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Abstract

The dimeric copper-zinc superoxide dismutase Cu2Zn2SOD1 is a particularly interesting system

for biological inorganic chemical studies because substitutions of the native Cu and/or Zn ions by

a non-native metal ion cause minimal structural changes and result in high enzymatic activity for

those derivatives with Cu remained in the Cu site. The pioneering NMR studies by Ivano Bertini

and coworkers of the magnetically coupled derivative Cu2Co2SOD1 are of particular importance

in this regard. In addition to Co2+, Ni2+ is also a versatile metal ion for substitution into

Cu2Zn2SOD1, showing very little disturbance of the structure in Cu2Ni2SOD1 and a very good

mimic of the native Cu ion in Ni2Zn2SOD1. The NMR studies presented here were inspired by

and indebted to Professor Bertini's paramagnetic NMR pursuits of metalloproteins. In the current

study, we report Ni2+ binding to apo-wild type SOD1 and a time-dependent Ni2+ ion migration

from the Zn site to the Cu site and preparation and characterization of Ni2Ni2SOD1, which shows

similar coordination properties to those of Cu2Cu2SOD1, namely a different anion binding

property from the wild type and a possibly broken bridging His. Mutations in the human SOD1

gene can cause familial amyotrophic lateral sclerosis (ALS), and mutant SOD1 proteins with

significantly altered metal binding behaviors are implicated in causing the disease. We therefore

conclude by discussing the effects of the ALS mutations on the remarkable stabilities and metal-

binding properties of wild type SOD1 proteins and the implications concerning the causes of

SOD1-linked ALS.

Introduction

Spectroscopic studies of metal ion-substituted metalloproteins played an important role in

the early development of biological inorganic chemistry. At that time, when three-

dimensional protein structures were less frequently available, biological inorganic chemists
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demonstrated that various spectroscopies applied to metal ion-substituted metalloproteins

could be powerful tools with which to infer structural properties and to probe structure-

activity relationships. A wealth of information about many metalloproteins was made

available by such studies.

Copper-zinc superoxide dismutase 1 (Cu2Zn2SOD, SOD1, structure 2 shown in Figure 1A)

was one of the metalloproteins studied in great detail using such techniques. Of particular

importance in this regard were the pioneering NMR studies by Ivano Bertini and coworkers

of the derivative Cu2Co2SOD1 in which the Co2+ in the native Zn site is magnetically

exchange coupled to Cu2+.1c, 3, 4 The studies presented here were inspired by and indebted

to his paramagnetic NMR pursuits of metalloproteins.

Starting soon after 1969, when McCord and Fridovich5 announced their discovery of the

SOD activity of this protein, wild type Cu2Zn2SOD1 became a particularly interesting

system for biological inorganic chemical studies because of its remarkably high thermal

stability and versatility in accepting, with high degrees of selectivity, diverse metal ions in

place of the native metal ions in the Cu and Zn sites.1b,c Studies of the derivatives in which

Zn2+ was replaced by another divalent metal ion, M2+; i.e., Cu2M2SOD1 with M = Co, Ni,

Cd, Hg, Cu (M2 site in Figure 1B); were found to be little changed structurally by the metal

ion replacement and to retain full enzymatic activity. Studies of the derivatives in which Cu

was replaced by another metal ion; i.e., M2Zn2SOD1 with M = Co, Ni, Ag, Cd, Zn (M1 site

in Figure 1B); also suggested that non-native metal ion substitutions caused little if any

rearrangement of the ligand geometries in the metal binding region of the protein.

Starting in the late 1980s, as the tools of molecular biology because available important

studies of site-directed mutant SOD1 proteins added significantly to our understanding of

this enzyme by demonstrating the importance of the proper placement of positively charged

amino acid residues in guiding the superoxide anion to the active site channel and then to the

site of its reactions with either Cu+ or Cu2+ in the active site, thereby achieving nearly

diffusion controlled rates of reaction between enzyme and substrate.1c, 6

The picture that emerged from the metal substitution studies was that Cu2Zn2SOD1

possessed a high degree of framework stability and lack of flexibility in its metal binding

sites. Nevertheless, despite the apparent rigidity of both metal binding sites, which enforced

specific, often non-preferred geometries on the non-native metal ions they bound, some

unusual kinetic properties were uncovered by these metal substitution reactions, with

examples of slow metal binding reactions and migrations of metal ions from site to site.1b,c

It was generally assumed that these characteristics evolved as a consequence of the

evolutionary changes that optimized the abilities of SOD1 to function as a superoxide

dismutase catalyst. One of the purposes of this report is to reevaluate that assumption in

light of more recent studies.

The discovery that mutations in the human SOD1 gene could cause a familial form of the

neurodegenerative disease amyotrophic lateral sclerosis (ALS)7 has enabled the preparation

of large numbers of physiologically relevant mutant SOD1 proteins, which turn out to have a

wide range of diverse properties. For many of these mutant SOD1 proteins, there is
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considerable evidence that the high degree of rigidity of the metal binding regions and

framework stabilization of the entire protein structure have been significantly altered by the

mutations.1a, 8 Nevertheless, many of these same ALS-mutant SOD1 proteins are found to

retain wild type levels of enzymatic SOD activity.1a Comparisons of the properties of wild

type and ALS-mutant SOD1 proteins that retain full SOD activity can now allow us to

evaluate which of the unusual characteristics of the SOD1 protein are required for optimum

SOD activity, and other explanations can be sought for those that are not.

One of the most versatile of the metal ions substituted into Cu2Zn2SOD1 is Ni2+, which can

be introduced into either the Cu or Zn site. When it is bound to Zn site in Cu2Ni2SOD,

similar to Co2+, it perturbs the structure very little relative to Cu2Zn2SOD1 while at the

same time providing magnetic exchange coupling to the Cu2+ in the Cu site.9 When it is

bound to the Cu site in Ni2Zn2SOD, it proves to be a remarkably good mimic of the

coordination properties of Cu2+ in that site.10 In previous studies, the Ni derivatives were

prepared by addition of Ni2+ to either Cu2E2SOD1 or E2Zn2SOD. In the current study, we

report for the first time the direct reaction of Ni2+ with apo-SOD1 and our discovery of a

novel time-dependent metal ion migration between metal binding sites. We also report

preparation and characterization of Ni2Ni2SOD1 (dubbed “Ni4-SOD1” in this report), which

shows similar coordination properties to those of Cu2Cu2SOD1, again supporting the

remarkable similarities in the coordination properties of Cu2+ and Ni2+ when bound to either

site of this protein. Finally we review the effects of the ALS mutations on the remarkable

stabilities and metal ion substitution properties of wild type SOD1 proteins and discuss the

implications concerning the causes of SOD1-linked ALS.

Results

The binding of Ni2+ to apo SOD1 was monitored using UV-Vis and NMR spectroscopies,

and the resulting spectra were compared to those of the Ni2+- substituted SOD1 derivatives

characterized previously,9,10 Addition of 2.0 equivalents of Ni2+ to apo SOD1 in phosphate

buffer at pH 6.5 immediately gave a light pink derivative (dubbed here “new Ni2-SOD1”),

with an electronic spectrum showing three distinct UV-Vis absorptions at 385 (62 cm–1 M–1

per Ni2+), 480 (48) and 755 (19) nm, and shoulders at 540 and 820 nm (Figure 2). Aside

from the absorption at 385 nm, the spectrum is identical to those of Cu+
2Ni2SOD1 and

Ag+
2Ni2SOD1 in which Ni2+ resides in the native Zn sites,9 except that the molar

absorptivities of these bands are only about 70% those of the latter derivatives. The

absorption at 385 nm, which is not found in the spectra of the M(I)2Ni2SOD1 derivatives, is

similar to the absorption at 390 nm found in the derivative Ni2Zn2SOD1 with the Ni2+ in the

native Cu site.10 Taken together, these observations suggest that the native Zn sites are about

70% occupied by Ni2+ in new Ni2-SOD1, with the remaining about 30% residing in the

native copper sites.

The binding of paramagnetic Ni2+ to apo SOD1 was studied also using 1H NMR via

hyperfine-shifted features.11 The 1H NMR spectrum of new Ni2-SOD1 in D2O (Figure 3B)

shows more than ten hyperfine-shifted signals in the range of 90 to –20 ppm. The overall

features of the spectrum are quite similar to those of Ag2Ni2-SOD1 (Figure 3A).9

Hyperfine-shifted signals due to the solvent-exchangeable imidazole N–H protons of the
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coordinated His residues can be readily identified by their disappearance in D2O solutions.

The 1H NMR spectra of apo SOD1 with 2.0 and 4.0 equivalents of Ni2+ bound (Figure 3B1

and 3B2, respectively) show at least six solvent exchangeable signals, B, E, H, a, b, and c

(marked with dots in Figure 3B1). The spectra are similar except that the intensities of

signals a–d are significantly larger relative to those of signals A–I in the four-nickel

derivative (dubbed here “Ni4-SOD1“) as compared to those in new Ni2-SOD1.

The spin-lattice relaxation times (T1) of the isotropically shifted signals b and d in new Ni2-

SOD1, obtained at 90 MHz (9.5 and 9.1 ms), are significantly shorter than those of signals

C, D, and G/H/I (21.1, 40.9, and 17.5 ms). NOE measurements were performed on the

derivative new Ni2-SOD1 in D2O at 27 °C, and a negative NOE was detected at 11.43 pm

when C was irradiated; and at 12.6, 0.88, and –0.77 ppm when G was irradiated. These

NOEs are analogous to those observed in Ag2Ni2SOD1 upon irradiation of signals C and G

to yield NOEs at 11.70 and 13.48, 0.45, and –2.58 ppm, respectively.

The electronic and NMR spectra of new Ni2-SOD1 were unchanged after storage of the

solutions at 5 °C for a few weeks. After storage for several months, however, the samples

(now dubbed “aged Ni2-SOD1”) exhibited completely different spectra from those of new

Ni2-SOD1 (Figures 4 and 5). The electronic spectrum of aged Ni2-SOD1 had absorption

bands at 385 and 650 nm (Figure 4B) and resembles that of Ni2Zn2SOD1 with Ni in the

native Cu site (390 and 675 nm, Figure 4A).10 The 1H NMR spectrum of the aged Ni2-

SOD1 species in H2O buffer shows only four isotropically shifted signals and a broad

feature underneath these signals (Figure 5B), of which signals a, b, and c are solvent

exchangeable. These NMR features resemble the signals a–d in the new Ni2-SOD1 and Ni4-

SOD1 solutions (Figure 3) and the signals in the spectrum of Ni2Zn2SOD1 (Figure 5A).

Addition of 2.0 equivalents of Ni2+ to apo SOD1 in phosphate buffer at pH 7.5 gave the

spectra characteristic of aged Ni2-SOD1 directly. When the pH was adjusted down to 6.5,

the spectra characteristic of aged Ni2-SOD1 remained unchanged indefinitely.

When 2.0 equivalents Ag+ was added to new Ni2-SOD1, a new derivative formed rapidly

with an NMR spectrum (Figure 3C) very similar to that of Ag2Ni2SOD1 (Figure 3A). The

same result was obtained but at a much slower rate when 2.0 equivalents Ag+ was

introduced into an aged Ni2-SOD1 solution (Figure 3D).

The relaxivities of water proton and phosphate P-31 of 50-mM phosphate buffer at pH 6.5 in

the presence of apo SOD1 with increasing amounts of Ni2+ are reported in Figure 6. The

relaxation rates are shown to be less affected by the paramagnetic Ni2+ when less than 2.0

equivalents was added, whereas a larger enhancement of the relaxations is revealed when

more than 2.0 equivalents was added. The first 2.0 equivalents Ni2+ contributes about ~30%

of the relaxivity of that at 4.0 equivalents with two breaking points are observed at 2.0 and

4.0 equivalents, consisting with stoichiometric binding of Ni2+ to the protein determined by

electronic spectroscopy (Figure 2).

The 1H NMR signals of new Ni2-SOD1 decreased gradually upon addition of increasing

amounts of azide until they disappeared completely in the presence of 123 mM azide, with

concomitant appearance of some new signals (Figure 7A and 7B). When the spectrum of
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new Ni2-SOD1 was acquired in D2O buffer solution in the presence of a saturating amount

of azide, only one sharp signal was left along with some residual signals from Ni2-SOD1

(Figure 7C).

Upon addition of up to six equivalents of cyanide, the signals in the spectrum of new Ni2-

SOD1 in D2O, except for the signal at 41.7 ppm, decreased with concomitant appearance of

three new signals (marked with arrows in Figure 7E). These three new signals disappeared

in the presence of even larger amounts of cyanide.

To gain further information about cyanide binding to Ni2+, addition of cyanide to the simple

Ni2+-His complex was monitored with NMR. The hyperfine-shifted signals of the complex

were not significantly affected by the presence of only 1.0 equivalent of cyanide, but

disappeared when the complex became diamagnetic upon addition of 2.0 equivalents of

cyanide.

Discussion

Ni2+ binding to the zinc site

The electronic (Figure 2) and NMR (Figure 3A,B) spectral features of new Ni2-SOD1 and of

Ni4-SOD1 can be separated into two sets, the first set is comprised of the electronic

absorptions at 480, 755, 540(sh), and 820(sh) nm and the 1H NMR signals A–I. These

spectral features strongly resemble those of M2Ni2SOD1 (M = Cu+ or Ag+, Figure 3A)9 and

are thus consistent with Ni2+ bound to the native Zn site of apo SOD1. We conclude that

Ni2+ initially binds rapidly and preferably to the native Zn site of apo SOD1 at pH 6.5 (I,

Scheme 1). The relatively slow relaxivities of water and phosphate when less than 2.0

equivalents of Ni2+ had been added to apo SOD1 (Figure 6) also support the conclusion that

Ni2+ binds initially mainly to the less solvent accessible native Zn site. Similar behavior was

observed previously for E2Co2SOD1 in which paramagnetic Co2+ ion is bound to the native

Zn site.12 In the case of Ni2+, however, unlike Co2+, the steady increase in the relaxivities

with increasing amount of Ni2+, even at low ratios of Ni2+ to protein (Figure 6) indicates

that Ni2+ is not completely isolated from the solvent, presumably due to partial Ni2+ binding

to the solvent accessible native Cu site (see below; I–III).

The instantaneous formation of Ag2Ni2SOD1 upon addition of 2 equivalents of Ag+ to new

Ni2-SOD1 (Figure 3C) also suggests that most Ni2+ binds initially to the native Zn site,

leaving the native Cu site empty for rapid Ag+ binding (IV). However, the lower molar

absorptivity of the electronic spectrum compared with that of M(I)2Ni2SOD1 (Figure 2)

indicates that only 70% of the Ni2+ is bound to the zinc site in new Ni2-SOD1 (I). The

observation of ~30% relaxivity relative to the total relaxation (Figure 6) is consistent with

the binding of ~30% Ni2+ into the solvent accessible Cu site and 70% Ni2+ into the solvent

inaccessible Zn site. The observation of some residual signals after the addition of 2.0

equivalents Ag+ to new Ni2-SOD1 (Figure 3B) also suggests that Ni2+ is not bound

exclusively to the zinc site under these conditions.
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Ni2+ binding to the copper site

The second set of electronic absorption at 385 nm and 1H NMR signals a–d of new Ni2-

SOD1, aged Ni2-SOD1, and Ni4-SOD1 in Figures 2 and 3 strongly resemble those of

Ni2Zn2SOD1 and Ni2Cd2SOD10 and thus can be assigned to Ni2+ binding to the native Cu

site(II). The detection of three solvent exchangeable hyperfine-shifted 1H NMR signals, a–c,

in the spectra of new Ni2-SOD1 and Ni4-SOD1 (Figure 3) and in aged Ni2-SOD1 (Figure 5)

indicates that there are at least three coordinated histidyl side chains in this site, i.e., His-44,

46, and 118 in the native Cu site (Figure 1).

We conclude that Ni2+ is bound to the Cu site in aged Ni2-SOD1, with His-46 and His-118

coordinated to the metal through the Nε nitrogen2 (Figure 1B) to afford four ortho-like broad

imidazole C–H protons and two sharp meta-like imidazole N–H protons and His-44

coordinated through the Nδ nitrogen to yield one sharp meta-like Cδ–H signal (signal d), one

sharp solvent exchangeable meta-like N–H signal, and one broad ortho-like C–H signal. The

absence of a fourth His ring N–H signal in spectra of aged Ni2-SOD1 may be due to fast

solvent exchangeability of this N–H proton or lack of coordination of His61 to the Ni2+ in

the Cu site in this species.

Although Ni2+ is bound to the Cu site in Ni4-SOD1 and aged Ni2-SOD1, distinct differences

in the spectral features are observed as compared to Ni2Zn2SOD,10 in which Ni2+ is also

bound to the Cu site. For example: (a) The signals a–d in Ni4-SOD1 and aged Ni2-SOD1 are

broader than the corresponding signals in Ni2Zn2SOD1 under the same conditions. (b) The

T1 values of the signals b (9.5 ms) and d (9.1 ms) are shorter than those in Ni2Zn2SOD1

(17.8 and 21.6 ms, respectively) at 90 MHz. Four- and five-coordinate Ni2+ complexes

usually have faster electronic relaxation rates than those of six-coordinate Ni2+ complexes

due to the existence of low lying triplet excited states in the former case, which provides an

efficient mechanism for electron relaxation, thus affording longer nuclear relaxation times.11

The shorter T1 of the signals a–d suggests that the Ni2+ in the Cu site in Ni4-SOD1 and aged

Ni2-SOD1 may have an octahedral-like geometry, which could afford a more open

coordination sphere (II); whereas the Ni2+ in Ni2Zn2SOD1 or in Ni2Cd2SOD, as previously

shown,10 is more like to adopt a five-coordinate geometry analogous to that in the native

enzyme (VII). High spin Ni2+ has a great tendency to acquire a square planar or an

octahedral-like geometry due to a significant gain in ligand field stabilization energy. This

geometric preference was shown in a series of crystallographic studies on different metal-

substituted derivatives of carboxypeptidase A, in which Ni was shown to acquire a distorted

square pyramidal geometry.13

Another difference between the Ni2+ in the Cu site of Ni2Zn2SOD, Ni2Cd2SOD, and Ni4-

SOD1 is that His-61 serves as a bridging ligand in the first two derivatives (VII),10 but not

in the third (III), since each of the six-imidazole NH signals from the six coordinated His

side chains are observed (Figure 3B). A bridging His-61 does not contain an imidazole NH

proton, which would result in five solvent exchangeable signals.

We conclude that the coordination geometry of Ni2+ in the Cu site expands from a five-

coordinate geometry to a six-coordinate geometry for the Ni2+ coordination sphere in the Cu

site when His61 does not form an imidazolate bridge between Ni2+ and a metal ion in the Zn
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site. Thus Ni2+ in the Cu site appears to adopt an octahedral like geometry either when the

Zn site is empty or contains Ni2+ (II, III; see below), whereas it adopts a more native-like

five-coordinate geometry when either Zn or Cd is in the Zn site and the imidazolate bridge is

intact (III).10 If His-61 does not serve as a ligand of Ni2+ in the Cu site of Ni4-SOD1 and

aged Ni2-SOD1, an open coordination space in the copper site would be generated which

may account for its different anion binding properties from those of Ni2Zn2SOD1 (see

below).

Migration of Ni2+ions

The spectral features of new Ni2-SOD1 are consistent with Ni2+ binding in 70% of the

native Zn sites and 30% of the native Cu sites (I), but those of aged Ni2-SOD1 are consistent

with all of the Ni2+ bound to the native Cu site (II). We conclude that initial Ni2+ binding

occurs rapidly and predominantly to the native zinc site, but that this initial product is

kinetically rather than thermodynamically determined. This initial binding is followed by a

slow rearrangement in which the Ni2+ migrates from the Zn site entirely to the Cu site (from

I to become II).

Reversible metal migration after alteration of the solution conditions was previously

observed for a couple of metal-substituted derivatives of Cu2Zn2SOD, including pH- and

phosphate-dependent Co2+ migration from the Zn site to the empty Cu site in the derivative

E2Co2SOD14 and pH-dependent migration of the Cu2+ back and forth between the Cu site

and the empty Zn site in Cu2E2SOD.15 In those cases, the migration of the metal ions

resulted in the formation of a binuclear center that was confirmed with optical, NMR, and

EPR spectroscopies, whereas the Ni2+ in the Zn site of Ni2-SOD1 migrates completely into

the Cu site in the current study. The different Ni2+ binding preferences toward the two sites

in apo SOD1 are also reflected in the preparation of the several Ni2+ derivatives.9,10 For

example, while Ni2+ binding to Ag2E2SOD1 and Cu2E2SOD1 to give the corresponding

M2Ni2SOD1 derivative (VI) occurs within a day, the formation of the derivatives

Ni2Zn2SOD1 and Ni2Co2SOD1 (VII) upon introduction of Ni2+ to the corresponding

E2M’2SOD1 takes several days to reach completion.9,10 The fast Ni2+ binding to the

tetrahedral native Zn site may be due to an electrostatic attraction of the metal ion to the

negative Asp81 side chain (Figure 1B) combined with the relative flexibility of the Zn site

relative to the Cu site in apo SOD1.16 The thermodynamic preference for Ni2+ binding to

the Cu site can be attributed to the more favorable distorted square pyramidal coordination

sphere with larger ligand field stabilization energy.

Anion binding properties

Addition of azide to Cu2Ni2SOD1 was previously shown to cause spectral shifts due to

changes in the coordination site of Cu2+ only, with no evidence of any interaction of azide

with Ni2+ when it was bound in the Zn site,9 Similarly, addition of azide to M2Ni2SOD, M =

Cu+ or Ag+ was shown to leave the spectra of those derivatives unaffected.10 By contrast,

addition of azide to new Ni2-SOD1, in which Ni2+ likewise resides initially in the Zn site,

caused immediate changes in the 1H NMR spectra, with the spectral features characteristic

of Ni2+ in the Zn site disappearing entirely and while those of Ni2+ in the Cu site were

retained (Figure 7C; V, Scheme 1), consistent with rapid, azide-assisted redistribution of
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Ni2+ from the Zn site to the Cu site. Anion-assisted metal redistribution was observed

previously for E2Co2SOD, in which Co2+ in the Zn site at elevated pH migrates into the Cu

site in the presence of phosphate, yielding one-half amount of the protein subunits fully

occupied by two Co ions and leaving the remaining subunits in the apo form.14 In the

current case, addition of azide anion, without changing the pH, causes Ni2+ in the Zn site to

migrate completely into the Cu site. In combination with the observation of the time-

dependent Ni2+ migration from the Zn site to the Cu site as Ni2-SOD1 is aged, this

observation further indicates that the binding of Ni2+ to the zinc site is labile and kinetically

favorable; while binding of Ni2+ to the Cu site is thermodynamically preferred. This

conclusion also helps to explain results of earlier experiments in which Ni2M'2SOD1

retained its bound Ni2+ in the Cu site throughout extensive ultra-filtration to remove the

bound azide in the copper site, whereas the Ni2+ in the Zn site of Cu2Ni2SOD1 was partially

removed by a similar process.9,10

While the hyperfine-shifted 1H NMR signals in Ni2Zn2SOD1 shift gradually toward the

diamagnetic region upon azide titration and become diamagnetic upon introduction of 2.0

equivalents of cyanide,10 the isotropically shifted 1H NMR signals of new Ni2-SOD1 are not

moved toward the diamagnetic region and not eliminated by 2.0 equivalents of cyanide

(Figure 7). Since the isotropically shifted features of Ni2-SOD1 are clearly affected by anion

binding, the Ni2+ in the Cu site must have an open coordination sphere for anion binding.

The 1H NMR spectrum of Ni2-SOD1 upon azide binding is also different from that of the

azide-bonded Ni2Zn2SOD, indicating that the mode of binding of azide is different for the

two derivatives. Since His-61 is not a bridging ligand in Ni2-SOD1, azide presumably can

bind to Ni2+ in the Cu site in place of His-61 and adopt a coordination geometry similar to

that of Ni2+ in Ni2Zn2SOD.

The three sharper signals in the cyanide adduct of Ni2-SOD1 in D2O (marked in Figure 7E)

are consistent with the CεH protons of the three Nδ-coordinated histidines in the Zn site

(Figure 1), while the broader signal at 42 ppm is similar to signal d (Figures 3 and 5) in new

and aged Ni2-SOD1 and in Ni4-SOD1, which is consistent with Ni2+ in the Cu site. This

result indicates that Ni2+ in the Cu and Zn sites in Ni2-SOD1 retains their geometries and

paramagnetism upon cyanide binding (V). By contrast, Ni2+ in Ni2Zn2SOD1 acquires a

square planar geometry and becomes diamagnetic upon cyanide binding.10 Similar to the

case of azide binding to Ni2-SOD1 described herein, the differences in cyanide binding may

be due to the more open metal binding coordination sphere in Ni2-SOD1 without a bridging

His-61. Moreover, the disappearance of the three marked signals (Figure 7E) upon addition

of excess cyanide may mean either that cyanide assists the migration of Ni2+ from the Zn

site to the Cu site as azide does or that Ni2+ is removed from the Zn site by CN–.

The simple complex Ni2+-His presumably has a quite flexible and open coordination sphere

since His has only 3 coordinating groups. Cyanide binding to Ni2+-His does not yield a

diamagnetic square-planar complex until more than 2 equivalents of cyanide is present,

based on hyperfine-shifted 1H NMR and 13C NMR spectra.10 Likewise, Ni2-SOD1 remains

paramagnetic upon binding of <6 equivalents of cyanide as demonstrated by the presence of

hyperfine-shifted 1H NMR signals (Figure 7E), which may also be attributed to a more open

coordination sphere (V). The effect of cyanide binding on the hyperfine-shifted 1H NMR
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signals due to the Ni2+ in the Zn site (marked signals in Figure 7E) suggests a possible

interaction of this Ni2+ with anion; whereas the disappearance of the signals indicates either

that this Ni2+ becomes diamagnetic or has migrated to the Cu site (V). By contrast, the Ni2+

site in Ni2Zn2SOD1 (VII) becomes diamagnetic upon binding two equivalents of cyanide,

yielding a square planar Ni2+ coordination (VIII).10 The disappearance of the signals due to

Ni2+ in the zinc site in the presence of excess amounts of cyanide and azide (Figure 7) also

implies that Ni2+ binds to the Cu site with a higher affinity than to the Zn site.

Similarities between the coordination chemistry of Cu2+ and Ni2+ when bound to SOD1

Previous studies of Cu2Zn2SOD1 and Cu2E2SOD1 demonstrated that the four His ligands

are coordinated to Cu2+ in both derivatives, but that the coordination geometry, which has a

significant degree of rhombic character in the former, has relaxed to a more tetragonal

geometry in the latter and that this difference became even more pronounced as the pH was

lowered.17 These differences are thus analogous to those between Ni2Zn2SOD1 and

Ni2E2SOD, as described above, with Ni2+ in the former derivative adopting a five-

coordinate geometry (VII) while the geometry of the latter appears octahedral like (II).

Analogous properties of Ni2+ and Cu2+ in SOD1 are also evident from comparisons of the

derivatives Ni4-SOD1 and Cu2Cu2SOD. Both metal ions show a thermodynamic preference

for binding to the native Cu site relative to the Zn site18 and a tendency for the His-bridge to

break (i.e., lack of the bridging His61 in the former and breakage of the bridging His upon

lyophilization 19 and upon azide anion binding in the latter20). These two derivatives show

that binding of a non-native metal to the Zn site renders significant influence on anion

binding properties of the metal ion in the Cu site.

Reevaluation of Structure-Function Relationships in Cu2 Zn2SOD

The picture that emerges from this study and from the many other studies of metal ion

substitution in wild type Cu2Zn2SOD1 proteins is that this protein has a remarkably high

degree of stability, an unusual ability to bind tightly a wide range of metal ions with

different geometric preferences, and several unusual examples of kinetically controlled

metal ion migration reactions between different metal binding sites. Until recently,

researchers in the SOD1 field, including us, have tended to assume that these unusual

properties were related in some way to optimization of enzymatic activity. However, recent

studies of the biophysical properties of ALS-mutant human SOD1 proteins demonstrate that

this assumption about the reasons for the unusual metal binding properties of wild type

SOD1 must be reevaluated.

Over 150 different mutations in the SOD1 gene have been linked to familial amyotrophic

lateral sclerosis (ALS), a fatal neurodegenerative disease characterized by motor neuron

death. Biophysical characterization of ALS-mutant SOD1 proteins has revealed that the

mutations can have very different effects on the properties of the protein, depending upon

where the mutation occurs. Mutations that alter residues at or near the metal binding region

of the proteins, the so-called “metal binding region mutations”, e.g. His46Arg or His48Gln

(His46 and His48 are copper ligands in wild type SOD1), significantly alter both the metal

ion binding properties and consequently the SOD1 activities of the mutant enzymes. But
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ALS-mutant SOD1 proteins in which the mutations occur in regions of the protein that are

far removed from the metal binding region, the so-called “wild type-like mutations”, e.g.,

Ala4Val or Gly37Arg, can usually be isolated from in vivo expression systems properly

metallated by copper and zinc ions, and these biologically metallated forms of the ALS-

mutant SOD1 proteins have been found to differ very little from metallated wild type SOD1

with respect to SOD activities, structures, and stabilities.21

What about the stabilities and metal ion binding properties of the apoproteins derived from

the ALS mutant SOD1 proteins? These apoproteins can be readily prepared from the as-

isolated proteins by removal of any metal ions present. As expected, in the case of the metal

binding region mutant proteins, because the metal binding regions have been significantly

altered from those of the wild type protein, the proteins are frequently isolated with few if

any bound metal ions, and the apoproteins show highly abnormal metal ion binding

behaviors. Interestingly, the stabilities of the metal binding region ALS-mutant apoproteins

are frequently very similar to that of the wild type apoprotein.22 In the case of the wild type-

like mutant SOD1 proteins, which in their biologically metallated forms are very similar to

the wild type protein, large effects of these ALS-causing mutations may only become

evident after removal of the metal ions. Not only are the wild type-like ALS-mutant

apoproteins often found to be severely destabilized relative to the wild type apoprotein, but

their in vitro metal binding properties are often found to be significantly altered, particularly

at the native Zn site.1a, 23 Moreover, wild type apo SOD1 under appropriate conditions of

buffer and pH shows a high degree of specificity in binding Cu ions preferentially to the Cu

sites and Zn ions preferentially to the Zn sites,24 whereas reconstitution of the ALS-mutant

SOD1 apoproteins under the same conditions gives severely mismetallated proteins that do

not spontaneously rearrange to the correctly metallated forms.25 For a few cases of wild type

like ALS-mutant SOD1 proteins, e.g., Asp101Asn SOD1, the enzymatic activities and

thermodynamic properties appear to be identical to those of wild type SOD1 even in the

absence of metal ions. In these cases, it has been postulated that the disease-causing property

may be linked to changes in the charges of the proteins,8d as when Asp is changed to Asn,

but another possibility arises from the observation that a group of diverse ALS-mutant

SOD1 proteins, including Asp101Asn SOD1, have impaired folding kinetics relative to wild

type SOD1.26

The observation that the ALS-causing mutations in the wild type-like ALS-mutant SOD1

proteins have drastically altered the stabilities of their apoproteins and the kinetics and

thermodynamics of their in vitro metal ion binding reactions is in sharp contrast to the

observation that these same mutant proteins, when properly metallated by Cu and Zn in

vivo, have SOD activities, structures, and stabilities very similar to those of wild type SOD1

indicates that the remarkable stabilities and in vitro metal binding abilities of the wild type

SOD1 apoprotein are not required for optimization of the SOD activity.27 Instead it appears

that these unique properties evolved to optimize the free-energy landscape of folding,

disulfide bond formation, and efficient in vivo metallation of the immature disulfide-reduced

nascent SOD1 apoprotein. Particularly relevant in this regard are recent demonstrations of

the strong influences of metal ions on the kinetics of SOD1 folding.26,28 In addition,

Oliveberg and his group have recently demonstrated that Zn2+ catalyzes the folding of apo

SOD1 by transient docking at the native Cu site followed by a slower migration to the native
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Zn site after that latter site is formed.29 This type of metal ion migration from one metal

binding site to another in SOD1 is reminiscent of the kinetically controlled metal ions

migrations of non-native metal ions between metal binding sites such as are described in the

current report.

Conclusion

Cu2Zn2SOD contains two metal binding sites of very different geometries, ligand types,

labilities, and stabilities and thus can serve as a unique system for the study of metal-protein

binding. Although Ni2+ usually has a high preference to form octahedral or square planar

complexes, the rigidity of protein framework may force Ni2+ to adopt other geometries in

proteins where it can have very different spectroscopic properties, with the result that this

metal ion can serve as a particularly valuable probe of the metal binding sites to which it

binds. We report here that Ni2+ can bind to either or both metal binding sites of apo SOD1

and that the binding properties and spectroscopic features of Ni2+ in the Cu and the Zn sites

of apo SOD are similar to those of the Ni2+ in Ni2Zn2SOD and in M(I)2Ni2SOD,

respectively.9,10 Comparison of anion binding to these several Ni2+-substituted derivatives

reveals some significant differences, which has been attributed to the absence of a bridging

His-61 in the Ni2+-only derivatives reported herein. Thus we present here another example

of the unique in vitro non-native metal binding and migration behaviors of wild type SOD1

proteins. Although such behaviors were originally discovered long before SOD1 was linked

to ALS, it is appropriate now to ask how these properties are altered by the ALS-causing

mutations in SOD1. What is revealed by a comparison of these properties with those of the

ALS-mutant SOD1 proteins is that, even when in cases where the properly metallated ALS-

mutant SOD1 protein behaves just like wild type SOD1, the metal-binding characteristics

are likely to be severely altered. While it is now generally agreed that SOD1-linked ALS is a

disease of protein misfolding, it has been controversial whether or not alterations in metal

ion binding properties of SOD1 play any role in the disease process. Based on the

comparisons described above, we conclude that it is likely that the large alterations in metal

binding behavior caused by the ALS-causing mutations are indeed relevant to disease

causation.
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Figure 1.
(A) The structure of bovine SOD1 (PDB 2SOD), showing the Cu (left) and Zn (right) sites

and the catalytically important Arg141 (ball-and-stick structure in red); (B) Active site of

bovine SOD1, showing the two metal ions M1 = Cu2+ and M2 = Zn2+ in the wild type. The

ligands in human SOD1 are H46, H48, and H120 in the Cu site, H71, H80, and D83 in the

Zn site, along with the bridging H63.
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Figure 2.
The electronic spectrum of freshly prepared Ni2-SOD1 (A) in 50 mM phosphate at pH 6.5

and room temperature referenced against deionized water. The spectrum is very similar to

the spectra of Cu(I)2Ni2SOD1 (B) and Ag2Ni2SOD1 (C).
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Figure 3.
Isotropically shifted 1H NMR spectra (200 MHz, 23 °C) of (A) Ag2Ni2SOD, (B) Ni2-SOD1,

(C) Ni2-SOD1 + 2Ag+, and (D) aged Ni2-SOD1 + 2Ag+ in D2O with 50 mM phosphate. The

residual signals from the original species in (C) and (D) are marked with asterisks. The

insets B1 and B2 are the downfield region of the isotropically shifted 1H NMR spectra (500

MHz, 25 °C) of apo-SOD1 in the presence of 2 equivalents (Ni2-SOD1, B1) and 4

equivalents (Ni4-SOD1, B2) of Ni2+ in H2O with 50 mM phosphate at pH 6.5. The signals a,

b, B, E, and H are solvent exchangeable signals.
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Figure 4.
The electronic spectra of (A) Ni2Zn2SOD1 in 50-mM phosphate at pH 7.5 and (B) aged Ni2-

SOD1 in 50 mM phosphate at pH 6.5 at room temperature.
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Figure 5.
The isotropically shifted 1H NMR spectra of (A) Ni2Zn2SOD1 (200 MHz and 23 °C) in 50-

mM phosphate buffer solution, (B) aged Ni2-SOD1 (500 MHz and 25 °C) in 50 mM

phosphate at pH 6.5, and (C) aged Ni2-SOD1 in D2O under the same conditions as in (B).

The signals a–c are solvent exchangeable.
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Figure 6.
1H NMR relaxivity of water (200 MHz, sh=utrif ) and 31P NMR relaxivity of phosphate

(202.5 MHz, •) of 50 mM phosphate buffer at pH 6.5 and 23 °C in the presence of apo

SOD1 with different amounts of Ni2+.
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Figure 7.
The isotropically shifted 1H NMR spectra (200 MHz and 23 °C) of (A) Ni2-SOD1 and (B)

Ni2-SOD1 in the presence of 123 mM N3
– in H2O with 50 mM phosphate at pH 6.5 wherein

the solvent exchangeable signals are marked; (C) Ni2- SOD1 in D2O with saturating

amounts of azide after reaching equilibrium; and (D) new Ni2-SOD1 and (E) Ni2-SOD1 + 6

CN– in D2O with 50 mM phosphate at pD 6.5 (360 MHz and 23 °C) . The marked signals in

(E) decrease in intensity with increasing amount of cyanide, and disappear after addition of

excess amounts of cyanide.
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Scheme 1.
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