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ABSTRACT: The molecular details of how urea interacts
with, and eventually denatures proteins, remain largely
unknown. In this study we have used extensive experimental
NMR data, in combination with statistical coil ensemble
modeling and small-angle scattering, to analyze the conforma-
tional behavior of the protein ubiquitin in the presence of urea.
In order to develop an atomic resolution understanding of the
denatured state, conformational ensembles of full-atom
descriptions of unfolded proteins, including side chain
conformations derived from rotamer libraries, are combined
with random sampling of explicit urea molecules in interaction
with the protein. Using this description of the conformational equilibrium, we demonstrate that the direct-binding model of urea
to the protein backbone is compatible with available experimental data. We find that, in the presence of 8 M urea, between 30
and 40% of the backbone peptide groups bind a urea molecule, independently reproducing results from a model-free analysis of
small-angle neutron and X-ray scattering data. Crucially, this analysis also provides sequence specific details of the interaction
between urea and the protein backbone. The pattern of urea-binding along the amino-acid sequence reveals a higher level of
binding in the central part of the protein, a trend which resembles independent results derived from chemical shift mapping of
the urea−protein interaction. Together these results substantiate the direct-binding model and provide a framework for studying
the physical basis of interactions between proteins and solvent molecules.

■ INTRODUCTION
Characterizing the conformational energy landscape of
unfolded proteins helps us to understand the protein folding
problem,1 disease-related protein misfolding events,2 and the
relation between protein sequence and function in intrinsically
disordered proteins.3 The small hydrophilic osmolyte urea is
commonly used to study the behavior of unfolded proteins
because of its so-called “good” solvent characteristics.4

Although urea is widely used as a denaturant in biophysical
and biochemical experiments, the molecular details of how urea
actually unfolds proteins are largely unknown. Two different
mechanisms have been proposed, relying either on a “direct”
interaction between urea and the protein backbone via
hydrogen-bonds5 or an “indirect” interaction whereby urea
disrupts the water structure surrounding the protein and
thereby acts as a better solvent to hydrophobic groups.6 The
resolution of this question will provide important insight into
the molecular basis of protein stability and remains a key
challenge for the interpretation of protein folding studies.

Although molecular dynamics (MD) simulations can in
principle provide an atomic resolution description of the basic
mechanism of protein-denaturation,7−17 there is still concern
about the ability of currently available potential energy force
fields to correctly capture the behavior of unfolded proteins in
solution. These problems probably stem from the increased
relevance of accurate solvent descriptions compared to folded
proteins, against which recently improved force fields have been
gauged,18−21 and the importance of fluctuating weak inter-
actions such as solvent−solute hydrogen bonding that
contribute significantly to the behavior of disordered proteins
in solution. Although there has been considerable progress in
the development of specific force fields for the unfolded
state,22−24 unfolding events are expected to occur on time
scales that are rarely accessed by state-of-the-art computational
power, so that it still remains challenging to ensure efficient
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sampling of the conformational energy phase space available to
the unfolded state.
Nuclear magnetic resonance (NMR) spectroscopy provides a

unique experimental tool for the study of unfolded proteins,
providing time and ensemble averages of parameters reporting
on local and long-range structure over a broad range of time
scales. While under certain conditions it may be possible to
measure cross-relaxation rates between protons belonging to
the protein and the urea, such approaches can be complicated
by a number of factors, including the possibly short residence
times of the solvent, hydrogen-exchange, and long-range
dipolar interactions between bulk and bound solvent.25−28

The ability to map the conformational behavior of urea-
unfolded proteins using residual dipolar couplings (RDCs)
measured in partially aligned samples has recently been
demonstrated for the proteins ubiquitin and GB1.29,30 A
popular method for the interpretation of experimental data
applies restrained molecular dynamics simulations using a
hybrid potential energy function to drive multiple copies of the
protein into an ensemble of structures that are in agreement
with experimental data.31−34 Alternatively, over the past few
years, we have developed a statistical coil model35−37 to
progressively map and comprehend the conformational energy
landscape of the unfolded state. Using a multistep procedure,
we first define expected values of experimentally accessible
parameters, such as RDCs, for a disordered protein sequence
that samples amino-acid specific backbone dihedral angle
potential energy surfaces. These simple predictions demon-
strated good agreement between the theoretical and exper-
imental data, thereby validating this computational approach to
the construction of disordered protein ensembles. The ability to
predict experimental parameters from the unfolded state then
provides the basis for identifying and characterizing the
presence of transiently populated secondary structural elements
or long-range order in the otherwise disordered state.38,39 In
combination with enhanced conformational sampling from
accelerated molecular dynamics simulation40 and statistical
ensemble sample-and-select procedures, we have demonstrated
the ability of these ensemble approaches to accurately map the
backbone conformational behavior of denatured and intrinsi-
cally disordered states.41−45

Here we use a novel approach to the interpretation of
experimental data from urea-denatured proteins, generating
conformational ensembles of all-atom descriptions of the
unfolded protein, including side chain rotamer conformations,
and combining these to develop a molecular model of urea
molecules in interaction with the protein. This model is used in
combination with extensive experimental NMR and small-angle
X-ray scattering (SAXS) data to test the relevance of the direct
binding model of urea to the protein backbone and to identify
the binding propensities of each amino acid along the protein
sequence.

■ RESULTS
Incorporating Side Chains into the Statistical Coil

Model. To incorporate van der Waals type interactions into
the statistical coil model, it is essential to correctly describe
amino acid side chains. This is achieved here by modifying the
Flexible-MECCANO approach36 to build explicit side chains in
conformations randomly selected from known rotameric
libraries (see Materials and Methods). Comparison of RDCs,
Ramachandran plots, and the distribution of the radius of
gyration (Rg) shows that the existing local and global sampling

characteristics of Flexible-MECCANO are not significantly
perturbed by the addition of side chains (Figure S1 of the
Supporting Information).

Modeling the Protein−Urea Interaction. The physical
basis of the interaction between urea and the protein is the
subject of debate between the “indirect” mechanism, where
urea disrupts the surrounding water structure, and the “direct”
mechanism, where urea forms hydrogen bonds (H-bonds) with
the protein backbone. There is increasing evidence from both
simulation and experimental data in support of the direct-
binding mechanism.7,10,12,14,46,47 MD simulation shows that
urea molecules have a higher propensity to bind to the protein
backbone than to side chains,7,14,48−50 although simulation
results conflict as to whether urea acts as an H-bond donors or
acceptor. Using a recent, long time scale (1 μs) MD simulation
of 8 M urea-denatured lysozyme, Berne and co-workers found
that urea preferentially bound to the amide proton of the
protein backbone through its oxygen atom.7 Parinello and co-
workers recently combined parallel tempering and metady-
namics simulation to assess the denaturing effect of urea on the
β-hairpin of protein GB1, and they found evidence that urea
directly interacts with the protein backbone through H-
bonds.15 We note that a recent experimental study using
vibrational sum frequency spectroscopy, which directly probes
the interfacial interaction of urea molecules, demonstrated that
the carbonyl group of the urea molecule has a tendency to be
directed toward the protein surface at lower pH and to adopt
the inverse orientation at higher pH.51 The relevance of this
observation for our model of urea-denaturation of ubiquitin is
underlined by the experimental observation that ubiquitin is
not unfolded in 8 M urea unless it is studied at acid pH. Finally,
our recent model-free analysis of SAXS/SANS data on urea-
denatured ubiquitin also supports the hypothesis that urea
directly binds to the protein backbone.52

To investigate whether the direct-binding mode of
interaction is compatible with a large quantity of experimental
data, we have built explicit molecular ensembles of the protein
ubiquitin bound to urea, treating urea molecules as H-bond
acceptors and constructing them onto the amide protons of the
protein backbone. The urea molecule geometry is based on
published neutron diffraction measurements.53 The H-bond
length is fixed at 2.5 Å, and the angle (N−H···O) is fixed at
180°. The urea molecules can randomly rotate along the H-
bond axis (Figure 1A). We have tested different physically
reasonable H-bond conformations54 and find similar results in
terms of predicted NMR data and Rg values (Figure S2 of the
Supporting Information). Urea molecules are added randomly
on specific binding sites according to a given saturation rate
(the percentage of potential binding sites populated per solute
molecule). The molecules are added after a residue has been
built. An all-atom steric clash checking function is performed
again after adding one urea molecule. If there is clash between
the latest added urea molecule and the built atoms, the
algorithm returns one residue and rebuilds with different ϕ/ψ
angles in the statistical coil database.

Determination of the Urea−Protein Binding Rate
from Experimental RDCs. Ensembles were calculated by
applying different saturation rates, ranging from 0% to 60%.
With increasing number of urea molecules, the ⟨Rg⟩ increases
from 26.8 Å (without urea) to 34.8 Å (∼43 urea molecules at a
saturation rate of 60%, Table 1 and Figure S3A of the
Supporting Information). Not surprisingly, the population of
the extended regions (βP and βS; see legend, Table 1)
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increases with the number of bound urea molecules while the
population in the αR and αL regions decreases (Figure S3B of
the Supporting Information and Table 1). Theoretical RDCs
calculated from ensembles with different saturation rates of
urea are compared to experimental data (Figure 2A). Addition
of urea molecules to the statistical coil model induces the
sampling of more extended ϕ/ψ angles as observed in previous
studies,55,56 so that DHNHN+1 and DHNHN+2 are significantly
reduced with increasing urea saturation rate. The χ2 analysis
shows that, with increasing urea saturation rate, the agreement
between experimental and predicted values is improved and the
χ2 reaches a minimum when an average of approximately 30
urea molecules are bound to each protein (corresponding to a
saturation rate of 40%, Figure 2B). The χ2 value obtained at this
saturation rate is similar to that calculated from previous
hypothesis-driven approaches, where the extended region of
Ramachandran space was progressively sampled more than the
standard coil library (around 80% in the extended region).56

We also note that, in our previous “model-free” approach for
analyzing SAXS/SANS data from urea-unfolded ubiquitin, we
found that around 10 urea molecules were bound to ubiquitin
at pH 6.0, and a further 20 urea molecules were recruited when
the pH was reduced to 2.5.52

Experimental RDCs Define a Representative Ensem-
ble with a Site-Specific Urea Binding Pattern. This
analysis shows that improved reproduction between exper-
imental and theoretical RDCs is obtained by randomly
recruiting approximately 30 urea molecules onto the statistical
coil model of the peptide chain. To develop a site-specific
model of urea binding, we then use the genetic algorithm
ASTEROIDS,42,44 in combination with the experimental RDCs

Figure 1. Illustrative representation of the urea-binding model. (A)
Urea binding conformation used in the main text. The H-bond length
is fixed at 2.5 Å, and the H-bond angle N−H···O is fixed at 180°. The
urea molecule can randomly rotate along the axis of the H-bond. (B)
Representative urea sampling with different saturation rates for each
binding site from zero urea to 40%.

Table 1. Comparison of Physical Properties of Different Urea-Binding Modelsa

rateb # of ureac ⟨Rg⟩ (Å) p(βP) (%)d p(βS) (%) p(αL) (%) p(αR) (%)

0% 0 26.82 29.6 37.2 4.3 28.9
10% 7.2 ± 2.5 27.74 30.8 38.8 4.2 26.2
20% 14.4 ± 3.4 28.91 31.9 40.6 4.0 23.5
30% 21.5 ± 3.9 30.03 33.3 42.4 3.7 20.6
40% 28.2 ± 4.1 31.59 34.6 44.3 3.3 17.8
50% 36.4 ± 4.0 33.02 36.0 46.2 2.9 14.9
60% 43.1 ± 4.1 34.83 37.4 48.2 2.5 12.0
ASTEROIDSe 23.3 ± 18.0 31.90 33.4 42.2 3.9 20.5

aTo quantify the ϕ/ψ angle distribution in different urea binding ensemble models, the Ramachandran space is divided into four parts: (αL) ϕ > 0°;
(αR) ϕ < 0°, −120° < ψ < 50°; (βP) −90° < ϕ < 0°, ψ > 50°, or ψ < −120°; (βS) −180° < ϕ < −90°, ψ > 50°, or ψ < −120°. bSaturation rate for
sampling a urea molecule on the binding site of a protein. cNumber of urea molecules averaged over entire ensemble at such a saturation rate.
dPopulation of ϕ/ψ angles of an ensemble model separated in the Ramachandran space. eSelected ensemble against experimental RDCs from a pool
generated with a randomly assigned rate.

Figure 2. Analysis of predicted RDCs and experimental data for
different models. (A) Comparison of experimental RDCs for urea-
denatured ubiquitin and predicted values from different percentages of
urea saturation rates. Experimental data are shown as black points, and
predicted values are color coded as follows: 0% (red), 10% (orange),
20% (yellow), 30% (green), 40% (blue), 50% (indigo), 60% (purple).
(B) χ2 calculated from the different urea binding models and those
generated from different levels of extendedness. χ2 from the urea
binding model along with the number of urea molecules is shown in
solid black circles and lines. χ2 values from different levels of
extendedness are shown in dashed lines: 59.0% (red), 74.2% (green),
81.2% (blue), and 85.2% (yellow). χ2 values are not normalized, and
the total number of RDCs considered in this figure is 458.
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(in total 458) to select a representative ensemble of urea-bound
conformers. A pool of 50,000 structures with a randomly
assigned saturation rate of urea molecules, from an occupancy
of 0 to 100% of the available binding sites, was constructed.
The similar average number of urea molecules on each binding
site (Figure S4A of the Supporting Information) in the pool
indicates that no bias for sampling urea molecule is induced
from the prebuilt polypeptide. The number of urea molecules
that one model structure possesses is also well distributed
(Figure S4B of the Supporting Information) except those
structures having more than 65 urea molecules, which are
slightly less populated because of the difficulty in constructing
such extended chains. Two hundred structures are selected
from a pool of 50,000 structures with a randomly assigned
number of urea molecules bound to randomly selected sites
along the backbone. The genetic algorithm ASTEROIDS is
used as described previously to make this selection.42,44 The
comparison of RDCs calculated from the selected ensemble
and experimental data is shown in Figure 3. In order to estimate

the uncertainty in the procedure, the selection was repeated 50
times. A consistency check was performed, by removing 5% of
the experimental couplings to validate the number of structures
present in the subensemble (Figure S5 of the Supporting
Information).
The backbone dihedral angle distribution and ⟨Rg⟩ calculated

from the selected ensemble are consistent with the calculations
from the ensemble with a 40% urea saturation rate (Table 1).
Notably, the average number of urea molecules drops from
around 30 as determined using the nonspecific approach
described above, to around 23 for the selected ensembles that
are in best agreement with the experimental RDCs (Table 1).
This small discrepancy results from site-specific analysis and
reflects the nonuniform binding along the chain. The average
number of urea molecules on each binding site was determined
from the selected ensemble, revealing an intriguing pattern of
urea binding along the amino-acid sequence that is apparently
nonrandom (Figure 4A). The most noticeable trend is that
residues 20−25 and the C-terminal part of urea-denatured
ubiquitin recruit the fewest urea molecules while the central
part of the protein recruits more urea compared to the average

and compared to the pool. Amino-acid-specific binding
behavior may also exist (Figure 4B): the polar amino-acids
tyrosine, histidine, and asparagine recruit fewer urea molecules,
while lysine, glycine, and phenylalanine on average recruit
more. However, only one system is available in this study, so
that statistics are necessarily poor. In addition, most types of
amino acids show less obvious dependence on binding
behavior. This may suggest that urea-binding properties are
more significantly encoded in the primary sequence context
rather than the individual amino-acid type.

RDC-Selected Urea-Binding Model Is Consistent with
NMR Chemical Shift Mapping and SAXS Experiments. A
series of titration experiments from 0 to 8 M urea under
identical buffer conditions and pH were recorded using
1H−15N HSQC spectra (Figure 5B). The spectrum of 8 M
urea-denatured ubiquitin at pH 2.5 was assigned previously.55

Most of the resonances at other urea concentrations can be
identified from this assignment. Below 3 M urea concentration,
the presence of both folded and unfolded peaks in the spectrum
indicates slow exchange kinetics for these two states. Peaks
from the population of unfolded ubiquitin thus can be traced
down to 2 M urea. The differences between the weighted
average chemical shifts of 1H and 15N (Δδav) at 2 M urea and at
8 M urea concentration were calculated and plotted along the
amino-acid sequence (Figure 5A). Showing an overall similarity
to the distribution of urea binding presented above, the average
chemical shift differences are again larger in the central part of
ubiquitin while the peaks belonging to the C-terminal part shift
less. This qualitative similarity indicates that the chemical shift
differences arise from the direct binding of urea to the protein
backbone, in agreement with the ASTEROIDS-selected
ensemble on the basis of RDCs. Peaks belonging to the N-
terminal region, on the other hand, bear no similarity to the
urea-binding model. This is possibly not surprising because an
unfolding event is also known to occur with increasing amounts
of urea: as observed from Φ-value analysis, the N-terminal β-
hairpin is populated in the transition state ensemble during
unfolding,57 and even at a 8 M urea concentration at pH 2.5, it

Figure 3. Comparison of ASTEROIDS selected results and
experimental residual dipolar couplings. The experimental data are
shown in red lines, and back-calculated RDCs from selected structures
are shown in blue.

Figure 4. Distribution of urea molecules. (A) Normalized number of
urea molecules at each binding side from the ASTEROIDS selection
plotted with respect to the primary sequence (averaged over 50
selections). The normalized number of urea molecules at each binding
side in the pool distribution is 50%. The error is propagated from the
deviation of two independent results of 25 selections. (B) The same
number as in Figure 4A, plotted against amino-acid types: Black dots
represent the value for each residue, and red squares represent the
averaged values for every amino-acid type.
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still retains a certain amount of residual structure, as revealed
from different NMR experiments.33,58 Chemical shift titrations
will therefore be expected to reflect these complex unfolding
events, so that additional shifts may be observed, in addition to
any possible urea binding to the protein backbone.
We also use SAXS data recorded in the presence of 8 M urea

to test this model. Predicted SAXS curves for the selected
ASTEROIDS ensemble and the pool ensemble were calculated
using the program CRYSOL.59 SAXS curves of ubiquitin urea
showed significant interparticle interactions at low scattering
angles, especially for low urea concentration (Figure S6 of the
Supporting Information).60 Because of the difficulty in
excluding that this phenomenon may impact on the effective
radius of gyration derived from the low angle region of the plot,
only the parts of the curves lying between the scattering angles
of 0.06 and 0.4 Å−1 were used for further analysis (Figure 6).
This region is nevertheless informative, as it should report on
the distribution function of short to medium range distances
that will be sensitive to binding of urea to the protein backbone
(Figure S7). Over this range the theoretical curve calculated

from the ensemble selected against RDCs is found to agree
significantly better with the experimental SAXS data compared
to the curve calculated from the pool (χ2 falls from 0.110 to
0.014). The RDCs therefore refine the local conformation and
the distribution of urea molecules, and thus, they modify the
shape of the theoretical SAXS curve in the 0.06 and 0.4 Å−1

range.

■ DISCUSSION

We have used extensive experimental NMR and SAXS data in
combination with statistical coil ensembles to study the
conformational behavior of urea-unfolded proteins. In order
to develop an atomic resolution understanding of the denatured
state, conformational ensembles of full-atom descriptions of
unfolded proteins, including side chain conformations derived
from rotamer libraries, are combined with random sampling of
explicit urea molecules in interaction with the protein. We
adopt a model whereby urea molecules directly bind to the
protein backbone through H-bonds as proposed from MD
simulations and independent sources of experimental
data.7,10,12,14,46,47

The addition of urea molecules to the statistical coil model
modifies the conformational energy landscape of the protein
backbone via van der Waals repulsive forces, and this
modification leads to significant improvement in the
reproduction of extensive experimental RDCs measured from
8 M urea denatured ubiquitin. This improvement allows us to
identify the average number of urea molecules that bind each
ubiquitin molecule, closely reproducing results from a recent
model-free analysis from SAXS/SANS data.52

To analyze the distribution of urea binding over the primary
sequence, we apply the previously developed genetic algorithm
ASTEROIDS,42,44 to select subensembles in agreement with
the experimental RDCs. This analysis demonstrates that urea
binds preferentially in the central region of the protein, with
binding propensity tailing off toward the termini. This profile
shows qualitative similarity to the amplitude of site-specific
chemical shift differences observed between low and high
concentrations of urea. The validity of the RDC-selected
subensemble of urea-bound conformers is further supported by
the observation that the reproduction of the predicted SAXS

Figure 5. Correlation between urea-binding pattern and chemical shift
mapping. (A) Upper panel: the same as Figure 4A but residues not in
the bottom panel are removed for ease of comparison. Bottom panel:
the average chemical shift difference between 2 and 8 M urea-
denatured ubiquitin spectra. The missing residues are proline or
overlapped peaks. (B) HSQC spectra for different concentrations of
urea: 2 M (red), 3 M (orange), 5 M (green), 6 M (yellow), 7 M
(blue), and 8 M (black). The “baseline” represents the mean value and
takes into account the general upfield shift of 1H resonances with
increasing concentrations of urea.

Figure 6. Comparison of experimental and calculated SAXS curves.
(A) Curve calculated from the ASTEROIDS selected ensemble (black,
the part used in linear fit; gray, the full predicted curve) compared to
experimental data (red line). (B) Curve calculated from the pool of
randomly sampled urea molecules. The correlations between
calculated and experimental curves are shown in inset figures (red
lines), and linear regression lines are shown in black. χ2 values given in
the text report on the difference between experimental curves and
linear regression lines.
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curve is significantly improved in the scattering angle range
reporting on medium range distances.
These results are consistent with the results from Pettitt and

co-workers, who studied a ten-residue polyalanine peptide in
different osmolyte systems using MD simulation, finding that
urea molecules make better van der Waals contacts with the
protein than water and TMAO.12 It was also observed from
Berne’s group that urea unfolds a protein through its stronger
dispersion interaction with the protein compared to water
molecules.7 Stumpe and Grubmüller hypothesized from
simulations of model compounds that the denaturing
mechanism of urea results from its significantly larger volume
than that of a water molecule which entropically disrupts the
protein structure.14 The overall picture developed here also
compares closely with that resulting from a recent combination
of parallel tempering and metadynamics simulation of the effect
of urea on the β-hairpin of protein GB1, that found clear
evidence that urea preferentially interacts with the protein
backbone through H-bonds and that this interaction results in
elongation of the peptide chain at higher urea concentrations.15

The results shown here are in agreement with single molecule
FRET studies of proteins showing that end to end distances in
denatured proteins increase with the concentration of urea.61

The expansion of unfolded protein structures was also observed
from SAXS62 and pulse-field gradient NMR63 with the addition
of denaturant. As observed in this study, the increase of binding
rate expands the structure, and it is interesting to note that the
determined binding rate of around 40% coincides with the
approximate volume occupied by urea in an 8 M solution
(36.4%). As urea is proposed to weakly bind to the protein,64

the binding percentage may simply represent the competitive
binding of urea to the protein with respect to water. It was also
observed in MD simulation that 34−44% of total H-bonds
between peptide and solution are contributed by urea
molecules and the rest are from water molecules.12

To summarize, using a combination of an explicit molecular
ensemble based on a statistical coil model, we demonstrate that
the direct binding model of urea to the protein backbone is
compatible with extensive experimental NMR and small angle
scattering data when approximately 40% of backbone peptide
groups bind to urea. This level of urea binding closely
reproduces numbers derived from a model-free analysis of small
angle neutron and X-ray scattering data. We note that the
results presented in this study do not rule out the indirect
binding model, which would be intrinsically more difficult to
model at atomic resolution. The pattern of urea-binding along
the amino-acid sequence revealed from this analysis indicates a
higher level of binding in the central part of the protein, a trend
which resembles independent results derived from chemical
shift mapping. These results substantiate the direct-binding
model and more generally provide a framework for studying the
molecular basis of interactions between proteins and solvent.

■ MATERIAL AND METHODS
Protein Purification. The purification and preparation of

denatured ubiquitin (8 M urea, 10 mM glycine-HCl buffer at pH
2.5) in isotropic solution or in stretched polyacrylamide gel are
described elsewhere.55

NMR Measurements and Analysis. Experimental RDCs for
ubiquitin except 1DCαCβ were taken from a previous publication.55 The
method for measuring 1DCαCβ is based on HN(CO)CA-type
experiments; the evolution time for Cα was set to be longer than 1/
2JCαCβ for sufficient coupling development. Here, a 2048*(1H) ×
240*(13C) × 48*(15N) data set (where n* denotes n complex data

points) with acquisition times of 85.2, 72.0, and 26.2 ms, respectively,
was used.

The titration of urea was started from two samples of 300 μM
ubiquitin with 0 or 8 M urea, both at 10 mM glycine-HCl pH 2.5, and
a temperature of 25 °C. Specific amounts of solution were mixed to
achieve urea concentrations 1 and 7 M, 2 and 6 M, 3 and 5 M at each
step. By this procedure, the concentration of ubiquitin and buffer and
pH were kept identical along the titration with a minimum amount of
protein sample usage. Standard 1H−15N HSQC spectra were recorded
on a Bruker DRX 800 MHz spectrometer equipped with a cryoprobe.

Ensemble Modeling. In the original Flexible-MECCANO (FM)
algorithm, amino-acid-specific volumes were represented by spheres
placed at the Cβ positions (or Cα for Gly), and a steric clash was
detected when the spheres overlapped.36,65 If necessary, all-atom
descriptions of side chains were added by other programs, e.g.
SCCOMP.66 In this study, energy-minimized internal coordinates of
each amino acid are used as a polypeptide building block (J.-r.H. and
M.B., unpublished), so that side chains can be added explicitly
immediately after each backbone amino acid has been constructed.
The side chain is rotated around all possible χ angles according to the
stagger rotamer population derived from the PISCES67 purged Coil
Library68 in the built backbone ϕ/ψ space to find a steric-clash-free
accommodation.

Steric clash checking was applied according to hard-sphere van der
Waals radii for every atom between the side chain and the built
backbone. The hard-sphere radii for different atom types are based on
the values used in Xplor-NIH69 with the scaling factor (0.76) used
conventionally in the final stage of structural refinement. These scaled
radii are very similar to a recent MD study from Rose and co-workers
on their modified allowed Ramachandran space survey.70 If the side
chain cannot find a nonclash conformation within a certain number of
trials (defaulted as 100 times), the algorithm returns to the previous
residue and builds another conformation using a different ϕ/ψ
combination.

The algorithm can be modified to add side chains after the whole
backbone is constructed. In this case, there would be no difference in
backbone sampling compared to the spherical side chain model.
However, for the purpose of sampling urea molecules, adding side
chains while building the protein backbone is the most efficient
approach. This all-atom description for the statistical coil model
facilitates further analysis of SAXS data, chemical shift prediction, and
the urea-binding model.

RDC Prediction. Theoretical RDCs were calculated on the basis of
the assumption of steric exclusion71,72 using an efficient in-house
written algorithm.33 In short, the maximal extension of a molecule for
each direction of a unit sphere is calculated. The probability for finding
the molecule in a certain orientation is then derived as the volume that
can be occupied by the molecule between two infinitely extended,
parallel planes relative to the total distance between the planes. The
alignment tensor then corresponds to the average over all orientations
of second rank spherical harmonics weighted by this probability. The
theoretical RDCs are then calculated from the alignment tensor:
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The size of the ensemble (N) throughout this article is 50,000.
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In the section on ASTEROIDS selection, a local alignment window
size of 15 amino-acids in length is applied in combination with a
baseline correction.42,44

χ2 Analysis. χ2 analysis is used to indicate the agreement between
experimental and theoretical values. It is defined as follows:

∑χ =
−
σ

=

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟

D D

i

n
i i

i

2

1

obs calc 2

(3)

where σi is the experimental error and the summation runs over all
observed data n.
Average Chemical Shift Calculation. The weighted average

chemical shift is calculated according to the following equation:74

Δδ =
Δδ + Δδ( )( )

2av
H

2 1
5 N

2

(4)

where ΔδH and ΔδN are the chemical shift differences between two
1H−15N HSQC spectra for amide proton and nitrogen chemical shifts,
respectively.
SAXS Measurement and Analysis. The SAXS measurements

were recorded on the ID14-3 BioSAXS beamline at the European
Synchrotron Radiation Facility (ESRF Grenoble, France). The
sample−detector distance was 2.6 m, and the X-ray wavelength used
was 0.931 Å (13.32 keV). 50 μL of each protein solution was loaded
into a flow-through quartz capillary cell at 25 °C. The total exposure
time was 100 s per sample. The 2D diffraction patterns were
normalized to an absolute scale and azimuthally averaged to obtain the
intensity profiles I(Q), within BSxCuBE (ESRF beamline data
collection software). Solvent contributions (buffer backgrounds
collected before and after every protein sample) were averaged and
subtracted from the associated protein sample.
The theoretical curves were calculated with CRYSOL59 with default

settings except that the scattering angle was up to 0.6 Å−1, and the
order of harmonics and the order of the Fibonacci grid were
maximized to 50 and 18, respectively, to optimize the resolution.
Experimental data was interpolated with a cubic spline function to
facilitate linear regression at the same values of scattering angles of
calculated curves.
Calculation of the Radius of Gyration. The individual Rg value

for each structure of an ensemble is the root-mean-squared distance
toward its center of mass.75 The averaged Rg of an ensemble is
calculated by the root-mean-squared values of all individual Rg values
(denoted as ⟨Rg⟩ throughout) as the Guinier analysis of SAXS data
corresponding to an average over Rg of the individual molecules in the
experimental ensemble.
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