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A B S T R A C T

This work explores the pivotal role that protein mobility plays in facilitating the catalytic activity of Copper-Zinc
superoxide dismutase (SOD1). Through both localized active site distortions and correlated domain movement,
these motions enable the enzyme to adopt the conformations necessary to achieve both substrate delivery and
efficient catalytic transformation. Structural and computational studies of a biomimetic model complex are used
to probe the localized interactions between substrate and secondary sphere residues that play a role in guiding
substrate to the active site, as well as facilitating the conformational changes necessary for substrate turnover.
Normal mode analysis (NMA) of SOD1 demonstrates how collective domain motion influences key residues of
the electrostatic loop (ESL), guiding substrate to the active site and facilitating the delivery of the conserved
water network necessary for proton transfer.

The mechanism for disproportionation of the toxic superoxide ra-
dical anion by [Cu-Zn] superoxide dismutase (SOD1) involves cyclic
reduction and oxidation of the catalytic copper to produce oxygen and
hydrogen peroxide [1]. In the resting state the Cu2+ ion forms a tetra-
coordinated distorted tetrahedron (td) coordinated by Nδ of His46, the
Nε atoms of His48 and His120, and Nε of deprotonated His63 (human
SOD1 numbering) [2]. The reduction to Cu+ is accompanied by a dis-
placement of the metal away from now protonated His63 and towards
the trigonal plane formed by histidines 46, 48 and 120. Anion binding
studies support a mechanism whereby direct binding of superoxide to
Cu2+ yields a five-coordinate square pyramidal geometry with a
loosely-bound apical His48 residue [3]. Subsequent inner-sphere elec-
tron transfer is promoted by proton transfer through a chain of con-
served water molecules positioned along an active site channel [4]. The
extent to which protein motions are involved in enzymatic turnover is
the focus of intense investigation [5], and the importance of SOD1
mobility in facilitating catalytic activity as well as aberrant behavior
has been suggested by both structural [6] and theoretical [7] in-
vestigations. This work combines both model structure and theoretical
analysis of ligand binding to SOD1 in order to elucidate how collective
motions, both local and global, in the SOD1 protein can act in a cor-
related manner to influence both conformational changes at the cata-
lytic center and substrate delivery to the active site.

The model complex, [Cu(II)(isobpmen)(H2O)](OTf)2, was

synthesized and isolated in good yield from the complexation of N,N-Bis
(2-pyridylmethyl)-N′,N′-dimethylethane-1,2-di-amine (isobpmen) li-
gand and copper(II)triflate. The precursor ligand was synthesized via
reductive amination of N,N-dimethylethylenediamine with two
equivalents of 2-pyridinecarboxaldehyde (see supporting information
for details). Blue needle shaped crystals resulted from the complexation
and the ORTEP structural diagram of complex 1 is shown in Fig. 1A and
S4. Complex 1 displays a square pyramidal geometry coordinated by
two tertiary amine nitrogens, one of them elongated trans to the open
site, and two ligating pyridines. The fifth ligand is a water bound mo-
lecule. One of the triflate (Tf) counterions displays a strong hydrogen
bonding interaction to the water ligand with a HH2O-OOTf distance of
1.86 Å. This interaction can be visualized by looking at the interface
between the triflate with the Hirshfeld surface of the complex, as
mapped over the normalized contact distance, dnorm [8]. The intense
red spot in Fig. 2 corresponds to an HH2O-OOTf distance closer than the
sum of the Van-der-Waals radii due to a hydrogen bond contact. Density
functional theory (DFT) calculations using a triple-zeta (TZV) basis set
and the B3LYP functional were performed on the [Cu(II)(isobpmen)
(H2O)]2+ complex in the absence of the triflate counterions (Fig. 1B
and S5). The optimized geometry highlights how, absent the triflate, the
geometry of the complex is predicted to be trigonal bipyramidal (tbp),
with a NpyCu(II)Npy angle of 116.4°, compared to 155.8° in the crystal
structure.

As mentioned above, binding of anion substrate analogues such as
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azide to oxidized SOD1 changes the Cu2+ coordination to a five-co-
ordinate square pyramidal geometry with His48 occupying an axial
position, loosely coupled at a Nε-Cu2+ distance of 2.76 Å. The ligating
azide nitrogen displaces a conserved water molecule, W0, which re-
presents the binding site of the superoxide substrate. As can be seen
from the alignment of our model compound with the azide-bound SOD1
structure, Fig. 1C, our ligating water has the same relationship to the
metal center as does the ligating azide nitrogen. Also shown in Fig. 1C is
the conserved water, W0, from a carbonate-bound SOD1 complex where
the HCO3− ligand occupies a position proximate to Arg143 [9]. The
guanidium group of Arg143 is known to play a critical role in con-
tributing to the local electrostatic environment necessary for the
binding of anions, including the superoxide substrate [10], azide and
thiocyanate ligands [11], and the bicarbonate anion [9]. The alignment
in Fig. 1C highlights how the triflate counterion plays a role analogous
to that of Arg143 in SOD1. By contrast alignment of the DFT-optimized
structure with a fully oxidized subunit of bovine SOD1 [12], Fig. 1D,
demonstrates how absent the counterion the Cu2+ position in the
model compound reflects the tetrahedral orientation of the four ligating
histidines typical of oxidized resting state SOD1. Therefore just as hy-
drogen bonding between the water and the triflate converts the con-
formation in the model compound from tbp to square pyramidal, so

electrostatic guidance of the anionic substrate by Arg143 in SOD1 results
in a change in metal coordination from distorted td to square pyr-
amidal. In SOD1 these coordination changes are required for copper to
engage catalytic activity and facilitated by protein motion.

Normal mode analysis (NMA) describes protein movement as a su-
perposition of mode coordinates, with the majority of protein motion
attributable to one or two of the lowest frequency modes [13]. For
wtSOD1, NMA yields two low frequency modes with substantial col-
lective character. Frames from a movie (available as supplementary
material) depicting one of these modes, Fig. 3 (available as a supple-
mentary figure in the web version of this article), demonstrates how the
collective motion of SOD1 facilitates a displacement of the Cu2+ center
relative to the ligating histidines. Specifically, a reduction of the
His63Nε-Cu2+- Nε

His120 angle is associated with a contraction of the
Cu2+- Nε

His48 distance, while a looser attachment of His48 is associated
with a copper ion coplanar with the three remaining histidines. This
collective motion thus provides a mechanism to transition the metal
from the tetrahedral arrangement associated with unbound substrate to
the square pyramidal geometry observed with ligand binding. For the
model compound the Lewis basicity of the ligating oxygen is increased
through polarization and charge transfer [14], thus favoring the square
pyramidal conformation. The alignment in Fig. 1C highlights how a

Fig. 1. A Crystal structure of [Cu(II)(isobpmen)(H2O)](OTf)2; B structure of [Cu(II)(isobpmen)(H2O)]2+ complex optimized using a triple-zeta (TZV) basis set and
the B3LYP functional; C alignment of [Cu(II)(isobpmen)(H2O)](OTf)2 with the azide (blue stick)-bound SOD1 structure from Ref. [3], and showing conserved water
W0 (red ball), and HCO3− ligand (stick) from the Cu(II)‑carbonate bound structure from Ref [8]; D alignment of the DFT-optimized structure of [Cu(II)(isobpmen)
(H2O)]2+with the fully oxidized subunit of bovine SOD1 from Ref. [12], with the Cu2+ and the water from the [Cu(II)(isobpmen)(H2O)](OTf)2 complex overlaid in
yellow.
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Fig. 2. Hirshfeld surface of the [Cu(II)(isobpmen)(H2O)](OTf)2 complex, as mapped over the normalized contact distance, dnorm, with a red spot signifying a distance
closer than the sum of the Van-der-Waals radii.

Fig. 3.
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similar orientation of Arg143 relative to superoxide, and facilitated by
protein motion, utilizes electrostatic guidance to achieve the same
conversion. The active-site Cu2+ ion sits at the bottom of a deep but
narrow channel formed on one side by the residues of loop IV, often
termed the zinc-binding loop (ZBL), and on the other by loop VII or the
electrostatic loop (ESL). Superimposing both low frequency normal
modes demonstrates how protein motion in SOD1 can also produce a
longer-range electrostatic effect, one that guides anionic substrates
along this active site, or electrostatic channel, and facilitate proton
transfer from solution [15]. Defining the length of the electrostatic
channel as the distance from the copper to Nξ of Lys136 and its width as
the distance from Cγ of Thr58 to the Oε atom of Glu132 [16], it can be
seen from Fig. 4A and B how the binding of copper is critical to the
formation of a well-defined channel through correct orientation of key
residue side chains. In Fig. 4C one frame of this bimodal movement is
overlaid with the electrostatic surface calculated for wtSOD1 (pdb id
2C9V) to demonstrate how the predicted motion of the protein expands
the size of the channel in a manner similar to that observed in the
absence of the copper center (apoprotein). Because normal modes de-
fine direction but not amplitude, an amplitude range was specified to
capture larger amplitude protein motions while allowing for a reason-
able comparison with experimental B factors. B factors were computed
by a linear scaling of the relationship B = (8π2/
3)<R2 > where<R2 > is the root mean square displacement of the
100 lowest frequencies. For the residues from loops IV and VII lining
the channel, the correlation between computed and observed B-factors
was calculated to be 0.91, Fig. S6. Therefore, while metalation of SOD1

orients key side chains to give a well-defined electrostatic channel,
NMA describes a more dynamic environment where residual mobility
permits fluctuations in the electrostatic environment of the active site.

The terminal frame of the bimodal movement, a motion leading to a
restriction of the channel, is shown in Fig. 4D overlaid with the cal-
culated electrostatic surface for wtSOD1. Also shown, in stick form, are
two crystallographic waters including W0, the proxy for superoxide.
This protein motion facilitates electrostatic guidance of SOD1 substrate
to the catalytic center through a sweeping motion of the Lys136 residue
along the active channel, as well as a pinching of the bottleneck in the
channel as defined by the distance between Cξ of Arg143 and Cγ of
Thr137 [16]. Facilitated by the localized motion of the Cu2+ center
relative to the ligating histidines, oxidation of superoxide to O2 is ac-
companied by proton transfer from bulk solvent to His63, while re-
duction of superoxide to H2O2 must be accompanied by proton transfer
from both solvent and from His63. A conserved water network, char-
acterized as W0/W1/W2, is proposed as the proton source, with W2

anchored in place by hydrogen bonding to the amide nitrogen of His63
and the oxygen of Lys136 [9]. The second crystallographic water high-
lighted in Fig. 4D is positioned between the His63 and Lys136 residues in
the final frame of the bimodal motion of SOD1 predicted by NMA,
demonstrating how collective motion can be used not just to guide
substrate to the active site, but also for the delivery of a conserved
water network proximate to the catalytic center. Pulse-radiolytic mea-
surements confirm the key roles played by Lys136 and Arg143 in influ-
encing SOD1 reactivity through modulation of the electrostatic en-
vironment [10,17]. While charge reversal through mutation of Lys136

Fig. 4. A Surface electrostatic potentials calculated using the Discovery Studio software for copper-free SOD1(pdb id 1KMG) and B wt SOD1 (pdb id 2C9V) with
positive regions in blue and negative charges in red (kt units); C & D Surface electrostatic potential for wtSOD1 overlaid with initial and final frames respectively
(stick mode) of the motion described by bimodal NMA analysis involving the two modes with the lowest calculated frequencies and the largest collective character,
with the crystallographic waters shown in wireframe in C, and the conserved waters W0 and W2 shown in stick in D. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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lowers SOD1 reactivity by 50%, mutation of Arg143 to aspartate or
glutamate decreased activity by two orders of magnitude. Ionic strength
is also dominated by Arg143, where the charge neutralization drops the
ionic dependence to 25%, compared to 75% for Lys136. The protein
motion described here for SOD1 explains how both residues combine to
modulate the long-range electrostatic environment, but only Arg143
impacts the local electrostatic environment vital to the enzyme me-
chanism.

Secondary sphere interactions responsible for substrate focusing in
the model complex [Cu(II)(isobpmen)(H2O)](OTf)2 illustrate how the
conformational changes necessary for catalytic activity in SOD1 are
promoted by protein movement. Global protein motion centered on the
electrostatic channel of the enzyme is proposed to act synergistically
with changes at the active site to concertedly impact catalytic action.
This connection of protein dynamics to SOD1 catalytic activity extends
beyond just action along a local reaction coordinate to include motions
that accelerate delivery of substrate and proton transfer from the bulk
solvent.

Electronic Supplementary Information (ESI) available: includes de-
tails of all experiments and theoretical calculations, and a movie of the
normal mode, shown in Fig. 3, that demonstrates how the collective
motion of SOD1 facilitates a displacement of the Cu2+ center relative to
the ligating histidines. Supplementary data to this article can be found
online at https://doi.org/10.1016/j.jinorgbio.2020.111161.
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