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ABSTRACT: The neurodegenerative disease amyotrophic lateral sclerosis (ALS) is associated with the misfolding and aggregation
of the metalloenzyme protein superoxide dismutase 1 (SOD1) via mutations that destabilize the monomer—dimer interface. In a
cellular environment, crowding and electrostatic screening play essential roles in the folding and aggregation of the SODI1
monomers. Despite numerous studies on the effects of mutations on SOD1 folding, a clear understanding of the interplay between
crowding, folding, and aggregation in vivo remains lacking. Using a structure-based minimal model for molecular dynamics
simulations, we investigate the role of self-crowding and charge on the folding stability of SOD1 and the G41D mutant where
experimentalists were intrigued by an alteration of the folding mechanism by a single point mutation from glycine to charged aspartic
acid. We show that unfolded SOD1 configurations are significantly affected by charge and crowding, a finding that would be
extremely costly to achieve with all-atom simulations, while the native state is not significantly altered. The mutation at residue 41
alters the interactions between proteins in the unfolded states instead of those within a protein. This paper suggests electrostatics
may play an important role in the folding pathway of SOD1 and modifying the charge via mutation and ion concentration may
change the dominant interactions between proteins, with potential impacts for aggregation of the mutants. This work provides a
plausible reason for the alteration of the unfolded states to address why the mutant G41D causes the changes to the folding
mechanism of SODI1 that have intrigued experimentalists.

1. INTRODUCTION mechanism has been widely studied experimentally in vitro and
in vivo.'”~** Previous experiments have shown that the folding
(or misfolding) of SODI1 and aggregation of the monomers
into dimers or fibrils are complex, multistep processes.”**

Superoxide dismutase 1 (SOD1) forms a homodimer that
prevents oxidative cellular damage,"” an essential role that
depends sensitively on proper folding and dimerization.
However, its monomeric apostate is marginally stable and is

prone to misfolding.”~” Mutations in SOD1 further destabilize Received: February 2, 2022

the monomer—dimer interface and may lead to prion-like Revised: ~ May 26, 2022

aggregation and fibril formation.””” Previous studies’ '' have Published: June 10, 2022 o 2
identified various mutations in SOD1 as a potential cause of ‘o
the neurodegenerative disease familial amyotrophic lateral R

sclerosis (fALS).””” The stability of SOD1 and its folding
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Gnutt et al.”> showed that point mutations can reverse the

stability effect of quinary interactions on SOD1 in the presence
of macromolecular crowders. Experiments and all-atom
simulations found the existence of multiple intermediate states
and their effect on misfolding of SOD1.%¢ Additionally, all-
atom simulation studies of SOD1 in the presence of crowders
predicted the unfolding pathway of SOD1 involving several
intermediate states.”* Despite these extensive experimental and
theoretical studies, the details of how crowding and mutations
alter the entire folding and aggregation processes remain
unclear. It is imperative to have a clear understanding of the
thermodynamic variables that govern protein stability, not only
to find a treatment for the neurodegenerative diseases, but also
to develop the principles of protein folding in living cells.

In the crowded environment of the cell, excluded volume
effects and electrostatics become important, which are known
to influence the onset of protein misfolding’”’ ™’ and
aggregation.so’31 Inside a cell, the volume exclusion from
macromolecules glaces constraints on the conformational
space of proteins’ > and complicates the folding process.”* ™
Polymeric effects of crowders can further affect a protein’s
dynamics and function®”*® than hard-sphere crowders. SOD1
is a highly charged protein, and the effects of electrostatics on
the stability of proteins like SOD1 can depend on both the net
charge as well as its charge patterning.”’ These electrostatic
effects are well-known for intrinsically disordered proteins™ as
well as polyampholytes.*”*' Factors such as pH, ionic
concentration, and oxidative stress also contribute to the
folding stability of highly charged proteins.”’ Dimerization of
SOD1 is the first step in the formation of the native tetramer
or other misfolded aggregates, so the interaction of multiple
SOD1 proteins with one another is important to understand.

In this paper, we study the interplay of electrostatics and
self-crowding on SOD1 (PDB ID 4BCZ). Since most
experimental and all-atom simulation investigations of SOD1
highlight the effects of perturbing the native state," 7% we
focus on understanding the entire folding process, particularly
the unfolded state. As such, we use coarse-grained molecular
dynamics simulations to ensure sufficient sampling and proper
structural features.”” We study the equilibrium behavior of
SODI1 under multiple conditions to highlight the effect of
charge: an uncharged system (high ionic strength) and an
unscreened Coulombic interaction (low ionic strength) for the
Wild Type (WT). These conditions represent the extremes of
electrostatic interaction and highlight the effects of charge
most starkly. These simulations are performed for single
proteins as well as a self-crowded state of 64 proteins. We
further study the effect of G41D point mutation on SOD1 and
how this mutation alters the interactions between nearby
SODI pairs (which may have implications for the development
of disease-causing aggregation). The residue 41 in SODI is
known to have two mutations, G41D and G41S, related to
ALS disease™™* that showed that these mutations can lead to
protein aggregation.* In the point mutation G41D, the neutral
G amino acid at residue 41 of wild type SOD1 is replaced by a
negatively charged D amino acid. We will show that residue 41
on the M-strand 4 takes part in the formation of an
intermediate state and is an essential part of the folding
pathway of SOD1 and that this mutation leads to interprotein
interactions that differ from those observed for pairs of WT
proteins.

The outline of this paper is as follows: In section 2 we
describe the simulation and analysis methodology, and system

4459

design. In section 3 we show that the crowding and
electrostatics significantly affect the unfolded configurations
in comparison to the folded ones by calculating the probability
of intracontacts. We develop a new order parameter based on
pairwise interactions that are more likely if charge is included
(in comparison to the uncharged simulations) and identify an
intermediate state for SOD1 folding. We also investigate the
effect of a point mutation on SOD1 folding by computing the
intercontact probabilities between proteins. The order
parameter remains relevant for the G41D mutation, with
changes to the location of interprotein interactions the primary
effect of the mutation. Finally, in section 4 we discuss the
implications of our results, highlight the effects of the mutation
on interprotein interactions, and discuss the implications in
aggregations and possible disease formation.

2. COMPUTATIONAL METHODS

2a. Coarse-Grained Molecular Dynamics (MD) Simu-
lation. For our simulations investigating the mechanism of
SOD1 folding dynamics, we use a structure-based model,
which is a minimalist protein model (“beads on a chain”) that
incorporates experimentally derived structural information.*®
Structure-based models provide a folding energy landscape
with minimal frustration and contain a funneled landscape with
a dominant basin of attraction corresgonding to an
experimentally determined configuration.””*° The folded
state bias dramatically reduces the complexity of the resulting
force field and allows for a clear physical understanding of a
system. These minimal models give access to biologically
relevant time scales while retaining the essential dynamical
features that are observed in experiments.”’ Additionally, the
polymeric scaling seen in unfolded proteins®> is preserved
using structure-based models,”* whereas all-atom models tend
to overestimate the conformational compactness of proteins.>
Previous work has compared all-atom and structure-based
models for the folding/unfolding of SODI, showing that
structure-based models capture the essential sequences of
unfolding.”* These benefits are key for understanding the
unfolded ensemble of SOD1.

Each loop-depleted SODI1 protein variant is represented as
110 C*-atoms (residues). For an individual protein variant a,
the Hamiltonian of the structure-based model, H,,, is

H (T, T) = DK = )6+ D, Ky(6 - 6°)

i<j
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where I, represents the configuration of protein a (including
the set of pairwise distances r, the set of angles between three
consecutive beads 6, and the set of dihedral angles defined over
four sequential residues ¢). The native structure values of rg,
0?, and ¢ were obtained from their crystal structure
configuration (I'y). In the backbone terms, K,, K, and K,
are force constants of the bond, bond-angle, and dihedral
potentials, respectively. Setting the energy scale € = 1, the
coefficients are given the values: K, = 200¢/ A% K, = 40¢, Ky=
€.>> The third to last term is a Debye—Hiickel potential,
Upn(r), where 47¢, = 1. In this study, we explore the extreme
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Figure 1. Sequence and structure of SOD1 with system perturbations. (A) Sequence of SOD1. Black-filled and empty circles indicate positively and
negatively charged residues, respectively. The yellow circle indicates residue 41, which is the site of the point mutation in Mutant. (B) Native
crystal structure of the loop-depleted SOD1y,r (PDB ID 4BCZ) with f-strands depicted in gray. Black and white side chains indicate positive and
negative charged residues, respectively. (C) The point mutation in Mutant is shown as a yellow sphere and is located at the beginning of #-4. (D)
At high ionic strength, screening effectively removes charges. (E) Illustration of a simulation box containing 64 identical SOD 1, protein crowders
excluding ~20% of the total volume when folded. These structures are used as the basis for charge (ion concentration) and identical protein
crowders volume fraction perturbations to our coarse-grained C* model system. Visualized using VMD.*’
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repulsive volume exclusion potential for non-native inter-
actions (¢ = 4 A). In the crowded case, the total Hamiltonian
of the system takes the following form:
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where rﬁ}’ﬁ is the interaction distance between protein residues i
and j of proteins @ and f, and N is the total number of
proteins. Specific interactions between different proteins were
not included.

2b. Simulation Setup and Details. We performed all
simulations using GROMACS®’ to integrate Langevin
equations of motion in the underdamped limit. To prepare
the computational model of SOD1 (PDB ID: 4BCZ) for the
GROMACS simulations, we used the SMOG (Structure-based
Models for Biomolecules®®) software, and we used a H++°
server to predict the correct protonated state of the charged
residues.

Using the natural time unit of a coarse-grained model 7 =
(mc*/€)* (~1.9 ps) and an integration time step of 1077, we
equilibrated the system for 10z over a wide range of
temperatures. With the initial structures taken from the
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equilibration step, we simulated trajectories over a temperature
range of 120 K < T < 220 K and repeated this for all conditions
(single and crowded cases for wild type, mutant, and
uncharged). Since degrees of freedom are coarse-grained, the
simulation temperature is colder than the experimentally
observed temperature. We sampled the trajectories at every 57,
resulting in a total number of approximately 6 X 10° samples
for each single protein condition and 1 X 10* samples for each
crowded protein condition. For the crowded case, we used a
box of 64 proteins with a volume of 3160 nm?, resulting in an
excluded volume of approximately ¢» = 0.2 (calculated using
the radius of gyration of the native protein structure in the
folded state). Note that ¢ will slightly decrease as the proteins
unfold since unfolded proteins usually have a lower volume
than folded ones. Periodic boundary conditions are imposed
for all simulations.

2c. System Design. To investigate the effect of charges on
the folding stability, we have used three SODI variants: the
wild type loop-depleted monomer with unscreened charges
(WT.), a wild-type uncharged monomer (WT,), and the G41D
mutant (Mutant). The native crystal structure of the SODI1
monomer with 110 residues forms a f-barrel with 8 f-strands:
1 (residues: 3—9), 52 (residues: 15—21), 3 (residues: 29—
36), P4 (residues: 41—47), pS (residues: 53—59), p6
(residues: 65—71), 7 (residues: 86—90), and S8 (residues:
101—110) (Figure 1). The total charge in WT,, Mutant, and

https://doi.org/10.1021/acs.jpcb.2c00819
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Figure 2. (A) Time average of the variance of Q vs temperature (T) in single protein systems (upper panel A) and crowded protein systems (lower
panel A) for WT,, Mutant, and WT,. The peak values of (AQ?) indicate a phase transition of the protein variants from folded to unfolded
configurations and give the folding temperatures Ty For both the single and crowded systems, the inclusion of electrostatic interactions increased
T¢ Crowding also increased T for all the protein variants. (B) Q as a function of temperature for single (upper panel B) and crowded cases (lower
panel B) for WT,, Mutant, and WT.. {(Q) for all variants merge to a single value with a decrease in temperature in both the single and crowded

ensembles, indicating that the variants have the same native states.

WT, are 0, —2e, and —le, respectively. Simulations were
performed with unscreened Coulombic interactions between
charged residues except for WT, where all Coulombic
interactions are neglected. These represent the extremes of
ionic strength, corresponding to zero ionic strength for WT,
and infinite ionic strength for WT,. The G41D mutation in
Mutant adds a negative charge and is simulated with an
unscreened Coulombic interaction, reducing the total charge
of the protein and is “in between” the charged and uncharged
cases when it comes to the total Coulombic interaction energy.
We performed simulations in dilute conditions (single
proteins) and self-crowded cases (64 proteins with the same
Coulombic interactions: WT,, Mutant, and WT,). In crowded
cases, the proteins of the same variant type act as self-crowders
(for example, 64 WT, proteins are used to understand the
effect of self-crowding on WT,). The ratio of unfolded to
folded configurations after equilibration in the crowded
systems was 1.3959, 0.5509, and 0.79077 in WT,, WT,, and
Mutant, respectively.

2d. Order Parameters. To understand the dynamics of
SOD1, we must be able to distinguish between different
distinct ensembles of structures (e.g, the difference between
“folded” and “unfolded”). In this paper, we will use multiple
methods of quantifying the state of a protein at each sampled
time step (many well-known and one novel variable). It is thus
useful to describe these order parameters and indicate the
differences between them.

1. In the main text, we compute the fraction of native
1 .
contacts Q = N;' Y )enaaed(1.27] — 1), widely Sl;s_eg
as a reaction coordinate in protein folding analysis
to determine the state of a protein. In the definition of
Q, “native” is the set of residue pairs that are in contact
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in the native state (with a total of N, = 360 native

contacts), r;; is the distance between residue pairs i and j

of a protein, rl,}\’ is the native distance between the residue
pairs, and O(x) is the Heaviside function. The set of
native pairs in the definition of Q is identical to those in
the Hamiltonian in eq 1. Note that charged interactions
are nonspecific and will not be included in the list of
native interactions (despite their potential importance to
the folding of the protein). Q has a maximum value of 1,
indicating all native pairs are in contact and hence a
folded state, whereas Q = 0 indicates a state where no
native contacts are formed. Q can be used to distinguish
between folded (f) and unfolded (u) ensembles in a
two-state system by thresholding using the location of
the free energy barrier between the two minima. We also
identify the temperature of maximum variance in the
fraction of native contacts, (AQ*) = (Q*) — (Q)? as the
folding temperature of each variant (WT,, WT, and
Mutant) in both ensembles (dilute and crowded).

. Another common order parameter is the radius of
gyration, Ré = N'Y(r, — R,,)’, where R, = N"'Yr,
and N is the number of residues and measures the mean
squared distance between each residue and the center of
mass of the chain. An equivalent definition is Ré =1/
2N22ijrl-2j, which involves a sum over all pairs of possible
interactions (instead of only native interactions). In the
SI we show that Q and R, produce similar two-state
statistics and the same categorizations of folded and
unfolded states for SOD1, suggesting that either order
parameter can capture the global behavior of the protein.

. Q incorporates solely native interactions (ignoring
potentially important electrostatic interactions), while

https://doi.org/10.1021/acs.jpcb.2c00819
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R, incorporates all interactions (including potentially
irrelevant noninteracting pairs). In this paper, we will
define a subset of all pairs of interacting residues (b) that
includes both native and non-native interactions and
define the order parameter b = |b|_12(,j (e — r,-j), with
¢ as an arbitrary cutoff. b (much like Q) ranges between
0 and 1, with 0 meaning no residue pairs in the set are
within the cutoff value from each other and 1 meaning
all pairs are within the cutoff distance. For b to be a
useful order parameter, the choice of residue pairs
contained in set b must reflect the underlying physics of
the protein; a randomly selected set of pairs would not
give rise to a useful order parameter. The justification for
which pairs of residues to include in the set of pairwise
interactions included in b is described in Results, but will
include pairs of residues that are involved in the
formation of contact between specific f-strands, either
due to specific interactions or to electrostatics.

4. To better understand the structure of the folded or
unfolded states of a protein, we compute the probability
of contact between residues (with contact defined as a
pair of residues found within a distance ¢ between one
another, with ¢ the same cutoff distance used in the
definition of b above). We denote p{*, pii**, and pj* (with

a lower-case “p”) as the probability of contact between

residue i and j in the single (dilute) protein ensemble for

the charged, mutant, and uncharged systems, respec-
tively, and where s denotes either the folded (f) or
unfolded (u) state (s € {fu}). We likewise denote the
intracontact probabilities in the crowded ensembles as

Py, Pj, and Pj* (with an upper-case “P”) for the

charged, mutant, and uncharged variants, with s € {f,u}.

These intraprotein contact probabilities will be useful to

illustrate the structure of the folded and unfolded

configurations that take electrostatic interactions into
account.

S. In the crowded case, proteins may interact with one
another, and we can compute the probabilities Pj™",
P and P for the contact between residues i and j

on different proteins, having s, € {f,u} as the state of one

protein and s, € {f,u} as the state of the other protein.

We choose the same cutoff distance ¢ for the distance

threshold for the interprotein interaction cutoff as we

did for the intraprotein interaction cutoff above. We

compute the probability of intercontacts between

residues i and j from two different proteins by summing
over the number of contacts between i and j without
regard for order, resulting in the intercontact proba-
bilities that are symmetric. These interprotein contact
maps will be useful in understanding how self-crowders
interact with one another and of the possible relevance

for aggregation of SOD1.

3. RESULTS

3a. Addition of Charge and Self-Crowders Increases
Folding Stability. We determine the folding temperature of
the three protein variants using the time average of the
variance of Q as a function of temperature (Figure 2A), for
both single and crowded systems. We fit the data with
Gaussian to identify the peak in the variance, indicating a
continuous phase transition. From Figure 2B, the mean value
of Q for each variant shows a transition from folded to
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unfolded states with midpoints at the folding temperatures
indicated in Figure 2A. For the single systems, the folding
temperatures were Ty & 157, 158, and 158 K for the WT,,
Mutant, and WT, systems, respectively. For the crowded
systems, T¢ =~ 160, 161, and 161 K for the WT,, Mutant, and
WT, respectively. For both the single and crowded cases, we
see a significantly lower folding temperature between WT, and
the other variants. This is due to the complete absence of
charge in WT,, whereas WT, has unscreened electrostatic
interactions between charged residues with an extra negative
charge at residue 41 in Mutant. Crowding thus increases the
folding temperature for all the 6protein variants due to the
excluded volume of the crowders®” stabilizing the folded states
in WT, and due to the net effect of the charge of the crowders
in WT, and Mutant. We find a similar folding temperature of
the variants using energy fluctuation as a function of time,
shown in Figure S2.

3b. Free Energy as a Function of Q Indicates a Two-
State System. From Figure 2A we see that the folding
temperature of each variant differs approximately by 1 K for
both the single and crowded ensembles. We thus performed
simulations near their approximately equal folding temper-
atures: 157 K for the single protein ensembles and 161 K for
the crowded protein ensembles. The free energies are shown in
Figure 3. For each variant, there are two deep wells in the free

- WT,
---Mutant

crowded
161K

I L
0.75 1

L - 11
025 05
Q

1!
0

Figure 3. Free energy as a function of Q in single protein systems at
157 K (upper panel) and crowded protein systems at 161 K (lower
panel) for WT, (blue dashed line), Mutant (red dashed dot line), and
WT. (black dotted line). The energy barrier is maximum at about Q =
0.42, with two wells indicating distinct folded and unfolded states.

energy, corresponding to the folded (high Q values) and
unfolded (low Q values) states using Q as a reaction
coordinate. The absence of any additional local minima
suggests that the folding and unfolding of SOD1 is a two-state
system. Based on the locations of the peak of the free energy
barrier, we define unfolded configurations to have Q < 0.42
and folded configurations to have Q > 0.42. The free energy as
a function of the radius of gyration (SF(R,)) is qualitatively
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Figure 4. Intracontact probability values for the dilute (uncrowded) case. Panels A, B, and C show the probability of contact between unfolded
proteins in the three ensembles for WT,, Mutant, and WT,. Axes show a schematic representation of f strands numbered 1—8. The filled black
circles represent positively charged residues, the black empty circles represent negatively charged residues and the yellow filled circle represents
residue 41, which is uncharged in WT, and WT,, but negatively charged in the Mutant. High values in the diagonal elements are due to the
proximity of the residues in the protein chain structure. The greatest differences among the variants are in the interaction between residues 18—46

(B3 P4) and 53=77 (Bs, B and S bridge).

similar to Figure 3, validating our choice of Q to define folded
and unfolded configurations (shown in Figure S1). From
Figure 3 we see that there are differences between the free
energy minima in folded and unfolded energy basins for all the
variants in both the single and crowded ensembles because the
folding temperatures of the variants are not exactly 157 and
161 K in the single and crowded cases, respectively.

3c. Probability of Intra- and Inter-Residue Contacts.
Comparison of the free energies for the uncharged, mutant,
and charged variants do not indicate an obvious effect of the
electrostatics beyond a change in the folding temperature. To
better understand the effect of electrostatics, we compare the
probability of contact between residues i and j for each variant
in folded and unfolded configurations (Q > 0.42 and Q < 0.42,
respectively) under single and crowded conditions. In this
section, we consider a residue pair to be interacting if their
distance is less than a cutoff value of ¢ = 1.5 nm (the role of
this cutoff is described in section 2d). The choice of 1.5 nm is
arbitrary, with smaller values of the cutoft leading to noisier
data (not shown). The average distance between native
contacts is 6.4 A, so this cutoff is a relatively large length-
scale compared to the typical native interaction distance.

3c.1. Addition of Charge Increases Intracontact Proba-
bility between f Strands. Figure 4 shows the intracontact
probability for the single protein variants at 157 K (close to the
folding temperature for all three variants) for the unfolded
configurations. Intracontact probabilities for the folded
configurations do not show significant differences and are
shown in Figure SS. In Figure 4, we see the unfolded
intracontact probabilities which show numerous features
indicating the organization of the unfolded state. We see a
prominent dark red diagonal band with P; = 1 (which is the
same for all the protein variants) due to the proximity of the
residue pairs on the backbone. The other distinct regions in
Figure 4 are the seven antidiagonal bands (perpendicular to the
dark red bands, highlighted with boxes in Figure 4A), and two
other small diagonal bands (highlighted by ovals in Figure 4A).
The antidiagonal bands represent the interaction between f
strands (from bottom left to top right: 5, — S5, f, — P, 3 —
Bu By — Bs, Ps — Pe P7 — Ps) and loops in between the /3
strands. The small diagonal regions f, — #; and 8, — s and an
antidiagonal one ff; — f¢ represent the interactions between
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the f strands not neighboring one another in the 1d chain
structure. There is an additional interaction between B, — /3,
(not highlighted in Figure 4) with a lower probability of
contact than the dominant 8, — B;, B, — fBs and f; — fs
contacts. These interactions are observed in all the protein
variants, but a few are significantly reduced in WT,. Those with
a high probability of interaction (>20%) in WT, must be
formed due to nonelectrostatic effects (since charges are
neglected in WT,). We also see from Figure 4B,C that there is
an additional antidiagonal band (not highlighted in Figure 4)
representing interactions between f; — f¢ and f, — f;, which
are absent in WT,. This increase in the probability of
interaction must be due to the electrostatic effect in WT,
and Mutant. By comparing all the interactions highlighted by
the intracontact probabilities, we see that there is a
considerable increase in the contact probability between S,
— fs and between f; — ff¢ in Mutant (highlighted in Figure
4B) and WT, (highlighted in Figure 4C) in comparison to
WT,.

Figure 4 shows a significant increase in the probability of
interaction in the highlighted antidiagonal band. To better
illustrate the effect of charge on the interactions between the
residue pairs, we subtract pj" from pi"y shown in Figure S.
Here, yellow and red represent positive values (residue pairs
more likely to be found within 1.5 nm in WT, than in WT,)
and green and blue signify negative values (residue pairs more
likely to be found within 1.5 nm in WT, than in WT,). Overall,
we see that the interaction probability between the f# strands
increases due to the addition of charge (highlighted in Figure S
by the rectangular box). We found a similar pattern when
computing the difference pj"* — p3* in the single ensemble as
well as when we considered the differences in the crowded
ensemble, shown in Figures S9 and S10.

The heightened contact probability in Figure 5 has only
been demonstrated for the single protein case. To understand
the impact of crowding we compared the differences in
probabilities between WT, and WT, and Mutant and WT,
between the dilute and the crowded systems in Figure 6A and
B, respectively. Here the yellow and red colors represent
positive values, and hence, more interaction probability
differences in crowded ensembles in comparison to single
cases, whereas green and blue signify reduced interaction
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Figure 5. Comparison in contact probability for intracontacts in the
uncrowded SOD1 system between residues from unfolded proteins
between WT, and WT,. The major difference among the variants is in
the interaction between residues 18—46 (f;, 8,) and 53—77 (Bs, B
and f bridge). The b region discussed in section 3b is defined by Ap;

= pi* — pi < —0.2. The interacting residue pairs are listed in Table
S2.

probability differences. We see that crowding increased the
differences in probabilities between WT, and WT, more in
comparison to the differences in probabilities between WT,
and Mutant between f, — fs and B; — P, This is again due to
the absence of charges in WT,, in contrast to Mutant and WT..
The electrostatic effects from the crowders act alongside the
steric effects to stabilize the unfolded configuration of Mutant
and WT. in comparison to WT,.

3c.2. New Order Parameter, b, Indicates the Presence of
Intermediate States in WT. and Mutant. Figures S and 6
indicate a significant increase in the probability of contact
between pairs of residues in f, — 5 and ff; — S in the charged
variants, which was further increased in the presence of
crowding. To understand the effects of electrostatic inter-
actions between these regions, we define a new order
parameter, b = IbI™' Y, ,0(c — r;) with b being a subset of
interacting pairs as described in section 2d. The set b includes
all pairs which are significantly more likely to be in contact in
the presence of charge than the uncharged case, with (pj* —

pf]f“) < —02 (the blue region in Figure SB). The order
parameter b plays a role similar to the fraction of native
contacts Q, but over a subset of both natively and non-natively
interacting residue pairs (listed explicitly in Table S1; residues
involved are also indicated in Figure S3). Figure 7 shows the

0.4

o
w

single
157K

probability
o
N

©
=

‘:|WTu
i—_Mutant

crowded
161K

probability
©

0.05

Figure 7. Normalized histogram of b for single systems (upper panel),
crowded systems (lower panel). Blue represents WT,, black represents
WT,, and red represents Mutant. There are two distinct peaks in
Mutant and WT, but not in WT, for both single and crowded
ensembles. This suggests the presence of a transition state even
though it was not seen from the free energy as a function of Q plot
(Figure 3 upper panel).

normalized histogram of b in single (top) and crowded
(bottom) ensembles for WT, (black solid line), Mutant (red
dashed dot line), and WT., (blue dotted line) for unfolded
protein states (Q < 0.42). For both the single and crowded
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Figure 6. Comparison in probability difference values for intracontacts between residues from crowded and single unfolded proteins. Crowding
increased (P;"" — P;) more in comparison to (P;"* — P;*) between f3, — fis and f; — f.
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ensembles, we see that WT, has a peak at b = 0 and the
histogram is monotonically decreasing, while Mutant and WT,
have two distinct peaks at b = 0 and near b = 0.8. Thus, even
though PF(Q) does not indicate the presence of an
intermediate state, this new order parameter b suggests Mutant
and WT, may have an intermediate state in the unfolded basin
of attraction. The fact that SF(Q) does not indicate an
intermediate state might be because Q only depends on the
interaction between the native state residue pairs, whereas b
encompasses non-native interactions (including electrostatics)
along with a few native interactions. In Figure S4, we also
=y 2
g 21pl* “~ijeb i
of the b-region as a function of b for the dilute simulations and
find the typical distance between the residue pairs that define
the b-region is &1 nm. When b = 0.8, most charged residues
are found closest to an oppositely charged residue nearby in
the sequence. The only exceptions to this pattern are the
residue pairs 30—70, 36—66, and 43—53, despite their large
separations in the sequence. Due to their large separation in
the sequence, these residues may act as lynchpins to the
formation of the intermediate configurations. This pattern is
found in both the WT, and Mutant variants, suggesting the
mutation at 41 does not significantly alter the structure of the b
region.

To illustrate the structure of the unfolded protein with and
without the formation of the b-region, in Figure 8 we show a

determine an effective radius of gyration (R

v‘

{
\’V\ A B
9
R’ b=0 single

157K

crowded
161K

Figure 8. Representative snapshot of (Mutant) unfolded state for the
single ensemble at 157 K (A, B) and crowded ensemble at 161 K (C,
D). Red represents residues 18—46; black represents residues 53—77.
The yellow sphere is residue 41. Cyan represents the rest of the
protein. Panels A and C highlight the lack of interaction (b = 0)
between the residues from the regions marked in red and black,
whereas panels B and D highlight the interaction (b > 0.8) between
the said regions.

representative snapshot of the unfolded Mutant with small and
large values of b for single and crowded cases. The red color
indicates the region containing f; and f, while the black
indicates the part of the protein chain containing f; and S
The yellow bead represents the site of the point mutation
(Residue 41). In Figure 8A the protein resembles a random
coil and has Q = 0.0028 and b = 0, and Figure 8B shows a
representative snapshot of unfolded Mutant with Q = 0.0972
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and b = 0.8790 (both in the single protein ensemble). Figures
8C and D show snapshots in the crowded ensemble with Q =
0.0028 and b = 0.0019. and Q = 0.0972 and b = 0.9565
respectively. The Mutant and WT, variants have similar contact
maps (Figures 4B,C and S9), and these snapshots from the
Mutant simulations are also representative of the charged case.

Figure 7 suggests the presence of an intermediate defined by
the order parameter b. Thus, we computed two-dimensional
free energy as a function of b and Q, (F(b,Q)), to get a more
complete picture of the effect of charge in the folding of SOD1
variants. Figure 9A—C show the two-dimensional free energy
for the single protein ensembles and Figure 9D—F show the
free energy for the crowded ensembles. The insets show
PF(b,Q) for Q ranging from 0.14 to 0.16 and represent the free
energy as a function of b for unfolded proteins. As seen in the
insets of Figure 8, fF(b,Q) for WT, has a minimum at b = 0, as
well as a weak well near b ~ 0.8 (with depth ~0.5 kT), while
two distinct minima are observed for the other protein variants,
consistent with the distributions in Figure 7. For Q > 0.42,
there is only one minimum in SF(b,Q) at b = 1. We see that
there are two distinct free energy minima at b &~ 0 and b = 0.8
in Mutant and WT, in both single and crowded cases, while
there is only one minimum in WT,. This again suggests an
intermediate defined by the reaction coordinate b, discussed
further in section 4.

3c.3. Mutant’s Interactions with Self-Crowders Differ from
Wild Type. Figure S11 suggests that crowding decreases the
intracontact probability between the f sheets in WT, in
comparison to the charged variants. To understand the effect
of mutation under crowding, we next calculated the
intercontact probabilities between residue pairs from un-
folded—unfolded (U-U), unfolded—folded (U—F), and
folded—folded (F—F) proteins (shown in Figures S12 and
S13). The probabilities of residues being found within the
cutoff distance of 1.5 nm are significantly lower between
proteins, and thus to highlight the key differences in inter
contact interactions due to the effect of the mutation, we
implemented a threshold for the difference in the intercontact
probabilities. In Figure 10, we show (Pj»"? — Pgb)/pits
(that is, the difference between intercontacts in the Mutant and
WT, ensembles, normalized by the intercontact probability for
WT.). We only included 10% and 25% differences in these
figures to highlight the regions where interprotein interactions
differ most significantly. In Figure 10A, we see that residue 41
has three main interaction regions that are affected by the
mutation (indicated by the red and the blue regions). There is
a higher probability of interaction between residue 41 with
residues 40 to 60 (f, — fs) and a lower interaction with
residues 1—18 (3;) and 80—100 in WT, in comparison to
Mutant. This is also true for the U—F and the F—F
interprobability contact, but with additional regions of elevated
contact for the charged system (blue regions in Figure 10B,C,
not discussed here). This difference in interaction is because
residue 41 is negatively charged in Mutant but neutral in WT,,
so it prefers interaction with the positively charged residues 1
to 18 and residues 80 to 100 over residues 40 to 60, which
have a nearly equal number of positive and negative charges in
Mutant. However, residue 41 does not interact with all positive
charges with higher probability in the Mutant, such as the
residues 30 or 36 that are important in the formation of the b
region. The point mutation thus has some interaction
specificity between residues due to the constraints imposed
by native interactions.
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Figure 10. Thresholded relative differences in intercontact probability for the crowded SOD1 variants, WT, and Mutant for (A) unfolded—
unfolded, (B) unfolded—folded, and (C) folded—folded configurations. In comparison to WT, dark red represents at least a 25% increase in contact
probability in Mutant, light red at least a 10% increase, light blue at least a 10% decrease, and dark blue at least a 25% decrease. Axes show a
schematic representation of § strands in gray numbered 1—8. The greyscale background in the lower triangle is a guide to identifying the  strands
involved in the interaction shown by the probability of contact maps. The axes labels are the same as in Figure 4.

Figure 11 shows illustrative snapshots (generated using
VMD) of these interprotein interactions. The top panels show
the intercontact interactions in WT, between residues 41 and
40—60 (the main blue region in Figure 10A). Residues 41—60
are highlighted in blue in one protein which is interacting with
residue 41 (yellow sphere) on the other protein. The residues
80—100 are highlighted in red and are not interacting with
residue 41 in panel 1. The middle panels show the interaction
in Mutant between residues 41 and 80—100 (the two red
regions in Figure 10A). The colors have the same meaning as
in the top panel. The bottom panels highlight the interaction
between residues 41 and 1—18 (in red) in Mutant. These
snapshots are selected at random from the equilibrated protein
trajectories with interactions between residues on distinct
proteins that are in contact (within 1.5 nm) from the red and
blue regions in Figure 10A. The cutoff of 1.5 nm is the same as
was used for intraprotein contacts, with the justification for
using this contact distance for interprotein interactions
discussed in Supporting Information, SS.
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4. DISCUSSION AND CONCLUSIONS

Formation of the b-Region in SOD1 is Sensitive to
the Perturbation from Varying lonic Strengths. Inside
the highly packed cellular environment, macromolecular
crowding gives rise to steric effects, which have been shown
to have a stabilizing effect on the folded state of the proteins.®”
Crowders may have additional interactions with proteins,
including electrostatic effects, which may stabilize or
destabilize the native state of the protein, depending on the
distribution of charge.””®® The net effect of the type of the
crowders, ionic concentration, and surface charge distribu-
tion®* will determine the protein stability. In our coarse-
grained model, we investigated two extreme cases of ionic
concentrations: an ionic strength of 0 in WT, and infinity in
WT,, ignoring the solvent charge screening to solely study the
effects of charge on the proteins. Focusing on the extremes of
the uncharged versus unscreened Coulombic interactions
allowed us to identify a region of SOD1 (intermediate, defined
by the reaction coordinate b) that is formed primarily due to
the charged residues. However, it is important to acknowledge
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Figure 11. Representative snapshots of two interacting proteins from the crowded ensemble at 161 K. The top row shows WT, and the bottom two
rows represent Mutant. In panels A—F, the yellow sphere represents residue 41, residues 41—60 are colored red, and residues 60—100 are colored
blue. In panels G—I, the yellow sphere represents residue 41m while residues 1—18 are represented by red. Panels A, D, and G show two unfolded
protein configurations with residue 41 near the specified residues, panels B, E, and H show interactions between a folded and an unfolded
configuration, and panels C, F, and I show interactions between two folded protein configurations. The first row emphasizes the preference of
residue 41 to interact with residues 40—60 over residues 80—100 in WT,, consistent with Figure 10A. The middle row emphasizes the preference of
residue 41 to interact with residues 80—100 over 40—60 in Mutant, and the bottom row emphasizes the interaction of residue 41 with residues 1—

18 in Mutant (consistent with Figure 10A).

that the effective solvent-charge screening length in a cellular
environment is about 0.8 nm at room temperature,é5 which is
neither of the extreme limits of vanishing nor infinite ionic
strengths used in this paper. We found that once the
intermediate was formed (b & 0.8) many of the charged
residues in the b-region are found at an average distance of
<9.5 nm, suggesting that screening effects will be moderate
once the b-region is formed. We saw that for WT, and Mutant
in the single protein case the residue pairs 30—70, 36—66, and
43—53 are nearby for b ~ 0.8 despite their large separation in
the sequence. Our simulations suggest that the b-region may be
sensitive to the solvent ionic strength, but may play an
important role in the folding pathway. In low ionic strength,
the b-region may have an effectively longer screening length
than under bulk conditions due to the volume excluded by the
proteins (inaccessible to solvent) when they are in contact.
Adding Crowders Increases Native State Stability,
While Mutation Destabilizes the Native State. In this
paper, we studied the effect of self-crowding to gain a better
insight into the self-assembly of proteins.® We analyzed the
effect of crowding in two ways: by looking at how crowding
affects the stability of one protein variant in the crowded
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ensemble in comparison to the stability of other protein
variants in the crowded case or by comparing the thermal
stability of the protein variants between the single and the
crowded ensembles. Comparing the wild type (WT,) and
Mutant within the single ensemble, we see from Figure 3 (top
panel) that the free energy minima for the folded
configurations (with high Q) are approximately the same at
157 K (which is very close to their folding temperature at
approximately 158 K), while the unfolded basin is deeper for
the Mutant than WT.. In the crowed case (Figure 3 bottom
panel), the depth of the folded well for WT, is greater than for
the Mutant at the folding temperature of 161 K, with the
differences in depths in the unfolded basin unchanged by the
addition of crowders. This suggests that the addition of self-
crowders destabilizes the folded state of the Mutant in
comparison to that of the WT, in the crowded ensemble.
From Figure 2A we see that the folding temperatures of all
the variants have increased by a few K with the addition of self-
crowders in the crowded ensemble (bottom panel) in
comparison to the single case (top panel). This suggests that
even though the effects of crowding do not significantly change
the folding temperature of the protein (consistent with the
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previous studies ), the variants were still

stabilized in the crowded ensemble in comparison to the
single case. Our finding is consistent with a previous study®”
showing that crowding increases the thermal stability of
proteins. In another recent paper,68 using FRel imaging and
molecular dynamics (MD) simulations Gnutt et al. studied the
effect of quinary interactions on single point mutations of
SODI. They found the folding free energy of the G41D
mutant in HeLa cells to be larger than for the G41D mutant in
vitro, indicating that the intermolecular interactions present in
the cellular environment destabilized the G41D mutation in
SODI. The wide range of quinary interactions that may be
present in the complex cellular environment, including®®”’
electrostatic interactions, hydrodynamic effects, and other
nonspecific interactions, were not considered in this study and
may explain why crowding is seen to stabilize the folded state
for all of the variants. Destabilization of the folded state was
observed using BSA as a crowding agent using experiments and
molecular dynamics simulations in the Gnutt study, whereas
we have found that self-crowding increases stability. A possible
reason for this discrepancy arises from two differences between
the crowders: (a) The folding temperature of BSA is well
above the experimental conditions in the Gnutt study®® (so
that the crowders remain globular), whereas the self-crowders
in our study are unfolded for a significant fraction of the time,
and (b) BSA has a larger number of charged residues and
greater magnitude of charge (g = —13e at 10 mg/mL) at
neutral pH' than SOD1 (g = —1e), suggesting the increased
strength of the destabilizing quinary interactions in BSA may
explain the finding that self-crowding is stabilizing in this
paper. An interesting future study would be to add additional
nonspecific interactions (for example hydrodynamic or other
solvent-mediated interactions) between SODI1 proteins to
study the competition between folding and aggregation.”

Formation of the b-Region in the Unfolded State
Drives the Two-Dimensional Folding Pathway of SOD1.
In addition to the minor change in thermal stability of the
protein variants, we found significant differences in intraresidue
interaction probabilities for the unfolded configurations (with
little change in the folded configurations; Figures 4 and S5—
S7). This suggests that the effects of charge and crowding are
more significant in the unfolded states compared to the folded
states and led to the definition of the b-region in this paper. In
another study,”> Mojumdar et al. used force—extension
experiments and coarse-grained simulation to show that the
folding and unfolding of SOD1 are complex multistate
processes with the presence of distinct intermediate states. In
a more recent investigation,24 Timr et al. used all-atom
simulations in explicit solvent to identify the presence of
intermediate states. There the authors showed that for SOD1
to fold, it should have f-sheet 1 (consisting of f-strands: /3, f3,,
B and f) and f-sheet 2 (consisting of f-strands: S, fs, S,
and f33). The two-dimensional free energy shown in Figure 9 is
consistent with the two-dimensional folding pathway suggested
there. In our paper, the intermediate defined by the b reaction
coordinate primarily involves the interaction between 3, — fs
and f3; — f. Starting from an unfolded configuration with Q ~
0 and b = 0, Figure 9 suggests that the variants must pass
through configurations with high b values, while they are still in
the unfolded state (intermediate) and then fold (increase in Q
with a high b value). This agrees with the 2D folded pathway
suggested by Timr et al.
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Mutation at 41 in the b-Region Alters the Inter-
actions between Proteins Instead of within a Protein.
The negative charge in residue 41 in Mutant makes the net
charge of the protein more negative than WT,, and changes in
the interprotein contacts involving residue 41 may give greater
insights into the process by which dimerization and further
aggregation begin. We found that the addition of the negative
charge in the Mutant results in a decrease in the interactions of
residue 41 with residues 80—100 compared to WT,, with an
increased probability of interaction of residue 41 with residues
1—18 () and 80—100 (f3,, f35). While it may be unsurprising
that a negative charge interacts with regions containing positive
charge, it is important to note that even though f; has two
positive charges, residue 41 in Mutant does not have a high
probability of contact with this region. One reason behind this
might be the steric effects between f¢ and f; (Figure 4),
suggesting the highlighted interaction of residue 41 with
residues 80—100 is not solely due to electrostatics. f3; is part of
the b-region, and this suggests that the primary effect of the
mutation is to alter the interaction between proteins, rather
than change the folding landscape of individual proteins.
Previous investigations have shown that the point mutation
G41D in SOD1 is prone to prion-like aggregation and fibril
formation,” associated with fALS. /3, and f3; are known to be
the least stable and most flexible strands in SODI1
monomers.”'*>**”*”> Thus, this switching of f-strand partners
by residue 41 by the G41D mutant might shed new light on
the mechanism behind the formation of fALS-associated
aggregates.
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