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Abstract

Using NMR and Monte Carlo (MC) methods, we investigate the stability and dynamics of
superoxide dismutase 1 (SOD1) in homogeneous crowding environments, where either bovine
pancreatic trypsin inhibitor (BPTI) or the B1 domain of streptococcal protein G (PGB1) serves
as a crowding agent. By NMR, we show that both crowders, and especially BPTI, cause a
drastic loss in the overall stability of SODI1 in its apo monomeric form. Additionally, we
determine chemical shift perturbations indicating that SOD1 interacts with the crowder pro-
teins in a residue-specific manner that further depends on the identity of the crowding protein.
Furthermore, the specificity of SOD1-crowder interactions is reciprocal: chemical shift per-
turbations on BPTI and PGB1 identify regions that interact preferentially with SOD1. By
MC simulations, we investigate the local unfolding of SODI1 in the absence and presence of
the crowders. We find that the crowders primarily interact with the long flexible loops of the
folded SOD1 monomer. The basic mechanisms by which the SOD1 [-barrel core unfolds re-
main unchanged when adding the crowders. In particular, both with and without the crowders,
the second [3-sheet of the barrel is more dynamic and unfolding-prone than the first. Notably,
the MC simulations (exploring the early stages of SOD1 unfolding) and the NMR experiments
(under equilibrium conditions) identify largely the same set of PGB1 and BPTI residues as
prone to form SOD1 contacts. Thus, contacts stabilizing the unfolded state of SOD1 in many

cases appear to form early in the unfolding reaction.



1 Introduction

Unfolding, misfolding and aggregation of Cu,Zn-binding superoxide dismutase 1 (SOD1) have
been linked to the fatal motor neuron disease amyotrophic lateral sclerosis (ALS)."? Conse-
quently, a great body of research has focused on the unfolding process of SOD1.3~7 Unlike
the highly stable Cu,Zn-bound homodimeric native form of SOD1, apo monomeric SOD1 is
only marginally stable®® and a potential starting point for aggregation. The mechanisms of
SODI1 misfolding have been extensively studied in dilute solution, and recently also in cellular
environments. In particular, recent studies of the SOD1 folding-unfolding equilibrium in live
cells have indicated that the cellular environment stabilizes the unfolded state via transient,
presumably sequence-specific interactions with cellular proteins.'®!! Protein destabilization
in dense systems is contrary to what one would expect if purely steric effects dominated, but
seems to be common in simple homogeneous protein crowder environments.''~'4 However,
the mechanisms by which surrounding macromolecules may cause a destabilization remain
incompletely understood.

The conformational dynamics of SOD1 under dilute conditions have been extensively stud-

ied by computational methods such as molecular dynamics, '>~!® discrete molecular dynam-
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ics, 2! MC,?? mechanical response analysis, and bioinformatics-based techniques.
However, as far as we know, there have been no previous simulations of SOD1 in the presence
of macromolecular crowders.

In this article, we use NMR experiments and MC simulations to investigate the effects
of two destabilizing crowder proteins, BPTI and PGBI1, on the reduced apo SOD1 monomer
(referred to simply as SOD1 in the rest of the paper). BPTI and PGB1 share the advantage
of being small, highly stable and highly soluble, which facilitates both simulations and NMR
experiments. By NMR, we show that indeed both these crowder proteins, and especially BPTI,
have a destabilizing effect on SOD1. Additionally, we obtain chemical shift perturbations
indicating that unfolded SOD1 and the crowder proteins interact in a residue-specific manner.

By MC, we study the local unfolding of SOD1 through simulations started with SODI1 in its

folded state. We find that the crowder molecules mainly interact with the long flexible loops of



Figure 1: Schematic folds for (from left to right) SOD1 (PDB ID 2VOA), BPTI (4PTI) and PGB1
(2GB1). In SOD1, the first 5-sheet (strands 51, 52, 53 and 36) is indicated in blue and the second
(B85, B4, f7 and (8) in red. In BPTI and PGBI1, blue color indicates the regions most prone to
form contacts with SOD1 in our simulations (see Results). These regions are the edge strand (52
(residues 14-19) of PGB1 and a sticky patch with two prolines on the BPTI surface (comprising
residues P8, P9, Y10, T11, N24, A25, K26 and F33). The structures are model approximations
derived from the respective PDB structures by MC with minimization. Drawn with PyMOL. %’

SOD1, and no sign that their presence would speed up unfolding or cause any major changes in
how the SOD1 (-barrel core unfolds. The simulations therefore suggest that the main reason
for the experimentally observed destabilization is slower folding rather than faster unfolding
in the presence of the protein crowders. This conclusion is in agreement with the detected

interactions between crowders and unfolded SOD1, which serve to stabilize the unfolded state.

2 Experimental and Computational Methods

This section describes our MC simulations and NMR experiments. Illustrations of SOD1 and
our two crowder proteins, PGB1 and BPTI, can be found in Figure 1. The SOD1 fold has
a (-barrel core composed of eight strands, 51-38 (residues 2-9, 15-22, 29-36, 41-48, 83—
89, 95-101, 116-120 and 143-148), and two long loops, called the zinc-binding (49-83) and
electrostatic (121-142) loops. In the native SOD1 dimer, each unit contains one disulfide bond.

Throughout this paper, we study the disulfide-reduced apo monomer.



2.1 Biophysical Model

The simulated systems consist of one SOD1 molecule and eight PGB1 or BPTI molecules,
enclosed in a cubic periodic box with side length 66 A. This setup yields crowder densities
(~300 mg/mL) comparable to estimated macromolecule densities in Escherichia coli (~300—
400 mg/mL).?® The volume fraction occupied by crowders is ~20 %. The simulation temper-
ature is 47°C, which is slightly above the experimental melting temperature of SOD1.%° For
reference, crowder-free simulations of SOD1 are also performed, using the same temperature.

The simulations are carried out using an all-atom protein representation with torsion angles
as the degrees of freedom, along with an implicit solvent force field.?® A detailed description
of the interaction potential can be found elsewhere.?’ Previous work based on this model in-
clude folding/unfolding studies of SOD12? and several other proteins with >90 residues. 3034
Recently, it was used by us to study peptide folding in the presence of PGB1 and BPTI crow-
ders. 33737

Our simulations use the same fully atomistic representation for both SOD1 and the crowder
proteins. However, because of their high thermal stability,*%3° the PGB1 and BPTI crowder
proteins are modeled with a fixed backbone. Their only internal degrees of freedom are side-
chain rotations. The assumed backbone conformations of BPTI and PGB1 are model approxi-

mations of the PDB structures 4PTI and 2GB1, with root-mean-square deviations (RMSDs) of

<l A from these structures (calculated over backbone and Cg atoms).

2.2 MC Sampling Methods

The systems described above are simulated using constant-temperature MC methods. Only
“small-step” elementary MC updates are included in the move set, to ensure that the system
cannot artificially jump between different free-energy minima, without having to climb inter-
vening barriers. With this restriction, the simulations should capture basics of the long-time
dynamics.

The move set employed has the following components: (i) the semi-local Biased Gaus-

sian Steps (BGS) method*!' for backbone angles (only for SOD1), (ii) standard Metropolis



rotations of side-chain angles, and (iii) small rigid-body motions of whole chains (translations
and rotations). The “time” unit of the simulations is MC cycles. The number of attempted
elementary updates in one MC cycle is set equal to the number of degrees of freedom (649
for the crowder-free system, 1783 with BPTI crowders, and 1903 with PGB1 crowders). With
this choice, the average number of attempted internal updates of SOD1 in one MC cycle is the
same for all three systems. The parameters of the updates are tuned so as to have an acceptance
rate of 45-50%. The two parameters of the BGS move, which govern the overall step size and
the degree of bias toward local deformations, are set to a = 2000 rad=2 and b = 500 (rad/A)Z.

All simulations are run with the program PROFASI,*? using both vector and thread par-
allelization. For each system, a set of about 100 independent runs is generated (99 without
crowders, 123 with PGB1 crowders, 124 with BPTI crowders). Each run comprises 5 x 10°
MC cycles.

Our initial ensemble of SOD1 structures was created starting from the experimental struc-
ture in Figure 1, which is for the dimeric form. The SOD1 monomer has flexible loops.*?
Therefore, to thermalize the loops, long preparatory runs (~10° MC cycles) were performed,
using a restricted move set to ensure preservation of the 3-barrel core, before starting the pro-

duction runs.

2.3 Analysis of MC Data

To assess the foldedness of the SOD1 3-barrel core, we compute an RMSD over the 57 (-
barrel residues, AP*™! To remove short-time fluctuations, each trajectory is split into 20 time
bins of size 0.25 x 10 MC cycles, and an average of Aba™! Abarrel ig computed for each time
bin.

To monitor local changes in the [S-barrel structure, we compute a restricted two-strand
RMSD, A% for each of the eight pairs , j of neighboring strands. The foldedness of individual
strands is quantified based on C,-C,, contacts among the 57 (-barrel residues. For a given
residue i, let A; denote the set of residues j with |i — j| > 2 whose C,-C,, distance s;; from

residue 7 is <6 A in the folded structure. With this definition, the foldedness of strand &, Qy,



is calculated as**

Qe=>_ > e—(m—sﬁ/f?/ 3 Al (1)

i€Sk JEA; =
where Sy, is the set of residues in strand k, the 7;;’s are C,-C,, distances, £ is a parameter set
to 3 A, and |A;| denotes the size of set A;.
To investigate how SODI interacts with the crowder molecules, intermolecular residue-
residue contact frequencies are computed. Two residues are defined in contact if their C,,
atoms are within 8 A from each other.

Secondary structure is classified using the STRIDE program.*

2.4 Protein Expression and Purification

A plasmid with cDNA of hSOD1 C6A/FS0E/G51E/C57S/ C111A/C146S (pwtSOD14€) in
pET17b (synthesized by GenScript) was used for expression in E. coli BL21(DE3) pLysS
cells.® The cysteine-free variant pwtSOD12C mimics the reduced apo state of SOD1. Uni-
formly '°N-labeled pwtSODI12€ were produced by first cultivating in LB medium supple-
mented with ampicillin (100 pg/mL) and chloramphenicol (35 pg/mL) to ODggp=0.8 at 37°C,
with rigorous aeration. Then the cells were suspended in M9 medium supplemented with 1.5
g/L ">'NH,4CI (Cambridge Isotopes Laboratories, Inc.), 4 g/L glucose, ampicillin (100 p1g/mL)
and chloramphenicol (35 pg/mL) and left for expression for 1 h at 37°C, with rigorous aera-
tion, before 0.7 mM of IPTG (Sigma) was added along with 30 uM each of ZnCl, and CuSOy.

Cultures were left for overnight expression at 25°C, with aeration. pwtSOD14¢€

was purified
essentially as previously described.*” Monomeric pwtSOD14€ was isolated by a final size ex-
clusion chromatography step on a Superdex 75 analytical column (GE Healthcare) in 10 mM
NaPO, and concentrated through spin filters MWCO 10,000 (Millipore) directly before the
NMR experiments. Sample concentrations were estimated by absorbance measurement at 280
nm on a NanoDrop 2000/2000c spectrophotometer (Thermo Scientific) using an extinction
coefficient of 5500 M~'em™!.

PGB1 was expressed as a variant including the mutations T2Q, N8D and N37D (PGB1-

d48’49

QDD), which mitigate sample degradation, and purified essentially as describe in non-



labeled and '3C,'5N-labeled forms. Non-labeled PGB1-QDD was used as crowding agent in
a sample with pwtSOD12€, whereas '3C,'°N-labeled PGB1-QDD was used in control exper-
iments without pwtSOD14€ to measure chemical shifts of PGB1-QDD alone at high protein
concentration. Following 25x dilution of the samples into NMR buffer, the final sample con-
centrations were estimated by absorbance measurement at 280 nm on a NanoDrop 2000/2000c
spectrophotometer (Thermo Scientific) using an extinction coefficient of 9970 M~'cm~!.
Bovine pancreatic trypsin inhibitor (BPTI) (97% purity by HPLC from Bayer HealthCare
AG, Wuppertal, Germany) was dissolved in milli Q water and dialysed extensively against

milli Q water MWCO 3500, Spectrum Laboratories, Inc.) before the sample was flash frozen

in a dry ice/ethanol bath and lyophilized.

2.5 NMR Sample Preparation

NMR samples were prepared in 10 mM Na-PO4, 1 mM EDTA, pH 7.0, 10% (v/v) D2O.
Lyophilized PGB1 or lyophilized BPTI was dissolved in a '>N pwtSOD14€ sample. The final
volume of the very viscous samples was adjusted to obtain 48 mM (300 mg/mL) PGBI1 or
BPTI and 1 mM pwtSOD14€. The final concentrations of the '3C,'°N-labeled PGB1-QDD
samples were 21 mM (130 mg/mL) and 10.7 mM (66 mg/mL). The pH was adjusted to 7.0

with the addition of uLL amounts of 0.05 M NaOH or HCI.

2.6 NMR Experiments

Backbone chemical shifts were determined from 'H-">N HSQC experiment at 5, 10, 15, 20,
25, 30, 35, 37, 40, 45, 47, 50, 55, 60 and 65°C on a Varian/Agilent VNMRS DirectDrive
spectrometer operating at a static magnetic field strength of 11.7 T and equipped with a triple

resonance probe.



2.7 Analysis of NMR Data

Spectra were processed in NMRPipe* and analyzed in CcpNMR Analysis.>! Chemical shift

perturbations (AJ) of individual residues were determined as

AS = [(0'Ha — 6'Hg)? 4 0.15 x (619N, — 515NB)2]1/2 )

For PGB1-QDD, two chemical shift perturbations were calculated: Adsop;, where A and
B indicate samples with and without 1 nM pwtSOD12€ added, respectively, and where the
PGB1-QDD concentration was 48 mM in A and 21 mM in B; and Adcone, Where A and B
indicate samples with only PGB1-QDD at concentrations of 21 mM and 11 mM, respectively.
For BPTI, Adsop values were calculated using eq 2 with A and B indicating samples with and
without 1 mM pwtSOD14€, and with a BPTI concentration of 46 mM in both cases. Finally,
for pwtSOD12C, Adpgg; values were calculated using eq 2 with A and B indicating samples
with and without 48 mM PGB1-QDD and with 1 mM pwtSOD14€ in both cases.

The populations of folded and unfolded pwtSOD14€ were determined from the cross peaks

of the C-terminal Q153 residue. !

3 Results and Discussion

Our study of the impact of PGB1 and BPTI crowders on SOD1 can be divided into two parts.
We first investigate equilibrium properties of the systems, through NMR measurements. We
then turn to local unfolding properties of SOD1, studied by MC simulations started with SOD1

in its folded state.

3.1 SODI1 Stability from NMR Experiments

Using NMR, we investigated the effects of PGB1-QDD and BPTI crowders on the stability of
pwtSOD12€. In contrast to what is expected with purely steric crowders, we find that both
BPTI and PGB1-QDD crowders have a destabilizing effect on pwtSOD14C. Figure 2 shows

the temperature dependence of the folded population of pwtSOD14€, as estimated from the



relative intensity of the cross peaks of the C-terminal Q153 residue in the folded and un-
folded states.!! Inspection shows that the behavior of these peaks is strongly correlated with
that of other peaks at the higher temperatures (>40°C) where SOD1 is essentially fully un-
folded. Therefore, although local in character, this parameter reports on global conformational
changes. However, in the presence of PGB1-QDD and at lower temperatures (<40°C), the
peak from the side chain indole of W32, located in strand (3, indicates that this part of the
structure is more stable than the C-terminal strand 88 (Figure S1), suggesting that local un-
folding might be at play under these conditions. As can be seen from Figure 2, in the absence

of crowders, pwtSOD14€

undergoes thermal unfolding at approximately 40°C, which is in
line with previous work.®® When adding BPTI or PGB1-QDD crowders, a drastic loss of
stability is observed. In fact, with BPTI as crowding agent, the folded population of pwt-
SODIAC is negligible at all temperatures, as evidenced by the fact that no Q153 cross peak
from the folded population is detectable in the spectra. By contrast, when PGB1-QDD is used
as crowding agent, there still is a non-negligible folded population of SODI1 at low tempera-
tures, but its maximum value, attained at 20°C, is as low as ~40%. We note that the data in the
presence of PGB1-QDD reveal both cold and heat denaturation of SOD1, similar to previous

results.'! Hence, the (partially) unfolded population is more than 50% at all temperatures with

any of the two crowders.

3.2 Chemical Shift Perturbations Reveal Contacts between SOD1
and Crowders

We mapped interactions between pwtSOD14€ and the crowder proteins at the residue level by
analyzing chemical shift perturbations in the 'H-'"N HSQC spectrum. Folded pwtSOD14€
could not be studied in the presence of BPTL. However, the spectrum of folded pwtSOD14€
at 20° reveals chemical shift perturbations in the presence of PGB1-QDD, with the largest
effects observed for residues located in loop regions and edge strands (Figure S2). Next,
by comparing the spectrum of unfolded pwtSODI4C in the absence of crowders with the

spectra in the presence of either BPTI or PGB1-QDD, we identify chemical shift changes
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Figure 2: Temperature dependence of the folded population of pwtSOD14€ from NMR measure-
ments in three environments: without crowders (black circles), with BPTI crowders (red squares),
and with PGB1 crowders (blue diamonds). The folded population is estimated from the relative
intensity of the cross peaks from the folded and unfolded states of the C-terminal Q153 residue.'!
Error bars indicate the estimated standard error of the peak intensities obtained by error propaga-
tion of the standard deviation of the baseplane noise.

for several peaks. Apparently, there are interactions between unfolded pwtSOD1~€ and the
crowder proteins that shift the folding-unfolding equilibrium by stabilizing the unfolded state.
We note that the chemical shift changes are partially different in the spectra with BPTI or
PGB1-QDD (Figure S3). In many cases the same peak moves but to different extents, whereas
in other cases one peak moves with one crowder relative to no-crowding conditions and is
absent in the presence of the other crowder. While the spectrum of unfolded pwtSOD14€
is not fully assigned, we could identify certain residue segments that show chemical shift
perturbations in the presence of crowders. Notably, these segments include residues T88-
E100, corresponding to 85-loop V-56 in the folded structure, and the C-terminal end of 38
(Figure S3). These results indicate that there are residue-specific interactions between unfolded
pwtSOD12€ and the crowders, similar to conclusions reached previously from in-cell NMR
studies. 1011

Both crowder proteins stay folded across the entire temperature range studied here. For
PGB1-QDD, we could obtain residue-level data on its interaction with pwtSOD14€ throughout
the temperature range. For BPTI, this was only possible at higher temperatures (>37°C) due

52,53

to its propensity to form decamers, which leads to severe line broadening of the NMR

signals. Consistent with these results, we found in previous simulations that the amount of

11



crowder-crowder contacts are higher with BPTI than with PGB1-QDD crowders. 3¢

Chemical shifts of PGB1-QDD were acquired both in the presence and absence of pwt-
SODI14€ under otherwise nearly identical conditions; the PGB1-QDD concentrations differed
by roughly a factor of 2 (see Methods). Figure 3¢ shows the measured pwtSOD14C-induced
chemical shift perturbations Adsop; (eq 2) in PGB1-QDD at the different temperatures used.
Because the measured chemical shift values are population-weighted averages of free and
SOD1-bound PGB1-QDD, and the concentration of PGB1-QDD is 20-fold higher than that
of pwtSOD14€, we expect that the chemical shift difference between free and SOD1-bound
PGB1-QDD is considerably higher than the values measured in the present experiments. The
latter shift differences can be estimated from the present results to be maximally 2—4 ppm,
which is in line with perturbations expected upon protein-protein interactions>* and local un-
folding.>

In Figures 3a,b, the Adsop; data at two of the temperatures are mapped onto the three-
dimensional structure of PGB1-QDD. Notably, we observe that the edge strand 52 has rela-
tively high Adsop; values. At 20°C, there are also two residues with elevated Adsop; in strand
(4. Nevertheless, among the four strands, the indications of interaction with pwtSOD14€ are
clearest for 52. Additionally, an elevated Adsop; is observed for residue D37 in the segment
connecting the o-helix and the 53 strand (Figure S4). This is one of the three mutated residues
that differ from the wild-type sequence (N37D) used in the simulations. The D37 side chain

has a significantly upshifted pK, of 6.5,4%

making the chemical shifts of this residue highly
sensitive to slight changes in pH around 6-7. Thus, the observed Adsop; might arise from mi-
nor mismatches in pH between samples. Furthermore, we observe a large change in chemical
shift for this residue upon dilution of the PGB1-QDD concentration that might reflect direct
PGB1-PGBI1 contacts or changes in the electrostatic potential due to self-screening. Figure 3d
shows the chemical shift perturbations, AAd = Adsopi — Adeonc, that have been corrected
for PGB1-PGBI1 interactions.

We also characterized differences in BPTI chemical shifts with or without pwtSOD14€,

The peak intensities from BPTI are significantly lower than those from PGB1 due to the lower

concentration of monomeric BPTI, making the analysis more challenging in this case. To
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Figure 3: Continued on the following page.
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Figure 3: Chemical shift perturbations in PGB1 upon interaction with SOD1. (A) Data for Adsop
(eq 2) acquired at 20°C. (B) Data for Adsop; acquired at 45°C. In panels A and B, data are color
coded as indicated by the color gradient at the bottom of panel A, ranging from Adsop; < 0.02
ppm (yellow) to Adsop; > 0.09 ppm (red). Due to overlap with pwtSOD14€ resonances, 12
residues (2, 15, 23, 24, 30, 33, 39, 42, 45, 48, 54 and 55) in PGB1-QDD were difficult to identify
uniquely in the pwtSOD12€ + PGB1-QDD spectra and therefore left out of the analysis (gray).
In addition, one residue (D37) was left out due to large chemical shift changes induced by PGB1-
QDD self-interaction (gray). Finally, the N-terminal residue is not visible in the spectra due to
fast exchange with the solvent (gray). (C) Comparison of Adsop; data (eq 2) at different temper-
atures: 10°C (dark blue), 15°C (light blue), 20°C (green), 25°C (yellow), 30°C (orange), 35°C
(red), 40°C (pink), and 45°C (purple). Note that the reported values of Adsop; are population-
weighted averages in a sample where the concentration of PGB1-QDD is 20-fold higher than that
of pwtSOD14€; at higher pwtSOD12€ concentrations, the values of Adsop; are expected to be
significantly higher (up to 2—4 ppm). (D) Data for AAJ = Adsopr — Adeonc (€q 2) at 20°C (black)
and 45°C (red). The subtraction of Ad..,e represents a correction for concentration-dependent
chemical shift changes induced by PGB1-QDD self-interaction.

reduce the noise, we characterized the chemical shift changes in BPTI by averaging data from
spectra acquired at 45°C, 47°C, and 50°C (Figure 4). The resulting profile of Adsop; versus
BPTI sequence reveals slightly elevated values in the regions of residues 67, 23-25, 32-35,
and 47-49.

Taken together, the chemical shift perturbations indicate that the specificity in SODI1-
crowder interactions is reciprocal: inter-protein contacts appear to be more prevalent for spe-
cific regions in both pwtSOD14€ and the crowder proteins BPTI and PGB1-QDD. This re-
sult goes beyond previous conclusions reached for unfolded proteins in crowded environ-

11-14

ments, which have not characterized the interaction surface on the crowder proteins. We

presume that the specificity of these interactions is highly system dependent, as also suggested

IAC

by the differential chemical shift perturbations of pwtSOD upon crowding with BPTI ver-

sus PGB1-QDD.

3.3 Local Unfolding of SOD1 in MC simulations

We carried out MC simulations using a temperature, 47°C, at which SOD1 is expected to be
unstable under dilute conditions. In the presence of BPTI or PGB1 crowders, it becomes even

more unstable, according to the above findings. However, in our model, the folded state of

14
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Figure 4: Chemical shift perturbations in BPTI upon interaction with pwtSOD14€. Mean value
of Adsopi (eq 2) from data acquired at 45°C, 47°C, and 50°C. (A) Adsop; values color coded
on the BPTI structure (PDB-ID: 1UUA) as indicated by the color gradient at the bottom of the
panel, ranging from Adsop; < 0.01 ppm (yellow) to Adsop; > 0.022 ppm (red). A total of
24 residues (colored gray) are left out of the analysis due to either overlap with pwtSOD14¢
resonances, missing assignments, or missing resonances (three N-terminal residues). In addition,
the four proline residues are gray. (B) Adsop; values plotted as function of residue number. The
error bars indicate one standard deviation, calculated from the three data sets. Assignments were
obtained from BMRB entry 5359.%7
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Figure 5: MC evolution of the $-barrel RMSD, APl ip three simulations of the isolated SOD1
protein. In the trajectory colored red, the 3-barrel stays intact throughout the entire run (AP <
Ay). In the green trajectory, SOD1 visits the intermediate regime (A; < AP™! < A), but returns
to the folded one. In the final blue trajectory, SOD1 unfolds after about 3.5 x 10° MC cycles
(Abarl > A ). The thresholds are set to A; = 2.5 A and A, = 5 A.

SOD1 remains a local free-energy minimum under all the simulated conditions, from which it
may or may not escape during the course of the simulations.

To assess the foldedness of SOD1, we used as a measure the coordinate RMSD calculated
over all residues in the 3-barrel core, AP2™! thus excluding the long flexible loops. To remove
transient short-time fluctuations, a window-average of Abarel s formed, called Ab2Tel (see
Methods). The SOD1 molecule is deemed folded (F) if AP < Ay, in an intermediate state
(D if Ay < Abarel A\ and unfolded (U) if Aba™el > A, where the thresholds are set to
Ar=25Aand A, =5A.

Figure 5 illustrates the MC evolution of the AP*™! RMSD in 3 of our 99 runs without
crowders. In one of the cases (red color), the 3-barrel stays intact throughout the entire run,
with APl < A Tn another case (green), AP2™! transiently exceeds Ay, but stays below A,
and returns to values below Ay¢. The third and final run (blue) contains an unfolding event,
at which AP pagsses the unfolding threshold A,. The fraction of all runs in which SOD1
unfolds at some point is around 30% (33% without crowders, 31% with PGB1 crowders, 27%
with BPTI crowders). In none of these runs does SOD1 return to the folded regime after having
unfolded. Transitions from the intermediate regime (A¢ < Abarrel A ) back to the folded

one do occur, as in the green trajectory of Figure 5.
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Figure 6: The fraction of runs in which the SOD1 f-barrel core is intact, F'(¢), against MC time,
as obtained without crowders (red), with PGB1 crowders (green), with BPTI crowders (blue), and
with hard sphere crowders (magenta). The [-barrel is deemed intact, or folded, if Abarel 9 5 &
The curves represent fits of a simple model with the three states F, I and U, of which U is absorbing.

In this model, the folded fraction is given by F'(t) = ’f_k,i (englkk; B _ exgi:j:l t)>, where ki =

(k1 +ko+ks)/2F \/(k:1 + ko + k3)2/4 — kyko, k1, ko and k3 being rate constants for the reactions
F—I, [-U and I—F, respectively. Our fitted values of k;, ks and k3 can be found in Table 1.

Figure 6 shows how the fraction of runs in which the 3-barrel is folded (AP < Ay),
F(t), decays with MC time ¢. The decay is non-exponential, but can be quite well described
in terms of a simple kinetic model with three states. The states of this model correspond to F,
I and U, where U is taken to be absorbing. The model parameters are the rate constants for
the reactions F—I, I-F and [—U. Although the net effects of the crowders on the decay rate
of F'(t) are modest (Figure 6), the fitted rate constants suggest that the underlying dynamics
slow down significantly when adding the crowders (Table 1); both BPTI and PGB1 crowders
cause a significant reduction of all the three rate constants. The crowder-induced effects on
F(t) are relatively large at small ¢, where one of the three processes, F—1, dominates and F'(t)

decays markedly more slowly with than without the protein crowders. A crowder-induced

Table 1: Fitted rate constants® of a simple three-state model (F, I, U; see Figure 6).

System F—I1 I—-U I—F

No crowders 1.79+0.19 0.64+0.04 4.71£0.73
With PGB1 crowders 0.63 +0.06 0.40 £0.09 0.974+0.24
With BPTI crowders  0.59 £0.07 0.414+0.10 1.16 £0.33

“1In (10 MC cycles) 1.
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stabilization is what one expects if the excluded-volume effect dominates, since the native
state occupies less volume than the unfolded state. To judge the relative importance of the
excluded-volume effect in our systems, we performed simulations with hard sphere crowders
each occupying approximately the same volume as a single PGB1 or BPTI molecule. These
simulations show the same qualitative behavior in MC time as those with protein crowders
(Figure 6), with a similar stabilizing effect seen near the start of the simulations. This finding
hints that the observed effect of the protein crowders on F'(t) for small ¢ may in large part stem
from steric repulsion.

The observed overall destabilization of SOD1 (Figure 2) indicates that folding becomes
slower or unfolding faster in the presence of the BPTI and PGB1 crowders. The results from
our unfolding simulations suggest that the primary source of destabilization is slower folding,
probably caused by strong interactions between the crowders and the unfolded SOD1, as de-
scribed in the previous subsection. In fact, the rate at which SOD1 unfolds in the simulations is
reduced rather than enhanced when adding the crowders. This behavior is consistent with the
results obtained by Linhananta et al.>® from folding simulations of the mini-protein trp-cage.
These authors found that the addition of destabilizing osmolytes led to an enhanced folding
cooperativity (higher barrier).

Having studied its overall structure, we now turn to local fluctuations in the SOD1 (-
barrel core. To this end, we compute two different averages of the contact-based foldedness
parameter (i (eq 1) for each of the eight strands. The first average, referred to as “folded”
and denoted by Q!, describes the status of the strands when globally the S-barrel is in the F
state or transiently in the I state. It uses all data up to and including the last time bin where
Abarel A in each trajectory. The second average, referred to as “pre-unfolding” and denoted
by Q" describes the strands just before the 3-barrel unfolds, using only data in the last time
bin before AP*™! > A for the first time in each trajectory. Trajectories in which unfolding
never occurs do not contribute to this average. Figure 7 shows our data for both Qi and Q"
with and without crowders. The first average, ch, is high (>0.85) for all strands, as it should
be. Nevertheless, there is a tendency for the strands of the first 3-sheet (strands 1, 2, 3 and 6;

the first four strands in each panel of Figure 7) to be slightly more intact than are those of the
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Figure 7: Foldedness of individual strands in the SOD1 S-barrel core, () (eq 1), in simulations
without crowders (red), with PGB1 crowders (green), and with BPTI crowders (blue). The eight
strands are ordered as in the -barrel (Figure 1). (A) “Folded” averages, ', calculated using all
data up to and including the last time bin where A"*™! < A in each trajectory. (B) “Pre-unfolding”
averages, Q" calculated using only data in the last time bin before A*™! > A for the first time in
each trajectory. Trajectories in which unfolding never occurs do not contribute to this average. The
setup of our simulations is such that data collected beyond the unfolding point can be unreliable,
and are therefore not considered in our analysis.

second (-sheet (strands 5, 4, 7 and 8; the last four strands in each panel of Figure 7). At a
later stage, just before unfolding, this tendency becomes much stronger, as shown by the Qzu
data. The difference between the two 3-sheets matches very well with experimental data*’->°
and previous simulations,?! which have shown that the second 3-sheet is more dynamic than
the first.

In this context, it is worth noting that a recent study identified an aggregation-prone 11-
residue segment of SOD1 capable of forming corkscrew-like oligomeric structures.” This seg-
ment (residues 28-38) corresponds to the 53 strand, plus one additional residue at the N-
terminus and two at the C-terminus. In our simulations, the 33 strand is, along with 52, the
least dynamic part of the 3-barrel core. It is an open question what parts of full-length SOD1
are involved in forming oligomeric or amyloid-like structures, or whether the precursor for
aggregation is a globally unfolded state®® or a partially unfolded state. %2147

To further characterize local fluctuations in the native state of SOD1, residue-specific root-
mean-square fluctuations (RMSFs) were calculated (Figure S5). The profiles of RMSF values

along the amino-acid sequence match well with that of NMR order parameters previously
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Figure 8: Probabilities of observing broken SOD1 strand pairs just before the S-barrel unfolds, in
simulations without crowders (red), with PGB1 crowders (green), and with BPTI crowders (blue).
The probabilities are “pre-unfolding” averages, as defined in Figure 7. A pair ¢, j of neighboring
strands is broken if their two-strand RMSD A* exceeds 4 A.

reported for apo SOD1 with the disulfide intact.®!

It is also informative to monitor the breaking of pairs of neighboring strands in the 3-barrel
core. To this end, we compute a restricted two-strand RMSD, A%, for each of the eight pairs
of neighboring strands. A pair is deemed intact if A% is below a threshold of 4 A. The status
of the strand pairs is evaluated just before the -barrel unfolds, using the same kind of “pre-
unfolding” average as in the calculation of QE”. As expected, this analysis shows (Figure 8)
that pairs that tend to break early in the unfolding process involve strands from the dynamic
second [3-sheet. At the same time, the data show that this 5-sheet unfolds in a less uniform
manner than what one might guess from Figure 7. For instance, the $4-37 pair is often intact,
despite being located within the second [3-sheet. To test the robustness of the findings from
Figure 8, the same analysis was repeated using a similarity measure based on C,-C,, contacts
rather than on RMSD. The contact-based results (Figure S6) and are in good agreement with
those in Figure 8.

In both Figures 7 and 8, the changes induced by the crowders are modest and in most cases
within the statistical uncertainties. Hence, we find no indication that the interaction of SOD1

with the crowders leads to any major change in how its 3-barrel core unfolds.
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3.4 Simulated SOD1-Crowder Interactions

To examine the SOD1-crowder interactions, we construct residue-pair C,-C, contact maps.
Both “folded” and “pre-unfolding” averages are formed, as in the above calculation of Qi and
Q,ﬂu (Figure 7).

The SOD1-PGB1 and SOD1-BPTI contact maps can be found in Figures 9 and S7, re-
spectively. These maps suggest that there exist certain interaction-prone regions on the SOD1
and crowder surfaces. On the crowders, these key regions, highlighted in blue in Figure 1, are
the edge strand 52 of PGB1 and a sticky patch on the BPTI surface, centered around residues
P8 and P9. The other edge strand of PGB1, 33, also shows some propensity to form SOD1
contacts. Interestingly, these regions of PGB1 and BPTI are largely idenical to those found
prone to interact with peptides in previous work. 3>’

These findings are in broad agreement with the chemical shift perturbation data shown in
Figures 3, 4 and S3. It should be remembered, however, that the simulations cover only the
early stages of the unfolding of SOD1, whereas SOD1 is substantially unfolded (>50%) over
the entire temperature range of the NMR experiments and fully unfolded at the temperature of
the MC simulations (Figure 2). The similarities in SOD1-crowder contacts observed by NMR
and MC simulations suggest that the initial contacts formed during unfolding are also formed
transiently under equilibrium conditions where SOD1 is unfolded.

Figures 9 and S7 show both “folded” and “pre-unfolding” averages of the contact maps.
When SOD1 is folded, most of its contacts with the crowders involve the two long loops, which
seem to shield the S-barrel from the surrounding crowder molecules. The number of crowder
contacts is particularly low for the interior strands 84 and 37 of the second (3-sheet, to which
the long loops are anchored. When SOD1 starts unfolding, the number of contacts between
its B-barrel residues and the crowders increases, as does the overall number of SOD1-crowder
contacts. This trend holds with both crowders (Table 2), but is especially clear with PGB1.

In previous work,3® we also investigated crowder-crowder contact frequencies in sys-
tems with PGB1 or BPTI as crowder protein. The amount of crowder-crowder contacts was
markedly higher for BPTI than for PGB1, which is perfectly in line with the above-mentioned

experimental observation that BPTI, unlike PGB1, shows a high propensity to oligomerize.
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Figure 9: Simulated residue-pair contact maps for the SOD1-PGBI1 system. The top and bottom
panels show “folded” and “pre-unfolding” averages, respectively, as defined in Figure 7. Pixel 7, j
represents the average number of contacts between residue ¢ in SOD1 and residues in position j in
any of the eight PGB1 molecules. Red bars indicate the positions of all the eight strands in SOD1
and the two edge strands in PGB1. Two residues are in contact if their C, atoms are within 8 A
from each other.
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Table 2: Total numbers of residue-pair contacts with crowders formed by the full SOD1
protein and its S-barrel core, respectively, in the ‘“folded” and ‘“‘pre-unfolding” stages of the
simulations.

PGB1 crowders BPTI crowders
Part of SOD1 Folded*  Pre-unfolding® Folded®  Pre-unfolding®
Full SOD1 (153 residues) 34.6 £1.9 48.4+4.5 45.0 £ 1.7 49.3 £3.3
[-barrel core (57 residues) 4.2 +0.5 14.3+£2.1 5.0£0.5 75+1.3

“ The folded and pre-unfolding stages are defined as in Figure 7.

Finally, it is worth stressing that the forces by which our two crowders act on SOD1 are dif-
ferent. In the SOD1-PGB1 system, the main contacts form diagonal bands (Figure 9), indicat-
ing B-structure formation, in which hydrogen bonding plays a major role . In the SOD1-BPTI
system, the main contacts are between the above-mentioned sticky surface patch on BPTI and
the hydrophobic 62-66 segment of the zinc-binding loop in SOD1 (Figure S7). The formation

of these contacts is driven by hydrophobicity rather than by hydrogen bonding.

3.5 Simulated SOD1 Secondary-Structure Profiles

The above analysis shows that the two long loops are responsible for a large fraction of the
crowder contacts formed by SOD1 in our simulations. These loops are known from experi-
ments to be flexible under dilute conditions.*? To examine whether the crowder interactions
cause changes in the conformational preferences of the loops, we construct helix and strand
probability profiles, using STRIDE secondary-structure assignments.*

Figure 10 shows helix and strand profiles for SOD1 in folded form in the three simulated
environments. The eight strand regions can be readily identified. Outside these regions, the
helix and strand probabilities vary from values close to zero up to about 0.25. Overall, the data
for the three different systems are very similar, so no major crowder-induced changes occur.
However, some minor changes can be seen, for instance, in the 132—137-segment of the elec-
trostatic loop. This segment forms a short helix in the SOD1 dimer (visible in Figure 1), which
can be transiently present also in the apo-reduced monomer with mainly flexible loops.** Con-
sistent with this, without crowders, our simulated helix probability profile (Figure 10) exhibits

a local maximum in the 132—-137-region. When adding crowders, this peak becomes higher,
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Figure 10: Strand and helix probability profiles for folded SODI, as obtained from simulations
(A) without crowders, (B) with PGB1 crowders, and (C) with BPTI crowders. The probabilities
are “folded” averages, as defined in Figure 7. Secondary structure is assigned using STRIDE.*
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especially in the BPTI case. Our simulations thus indicate that the propensity of the 132-137
segment to form a helix increases upon the addition of the crowders.

Figure S8 shows “pre-unfolding” secondary-structure profiles, which are noisier, due to
limited statistics. Nevertheless, the strand profiles in this figure support the conclusion that
the second [3-sheet is less stable than the first (Figure 7). A comparison with the secondary-
structure profiles for folded SOD1 (Figure 10) furthermore hints at a tendency for the helix

and strand probabilities in the loop regions to increase as the S-barrel unfolds.

4 Conclusions

In this article, we have combined NMR and MC methods to investigate how SODI, in its
disulfide-reduced apo monomeric form, is affected by the presence of BPTI and PGB1 crow-
ders. Our NMR experiments show that both crowders, and especially BPTI, cause a drastic
reduction of the overall stability of SOD1. Furthermore, we acquired chemical shift data that
provide residue-level information on how PGB1 and BPTI interact with SOD1.

Our MC simulations focused on the early stages in thermal unfolding of SOD1. Fits of
a simple three-state model (F, I, U) indicate that the SOD1 dynamics become slower in the
presence of the crowders. However, we observed no major crowder-induced changes in the
net decay rate of the $-barrel core, or in how this structure unfolds. Both with and without
crowders, we find that the second 5-sheet is more unfolding-prone than the first, as observed
in previous experiments under crowder-free conditions.*”>° The observation that the crowders
do not facilitate unfolding in the simulations hints that the primary reason for the observed
destabilization of SOD1 is slower folding, presumably caused by strong interactions between
the crowders and the unfolded SODI1. This conclusion is in full agreement with our NMR
results.

Both the simulated residue-pair contact maps and the NMR chemical shift perturbations
reveal that the interaction propensities are far from uniform over the SOD1 and crowder protein
surfaces. Interestingly, the identification of crowder residues prone to interact with SOD]1 in the

unfolding simulations is in broad agreement with the NMR measurements (under equilibrium
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conditions). This agreement indicates that key contacts stabilizing the unfolded state of SOD1

may form early in the unfolding process.
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