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ABSTRACT: Atomic-level molecular dynamics simulations are widely
used for the characterization of the structural dynamics of proteins;
however, they are limited to shorter time scales than the duration of most
of the relevant biological processes. Properly designed coarse-grained
models that trade atomic resolution for efficient sampling allow access to
much longer time-scales. In-depth understanding of the structural
dynamics, however, must involve atomic details. In this study, we tested
a method for the rapid reconstruction of all-atom models from α carbon
atom positions in the application to convert a coarse-grained folding
trajectory of a well described model system: the B domain of protein A. The
results show that the method and the spatial resolution of the resulting
coarse-grained models enable computationally inexpensive reconstruction
of realistic all-atom models. Additionally, by means of structural clustering,
we determined the most persistent ensembles of the key folding step, the transition state. Importantly, the analysis of the overall
structural topologies suggests a dominant folding pathway. This, together with the all-atom characterization of the obtained
ensembles, in the form of contact maps, matches the experimental results well.

■ INTRODUCTION
The computational modeling of protein folding dynamics plays
an important role in understanding the most important
problems in molecular biology, such as the role of dynamics
in biological function, protein folding and unfolding, protein
interactions, etc.1 In theory, the problem of protein structure
and dynamics could be solved based on the first principles.
Such attempts, initiated more than 30 years ago,2 already
brought remarkable successes in the atomic-level character-
ization of small and fast folding proteins and peptides.3−5

These, however, came at an immense cost of computational
power and also thanks to newly designed, customized
hardware.4,5 One of the directions to speed up the calculations
is the introduction of highly efficient sampling techniques,6

being constantly optimized to access larger time scales.7 The
most significant speed-up (by several orders of magnitude) is
provided by the introduction of a simplified representation of
the polypeptide chain.1 Therefore, reduced (coarse-grained)
models, often enhanced by efficient sampling techniques, are
commonly used.1 They have been proven to be useful tools for
the efficient exploration of conformational space and proper
characterization of protein dynamics that is consistent with
experimental data, even without using any information about
the experimental structure.8,9

In the summary of an excellent review “Protein-Folding
Dynamics: Overview of Molecular Simulation Techniques” by
Scheraga et al.,1 the authors highlighted two future directions of
development: force field improvement (both all-atom and
reduced ones) and the need to design methods for converting
coarse-grained trajectories to all-atom representation. In this
work, we address the second issue of an accurate and efficient

reconstruction of atomic details in the application for the
analysis of protein dynamics. To achieve this, we applied a
previously proposed method for the fast all-atom reconstruc-
tion and energy-ranking of protein structure prediction
models.10 The method enabled proper ranking of the quality
of the models (distance from the native structure) when all-
atom energy was used as the ranking criterion.
We tested the reconstruction method on a coarse-grained

folding trajectory of the B domain of protein A (BdpA), one of
the most extensively studied proteins in the context of the
folding pathway available in the literature.11 The folding
trajectory was generated by the CABS model,12 a well-
established coarse-grained modeling tool employing stochastic
dynamics and knowledge-based potentials. The model has
proved to be a successful tool in the folding pathway
description of a few model proteins,9,13 including BdpA14

(described shortly by testing the hypothetical mechanism of
chaperonin action). The reconstruction method was applied to
the whole 10 000 snapshot isothermal trajectory (purely de
novo simulation conducted without any experimental protein-
specific data), in which nearly 100 transitions could be observed
from the fully unfolded to the near-native ensemble.14 Next, we
extracted the all-atom conformations of the BdpA transition
state (TS) ensemble for the structural characterization of its
most persistent conformers.
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■ METHODS

CABS Model. The CABS method is based on a high-
resolution coarse-grained model using a discrete lattice
representation of polypeptide chains with 800 possible
orientations of virtual α carbon bonds.12 The conformational
space is sampled by the Metropolis scheme (here under
isothermal conditions). The force field employs statistical
(knowledge-based) potentials, including generic protein-like
conformational biases, short-range conformational propensities,
the main-chain hydrogen bond model, and context-dependent
side-chain interaction potentials. The model has already been
successfully applied for high-resolution comparative model-
ing,10,15 de novo structure prediction of small globular
proteins,15 and protein folding studies.9,13,14

The simulation was performed in the constant (reduced)
temperature, near the transition temperature (assigned in the
previous study14), and started from a random conformation
prepared in a separate, short, high temperature run.
All-Atom Reconstruction. The reconstruction procedure

was performed in two steps (see Figure 1). First, the protein
backbone was reconstructed from alpha carbons using the
Sybyl/Biopolymer module (implemented in Sybyl software,
Tripos Inc. St. Louis, MO) with default settings. The method
uses a “spare parts” approach16 using backbone fragments

retrieved from the protein database (PRODAT) to construct
the complete polyalanine backbone (fragments of different
lengths, from 4 up to 10 residues, that best match the α carbon
trace and differ no more than the RMSD threshold of 0.5 Å, are
used). In the second step, side chains were reconstructed on
the basis of backbone atom coordinates by the SCWRL 4.0
package.17

The reconstruction procedure was similar to the previously
applied protocol for the reconstruction and ranking of structure
prediction decoys.10 However, here a more accurate algorithm
was used for side chains reconstruction than previously.
According to our extensive tests, the SCWRL 4.0 approach
results in a much smaller number of reconstruction inaccuracies
than the Sybyl/Biolopolymer side-chain reconstruction proce-
dure. Such inaccuracies (incorrect rotamer assignment and
atom−atom clashes) can hardly be corrected in the subsequent
all-atom refinement step.10

All-Atom Minimization. The all-atom minimization (as
the third step in the reconstruction and minimization
procedure, see Figure 1) was performed in the same way as
in the previous structure prediction study10 using the methods
implemented in the Sybyl package. The following minimization
setup was used: Powell minimization method with frozen alpha
carbons (1000 iterations), Amber7 f99 force field, Amber
charges, and a dielectric constant of 1. Fixed positions of the
alpha carbons during minimization and solvent absence
significantly reduce the cost of computations for a large set of
decoys (single minimization time was less than 1 min on a
single CPU). As exercised by us and others (in tests of model
assessment methods), there is very little added value when
more rigorous molecular mechanics procedures10 are used.

Structural Clustering and Analysis of All-Atom
Contact Maps. The all-atom analysis was performed by the
BioShell package.18−20 In order to characterize the structural
variety of the TS population, 1457 all-atom models were
selected from a 10 000 snapshots trajectory based on the
RMSD criteria (between misfolded/unfolded and near-native
ensembles, see Figure 2). The selected models were subjected
to structural clustering according to a complete link hierarchical
algorithm21 (Clust program from the BioShell package). The
stopping criteria were set to cluster 75% of the initial objects
(i.e., hierarchical clustering algorithm was merging objects into
clusters until only 25% of the initial objects remained 1-element
clusters designating them as the most diverse from the whole
set), which resulted in 195 clusters of various size. The 10
largest clusters were subjected to further analysis. For each of
them, a medoid structure was selected on the basis of the
highest correlation between an all-atom contact map for a
model and an average all-atom contact map for the cluster.
The accurate reconstruction algorithm used in this work

enables us to rigorously define an inter-residue contact
including also hydrogen atoms. Two residues are said to be
in contact if any two atoms of the two residues are closer to
each other than the sum of the van der Waals radii for these
atoms. Such a definition revealed packing of the loose
hydrophobic core in transient structures similar to the previous
coarse-grained analysis.14

The protein pictures were generated using Pymol software.22

■ RESULTS
Performance of the Reconstruction Method. The

applied rebuilding and optimization method appeared to be
very efficient not only in terms of computational time (about 1

Figure 1. Reconstruction and minimization scheme shown on an
example of a six-residue peptide. The scheme consists of the following
steps: (1) protein backbone reconstruction from α carbon trace, (2)
reconstruction of side chains from backbone chain, (3) all-atom
minimization step (see Methods for detailed description). The orange
circles in steps 2 and 3 mark the side chain which undergoes a
significant conformational change during the minimization procedure.
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min per model on a standard CPU) but also in terms of the
relatively consistent production of low-energy all-atom models.
A very small number of models (0.76%) have been identified
with abnormally high energy values (i.e., distinctively higher
than the rest, with positive values ranging from +500 to +2500
kcal/mol), resulting from steric clashes which the structural
refinement could not repack. The most substantial source of
errors (2.51% of all models) was due to the inability of the
backbone reconstruction method used to rebuild the complete
backbone chain. This most likely resulted from the lack of
appropriate short backbone fragments matching a given region
of the α carbon trace (see Methods). These high-energy and
incomplete models were excluded from further analysis. The
performance of the reconstruction method seems to be
similarly efficient in producing low-energy models as the
method employed by Heath et al. to the reconstruction of
folding trajectories.23 The method by Heath et al. follows the
same reconstruction steps but a different backbone recon-
struction tool and a different all-atom minimization scheme
including the GB/SA solvent model.
General View of BdpA Folding: Coarse-Grained vs All-

Atom Characterization. Apart from providing a test of the
proposed approach to convert coarse-grained dynamics
trajectories into realistic all-atom ones, this work extends our
results onto BdpA folding, initiated in the recent study by
Kmiecik and Kolinski,14 where BdpA was one of the systems
characterized in the context of model chaperonin assistance.
We chose BdpA for our rebuilding tests considering the
abundance of the available experimental data and, importantly,
for the sake of its CABS simulation characteristics. The CABS
energy landscape for BdpA seems to be the least rugged among
the model proteins we studied so farthe protein easily passes
between the two ensembles (clearly separated by their
resemblance to the native structure): near-native and
unfolded/misfolded.14 The results on BdpA folding, presented
by Kmiecik and Kolinski, included the coarse-grained-level
characterization of the TS ensemble averaged over all TS

structures, in the form of contact map, protein chain mobility
profile, and secondary structure content (see Figures 2 and 4
and Table 2 of ref 14 and the discussion below). These results
appeared to be in excellent agreement with experimental
studies, particularly with the only experimental data sufficiently
close to atomic resolution: the phi value analysis.24

In this work, we attempted to examine the resemblance of
energy landscapes between coarse grained and all-atom
structures, and to investigate thoroughly the structural variance
of the TS of BdpA in all-atom resolution (see next sections).
Energy landscapes, presented as two-dimensional functions
depending on cRMSD and conformational energy values for
coarse-grained structures versus all-atom counterparts, show
good correspondence to one another (see Figure 2). The fact
of the comparable energy values between near-native and
denatured ensembles, reflected similarly in the CABS and
AMBER99 force field, suggests general resemblance of the
ensembles in the presence of attractive interactions. Indeed, the
denatured ensemble contains a high number of misfolded
structures with substantial content of native helices and a folded
segment of H2−H3 helices. Interestingly, similar characteristics
of the whole conformational ensemble in the transition
temperature (being not a 50%−50% mixture of fully folded
and unfolded conformations) was found in the MD simulations
with the physics-based UNRES force-field.25,26 Similarly to the
CABS simulations, in the transition temperature, the UNRES
simulations exhibited nearly equal populations of near-native
and misfolded conformations, with similar characteristics
(having native or near-native clusters of nonpolar residues in
place) but different chirality.
The investigation of the correlation between the CABS and

AMBER energy values has shown poor correspondence (see
Figure 3). That means that the trajectory models are to some
extent repositioned between each other within both energy
basins (on the cRMSD vs energy maps, Figure 2), but
interestingly, the basins preserve a similar probability shape.
This poor correspondence is not surprising or disappointing in
the light of our previous studies investigating the possibility of
energy ranking of protein structure predictions based on all-
atom energy values.10 For instance, for structure prediction
models in the vicinity of 3 Å from the native structure (which is
the case of the near-native energy basin), the CABS force field
is poorly correlated with the RMSD for the majority of
proteins, just as the all-atom force-fields. The reconstruction
and minimization method used here, when applied to the
ranking of structure prediction results, shows very good
performance, which places it among the state-of-the-art protein
model assessments tool.10 As tests showed, it is possible to
discriminate only the high resolution decoys (RMSD around 1
Å from the native) from the broad set of high and moderate
resolution models (1−3 Å from the native), as well as moderate
resolution decoys (3 Å) from the low ones (RMSD > 4 Å and
much higher).10 Thus, one may expect the ability of the all-
atom ranking to show the energy difference between near-
native and misfolded ensembles. However, the above-
mentioned successful rankings were performed on models
built via classical methods of comparative modeling,10 that is,
maximally densely packed structures. In this work, we deal with
ensembles of compact but loose structures (either near-native
or misfolders) of a molten globule-like character, with a
substantially lower sum of favorable interactions compared to
the completely folded models, thus being much more difficult
to rank.

Figure 2. Distribution of the BdpA folding trajectory structures
according to their cRMSD and energy values: CABS energy (upper
panel) and all-atom Amber energy (lower panel). Histograms were
calculated for all snapshots (10 000) of the single isothermal (near-
transition temperature) trajectory. Colors denote frequencies of
occurrenceeach successive color from the sequence of red, yellow,
blue, and black denotes twice as large appearance.
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In summary, the good correspondence of CABS and AMBER
folding landscapes, presented as energy values vs models
resolution (RMSD) (Figure 2), reveals acceptable quality of
local all-atom details of the models, since otherwise the
AMBER energy values would be diffused compared to those of
the CABS.
Secondary Structure: Coarse-Grained vs All-Atom

Assignment. An accurate secondary structure assignment
ultimately requires all-atom details. An approximate assignment
based on coarse-grained representation is also possible. We
computed the BdpA helical content (averaged over the whole
trajectory) in order to compare coarse-grained and all-atom
assignments. In the case of the CABS models, secondary
structure was assigned by the P-SEA27 algorithm based solely
on the alpha-carbon trace. As for the reconstructed and refined
all-atom models, the DSSP method28 was used. The estimated
percentages of secondary structure content evaluated for
individual helices H1, H2, and H3 as an average over the all-
atom structures were 21.1, 69.3, and 66.44%, respectively.
Corresponding values computed from the CABS models14

exhibit a similar tendency, although the actual values13.9,
66.6, and 55.9%were slightly lower.
These data show higher sensitivity of the all-atom

recognition for alpha helices than the coarse-grained
representation, which indicates a decent ability of the applied
reconstruction method to retrieve realistic all-atom details of
the alpha secondary structure.
Characterization of the BdpA TS in the Previous

Study. The structural characterizations of the TS conforma-
tions of BdpA obtained in many simulation studies broadly fall
into two classes: those highlighting the role of H1 and H2
interactions29,30 and those stipulating the dominant role of H3

and its interactions with H231−36 (as summarized in ref 11). It
was suggested that these inconsistencies may be caused by the
existence of multiple TSs and folding pathways of BdpA, as
concluded from statistical mechanical model analysis.37

Interestingly, a later attempt to validate this hypothesis by
experimental efforts toward searching for multiple BdpA folding
pathways ended in a conclusion that the protein folds via a
single dominant folding pathway (involving a single major
TS),38 which agrees with other (up-to-date) experimental data.
As mentioned earlier, in the recent work of Kmiecik and

Kolinski,14 we provided the general features of the BdpA TS,
based on the analysis on a coarse-grained level. In order to
study the effect of an external influence on the particular
nucleation sites of BdpA, we classified all the TS conformations
into four types (according to existence of the two previously
suggested H1−H2 and H2−H3 nucleation sites) in which H1−
H2 and H2−H3 are well formed, H1−H2 only, H2−H3 only,
or none of them. This classification was based on the number of
long-range contacts (native and non-native) between the
centers of the side chain masses within H1−H2 and H2−H3.
For instance (when considering a particular structure), if the
number of long-range contacts within H1−H2 was significant
(larger than the average number of H1−H2 contacts from the
whole trajectory), while within H2−H3 it was not, the structure
was then classified as the “H1−H2 only” type. The analysis
revealed roughly equal populations of the four TS types (with
slightly higher population of the “H1−H2 only” conformers
than others). The proportions of the four TS populations
varied according to temperature and external destabilization
(chaperonin) cycles (for details, see Table 2 and discussion in
ref 14). The average picture of all TS conformations reflected
by the averaged side-chain contact map (based on the centers
of side chain masses) was found to be strikingly consistent with
the extended hydrophobic core identified in phi value
analysis.24

Topological and All-Atom Characterization of the
BdpA TS. Here, we extend the previously published results on
the structural features of the BdpA TS to the all-atom
characterization of the most persistent TS conformations
along the folding pathway. This is done by structural clustering
of the TS all-atom models followed by the selection of the
representative models (based on all-atom contact map analysis,
see Methods). Such an approach provides another level of
classification for identifying similar structures (compared to the
previous one, described above), including 3D information
about the entire protein chain. The previous classification
neglects the spatial arrangement within the subunits considered
(H1−H2 and H2−H3) and between them; therefore,
structures were classified solely on the basis of the number of
contacts within H1−H2 and H2−H3, out of context of the
entire system.
The structural clustering of TS conformers revealed a large

number of highly diverse clusters (most of them very poorly
populated). For further analysis, we extracted the 10 largest
clusters (constituting about 37% of the whole TS population).
Figure 4 presents an average contact map computed for each of
the clusters numbered according to cluster size, from the largest
(95 structures) to the 10th largest (28 structures), together
with representative models. All the maps in Figure 4 reflect all-
atom contact details of the structural diversity of the most
persistent structures in the BdpA TS ensemble. The contact
map for the native structure is provided for comparison in

Figure 3. Distribution of coarse-grained CABS energy vs all-atom
Amber FF energy for the trajectory models. The energy values are
shown in appropriate units and also in standardized units. Additionally,
the y = x axis (solid line) and y = x ± 3δ axes (dashed lines) are
shown, where δ is the standard deviation of the data set shown in the
figure (equal to 1 in the standardized units). The data points
corresponding to the individual trajectory models were colored
according to their cRMSD values, from deep blue to yellow (see the
color legend below). The correlation coefficient for the data presented
is 0.3, and after removal of the data points which differ by more than
3δ (constituting 2.5% of all models), the correlation is 0.36.
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Figure 5 (according to the same all-atom contact definition,
given in Methods).

Interestingly, the majority of the most persistent structures
exhibit similar topology (see TSs numbered 1, 3, 4, 6, 8, 9, and
10 in Figure 4), with H2 and H3 chain fragments being
perpendicular to each other (and rather in close contact) and
H1 docked to H2−H3. With respect to H1 interactions, the
H1−H2 contact pattern is clearly far more persistent and
consistent than that of H1−H3. H1 itself is weakly structured
and represents the most flexible chain fragment in the ensemble
considered. Other spatial configurations found include a similar
helices arrangement (as described above) but the opposite
direction of H2 and H3 (see TS number 2), and near-native
parallel arrangements of H2−H3 helices (see TS number 5)
and H1−H2 helices (see TS number 7) with the third
remaining helix drifted away.
As shown earlier, on the basis of the average contact map for

all the TS structures (on a coarse-grained level),14 the most
persistent contacts forming an unstable network of tertiary
interactions belong to the extended hydrophobic core identified
in phi value analysis.24 The same applies to maps representing
the heterogeneity of the most persistent conformations (the
hydrophobic residues identified in the experiment to form an
extended core are marked at the map borders in Figure 4). For
instance, H1 and H2 interactions are most frequently formed
by F14, L18, F31, I32, and L35 (all having high phi values and
also W15 for which phi values are not estimated24). With
regard to H2−H3 interactions, L45 contacts with F31 and L35
play a dominant role, which perfectly agrees with the
experiment.24 The maps presented in Figure 4 suggest nearly
formed helices H2 and H3; however, the secondary structure
assignment by the DSSP algorithm28 estimated the following
fractions of the H1, H2, and H3 helices content (average values
for all the TS structures): 0.19, 0.66, and 0.64, respectively (see
also the secondary structure assignment section above). In
comparison, the kinetic amide H/D isotope effect indicates that
the TS has ∼70% of the native helical content.39 The analysis
presented above highlights the central role of H2 around which
the TS structure is constructed and also the important role of
the most disrupted helix H1 in the stabilization of the most
persistent TS structures.

Figure 4. Structural diversity of the most persistent TS structures
(obtained from structural clustering) reflected by average contact maps
computed for each of the clusters and their representative models. The
TS structures were numbered according to cluster size from the largest
to 10th largest (the numbers of TS models in the clusters were as
follows: 95, 86, 78, 58, 41, 37, 36, 31, 30, 28). The maps are colored
according to the frequency of all-atom contacts in each cluster (see the
color legend at the bottom of the figure). Additionally, residues
identified in phi value analysis as belonging to an extended
hydrophobic core in the TS are marked in red at the map borders.
As a reference, the native contact map is shown in Figure 5.

Figure 5. Native BdpA structure together with its all-atom contact
map. Native helices are marked at the map borders.
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Each of the 10 TSs (listed in Figure 4) represents a cluster of
structures that differ among one another up to 4.6 Å (in terms
of cRMSD). The differences between different clusters (thus
different TSs) are larger. Despite the fact that heterogeneity
reflects the loose packing of the TS conformations, the majority
of the TSs exhibit the same topology (numbered 1, 3, 4, 6, 8, 9,
and 10 in Figure 4), that is, arrangement of the helices or chain
fragments responsible for helices formation. This is a nontrivial
result indicating the major route from the unfolded/misfolded
to the near-native ensemble. The resulting picture of the major
TSs (Figure 4) highlights the importance of the formation of
both nucleation sites (H1−H2 and H2−H3). However,
nucleation within H1−H2 seems to be more significant as
well as homogeneous in the contact pattern than that of H2−
H3 (which was shown also in the previous analysis14).
The loose packing of the TSs found is also reflected in the

persistence of the all-atom contacts marked by colors in contact
maps in Figure 4. While many local contacts resulting from
helices formation exist in most of the structures, the long-range
contacts responsible for the final nucleation event are present
on average in half of them (contact frequencies around 0.5
marked in red). This indicates an unstable character of the
nucleation sites being frequently very close to formation but
not actually formed and oscillating around certain conforma-
tions. Thus, the present analysis suggesting the formation of
both nucleation sites (H1−H2 and H2−H3) in the TS takes
into account sometimes preformed nucleation sites, which
could not be the case in the previous study14 based solely on
the number of contacts.

■ CONCLUSIONS
It is widely recognized that the development of new multiscale
modeling methods which use different resolution techniques,
both theoretical and experimental, is critical for the under-
standing of important macromolecular processes40 such as
protein dynamics. Such methods have already been shown to
be useful in the structural dynamics characterization of fluids,41

lipid bilayers,42 and proteins.23,43−46

Here we characterize the structural dynamics of the TS of
BdpA in all-atom resolution using coarse-grained simulation
data converted by the fast structure reconstruction and
optimization method. The results show that our method
produces realistic all-atom models with a very high yield on the
system tested (around 96%). Thus, this work provides a
promising reference for future studies of protein dynamics
aiming at larger protein systems (and of different topological
classes) and method modifications (such as testing various
solvation models). These studies are currently being carried out
in our laboratory.
Because of the highly dynamic character of the BdpA TS

conformers, the characterization of the whole ensemble
requires some generalizations which we proposed in ref 14.
This generalized analysis revealed more or less similar
populations of the four conformer groups classified according
to the existence or nonexistence of nucleation sites, H1−H2 or
H2−H3 (defined without taking into account their spatial
configuration). In this work, we took into consideration the
spatial arrangement of the entire protein and narrowed the
analysis to the most persistent BdpA structures only, providing
their detailed all-atom characterization. The resulting picture of
the most common TS structures is largely homogeneous at the
general (topology) level, although heterogeneous in details of
its structure and all-atom contact pattern, suggesting the

existence of a major folding route. This conclusion agrees with
the available experimental data, since multiple folding pathways
have not been evidenced experimentally, despite extensive
studies by phi value analysis to test this hypothesis.38 Moreover,
our results fit well the topological requirements of the TS,
which emerged from the quantification of the experimental data
(phi value analysis and kinetic H/D amide isotope effects),
suggesting a similar contact order to that for the native state.39

Numerous studies stressed the importance of BdpA folding
either through an H1−H2 or an H2−H3 nucleation event. Our
all-atom picture of the TS ensemble shows that both answers
may be true in the sense that, if only one of the nucleation sites
is formed, the remaining one is very likely to be very close to
formation. This is a consequence of a loose character of the TS
ensemble found, rather than competing TSs composed of either
H1−H2 or H2−H3.
Finally, it is worth emphasizing that the presented TS

ensemble represents the most common structures between the
two major folding basins which both are collections of
residually folded structures. Such a picture of the whole
conformational ensemble is in excellent agreement with the
recent simulation studies of BdpA folding.25,26 Thus, the
characterization of the TS described here provides structural
models for transition between near-native and unfolded or,
importantly, misfolded states (mainly topological mirror image
of the native three-helix bundle).
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