these experiments show that,
after dilution of denaturant, ACBP rapidly forms a partially
collapsed kinetic intermediate characterized by the partial
protection of amide hydrogens in helix A4 against solvent
exchange. The subsequent formation of the rate-limiting transi-
tion state ensemble has been investigated by the protein
engineering method.44 The results of this analysis show that
residues from helices A1 and A4 interact in the transition state
and form additional hydrophobic contacts with residues in helix
A2.

Taken together, these experiments suggest that the folding
of ACBP involves the initial formation of helical structure in
A4 and the subsequent formation of long-range interactions
between helices A1, A2, and A4 in the transition state. The
presence of a long-range residual structure in the denatured state
shows that A2 and A4 have intrinsic propensity to interact and
stabilize each other. The existence of this structure prior to the
initiation of the folding reaction may partially compensate for
the entropic cost of bringing the N- and C-terminal residues
together in the transition state. Finally, the observation that the
structural features of the denatured state are more stable at lower
concentrations of denaturant suggests that the collapsed inter-
mediate state formed early in ACBP folding may correspond
to the dominant conformations of the equilibrium denatured state
under native conditions.

Conclusions

Advances in experimental techniques have made it possible
to obtain detailed information about biologically relevant non-
native conformations of proteins. Such states include natively
unfolded states, molten globules, and other partially unfolded
conformations that may act as precursors for toxic protein
aggregation. The increased interest in such states has resulted
in a series of detailed biophysical characterizations. However,
due to the heterogeneous nature of these states, such information
has been difficult to convert into structural data. In this work,
we have shown that it is possible to use experimental NMR
data, here from paramagnetic relaxation enhancement, as
restraints in procedures that can result in the determination of
the ensemble of conformations corresponding to the denatured
state, by simulating in parallel a relatively small number of
molecular models. We anticipate that the extension of this
approach to other types of NMR data, such as NOEs, chemical
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shifts, and residual dipolar couplings, will permit the charac-
terization of the structures of several non-native states of proteins
including the proteins that appear to contain intrinsically
disordered regions even under native conditions.
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