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ABSTRACT: Copper/zinc superoxide dismutase (SOD) is a homodimeric metalloenzyme which has been extensively
studied as a benchmark for structure-function relationships in proteins, in particular because of its implication in the fa-
milial form of the neurodegenerative disease amyotrophic lateral sclerosis. Here, we investigate microcrystalline prepara-
tions of two differently metallated forms of SOD, namely the fully mature functional Cu',Zn state and the E,Zn-SOD state
in which the Cu site is empty. By using solid-state NMR with fast magic-angle spinning (MAS) at high magnetic fields (‘'H
Larmor frequency of 800-1000 MHz), we quantify motions spanning a dynamic range from ns to ms. We determine that
metal ion uptake does not act as a rigidification element but as a switch redistributing motional processes on different
timescales, with coupling of the dynamics of histidine sidechains and those of remote key backbone elements of the pro-

tein.

Introduction

Metal ions have a key role in the cell machinery as cofac-
tors of almost one third of all the known proteins.’ They
perform a variety of functions such as catalysis, electron
transfer and oxygen storage.” Often, metal ion binding
also has a structural effect, modulating the stability and
the folding pathways of metalloproteins. It is commonly
thought that metal binding promotes a rigidification of
the protein scaffold due to changes in side chain structure
and dynamics in the metal binding site upon metal up-
take.>® However, a number of intriguing exceptions to
this paradigm have been reported,”™ suggesting that the
repercussions of metal binding on stability, oligomeriza-
tion and catalytic activity cannot be reconciled simply in
terms of an overall reduction in flexibility. A more com-
plete description of the modulation of motions on differ-
ent timescales (from fluctuations at amino acid level to
collective motions involving larger structural elements)”
is indeed required to disentangle all the effects.

One of the unique features of nuclear magnetic resonance
(NMR) toward this goal is its capability to probe internal
molecular motions at atomic resolution over a broad dy-
namic range in physiological environments. The continu-
ous development of solid-state NMR has allowed to ex-
tend these investigations to complex targets of different

aggregation states, to insoluble oligomers, sediments, and
proteoliposomes. ™ Solid-state NMR additionally pro-
vides the intriguing possibility to probe dynamical pa-
rameters of soluble proteins inside hydrated crystals or
microcrystals ** and can therefore expand solution NMR
methods. Pioneering studies have shown that the local
flexibility of backbone and side-chains in crystals is remi-
niscent, if not identical, to that occurring in solution, ***
and that relaxation parameters under MAS can even re-
veal residual collective motions that are associated with
large-amplitude conformational changes in solution. ***
In addition, crystal contacts abolish the overall tumbling
of the molecules, which dominates spin relaxation in so-
lution, and allow observation of motions over an expand-
ed time window, necessary to obtain a comprehensive

description of the functional dynamics of the proteins.
14,26,27

Here, we use state-of-the-art solid-state NMR to charac-
terize motions in a metalloenzyme, human copper/zinc
superoxide dismutase (SOD), and to uncover the links
between internal dynamics over various timescales and
metal ions coordination, which are central to the process-
es of catalytic efficiency, maturation and stability of the
dimeric enzyme.



SOD is a well-known metalloenzyme found in almost all
eukaryotic cells and in a few prokaryotes, which catalyzes
the dismutation of the superoxide radical to hydrogen
peroxide and oxygen. This system has been widely studied
over the years as a benchmark for structure-function rela-
tionships in metalloproteins.”®**® Human Cu,Zn-SOD is a
remarkably stable protein,® with two identical subunits
(153 aa) featuring a very well conserved [3-barrel structure
composed of eight antiparallel § strands (Figure 1a), held
together by hydrophobic interactions involving mainly
two loops (namely 4 and 6).>** Each subunit contains in
the active site a Zn" ion, buried inside the protein (Figure
1b) and known to have a primarily structural role. A sol-
vent-accessible Cu ion (with oxidation state I or II during
dismutation reaction) lies at the bottom of a wide active
channel (Figure 1c) which is involved in efficiently driving
the superoxide to the active site. Dismutation occurs with
high catalytic efficiency, which is diffusion limited
(kcar~10° M's™) 3*33* The coordination of copper and zinc
in the active site is mainly mediated by the side chains of
histidine residues (Figure 1d): Cu' is coordinated by His 46
(strand B4), His 48 (strand B4) and His 120 (strand (7).
Zn" is coordinated by His 63, His 71, His 8o and Asp 83, all
located in loop 4. In addition, His 63 is responsible of co-
ordinating copper when it adopts an oxidation state II.
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Figure 1. (a) Structure of the homodimer of Cu,Zn-SOD
(PDB codeaSOS). The Cu and Zn metal ions are represented
by a gold and a blue sphere respectively. (b) Solvent excluded
surface of Cu,Zn-SOD, where the active channel is shown in
orange (T58 in loop 4) and green (E133, T137, Ri43 in loop 7).
This has a role in attracting superoxide anions and guide
them into the channel to the copper ion. The binding sites of
Cu and Zn ions are shown in yellow and purple respectively.
Cu is solvent accessible at the end of the active channel,
while Zn shielded at the protein core. (c) Zoom of the struc-
ture in the region of the active channel. The residues in-
volved in metal coordination are shown with sticks. Loops 4
and 7 are colored in orange and green respectively. The fully
conserved disulfide bridge between C57 and Ci146 is shown as
a yellow stick. (d) Structure of the active site. Side chains of
the residues involved in the metal coordination are shown as
sticks and the residue numbering is indicated. Cu-

coordinating residues are colored in gold, Zn-coordinating
residues are colored in purple.

Systematic comparative studies have been performed on
different forms of SOD, carrying or lacking Cu, by solu-
tion NMR.***%373 These studies have contributed a pic-
ture showing that Cu uptake induces rigidification of both
the active site and of the backbone of the protein overall.
Nevertheless, in all these studies the effect of Cu uptake
could not be separated from the effect of punctual muta-
tions, which were designed specifically to produce an (in-
active) monomeric variant suitable for solution studies.
Moreover, motional processes occurring on different
timescales, such as slow conformational changes and fast
fluctuations, could not be connected in a single frame of
reference.

In the following, we show that the previous picture of Cu-
induced rigidification was incomplete, and that in fact
Cu-binding increases local dynamics on fast timescales
and reduces dynamics on slower timescales. We do this
through the observation of dynamical parameters by sol-
id-state NMR on hydrated microcrystalline preparations
that conserve the enzymatic activity (SI text and figure
S1). We study here an intermediate that contains all the
features of the dimeric mature form, differing only by the
absence of Cu (E,Zn-SOD hereafter). The dynamics of this
intermediate are compared with those of the mature Cu'-
bound enzyme (Cu,Zn-SOD). The structures of both
forms have been determined,®*°™* and no evident struc-
tural changes are induced in the protein backbone by the
uptake of Cu. Nonetheless, significant variations are ob-
served in the backbone mobility of relevant regions of
SOD. By virtue of the definition of the target systems,
such variations are not associated with point mutation
nor with dimerization, and are uniquely ascribed to the
copper binding, clarifying the key determinants relating
copper uptake, functional protein backbone and side-
chain motions and dimer stability.

Materials and Methods

Sample preparation. The C6A/CiS thermostable mutant
of SOD, U-[*H,C,*N] labelled and completely reproto-
nated at exchangeable positions, was prepared as de-
scribed previously.* Selective metallation was achieved
by treating the purified and back-exchanged protein sam-
ple with EDTA followed by dialysis, stoichiometric addi-
tion of Zn" as a 10 mM ZnCl, solution, followed, in the
case the Cu,Zn-SOD sample, by slow titration with a 10
mM solution of CuCl, . The sample was then concentrated
to 20 mg/ml and 1.5 molar equivalents of iso-ascorbic acid
under nitrogen atmosphere were added to obtain the Cu'-
form. Both samples were then crystallized using the same
procedure and timing by the sitting drop method, yield-
ing microcrystals comparable in shape and dimension at
visual inspection, and packed into 1.3 mm rotors by cen-
trifugation. The Cu,Zn-SOD sample was determined to be
functionally active. Details of all these procedures are
described in the Supporting Information.

NMR spectroscopy. NMR spectra were carried out on a
23.5 T (‘"H Larmor frequency 1000 MHz) and an 18.8 T



(800 MHz) narrow-bore Bruker Avance III spectrometers,
with 60 kHz MAS and a sample temperature of 27 °C. A
proton-detected 3D (H)CNH experiment was employed to
resolve resonances from histidine sidechains in three di-
mensions and correlate side-chain NH protons with side-
chain heavy atoms. All site-specific ®N relaxation meas-
urements for backbone and histidine sidechains were
performed with the pulse sequences reported in . A full
description of the NMR experiments is provided in the
Supporting Information.

Results

Histidine side-chain structure. The metal ion coordination
pattern in the active site is readily accessible to NMR
through ®N-'H cross-polarization-based 2D spectra, CP-
(H)NH, which contain resonances from HN pairs in §
and/or € positions of the imidazole groups of histidines.
Such spectra were acquired for microcrystalline prepara-
tions of the two metallated forms of SOD and are shown
in Figure 2a. Their site-specific assignment, performed
using 'H-detected triple-resonance 3D experiments, is
detailed in the SI text. In both forms, a single correlation
peak was observed for each histidine sidechain in the ac-
tive site, associated to a singly protonated form. In con-
trast, two correlations were observed for His43, indicating
a doubly protonated form for this non-coordinating side-
chain at the pH used for crystallization. The spectra of the
two molecules are very similar, with ®N chemical shift
perturbation upon copper binding smaller than 1.5 ppm.
A noticeable difference is represented by the signal of His
120 NHS9,, which is absent in E,Zn-SOD, while it appears
in the case of Cu,Zn-SOD. These first observations indi-
cate an overall conservation of structure, with the conser-
vation of the tautomeric state of each histidine, but also
suggest different dynamics between the two forms, with
higher flexibility of His 120, and consequent inefficient
dipolar transfer, in the absence of Cu.

Histidine side-chain dynamics. Interconversion between
structurally similar states (separated by low energy barri-
ers) occurs over a broad ps to ps timescale, and nuclear
spin relaxation parameters determined by MAS-NMR are
informative of such motions.*™® Here, the N-'H corre-
lation spectra provide a window for the direct measure-
ment of such parameters at the catalytic center with
atomic resolution. A set of ®N R, and R,, relaxation rates
was measured for all the observed His side-chain signals,
in both Cu,Zn-SOD and E,Zn-SOD. These parameters
monitor differences in dynamics between metallation
states covering the aforementioned time window, specifi-
cally from ps-ns (°N R,) to ns-pus (°N R,,) processes, re-
spectively (SI text and figure S2, S3). The relaxation rates
measured for the two forms are compared in Figure 2b
and listed in Table S1. Longitudinal relaxation rates (N
R,) are very well conserved between the two forms, with
noticeable difference for the ®Ng, of His 63, showing con-
siderably larger R, in the absence of Cu. The residues in
the Cu pocket (His 46, His 48 and His 63) showed in-
creased Ry, in E,Zn-SOD. Conversely, His 43, which is not

exposed to the active site, showed conserved R, and R,,
rates between metallation states.

In addition, we explored even slower conformational dy-
namics (ps-ms) by measuring N R,, at variable spin-lock
field, the commonly named relaxation dispersion (RD)
experiment. The high magnetic field strengths and the
high MAS rates used here, together with proton dilution
obtained in perdeuterated samples, reduce the coherent
effect on the measured relaxation rates which are there-
fore dependent on dynamic processes only. '** A sloped
profile in the relaxation dispersion is the signature of the
presence of exchange between states with different chem-
ical shifts on a ps-ms timescale which translate into the
existence of structural fluctuations. ®N R,, relaxation dis-
persion profiles were measured for the His-sidechains of
both SOD samples (Figure 2c-d). While a flat dependence
of R, with respect to the spin lock field was observed for
most of the histidine side-chains, a large dispersion was
observed for His 63 Ne, in the absence of Cu. This spin-
lock dependence is abolished upon Cu binding.

Protein backbone structure. The observations above can
be complemented by recording the analogous experi-
ments on the 'H,”N pairs of the backbone amide groups,
extending the investigation from the metal binding core
to the whole protein scaffold. Fingerprint 'H,”N dipolar
correlation spectra CP-(H)NH acquired on both Cu,Zn-
SOD and E,Zn-SOD are reported in Figure 3a. The two
spectra are almost superimposable, evidencing backbone
structure and crystal packing conservation in the two
forms with the exception of small variations in chemical
shifts for backbone NH pairs close to the Cu pocket. For
both samples, a single set of resolved peaks was detected,
indicating the absence of exchange processes with other
substantially populated conformers on timescales slower
than ms.
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Figure 2. (a) Superposition of solid-state "N-"H CP-HSQC
spectra of E,Zn-SOD (blue) and Cu,Zn-SOD (red) in the re-
gion of the side chains of histidine residues. The assignment
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of the different "N in the imidazole rings is shown. (b) Sum-
mary of the results obtained for the ps-ns dynamics of the
histidine side chains in E,Zn-SOD (blue) and Cu,Zn-SOD
(red). Top: longitudinal ®N relaxation rates R.. Bottom:®N
relaxation rates R, with a spin-lock radiofrequency ampli-
tude of 20 kHz. (c) "N Ry, relaxation dispersion profiles ob-
served in E,Zn-SOD (blue) and Cu, Zn-SOD (red) for the
imidazole Ne. of His 63 and His 71. (d) Imidazole "N AR, (ps-
ms dynamics) evaluated from relaxation dispersion profiles
for E,Zn-SOD (blue) and Cu,Zn-SOD (red) .

Protein backbone dynamics. As for the histidine side-
chains, sets of °N R, and Ry, rates as well as R, relaxation
dispersion profiles were measured for ~140 amide groups
along the protein backbone, in both Cu,Zn-SOD and
E,Zn-SOD.

Representative ®N R, and R,, decays are displayed in Fig-
ure 3b. The values obtained for all the analyzed residues
are displayed in Figure 3c and listed in Table S1. While R,
relaxation rates are rather similar for the two forms for
most of the backbone amide groups, three regions with
globally larger
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Figure 3. (a) Superposition of ®N-"H CP-HSQC spectra of E,Zn-SOD (blue) and Cu,Zn-SOD (red), recorded at 1 GHz 'H Larmor
frequency and 60 kHz MAS. The assignment of the most shifted residues and of the residues exposed in the active site (under-
lined) is reported according to Knight et al. (32, 33). (b) Relaxation profiles of representative residues in E,Zn-SOD (blue) and
Cu,Zn-SOD (red). Top: ®N R, experimental decay curves and fit curves of residue T137 (loop 7, active channel). Middle: *N R,,
experimental decay curves and fit curve of residue Dio1 (in B-strand). Bottom: ®N relaxation dispersion profiles of residue T58
(loop 4, active channel and close to dimer interface). (c) "N backbone relaxation rates measured for E,Zn-SOD (blue triangles)
and Cu,Zn-SOD (red circles). Top: longitudinal ®N relaxation rates R (ps-ns dynamics). Middle: spin-lattice ®N relaxation rates
in the rotating frame Ry, with a spin-lock RF amplitude of 20 kHz (ns-ps dynamics). Bottom: N ARy, (ps-ms dynamics) for E,Zn-
SOD (top, blue) and Cu,Zn-SOD (bottom, red). The secondary structure is indicated above the plots. Orange and green boxes
highlight the residues located in loop 4 and 7 respectively, where noticeable differences between the two metallated states were

revealed.

values in Cu,Zn-SOD than in E,Zn-SOD were observed:
around the active channel in loops 4 (residues 56,58,61)
and 7 (residues 133,137,141,142), and in loop 6 (residues
107-11). These regions are highlighted in Figure 3¢ and
visible in Figure S4, in which the values of the relaxation
rates are projected

on the crystal structure of dimeric SOD. In these regions,
metal binding clearly results in an increase of motions on
fast timescales. In parallel, an overall decrease of ®N R,,
was observed for Cu,Zn-SOD with respect to E,Zn-SOD,
indicating a reduction of motions in the intermediate
timescales all along the sequence.

As for relaxation dispersion profiles (a representative ex-
ample is shown in Figure 3b), backbone residues can be
sorted into three categories (Figure Ss). For a first set of
residues the RD-profiles are flat for both samples, with
little or no dependence of R,, with the spin lock field, in-
dicating the absence of exchange. In a second set, the
same profile is observed for both samples, showing chem-

ical exchange unrelated to copper binding. Lastly, for a
third set of residues R,, values at low spin-lock field are
increased in E,Zn-SOD translating into an increase of mo-
tion on ps-ms timescales in the absence of copper. Intri-
guingly, for these residues the features of the dispersion
profile (slope and plateau) mirror those observed for His
63 side-chain Ne,. Slow dynamics is assessed here qualita-
tively, without imposing any particular model of motion,
by simply using AR,, the difference of R,, between the
lowest and the highest spin lock fields (Figure 3c). The
projection of AR,, values onto the crystal structure of SOD
(Figure S4) reveals that the portions of the loops with
higher values and the major differences between the two
metallated forms cluster in loops 4 (residues 51,53,57-
59,67,68), 6 (residues 106-111) and 7 (residues 126-129,138)
close to the metal binding site but also around the dimer
interface.

Discussion



The structures of many differently metallated intermedi-
ates, with various permutations of post-translation metal-
lations, have been solved by NMR and X-ray crystallog-
raphy, elucidating the maturation pathway of SOD.
*$333047 1t js known that, after protein expression, Zn is
taken up first and induces folding of the protein.*® In par-
ticular, loop 7, which is randomly oriented in the apo
form,***’adopts a defined orientation in the presence of
Zn. Additionally the copper binding site adopts a geome-
try suitable for coordination.* The uptake of Cu occurs as
the final step in maturation of SOD and, while not induc-
ing sensible changes in the overall structure,*®* it affects
the flexibility and the stability of the enzyme.> The effect
of copper coordination on the dynamics of the enzyme
has been investigated by solution NMR on a monomeric
mutant, showing a rigidification of the protein backbone
upon metal binding on the sub-ns and ms-ps
timescales.” Similarly, the crystal structure of a Cu de-
pleted mutant showed that in the absence of copper the
functional loops 4 and 7 are poorly resolved, likely due to
dynamics.” Nevertheless, with this approach the effect of
metal binding could not be disentangled from the effect
of dimerization and of punctual mutations. More im-
portantly, the effect of metal uptake and its implication in
the functionality of the enzyme cannot be ascribed to a
simple linear response.” Culik et al. recently expanded
this in a multi-time scale analysis of dynamics,” investi-
gating both the presence of conformational exchange at
slow timescale and fast dynamics with measured nuclear
Overhauser effect. However, the focus of the study being
the investigation of the maturation pathway, motions in
the fully mature form were not characterized.

We show here that the function of SOD seems to require
fine-tuned dynamics, and does it in an articulated way.
Cu binding, investigated here in absence of any other
structural modifications, is indeed responsible of modula-
tion of internal dynamics on multiple timescale. Making
use of the site-specific precision and high sensitivity of
solid-state NMR investigation on a large window of time-
scales, a richer picture of the effects induced by Cu uptake
could be obtained. More specifically, the data permit us to
associate copper binding with several interconnected lay-
ers of dynamics, each linked to a specific aspect of activity
or stability, as detailed below and sketched in Figure 4.

Cu,Zn-SOD

Figure 4. Schematic view of the dynamical modes activated
by Cu binding for the backbone and the metal-binding histi-
dine residues of SOD over the three timescales investigated.
For sake of clarity, SOD is represented by its monomer. Por-

tions undergoing dynamics are highlighted by purple shad-
ows. The superoxide diffusion pathway is symbolized by a
gradient (lower, left panel).

Cu binds to a pre-structured rigid pocket. Absence of
chemical shift changes in the 'H,”°N correlations for the
His side-chains indicates no change in the geometry of
the metal binding pocket even upon copper binding. We
can confirm that this pocket is extremely rigid on the
fastest timescale sampled here (ps-ns), and its dynamical
properties closely resemble those of the backbone resi-
dues in well-structured portions of the protein. With the
notable exception of His 63 (see below), the presence of
copper has little or no impact on such dynamics. The pic-
ture is dramatically different for slower timescales. In the
ns-ps window, the relaxation rates of side-chains reflect
their degree of coordination, with smaller ®N R,, for histi-
dines coordinated to Zn in E,Zn-SOD and twice larger
values for those facing the empty site. These values be-
come uniformly small over the whole metal binding
pocket in Cu,Zn-SOD, which can be interpreted in terms
of a further rigidification of the metal binding pocket on
a slower timescale, consistently with previous work from
Banci et al. *' by solution NMR. The fact that copper bind-
ing abrogates the protonation equilibria between cationic
and neutral forms of the His imidazole rings within the
metal binding pocket,”* may produce an additional reduc-
tion in "N R,, of His 46, 48 and 120 in Cu,Zn-SOD.

Cu binding activates fast dynamics in the active channel.
Dynamics on the fastest timescale probed in this study
were conserved for most of the backbone residues be-
tween the two forms. A local increase of longitudinal re-
laxation rates was however selectively observed for resi-
dues located around the active channel, indicating that
Cu uptake acts as a “positive switch”, triggering an in-
crease of motions in the fast regime for this portion of the
protein. This behavior is contrary to the general idea that
metal binding is associated with a stiffening of the protein
scaffold in metalloproteins. Interestingly, these results
also counter the interpretation of previous solution NMR
data which postulated a global rigidification of the back-
bone following Cu binding based on the change of the
average S* along the sequence.® However, solid-state
NMR is able to sample internal dynamics in the absence
of overall molecular tumbling, allowing here for a clear
separation of fast and slow timescale motions. The high
catalytic efficiency in Cu,Zn-SOD (Keat ~ 2 x 10° M7's™ %) is
connected not only to the correct conformation of the
metal coordinating residues, but also to an efficient diffu-
sion of the superoxide towards the active site.** The fast
motions detected here and activated by Cu binding match
the estimated timescale for the diffusion of the superox-
ide anion through the active channel, suggesting a specif-
ic role in driving the superoxide ion. While the require-
ment of this kind of motions for SOD activity had been
speculated on in the past,” here the observation of in-
creased fast motions compellingly connects to the pres-
ence of the catalytic ion.

Cu binding clogs intermediate dynamics overall. The effect
of Cu binding is opposite if we move the observation win-



dow to an intermediate timescale (ns-ps). Here a uniform
decrease of "N R,, in both the Cu-coordinating side-
chains and in the backbone suggests a Cu-driven “nega-
tive switch” of global motion. Such global motion could in
principle be associated to a residual collective movement
of the protein in the crystalline lattice, and evidence of
such phenomena has recently been reported.””® The oc-
currence of this “rocking” motion cannot, however, ac-
count for the different *N R,, rates observed between the
two SOD forms. Indeed, the properties of such motion are
determined by the global protein shape (its tensor of iner-
tia) and the lattice parameters (the crystal packing),”
which are both conserved in our two differently metallat-
ed samples. A more likely model which explains the dif-
ferences between the two forms in our experimental data
would involve segmental motions *° displacing the sec-
ondary structure elements with respect to each other. The
inhibition of collective motions of the protein in this re-
gime by Cu binding that we observe here is in line with
the common framework of ligand-induced rigidification
of metalloproteins communicated from the metal-binding
site to distant regions.

Cu binding reduces slow dynamics at the dimer interface.
The presence of large N relaxation dispersions is a signa-
ture of the occurrence of slow conformational exchanges
between a ground state and thermally accessible states
which are invisible both in X-ray data and in NMR spec-
tra. These slow-timescale fluctuations affect residues
close to the dimer interface in E,Zn-SOD, and are abro-
gated by copper binding. The absence of Cu therefore
introduces the possibility of transient restructuring of the
interface. With the regions concerned lying far from crys-
tal contacts,® these conformational exchange processes
represent an intrinsic property of the molecule, and are
likely to persist in solution. As dimerization is known to
be a key feature for overall stability, the presence of tran-
sient states localized at the interface represents a me-
chanical explanation to interpret the large difference in
the thermal stability measured in solution for E,Zn-SOD
(melting temperature Ty, of 75°C) and Cu,Zn-SOD (T, of
92°C).>>*® This may also provide a link to interpret the
increased aggregation propensity observed in mutants
designed to abrogate Cu-binding.®*® It is fascinating that
such conformational transitions can be captured in a crys-
talline sample, in line with a growing body of evidence
connecting slow dynamics in hydrated crystals with the
corresponding phenomena in solution.”*>® It is also in-
teresting to note that these conformational exchange pro-
cesses present in E,Zn-SOD cannot be captured by solu-
tion NMR Carr-Purcell-Meiboom-Gill (CPMG) experi-
ments,” as their investigation requires high RF fields
available only to solid-state NMR.® These findings in-
terestingly mirror the above analysis of fast dynamics (°N
R)). The very same regions (loops 4, 6 and 7) undergoing
increased ns motions in Cu,Zn-SOD experience an oppo-
site effect on the ps-ms timescales sampled by relaxation
dispersion. This suggests Cu binding couples the struc-
tural stabilization of the dimer interface and the activa-
tion of motions in the superoxide diffusion channel.

Histidine side-chains couple metal binding to dynamics in
remote protein regions. In the above picture of the effect
of Cu binding on the histidine side-chains, outstanding is
the behavior of Zn-coordinating His 63, halfway between
the Zn and Cu pockets, and His 120. The side-chain of His
63 experiences abnormally large dynamics over all time-
scales in E,Zn-SOD. The presence of copper quenches
most of these motions and levels its behavior to that of
the other histidine residues. A similar behavior explains
the appearance of a signal in the HN correlation from His
120 only in the presence of Cu. Importantly, the con-
sistency between the general features of the relaxation
dispersion profiles for backbone amides in loops 4 and 7
and that of His63 Ne, suggests a comparable timescale for
the slow conformational exchanges occurring in the ab-
sence of Cu, both in close proximity of the metal site and
far from it. This observation highlights a pivotal role of
His 63 in propagating the effect of Cu-binding to spatially
remote regions of the enzyme.

It is interesting to speculate on the mechanism of this
transfer. Although not directly coordinated to Cu', His 63
faces the Cu-binding pocket and it is sterically affected by
the presence of the metal. Different from the three other
His in the same pocket (46, 48 and 120), which all belong
to B-strands, His 63 is located in the middle of loop 4,
which provides a broader conformational space compati-
ble with larger changes of dynamics. Remarkably, the very
same loop 4 anchors the metal center with the active
channel and the dimer interface, so that dynamical
changes for His 63 can easily be transferred away from the
Cu' site.”

Conclusions

In this work we have applied state-of-the-art solid-state
NMR methods with fast MAS at the highest magnetic
fields to disentangle the interplay between Cu uptake and
the internal dynamics in human SOD. This was per-
formed here regardless of any other post-translational
events occurring in the maturation pathway (disulfide
bond formation, dimerization, Zn-binding), by the com-
parison of two crystalline preparations differing uniquely
for the presence of Cu'in the active site.

The measurement of solid-state NMR observables ex-
pands the window of timescales of motion accessible for
atomic-scale investigation with respect to earlier analyses
in solution, unraveling a purely dynamical, multimodal
response of the skeleton of dimeric SOD upon binding of
Cu' in its active site. In SOD, we find that metal ion up-
take does not simply rigidify the enzyme but acts as a
switch simultaneously both activating and deactivating
motional processes on different timescales, with addi-
tionally coupling of the dynamics of histidine sidechains
and those of remote key backbone elements of the pro-
tein. The multi-timescale dynamic mechanisms unveiled
here for SOD are difficult to observe using other methods,
and so they may be general and our observations could be
pertinent for the description of metal ion binding in a
variety of metalloproteins.
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