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Abstract

The thermal stability of the superoxide dismutase 1 protein in a crowded solution is

investigated by performing enhanced sampling molecular simulations. By complement-

ing thermal unfolding experiments done close to physiological conditions (200 mg/mL),

we provide evidence that the presence of the protein crowder bovine serum albumin in

different packing states has only a minor, and essentially destabilizing, effect. The find-

ing that quinary interactions counteract the pure stabilization contribution stemming

from excluded volume is rationalized here by exploring the SOD1 unfolding mechanism

in microscopic detail. In agreement with recent experiments, we unveil the importance

of intermediate unfolded states as well as the correlation between protein conformations

and local packing with the crowders. This link helps us to elucidate why certain SOD1

mutations involved in the ALS disease reverse the stability effect of the intracellular

environment.
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In living cells, proteins are exposed to a highly crowded and heterogeneous environ-

ment.1 These crowded conditions can affect the stability of a protein owing to a combined

effect of excluded volume and weak transient (quinary) interactions with the surroundings.

Whether the net effect is stabilizing, or destabilizing depends on the composition of the

environment and on the protein sequence.2–7 Destabilization of the native fold of a protein,

potentially followed by aggregation and fibril formation, was linked to numerous diseases

and pathological states.8,9 This is also the case of superoxide dismutase 1 (SOD1), an en-

zyme abundantly found in the interior of mammalian cells.10–12 Multiple mutations in SOD1

have been associated with the familial form of amyotrophic lateral scleroris (fALS).10 In

its mature state, SOD1 is a stable homodimer of two β-barrels, which constitute an active

site sequestering a copper and a zinc ion. In contrast, immature, metal-depleted forms of

SOD1 favor a less stable monomeric state under physiological conditions,13,14 and a likely

precursor of aberrant oligomers and fibrils.15–18 How the crowded environment inside cells

affects the destabilization, misfolding, and aggregation of SOD1 is not yet clear. Experimen-

tal works5,7 addressing the stability of loop-truncated SOD1 monomers (SOD1bar, see Figure

1) under crowding found that the monomers can be weakly destabilized by the intracellu-

lar environment as well as by protein solutions (lysozyme, BSA). In a recent study7 that

combined in-cell unfolding thermodynamic studies using fast relaxation imaging (FReI)19

with multi-scale molecular simulations20,21, we showed that the destabilizing effect of the

crowded environment can be reverted by a single-point mutation. Moreover, we established

a link between SOD1bar conformations, the interactions with the crowders, and the effects of

single-point mutations7. Here we use a fully atomistic model in explicit solvent to examine

the thermal stability of SOD1bar in a crowded environment formed by a solution of bovine

serum albumin (BSA). Namely, we present the results of enhanced sampling simulations

based on the REST2 technique21,22 which were performed on two typical packing states of

SOD1bar sampled in a crowded BSA solution (see Methods in SI) and which were compared

with the dilute solution case. The packing states contained either one, or two BSA molecules
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(1:1 and 2:1 packing, see Figure 1). The total simulation time for each REST2 simulation

reached 24x0.5 µs. Our study, which complements past work on SOD1 stability based on

lower resolution approaches,23–29 confirms the experimental slight effect of crowding on the

SOD1bar stability and allows us to identify intermediate states during the thermal unfolding

that might be relevant for pathological aggregation.

Figure 1: (Top) The crystal structure of SOD1bar
30 with its beta strands β1–β8 and loops

I–VII. SOD1bar is a truncated variant of the SOD1 monomer with shortened active-site loops,
which retains the folding characteristics of the full-length monomer31 and, while providing
several experimental advantages31,32, it allows investigating many disease-related mutations
that affect the stability of the full-length protein33. (Bottom) Two states of local pack-
ing around SOD1bar which were extracted from a Lattice Boltzmann Molecular Dynamics
(LBMD) simulation in 200 g/L BSA7 and used for the REST2 simulations presented in this
article.

Thermal stability. As anticipated, our simulations revealed only a weak dependence

of SOD1bar thermal stability on the crowding state. This finding is consistent with FReI

measurements of the stability of SOD1bar in 200 g/L BSA, reporting only a small decrease in

the melting temperature by 5 ± 2 K and a small decrease in the unfolding free energy ∆Gu

at 310 K by 0.4 ± 0.3 kcal/mol (see Table S1 in SI). From our simulations, we quantified the

foldedness of SOD1bar by means of two observables, the fraction QN of native contacts and

the overall secondary structure content QS (see Methods in SI for details). The dependence

of QN and QS on the temperature for both packing states and for dilute conditions is shown in

Figure 2A,B. From these quantities, we reconstructed the free energies ∆Gu(T ) of unfolding
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Figure 2: Thermal stability of SOD1bar in the different crowding states, expressed (A) by
means of the fraction of native contacts QN and (B) as the fraction of SOD1bar secondary
structure content QS. (C, D) Free energies of unfolding derived from A and B, respectively,
using a two-state model and fitted with the Gibbs-Helmholtz equation (solid lines); see SI
for more details. The error bars in each plot represent standard errors of the mean of values
obtained from 50 ns intervals.

using a two-state model (Figure 2C,D). As can be seen from the plots, the two observables

QN and QS consistently indicate that the different crowding conditions do not lead to a

strong difference in thermal stability. In fact, the melting temperatures, derived as the

temperatures where ∆Gu(T ) = 0, agreed within the error bars for the different systems

(see Tables S2 and S3 in SI). Note that the thermal unfolding of crowders is not considered

in the present simulations scheme as their temperature is maintained at 300 K. Close to

ambient temperature we observe a slight destabilization due to crowding, an effect that is

more pronounced when considering the QS parameter (Figs. 2B,D).

Intermediate states. A closer look at the native contact distributions sampled in the dif-

ferent REST2 simulations unveils the presence of intermediate states between the fully folded

and fully unfolded states (Figure 3). In fact, a four-state model yields a better fit of the

QN dependence than a two-state model (see Figure S2 in SI). Previous ensemble-based ex-

perimental measurements concluded that the folded–unfolded transition of SOD1 monomers

is cooperative and consistent with a two-state model.5,31 However, recent single-molecule
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folding experiments,34 reported a more complex behavior and highlighted the importance of

intermediate states. The results of our simulations point in the same direction, see Figures

S3–S5 in SI. Despite specificities, all the three simulated systems provide a consistent view of

the unfolding process: First of all, we observe geometries (QN = 0.5−0.7) where the β-barrel

maintains its overall integrity but localized deformations affect the region of the β-strands β5

and β6, which appear as the weak spot for thermal unfolding. Moreover, in agreement with

NMR study31, we report the tendency of β5 to shift toward β6. Interestingly, simulations of

mechanical unfolding35 reported that the same region has high resistance to the unfolding

force. This highlights the non-equivalency of thermal and mechanical unfolding, which was

already described in the literature.36,37 As the thermal unfolding progresses (QN = 0.2−0.5),

the structure of the the β-barrel becomes strongly perturbed. Specifically, the side of the

barrel consisting of β5, β4, and β7, forming the dimer interface in the full-length SOD1,

progressively disintegrates, the unfolded β5 can detach from the barrel surface and create

a loop outside the barrel, and β8 can swap its position with β7. These findings are in line

with previous experiments15,38 and simulations25,28 on full-length SOD1, which identified this

side of the β-barrel to be more dynamic than the opposite surface. Only beta strands β1–

β3 remain folded in certain structures, which confirms the observation from single-molecule

folding experiments,34 identifying strands β1 to β3 as a stable core of the barrel. Finally, at

QN = 0 − 0.2, the unfolding is essentially complete, with some geometries containing short

β-strand or α-helical segments. Our finding that crowding does not dramatically alter the

process of SOD1 unfolding agrees with previous Monte Carlo (MC) simulations of the initial

stages of full-length SOD1 unfolding in crowded conditions.28 It must be considered that

the relative populations of the observed intermediates states might be biased by the finite

timescale of our simulations.

Unfolding alters interactions with crowders. At a given temperature, fully or partially

unfolded states tend to interact with BSA more than the folded structures (see Fig. 4A).

This observation confirms previous insights from experiments5 about quinary interactions
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Figure 3: (Top) Representative SOD1bar structures along the unfolding pathway: (1) native
state, (2) the region of β5, β6, and β8 starts to unfold, (3) β5 bridges the opening toward
β6, (4) the side of the barrel consisting of β5, β4, and β7 disintegrates, (5) transient smaller
β-barrel with β5 forming a loop outside, (6) strongly unfolded conformation with the region
β1-β3 being the last to withstand unfolding, (7) fully unfolded conformation containing some
residual secondary structure. (Bottom) Free-energy landscapes of SOD1bar unfolding in the
different crowding states near melting (Teff =427–428 K). The collective variables express the
number of residues with the β-sheet secondary structure in each of the two β-sheets forming
the barrel, namely β-sheet 1 (consisting of β-strands β1, β2, β3, and β6) and β-sheet 2 (β4,
β5, β7, and β8). The free-energy surfaces rendered for all temperatures can be found in SI
(Figure S6).

acting primarily on the unfolded ensemble, which provides a support for the hypothesis that

quinary interactions favor unfolded structures over the folded ones. For the 1:1 system, it

is the fully unfolded structures that have the most contacts with the crowder. In contrast,

in the simulation of the 2:1 packing, we observe the highest number of contacts for an

intermediate state with a misfolded region between β4 and β6. This denaturated region has

a strong propensity to interact with BSA (see Figure 4B), which suggests that interactions

with BSA promote the formation of this semiunfolded intermediate state.

Effect of loop VII conformation. As we described in our previous work7, the loop VII

(loop91−101), oscillates between extended and compact geometries in the folded SOD1bar

structures (Figure 4C). We found previously that the extended loop VII geometries had

more contacts with BSA than the compact ones7. Here we complement this observation by
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noting that the extended geometries expose the dimer interface of the barrel and correlate

with an increased interaction of the region β4–β6 with the crowder (see Figure 4D and

Figure S8 in SI). Consequently, the increased crowder interactions of this region, which we

identified as a fragile part of the β-barrel, may lead to the destabilization of the β-barrel.

To see if mutations of histidine 46, which were shown to revert the destabilization by the

crowded environment7 , could alter the loop conformation and thereby change the exposure

of the fragile region to crowders, we performed alchemical calculations of mutation free

energies39. We found that the mutation of histidine 46 (H46) to serine (S), arginine (R),

or phenylalanine (F) favors the more compact geometries of the loop VII over the extended

ones (see Figure 4F and Figure S9 in SI). This finding suggests that the H46S/R/F mutation

decreases the number of contacts of the β4-β6 region and of the loop VII with the crowder,

thereby reducing the destabilizing effect. This offers a more detailed explanation of why

these mutations counteract the destabilizing effect of BSA.7

Contacts with crowders changed by heating. In general, the average contact number of

SOD1bar with BSA decreases with increasing temperature (see Figure S10A in SI), reflect-

ing the fact that the higher kinetic energy allows SOD1bar to escape more easily from the

potential-energy wells associated with attractive interactions with the crowder. The only

exception to this otherwise general trend is a plateau or even a transient increase appearing

in a region around the melting temperature (Figure S10A in SI). The existence of this tran-

sient reversal is caused by the tendency of (semi)unfolded structures to interact more with

the crowder. On the other hand, the folded β-barrel detaches more often from BSA with in-

creasing temperature, and the interaction pattern evolves toward loop-mediated interactions

(see Figure S8 in SI). Even at the ambient temperature, mutual displacement of SOD1bar

and the crowder(s) lead to a significant broadening of the contact distribution with respect

to the initial configuration (Figure S8 in SI). Interestingly, when following the process of

unfolding in each replica, traveling across the temperature space, we find that the surface of

the β-barrel always detaches from BSA before complete unfolding (see Figure S10B in SI).
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Figure 4: (A) Number of SOD1bar residues in contact with BSA (Nc) versus the fraction of
native contacts (QN) for the two crowded systems at Teff = 410 K. (Semi)unfolded confor-
mations are found to interact with BSA more than folded structures. (B) Distribution of
contacts with BSA of a partially unfolded state featuring a misfolded region between β4 and
β6 in the 2:1 simulation at Teff = 410 K. The blue clouds around the structure of SOD1bar
depict the spatial distributions of BSA atoms interacting with SOD1bar. The data show that
the denaturated region has a strong propensity to interact with BSA. (C) Conformational
flexibility of the loops VII and IV as observed in the dilute REST2 simulation. (D,E) Dis-
tance between the loops IV and VII versus the number of residues in contact with BSA from
the β4-β6 region and from the loop VII, respectively (data from the 2:1 packing at 300 K).
Extended loop VII conformations lead to more contacts with BSA. (F) Correlation of the
distance between the loops IV and VII with the change in the free energy of unfolding upon
the H46S mutation. The mutation of histidine 46 to serine favors compact conformations of
the loop VII.

Documenting the fact that heating changes the local packing around SOD1bar, this obser-

vation also reveals that there is a competition between unfolding kinetics and detachment

from the crowders upon heating.

Toward a thermodynamic picture. The melting temperatures extracted from the simu-

lations (Tm ≃ 400 K), are higher than the experimental values (Tables S2 and S3 in SI).

In fact, our FReI measurements of SOD1bar stability resulted in a melting temperature of

331.2± 1.6 K in dilute conditions, a value close to that derived from circular dichroism mea-

surements.5 This difference might be caused by limited sampling in simulations and by the

widespread tendency of atomistic force fields to stabilize the native folded state relative to

the unfolded ensemble.36,40,41 Also note that due to the long time scales involved in protein
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folding, it is highly unlikely to observe the re-folding of an unfolded replica in any REST2

simulation of a protein comparable in size to SOD1bar (see Figure S13 in SI and its caption

for the visualization of replica migration and for more discussion). Nevertheless, the relative

stability effect of crowding can be captured by REST2 in that the interactions with the

crowders affect the migration of the unfolded replicas along the temperature ladder.

A complete description of the mechanism of (de)stabilization can be deduced from the

full set of parameters of the Gibbs-Helmholtz equation: the melting temperature but also

the unfolding enthalpy (∆Hm) and the specific heat of unfolding (∆Cp).
42 Unfortunately, the

overestimation of the melting temperature could affect the apparent values of ∆Hm and ∆Cp,

extracted from the two-state fit of the stability curve. We attempted an alternative estimate

by performing direct simulations as a function of temperature of a set of folded and unfolded

configurations extracted from dilute REST2, and by recording the enthalpy of unfolding

∆H(T ), see SI for details (e.g., Fig. S11). When interpolated to T exp
m = 331.2 K, the value

∆H(T = T exp
m ) = 57 kcal/mol is somewhat higher but of the same order of magnitude as

the experimental results from our FReI measurements (37 ± 3 kcal/mol) and from previous

circular dichroism experiments (43.7 ± 0.7 kcal/mol).5 Analogous calculations for geometries

sampled in the 1:1 crowded REST2 simulation resulted in ∆H(T = T exp
m ) = 63 kcal/mol,

with T exp
m = 326.4 K corresponding to the melting temperature of SOD1bar in 200 g/L BSA.

Thus, the simulations confirm an increase in ∆Hm induced by the crowded environment, as

suggested by experiments (see Table S1 in SI).

On the other hand, ∆Cp = 0.32 kcal/mol/K, obtained from a linear fit of the calculated

enthalpy differences (Figure S11A), is significantly smaller than the experimental value (1.55

± 0.05 kcal/mol/K).5 An analogous calculation for the crowded 1:1 system resulted in a

similar value (0.27 kcal/mol/K), although more with higher uncertainty. We thus tried to

rationalize this discrepancy.

The origins of the positive specific heat of unfolding are still debated,43,44, but a dominant

contribution seems to arise from an increased solvent exposure of hydrophobic groups of the
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protein. We therefore computed the change in exposed surface area upon unfolding. For

the dilute conditions we obtained ∆Aphobic = 5.3 ± 0.6 nm2 and ∆Aphilic = 1.1 ± 0.7 nm2.

By using a semi-empirical approach relating the changes in the hydrophobic and hydrophilic

solvent-accessible surface areas with the specific heat of unfolding43 (see Methods in SI for

more details), we derived an estimate of the solvation contribution to ∆Cp between 0.07 and

0.25 kcal/mol/K. For comparison, we also computed the vibrational contribution to ∆Cp

(Figure S11B in SI), obtaining the value 0.46 kcal/mol/K. Even if the two contributions are

added, the obtained value is still half of the experimental estimate. This picture also holds

for the crowded 1:1 system, see the data reported in Table S4 in SI. The discrepancy between

in silico and experimental ∆Cp values seems to largely stem from the compactness of the

unfolded state observed in simulations and reflected by the relatively small differences in the

solvent-accessible surface areas upon unfolding. In fact, an additional simulation performed

with an expanded unfolded state in dilute conditions yielded considerably higher estimates—

reaching up to 1 kcal/mol/K—of the solvation contribution to ∆Cp (see Figure S12 in SI).

When combined with the vibrational contribution reported above, such values result in

∆Cp estimates that are comparable with the experimental value5 (1.55 ± 0.05 kcal/mol/K).

The tendencies of current all-atom force fields, including the ff99SB*-ILDN model employed

in this study, to produce compact disordered states have already been identified in the

literature40,45.

Finally, and focusing only on the SOD1bar protein, it is worth noting that the difference

in vibrational entropy between the folded and the fully unfolded state decreased by 25%

in the crowded system (Figure S11B in SI), possibly due to interactions with the crowder

constraining the dynamics of the unfolded state. Similarly, we detected a 20% decrease in

the conformational entropy difference upon unfolding in the crowded system (Figure S11C

in SI); for details on entropy calculations see Methods in SI.

In this work, we investigated, with an all-atomistic resolution, the thermal stability and

unfolding of SOD1bar in a crowded environment formed by BSA. Consistent with FReI mea-
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surements, we found only a mild effect of the crowders on the stability of SOD1bar. Our

simulations provided a detailed picture of SOD1bar unfolding, highlighting the existence of

multiple intermediate states along the unfolding pathway, a finding which is consistent with

recent single-molecule experiments.34 In particular, we identified the role of the region be-

tween the beta sheets β4 and β6 in early stages of the unfolding process, and we related

histidine 46 mutations, decreasing the interaction of this region with the crowder, to an ex-

perimentally observed reversal of destabilization by BSA. The propensity of the β4–β6 region

to early unfolding and its frequent interactions with the crowders could form an important

ingredient for understanding the misfolding and aggregation of SOD1 in the crowded cellular

environment.
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