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ABSTRACT: Understanding the details of a protein folding mechanism can be a
challenging and complex task. One system with an interesting folding behavior is the
a-spectrin domain, where the R1S folds three-orders of magnitude faster than its
homologues R16 and R17, despite having similar structures. The molecular origins
that explain these folding rate differences remain unclear, but our previous work
revealed that a combined effect produced by non-native interactions could be a
reasonable cause for these differences. In this study, we explore further the folding
process by identifying the molecular paths, metastable states, and the collective
motions that lead these unfolded proteins to their native state conformation. Our
results uncovered the differences between the folding pathways for the wild-type R15 $
and R16 and an R16 mutant. The metastable ensembles that speed down the folding §
were identified using an energy landscape visualization method (ELViM). These "
ensembles correspond to similar experimentally reported configurations. Our

observations indicate that the non-native interactions are also associated with secondary structure misdocking. This computational
methodology can be used as a fast, straightforward protocol for shedding light on systems with unclear folding or conformational
traps.
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B INTRODUCTION

The energy landscape theory is crucial for our understanding

describe well general folding properties.l“_18 These models
have shown that folding is significantly influenced by different
aspects, such as pH, salt concentration, and amino acid

of protein folding, describing the energy of a protein as a
function of its accessible conformations."”” This theory,
therefore, encodes the relative stabilities and the energy
barriers between molecular events that lead a protein from the
unfolded to its native state through multiple metastable
conformations. The large number of accessible conformations
during protein folding makes it challenging to build computa-
tional models that can well sample transition states and capture
realistic energy landscapes. Nevertheless, computer simulation
methods based on the energy landscape have proven useful in
characterizing the folding process in quantitative details and
have successfully filled up the gap between theory and
experiment.’ > In the past decade, protein folding has been
studied in depth using various approaches, from minimalist to
highly complex models,” to answer general questions in
molecular and computational biology. Among several
developed techniques, computer simulation with a coarse-
grained model appears as an outstanding class to study the
protein folding process,” ™ protein—protein interaction,"’
thermodynamics,"" kinetics,'* and free energy landscape."”
Each folding mechanism is associated with its protein native
structure, which explains why structure-based models (SBM)
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substitution. Different approaches have been implemented in it
to try to solve specific problems.'” ™" One of these puzzles that
remains unclear includes three domains from cr-spectrin.zz_28
The R15 domain folds three orders of magnitude faster than its
homologues R16 and R17, even though these three domains
have similar structures and stabilities.”® Their folding time
difference is associated with the landscape roughness, which is
considered the main source for the slower folding and
unfolding of R16 and R17 domains.'>*’

The folding time differences in the R15, R16, and R17 a-
spectrin domains have been extensively studied by exper-
imental and computational groups.'”
shown that internal collision within the protein, which can be
interpreted as an energy dissipation mechanism, does not

>% Recent studies have
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contribute to its folding process.”’ In addition, the folding time
differences may be associated with different aspects, such as the
non-native salt bridges between the helices,®" the formation of
hydrogen bonds,”* the dispersion interactions,” and the
dihedral barrier crossing events.’* In our previous study,'
we explored the folding time difference by addressing
molecular dynamics simulations with the addition of non-
native potentials, electrostatic and hydrophobic, into the
structure-based Ca model (SBM-Ca). Based on these results,
we had reasonable evidence that the folding time differences
emerge from non-native cooperative effects given by the
hydrophobic (HP™) and electrostatic (Elec) interactions.

A computational model was proposed in our previous
study,'> which combined different aspects based on models
discussed in the literature.””*>~** Computational folding rates
were calculated for the wild-type proteins and for the specific
mutations that increased the folding rate of the R16 and R17
domains. Their differences displayed reasonable correlations
with experimental results. These observations were results of
specific amino acid substitutions, E14F, E15D, I18L, K21V,
and V2SL (also denominated by M), that play an essential
role in reducing the roughness of the energy landscape profile.
These mutations allow an increase in the folding rates of R16
and R17, making them as high as those of R15. Furthermore,
for these specific mutations, the experimental data showed that
the folding mechanism of the R16 and R17 domains became
like R1S, from a framework-like to a nucleation condensation
mechanism.*® In this study, to investigate R1S, R16, and
R16M; folding routes, we use the energy landscape visual-
ization method (ELViM) technique’®*' to identify the
metastable states and the collective motions responsible for
mediating the transition between unfolded and transition states
that is responsible for changing the folding mechanism.

Here, we use a coarse-grained model with the structure-
based Ca potential (SBM-Car)**** with the addition of non-
native interactions™'***** to study the folding process of R15,
R16, and R16M; domains. Molecular dynamics simulations
uncovered the different folding pathways among wild-type
proteins and proteins with specific mutations. While the
folding pathway connects the unfolded to folded ensembles,
the representative pathways which go through metastable
conformations shed light on the correlations among folding
rate, mutation effects, and intermediate states. The energy
landscape computed by the ELVIM technique identified the
metastable conformation responsible for speeding down the
folding, which corresponds to the similar configuration
reported by the Clarke and Schuler group.”® Meanwhile, the
frustrating search for the correct docking of partly preformed
helical was identified as the primary source of this undefined
behavior into folding rates. Our findings with R15, R16, and
R16M; a-spectrin domains are consistent with experimental
data. Our observations provide new insights into the folding
mechanism changes by some amino acid substitutions and the
role of these orchestrated sets of non-native interactions that
may also be associated with secondary structure misdocking,
Thus, this paper presents a multidimensional projection into
lower dimensions based on the technique developed by de
Oliveira et al,***" in which the R1S, R16, and R16M; folding
pathways are studied in detail. As observed in the previous
study, the R16 domain shows substantial differences in the
folding route compared to the R15 and R17 ones. So, we focus
the present work on the analysis of the RISWT, R16WT, and
R16M; domains.
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B METHODS

Structure-Based Ca Model with Non-native Poten-
tials. Molecular dynamics simulations were performed using
the structure-based Ca model (SBM-Ca).">** In the current
SBM-Ca, the amino acids are represented by a single bead of
unit mass in the Ca position.”** Harmonic potentials maintain
bond lengths, bond angles, and planar dihedrals, which are
represented, respectively, by the first, second, and third terms
of eq 1. The nonbonded interactions between residues i and j
are given by the fourth term, which is represented by Lennard-
Jones 10—12 potential. They describe contacts that are present
in the native structure and are identified by the Shadow Map
Algorithm.45 All the pairwise residues, which are not in contact
in the native structure interact via nonspecific repulsion, as can
be seen by the fifth term in eq 1:
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in which the distance between two subsequent residues and the
angles formed by three and four subsequent residues are
represented by r, 6, and ¢. The parameters €, €5 and €,
correspond to the strength of bonds, angles, and dihedrals,
with €, = 100ec, €9 = 20¢e¢, and €4 = eyc = €c = 1. The
constants 7,, 6,, ¢,, and dj; are taken from the native structure;
r;j corresponds to the distance between two native contacts
from each simulated step, and oyc = 4 A represents the
excluded volume term.

The last two terms represent the non-native potential that
take into account the hydrophobic (HP™) and the electro-
static (Elec) interactions, respectively. The hydrophobic non-
native interaction is given by a Gaussian potential,”*** where
the contact energy, K;j is taken from the upper triangle in Table
5 of Miyazawa and Jernigan."’M is the number of hydrophobic
amino acids; Kyp = 0.1 is the overall strength of the
hydrophobic forces, and r'H represents the distance between
two non-native hydrophoblc amino acids (Ala, Val, Leu, Ile,
Met, Trp, and Phe), with 6 = S A, which is the minimum
interaction distance. The last term, the Debey-Hiickel
model™ ™" represents the electrostatic interactions by adding
charged points at beads in all acidic/basic residues (i.e., Arg,
His, Lys, Glu, and Asp). The charged residues, i and j, are
represented by g; and gqj; Kg, = 332 kcalA/(mol e?). The
dielectric constant (ey) is 80; r£* is the distance between two

) U
charged residues, and « is the inverse of Debye length.>”
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Figure 1. Folding trajectory analysis of RISWT and R16WT. (A) Folding trajectory visualization for C(RISWT,R16WT) mapped into 2D phase
space using ELVIM. The color bars are a function of the fraction of native contacts, Q. (B, C) 2D density map to RISWT and R16WT, respectively.
The color bars correspond to the density of states, p, calculated by the package seaborn in python version 3. In (A—C), the euclidean distance
between two conformations (dots) corresponds to the structural difference. (D, E) Ensemble of structures taken from (B) and (C), respectively,

represent each stage of the folding process.

Non-native Contact Map. In our model, all the
hydrophobic and charged residues, i and j, are considered to
be in contact if li — jl > 3 with ¥ < 8.0 A and ¢ < 16.0 A,
respectively. According to eq 2, the non-native contacts group,
C, is obtained by the difference between two lists, hydro-
phobic/electrostatic (A) and native (B) contacts, respectively,
with the x; contact present only in the A group.

C=A—-B={x/x, € Aand x, & B}

i ij (2)

Simulation Details. The SBM-Ca+HP™+Elec simulations
were performed using the molecular dynamics package
Gromacs version 4.5.5.>> To maintain coupling to an external
bath, the Langevin thermostat algorithm was employed with a
constant equal to 1 ps and using a leapfrog integration. All the
input files were obtained with the SMOG-Server webtool.*
Proteins were initialized in an open random configuration and
simulated over § X 107 steps with timesteps equal to 0.5 fs, and
the configurations were saved every S X 10 steps. The reaction
coordinate used to follow the folding events is defined as the
fraction of native contacts (Q). The native contact between
two residues, i and j, is considered to have been formed when
the distance between them is shorter than 1.2d;, where d;; is
the distance between two Ca residues in the native structure,
with j > i + 3. The contact map was determined by the
software Shadow Contact Map.* R15 and R16 correspond to
the positions from 1665 to 1771 and from 1772 to 1878,
respectively, of the full-length PDB ID: 1Q4U,>* and the
mutastions were generated using Modeller software version
9.17.

Energy Landscape Visualization Method. The visual
energy landscape representation is obtained by projecting the
structural data set into a 2D effective phase space.””*" This
method is called ELVIM (Energy Landscape Visualization
Method) and is based primarily on computing a matrix of
conformational distances between all pairs of structures. For
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two conformations k and I, their similarity measurement is
given by

k 1\2
—(rj— 1)
Loew—"

N 2

k1
q =

N 3)
where rffj(l) is the distance between the atom i and j of the
conformation k(I). N is the normalization over all non-
neighboring pairs of residues and 6;; = 6yli — jI°, with 6, = 1 A
and € = 0.15.°° The dissimilarity between any two structures is
described as

sl =1 — g4 @)

where & ranges from O (identical) to 1 (different).

The landscape description is obtained through a 2D
representation of the dissimilarity matrix (5°) which aims to
describe the computed effective distances optimally. The
method goes beyond the usual one-dimensional representa-
tion, and it does not require a reference conformation or a
reaction coordinate. This approach relies only on structural
information, but the energies of states are implicitly accounted
for since they are strongly correlated with their molecular
conformations.

The general workflow for this method is based on four steps:
(i) an ensemble of structures that, in general, are obtained
through simulation is generated; (ii) the dissimilarity matrix is
calculated by applying a metric throughout the simulated
trajectory; (iii) a data processing procedure may be carried out
to cluster very similar structures into a single conformation,
lowering the effective total number of conformations; (iv) a
multidimensional projection is performed and, then, the
dissimilarity matrix is transformed to a two-dimensional
(2D) projection.

There are many methods for the analysis of complex
multidimensional data which rely on pairwise distances
between elements.’” In this method, we address this question

https://doi.org/10.1021/acs.jpcb.2c06178
J. Phys. Chem. B 2023, 127, 12911300
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Figure 2. Folding trajectory analysis of RIGWT and R16M;. (A) Folding trajectory visualization for C(RI6WT,R16M;) mapped into 2D phase
space using ELViM. The color bar is a function of fraction of native contacts, Q. (B, C) 2D density map for RI6WT and R16M;, respectively. The
color bar corresponds to the density of states, p, calculated by the package seaborn in python version 3. In (A—C), the euclidean distance between
two conformations (dots) corresponds to the structural difference. (D,E) Ensemble of structures taken from (B) and (C), respectively, that

represent each stage of the folding process.

by mapping the data into 2-dimensional spaces, preserving as
much information about dissimilarity between the data as
possible.”® Transition states are usually identified through
peaks in the free energy profile, which are obtained as a
function of reaction coordinates, which are defined a priori
(e.g., fraction of native contacts) or identified using computa-
tional methods.”” In 1D cases, this procedure has the potential
to shroud the richness of the energy landscape and its
dynamics (e.g, in case there are multiple paths). In a 2D
representation, instead of using the peak in the free energy
profile, transition states are identified as the saddle points in
the surface. ELViM does not depend on reference structures or
any other a priori variable to be used as reaction coordinates,
and the energy landscape structure is an emerging property of
the conformation data set. However, the determination of the
transition state ensembles is analogous to the 2D analysis using
reaction coordinates. Using the density of states obtained from
2D ELVIM projection, the transition state ensembles are
identified as the conformations at the saddle points.

In brief, ELVIM uses only structural analysis over time-
uncorrelated structures. The proximity of the structures in the
projection conveys the similarity between them. The
assumption is that it is possible to have a good representation
of the configurational phase space with a reasonable number of
conformations (usually around 10k to SOk states). These
sampled states convey the underlying structure of the energy
landscape, in which the kinetic information is implicitly
included since the data set is obtained with realistic molecular
dynamics simulations. From the ELViM representation, one
can infer the stable ensembles and transition state ensembles
associated with interconversion between them.

B RESULTS AND DISCUSSION

All the simulations of the wild-type proteins, RISWT and
R16WT, and R16M; were herein carried out with the SBM-Ca
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Figure 3. R1SWT, R16WT, and R16M; non-native contacts. Average
number of non-native hydrophobic, #p, and charged, 7., contacts as
a function of native contacts. The domains RISWT, R16WT, and the
mutant R16Mj are in red, black, and green solid lines, respectively.
The shadow in each line corresponds to the fluctuation. The cutoff
distances to charged and hydrophobic non-native contact are 1 <
16.0 A and * < 8.0 A, respectively.

model with the non-native potentials, electrostatic (Elec) and
hydrophobic (HP™). The details about the simulation results
to SBM-Ca+HP™ and SBM-Ca+Elec are in our previous
study.'” Such work evidenced that the folding rate differences
between RISWT and RI6WT from a-spectrin emerge from
the combination of both hydrophobic and electrostatic
contributions. Moreover, the set of mutations inserting
RISWT residues to create R16M; reduces the frustration
associated with the search for the correct docking of the

https://doi.org/10.1021/acs.jpcb.2c06178
J. Phys. Chem. B 2023, 127, 12911300
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Figure 4. Native and non-native contact probability formation for
R16WT and R16M;. (A—C) Native and the non-native charged and
hydrophobic contact maps, respectively, for RIGWT (upper triangle)
and R16M; (lower triangle). The contacts i and j are colored by their
contact formation probability, P; (%), of the ensemble of structures
selected in Figure S2. The native contacts i and j are determined by
the Shadow Map Algorithm, and the non-native charged and
hydrophobic contacts are defined as those within a cutoff distance
e < 16.0 A and r™* < 8.0 A, respectively. Black rectangles at the top
and right side of each graph correspond to the RIGWT and R16M; a-
helix 1, 2, and 3 (a;, @,, and a;). Contacts of a-helix 1 with a-helices
2 and 3 are shown on the gray background.

helices, subsequently decreasing the landscape roughness and
changing the folding route, which was also reported by
experiments.

Although previous works were able to shed light on the
effect of the non-native interactions in the a-spectrin folding
speed, the details about the molecular mechanism of its folding
process remains unclear. Thus, to investigate the folding route
difference between R1SWT, R1I6WT, and R16M, the energy
landscape of these proteins was calculated by combining pairs
of trajectories: RISWT and R16WT called C-
(RISWT,R16WT) and R16WT and R16M; called C-
(R1I6WT,R16M;). ELViM allows multiple data sets to be
analyzed using the same configuration phase space. Of course,
these proteins have to be of the same sizes. As in the present
study, the proteins have essentially the same native structures,
and this procedure allows a better comparison between the two
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groups, as we have shown in other studies.'>** The simulation
trajectories of all domains were taken at their folding
temperature. For ELViM analysis, each trajectory consisted
of 10* configurations.

R15WT Presents a High Folding Route Specificity
Compared to R16WT. The 2D phase space visualizations
given by ELVIM using two trajectories combinations,
C(RISWT,R16WT) and C(R16WT,R16My), are shown in
Figures 1A and 2A, respectively. In the scatter plot design
visualization, each dot represents a structure conformation.
The fraction of native contacts, Q, of each protein was used to
color each conformation. In Figure 1A, two different folding
routes were observed using the RISWT and R16WT folding
trajectories. With 2D effective phase space, one can start
analyzing each ensemble data separately, as shown in Figure
1B,C. The protein’s density map displayed different folding
pathways that each domain takes on. In the RISWT domain,
with the 2D phase space and the density map, four main
clusters were identified, and the ensemble of representative
structures is shown in Figure 1D (see Figure S1 in the
Supporting Information).

According to the experimental results,” RISWT folds via a
nucleation—condensation mechanism with only the centers of
the helices 1 and 2 structured and docked. The ensemble of
structures taken from our computational results revealed that
the folding mechanism of the RISWT domain follows the
same line reported in the literature.”” In Figure 1D, the
unfolded ensemble (1) and the representative structures in the
transition state (2) are in the concurrent formation of
secondary and tertiary structure interactions. In the early
native state (3), the correct arrangement of helices is formed,
and a remarkable coil region fluctuation with the N and C
terminals of the protein is observed. Finally, the RISWT
domain reaches its native state (4).

On the other hand, R16WT, which folds three orders
magnitude slower than the RISWT domain, folds via a
framework-like mechanism that involves the dockin; of partly
preformed helices 1 and 3 along the entire length.”* Also, the
framework-like mechanism is regularly associated with a faster
fold, but this is not the case for the RIGWT domain. In Figure
1C, which shows the RI6WT density map, it is observed that
the trajectory spread over a 2D phase space completely
different from RISWT (see Figure 1B). More than that, the
routes that lead the R16WT unfolded state to its native
structure emerge from different folding trajectories. These
molecular paths present different unfolded ensembles, for
example, ensembles (1) and (2), and the transition state can be
represented by two routes, as indicated in (3.I) and (3.IL).
Unlike route (3.I), in (3.I), helix 3 is not located in its native
position and the coil region between helix 1 and 2 is highly
frustrated. At last, the ensemble (4) represents the native state
of the RI6WT domain.

The folding mechanism and the route of these two domains
are significantly different, resulting in the faster folding of
RISWT than RI6WT. In general, the folding rate difference
between RISWT and R16WT emerges from cooperative
effects of non-native interactions, as shown in Bruno da Silva et
al.”” In Figure 1B,C, as a result of these cooperative effects, the
unlikeness in their energy landscape showed intrinsic aspects of
their folding. RI6WT folds from the unfolded to the folded
state through several metastable ensembles and may assume
two different routes in the transition state, one more structured
than the other. In this case, one of these routes may be

https://doi.org/10.1021/acs.jpcb.2c06178
J. Phys. Chem. B 2023, 127, 12911300
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Figure 5. The center of mass distance from the helices. RIGWT (A—C) and R16M; (D—F) display the center of mass distance (A) between a-helix
1and 2, 1 and 3, and 2 and 3, respectively, as a function of native contacts with their corresponding distribution (vertical and horizontal). The color
bars represent the density of states, p, calculated by the package seaborn in python version 3.

interpreted as a trap, making the protein spend more time
searching for the correct docking of the helices, as shown in
Figure 1C,E. In contrast, RISWT folds from the unfolded to
the folded state through a directed route, as seen in Figure
1B,D. The dominant transition state ensembles are exemplified
by the structures 1D.2 and 1D.3.

Mutations Optimize the Non-native Interactions and
Speed up the Folding of R16WT. As previously mentioned,
theoretical and experimental data have sug%ested that slower
folding is a result of a rugged landscape.”'>****" In this
section, we have presented evidence that one possible reason
for the slow folding of RI6WT compared to RISWT is that
kinetic traps in the energy landscape prevent its diffusion. For
this reason, the protein takes longer to escape from local
minima. Some ensembles of these kinetic traps are presented in
Figure 1A—C. Experimentally, Clarke’s group showed that
R16M; folds and unfolds significantly faster than its wild-type
version.”” Furthermore, they have indicated that the R16Mj
folding mechanism is altered compared to R16WT, which
includes the correct dock of helix 3 promoted by non-native
interaction events.

In Figure 2, the combination of folding trajectories of
R16WT and R16M;, C(R16WT, R16M;), in 2D phase space
and the density map for individual proteins show crucial
differences in their energy landscape by changing some
residues. Even though RI6WT and R16M; display a
superposition in the 2D phase space (see Figure 2A), the
density map of each protein reveals a significant density
variation between unfolded and folded states, as seen in Figure
2B,C. The ensembles of structures visited by RI6GWT are
compounded by two unfolded clusters, Figure 2B,D in (1) and
(2), where it is possible to observe the secondary structure
formation before the interchain interactions. The early native
ensemble (3.II) is established in the same region observed in
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Figure 1C, close to the transition state and follows the same
structure formation, ensemble (2) and (3.11) in Figures 1E and
2D, respectively. The transition state structure representation
in (3.I) in Figure 2B is approximately the same set of structures
in (3I) in Figure 1C. Such a result demonstrates a
representative ensemble of structures that may be part of a
trap during protein folding. In both cases, helix 3 and the coil
region between helix 1 and 2 are highly frustrated. The folded
ensemble is characterized by two clusters, one with few
frustrated structures (S) and the other with more fluctuations
(4).

Experimental and computational results are in qualitative
agreement in the folding time calculation. Moreover, ELVIM
analysis appropriately accounts for the changes in the R16M;
folding mechanism. In Figure 2C, the R16M; density map
displays a significant increase in the transition state region,
indicated by (2) and (3). Following the folding path of R16Mj,
the folding goes from the unfolded (1) to the folded ensemble,
(4) and (S), through highly populated intermediate states, (2)
and (3). The changes in the folding mechanism occur by the
substitution of five residues, promoting a highly collapsed
structure, as seen in Figure 2E (see Figure S2 in the Supporting
Information). In summary, the wild-type proteins, RISWT and
R16WT, assume different folding mechanisms, nucleation-
condensation and framework-like mechanisms, respectively. In
the first case, the helices 1 and 3 of RISWT established the
correct docking. In contrast, in the second case, helix 3 of
R16WT must find the proper dock of its helix in a more
roughed energy landscape. In this sense, the helices misfolding
is the primary source of frustration in the energy landscape,
and the set of mutations to speed up is crucial to reduce the
roughness and promote non-native cooperative interactions
that speed up the folding process. The reason to combine two
folding trajectories is to understand better, visualize, and
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distinguish the differences between folding routes. In Figures 1
and 2, the 2D phase space map is colored according to the
fraction of native contacts and rescaled from 0 to 1. While
Figure 1A shows that RISWT and R16WT have two different
folding routes, Figure 2A shows RI6WT and R16M; have
similar transition state ensembles.

Non-native Contact Density of the R16WT Mutant
Mimics That of R15WT. The number of non-native contacts
was measured to analyze in which state of the folding process
the non-native interactions promote changes in the
R16M;.**"* In Figure 3, the average number of hydrophobic
and electrostatic non-native contacts, 77yp and #p,., are shown
for RISWT, R16WT, and R16Mj in red, black, and green solid
lines, respectively. For the RISWT domain, the same behavior
is observed, for hydrophobic and electrostatic non-native
contacts, until the protein reaches Q ~ 100. The number of
non-native contacts increases equally, but for Q > 100, nyp
decreases until reaching a plateau. Unlike hydrophobic non-
native contacts, for Q > 100, #g;,, remains almost the same with
slight fluctuations. The RIGWT domain displays no variation
in the number of non-native contacts during folding, remaining
with the same behavior for both non-native contacts. Such
results demonstrate that hydrophobic and electrostatic non-
native interactions act with the same weight in the entire
folding, with a slight fluctuation around Q = 100 and also in its
unfolded and folded state.

As discussed in the previous section, the changes by the set
of mutations that speed up the folding emerge from the
cooperative effects of non-native interactions. R16M; displays
an interesting behavior; the protein presents almost the same
pattern as protein RI1ISWT. Moreover, in both cases,
hydrophobic and electrostatic, the number of non-native
contacts increases up to Q = 100; however, for Q > 150, 1yp
presents the same values of RI6WT, while RISWT has lower
values. On the other hand, 7, has a considerable increase up
to Q = 100, and a slight decrease is observed, reaching values
between those of RISWT and R16WT.

The folding mechanisms of RISWT and R16Mj are similar,
as shown by experimental data®” and by Figures 1 and 2. With
the results in Figure 3, the contribution of non-native
interactions displays different roles during their folding, giving
some shreds of evidence of how the non-native interactions
affect and change the energy landscape. It is worth mentioning
that the non-native energy follows the same interpretation and
all nonbonded energies in our model are temperature
independent and pairwise additive (see Figure S3 in the
Supporting Information). To sum up, the modification of the
folding mechanism of R16Mj is due to the role that non-native
interactions play by the insertion of a set of mutations.

Formations of Specific Contacts Promoted by Non-
native Interactions Speed up the Folding. Structural
properties of our simulated RISWT, R16WT, and R16M;
protein folding are in agreement with the experimental results,
indicating that non-native interactions play a crucial role in
their folding mechanism. Conformational changes that speed
up the folding were investigated by selecting the structures of
R16WT and R16M; from the transition state regions (see
Figure S4 in the Supporting Information). In Figure 44, the
native contact map presents a slight difference in the contact
probability formation (Pij) in helices 1, 2, and 3 (al, a2, and
a3) for proteins RIGWT and R16M;. The R16WT secondary
and tertiary native structure interactions (upper triangle)
display different propensities. In this case, the helix is more
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structured, while the tertiary structure interactions have a low
probability. Meanwhile, the R16M; native contact map (lower
triangle) displayed an ensemble of conformations more
structured than the R16WT ensemble of structures. Thus,
the results in Figure 4A follow the same arguments discussed
in Figures 1 and 2, in which the folding energy landscape of
R16M; becomes less frustrated and has no significant traps.

The electrostatic non-native map for RIGWT and R16M;,
Figure 4B, displays a significant difference in their probabilities.
There is a higher density of contact formation of @l with a2
and a3 for RI6WT than for R16M;. However, the few contacts
of R16M; are more specific and with higher probability. The
number of non-native contacts helps us to understand the
correct docking of the helices. In the case of R16M;, the
contacts with greater specificity indicate a correct helix
docking, whereas lower specificity and a higher amount of
contacts imply the search for the correct dock. In the
literature,**>” the folding rate difference, the roughness in
the energy landscape, and the misdocking were attributed to
the frustrating search of helix 3 for its native position. Our
results have shown an example of how the noncooperative
effects of helix 1 may perturb the docking of helix 3. Based on
this assumption, many of the non-native contacts increase the
helices fluctuation, leading the protein to a frustrated search of
its native state (see the ensembles of structures in Figures 1
and 2). A similar non-native contact formation pattern was
noticed in the hydrophobic non-native contacts for RI6WT
and R16M;, as shown in Figure 4C. In both cases, in the
hydrophobic and electrostatic non-native contact map (Figure
4B,C), the helix 1 plays an important role in the kinetic trap for
the RI6WT folding.

Misdocking between helices yields in distance fluctuations
between them. Therefore, the distances of the center of mass
between helix 1 and 2, helix 1 and 3, and helix 2 and 3 were
calculated to investigate their behavior as these helices
approach each other. Figure S presents the distance of the
center of mass for the ensemble of structures corresponding to
the same region discussed above for RIGWT and R16M;. The
number of native contacts for RIGWT ensemble structures
ranges from 50 to 17S5. The distance between helix 1 and 2,
with Q around 75, displays a significant fluctuation, ranging
from S to 20 A, as shown in Figure SA. However, while the
number of native contacts increases, the fluctuation of the
distances between helices 1 and 2 decreases, reaching, at 125 <
Q < 150, approximately its native distance. Nonetheless, we
observe an opposite behavior for the distance between helices
1 and 3 and helices 2 and 3, showing a small fluctuation close
to Q = 75 and significant variation for Q > 125 (Figure SB,C).
As seen here, we suggest that the correct docking of helices 1
and 2 promotes the misdocking of helix 3 with helices 1 and 2.
The R16WT folds through a framework-like mechanism, in
which the formation of the helices precedes their packing. Our
results corroborated with the structuring process of helices
formation, in which helix 1 packs with helix 2, then helix 3
must find the correct docking, and the kinetic trap emerges
from a non-native docking event.

In contrast to the RI6WT results, R16M; displays an
ensemble with more structured conformations, 120 < Q < 180,
and according to the contact formation probability (Figure 4),
the helices distance display a highly concentrated density to
values close to the native distance (Figure SD—F). The
ensemble of structures selected for R16M; ranges from the
early transition state to the late transition state. This region
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corresponds approximately to the same stage of RI6WT. Still,
as a result of five mutations, E18F+E19D+I122L+K25V+V29L,
the folding mechanism, the roughness in the energy landscape,
and the misdocking events have been affected in a manner that
speeds up the R16M; folding process.

B CONCLUDING REMARKS

In the present work, we have determined an ensemble of
representative conformations for each folding stage of the
R15WT, R16WT, and R16M; by using the energy landscape
visualization method (ELViM). The folding trajectories were
obtained with the SBM-Ca+HP+Elec potential. The detailed
analysis of the features of these structural ensembles has
revealed a crucial aspect of the kinetic trapping of RIGWT.
The helix misfolding is associated as the primary source of
frustration in the folding landscape of RIGWT. Moreover, non-
native docking events are related to these misfolding incidents.
The addition of non-native potentials, hydrophobic (HP)
and electrostatic (Elec), into the SBM-Ca has shown that the
folding time difference is due to the energy landscape
roughness, which emerges from the cooperative effects of
these non-native interactions.

We have also investigated the set of mutations that speeds
up the RI6WT folding. The substitution of five residues into
R16WT and R16M; significantly increased the folding speed
due to a decrease in the energy landscape roughness. The
folding times can not be compared directly with the
experimental times, but only the correlation between them,
as it was discussed in previous work in which the results for
several mutations calculated both by experiments and
simulations were shown. The smoother energy landscape of
this mutant is a result of the reduced frustrations of helix 3,
which causes a number of non-native docking events, and
changes the folding mechanism from framework-like to
nucleation-like. Also, the non-native contact map has shown
the cooperative effects of the tertiary structure interactions
between the helices through the increase in the likelihood of
non-native contacts. In conclusion, depending on the amount
of frustration, the non-native interactions may increase or
decrease the folding speed by reducing the energy landscape
roughness.***>°>%® Finally, the ELViM provided a uniquely
detailed description of the different ensembles during the
protein folding, showing the main stage that represents the
kinetic trap, which in turn leads the RI6GWT protein to seek
the correct docking of its helix.

The difference in folding rates of @-spectrin domains has
been a long-standing puzzling problem. The analysis of non-
native interactions, along with the ELViM approach, has
provided valuable insights into their folding mechanism, and
due to its generality, this methodology is feasible to apply to
other complex folding systems.
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