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ARTICLE INFO ABSTRACT

Mechanical unfolding of mutated apo, disulfide-reduced, monomeric superoxide dismutase 1 protein (SOD1) has
been simulated via force spectroscopy techniques, using both an all-atom (AA), explicit solvent model and a
coarse-grained heavy-atom G6 (HA-G6) model. The HA-G6 model was implemented at two different pulling
speeds for comparison. The most-common sequence of unfolding in the AA model agrees well with the most-
common unfolding sequence of the HA-G6 model, when the same normalized pulling rate was used. Clustering of
partially-native structures as the protein unfolds shows that the AA and HA-G6 models both exhibit a dominant
pathway for early unfolding, which eventually bifurcates repeatedly to multiple branches after the protein is
about half-unfolded. The force-extension curve exhibits multiple force drops, which are concomitant with jumps
in the local interaction potential energy between specific S-strands in the protein. These sudden jumps in the
potential energy coincide with the dissociation of specific pairs of -strands, and thus intermediate unfolding
events. The most common sequence of f-strand dissociation in the unfolding pathway of the AA model is 8-
strands 5, 4, 8, 7, 1, 2, then finally -strands 3 and 6. The observation that §-strand 5 is among the first to unfold
here, but the last to unfold in simulations of loop-truncated SOD1, could imply the existence of an evolutionary
compensation mechanism, which would stabilize -strands flanking long loops against their entropic penalty by
strengthening intramolecular interactions. This article is part of a Special Issue entitled: Biophysics in Canada,
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1. Introduction

Over 160 mutations throughout the homodimeric antioxidant pro-
tein Cu, Zn superoxide dismutase (SOD1) have been found to be asso-
ciated with a familial form of amyotrophic lateral sclerosis (fALS), af-
fecting about 1/5 of those with autosomal dominant inheritance [1,2].
Many of these mutations have been observed to show weakened dimer
and/or folding stability [3-8], and accelerate fibril elongation (but not
always fibril nucleation) [7,8]. In fALS cases, and in at least some of the
more prevalent cases of sporadic ALS, patients display intraneuronal
immunoreactivity to SOD1 misfolding-specific antibodies [9-11]. This
suggests a potential fundamental role for the misfolding and propaga-
tion of SOD1 in the pathogenesis of at least some cases of ALS.

Many proteins implicated in misfolding-related degenerative dis-
ease form neurotoxic aggregates by intermolecular association of par-
tially unfolded structures of monomer [12,13]. In the context of SOD1
misfolding related ALS, coarse-grained simulations of the unfolding
pathway of WT and mutant SOD1 monomer exhibit multiple partially-
unfolded intermediates that can determine fibril morphology [14]. The

gain of transient oligomer interactions due to the partial disorder of the
protein in the electrostatic loop region has been investigated compu-
tationally [15]. Thus, a molecular dissection of unfolding intermediate
structures in more accurate, all-atom simulation models can provide
insight into the conformational pathway involved in the seeding of
multimeric oligomers that are involved in the infectious prion-like
propagation [16,17] of this currently incurable disease.

SOD1 has a f barrel structure with two long loops dressing the core.
Both of these loops have residues enabling metals to bind to the protein. A
Cu ion imparts enzymatic activity to the protein to dismutate superoxide
(03), while a Zn ion imparts thermodynamic and structural stability [18].

AlS-associated mutants of SOD1 have reduced affinity for me-
tals [19,20], and loss of these metals renders the protein more sus-
ceptible to unfolding [21]. ALS mutations have the greatest destabi-
lizing effect on the apo and reduced form of SOD1 leading to unfolding
and oxidative aggregation [21] and monomerization [22].

Not all ALS-associated mutants show clear loss of metal affinity or
reduced thermal stability for either holo or apo states in vitro [23].
However, in-cell NMR studies have shown that ALS-associated SOD1
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mutants have significantly enhanced unfolded population and reduced
metal affinity [24,25]. Studies of external challenges that induce un-
folding of the apo state are thus interesting and potentially physiolo-
gically relevant. Because monomerization is a likely event in the disease
pathway of ALS, we analyze here the molecular unfolding mechanism
of apo, disulfide-reduced SOD1 (E,E(SH) SOD1). We find that this
protein exhibits partially folded states that may partake in aberrant non-
native intermolecular interactions.

Single molecule force spectroscopy experiments have been used to
provide insight on the unfolding mechanism of SOD1 [26]; these experi-
ments observed approximately 5 intermediates in the unfolding process,
which could facilitate non-native interactions between unfolded or par-
tially-folded monomers. Here we employ simulated force spectroscopy to
elucidate the elusive intermediate structures on-route to unfolding. For
this purpose we examine an obligate-monomer variant of SOD1 with
partially-restored enzymatic activity, namely E133Q/C6A/C111S/F50E/
G51E (PDB-ID 1RK7) [27]. Mutations C6A and C111S ablate potential
intermolecular disulfide bonds, mutations F50E and G51E reside in the
dimer interface and thus prevent dimer formation, and the mutation
E133Q enhances superoxide binding rates without significant effects on
SOD1 structure. Several previous studies have investigated the obligate
SOD1 monomer through the mutants C6A/C111S/F50E/G51E [6,26,2.8-
34]. In addition to being a more tractable system computationally [4],
monomeric SOD1 is an important thermodynamic state on the pathway to
oligomer formation and pathogenic aggregation [14,32,35,36]. The
E133Q mutant on the pseudo-WT background enables additional analysis
of enzymatic activity, does not significantly alter protein structure, and has
also been studied previously [27,37-41,69].

2. Methods
2.1. Simulation models

We perform molecular dynamics to simulate the force-induced un-
folding process of full-length monomeric SOD1 protein. We compare
results for two different types of force fields: an all-atom (AA) model in
explicit solvent [42,43], with a heavy-atom G0 model (HA-G6) [44].
Note that in Go6 models, only native interactions are attractive, while
non-native interactions are purely repulsive. These models are de-
scribed in detail below. Fig. 1 shows a representation of four amino
acids in each of the models.

Force spectroscopy simulations are carried out by tethering both
termini with a harmonic potential. The last residue (C-terminus) is then
moved along the vector from C- to N-terminus with constant velocity.
The stiffness of the spring that imparts the pulling force on the protein
was set to 1000 kJ/(mol -nm?) for both AA and HA-G6 models.

All-atom pulling simulations were performed at velocity of v, = 1
m/s at room temperature. Heavy-atom G6 (HA-GO) simulations were
performed at T=100K, which corresponds to 93% of the folding
temperature. Pulling velocities of v, = 1 m/s (“fast”) and v, = 0.1 m/s
(“slow”) were normalized across different computational models using

b) Heavy-atom GO

a) all-atom

Fig. 1. Residues 120-124 in the structure of 1RK7 (HIS, GLU, LYS, ALA, and ASP) are
shown in the all-atom model (a) and the Heavy atom-Go model (b). The hydrogen atoms
are not present in the HA-G6 model.
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the method described in Habibi et al. [45]. Pulling simulations were
repeated 10 times for the all-atom model, 100, 20 times for the fast, and
slow pulling for the HA-G6 model, respectively.

2.1.1. All-atom (AA) model

We used the CHARMM?22" force field [42] to model a monomer of
SOD1 protein with TIP3P [46,47] water. AA simulations were carried out
with the molecular dynamics code GROMACS-4.6 [48,49]. To obtain the
initial configuration for the pulling simulation, the PDB structure was
energy minimized and equilibrated for 20 ns in an isobaric ensemble
(NPT) simulation with a salt concentration of 0.15 M. The average size of
the simulation box is approximately 8 x 8 x 100 nm® with 212,279
water molecules, 392 Na™ ions, and 385 Cl ions. A time step of 2 fs was
used with the LINCS algorithm [50]. All AA simulations were performed at
constant temperature T=300 K and pressure p=1 atm. The temperature
of the protein and the solvent were kept constant with two separate
thermostats, as described in [51-53]. The velocity rescaling algorithm
with a stochastic term was used as thermostat for both protein and sol-
vent [54]. The pressure was kept constant using the Parrinello-Rahman
algorithm with a weak coupling of 1 ps [55]. Lennard-Jones interactions
(LJ) were truncated at 1.4 nm, and the particle-mesh Ewald method [56]
was used for the electrostatic interactions. A representation of four amino
acids in the AA model is shown in Fig. 1a).

2.1.2. Heavy atom-Go6 model (HA-GO0)

In the HA-G6 model [44], all heavy atoms (non-hydrogen) are
present and the potential function is only defined by the native state. A
representation of four amino acids in the HA-G6 model is shown in
Fig. 1b). Any two heavy atoms that are within a cut-off distance of
0.6 nm in the native state and are three or more residues apart are
defined to form a native contact. In this system, the energy per contact
for native interactions is ¢, = 0.4 kgT. The interactions between these
non-bonded atom pairs are modeled by a 6-12 Lennard Jones poten-
tial [44,57] and the separation corresponding to the potential energy
minimum between pairs is set to the separation distance between pairs
of atoms in the native PDB structure.

Pairs of atoms separated by a distance r that are not in contact in the
native state are given a purely repulsive interaction of the form
U(r) = X on—native e(2.5[A1/r)12, with uniform values of
e = 0.01 kgT [44]. Bonded atoms are modeled by harmonic bond and
angle potentials, along with dihedral potentials [44]. The HA-GO si-
mulations were carried out with GROMACS-4.5 [48].

GROMACS input files were generated from the PDB structure using
the SMOG web server [58]. The time step was set at 2 fs. The simula-
tions were performed at constant temperature of 100 K (see below)
using a Langevin thermostat with time constant of 1 ps. The initial
configuration of the pulling simulations was obtained after 1 ns equi-
libration at the desired temperature.

2.2. Native contacts

To compare mechanical unfolding pathway of SOD1 in the all-atom
and HA-GO model, we compute the number of native contacts of all
configurations during each pulling simulation. We calculate native
contacts using pairwise distances for all heavy atoms i and j in either AA
or HA-GO model for any protein structure. The fraction of the native
contacts Q for any conformation a, Q(a), is defined as
z 1

(s 1rexp [B0(r(c)=Ar)]’

Q@ = =

1SI 1)
where rj(a) is the distance between heavy atoms i and j in conformation
a, r{ is the distance between the corresponding heavy atoms i to j in the
native state conformation, and S is the set of all pairs of native contacts
(i,j) belonging to structure a. Amino acids having a native contact must
be separated by four or more residues in the primary sequence, and
r,-;) < Koy (Tewe = 0.48 nm) in the native state [59], f° = 50 nm 'isa
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Fig. 2. Melting curve for HA-GO. The transition region is fit to Eq. (3), the dotted lines
show the fitted curve. For the HA-G6 model the melting temperature is Ty = 108 K. Error
bars are obtained from the standard error in the data.

smoothing parameter and the factor A = 1.8 takes into account contact
fluctuations in the equilibrium ensemble. Since contacts are only among
heavy atoms, both models have the same number of contacts for the
same structure.

2.3. Non-native contacts

Any contacts formed during the simulations between heavy atoms i
and j are considered a non-native contact if the distance between i,j in
the PDB structure is larger than 0.48 nm. The total number of non-na-
tive contacts in configuration a is a function of the set of distances
between all heavy atoms i and j, and is given by

/ 1
1+exp [B°(r (@)=ARo)]’

Nun (05) = Z

(i) (2)
where Ry = 0.24 nm is the mean of the distances between native atom
pairs in the PDB structure: Ry, = (rif). The smoothing parameter 3, and
the factor A are the same as above for native contacts. The prime in the
sum in Eq. (2) indicates that all possible contacts other than native
contacts should be summed over. The ensemble of non-native contacts
at a partial degree of nativeness Q is defined as those conformations
within the bin (Q — §Q,Q + 8Q, §Q = 0.002).

2.4. Normalization temperature/energy scales across models

The interpretation of “time” and “energy” in a coarse-grained (CG)
model must be carefully considered. The smoother potential landscapes
of CG models generally result in faster dynamics in comparison to all-
atom forcefields. Therefore, the meaning of time in the HA-G6 model is

b) All-atom

a) Native state

¢) Heavy-atom Go
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not the same as time in the AA model.

To be able to compare the AA and HA-GG6 at the same effective
temperature, we wish to perform all simulations at 93% of the folding
temperature Ty of the protein in each model. To this end, the thermal
melting curves for the HA-G6 model is shown in Fig. 2 as a function of
T. The melting curve is obtained from replica-exchange molecular dy-
namics (REMD) simulations [60] over 60 ns. Eq. (3) is used to fit the
melting curve on the data in the transition region 90K < T < 120 K.

Q)= b (1 rrepasm )
+PU( )

where R is the ideal gas constant and AG(T) = AH — TAS. The melting
temperature Ty is defined as the temperature where AG(Tp = 0. We
assume here that the heat capacity is temperature-independent, an
often-used assumption in calorimetry analyses, but one which is prone
to extrapolation errors if the stability at other temperatures is de-
sired [61]. Here, however, we are primarily interested in obtaining a
good estimate for the melting temperature.

The melting temperature of the all-atom model is approximated as the
experimental value for pseudo-WT SS-reduced, which is about 321 K [33],
since the computational effort for performing either direct MD or REMD
simulations on such a large protein in explicit solvent is prohibitive.
Comparisons between experimental and computational melting tempera-
tures by the Shaw group show good agreement for two all-3 proteins WW
domain and protein G [62]. The unfolding mechanism of the AA model
has been previously shown by the authors to be relatively insensitive to
changes in temperature between 290 K and 310 K [45].

1
1+ exp(AG(T)/RT)

€))

2.5. Normalization of time scales across models

The rate of pulling in each model system depends on each system's
internal time scale. Here, we follow the normalization scheme in Habibi
et al. [45], wherein the relevant time scales for the AA and HA-GO
models were calculated based on the characteristic relaxation time in
each model for loop-truncated SOD1 (tSOD1) [63]. tSOD1 has residues
49-81 and 124-139 replaced with GLY-ALA-GLY linkers but retains the
8-stranded f barrel, and has mutations C6A/C111S to avoid inter-
molecular disulfide bonds.

We use the same timescales as derived previously in tSOD1 for the
AA and HA-GO model [45]. In summary, time-scales and thus pulling
rates were normalized across the AA and HA-G0 models by rescaling the
time by the characteristic relaxation time in each model, as obtained
from the mean relaxation time after mechanically perturbing the
system. The mean relaxation time is calculated from the decay of the
autocorrelation function for the fraction of native contacts,
Q) — @)(Q(0) — Q)), which is fit to a double exponential decay A,
exp(—«1t) + Az exp(— kot). To normalize pulling rates, we take the
relevant time-scale in each model to be the inverse of the slower re-
laxation rate tcg = <x;>~ ! to the folded state.

Fig. 3. Representative structures of E,E(SH) SOD1. a)
Model 1 of PDB ID 1RK7 shows a partially-disordered na-
tive state of the protein (compared to the holo dimeric
structure). The structure is color coded by primary se-
quence: blue to red corresponds to N to C terminus. b)
Representative equilibrium structure taken from the last
structure frame of the simulation of SOD1 after 20 ns
equilibration in explicit solvent (blue), superimposed on
the structure in panel a) (pink). ¢) Representative equili-
brium structure of the protein in the HA-G6 model (cyan),
again superimposed on the structure of panel a).
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Fig. 4. RMSF of 1RK7 from all-atom equilibrium simulations (red) of the native struc-
ture, and for 30 structural models (black). The shaded regions show the S-strands. The
labels for the shaded regions and for loops IV and VII are at the midpoints of each sec-
ondary structure element.

2.6. Unfolding taxonomy

To determine whether there exists a well-defined unfolding pathway
for SOD1, and test its robustness between the AA and HA-GO models, we
use the template modeling score (TM-score) [64] to compare the similarity
between the protein structures of different pulling trajectories at the same
Q. The TM-score for the alignment of two structures is defined as:

. d=1.24y(N-15)-1. 8,
+(%) @

_1 N
T™™=1 %,

where N is the number of residue pairs, d; is the distance between identical
residues i in two structures, and L is the number of the residues in the
reference structure. The TM-score lies between zero and one; a TM-score of
one indicates that the two protein structures are perfectly matched.

N-terminus ’_ _i -terminus

A)

0x =22 — 21
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Usually, two structures with TM-score higher than 0.5 are considered to
have essentially the same conformation, while uncorrelated protein
structures have a TM-score of less than 0.2 [64]. Measuring the TM-
alignment, as well as clustering of structures by TM-score, was performed
by using Maxcluster (http://www.sbg.bio.ic.ac.uk/maxcluster) [65].

2.7. Calculating -sheet content

B-strands are identified by the DSSP method of
Kabsch & Sander [66], using the program Chimera [67]. Residues with
hydrogen-bond energy cutoff of —0.5 kcal.mol ™! and with minimum
strand length of 3 are rendered as f-strands. Renderings of the sec-
ondary structures as ribbons (see Fig. 7) are made using JPred4 (A
Protein Secondary Structure Prediction Server) [68] for PDB structures
1RK7 and 1HLS. For the schematic ribbon-plots of various partially-
folded structures, we rendered these in Chimera [67] using a hydrogen
bond cut-off for f strand identification of —0.5 kcal.mol~ ! in the AA
model, and —0.12 kcal.mol ! in the HA-G6 model. The different cut-
offs were used to best represent the apparent f3 sheet content based on
visual inspection of S-strands and Ramachandran angles, given that the
HA-G6 model does not contain hydrogen atoms.

3. Results
3.1. Mechanical unfolding of SOD1 (1RK7)

Fig. 3a) shows a representative structure of the 1RK7 protein in the
native state. The last structure of the equilibrium MD trajectory of this
protein in the AA and HA-GO models are shown in Fig. 3 b) and c),
respectively. After 20 ns of equilibration in the AA simulation, residues
in 3-strands 4 and 7, the C-terminus of 38, loop IV (residues 42-85), and
loop VII (residues 121-148) have significantly increased in disorder.
Overall, the all-atom protein loses 25% of its native contacts, so in

\ Fig. 5. A) Snapshots of the protein initially be-
z /) e fore extension, and at 10 nm extension. x; is the
distance between N- and C- termini at the native
state. §x = x» — Xx; is the reported distance value
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Fig. 6. Panels a)-c) show the fraction of native contacts for each residue Qx(Q) vs. total number of native contacts Q. Red color indicates the presence of nearly all native contacts, while
white represents a residue that has essentially no native contacts remaining. Panel a) AA model results, averaged over 10 simulations, at a pulling rate of 1 m/s. Panel b) HA-G6 model
results averaged over 100 simulations runs, at a pulling rate of 1 m/s. Panel ¢) HA-G6 simulations averaged over 20 simulations, at a slower pulling speed of 0.1 m/s. The AA model in

panel a) only has data for Q < 0.75, since about 25% of the native contacts present in the PDB

structure are lost upon equilibration; for the HA-G6 model this number is only about 5%.

Panel d) shows the difference between Qx(Q) in the HA-G6 model and the AA model. Panel e) shows difference between the fast-pulling and slow-pulling HA-G6 model. Residue contacts
that are enhanced in the HA-G6 model relative to the AA model or slower pulling simulations are colored red in panels d)—e). Residue contacts that are reduced are colored blue in panels

d)-e).

native equilibrium Q = 0.75 (Fig. 3b). In the HA-GO simulations, the
native contacts in the equilibrium structure of the protein are mostly
intact, Q = 0.95 (Fig. 3c).

The 25% of total contacts lost during equilibration in the AA model
are primarily in the loop region. The entropic penalty of the disordered
loop IV may induce disorder in 85 [70]. The behavior of loops IV and
VII in the AA simulations is consistent with observations in the NMR
solution structure of 1RK7 [27], and other structural studies of apo
SOD1 monomer [34,70-73].

In Fig. 4, we plot the root mean-squared fluctuations (RMSF) of
1RK7 taken from both our equilibrium simulations (red) of the native
structure, and for the 30 structural models in PDB 1RK7 (black). We can
see that both computationally and experimentally, loops IV and VII are
highly dynamic and flexible, retaining little native structure.

The force extension curves and fraction of native contacts (Q) for
four runs of HA-GO0 simulations are shown in Fig. 5. It is evident that the
force extension curves (FECs) from these stochastic trajectories vary
widely. Even within the same model, we observe variability in the FECs
for different trajectories. FECs by themselves do not provide explicit
information regarding the intermediate structures of the protein; in

1635

simulations we thus look at various metrics such as residue contacts and
partially-folded structures to analyze the unfolding mechanism.

3.2. Primary sequence and temporal resolution of the loss of residue
contacts upon unfolding

3.2.1. Native structure “fireplots”

To determine the sequence of the unfolding both spatially and
temporally, we monitored the number of native contacts for each re-
sidue during the pulling simulations. Fig. 6a)-c) plots the average
fraction Qx(Q) of a given residue k (1 < k < 153) as a function of total
Q for the AA model and the HA-Go (fast and slow pulling), respectively.
To calculate Q(Q), we normalize the number of contacts that residue k
possesses at Q by the number of contacts that residue k possesses in the
native structure where Q = 1. Red color in the figure corresponds to
Qx(Q) = 1, and white color indicates Qx(Q) = 0, i.e. the residue has lost
essentially all of its native contacts.

Panel a) of Fig. 6 shows that the disorder present in loop IV of the
apo protein induces S5 to lose structure. The loss of structure between
amino acids 51-84 and 126-138 is distinctly enhanced in the AA model
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compared to the HA-Go model (Panels b) and c) of Fig. 6). As well, -
strands 7 and 8 show less persistent structure in the AA model than in
the HA-GO model. Fig. 6¢) shows that reducing the pulling speed by an
order of magnitude in the HA-GO model, from 1 m/s to 0.1 m/s, has
apparently modest effects on the unfolding mechanism.

To quantify this further, Fig. 6d)-e) show differences in contact
formation probability rendered in Fig. 6a)-c). Fig. 6d) shows the dif-
ference in native contact formation between the AA and HA-Go models
(both at a pulling rate of 1 m/s), i.e. the difference between panels a)
and b) in Fig. 6. The dark red region for Q > 0.75 corresponds to the
increase in native structure for the HA-G6 model relative to the AA
model in this region. An increase in native structure of the HA-GO
model relative to the AA model persists over most of the range of Q for
residues 40 to 90, a region corresponding to 34, loop IV (the Zn binding
loop), and B5. Interestingly, there is a blue “halo” of decreased native
structure for other parts of the protein, indicating that the native
structure that is present in the AA model is generally more persistent
than the native structure in the HA-Go model.

Fig. 6e) shows the difference in native contact formation between
the HA-GO model at a pulling rate of 1 m/s, vs 0.1 m/s, i.e. the dif-
ference between panels b) and c) in Fig. 6. The effects are small. The
region consisting of residues 40 to 90 retains slightly more native
structure, while residues outside this region lose native structure more
readily as the protein is unfolded more quickly.

3.2.2. Native structure retention maps

Another method for depicting the unfolding mechanism is shown in
Fig. 7. Here the color scheme represents the time sequence (or equiva-
lently extension) at which residues lose more than 50% of their native
contacts during unfolding. The most persistent residues are colored dark
blue, and the residues that lose their native contacts first (at lowest ex-
tension) are colored white. At the top of the figure are two secondary
structure maps: one for the 3 sheet content in the holo, disulfide bonded
dimer PDB (1HLS5) (cyan), and another for the f3 sheet content present in
the equilibrated apo SS-unbonded monomer (purple) treated here. 3-sheet
content is calculated as described in the Methods section.

As can be seen in Figs. 6 and 7, the AA model predicts large dis-
ordered regions involving loop IV and what was f35, as well as loop VII

— -
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and what was $8; these are indicated as white regions in the corre-
sponding panel of Fig. 7.

One discrepancy of the models is apparent: While 35 is already
dissociated during equilibrium of the AA model, in the HA-Go model at
fast pulling rate, 35 is the 4th strand to unfold sequentially. The order
that the strands are most likely to be dissociated in each model are
given in Table 1. It is apparent from Table 1 that 4 (specifically the C-
terminal half) and g5, flanking the long Zn-binding loop IV in the apo
protein, are the first to unfold in the AA model, but are among the last
to unfold in the loop-truncated AA SOD1 model. The implications of
this dramatic shift in unfolding mechanism upon truncation of the loop
is discussed further in the Conclusions.

In Table 1, last two -strands are put in parentheses in each model,
since f-strands require a partner to dissociate from; i.e. It is not sensible
to say that a single S-strand dissociates last.

The above mechanisms indicate that, as a general rule, the C-ter-
minus of the protein is the first to unfold in the force spectroscopy
assay, followed by the N-terminus. The above mechanisms are based on
the average over all unfolding trajectories, and so constitute general
trends rather than a mandatory mechanism. We will see explicitly
below (cf. Fig. 10) that there are multiple pathways for unfolding.

The most stable core of the protein also appears to be largely common
to both models. This core involves f-strands 2, 3, and 6 (residues 17-36
and 90-103), which together form a f-sheet in the native structure (see
Fig. 3). This result is consistent with the observed stable core of the protein
during chemical denaturation [40], which consisted of -strands 1, 2, 3,
and 6—the last 4 strands to unfold in our AA model. The order that the
strands in this core dissociate depends on the pulling speed more sensi-
tively than the model: For both AA and HA-G6 models, 2 dissociates first,
then 3 and 86 dissociate afterwards, while in the HA-Go model at slow
pulling, 86 dissociates first, followed by 2 and 3. The enhanced stability
of 85 in the HA-G6 model is due to the bias towards the native state, while
the destabilizing effect of the loops is reduced.

The similarity between unfolding events depicted in Fig. 7 may be
quantified by computing the correlation coefficient between the degree of
remaining structure for individual -strands (the similarity of the darkness
of the bands for each model in Fig. 7). This gives a correlation coefficient
of 0.91 between the AA and HA-G6 models. The correlation coefficient is

Fig. 7. The loss of native structure as the protein
is mechanically unfolded. The color scheme re-
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presents the value of Q where each residue loses
more than 50% of its contacts (Q < 0.5) first.
The white color shows the least stable residues
and the dark blue represents the most persistent
residues. The schematic at the top shows the
secondary f structure in 1HL5 (cyan) and 1RK7
(purple).
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calculated here only for residues that are ordered in the equilibrated
structures of both the AA and HA-GO models, i.e. residues 1-51, 85-125,
and 139-153. The correlation coefficient when all the residues are in-
cluded is 0.68, p <10~ 2. The correlation coefficient between slow
pulling rate and fast pulling rate for all the residues in the HA-G6 model is
0.95.

The native structural persistence of each residue may be mapped
onto the PDB structure to illustrate which parts of the protein are most
or least robust to unfolding. This is shown for both the AA and HA-Go6
models in Fig. 8. It is noteworthy that both models predict the same
native protein core to be most resilient against forced unfolding, in-
volving B-strands 2, 3 and 6.

3.3. Native and non-native contacts in the partially-unfolded ensemble

Fig. 9 shows the contact-map for both the AA model and HA-G6 at
half-nativeness (Q = 0.5). The probability of formation of native con-
tacts is shown in the upper left triangle, and the fraction of conforma-
tions having a given non-native contact is shown in the bottom right
triangle. Both ensembles are chosen from those configurations within
the bin Q — 8Q, Q + 8Q, where Q = 0.5 and §Q = 0.002. The HA-GO
contacts are averaged over 20 (out of the 100) pulling trajectories,
while the AA contacts are averaged over 10 trajectories. Five frames
from each trajectory within the bin (Q — §Q, Q + Q) were chosen,
giving 50 frames total for the AA ensemble and 100 frames total for the
HA-Go6 ensemble. In the native contact-map, the color scheme is defined
as red if nearly all native contacts are present between residues k,l in
nearly all conformations of the ensemble at Q = 0.5.

The native contact maps are approximately the same for both
models. As well, the non-native contacts in both models are, to first
approximation, very similar to the native contacts. This is because non-
native contacts consist largely of two native-like components [45]:

1.) “Near-native contacts”, which are between atoms not in contact in
the PDB structure, but between amino acids that have other con-
tacting atoms in the PDB structure.

“Off-native contacts”, which are contacts between atoms in amino
acids that are shifted by about one amino acid from interacting
amino acids in the PDB structure. That is, if amino acids (a,f3) are
in contact in the PDB structure, these contacts are between
(a = 1,B), or (a,f = 1). These contacts are a consequence of taking
one PDB structure to determine the native contact map, along with
the presence of structural fluctuations in the native ensemble at
room temperature. Structural determinations at cryogenic tem-
peratures tend to be smaller, overpacked, and unrealistically un-
ique. Near-native and off-native contacts are consistent with ob-
servations of room-temperature crystallographic ensembles, which
undergo substantial conformational redistribution from the cryo-
genic ensemble for about a third of the side chains [74,75].

2.

—

The non-native contact map for the HA-G6 model is sparser than the
AA contact map, and non-native contacts are made with lower prob-
ability. Moreover, in the AA simulation, there are non-native contacts
between residues 110-120 and residues 50-40, corresponding to an
antiparallel 3 sheet between 7 and 34, which is not present in the

Table 1
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ensemble at Q = 0.5, and is also not present in the native PDB structure
1RK?7. These contacts are present however in the holo, disulfide bonded
structure (PDB ID 1HL5).

3.4. Unfolding pathways and unfolding taxonomy

In order to render the unfolding pathways predicted by each model,
we clustered the protein conformations based on the TM-scores during
the unfolding at several different Q-values, see Fig. 10. The structures
shown are centroids of the corresponding clusters that emerge from the
clustering analysis. A TM-score cut-off of 0.5 is used to define when
configurations no longer belong to a given cluster. The coloring is based
on the residue index, where the C-terminus of the structured protein is
in red and the N-terminus is colored blue. The thickness of the lines in
the unfolding pathway tree is proportional to the fraction of total tra-
jectories that fall into each cluster.

To compare conformations at various stages of unfolding, we con-
sidered C,-atoms in the backbone for the remaining folded region of the
protein. This folded region at each Q-value was defined as the sequence
of n residues with residue index i < j < i + n, where the end points i
and i + n are defined as having sufficient degree of native structure:
<Q{Q)> > 0.5 and <Q; + (Q)> > 0.5. The average <---> corresponds to
the ensemble of states within a window centered at Q, such that
Q — 0.01 <Q < Q + 0.01 taken from all pulling trajectories. For the
AA, HA-GO, and HA-GO slow pulling trajectories, TM-score clustering
was performed over 50, 100, and 100 conformations respectively,
chosen from a window centered at the same value of Q in each case.

Since loop IV and VII are disordered in the early stage of the un-
folding, these loops (residue index of 51-84 and 126-139) are not in-
cluded in the conformation of the folded segments for any structures.
The TM-score was thus calculated with the gap penalty of zero.

All models in Fig. 10 show a dominant pathway between Q = 0.75
and Q = 0.5, denoted by the thick black horizontal line connecting the
structures in the respective panels. The fraction of the trajectories
participating in this pathway in each model are 1, 0.99, and 1 for panels
a), b), and c), respectively. Along this pathway, 8 at the C-terminus
loses structure. In the HA-G6 model at fast pulling rate, in one trajectory
out of 100, the N-terminus unfolds first. For the AA model one domi-
nant pathway persists until Q = 0.35.

As the protein continues to unfold, we observe multiple unfolding
pathways in all models (Fig. 10), consistent with a funneled energy
landscape [76,77]. The protein structures from different pulling simu-
lations are distributed across multiple diverse conformations. A similar
taxonomy was observed for a loop-truncated variant of SOD1 consisting
only of the f3-barrel portion, wherein at low degrees of native structure,
multiple pathways were observed [45]. While for the AA model there
are 3 main clusters at Q = 0.3, for the HA-G6 model there are 81 and 41
clusters for panels b) and c), respectively. For clarity, we only show a
few representative structures at Q = 0.35, 0.3 for panels b) and c).

For the AA and HA-G0 models, the N-terminal 1 most often dis-
sociates directly after the C-terminal 88 dissociates (in 80% and 94% of
the trajectories respectively). However, in 2 out of 10 trajectories of the
AA model, and in 5% of the HA-G6 trajectories, S-strands 1, 2 and 3
were the last to unfold. This mechanism with f-strands 1 and 2 un-
folding last has been observed as the dominant pathway in tSOD1

orce-induced unfolding mechanisms of full-length apo, disulfide reduced SOD1 (current paper), and loop-truncated SOD1 (ref. [45]).

Protein construct Simulation model Unfolding order of $-strands
Full-length SOD1 All-atom (AA) 5, 4(C-term), 8, 7, 1, 4(N-term), 2, (3, 6)
HA-Go 8,7,1,4,5,2,(3,6)
HA-Go6 (slow pulling) 8,7,1,4,5,6, (2, 3)
Truncated SOD1 All-atom (AA) 8,1,7,2,3,4,(6,5
HA-Go 8,1,2,7,3,4,(6,5)
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a) all-atom

b) HA, fast pulling
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¢) HA, slow pulling

Most, stable

Least stable

Fig. 8. The degree of native structure retention for each residue as shown in Fig. 7, now superimposed on the native structure of the protein, representing the order in which residues lose
more than 50% of their contacts. Panel a): AA structure retention, panel b) HA-G6 structure retention, panel ¢) HA-G6 (slow-pulling) structure retention.

monomer [63] in coarse-grained (AWSEM [78]) model [45], and the
same mechanism was also noted as a less-common unfolding pathway
in AA models of tSOD1 [45]. Most often, for 80%, 94%, and 95% of the
unfolding trajectories in panels a), b), and c), respectively, the last
unfolding events involve breakage of contacts in S-strands 2, 3, and 6.

The dominant unfolding pathway has already been mentioned
above and is reviewed here in the context of the unfolding taxonomy. In
the AA model, the sequence of unfolding events along the main forced
unfolding pathway is 88, then 1 and 7, 2, and finally 3-6. In the HA-
GO model, the main sequence of unfolding of events is 8 and f1, then
B2, then 83 and f36 is the last domain to unfold, which is similar to the
AA model. In the HA-G0 model at slow pulling rate, 38, part of f1-2, f6
and the remaining 2-3 is the last domain to unfold.

3.5. Force drops are concomitant with loss of interaction potential energy
between f-strands

In this subsection we examine the correlation between force drops
and the evolution of the local potential energy between several pairs of
B-strands (strands 1-2, 1-8, 2-3, and 3-6) vs. time. Since we expect this
correlation to be dominated by the short-ranged contributions, we in-
clude only the non-bonded electrostatic and VDW interactions within a
cut-off range of 1.4 nm in the AA model. This neglects solvent effects,
but should capture the relative proximity of g-strands. Figures 11 and
12 show two example trajectories of the AA and HA-Go-model, re-
spectively. The sudden jumps in the potential energy curves coincide

Qk

with unfolding events, either as observed by force drops or by native
structure drops. When the potential approaches zero, there are no
contacts between the S-strands, which have then unzipped.

For the above-mentioned fS-strands that were examined, the se-
quence of unfolding events corresponding to the trajectory shown for
the force vs. time curve in blue in Fig. 11a-1), which represents the
majority of the trajectories, are 38, 81, part of 32 and at the end the
remaining 2, 3, and f36, see Fig. 11a-2). This is the same sequence of
unfolding that we have shown in the rest of the figures in this paper.
One can see from the figure that the force drops correlate precisely with
losses in potential interaction energy between the corresponding fS-
strands.

For the force vs. time curve in black in Fig. 11b-1), which represents
a minority of 2 trajectories out of 10 in the AA model, 38 again unfolds
first. At a later time, 83-6 lose structure. For this trajectory, the most
stable core is f1,2,3-strands, see the sharp jump in the blue and cyan
curves in Fig. 11b-2).

For the HA-G6 model, the force vs. time along with the potential
interaction energy between the above-mentioned f-strands is shown in
Fig. 12, for two different trajectories with fast (a) and slow pulling rate
(b). Here we see that force drops often correspond to loss of potential
energy between strands, however, several 3-strands often lose potential
energy at the same time and are difficult to separate. For a pulling rate
of 1 m/s in panels a-1), a-2), the time sequence of unfolding events is
B8, B1, B2, and 36,3 are the last strands to dissociate.

A representative trajectory is also shown for the HA-G6 model with

Fig. 9. Contact-maps for AA model (a) and HA-Go (b) at half-na-
tiveness (Q = 0.5). Probability of formation of native contacts is

0 0.2 0.4 0.6 0.8 1 shown in the upper left triangle, and fraction of conformations
having a given non-native contact is shown in the bottom right tri-
: i - angle. The non-native contacts are normalized by the frequency of
occurrence, with red contacts corresponding to those occurring in
T T T T T T T T T T T T T T L
140 nearly all conformations in the ensemble at Q = 0.5.
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a) AA
Q=075

b) HA, fast pulling
Q=075

S~
9

c) HA, slow pulling
Q=0.75

Q = 0.45

|

¢
Fig. 10. Centroid conformations obtained from clustering, at different Q values, for a)
AA, b) HA-G0, and c) HA-G®o slow pulling. The dashed line in panel b) shows a single size

cluster consisting of 1% of the conformations, where unfolding initiates from the N-ter-
minus.

slower pulling rate of 0.1 m/s in Figs. 12b-1), b-2). Here, f8 again
dissociates first, but along with the N-terminal part of 1. Then 6
unfolds, and shortly after that the remaining core of 1, 2, 3 unfolds
fairly cooperatively.
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We lastly mention some non-trivial aspects of the unfolding trajec-
tories that are evident from the interaction potential energy vs. time
plots. The interaction energy between two strands may be non-mono-
tonic. Note for instance the increased interaction energy between 1
and 2 at = 3 ns in trajectory in Fig. 11a), and the flickering between
these two potential energy values between 1 and 2 in trajectory 11b).
Similarly, refolding of $1-82 and 82-83 occurs after the strands have
unfolded in the slow pulling trajectory of Fig. 12b).

Finally, we note that the potential energy between f-strands in the
initial equilibrium ensemble does not necessarily predict its persistence
during the unfolding trajectory. For example, in trajectory 11b), the
initial equilibrium interaction energy between 33 and f36 is stronger
than the equilibrium interaction energy between 2 and 3, but 3-6
unfolds long before 2-33, while 2-33 persists until the last unfolding
events. Similarly, the equilibrium energy between $1-2 exceeds that in
B3-B6 for the HA-GO model, but in trajectory 12a), $1-2 unfolds first.

4. Conclusion and discussion

We explored the unfolding mechanism of a monomeric variant of
SOD1, namely the mutant E133Q/C6A/C111S/G50E/F51E, when the
protein is subjected to force-induced unfolding. We used both an all-
atom (AA), explicit-solvent model, and a HA-G6 model, wherein all
non-hydrogen atoms are present, and interact with a short-range
Lennard-Jones potential for contacts present in the native state. To fa-
cilitate the present comparison between the two models, time and
temperature scales were normalized between them.

We analyzed several different metrics for the unfolding process:
force-extension curves; native structure vs. extension; native structure
“fireplots”, where sequence of unfolding is captured via loss of contacts
involving a particular residue; native structure retention maps, where
the most resilient and fragile regions of the proteins are identified; time-
resolving the potential interaction energy between specific §-strands;
and clustering analysis of actual partially-folded structural conforma-
tions.

We found that the force-induced unfolding mechanism shows gen-
eral agreement between the AA and HA-G6 models; both models cap-
ture the same overall sequence of unfolding events. The HA-G6 model
captures some of the effects of heterogeneous interaction potential
energy, since it counts multiple contacts between amino acids involving
large side-chains, but otherwise it is an uncontrolled approximation
that may return erroneous conclusions, particularly when electrostatic
effects and solvation are important [4]. The HA-G6 model also captures
entropic heterogeneity due to the variable backbone polymer length
between residues participating in native contacts [79].

It is possible that the strong agreement between the AA and HA-G6
model that we observe here is due to the fast pulling speed. Slower
pulling speeds may kinetically allow for alternate non-native hairpins
or sheets to form between fB-strands. In the predominantly S-sheet
protein DDFLN4, AA forced-unfolding simulations were observed to
exhibit a force peak specifically due to non-native interactions [80],
which recapitulated experimental observations [81], but was not ob-
served in structure-based Go models. The pulling speeds in AA simu-
lations by Kouza et al. ranged from 1 to 25 m/s, i.e. comparable to or
faster than the speeds we used here, so it may be that DDFLN4 forms a
non-native intermediate faster than SOD1 kinetically.

By examining unfolding taxonomies, we found that both models
initially exhibited a single dominant unfolding pathway until the pro-
tein was about half-unfolded, which then bifurcated repeatedly to
multiple alternative unfolding pathways. Both mechanisms are con-
sistent with a funnel picture of folding, e.g. the HA-GO model is an
explicitly funneled model.

We have had to assume in this study that the melting temperature of
the AA model was equivalent to the experimental melting temperature
of apo SS-reduced pseudo-WT SOD1, which may be a severe approx-
imation. We have found previously, however, that the unfolding
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Fig. 11. Force vs. time (a-1,b-1) and interaction potential
energy between pairs of B-strands vs. time (a-2,b-2), for two
different unfolding trajectories of the AA model. The force
vs time curves in the top panels are the same trajectories
similarly colored in the force-extension curves of the AA
model in Fig. 5. Bottom panels show the interaction po-
tential energy for all electrostatic and VDW interactions
within 1.4 nm, between 1-88 (red), f1-2 (blue), 283
(cyan), B3-$6 (green). The sudden losses in interaction
potential energy between strands correspond to the force
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drops in the pulling trajectory (colored vertical bars in the
figure).
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mechanism for a loop truncated SOD1 (tSOD1) [63] in the AA model is
insensitive to variations in temperature of + 10K [45]. We make the
above assumption because of the difficulty in effective sampling ne-
cessary to fold AA models of large proteins. We used the above ex-
perimental temperature to normalize the temperature scale for the HA-
GO model to its corresponding melting temperature.

We should finally mention that there is nothing absolute about the
force-induced unfolding mechanism, which may differ from the un-
folding mechanism in either thermal or chemical denaturation. It is
known for example that the force-induced unfolding mechanism is
linkage dependent [82,83]. That said, the stable core that we observed
here in all-atom simulations of force-induced unfolding was consistent
with that in chemical denaturation studies of the same construct [40].

An interesting future study, both experimentally and computation-
ally, may be to use either WT or mutant Lysines in SOD1 to apply tether
linkages to the interior of the protein chain rather than the ends.
Alternatively, one may study which regions of the protein are resilient
or fragile when the protein is circularly permuted, for example to place
the chain termini near the robust core involving -strands 2 and 3. It
will also be of significant interest to examine the molecular unfolding
and refolding of tandem constructs of SOD1, where simulations may

10 15 20 25 30 35 40 45

Time [ns]

help to disentangle the intermolecular interactions that enable proper
folding and dimerization from those non-native interactions that induce
misfolding.

We finally note an interesting contrast between the unfolding me-
chanism that we observed here for full-length SOD1, and the me-
chanism that we had observed previously for loop-truncated
SOD1 [45]. Specifically, S-strand 5 was among the first strands to un-
fold here, while it was among the last strands to unfold in the loop-
truncated construct. This implies two compensating effects—one where
the entropic penalty of loop IV destabilizes the flanking 5, and an-
other, where in the absence of the long loop, apparently strong inter-
actions stabilize the strand sufficiently so that it is among the last to
unfold. Such an evolutionary compensation mechanism may be oper-
ating in general for proteins with large loops, and would be an inter-
esting topic of future study.

Transparency document

The http://dx.doi.org/10.1016/j.bbapap.2017.06.009 associated
with this article can be found, in online version.

Fig. 12. Force vs. time (a-1,b-1) and interaction potential
energy between pairs of $-strands vs. time (a-2,b-2), for two
different unfolding trajectories of the HA-G6 model.
Notation and coloring is the same as in Fig. 11 for the AA
model. Panels a-1), a-2) correspond to “fast” pulling rate of
1 m/s; panels b-1), b-2) correspond to “slow” pulling rate of
0.1 m/s. Bottom panels show the Lennard-Jones potential
energies between 1-38 (red), f1-2 (blue), f2-83 (cyan),
3-B6 (green). The notation * indicates that the force, en-
ergy, and time are not rescaled across the different models.
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