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ABSTRACT: The B domain of protein A (BdpA), a small three-helix [ | M ,
bundle, folds on a time scale of a few microseconds with heterogeneous & 100 ) PD/10°
native and unfolded states. It is widely used as a model for understanding = = 80 : 22
protein folding mechanisms. In this work, we use structure-based models |E t@" 2 s} O@®@ e
(SBMs) and atomistic simulations to comprehensively investigate how BdpA § E aol® D € 20
folding is associated with the formation of its secondary structure. The energy ;JD = ) e 15
landscape visualization method (ELViM) was used to characterize the |.S ng ;f 20 1.0
pathways that connect the folded and unfolded states of BdpA as well as the % T @ = 0.5
sets of structures displaying specific ellipticity patterns. We show that the - 0 50 100

native state conformational diversity is due mainly to the conformational (ﬁ‘w Helix-1I content (%)

variability of helix I. Helices I, II, and III occur in a weakly correlated manner,
with Spearman’s rank correlation coefficients of 0.1539 (I and II), 0.1259 (I

and III), and 0.2561 (II and IIT). These results, therefore, suggest the highest cooperativity between helices II and III. Our results
allow the clustering of partially folded structures of folding of the B domain of protein A on the basis of its secondary structure,
paving the way to an understanding of environmental factors in the relative stability of the basins of the folding ensemble, which are
illustrated by the structural dependency of the protein hydration structures, as computed with minimum-distance distribution
functions.

1. INTRODUCTION and experimental methods,”® demonstrating agreement of the
folding ensemble with a theoretical description based on a
funneled energy landscape theory.””~"" BdpA folding mech-
anism can be represented by a two-state kinetics, in which the

native (N) and unfolded (U) ensembles coexist in equilibrium
7,8,12,13

The B domain of protein A from staphylococcal bacteria
(BdpA) is an attractive target for protein folding studies for
having a simple three-helix bundle topology,' as shown in

Figure 1, and a fast folding kinetics.”” BdpA folding has been without significant population of intermediate states
. . . . . . . 4—6 :
investigated using atomistic and coarse-grained simulations, Short-lived intermediate states, of course, exist and have been

characterized recently.”'*

In what concerns the characterization of the structural
variability of native and denatured states, high-temperature
simulations® and recent H/D-exchange experiments have
shown that the residual structure observed in denatured states
is associated with helix IIL.'"* The experimental study also
suggested the possibility of a salt bridge between residues
LysS0 and Asp54 as responsible for stability of helix III, and
that this helix could act as a folding initiation site of BdpA.'* At
the same time, other experimental data from ®-value analysis
show that helix III is poorly formed in the transition state,
while helix-II is well-formed.”®'%'” Therefore, there is no clear

Received: November 10, 2023

Figure 1. Cartoon representation of the B domain of staphylococcal Revised:  March 19, 2024
protein A (BAPA), PDB: 1BDD."* Helix I (**QQNAFYEILH'?), helix Accepted: March 22, 2024
11 (*EEQRNGFIQSLKD?®7), and helix III  published: Apri 3, 2024
(*SANLLAEAKKLNDAQ®®) are depicted in blue, green, and red,

respectively.
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consensus on the underlying mechanisms of the formation and
deformation of BdpA helices during folding.

Here, we investigate the BdpA folding by combining coarse-
grained simulations using C,-structure-based models
(SBMs)'® and atomistic simulations. We add the helical
content dimension to the projection of the folding ensemble,
providing new insights into the distribution and correlation of
the secondary structure in folding mechanisms. The simu-
lations with the C,-SBMs provided an exhaustive sampling of
the folding landscape, including transition states. Atomistic
simulations of each folding structure, in turn, allowed us to
obtain equilibrated structures for a detailed analysis of their
helical content and interaction with the solvent. Our results
support the two-state mechanism. The analysis of the
secondary structure ensembles revealed three significant basins,
which are associated with the correlated formation of helices II
and III, while helix I is consistently formed only in the native
state. The characterization of these secondary structure
elements allows a novel classification of the denatured state
ensemble, paving the way for the investigation of environ-
mental factors in the folding ensemble of the B domain of
protein A, illustrated here by the conformational dependence
of the protein hydration structures.

2. METHODS

2.1. Simulations with SBMs and Analysis. We initially
obtained the folding ensemble of BdpA (PDB: 1BDD) " using
Ca-SBMs.'®" In Ca-SBMs, each residue is represented as a
single bead centered at the a-carbon (Ca)."® The theoretical
basis for the SBMs is the funneled energy landscape
theory.””*" According to this model, the protein potential
energy surface is minimally frustrated, and the folding occurs
by successive conformational transformations that are monot-
onically biased toward the native state. Minimally frustrated
energy surfaces can be reconstructed from the folded structure
by the definition of biasing forces having equilibrium distances
equal to those of the reference structure. SBMs are based on
this assumption and construct a potential energy surface from
the structural properties of the folded states, including bond,
angle, dihedral, contact, and noncontact terms for the
interactions of a Ca-only model.'®*”** The BdpA is a model
protein for folding studies and has been studied thor-
oughly.””~""*? SBM simulations allow the exhaustive sampling
of the conformational space of the model, providing, within the
model approximations, a complete ensemble of the folding of
small proteins such as BpdA. The convergence of the ensemble
can be demonstrated by obtaining multiple folding-unfolding
transitions at the critical temperature in the case of a two-state
folding model, as the one studied here.

The contact map of BdpA (PDB: 1BDD) was determined
with the contact of structural units (CSU) algorithm.”* The
Ca-SBM was generated using the SMOG web server (https:/ /
smog—server.org/).25 All simulations with Ca-SBM were
performed with Gromacs 4.6.7.”° To determine the folding
temperature, two sets of simulations were performed. The first
set used Gromacs setup temperatures between 80 and 160 K
(true units are not significant for SBM models) with a
temperature step of 10 K. Once the temperature of maximum
specific heat, C, was roughly identified, a new set of
simulations with temperatures varying between 113 and 119
K with 1 K temperature steps was performed to localize within
~1 K the folding temperature. In reduced temperature units,
the simulations were performed within 0.66 and 1.33 with
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0.083 steps and within 0.94 and 0.99 with 0.0083 temperature
unit steps for the first and second set of simulations. These
simulations were analyzed with the weighted histogram
analysis method (WHAM)”” as implemented in SMOG2**
for the determination of the temperature dependence of the
specific heat, C,(T), and the potential of mean force, F(Q), as a
function of the fraction of native contacts. Each SBM
simulation consisted of S X 10° steps with a time step of
0.0005 reduced units at constant temperature. A contact was
considered native if the distance between the corresponding
Ca atoms was not greater than 20% of that observed in the
experimentally reported NMR model."

The temperature of the maximum specific heat is the model
folding temperature (Tj). At T folded and unfolded states
have the same probability of occurrence. The SBM simulation
performed at T¢ was used to study the folding ensemble. The
statistical convergence of the Q values at the folding
temperature was confirmed by block-averaging (Figure S10
of the Supporting Information computed with the MolSim-
Toolkitjl package, version 1.3.4), which shows that the
characteristic correlation time of Q is much lower than the
total simulation time.

It is worth noting that the 10 additional NMR structures of
the BdpA available in entry 1IBDC' could also be adopted as
initial configurations for the Ca-SBM simulations. Figure S11
illustrates that the contact maps of 1BDC models closely
resemble those derived from the 1BDD structure. Also, all-
atom SBMs are alternative models that could also be employed
in protein folding studies, possibly capturing variations in
relative probability among ensembles influenced by side chain
dynamics.'"** Specifically for BdpA, a previous study showed
that both models agree in the global description of its folding,
despite the additional complexity and computational cost.'"

2.2. Protein Folding Projection Maps. The protein
folding landscape was visualized with the energy landscape
visualization method (ELViM).”**~** Given that protein
folding occurs in a multidimensional space, its visualization
depends on dimensionality reduction. The ELViM method
uses the matrices of internal distances of the conformations to
define a robust metric of the similarity between structures
without an a priori definition of a reaction coordinate. The
matrix of similarities between conformations is projected in 2D
space. Here, we use the Force Scheme technique,”* as originally
proposed for ELViM.”> This method consists, basically, of
defining a potential in the projected space that is dependent on
the similarity measure between the structures and optimizing
this potential to obtain a distribution of points that optimally
represents the distances in the multidimensional similarity
space.

2.3. Secondary Structure Analysis from Atomistic
Models. To compute the secondary structures, the all-atom
representations of 5000 SBM models of the simulation
performed at the T; were reconstructed using the Pulchra
software.” The simulation boxes were constructed with a
minimum distance of 12.0 A from the protein extrema using
Packmol.***” This resulted in box volumes ranging from
142848 to 423120 A3 with the number of water molecules
varying between 4401 and 13,775. The protein structure was
restrained by applying harmonic potentials with 25 kcal mol™
force constants on Ca atoms, such that the SBM topology was
preserved, while allowing relaxation of the reconstructed
atoms.

https://doi.org/10.1021/acs.jcim.3c01822
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The CHARMMS36 force field*® for the protein and the
TIP3P water model®” were used. All atomistic simulations
were performed in Gromacs 2021.2% at 298.15 K, 1 atm, and
with a time step of 2 fs. Initially, the system was minimized by
up to 20,000 steps using the steepest descent method and
equilibrated by 1 ns in constant-volume and constant-
temperature ensemble (NVT) followed by 1 ns of constant-
volume and constant-pressure (NPT) simulation. Temperature
and pressure were controlled using the modified Berendsen
thermostat*' and Parrinello—Rahman barostat.** Finally, 10 ns
production simulations were performed in the NPT ensemble
for each system, totaling 50 us of simulation.

The secondary structure of the models was calculated with
the DSSP method,”** using the ProteinSecondaryStructures.jl
interface.” Residues belonging to helices I, II, and III (Figure
1) were attributed according to the literature.”*1¢* Assigning
the a-helical content with DSSP required equilibrated all-atom
structures, as the estimates obtained directly from Pulchra-
reconstructed models failed, as shown in Table S1 of the
Supporting Information. The all-atom reconstruction and
equilibration procedures are described below. The distribu-
tions of the secondary structure structures obtained for each
folding basin of the ensemble are shown in Figure S9 of the
Supporting Information.

The helical content obtained from the folding ensemble was
mapped on the ELVIM projection to obtain contour plots with
the histogram2dcontour function from the PlotlyJS,jl v0.18.10
package. Spearman’s rank correlation coefficients’’ were
calculated to identify the correlations between helices during
folding.

2.4. Molecular Basis of Hydration. The hydration of the
models was studied using minimum-distance distribution
functions (MDDFs)*® and the Kirkwood—Buff (KB) theory
of solvation.*’

MDDFs are distribution functions computed from the
minimum-distance counts between any solute and solvent
atoms. They have the advantage over the radial distribution of
taking the shapes of solute and solvent molecules automatically
into account. That is, a peak associated with a minimum
distance between the components is associated with an
interaction at that precise distance, providing a picture of the
solvation that matches the natural solvent-shell interpretation
of the interactions.

To allow the computation of KB integrals (and thus
thermodynamic properties), MDDFs have to be normalized by
the minimum-distance count in an ideal distribution of the
molecules with the same bulk density of the solvent. This
requires generating random distributions of solvent molecules
around the solute with correct density and molecular
conformational distribution, which is tricky and computation-
ally expensive.** Thus, we implemented these computations in
the specialized ComplexMixtures.jl package,”® which builds up
on the efficient CellListMap.jl software for the computation of
short-ranged interactions in particle systems.”"

Formally,*® MDDFs can be defined in terms of the average
number density of the solvent ny(r) relative to the density of an

ideal-gas distribution, 7,"(r):
ns(r)
n*(r) (1)

where p refers to the protein, s is the solvent (in this case,
water), and r is the minimum distance between any solvent

8,,(r) =
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and solute atoms. As with other distribution functions, MDDFs
allow for the calculation of KB integrals, which can quantify the
accumulation of the solvent around the solute. The KB
integrals can be computed using n,(r) and n¥(r):

1 o0 *
G,=— [n(r) — n, (r)]1S(r)dr
p @/0 () = n5()1S(r) o

where S(r) is the surface dependent on the solute’s shape
defined by the minimum-distance, and p, is the molar
concentration of the solvent. The integration of eq 2 in a
finite subvolume of the system reduces to

LINL(R) - N *(R)]
P ©)

where NPS(R) is the number of minimum distances between
the protein and the solvent at the R distance from the protein
surface and N}’,*‘S(R) is the minimum-distance count in an ideal-
gas distribution.**>>?

The KB integrals (eqs 2 and 3) quantify the excess volume
occupied by the solvent in the domain of the solute, where
solute—solvent interactions are significant, relative to the
volume that the solvent would occupy in the absence of
solute—solvent interactions.’*™>° For large solutes, such as
proteins, KB integrals are generally negative as a consequence
of the excluded volume of the solute.

MDDFs and KB integrals and solvation maps were
computed with the ComplexMixtures.jl package® and plotted
with Plots.jl. We compute the distribution functions and KB
integrals for subsets of the ensembles with different folding
characteristics independently, comprising averages over tenths
or hundreds of structures in each case (Figure S8C and Table
S3 of the Supporting Information).

The methodology described above is integrated into a
comprehensive pipeline (Figure 2). The initial steps, high-
lighted in black, were performed to validate the BdpA folding
based on previous works.”>”'" The incremental steps,
highlighted in green, were implemented in this work to
investigate the association among BdpA folding, the formation

G(R) =

- Characterization of the
folding ensemble;

@ Co-SBMs simulations

\ 4

Reconstruction of each

- Visualization of the
folding ensemble using the
ELViM method.

©

structure as all-atom models

\ 4

- Determination of the
secondary structure with DSSP;

Atomistic simulations in water
- Characterization of the water

O,

with restrictions on Ca atoms
structure in folded and unfolded
states using MDDFs and KBIs.

Figure 2. Pipeline was used to study BdpA folding. Initial steps
(black) validated BdpA folding based on previous works, while
incremental steps (green) allowed investigation of the relation
between BdpA folding, its secondary structure formation, and solvent
structure around partially folded states.

https://doi.org/10.1021/acs.jcim.3c01822
J. Chem. Inf. Model. 2024, 64, 3350—3359


https://pubs.acs.org/doi/suppl/10.1021/acs.jcim.3c01822/suppl_file/ci3c01822_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jcim.3c01822/suppl_file/ci3c01822_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jcim.3c01822/suppl_file/ci3c01822_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jcim.3c01822/suppl_file/ci3c01822_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jcim.3c01822/suppl_file/ci3c01822_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jcim.3c01822/suppl_file/ci3c01822_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jcim.3c01822/suppl_file/ci3c01822_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.3c01822?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.3c01822?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.3c01822?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.3c01822?fig=fig2&ref=pdf
pubs.acs.org/jcim?ref=pdf
https://doi.org/10.1021/acs.jcim.3c01822?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Chemical Information and Modeling

pubs.acs.org/jcim

A)

700
600
500

400

C, (T)

300

200

100

1.0

0.8

0.6

0.4

o [
S

5 10 15 20

Time steps/1 o

0.50

0.00

RMSD (nm)

0.5

0.2
Fraction of native contacts (Q)

0.4 0.6 0.8 1

Figure 3. Characterization of BdPA folding. (A) Specific heat (C,) as a function of temperature, allowing the identification of the folding
temperature (T; = 0.97 reduced units). From the simulation performed at the Tj: (B) Free energy as a function of the fraction of native contacts
(Q). (C) Fraction of native contacts (Q) as a function of simulation time step. (D) Contour maps of the PD as a function of Q and RMSD.

of its secondary structure, and the solvent structure around
partially folded states.

3. RESULTS AND DISCUSSION

The results here are divided into three parts: (1) the validation
of the folding ensemble obtained, (2) the analysis of the
ellipticity of the structure, and (3) insights into the solvation
structures of partially folded states. Thus, in Section 3.1, we
show the properties of the simulated ensemble and its
consistency with previous simulations and experimental results.
In Section 3.2, we characterize the formation of the helices of
BdpA in unprecedented detail, revealing its correlation with
the heterogeneous nature of the folded and unfolded
ensembles and the correlation between helical propensities of
each element of the structure. Finally, in Section 3.3, we show
how the solvation structures of the protein vary in each of the
unfolded basins relative to those of the folded state.

3.1. Protein A Folding in a 2D Phase Space. Proteins
with two-state ensembles exhibit a well-defined folding
temperature, whereby the distribution of molecules over a
measurable property is bimodal. The single sharp peak in the
C,(T) profile in Figure 3A shows that the two-state model is a
good representation of the folding of the BdpA SBM model.””
There are no stable intermediate states in these cases, but
rather a set of short-lived intermediate states that are distinct
from one another.’®

It is also possible to identify the folded (N) and unfolded
(U) ensembles from the free energy profile as a function of the
fraction of native contacts F(Q) at Ty (Figure 3B). There is a
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single well-defined energy barrier connecting states N (Q ~
0.8) and U (Q ~ 0.3). In Figure 3C, the Q values as a function
of time steps at the folding temperature (Tj) clearly show
several transitions between the folded and unfolded states,
indicating a good sampling of the transition.” BdpA does not
visit highly extended states (Q ~ 0), which was suggested to be
a consequence of some high-affinity native contacts.” Here, the
contact formation and the average distance between pairs of
atoms (Table S2) revealed three contacts with the highest
probability of being preserved (38—42, 83.52%, 38—4S,
84.18%, and 20—31, 86.00%) mainly involving turn I (19—
25) and turn II (37—42). Furthermore, the average distances
of these pairs of atoms are close to those observed in the
experimental structure.

In Figure 3D, we illustrate the folding ensemble by mapping
the probability density (PD) of the ensemble as a function of
the RMSDs (y-axis) relative to the native structure (PDB:
1BDD"®) and to the fraction of native contacts (x-axis). The
folded states span a range of Q values of roughly 0.5 to 0.9 and
RMSD values of 0.2 to 0.6 nm. The unfolded ensemble
displays Q values between 0.2 and 0.4, and larger RMSDs
within 0.9 and 1.6 nm, approximately.

Even though it is possible to classify native and unfolded
states in Figure 3, the conformational diversity of each state
and of the intermediates is hidden from such representations.
Therefore, we use here a coordinate-free method, the ELViM,
to obtain a fine-grained visualization of the protein folding
ensemble.”””>’

https://doi.org/10.1021/acs.jcim.3c01822
J. Chem. Inf. Model. 2024, 64, 3350—3359
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Figure 4 shows a 2D projection of the phase space obtained
with ELViM, colored with the fraction of native contacts (Q).

Fraction of native contacts (Q)

Figure 4. Projection of the folding ensemble of BdpA obtained with
ELVIM. Each structure is represented as a point, with a color
associated with the fraction of native contacts (Q): yellowish and
purplish regions depict the native (large Q) and unfolded (small Q)
states, respectively.

Each point in the figure represents a structure from simulations
with the SBMs. The projection attempts to map the structural
dissimilarity between the structures to the Euclidean distance
in the projection. Therefore, nearby points indicate similar
structures, while distant points indicate different structures.
Many dissimilar structures have similar Q values, illustrating
the conformational variability of what is defined as the
unfolded ensemble. The obtained map reproduces the ones
calculated previously.”*® The structural variability of the
unfolded ensemble is associated with the formation of the
BdpA helices, as will be discussed.

3.2. Folding Ensemble of Helix Formation. Figure 5
shows ELViM projections of the folding ensemble but colored
according to the ellipticity of the peptide. The total ellipticity is
shown in Figure SA, and in comparison with Figure 4, it is
clear that the regions of greater helical content are those
associated with greater fraction of native contacts, that is, with
the folded ensemble. Figure 4B—D shows the helical content of
the peptide in the regions corresponding to helices I, II, and
III, respectively, on top of the ELViM projection. It is possible

to perceive in Figure 4A—C that the formation of helix I is a
poorer indicative of the fold state than the formation of helices
11 and III. Thus, the maps suggest that helix I is less stable (less
populated in the native states) than helices II and III, in
agreement with experimental data.””® In Figure S3 of the
Supporting Information, we show the histogram of the
probability of formation of each helix in the folding ensembles.
The probability of helix I being completely unfolded (a-helix
content of <0.25) is 43%. On the other side, the probabilities
of helices II and III being unfolded are smaller, 32 and 22%,
respectively. Similarly, previous simulations show the greatest
instability of helix I and additionally suggest that it is
particularly unstable in the absence of contacts with helix IL"*

The histograms of the occurrence of each helical state can
provide a perspective on the occupancy of the phase spaces as
a function of the a-helix content of BdpA. Figure SA—D shows
the ELVIiM projections of the BpdA protein-folding ensembles
for different extents of helix formation. The unfolded states will
be named U, where the subindex H indicates the maximum
amount of helical content and L is a label associated with the
region in the landscape projection where the structures are
found.

Figure 6A shows at least three distinct regions (Uis, Uzzél, and

U,7) in phase space where unfolded BdpA is most likely to be
found with a low ellipticity (<25%). These regions represent
distinct unfolded states. In Figure 6B, several dissimilar sets of
structures with significant density have a-helix contents within
25—50%. According to Garcia and Onuchic, the transition
state of BdpA contains at least 40% of the a-helix,* thus being
found in the structure ensemble of Figure 6B. On the other
hand, many structures with a-helix content greater than 50—
75% (Figure 6C) already show characteristics of native
structures, as they almost exclusively occupy the native state
region (ngoo region; Figure 6D).

The populations of each of the three helices in the 2D phase
space (Figures 6 and Figures S4 and SS of the Supporting
Information) indicate that helix I is weakly correlated with the
folding ensemble (Figure 7). Figure 7D shows that structures
with higher a-helix I content occupy mainly the region of the
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Figure S. Helical content is projected into the folding ensemble. The color in each plot is a function of the content of the (A) total helical content
of the protein, (B) a-helix I (**QQNAFYEILH"?), (C) a-helix II (* EEQRNGFIQSLKD¥), and (D) a-helix Il (*SANLLAEAKKLNDAQ®®).
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A)

Figure 6. Contour maps of the PD of protein A structures with (A) 0—25%, (B) >25—50%, (C) >50—75%, and (D) >75—100% of the a-helix. The
a-helix content is computed from the sum of the three helices of protein A.

folded protein (N,), as expected. However, structures with
low helix I content (Figure 7A) are also concentrated in the
native state basin. Therefore, structures exhibiting mostly
native contacts can still display an unfolded helix I. On the
other hand, the probability of finding helices II or III unfolded
in the native state basin (Figures S4A and SSA) is low. Thus,
the heterogeneity of the native state arises from the variability
of helix I, as suggested by Otosu et al. (2017).” In parallel, the
higher probability regions associated to unfolded helices II and
11 (Uss, Usy', and Uss; Figures S4A and SSA) are associated to
the unfolded state basins, which are dissimilar to one another.

In Figure 6B and Figures S4B and SSB, it is possible to
visualize that there are structures at the edges of the 2D
projection (thus unfolded structures) that have partially
formed helices of all types. The gradual folding of the helices
toward the native structure (Niy, region) is consistent with the
funnel-like energy landscape.”’

In general, helices II and III appear to be correlated, as
noted by the similarity of the histograms of occurrence of
Figures S4 and SS. Because of this, we sought to evaluate the
Spearman correlation coefficient of each helix during BdpA
folding. The Spearman correlation coefficient is particularly
useful here, given that the correlations between helical
contents (Figure S6) or between the helices and the whole
protein fold (Figure S7) are, apparently, nonlinear.
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In Figure 8, we show the histograms of occurrence of each
helix as a function of the helical content of each other helix to
illustrate the possible correlations between their formation in
the complete folding ensemble. Figure 7A,B shows that there is
a low correlation between helices I and II, and between helices
I and III: helices II and III can display a wide variety of
structuration states, while helix I is unfolded. On the other
hand, in Figure 8C, we see that the most probable states
involving helices II and III are those where both helices have a
low a-helix content (<30%) or are structured (a-helix content
>70%). The correlation coefficients for the formation of
helices I and II (Figure 8A), I and III (Figure 8B), and II and
III (Figure 8C) are 0.1539, 0.1259, and 0.2561, confirming
that helices II and III are somewhat correlated, at least to a
higher degree than the other pairs of helices. The higher
correlation between helices II and III justifies the similarity in
the histograms of Figures S4 and S5 and the probability
distributions of the a-helix contents in Figure S3B,C.

Finally, we find partially formed helices of all types in the
various unfolded states (Figure 6B and Figures S4B and SSB of
the Supporting Information). We then calculated the most
frequent contacts in each partially unfolded state, and the
majority of these contacts (~64%) involve some helix-III
residue (Table S4 of the Supporting Information). This
supports helix III as the most important structure element in
partially folded states, in some sense correlating with the study
of BpdA chemical denaturation by Yanaka et al,'* which
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Figure 7. Contour maps of the PD of protein A structures with (A) 0—25%, (B) >25—50%,
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Figure 8. PD of states as a function of the contents of (A) a-helix I and a-helix II, (B) a-helix I and a-helix I1I, and (C) a-helix IT and a-helix III of

protein A.

showed that the most protected residues belong to helix III
and might form a folding initiation site.

3.3. Hydration in Folded and Unfolded States. As
illustrated in Figure 6, we obtained a classification of various
unfolded states of protein A, as a function of their distances in
the 2D projection and of their secondary structure content. We
performed simulations in water of each reconstructed all-atom
model to provide a detailed characterization of how the folding
state of the protein affects its solvation structure. This analysis
was carried out using MDDFs and the KB theory of
solvation.”® MDDFs are adequate for representing solvation
structures of irregularly shaped solutes, thus making possible
obtaining a molecular and thermodynamic view of the
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correlation between the fold state and hydration structures.
Distribution functions and KB integrals were averaged for the
structures of each set represented in Figure 6.

Figure 9A shows the average MDDFs of water for selected
sets of folded and unfolded states (the complete set of MDDFs
and KBIs is available in Figures S8 and S9 and Table S3 of the
Supporting Information). We choose here to illustrate the

solvation of three sets: the native states of basin Niy, and two

unfolded states, Ugy and U560, which displayed the maximum
and minimum hydrogen-bonding peaks among the sets

classified in Figure 6. In Figure 9B, the overlap of the

04.2

structures of these ensembles are shown. The set U;™ has a
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Figure 9. (A) MDDFs of water for selected folding ensemble subsets.
(B) Structure sets taken from Figure 6. (C) Corresponding KB
integrals for water. (D) Difference in the MDDF density of the water
in the vicinity of native (N3y,) and unfolded (U%,) states. The red
color indicates greater densities of water in native Niy,, while the blue
colors are associated with greater densities of water in the unfolded
U, set, which highlights the interactions of the solvent with mostly
hydrophobic residues that are protected from solvent in the native
state.

tertiary arrangement that resembles that of the folded states

but with ill-defined helices, while Ugo structures are unwound
and almost completely extended.

Overall, the density of water molecules increases at short
distances and decreases in the second solvation layer as the
protein folds (Figure S8 of the Supporting Information). The
native Njy, and the unfolded Ug;’ display similar distribution
functions (Figure 9A, black and green) and KB integrals
(Figure 9C). Thus, this illustrates that unfolded states may
interact with the solvent similarly to the native state, if the
conformations are such to expose similar surface areas and
residues. On the other hand, states of basin U560 display a
shorter hydrogen-bonding peak (at ~1.9 A) and a larger
hydration peak associated to nonspecific interactions (at ~2.7
A).

The first dips in the KBIs (Figure 9C) are associated with
the excluded protein volumes. The native set of structures is
the most compact (shallower first dip). The US) set has the
deeper minimum, implying a larger exclusion volume.
However, the density augmentation of water around the
second peak compensates the initial dip, and the KB integrals
converge to virtually the same value (Figure S8 and Table S3),
implying that here the apparent molar volumes of the protein
are similar independently of the folding state.

In Figure 9D, we illustrate the variations in the density of
water molecules on the surface of individual residues in both
the native and unfolded states by computing the by-residue
contribution for the MDDFs. The intriguing aspect of this
analysis is that it shows how water molecules interact with the
protein residues, depending on the conformational states of the
protein and, consequently, its exposure to the solvent. Regions
marked in red denote higher water density in the native state,
while those in blue indicate higher water density in the
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unfolded state. Notably, within the first solvation shell, the
water density is significantly greater in the native state (N}y,)

compared to the unfolded state (U560) , particularly in proximity
to charged residues (D3, KS, K8, E9, E25, E26, K36, D37, and
D38). In the second shell, the density is in general greater in
the unfolded state, particularly around hydrophobic residues
(F14, 117, 123, F31, 132, L35, L4S, and L46) that are exposed
when the protein undergoes denaturation. The present
approach, thus, can identify which residues are exposed or
protected from solvent upon protein denaturation in a solvent-
shell-dependent manner.

4. CONCLUSIONS

In this work, we combine C,-SBM and atomistic simulations to
provide insights into the equilibrium of BdpA helices in folded
and unfolded ensembles. Simulations with C,-SBMs and the
ELVIM method allowed obtaining a detailed picture of the
BdpA folding ensembles with multiple folded, and particularly
unfolded states of BdpA. Furthermore, we identified many sets
of dissimilar structures with similar @-helix contents in the
highest PD regions of the 2D phase spaces of BdpA. The
formation of the individual helices were investigated from the
structures of the atomistic simulations, which yielded
equilibrated structures crucial for determining the secondary
structure.

Helix I is the most unstable of the helices and is responsible
for the heterogeneity of the native state of BdpA, while helix II
is the most stable. We observed a gradual folding of the helices
toward the native structure, consistent with the funnel-like
landscape. However, we also identified that the helices are
weakly but positively correlated with Spearman correlation
coefficients equal to 0.15 (helices I and II), 0.13 (helices I and
1), and 0.26 (helices II and III). This result indicates that
helices are formed and deform numerous times in a weakly
correlated manner.

Finally, with the precise characterization of the structural
ensemble, we were able to describe the hydration structures of
each structure basin using MDDFs. The hydration structure
changes from folded to unfolded states, reducing the relative
importance of hydrogen bonds and increasing the water
density at distances associated with nonspecific interactions.
The apparent molar volume of the structures, however, ends
up being similar for all states. A detailed analysis of the
contribution of each residue to hydration structures allowed
the identification of the residues that are exposed to water
upon denaturation. These results pave the way for the analysis
of cosolvent effects on the protein folding structure and
equilibrium.
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