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Design of a structure-based model for protein
folding from flexible conformations†

Ana M. Rubio and Antonio Rey *

The use of coarse-grained models is important in many fields, especially those that use computer

simulation to analyze large systems in processes that span long-time scales, as happens in protein

folding. Among those approaches, structure-based models have been widely and successfully used for a

few decades now. They usually take a single native conformation, experimentally solved, of the protein

studied to determine the native contacts, which subsequently define the interaction potential for the

simulation. The characteristics of the folding transition can then be analyzed from the computed

trajectories. In this paper, we consider the possibility of enriching these models by considering the

structural fluctuations present in the native state of a globular protein at room temperature in an

aqueous environment. We use the different conformers experimentally provided when the protein

structure was determined by nuclear magnetic resonance (NMR) spectroscopy as an approximate

ensemble to test our methodology, which includes the definition of a global interaction potential and

the analysis of the thermodynamic and structural characteristics of the folding process. The results are

compared with traditional, single structure models.

Introduction

Structure-based (or Gō-type) folding models have been used in
the last few decades to analyze the characteristics of the protein
folding process.1,2 In combination with coarse-grained models,
which reduce the complexity of the protein representation,3,4

or even with atomistic models,5 they have provided useful
insights in fields including folding thermodynamics, kinetics,
pathways, etc. On the other hand, since structure-based models
largely simplify the protein stabilizing interactions, reducing
them to those present in the native state, these models cannot
properly reproduce the unfolded state, or the presence of
folding intermediates that include non-native interactions.

A structure-based interaction model relies on the comparison
between every sampled conformation of the polypeptide chain
and the native state. This state is usually considered at the level of
a native contact map, i.e., a 2D representation of the native
conformation in which two residues in contact in the native state
(according to some predefined geometrical criterion) are marked
as a spot in the map; see several examples in the figures below.
The native state is customarily taken from the experimentally
determined protein structures deposited in the Protein Data
Bank (PDB).6 About 90% of the currently available structures

correspond to X-ray diffraction data, where the protein has
been previously crystallized; thus, a single conformation for the
native state is deposited. On the other hand, for nuclear
magnetic resonance (NMR) determined native structures, the
measurements are made in solution, where certain regions of
the native structure may show different degrees of flexibility
due to thermal fluctuations. Since the NMR measurement time
is long in comparison to the time scale of these fluctuations, the
raw data must be processed afterwards, and several conformers
(or ‘‘NMR models’’, as named in the PDB) are deposited.
Of course, they do not need to be an accurate reflection of
the flexibility corresponding to the native state in thermo-
dynamic equilibrium with its aqueous environment. The
proper interpretation of the NMR spectra for the definition of
spatial restraints, their character (strong, medium or weak),
and the numerical method used to get the final structure may
have an influence on the final output.7 The NMR models are
usually ranked in the PDB file by quality (fewer violations of
experimental restraints), so the first NMR model is usually
considered in simulations when only one structure is needed.
This is the usual strategy when using NMR data of proteins
taken from the PDB in structure-based models,8 or as a matter
of fact, also in atomistic simulations with different physical
force fields.9 Thus, the information about the structural flexi-
bility, even in an approximate form provided by the NMR
experiment, is lost.

In the last decade, only a few studies have tried to go beyond
this situation. In our group, we took advantage of a very simple
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coarse-grained strategy to individually consider every NMR
model10 and get what tries to be a more complete picture of
the folding process by combining the different outputs. At the
same time, we realized that different folding pathways could
appear when considering different NMR models, something
that does not make any sense since all of them correspond to the
very same protein under identical conditions. Jiang and
Hansmann11 proposed to use the conformation in the PDB file
that best represents the set of NMR models, which does not
necessarily correspond to the first one; some native contacts
could also be removed or added to the contact map of this
conformation to gather together information from the full
ensemble of NMR models. More recently, Lammert et al.12 have
tried to analyze the folding of a very flexible protein by using
the X-ray structure to define the native contact map, but
suppressing from it the contacts in those regions that, accord-
ing to the NMR experimental data for the same protein,
correspond to highly flexible loops or tails in solution. For
proteins showing slow conformational transitions, potentials
with different minima corresponding to the different states have
also been tested.13–15 Some work considering allosteric transitions
has also been done with the same premise.16

In this work, we try a different approach, trying to consider
the available experimental flexibility information in a more
comprehensive way. Therefore, we consider the full native
structure as potentially flexible, and tentatively rely on the
different NMR conformers to define the degree of conservation
(and therefore the strength) of the native contacts in the
interaction potential of the simulation model introduced
in this work. Even though, as already mentioned, the NMR
conformers may not properly represent the equilibrium micro-
states of the native protein, we can use them as a proof of
concept of the model design.

Simulation and interaction model

In this manuscript, we represent our polypeptide chain as a
linear polymer of beads centered at the position of the a-carbons
of the different residues. They are thus joined by segments of
equal length (3.8 Å, which corresponds to a trans peptide bond).
The conformations are sampled by a Monte Carlo procedure,
previously described,17,18 coupled to a replica exchange method19

where different replicas are simulated at different temperatures
(parallel tempering). The Monte Carlo sampling includes both
local (single bead) and collective (multi-bead) movement trials, to
generate configurations of the system that correspond to the
conformational equilibrium distribution of the protein model at
each of the temperatures included in the parallel tempering
procedure.

Thus, we focus on thermodynamic and structural properties
to study the folding/unfolding process as a function of tem-
perature. In previous work that used a single conformation to
define the native contacts, we defined the model interactions
as a truncated harmonic well centered at the native distance
and whose depth, equal for all the native contacts, defines the

energy unit of the model. Its mathematical definition is
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In eqn (1), rij is the distance between the beads representing
residues i and j, and dnat

ij is the corresponding distance between
their a-carbons in the native state; e = 1 defines the energy unit
for the model, and a indicates the width of the attractive well
for the native contacts. Values of a = 0.5 or 0.6 Å have provided
correct results for different proteins in previous work from our
group.20–22

In addition to the attractive interactions for pairs of residues
involved in native contacts, we use an excluded volume term
acting on every pair of non-neighbor model beads, to avoid
unphysical overlappings in the sampled conformations.17

As stated in the Introduction, we have considered an NMR-
determined protein structure as an example of a set of flexible
conformers compatible with a given protein native state.
Following the recent work from Onuchic et al.,12 we have
considered S6 ribosomal protein, which appears with the PDB
code 2KJV with 20 NMR models deposited by the experimental
group.23 This protein’s structure has also been solved by X-ray
diffraction (with 4 residues less at the C-terminal end) and
is deposited as a single conformer with the PDB code 1RIS.24

For the sake of comparison, the native structure and contact
map for 1RIS are shown as Fig. S1 in the ESI.† The native
structure has two a-helices packed against a 4-stranded b-sheet,
with the elements of secondary structure distributed along the
sequence as b1–a1–b2–b3–a2–b4.

In Fig. 1, we summarize the main characteristics of the 20
NMR conformers in PDB file 2KJV. We show a superposition
of the 20 NMR models drawn with VMD,25 a global quantitative
comparison among them, computed as the root mean square
deviation, RMSD, between every pair of NMR models after
optimal superposition (at the level of a-carbons), and the
contact map of the first NMR model. The data show a less
compact structure in NMR than in X-ray: the radius of gyration,
at the level of a-carbons again, is 12.95 Å in 1RIS, and oscillates
between 15.1 and 15.5 Å for the NMR models in 2KJV.
In addition, the number of non-local native contacts (with
|i � j| Z 4) is 212 in the X-ray data, and between 124 and
145 for the different NMR models. The structural fluctuations
are mostly centered in the residues of the C-terminal tail and
in the loop situated at the very middle of the chain, roughly
between residues 45 and 55. This corresponds to the region
between strands b2 and b3, which become shorter in the NMR
conformations than in the X-ray ones.

At the level of native contacts, we have tried to visualize
these fluctuations by (1) defining the contact matrices of the
different NMR models, where a 0 means the absence of native
contact and 1 means a native contact between residues i and j
(as in previous work, we consider a native contact to appear
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when the distance between any of the heavy – non-hydrogen–
atoms belonging to i and j is less than 4.5 Å); and (2) adding up

the 20 matrices. The result is plotted in Fig. 2a. We find that the
two a-helices in the structure are very well defined in all the
NMR models and can therefore be considered as rigid (or less
flexible) regions in the native protein. The same happens to
many of the contacts between strands b1–b3 and b1–b4 in the
b-sheet. On the other hand, the b2–b3 packing shows high
variability, as depicted by many of its contacts appearing in less
than half of the NMR models. This is especially so for those
contacts closer to the loop (to the main diagonal, in Fig. 2a).
The same happens to the contacts between helices a1 and a2.
The contacts between the helices and the b-sheet seldom occur
in the set of NMR models, justifying the less compact native
structure already commented on. Finally, the last residues
at the C-terminal show no native contacts or, as much, a few
sporadic ones present in a single NMR model.

In the standard version of structure-based models, where
the protein sequence is disregarded, all the native contacts are
given the same energy, as can be seen in eqn (1). In this work,
we use the colored contact map of Fig. 2a as the set of
interaction energies for the native contacts. Just to keep the
energy scale similar to the cases based on a single structure, we
have normalized the added contact matrix, so that for the
contacts with |i � j| Z 4 appearing in any of the NMR models,
we define:

eij contact ¼
number of NMR models with the ij contact present

number of NMR models for native contactsh i
(2)

The average h� � �i in the denominator is computed over the full
set of contacts. In the NMR models of PDB file 2KJV, this
average equals 8.7 NMR models. Therefore, in our simulation
model, the contacts appearing in more rigid regions are
considered more stabilizing (larger attractive energy) than
those appearing in more flexible regions. Once more, this scale
should be physically sound only if the set of conformers chosen
to define the flexibility is representative of the equilibrium
population of microstates, and that is not necessarily true for
the NMR models in the PDB file. However, we consider that file

Fig. 2 (a) Contact map for the global NMR model, color-code indicating the
number of NMR conformers in which a given native contact appears.
(b) Average native distances (upper left triangle) and their statistical deviations
(lower right triangle) among the 20 NMR conformers in PDB file 2KJV.

Fig. 1 Structural information of S6 protein in PDB file 2KJV: (a) superposition of the 20 NMR conformers; (b) structural differences among the 20 NMR
conformers, computed as RMSD (Å) between a-carbons; (c) native contact map of the first conformer, NMR-01; a sketch representation of the secondary
structure elements is included along the axes.
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here to represent a test case of our interaction model. For |i� j| = 2
(virtual bond angles) and |i � j| = 3 (virtual torsion angles), all the
weights are the same, e = 1. In the latter case, we consider the
chirality of the torsion angle to avoid getting the mirror image of
the folded state.17

As can be seen in eqn (1), the definition of a structure-based
potential includes not only the energy term favoring the native
state, but also its geometry. This is considered in such a way
that the energy for every ij native contact becomes minimum
when rij = dnat

ij . Probably, this is the main technical reason why
the use of multiple conformations has been previously avoided.
In this situation, these dnat

ij distances are different in every NMR
model, which precludes a proper mathematical definition of
the energy terms. In previous works already mentioned, the
problem has been either avoided, by using only the distances in
the X-ray structure,12 or simplified using the largest distance
among the NMR models for a given contact.11

To analyze this fact in our test case, in Fig. 2b, we show also
a map where the average distances (upper left triangle) and
their statistical deviations (lower right triangle) are shown for
the native contacts. They are computed on the a-carbon atoms,
the only ones included in the simulation model afterwards.
Since, as we have seen, many native contacts appear in just a
few NMR models, these statistics are computed over the full set
(20 cases for 2KJV) of conformers included in the PDB file. This
tries to partially reduce the influence of the specific cut-off
distance used to define a native contact, and especially to avoid
irrelevant statistics based on a very small number of NMR
models for most of the contacts in flexible regions. As can be
seen in Fig. 2b, the average distances of the native contacts
are in the range of 4–5 Å for a-carbons in neighbor b-strands
(where the contacts frequently involve the atoms in the protein
backbone) to values as high as 10 Å for regions involving
a-helix–a-helix or a-helix–b-sheet contacts, where the real
atoms in contact belong to the residue side-chains, and the
a-carbons are farther apart. The deviations follow a trend that,
as expected, mirrors the flexibility already seen in the NMR
models. The smaller values, well beyond 0.5 Å, correspond to
rigid sections, while mobile parts create deviations larger than 1 Å.

When a full atom representation of the protein is considered,
the flexibility must take into account the real rotamers appearing
in the torsional angles of the backbone and side chains, which
cannot adopt arbitrary conformations. Plain averaging can then
be especially dangerous if the average value corresponds to an
impossible conformation.26 However, in a coarse-grained defini-
tion of the protein geometry, as we are considering here, a simpler
approach can be taken. Therefore, we center the attractive wells
for the native contacts at the average distance values, and adjust
their width according to the standard deviations, so that all the
native distances in the different NMR models are included in the
attractive wells. Specifically, for every native contact between
residues i and j (including virtual bond and torsion angles), our
model defines the width of eqn (1) as contact dependent,

aij ð (AÞ ¼ 0:25þ sij
2
; (3)

where sij represents the deviations shown in Fig. 2b. The additive
factor 0.25 has been optimized by checking values between
0.2 and 0.5 Å. Large values result in wider attractive wells that,
as we have previously checked, create less cooperative folding/
unfolding transitions.17,27 That is also the reason why we are
dividing the deviations by a factor of 2.

With all these considerations, the sampling of the proteins
with our Monte Carlo and parallel tempering method is the
same as what we have previously described in works considering a
single structure.18 The results presented here correspond to
the average of 8 independent runs in every case. In each run,
we use 40 to 50 temperatures in the parallel tempering scheme,
depending on the complexity of the folding process found for
every interaction model considered, to warrant a proper traveling
of the replicas along the full set of temperatures. At every
temperature, 3 � 108 Monte Carlo steps (conformations) are
sampled for thermalization, and 109 additional Monte Carlo
steps are computed for data recording.

Results

S6 is a protein that, according to the available experimental
evidence, folds in a two-state process from a thermodynamic
point of view, with a relatively high free energy barrier between
the native and the unfolded state.28 The folding pathway, on
the other hand, is rather complex, and it has been the focus of
extensive experimental and simulation work.29–31 Actually, S6
protein and its ‘‘circular permutants’’32 have been the subject
of a large deal of protein folding research, even using some
models that try to account for its flexibility.12 In this work,
we will focus on the wild-type protein alone, since the con-
formational richness available in the PDB file 2KJV, which we
are taking as an approximation of the flexibility of the native
structure in solution, could be for sure affected by any sequence
engineering transformation. For this reason, we mainly focus
our presentation of results on those related to the flexibility of
the folded state and not so much on the proper reproduction of
all the experimental evidence for this protein, but being certain
that the main experimental features of the folding transition
are preserved.

For comparison with our new methodology, we also have
run our standard model based on a single native structure for
S6, both from the X-ray data and from every one of the 20 NMR
models, considered individually. In Fig. S2 of the ESI†, we show
the heat capacity curves as a function of temperature (both
in reduced units) we have obtained for all these cases. The
results from the single X-ray structure (dashed black curve) are
consistent with a thermodynamic two-state transition: a high
and narrow peak at the transition temperature (Tm) between
the folded and the unfolded states. The results from the
individual NMR conformers, on the other hand, show a wide
spectrum of possibilities, including wide folding/unfolding
peaks and, in some cases, a second peak at lower temperatures.
The transition temperature for the X-ray structure is signifi-
cantly larger than those obtained from the NMR conformers,

Paper PCCP



6548 | Phys. Chem. Chem. Phys., 2019, 21, 6544--6552 This journal is© the Owner Societies 2019

mainly reflecting the larger number of native contacts in the
former, as we have already mentioned, which are lost upon
unfolding. To properly compare among the different cases, in
Fig. 3a, we show these heat capacity curves against the reduced
temperature T/Tm, where Tm corresponds to every individual
case. To make this analysis clearer, we have selected a few of
the NMR cases: model 01, the one usually considered in
standard structure-based models; model 02, which shows the
least average RMSD with the rest of the NMR models (see
Fig. 1b) and could then be considered as the best representative
of the full NMR set;11 and model 13, which represents the
opposite case with the largest average RMSD value in the
experimental set. We also include the heat capacity curve
resulting from the interaction model introduced in this manu-
script (labeled as NMR-Global). We have focused this figure in
the region around Tm, which would roughly correspond to the
experimentally accessible range in a thermal denaturation
experiment. In this figure, we have also included the symbols
corresponding to the temperatures sampled along the parallel

tempering process, and the error bars resulting from the
averaging process of the individual runs for every case, to show
the statistical accuracy of our simulation data. To complement
the thermodynamic analysis of our transitions, we have used the
WHAM method33 to compute the free energy profiles at Tm as a
function of the energy for the individual models, which are shown
in Fig. S3 of the ESI.† In Fig. 3b, we show the results for the same
selected cases shown in Fig. 3a. In this figure, we have normalized
the energy scale dividing by the energy corresponding to the PDB
conformer according to the energetic model employed in each
case. This scale is similar to the fraction of native contacts Q
usually employed in structure-based models, but does not depend
on any arbitrary choice to determine when a native contact is
present in a given sampled conformation.34 This Q fraction has
been established as an adequate reaction coordinate to study the
folding process in structure-based models for proteins.35 In our
case, since the energy of a given native contact can continuously
vary from its minimum value (�e) to zero, a formed contact can
contribute with less than one reduced unit to the energy, and
therefore the values we get for E/Enat are somehow smaller than
the standard values of Q usually reported. This is especially
important at the transition temperature that corresponds to
the free energy profiles shown in Fig. 3b, a relatively high
temperature where fluctuations at the native state basin become
important, especially for the models that explicitly treat these
fluctuations.

It is interesting to mention that the X-ray structure provides
the largest separation between the minima corresponding to
the folded and unfolded states in equilibrium at the transition
temperature, even at the reduced scale used in the x-axis of
Fig. 3b. This is for sure a reflection of the more compact
experimental structure, which partially reduces the structural
fluctuations in the folded state even at a relatively high tem-
perature as Tm. On the other hand, the results from individual
NMR models are rather different among them (see Fig. S3 of the
ESI† and Fig. 3b) and, depending on the conformer taken as
reference, some of them could lead to the impression of an
essentially downhill transition,36 as NMR-13, or to transitions
that at the temperature of the absolute maximum of the heat
capacity correspond to an equilibrium between the unfolded
and an intermediate state. In this latter case, the analysis of the
trajectories (not shown) indicates that in this intermediate, at
least the C-terminal tail of the protein is unfolded, and in some
cases, the turn between b1 and a1 is highly distorted as well;
they only become properly attached in their native positions at
lower temperatures, mostly due to the effect of local interactions
(which explains the second, shallow peak in the heat capacity
curve appearing in some cases, as that of NMR-02 in Fig. 3a).
It is interesting to mention that the results from the new model
NMR-Global introduced in this work show a nice two-state
transition with well-defined minima for the unfolded and folded
states at Tm, as shown in Fig. 3b.

These differences in the folding landscape resulting from
the distinct simulation models are better appreciated in Fig. 4,
where two-dimensional landscapes are represented as a
function of E/Enat and the RMSD value between the sampled

Fig. 3 (a) Reduced heat capacity as a function of the reduced tempera-
ture resulting for the different simulation models as indicated in the
legend. (b) Reduced free energies at the transition temperature, as a
function of the system energy, normalized by the native energy, for the
different simulation models.
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conformations and the reference experimental conformation
(in NMR-Global, we have used the first NMR conformer as
reference for this analysis). The X-ray results show a relatively
wide minimum along the energy scale for the native state at Tm,
which was also observed in other structure-based models
considering the X-ray structure of protein S6.12 In contrast,
the NMR-Global model gives a well-defined minimum at its
transition temperature, with fluctuations barely populated,
although with slightly less ‘‘nativeness’’ than the X-ray case,
as indicated by the position of the native minimum along the
E/Enat coordinate. The free energy barrier is not as large in the
Global-NMR model as that resulting from the X-ray structure
(which, as a matter of fact, is one of the largest barriers we have
ever found using this simulation model18,20), but much larger
than those provided by any of the individual NMR models. This
is an interesting result, since it indicates that the NMR-Global

model is not just a plain average of the individual NMR
conformers, but instead creates new features, which, at least
for this protein, provide results better than those arising from
any of the individual conformations in the experimental
NMR file.

As stated at the beginning of this section, we want to focus
our analysis on the ability of the model to reproduce the
conformational fluctuations found in the native state (at the
level of the 20 NMR conformers in file 2KJV). To quantify
the amplitude of these fluctuations resulting from our simula-
tions along the protein sequence, we have chosen a lower tem-
perature, in which the folded structure is the only one populated,
and therefore the next results are computed at 90% of the
corresponding Tm, which could be considered as an estimation
of room temperature for this protein. We have used the root
mean square fluctuation, RMSF, calculation included in VMD,25

Fig. 4 Free energy landscapes, using as coordinates the reduced energy and the RMSD from the native conformations, obtained at the transition
temperatures of the indicated models.
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using in each case the conformations sampled at the indicated
temperature as a statistical ensemble, and the corresponding
experimental conformer as a structural reference (again, for the
NMR-Global model, the NMR-01 conformation is used). Just to
check the methodology, in Fig. S4 of the ESI†, we show the
individual values of the fluctuations after optimal superposition
to the reference structure for several thousand conformations
sampled at 0.9 Tm, equally scattered along one of the NMR-Global
model trajectories. As can be seen, the results are quite consistent
along the trajectory, and permit us to clearly detect the regions of
large and small structural fluctuations.

The average results as a function of the sequence position
are shown in Fig. 5, which is separated into two panels to favor
the visualization of the results. Both panels show, in blue, the
experimental RMSF corresponding to the superposition of the
20 NMR models in file 2KJV. It is then a quantitative reflection
of the structural superposition shown in Fig. 1a, and as already
mentioned, shows the largest experimental fluctuations in the

C-terminal tail and in the middle loop. The X-ray model (dotted
black line in the bottom panel) correctly shows a larger mobility
in the C-terminal tail (partially precluded by the lack of several
residues in the crystal structure in this region), but otherwise it
presents very small fluctuations along the full sequence at this
temperature. Even the maximum in the central loop is just
marginal, and this indicates that the fact that this loop is bent
towards the core of the structure in the X-ray conformation (see
Fig. S1, ESI†), a feature which is absent in any of the NMR
models, gives this region enough native contacts to stop it from
fluctuating at room temperature; this fact does not seem to be
correct in solution for this protein. The results from individual
NMR models are, again, rather different from one another (top
panel of Fig. 5). Any of them reproduces the large fluctuations
in the C-terminal region, where, as can be seen in Fig. 2, there
are no native contacts. However, the fluctuations of the middle
loop have rather different amplitudes, and in some cases,
depending on the exact position and number of native contacts
for every model, large fluctuations appear in other regions, as
happens in model NMR-02.

On the contrary, the NMR-Global model (bottom panel)
properly reproduces, at a semiquantitative level, the experi-
mental fluctuations. A full quantitative coincidence is not
reasonable, since it would depend on the exact temperature
of the simulation results, as well as the experimental data and
the conditions used in their interpretation. Of course, this
good agreement for the fluctuations of the native state in the
NMR-Global model is partly expected, since the experimental
fluctuations are used to compute the structure-based force-field
that the model uses. But, it is interesting to check that the
methodological treatment used to include this information into
the interaction potential, and to define from it a very simple
and computationally efficient coarse-grained model, still
preserves the experimental information used as input, and
can therefore represent a proper methodology, in case better
fluctuation information was available.

Conclusions

In this manuscript, we have introduced a new structure-based
simulation model for protein folding. Its main novelty lies in
the fact that it uses several conformers for the native state,
therefore allowing us to consider protein flexibility as an
inherent part of the definition of the interaction model. As a
test, we have considered the different conformations appearing
in the NMR-solved structure of S6 ribosomal protein.

NMR conformers, as collected in PDB files, have been
recently used as a signature of fluctuations in the folded state
of proteins in a series of physics-based analyses of the native
state.37 However, they may not be a good reflection of equili-
brium populations of conformers in the native state at room
temperature. Probably, physically sounder ensembles could
be obtained from equilibrium molecular simulations, and
several procedures and databases are already available for that
aim.38–40 Nevertheless, at least for the S6 protein used as a test

Fig. 5 Average values of the root mean square fluctuations with respect
to native (RMSF, in Å) at the residue level, computed for the folded
conformations of the different models (at T = 0.9 Tm).
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in this work, they provide rather static structures, with struc-
tural fluctuations that are very small in comparison with the
experimental flexibility provided by the NMR file 2KJV, and
whose folding results are then not so different from those
provided by traditional single structure approaches. This fact
could be related to the relatively short simulation time used by
the methods mentioned, which are not able to sample large
conformational fluctuations. Since the determination of
‘‘contact distances’’ for the native contacts is, in our experience,
a critical part of the definition of the interaction model based
on flexible structures, we have preferred to keep the experi-
mental information of the NMR PDB file as representative.

The model uses a coarse-grained, a-carbon representation of
the polypeptide chain. A Monte Carlo method, coupled to a
parallel tempering procedure, is used to analyze the behavior of
the system and the folding/unfolding transition of the protein
as a function of temperature.

The results for the new model, termed NMR-Global here,
provide evidence for a two-state folding transition for this
protein, with a relatively high free energy barrier, in agreement
with experimental evidence.28 The results are, in this sense,
much better than those provided by standard models that use a
single NMR conformer to define the contact map and, therefore,
the interaction potential for the simulation. In these cases,
negligible barriers appear in several cases, and poorly defined
folded states are populated at the transition temperature.

The fluctuations found for the native state of the new simu-
lation model at room temperature also reproduce the regions of the
sequence that are more flexible in the experimental data used to
define the interactions of NMR-Global. Again, the results of the new
model are, in this sense, much better than those coming from single
structure NMR models, or from the X-ray single conformation.

Therefore, we consider that the model is ready for further
exploration, and its use in future work in many more flexible
protein structures will provide the final test of its applicability
to the study of the protein folding process, always at the coarse-
grained level of a structure-based model. Although the experi-
mental structures used to define the fluctuations of the protein are
only approximate if taken from an NMR PDB file, the methodology
introduced in this manuscript can be readily applied to any set of
conformations that are representative of the structural flexibility of
the native state. At the coarse-grained level used in the model, the
definition of the global contact map and the distance analysis of
the native contacts are very fast for several tens of conformations, a
standard number in NMR PDB files,6 and can be easily automated
so that a larger number is considered if available.
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Supplementary	Figure	S1. Ribbon diagram and contact map for the x-ray structure 
of protein S6, as taken from the PDB file 1RIS. The positions of the secondary 
structure elements along the sequence are sketched at the axes of the contact map.  
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Supplementary	Figure	S2. Heat capacity curves (in reduced units) as a function of 
the reduced temperature, from standard structure-based calculations (based on a 
single structure, as indicated in the right axis). 
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Supplementary	Figure	S3. Free energy curves (in reduced units) as a function of 
reduced energy, from standard structure-based calculations (based on a single 
structure, as indicated in the right axis). The native basin appears at the left side 
(lower energy). 
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Supplementary	 Figure	 S4. Plot of the structural fluctuations after optimal 
superposition for a representative set of 8000 conformations along the simulation 
for T = 0.9 Tm in the NMR-Global model. The NMR-01 conformer from the PDB file 
2KJV is used as reference structure. 
 
 




