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Abstract 
The crystal structure of cyanide-inhibited X. laevis Cu,Zn superoxide dismutase has been studied and refined based on diffraction data collected 

at 98 K. The final R-factor for the 27,299 reflections in the 10.0-l .7 8, resolution range is 0.170. The cyanide anion, which is a competitive inhibitor 
expected to mimic the superoxide binding mode, binds directly to the active site copper atom, replacing the coordinated water molecule. Moreover, 
the anion establishes a strong electrostatic interaction with the guanidinium group of the conserved active site residue Arg14’. The coordination sphere 
of Cu” is partly altered with respect to the uninhibited enzyme: a displacement of 0.41 8, in subunit A, and 0.27 A in subunit B of the dimeric enzyme 
is observed for the Cu” ions. Only two ligands in the CL?’ coordination sphere (His? and His”*) are significantly affected by cyanide binding, whereas 
virtually no rearrangement of the Zn” ligands is reported. 
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1. Introduction 

Cu,Zn superoxide dismutases (SODS) form a very con- 
servative class of enzymes that catalyse the dismutation 
of the superoxide anion radical (O,-) into oxygen and 
hydrogen peroxide. The overall three-dimensional struc- 
ture, and in particular the active site region of these 
enzymes, is highly preserved through evolution [1,2], in 
agreement with the identical catalytic properties [3] dis- 
played by all the investigated Cu,Zn SODS. The SOD 
mechanism of action involves two half cycles of reduc- 
tion and oxidation of the catalytically active copper ion 
and has been shown to be driven by an asymmetric distri- 
bution of the electrostatic potential [4,5], which reaches 
positive values only in the surroundings of the catalytic 
site and which is conserved in all the investigated Cu,Zn 
SOD species [2]. Small monovalent anions are known as 
inhibitors of Cu,Zn SOD enzymatic activity, and, as 
shown by investigations on the enzyme-substrate inter- 
actions [6], they provide good models for the study of 
substrate binding modes. In the CN-, N,-, NCO-, F-, 
Cl- series of small monovalent anions, cyanide has the 
highest binding constant for Cu,Zn SODS in solution 
[6,7] (Ki = 10’ M-‘). Moreover, being a diatomic mole- 
cule, as is superoxide, it has been considered the best 
substrate analogue; its interaction with the enzyme has 
been widely studied by means of spectroscopic tech- 
niques, such as solution and single crystal EPR [7,8], 
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Endor [9] spin echo [lo], EXAFS [l 11, and NMR [12,13]. 
No X-ray structure of the cyanide adduct has so far been 
reported, although the three-dimensional structure of ox 
[ 141, spinach [ 151, yeast [ 161 and human [ 171 Cu,Zn SODS 
have been solved at a resolution varying between 2.0 and 
2.5 A. Recently the recombinant Xenopus laevis Cu,Zn 
SOD has been crystallised and its structure has been 
solved to 1.49 A resolution [ 181. The present communica- 
tion, together with the three-dimensional structure of 
azide-inhibited bovine Cu,Zn SOD [19], allows the first 
comparative structural study on SOD-inhibitor recogni- 
tion in the presence of a di-atomic anion (cyanide) with 
respect to a three-atomic (azide) anion, and thus a de- 
tailed description of the enzyme interaction with sub- 
strate analogues. 

2. Materials and methods 

Orthorhombic crystals of recombinant X. laevis Cu,Zn SOD (space 
group P2,2,2,, one enzyme dimer per asymmetric unit) suitable for 
X-ray diffraction experiments were grown as described previously [20]. 
The crystals were soaked for 1 h in a solution containing 0.05 M sodium 
phosphate, 35% (w/v) PEG4000,10% (v/v) ethylene glycol, 0.1 M KCN, 
at pH 7.5, subsequently mounted on a thread loop [21] and shock 
freezed. The low temperature data collection was required due to the 
high instability of cyanide-inhibited Cu,Zn SOD crystals in the X-ray 
beam. Diffraction data were collected at near liquid nitrogen tempera- 
ture (98(l) K) on a Rigaku RU-200 X-ray generator @(CuKa) = 
1.54178 A) using the R-axis II image plate system as detector and 
Molecular Structure Corp. (The Woodlands, TX, USA) cryocooling 
apparatus. 90,611 intensities were evaluated using the MOSFLM pro- 
gram package [22], and merged into a unique set of 27,299 reflections 
(85.9% completeness) with the CCP4 program suite [23], to the Rmerge 
value of 0.051 for the data in the - - I .7 8, resolution range. 
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As the cell dimensions determined from the data collected at low 
temperature (a = 72.15, b = 68.10, c = 57.57 A) were systematically 
shorter than those measured at 4°C (a = 73.46, b = 68.94, c = 58.76 A) 
[18], preliminary rigid body refinement cycles were performed with the 
TNT program suite [24], starting from the model ofthe X. laevis Cu,Zn 
SOD refined (R = 0.100) at 1.49 8, resolution. Refinement of individual 
atomic positional and thermal parameters of the model, without solvent 
molecules in the active site channel, was subsequently performed, yield- 
ing an R-factor of 0.225 for the diffraction data in the 10.0-1.7 8, 
resolution shell. At this stage a difference electron density map calcu- 
lated with coefficients IF,--F,], and calculated phases, revealed the cya- 
nide anion directly coordinated to the active site copper. The inhibitor 
atoms were introduced into the model, and the refinement was com- 
pleted using the PROLSQ program package [25] in combination with 
the ARP program [26], for automatic location of solvent molecules in 
the difference electron density maps. During the refinement no re- 
straints were applied to the copper- and zinc-coordination distances. 
After several rounds of refinement and model/map inspections with 
FRODO [27], alternative conformations for nine side chains were re- 
cognised as indicated from the inspection of the difference Fourier 
peaks, and introduced in the model. 

When the refinement was at convergence, the cyanide atoms were 
removed from the model, and 20 additional cycles of restrained crystal- 
lographic refinement were performed, yielding an R-value of 0.172. A 
difference electron density map calculated with this omit-model re- 
vealed the highest peaks at the sites of bound cyanide anions in both 
the enzyme subunits of the asymmetric unit, the next difference electron 
density peak not corresponding to the inhibitor location having 45% 
lower intensity than these. 

3. Results and discussion 

The final R-value for 2136 protein atoms, 4 ligand 
atoms and 498 solvent molecules located in the intermol- 
ecular space is 0.170 for the data in the 10.0-1.7 A reso- 
lution range. The average B-factor for the protein atoms 
is 13.9 A’, 11.8 A’ for the cyanide atoms, and 30.3 A’ for 
solvent molecules, while the overall temperature factor 
of the model, including ordered solvent, is 17.0 A’. The 
deviations from the ideal stereochemical parameters are 
0.009 A for bond lengths, 0.016 A for angle distances, 
and 0.015 A for planar 14 distances. The estimated 
coordinates error for the X luevis SODcyanide atomic 
model is 0.15 A, as determined from the oa plot [37]. 
Inspection of the Ramachandran plot [29] highlights in 

both monomers residue ASHES, which is located in a 
B-turn hosting one-residue insertion with respect to the 
bovine SOD amino acid sequence, as having the e-v/ 
values outside the allowed regions. 

When the model of the uninhibited X laevis Cu,Zn 
SOD (data collected at 4°C) is overlayed with the final 
model of the cyanide-inhibited enzyme an rms deviation 
of 0.32 A for the Cal atoms of the entire dimer is ob- 
tained, in agreement with the comparison of structures 
solved with data collected at widely separated tempera- 
tures [28]. A rms displacement of 0.43 A is observed 
when all atoms in the two protein dimers are compared. 

The cyanide anion, acting as a monodentate ligand, 
binds to the copper ion through the carbon atom, with 
coordination distances of 2.2012.28 A (subunit A/subunit 
B); upon cyanide binding the loosely coordinated water 
molecule observed in the resting enzyme [l&18] is re- 
moved. A detailed comparison of the active site geome- 
try of the resting and inhibited SOD forms, as presented 
in Fig. 1 and Tables la and b, shows that the structural 
rearrangements induced by cyanide binding involve es- 
sentially the copper ion itself as well as residues His46 and 
His”‘. The copper ion is displaced (see Table lb) from 
the position occupied in the non-inhibited enzyme simi- 
larly to what has been observed in the case of the azide- 
inhibited bovine Cu,Zn SOD (0.67 A in subunit A, and 
0.37 A in subunit B [19]). Residue His46 moves from a 
coordination distance typical for a copper(His pair 
(2.21/2.15 A in subunit A/subunit B) to significantly 
longer coordination distances (2.76 A in subunit A and 
2.56 A in subunit B). On the other hand, a concerted shift 
of the His”* NE2 atom (see Table lb) maintains, in the 
case of this residue, the coordination distance to Cu2+ 
almost constant. To a lesser extent Hi@’ NE2 atoms in 
the two subunits also follow the copper movement (see 
Table la,b). Thus, the copper ion is shifted out of the 
plane defined in the native enzyme by Cu2+ and by the 
coordinating nitrogen atoms of His44, His6’ and His”’ 

residues. 

Fig. 1. Stereo drawing of the active site X. laevis Cu,Zn SOD together with the bound cyanide anion and the water molecules located in the active 
site channel, as observed in the inhibited enzyme. The difference electron density for the cyanide anion is contoured at the 3.5 u level. 
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The new coordination geometry achieved by the cop- 
per ion can be described as distorted square pyramidal: 
the four base liganding atoms are Hi? NDl, His? NE2, 
His”’ NE2, and the cyanide carbon atom; His46 NE2 
atom occupies the apical vertex of the coordination pol- 
yhedron. These observations are in line with early EPR 
studies [7] which indicated that in the Cu,Zn SOD-cya- 
nide adduct, the copper coordination is square planar, 
with the anion lying in a plane together with three histid- 
ine imidazole nitrogen atoms. More recent NMR studies 
on semisynthetic Cu,Co SOD proposed His46 as the res- 
idue departing from the coordination sphere upon bind- 
ing of the azide or cyanide inhibitor to the copper ion 
[30,31]. 

The distorted tetrahedral coordination geometry of 
the active site Zn” ion observed in the uninhibited en- 
zyme is fairly well conserved in the Cu,Zn SOD-cyanide 
adduct, as can be seen from the contained displacements 
observed for the zinc ions and for their coordinating 
ligands (Table lb). These observations are in line with 
the interpretation of the EPR data of Cu,Co SOD [32], 
indicating no change in the Zn*’ coordination sphere 
upon azide binding, as well as with the crystallographic 
analysis of the bovine Cu,Zn SOD-azide adduct [19]. 

A strong electrostatic interaction is observed between 
the bound cyanide anion and Arg14’, the distance be- 
tween cyanide N and the guanidinium NEH2 atoms 

being 3.3113.35 A (subunit A/subunit B). Arg14’ is consid- 
ered the most important residue for the electrostatic 
docking of the superoxide ion in the active site channel 
[33,34]. Additionally, in subunit A, the cyanide N atom 
hydrogen bonds to three water molecules, W137, W281 
and W126 (2.87, 3.18 and 3.28 A, respectively) (see Fig. 
1). The solvent molecule W137, is at the center of a 
hydrogen bonded network comprising additional water 
molecules W371 and W81 (2.43 and 2.89 A), near the 
guanidinium group of Arg14’ residue, and forming a 
complex scheme of interactions that stabilise the orienta- 
tion of the inhibitor in the active site channel. In subunit 
B the cyanide group is hydrogen bonded to three solvent 
molecules W157, W134 and W431 (2.68, 3.15 and 3.35 
A) which are arranged similarly to W137, W280 and 
W126 in subunit A. On the other hand, the solvent mol- 
ecule closest to the cyanide anion, W157, does not build 
up a hydrogen bonding scheme with Arg14’ comparable 
with that of subunit A, due to the crystal lattice contact 
of the Arg14’ guanidinium group with the carboxylate of 
residue G1u8* from a symmetry-related SOD molecule 
(2.91 A) (Fig. 2). Residue G1us8 acts as a polar bridge 
between the Arg14’ guanidinium group and the solvent 
molecule (W157) bound to the inhibitor. 

Comparison of the copper coordination spheres of 
azide-inhibited bovine Cu,Zn SOD and cyanide-inhib- 
ited X. laevis Cu,Zn SOD (Fig. 3) shows that the pertur- 

Table la 

Coordination distances (in A) for the Cu2+ and Zn” centers in the A and B subunits of X laevis Cu,Zn SOD-cyanide complex, of the uninhibited 

X laevis enzyme [16], and of the bovine Cu,Zn SOD-azide complex [17] 

cuz+ 

Hi? ND1 

His46 NE2 

His6’ NE2 

His”* NE2 

Inhibitor/water 

Zn” 

Hi@’ ND1 

His? ND1 

His” ND1 

Asp” ODI 

Cu,Zn SOD-cyanide Cu,Zn SOD 

A B A 

2.20 2.13 2.02 

2.76 2.56 2.21 

2.15 2.12 2.06 

2.30 2.24 2.08 

2.20 2.28 2.23 

1.94 1.98 2.05 

2.28 2.13 2.04 

2.19 2.12 2.08 

1.95 1.94 2.02 

B 

1.98 
2.15 

2.07 

2.09 

2.42 

2.02 

2.02 

2.05 

1.96 

bovine Cu,Zn SOD-azide 

A B 

2.05 2.05 

2.65 2.75 

2.18 2.07 

2.01 2.23 

1.97 2.18 

2.01 2.07 

2.10 2.08 

2.09 1.87 

1.84 1.90 

Table lb 

Table Positional displacements (in A) of the metals and metal liganding atoms upon cyanide binding to Cu,Zn SOD 

A B A B 

CUZ’ 0.41 0.27 Zn2+ 0.20 0.19 

Hi? ND) 0.16 0.11 His6’ NDI 0.06 0.11 

His? NE2 0.52 0.45 His69 ND1 0.24 0.19 

Hi@’ NE2 0.32 0.15 His’s ND1 0.19 0.17 

His”’ NE2 0.42 0.33 Asp*’ ODI 0.13 0.19 
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Fig. 2. Stereo drawing of the active site of cyanide-inhibited Cu,Zn SOD monomer B, showing the side chain of the symmetry-related residue Glu*” 

forming an electrostaic interaction with Arg14’ and hydrogen bonded with solvent molecules 157WAT and 136WAT. 

bations occurring upon anion binding bring about very 
similar active site structures. These structural perturba- 
tions can be summarised as contained overall increases 
of all coordination distances from Cu2+ (see Table la). 
In contrast, analysis of the X-ray absorption spectra [ 1 l] 
suggests that the copper-imidazole coordination dis- 
tances shorten to 1.95(3) A in the Cu,Zn SODcyanide 
adduct, due to the increase in ligand field strength result- 
ing from cyanide binding; in this context, however, we 
noticed that these experiments systematically report 
shorter metal-ligand coordination distances with respect 
to the crystallographic data even in the case of the resting 

enzyme [l 11. Such a disagreement could possibly be re- 
lated to the restraining models used to fit the spectro- 
scopic data or to the largely different physicochemical 
conditions of the two experiments. 

The main structural difference between the Cu,Zn 
SODcyanide and -azide complexes can be noticed in 
the spatial orientation of the bound anion. In the Cu,Zn 
SOD-azide complex, the linear anion is orientated along 
the active site channel, while in the case of cyanide it is 
rotated by approximately 50” towards the Arg14’ guani- 
dinium group (see Fig. 3). As a result, the interactions 
between the coordinated anion and the guanidinium 

Fig. 3. Stereo drawing of the active site of cyanide-inhibited Cu,Zn SOD (bold line) and azide-inhibited bovine Cu,Zn SOD (thin line) along with 

the bound inhibitors and the solvent molecules. 
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group of Arg14’ are significantly altered. The ligand 
N...Arg141 NEH2 distance (3.3113.35 8, in subunits A/B 
of the Cu,Zn SODcyanide complex) increases to 3.61/ 
3.67 8, in the Cu,Zn SOD-azide complex [19]. If the azide 
anion is forced in the same orientation observed for cya- 
nide, severe intramolecular contacts occur with the 
Arg14’ side chain, highlighting the finely tuned design of 
the Cu,Zn SOD active site for a di-atomic substrate. This 
observation may explain the slower ligand exchange dy- 
namics between free and complexed enzymes observed 
by NMR, in the case of the Cu,Zn SOD-cyanide with 
respect to the -azide complexes [12]. 

The higher SOD affinity for cyanide, with respect to 
azide [6,7], can therefore be explained not only on the 
basis of electronic configuration and coordination chem- 
istry of the ligand-metal system, but, in part, also on the 
mechanistic base of substrate docking in the active site, 
achieving different levels of interaction with the sur- 
rounding structure. A key role in the Cu,Zn SODcya- 
nide adduct, in this context, is played by water molecules 
W137 and W157 (in subunit A and B, respectively), 
which are strongly hydrogen bonded to the di-atomic 
ligand, and interestingly, are located approximately at 
the positions of the free-end inhibitor N atoms in the 
Cu,Zn SOD-azide complex (Fig. 3). The different acces- 
sibility of the active site channels for the two SOD sub- 
units in the crystalline environment is reflected by the 
higher temperature factors of the cyanide anion in sub- 
unit B (14.28 A’) with respect to subunit A (9.29 A’), 
possibly indicating a slightly lower ligand occupancy or 
limited conformational disorder at site B. 

The average temperature factors for the copper li- 
ganding atoms (including cyanide, for subunits A/B) are 
11.15/12.12 A2, well below the mean value of the model 
thermal parameters (17.0 A’). The lowest thermal pa- 
rameter is observed for the His46 NE2 atom in both 
subunits, despite the displacement of about 0.5 A of this 
residue upon cyanide binding (see Table 1 b). On the 
other hand, the Debye-Waller factors of both the copper 
ions are above the mean value of the whole model (18.53/ 
18.74 A2, for subunits A/B, respectively) whereas the zinc 
cations do not show such a behaviour (10.53/10.94 A’). 

As a whole the results here reported show that con- 
tained but definite structural perturbations of the Cu2+ 
coordination sphere occur upon cyanide binding. De- 
spite the observed differences in the inhibitors’ binding 
mode, the tri-atomic azide anion has been shown to af- 
fect the copper coordination sphere in a comparable way 
with respect to the substrate-simulating di-atomic cya- 
nide [19]. The contained rearrangements of the copper 
catalytic site are a prerequisite for the fast turnover rates 
measured for the Cu,Zn SODS [35], which must be based 
on rapid readjustments in the Cu2+ ligands. On the other 
hand, the pronounced mobility of the copper ion, even 
at the liquid nitrogen temperature, could be attributed to 
dynamic or static Jahn-Teller distortion of copper [36]. 

97 

In terms of the enzymatic activity, such structural behav- 
iour might be necessary for the effective accomplishment 
of the catalytic cycle. 
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