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Cu/Zn superoxide dismutase (SOD1) is the antioxidant enzyme that catalyses intracellular superoxide radical. In
this study, the molecular dynamics (MD) of six wild-type (WT) human (h) SOD1 PDB crystallographs were
computed to comparative analyses and visualisations, including a novel method of high-resolution molecular
videography. Production MD were computed across variable matrix conditions for 10 ns (0.01 ns resolution),
37 °C and pH 7.4. MD simulations yielded PCA, RMSD, RMSF, SAS, S—S bonds, and H bonds analyses. The
attached molecular video comprises 20 s of MD footage at 540p/48 Hz resolution featuring 10 ns of computed

trajectories. Of PDB IDs 1HL5, 1PUO, 1SPD, 2C9V, and 2VOA, this study determines that 1PUO should be
implemented as the ideal crystallographic template for ongoing computational works on hSOD1.

1. Introduction

Wild-type (WT) human (h) Cu/Zn superoxide dismutase (SOD1) is a
widely-studied metalloprotein, yet the literature is hitherto without a
critical comparative analysis of its crystallographs. Comparative ana-
lyses of protein crystallographs enable rational selection of a reference
structure for use as a template in the computational study of its
biochemistry. The comparative analyses of this work identify the
strengths and weaknesses of WT hSOD1 crystallographs, which is of
concern for selection strategy in experimental design. Precedent is also
hitherto absent a generalizable method for high-resolution molecular
videography. Molecular videographs are rare, and there are hitherto no
known molecular videographs of SOD1. The molecular videography of
this work are comprised of frame animations of sequential computa-
tional results of MD computations. The resultant cinematic sequences of
WT hSOD1 are given in high-resolution video. Methods including scripts
are given for the high-resolution molecular videography methodology,
which can be generalized for videographic usage of other dynamic
proteins by trivial customization.

WT hSODL1 is the vital metalloenzymatic antioxidant that controls
the counter-proliferation of volatile superoxide radicals via an ultra-fast
catalysed dissipation from matrix. WT SOD1 is relevant to myriad
fundamental biochemical pathways and processes including aerobic
metabolism, cell cycling, and biological signaling. WT hSOD1 is a
complex metalloenzyme that binds a copper ion, a zinc ion, and an intra-
disulfide bond per each of two subunits, comprising its native
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homodimer. SOD1 maturation are the complex time-dependent post-
translational interactions and reactions that serve to activate the
enzymic function of SOD1 through the concomitant installation events
of metallation, dimerisation, and intra-disulfide bonding.

Functional SOD1 holoenzyme is the most critical evolutionary
adaptation of the last two billion years. A revolution in oxygenic
photosynthesis flooded the Paleoproterozoic atmosphere with free ox-
ygen, which caused an attenuation of work and concomitant mass
extinction event [1]. The developments of multicellularity, photosyn-
thesis, and aerobic metabolism were endangered as life on Earth first
realized the hostile reality of oxygenated air. Aerobes are still extant due
to the latent and punctate emergence of SOD1, which became the pri-
mary molecular counteragent reacting to quench radicalized free oxy-
gen [2]. The molecular evolution of SOD1 enabled the sustained
evolution of aerobic organisms [3].

Molecular dynamics (MD) is a computational biochemistry meth-
odology that solves the time-dependent coordinates of a biomolecule in
parameterized aqueous matrix [4]. MD computations are predominantly
iterative calculations of Newtonian equations of motion which yield the
resultant atomistic trajectories. MD simulations are commonly used to
observe the time-dependency of coarse biomolecular phenomena and
gross biomolecular behavior such as protein folding, multimerisation,
ligand binding, and non-covalent interaction. MD simulation durations
are constrained by theoretical limits and current supercomputing
workflows to about one microsecond. Protein-ligand interaction studies
utilizing MD simulations dominate the discovery and development of
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ligand effectors as an oft-traversed annal of pharmaceutics [5]. High-
resolution time-dependency of fine biomolecular motions, switches,
thresholds, and events such as ultra-fast decompositions, transition state
formations, and ionic and covalent bindings are also increasingly
achievable. The time-dependent datasets obtained via simulation do not
commonly have a correlate or even comparable experimental result
capable of being drawn from the wet biophysics lab [6]. Even in the
absence of comparable data in vitro, specific modes of analysis in silico
steer critical validators, parameters, and controls over the factors and
functions which likely contribute to its theoretical accuracy.

Classical simulations can be initialized from fine structure obtained
from quantum mechanics (QM) computations [7,8]: QM computations
were prepared to yield the coordinates for key SOD1 conformations of
free and bound transition states and reaction intermediates having
proximity to the SOD1 active site [9]. Fragmented active site (FAS) QM/
MD is a hybrid QM/MM method derived from fragment models and
closely related to FMO-MD. FAS QM/MD was used to determine the
starting structures, molecular parameters, and iterative minimizations
of metallic and inorganic ions, metallic and sulfidic cofactors, molecular
fragments of clusters and residues, and substrate and product. FAS QM/
MD coordinates preceded and were computed independent from the MD
workflow [10,11].

Recent MD simulations for SOD1 which also report methodological
advancements include discrete molecular dynamics with FMO calcula-
tions [12-14], steered molecular dynamics with geometric sampling
[15,16], coarse-grained molecular dynamics [17], artificial intelligence
(neural network) acceleration [18], custom CHARMM parameteriza-
tions [19], and basic metadynamics [20]. Myriad MD studies both on
SOD1 and other computational constructs contributed as precedent
[13,21-36,36-50].

The simulations of this manuscript are high-resolution rather than
extended-time in order to analyze the matrix, metadynamics, and me-
chanics. In the case of WT hSOD1, a short simulation duration of just 10
ns eludes just dimerization and folding — intradisulfide bonding, metallic
bonding, salt bridging, and substrate reactions and interactions are
observed over the order of the nanosecond and femtosecond. SOD1 is a
well-studied beta-barrel that is frequently used as a template or place-
holder protein in biophysical studies wherein the actual impetus of the
study are the methodological or analytical advancements.

In this work, WT hSOD1 reference structure constructs were each
computed to MD simulation along with myriad experimental isoforms,
structural derivatives, and protein-ligand complexes. The constructs
studied in this work were initially derived from X-ray crystallographs
with PDB IDs 1HL5 [51], 1PUO [52], 1SPD [53], 2C9V [54], and 2VOA
[55]. Each WT hSOD1 reference structure constructs were computed
and analysed to establish baselines, draw comparative conclusions,
determine the ideal reference structure, and proctor novel molecular
hypotheses in tests and experiments.

2. Methods
2.1. Hardware and software

Computational tasks were executed on a personal workstation
comprised of a D5-powered liquid cooling path on a 1st edition AMD
Ryzen Threadripper (16 cores, 32 threads) clocked at 3.4-3.8 GHz, 64
GB of quad-channel Samsung die DDR4 memory clocked at 3.0-3.3 GHz,
and two x16 Nvidia GTX1080 GPUs, configured for GROMACS accel-
eration, clocked at 1.8-2.0 GHz (driver 415, CUDA 10). Computational
data were initially processed on an M.2 SSD or 40 GB RAMDISK; static
datasets were finally moved to a 4 TB SSHD for permanent reference
storage. Ubuntu 18.04-18.10 was the OS used to host the software suite
comprised of GROMACS, CHARMM, VMD, NWChem, PLUMED, Open-
Babel, and R Statistics, python, and bash. GROningen Machine for
Chemical Simulations (GROMACS) 2018.4-2019.1 was employed
strictly for MD simulations [56-62] with the version 5.0 gmx sasa
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implementation of Van der Waals radii [63,64]; the GROMACS compi-
lation from source with its external dependencies was challenging; the
bash commands utilized to compile this GROMACS are thus given in
Script S1. A custom implementation of Chemistry at HARvard Macro-
molecular Mechanics (CHARMM) (Nov. 2018) was freshly customized
for bound metallic ions [65,66], and developed and employed as its
force field [67], which was integrated with GROMACS [68,69]. Visual
Molecular Dynamics (VMD) was employed strictly for visualizations
[70]. Northwest Computational Chemistry Package (NWChem) was
employed for the quantum mechanical (QM) chemistry models and
computations [71].

2.2. QM computations

Quantum mechanical (QM) computations were executed in the gas
phase. Computations implemented hybrid open-shell density functional
theory (ODFT) with spherical-harmonic angular basis functions. CAM-
B3LYP was selected as the gradient approximation exchange correla-
tion (XC) function for a coulomb-attenuated range-adjusted correctional
functional used to study electron transfers at a distance [72-75]. Pople
6-311++G** and Dunning aug-cc-pVTZ basis sets were selected as the
ODFT basis sets due to their diffusion, polarization, and interoperability
settings [76,77]. The basis sets were chosen for their expansive orbital
models and compatibility with organic atoms and copper and zinc ion.

2.3. FAS QM/MD model

Fragmented active site (FAS) QM/MD is a hybrid QM/MM method
which computes FAS fragments as extracted from the dissection of a
structural model. FAS QM/MD can drastically improve the accuracy of
simulations relative to comparable results of simulations without using
FAS QM/MD. QM computes the molecular orbitals (MO) of subatomistic
coordination chemistries, whereas MD computations construct atomic
structures with atomistic coordinates. The fine structure resolutions
within the QM fragments are utilized to resolve the protein-ligand in-
teractions of bound transition states and transition metals: Cu-I, Cu-II,
and Zn-II ions are found differentially bound to native SOD1. WT hSOD1
holoenzyme binds active site chemistries grossly comprised of (HisH43),
HisD48, HisE46, HisE110, HisD120, HisE63, HisE80, HisE71, Asp83,
Cu-II, and Zn-II. The residues were selected according to an active site
hydrogen bond analysis derived from crystallographic template [78].
Each residue of the active site were each converted to fragments, and
each fragment were computed both alone and of the parent hybrid.
Minimum potentials were then resolved by minimizing the equation: E
= Eqom(QM) + Epp(QM + MD) — Eyp(QM). The resultant coordinates of
the reassembled hybrid are included in the early MD workflow by
reconstruction of the initial structure to include the newly resolved co-
ordinate definitions and parameterizations.

2.4. FF parameterizations

SOD1 binds Cu-II ion and Zn-II ion with probable transition states to
Cu-I ion and Zn-II ion, but CHARMM36 does not include potentials for
these metallic ions. Thus, semi-novel CHARMMS36 force field parame-
terizations were prepared for Cu-II, Zn-II, and Cu-I as bound to the SOD1
active site. Custom solutions to missing CHARMMS36 potentials for the
MD of metalloenzyme were previously solved by similar methods. The
solution potentials should be recalculated when computing a simulation
of different structure.

2.5. Preparation and two-step equilibration

Molecular dynamics (MD) preparations and equilibration were
executed in the liquid phase. X-ray crystallographs were obtained from
RCSB [79]. Working structures were generated by programmatically
stripping the PDB file of crystalline water, sulfate, sodium, and chlorine
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atoms. When more than one dimer was present in the initial crystal, just
one dimer of two chains were extracted per instance of computational
processing. Next, the isolated dimer was placed inside a cubic box of d =
2.0, saturated with Space Point Charge 216 (spc216) water, and
neutralized with 100 mM NaCl at constant 37.0 °C. Energy minimization
as Steepest Descents converged to Fmax < 100 and within the machine
precision, yielding the initial configuration and EM parameters. Struc-
tures were each then simulated to a comparative analysis of 2 ns or more
for a two-step equilibration at both constant pressure (NVT) and then
constant volume (NPT).

2.6. Production MD

Production molecular dynamics (MD) were executed in the liquid
phase. The bash commands collected in Script S2 were utilized to pre-
pare the reference structure constructs and then execute the production
MD. The Particle Mesh Ewald (PME) sum was computed in reciprocal
space for electrostatic interactions [80]. The full Lennard-Jones
parameter combination matrix and initializing LINear Constraint
Solver (LINCS) were each employed (the center of mass motion removal
mode was linear) [81], with the number of constraints for LINCS set to
2,156 [82]. Intra-simulation communication occurred every 10 steps to
link all bonded simulations to atoms [83].

2.7. Data handling, statistics, and graphics

Rplot_gromacs.R 1.0.0 by Francesco Carbone (UCL, 2015) was
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modified to visualize the GROMACS solutions in R. Script S5 is an R
script for formatting equilibrations to visualization. Script S6 is an R
script for formatting MD simulations to visualization.

2.8. High-resolution molecular videography

Molecular trajectories obtained from MD simulations were initially
processed for cursory tests just prior to the execution of expensive
computations. Script S4 calls Script S3 to programmatically iterate the
loading, selection, representation, frame capture, and high-resolution
rendering of each of 6,000 frames. MD trajectories were programmati-
cally shifted 0.01 ns forward with each successive rendering. The
resultant frames were 1000 x 1000px bitmaps of 3 MB/frame. Finally,
with the rendering of the initial frames complete, the script moves to add
text labels indicating both the PDB ID and the render time in ns. A
margin or border were added to each frame. The resultant 6,000 frames
were 1080 x 1080px bitmaps of 5 MB/frame. Next, corresponding
frames for each of the six insets in the composite were combined to
create a single bitmap. The resultant 1,000 frames were then program-
matically converted to video utilizing ffmpeg (libx264, very slow, CRF
28). The videograph and its frames were not smoothed or down-sampled
until a final step in its production.
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Fig. 1. MD on constructs from PDB IDS 1HL5, 1PUO, 1SPD, 2C9V, and 2VOA according to scale: (a) RMSD; (b) Radius of gyration; (c) First subunit distance of the
intra-disulfide bond; (d) First subunit RMSF; (e) SASA; and (f) First subunit number of intramolecular hydrogen bonds. The S—S distance (c), RMSF (d), and H bonds

(f) are shown for just one subunit of each dimer.



A.S. Workman
3. Results and discussion
3.1. Production MD simulations

Production MD simulations were computed at a rate of approxi-
mately 4 ns/hour for 10 ns of each MD simulation (0.01 ns resolution).
The resultant analyses generated 1,000 data points for each dot plot of
each panel in figures with the form of Fig. 1 which include Fig. S3 and
Fig. S5. All data points were reported in every dot plot; for example, each
of the six panels represent 5,000 unique data points for a total of 30,000
unique data points present in the vector format of the composite figure.
Equilibrations and other data which match the production MD of Fig. 1
are given in Fig. S1 (Fig. 2).

Root mean square (RMS) displacement (RMSD) and RMS fluctuation
(RMSF) data were collected in this study. RMS displacements and fluc-
tuations are indicative of global conformational changes. Together with
the PCA vectors, the RMSD and RMSF graphs enable qualitative inter-
pretation of the MD simulation.

Radius of gyration (Rg) data were collected in this study. Ry is related
to RMSD/RMSF through the root mean square distance. Rg represents
the distance of various weighted system particles from its axis of rota-
tion, and additionally describes the way in which mass is distributed
over the axis of rotation of the biomolecule. Ry is also employed to study
molecular multimerisation, and buckling and inversion.

Solvent-accessible surface area (SASA) data were collected in this
study [84]. SASA represent the exterior solvation of the biomolecule to
exclude its hydrophobic core, the core of which is a “cavity” intrinsic to
most proteins [85]. A relative increase in SASA may indicate structural
instabilities, solvent clashes, access to inner folds, and buried or ejected
ions, whereas a drastic increase in SASA indicates that the structure is
misfolded or denatured. Normal SASA fluctuations are characteristic of
the solvated and ionized conditions of matrix.

The resolutions of the PDB crystallographs from which the constructs
were derived were reported to PDB as: 1HL5 (1.80 f\); 1PUO (1.70 }o\),
1SPD (2.40 A), 2C9V (1.07 A), and 2VOA (1.15 A). According to a

a b
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comparison of the MD results from 1SPD relative to the MD results from
1PUO and 1HL5, there is no clear correlation between the crystallo-
graphic resolution of a given PDB and the strength of its biophysical
profile.

3.2. Comparative analyses

1HLS5 and 1SPD have consistently elevated RMSD with RMSF values
relative to the others, which are non-native WT hSOD1 dynamics that
are more representative of large complexes that exhibit coarse molecular
motions. The elevated RMSD of 1HL5 and 1SPD seen in Fig. 1a/d can
indicate a major dysfunction such as protein misfolding, disordered re-
gions, or conformational instability. The RMSD curve of 1HLS5 is
observed ramping up rather than leveling off or flattening, whereas the
RMSD curve of 1SPD comparably flattens yet retains its elevation; these
plot action show that 1HL5 is not adequately equilibrated to the MD
simulation whereas 1SPD nonetheless is. The punctate steps in the 1HL5
plot action as observed past 3 ns, 5 ns, and 7 ns of MD simulation show
the evolution of a reaction coordinate, transition state, conformational
shift, or other concerted temporal change in structure.

Selection of a crystallographic template in a computational study is
among the first and most crucial methodological decisions of the study.
Two recent computational studies on SOD1 selected a PDB template
without justifying that selection [19,86], which attenuated the potential
breadth and impact of those results. Another recent computational study
selected PDB ID 2C9V as its reference structure [87]; however, and
despite its high atomic resolution, the popular usage of 2C9V is just poor
precedent in the experimental design of chromatographic isolation of
SOD1. The methods of the manuscript attached to 2C9V indicate that it
is an experimental reconstitution construct [54]. 2C9V constructs
exhibit non-native dynamics relative to other WT hSOD1. The artifacts
imposed by the reconstitution of 2C9V such as in its chaotropic dena-
turation or metallic dialysis could explain the muddied molecular dy-
namics observed from 2C9V. The artifacts of reconstitution damage the
dynamics of 2C9V to the extent of non-nativity. Other structures
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Fig. 2. Essential dynamics of eigenvectors 1 (PCA1) and 2 (PCA2) computed at the C-alpha position for the least squares fit and covariance analysis (PCA1 and PCA2,
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deposited by Strange et al. (2VOA, 1HL5) lack the experimental recon-
stitution and show appreciable native dynamics [51,55]. PDB ID 2C9U
was also analysed by MD simulation in this work, but the construct
exhibited deviant dynamics that likely resulted in a loss of its oxidized
intra-disulfide bond over its first nanosecond of simulation.

3.3. Differential screening and selection

1PUO was differentially selected as the ongoing reference structure.
The many dimers of 1PUO are defined as chains A/B, C/D, E/F, G/H, and
1/J, each of which were assessed with 10 ns simulations. Dimer 1/J of
1PUO was selected as the reference structure in this study and for future
work according to an analysis of its biophysical indicators relative to the
biophysical indicators of comparative reference structure under iden-
tical conditions of simulation.

2VOA was not rejected at once due to its poor resolution (1.15 A)
alone but was also found highly resistant to dynamic perturbations.
2VOA thus has relatively limited use in potential experimental imple-
mentations. 2VOA was also found unfavorable across each of methodo-
logical design, signal-to-noise ratio, and interoperability concerns.
1SPD, 1HL5, and 2C9V exhibit non-native WT dynamics and deviant
numerical values.

3.4. High-resolution molecular videography

A novel method of high-resolution molecular videography was
developed to visualize MD simulations. Molecular videography is now
an indispensable tool which enabled a fast qualitative determination of
dynamics from what was the slow programmatic workflow of rendering
and production.

The attached molecular videograph represented by Fig. 3 is paneled
for each of six distinct MD simulations featuring 10 ns of simulation (60
ns total, 0.01 ns resolution). The videograph has a runtime of 20 s
(540p/48 Hz resolution). The videograph were iteratively rendered
from 6,000 total frames with 1,000 frames per panel of the composite
figure. Identical videos were prepared at higher resolutions than that
proctored here: 720p/60 Hz (73.3 MB) and 4 K/30 Hz (2.13 GB) (data
not shown). The videograph attached to this manuscript has resolution
540p/48 Hz (53.2 MB), which is substantially reduced relative to the 4 K
rendering, yet that still did not fail to resolve most particles in the ani-
mation. The attached videograph represented by Fig. 3 is a 53.2 MB
deliverable derived from 196 GB of raw production content organized
across 55 folders comprising 33E3 programmatically generated files.
Inspection of the molecular videograph at once conveys major qualita-
tive findings on its dynamics.

The concurrently displayed videos of each panel of the composite

Fig. 3. Video of the defined MD simulations on constructs from PDB IDs 1HL5,
1PUO, 1SPD, 2C9V, and 2VOA. The composite of panels was solved up to 10 ns
at a resolution of 0.01 ns, and a 20 s video was produced at 540p/48 Hz res.
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videograph represented by Fig. 3 were identically prepared and
computed to simulation and visualisation, which enabled its compara-
tive analysis across reference structures from PDB IDs: 1HL5, 1PUO,
1SPD, 2C9V, 2C9U, and 2VOA. In the attached videograph, the con-
current implementations and shared time axes have critically enabled its
other temporal fluctuations, momentums, and trends; this reduction in
system noise effectively amplified those temporal effects intrinsic to the
PDB ID, whereas outside temporal effects were effectively silenced as
just systemic constants. The preparation, computation, analysis, and
graphical depiction of each of the video panels were programmatically
prepared with identical treatments. That given the uniformity and large
sample size (n = 6) of the composite videograph enable comparative
analysis: the differences among panels within the composite can be
solely and differentially attributed to intrinsic differences within the
crystallographic templates.

1HL5, 1SPD, and 2C9U videographs exhibited erratic, non-native
dynamics relative to the outstanding 1PUO, 2C9V, and 2VOA video-
graphs, which indicate that the former lack metadynamic equilibration
with the production matrix whereas the latter do not. The two-step
equilibration method in early preparation of the videographs were
consistently implemented without cause for concern. At approximately
5 ns in the 10 ns simulation on 2C9U, a cavity is seen to buckle and
possibly even invert, which is a finding corroborated from the RMSD and
Rg graphs for 2C9U (data not shown). The large rotational momentum
and extreme beta-barrel flexibilities and fluctuations of 2VOA were ab-
sent in comparable simulation on 1PUO. In place, 1PUO exhibited a
centered, balanced, and oriented position for the duration of the vid-
eograph. The relatively exceptional molecular dynamics of 1PUO were
first recognized from its numerical values, which were later found
corroborated via qualitative inspection of its molecular videograph.

3.5. Effect of ionic strength

Chains I/J of 1PUO were assembled as constructs and subjected to
varying ionic strength via [NaCl]. The ionic strength of the simulated
matrix was adjusted by increasing [NaCl] from 0 mM to 1000 mM at
points 0 mM, 100 mM, 200 mM, 300 mM, 400 mM, 500 mM, and 1000
mM, with potential energy, temperature, pressure, and density observed
in Fig. 4. Fig. S5 gives the RMSD, radius of gyration, S—S distance,
RMSF, SASA, and H bonding data, which show that increasing ionic
strength uniformly increases RMSF and that 0 mM [NaCl] rendered the
lowest SASA at most time points. An analysis of the essential dynamics of
eigenvectors 1 and 2 (PCA1 and PCA2) are given in Fig. S6.

4. Conclusion

Superoxide dismutase 1 (SOD1) is a metalloenzyme that converts
toxic superoxide to elemental dioxygen. Here, a panel of routinely
implemented wildtype hSOD1 crystallographs were dynamically
assayed in real-time by molecular dynamics (MD). Dozens of WT hSOD1
isoform crystalline constructs were observed for 10 ns at variable P, V, T,
and ionic strength. RMS displacement and fluctuation, radius of gyra-
tion, SASA, hydrogen bond, and essential dynamic analyses were
determined. Experiments specific to SOD1 biochemistry, viz. intra-
disulfide and metallic bonding perturbations, were also observed. These
results indicate that PDB ID 1PUO should be selected as the reference
structures for further computational studies on wild-type hSOD1.

The quantitative parameterizations and results of RMSD, RMSF, and
PCA vectors as constrained to the MD simulation enabled a global
qualitative view of the biomolecular dynamics. This novel method of
molecular videography enabled the high-resolution videographic visu-
alisation of dynamic simulation. The methods documented here are
readily applied for similar computational efforts on other complex
biomolecules.

These data are key for future approaches to SOD1 metadynamics,
SOD1 folding and dimerization, its metallosulfidic isoforms, and
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catalytic and mechanistic hypothesis-driven computational approaches
on SOD1. Future MD analyses on SOD1 could include the metadynamics
of a radicalized matrix, the complex modeling of SOD1 folding, dimer-
ization, and subunit bonding, and other advanced delineations of the
molecular configurations and reactive states of SOD1.
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