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Abstract The crystal structures of dithionite-reduced
bovine Cu(I),Zn superoxide dismutase and of its ad-
ducts with the inorganic anions azide and thyocyanide
have been determined in a C222, crystal form obtained
at pH 5.0. This crystal form is characterized by a high
solvent content (72%) and by having the two
Cu,ZnSOD monomers (A and B) in different crystal
environments. One of them (B) is involved in few inter-
molecular crystal contacts so that it is in a more “solu-
tion like” environment, as indicated by average temper-
ature factors which are about twice those of the other
monomer. The differences in crystal packing affect the
active site structures. While in the A monomer the
Cu(I) is coordinated to all four histidine residues, in the
B monomer the bridging His61 side chain is found dis-
ordered, implying partial detachment from copper. The
same effect occurs in the structures of the anion com-
plexes. The inorganic anions are found bound in the ac-
tive site cavity, weakly interacting with copper at dis-
tances ranging from 2.5 to 2.8 A. The copper site in the
A subunit of the native enzyme structure displays sig-
nificant electron density resembling a diatomic mole-
cule, bound side-on at about 2.8 A from the metal,
which cannot be unambiguously interpreted. The crys-
tallographic data suggest that the existence of the His61
bridge between copper and zinc is dominated by steric
more than electronic factors and that the solution state
favors the His61 detachment. These structures confirm
the existence of an energetically available state for

S. Mangani (X))

Department of Chemistry, University of Siena,
Pian dei Mantellini 44, 1-53100 Siena, Italy
e-mail: mangani@unisi.it, Fax: +39-577-280405

M. Ferraroni - B. Bruni - P. Orioli
Department of Chemistry, University of Florence,
Via Gino Capponi 7, I-50100 Florence, Italy

M. Ferraroni - W.R. Rypniewski
EMBL Outstation, c/o DESY, Notkestrasse 85,
D-22603 Hamburg, Germany

Cu(I) in Cu,ZnSOD where the histidinato bridge to
zinc is maintained. This state appears to be favored by
tighter crystal contacts. The binding of the anions in the
active site cavity is different from that observed in the
oxidized enzyme and it appears to be dominated by
electrostatic interactions within the cavity. The anion
binding mode observed may model the substrate inter-
action with the reduced enzyme during catalysis.

Key words Reduced Cu,Zn superoxide dismutase -
Anion binding - Protein crystallography - Crystal

packing effects - Mechanism
Introduction
Cu,Zn superoxide dismutase (Cu,ZnSOD; E.C.

1.15.1.1) is an enzyme ubiquitous in living organisms
where it catalyzes the disproportionation of the supe-
roxide radical to dioxygen and hydrogen peroxide, thus
protecting the cells from the toxic effects of the O, ra-
dical anion [1-3]. The recent demonstration of the in-
volvement of Cu,ZnSOD point mutants in FALS syn-
drome [4-6] has refueled the interest in the enzyme and
its function.

The enzyme from bovine erythrocytes is a homodim-
er of molecular weight approximately 32 kDa. Each
monomer contains one Cu(II) and one Zn(II) ion in
the active site, but only the copper ion is essential for
catalysis [2, 3, 7]. Cu,ZnSOD is characterized by very
high catalytic rates which are diffusion controlled [8, 9].
It is generally accepted that the reaction mechanism
proceeds in two steps [9, 10] with approximately equal
rate constants for the two reactions
(ky=ko=2-3x10°M~"s7") [10-12]:

E-Cu(Il) + O, ~ + H* £ EH-Cu(l) + O,
EH-Cu(l) + O, + H* £ E-Cu(1l) + H,O,

During the catalytic cycle the copper ion alternates be-
tween the +2 and +1 oxidation states, as indicated by
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the bleaching of the enzyme green-blue color at steady
state [13, 14]. The oxidized enzyme has been well char-
acterized by X-ray studies and by several chemical and
physical methods [3] (and references therein). The crys-
tal structures of Cu,ZnSOD from bovine, human, and
amphibian erythrocytes have been reported, as well as
Cu,ZnSOD from yeast, spinach, and a prokaryote
[15-20]. All the above structural determinations show
that each Cu,ZnSOD monomer maintains the charac-
teristic tertiary structure consisting of a flattened, anti-
parallel B-barrel of eight strands joined by seven turns
and loops (numbered I to VII following Getzoff et al.
1989 [21]). The active site is located in-between the ex-
ternal wall of the B-barrel and the extended loop VII at
the bottom of a conical narrow cavity shaped to accom-
modate the superoxide substrate. The cavity is sur-
rounded by charged residues which are supposed to
provide electrostatic guidance to the substrate [22, 23].
The cavity hosts one copper and one zinc ion. The cop-
per ion is coordinated by the nitrogen atoms of four
histidines and by a loosely bound water molecule. One
of the histidines (His61 in the bovine SOD sequence)
normally bridges copper and zinc. The coordination of
zinc is completed by two other histidines and an aspar-
tate group in a tetrahedral geometry. Sketches of the
Cu,ZnSOD monomer fold and of the active site cavity
displaying the secondary structure numbering and the
relevant active site residues, respectively, are shown in
Schemes 1 and 2.

Owing to the inaccessibility of Cu(I) to EPR and
electronic spectroscopy, a lesser amount of data is
available on the reduced form of the enzyme. UV/vis
spectroscopy on the cobalt derivative both in solution
and in the solid state [24, 25], EXAFS data [26], and
NMR spectroscopy [27-29] on the Cu(I) containing en-
zyme have provided evidence for the presence of a tri-
coordinate cuprous ion resulting from the breaking of
the copper-nitrogen bond of the bridging His61 and si-
multaneous protonation of its N&2 atom as required by
the mechanism proposed by Tainer et al. [37]. A similar
arrangement of the copper coordination has been re-
cently observed in the crystal structure of the reduced
yeast enzyme from Saccharomyces cerevisiae [30]. An
EXAFS study, which appeared as the present paper
was under preparation, has repeated the measurements
published 13 years before [26] and has confirmed the
Cu(I) tri-coordination in the bovine Cu(I),ZnSOD so-
lution [31].

In view of the extremely fast rate of the enzyme ca-
talyzed reactions and of experimental evidence such as
the equivalence of rate constants for the enzyme in
both oxidation states, which point toward small energy
differences between the oxidized and reduced enzyme,
several authors have proposed different reaction mech-
anisms implying outer sphere electron transfer without
His61 protonation and the consequent breaking of the
Cu-His61 bond [32-34].

We have recently determined the crystal structure of
the reduced bovine enzyme crystallized in space group

Scheme 1

Scheme 2

P2,2,2,. Our X-ray investigations on a P2,2,2; crystal
form grown at pH 7.5 [35, 36] revealed that, contrary to
spectroscopic and to the recent X-ray data, no major
structural changes take place upon reduction of the en-
zyme. In other words, the cuprous ion still appeared to
be bound to His61 in bovine Cu(I),Zn SOD.

These new crystallographic findings about the re-
duced form of Cu,ZnSOD may have mechanistic impli-
cations because they imply that, at least under certain
circumstances, the enzyme is able to maintain the his-
tidinato bridge between Cu(l) and zinc. It is possible
that the crystal structure does not show an active state
of the enzyme; nevertheless, the possibility for
Cu,ZnSOD to function in this form may settle the de-
bate about how the high catalytic rate of the enzyme
can be consistent with a proposed mechanism [37] in-
volving large, energy demanding, active site rearrange-
ments such as the breaking and reforming of the His61
bridge between Cu and Zn and concomitant protona-
tion and deprotonation of the His61 N&2. At low sub-
strate concentrations, and consequently lower turnover
numbers, the enzyme can work with a mechanism in-
volving the breaking of the imidazolate bridge, whereas



under substrate saturating conditions a mechanism with
a bridging histidine in both oxidation states would be
more satisfying [35].

In addition, since the enzyme shows identical effi-
ciency toward superoxide dismutation in both its oxid-
ized and reduced forms [10-12], it remains a problem to
understand the interaction between Cu(I) and the sub-
strate, which in principle should be different from that
of Cu(II) in the presence of the imidazolate bridge. For
this reason we have decided to determine the crystal
structure of complexes of Cu(I),Zn SOD with small
mononegative anions such as the isoelectronic azide
and thiocyanate, which are inhibitors of the enzyme
and have charge and electronic structure similar to the
substrate. Hence they should bind to the enzyme in a
way resembling that of the superoxide anion and pro-
vide clues about its binding to Cu,ZnSOD. Our results
will be discussed and compared with those of the re-
cently reported crystal structures of the complexes of
oxidized Cu(II),Zn SOD with azide and cyanide anions
[38, 39] and with the solution studies on the same com-
plexes [40-42].

Materials and methods

Crystallization

The bovine Cu(I),ZnSOD crystallization solution was prepared
from commercially available (Sigma) oxidized enzyme used with-
out further purification. A 7 mg/ml solution of the enzyme at
pH 5.0 in 20 mM HEPES buffer was reduced with sodium di-
thionite under nitrogen atmosphere. Crystals of the adducts
Cu(1),ZnSOD-N;~ and Cu(I),Zn SOD-SCN~ were obtained by
co-crystallization from solutions of the enzyme containing 50 mM
and 100 mM inhibitors, respectively. Very large colorless crystals
of the native enzyme and of the adducts up to 1.5x 0.8 X 0.6 mm
in size grew in 2 weeks at 22 °C by free interface diffusion in the
enzyme solution of a precipitant solution consisting of 20%
PEG6000 in the same buffer containing 50 mM and 100 mM
NaNj; or NaSCN in the case of the complexes. All the crystals
belong to the orthorhombic space group (€222, with cell con-
stants: a=104.6, b=197.5, ¢=50.8 A with one SOD dimer per
asymmetric unit. This new crystal form of Cu,ZnSOD is charac-
terized by the unusually high Matthews parameter of 4.5 A**/Da
[43], which corresponds to a water content of 73%. The oxidation
state of the copper ion was checked in every case by single crystal
EPR spectroscopy. Figure 1 shows as an example, the EPR spec-
trum obtained from the Cu(I),ZnSOD-N;?~ crystal used for data
collection.

Crystallographic data collection and processing

Three data sets were collected, each from a native reduced crystal
(SODS5RN), a thiocyanide soaked reduced crystal (SOD5SRSCN),
and one from a sodium azide soaked reduced crystal
(SODSRAZ). All data were collected on the EMBL X11 beam
line at the DORIS storage ring, DESY, Hamburg, with a 18 cm
MarResearch imaging plate scanner. The integrated intensities
were measured using the program DENZO and scaled using pro-
gram SCALEPACK [44]. Relative temperature factors for images
were refined. Adjacent partially recorded reflections were scan-
ned. Outliers were rejected based on the y? test implemented in
SCALEPACK. The postrefinement option of SCALEPACK was
used to refine the cell parameters. Crystals belong to space group
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Fig. 1 A The spectrum of the Cu(I),ZnSOD crystal used for data
collection (A) compared with the EPR signal from the empty ca-
pillary tube used for the experiment (B). The line drift is due to
the high gain used. For comparison the EPR spectrum of a
Cu(I1),ZnSOD crystal is shown in the inset

€222,, with a=104.6 A, b=197.5 A, ¢=50.8 A. There were no
significant differences in the cell parameters between the three
data sets. The crystal data and statistics are summarized in Table
1. The intensities were converted to structure factor amplitudes
and a correction was applied to weak or negative measurements
based on the a priori distribution [45].

Structure solution

The SODSRN structure was determined by the method of molec-
ular replacement implemented in the program AMORE [46]
from the CCP4 program suite [47]. The rotation function was cal-
culated using terms between 10.0 and 3.0 A, with the Patterson
search radius of 20.0 A. A solution was obtained using, as the
starting model, the B subunit of the P2,2,2; structure of reduced
SOD [36]. The two highest peaks in the rotation function had cor-
relation coefficients of 0.32 and 0.20, with other peaks forming a
plateau at a correlation coefficient of approximately 0.1. In the
translation function these peaks gave correlation coefficients of
0.55 and 0.32, with the remaining peaks forming a plateau at a
correlation coefficient of approximately 0.15. Calculating the
translation function for the second highest peak, while including
the first solution in fixed position, gave a correlation coefficient of
0.77. Rigid body refinement of positions corresponding to the two
highest peaks gave a correlation coefficient of 0.81.

The two model monomers were positioned in the unit cell and
found to form a single molecular dimer, with inter-subunit con-
tacts similar to those observed in the P2,2,2, crystal structure.
The structure has an unusually high solvent content, with
Vm=4.5 A/Da, from which the solvent content can be estimated
at 73% [43].

Refinement

Refinement of atomic coordinates and temperature factors was
carried out by stereochemically restrained least-squares minimi-
zation [48, 49] as implemented in program PROLSQ from the
CCP4 program suite. No o cut-off was applied to amplitudes. The
initial model for the three structures has been the SODSRN mo-
lecular replacement solution. Data between 10.0 A and the reso-
lution limit were used for refinement in each case. Individual tem-
perature factors were refined in all cycles. The weighting parame-
ters for the refinement and the final values are listed in Table 2.
The coordination distances for the metal ions were refined unres-
trained. Manual rebuilding of the model was based on (3F,-2F.)
and (F,—F.) maps, using an Evans and Sutherland ESV or a Sili-
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Table 1 Summary of data

SOD5SRN SODSRSCN SODSRAZ
Maximum resolution 19 A . 20A i 2.05 Ao
Wavelength 0.920 A 0.920 A 0.920 A
Number of images 110 131 140
% Rmerge™ 9.1 7.6 7.4
Raw intensities used 209202 200034 213345
Unique reflections 41816 34111 30955
% Completeness 97.2 (98.0) 96.9 (90.7) 87.8 (85.5)
(excl. —10 A; highest res. shell in parentheses)
% Greater than 30 83.0 80.1 84.3
I/o in highest res. shell 34 3.6 6.6
Postrefined cell parameters (A):
a 104.7 104.6 104.6
b 197.8 1975 197.5
c 50.8 50.8 50.8
* Rmerge = X, | [;— <I>|/Y, <I>, where I; is an individual intensity measurement, and <I> is the

average intensity for this reflection with summation over all the data

Table 2 Refinement data and weighting parameters for the least-squares refinement with the final standard deviations (SD)?*

SOD5RN SODSRAZ SODSRSCN

Atoms refined 2511 2525 2510
Protein atoms 2127 2164 2142
Solvent atoms 376 349 356
Hetero atoms 8 12 12
Final crystallographic R-factor (all reflections) 0.184 0.166 0.175
ESD of atomic positions from 0.15 0.17 0.15
o plots (A)
Refinement weighting: No. of No. of No. of

o parameters SD parameters SD parameters SD
Bond lengths (A) (1-2 neighbours) 0.020 2175 0.014 2192 0.018 2190 0.019
Angle distances (A) (1-3 neighbours) 0.040 2952 0.052 2968 0.028 2965 0.027
Planar distances (A) (1-4 neighbours) 0.050 710 0.048 710 0.043 710 0.045
Planar groups (A) 0.020 392 0.011 392 0.018 392 0.018
Chiral volumes (A>) 0.150 339 0.146 339 0.182 339 0.179

2 The weights correspond to 1/0°

con Graphics Indigo2 graphics stations and the programs FRO-
DO [50] or TOM (FRODO version for SGI workstations). Sol-
vent molecules were inserted and refined using the program ARP
[51], with real space positional refinement and automatic determi-
nation of statistically significant electron density levels. ARP was
set up to remove water molecules from the model if they were
found in density less than 0.5 o in the (3F,-2F.) map. The thresh-
old level of significant density determined by the program was
approximately constant throughout the refinement, close to the
40 level in the (Fo—-F.) map. Potential new water sites had to be
within 2.2-3.3 A of existing atoms in the model. Waters were
merged into a single site if the distance between them became less
than 2.2 A. All solvent molecules were refined with occupancy set
to 1. Cycles of least-squares refinement were interspersed with
rounds of manual rebuilding. The side chains of the residues
Lys3, Lys9, Lys23, GIn53, Lys73, Lys89, Ser103 and Lys134 of
chain A and of the residues Lys3, GInl5, Lys23, Lys68, Glu75,
Lys89, Glu107, Lys120, Argl26, and Lys134 of chain B have been
to be found disordered to various extents. In SODSRN and
SODSRAZ, alternative conformations with fractional occupancy
of 0.5 have been found and refined for SerA103 and LysA134,
while in SODSRSCN, Cé was the last visible atom of the LysA134
side chain.

Ramachandran plots [52] for the three structures show that
89.0%, 90.3%, and 89.4% of non-glycine residues lie in the most
favored regions of the plot, while 10.6%, 9.2%, and 10.6% fall
within the allowed regions for SODSRN, SODSRAZ, and

SODSRSCN, respectively. Only one residue of SODSRN falls in
the so-called generously allowed regions of the plot as defined in
the program PROCHECK |[53].

Atomic coordinates of the structures have been deposited
with the Protein Data Bank [54] with accession codes 1SXN,
1SXZ, and 1SXS.

Results
The overall C222, structure

The Cu,ZnSOD (222, crystal form obtained at pH 5.0
is characterized by high solvent content and by an unu-
sually loose packing of the molecules in the cell. The
analysis of crystal contacts shows that reduced
Cu,ZnSOD (SODSRN) makes only 74 intermolecular
contacts between 2.4 and 3.7 A, with symmetry related
molecules; 48 of these are subunit A-subunit A interac-
tions involving 10 residues with an average distance of
3.5 A. Subunit B has only 26 contacts Jinvolving six resi-
dues, the shortest distance being 3.0 A with an average
of 3.4 A. This means that the A and B subunits have
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Fig. 2 Main chain temperature factors, averaged for each residue,
as a function of residue number, for a reduced Cu,ZnSOD at
pH=5.0, b complex with the azide anion, and ¢ complex with the
thiocianate anion

quite different environments in this crystal form, the B
subunit being almost completely surrounded by liquid
solvent. In other words, the B subunit has a solution-
like environment. The above finding is evidenced by
the systematically higher temperature factors obtained

Table 3 Average overall temperature factors (A2?) for A and B
subunits in the three crystal structures

Subunit A Subunit B
SODS5RN 14.98 35.15
SOD5RAZ 18.09 36.11
SODS5RSCN 16.42 35.18
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Fig. 3 Differences in coordinates of Ca atoms between subunits
A and B, superimposed by least-squares minimization for a re-
duced Cu,ZnSOD at pH=5.0, b complex with azide anion, and ¢
with thiocianate anion. The black marks indicate residue ranges
involved in intermolecular contacts. It is evident that these coin-
cide with the zones where the largest Ca differences occur

for the B with respect to the A subunit, as shown in
Fig. 2 which reports the average main chain atom B-
factor per residue for the three crystal structures. Table
3 reports the average temperature factors for each sub-
unit in the three structures; it can be seen that the aver-
age temperature factors of the B subunits are double
those of the A subunits.

In all three structures, the B subunits appear to be
affected by a higher disorder even in the active site.
This is apparent from inspection of Fourier difference
maps of the A and B sites, where the less resolved elec-
tron density of the latter is evident (see Figs.4-6 be-
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low). The unrestrained least-squares refinement of the
metal centers always gives higher temperature factors
for the metal ions and their ligands in the B with re-
spect to the A sites.

The nature of the difference between A and B sub-
units is revealed by the plots of the difference between
the Ca positions in the A and B subunits shown in
Fig. 3. Large deviations occur only for Asp25 and for
the residues Glu75, 1le102, and Glul30-Ser132. After
omitting these residues from the calculations, the over-
all root mean square displacement (RMSD) between A
and B reduces to 0.30, 0.28, and 0.28 A for the three
structures, respectively. This is still about twice the esti-
mated experimental error, meaning that positional dif-
ferences are significant but small. Thus the main differ-
ence between the A and B subunits appears to be the
amplitude of the thermal displacements as appreciated
by the estimate of <u >(Ca atoms) which doubles
from about 0.2 to 0.4 A2 in going from A to B.

The overall structure of the Cu,ZnSOD (222, crys-
tal form obtained at pH 5.0 is conserved with respect to
the other structures determined in different space
groups. The low pH of the crystallization medium did
not influence the enzyme tertiary and quaternary struc-
ture. The characteristic Greek-key pB-barrel fold of
Cu,ZnSOD is present in SOD5SRN, SOD5SRSCN, and
SODS5SRAZ with minimal differences with respect to
other structural determinations of the reduced and ox-
idized enzyme at different pH values [15, 30, 38, 39, 55,
56]. Comparison by the least-squares superposition of
Ca atoms of all the above three structures results in
very low deviations (<0.25 A). However, a close analy-
sis of the structures reveals the presence of small but
significant differences, mainly located in the active
sites, which deserve a detailed description.

Fig. 4 Stereoviews of the
SODS5RN A(a) and B (b) cop-
per sites showing a Fourier
difference map (3F,-2F,) con-
toured at 1.5 o superimposed
to the final atomic model. The
electron density of the His46
residue has been omitted for
clarity

(3K b
His Bas His Bi18

The SODS5RN metal sites

Figure 4a and b shows a stereo view of a 3F,-2F. Fou-
rier difference map of the metal sites in the A and B
subunits of SOD5SRN. As already observed in the struc-
ture of reduced Cu,Zn bovine SOD at pH 7.5 (1SXC,
[36]), in the A subunit the Cu(l) ion appears to be
bound to four histidines with the His61 bridge between
copper and zinc still in place with a Cu- N£2(Hls61) dis-
tance of 2.2 A. On the other hand, His61 i in the B sub-
unit appears disordered with its N2 at 2.4 A from cop-
per. However, the most striking feature of the map re-
porting the site A structure is the occurrence of signifi-
cant additional electron density in close proximity to
the copper ion, which cannot be attributed to the water
molecule usually found in the cavity [36]. This densit

consists of two maxima spaced by 2.1 A at about 2.7 A
from copper, forming a sort of a hammerhead (see
Fig. 4a). However, the electron density map clearly
shows the remainder of the metal coordination consti-
tuted by the four histidine side chains at distances rang-
ing from 2.1 to 2.3 A (see Table 4). The above density
was evident in the first Fourier maps obtained from the
molecular replacement solution of the structure and
can be refined either as two oxygen atoms at full occu-
pancy or two sulfur atoms at half occupancy. The re-
finement as oxygen atoms results in temperature fac-
tors of 34.1 and 30.8 A? while sulfur at half occupancy
gives 36.2 and 33.7 A2, respectively. The values of the
B-factors obtained, and the shape of the electron densi-
ty, seem to rule out the presence of mutually exclusive
water molecules lying in close sites with partial occu-
pancy. Furthermore, the distance of 2.1 A between the
two peaks excludes the possibility of a dioxygen species
in any of its possible oxidation states as well as that of

S
< VA
His Bas His B118



Table 4 Comparison of the bond distances and angles in the
Cu(I) and Zn(II) coordination sphere for reduced SOD at
pH=5.0 and of the complex with azide and thiocianate anions.
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The distances and angles of reduced SOD at pH 7.5 (SODr) are
reported for comparison

Subunit A Subunit B
SOD5SRN SODS5r- SOD5r- SODr SOD5 SOD5r- SODS5r- SODr
N3 NCS~ RN N3 NCS -~

Bond distances (A)
Cu-N°! His 44 2.1 2.1 2.1 22 2.0 1.9 1.9 2.1
Cu-N* His 46 2.3 22 2.3 22 24 24 2.4 22
Cu-N# His 61 22 22 22 2.3 2.4 2.5 23 2.0
Cu-N# His 118 2.1 2.0 21 22 21 21 21 2.1
Cu-H,O 2.6-2.9° - - ~3.0 25 - — 21
Cu-N3 - 2.8 - - — 2.5 — -
Cu-NCS~ - - 2.8 - - - 2.8 —
Zn-N°' His 61 2.1 2.0 2.1 2.0 2.1 22 22 2.1
Zn-N°' His 69 21 2.1 21 22 23 2.3 2.4 22
Zn-N°' His 78 1.9 1.9 1.9 22 2.0 2.0 2.0 1.9
Zn-O°' Asp 81 1.8 1.9 1.8 1.9 1.7 1.8 1.8 2.0

2 The distances for the reduced SOD at pH 7.0 [36] are shown for comparison

two distinct water molecules. On the basis of the dis-
tance and in the absence of any other experimental evi-
dence, we may tentatively assign this density to a disul-
fide anion (S,>") at partial occupancy, which may have
been produced by side reactions (dismutation) of the
excess dithionite used for reducing the Cu(II) ion. Sta-
tistical analysis of structural data from the Cambridge
database indicates an average S-S distance of
2.053(26) A for the S,%> anion [57]. The hypothetical
disulfide would be oriented side-on with respect to cop-
per.

Evaluation of the copper coordination sphere with
the valence sum method [58, 59] results in an oxidation
number of 0.91 for a four-coordinated copper in the A
subunit. Inclusion of the putative disulfide does not al-
ter the sum because the very long interaction distances
with the metal (2.7-2.9 A) give an oxidation number of
1.00 for six-coordinated copper. Such dlstances are
about 0.5 A longer than those observed in 1 com-
plexes of disulfide with transition metal ions and indi-
cate a merely electrostatic interaction of the putative
dianion with the cavity as in the case of the water mol-
ecule usually found in this place [16, 37, 55], leaving the
Cu(I) cation four-coordinated.

A quite different situation occurs in the B subunit.
Here the copper atom appears surrounded by the four
histidines, with a water molecule in the fifth position at

2.5 A. However, as it can be seen in Fig. 4b, the elec-
tron density of the water, as well as that of all the other
ligands, is more diffuse, indicating disorder. Further-
more, the His61 imidazole ring appears to deviate from
the optimal bridging position between copper and zinc.
Indeed, in the refined position, the ring plane is such
that the N&2 lone pair is located at about midway be-
tween copper and the water molecule which are both at
2.4 A from N&2, suggestlng the possibility that the mod-
eled ring position is the mean of two unresolved confi-
gurations: one corresponding to the usual bridging po-
sition and the other to the non-copper bound arrange-
ment due to the breaking of the histidinato bridge be-
tween copper and zinc. The His61 disorder is also evi-
denced by its N&2 B-factor of 41.4 A2 compared with
the average 29.9 A? of all the four copper-bound histid-
ine-nitrogens from the same subunit. Overall the site
appears very disordered with a large spread in ligand
distances, which range from the short 2.0 A of His44
Ne&2 to the long 2.4 A of the His46 N&2 atom (see Table
4). Even the zinc site in the B subunit seems to be af-
fected by some disorder, as indicated by the wide ligand
distance spread and the more distorted geometry with
respect to the zinc site in the A subunit (see Table 4).

Inspection of the refined metal ion temperature fac-
tors evidences that both A and B copper ions have B-
factors significantly higher than those of zinc ions be-

Table 5 Copper ion temperature factors (A2) compared with the average ligand (L =His44, His 46, His61, His118) temperature factor
(A?). The SD of the average ligand temperature factor is reported in parentheses

SODSRN SODSRAZ SODSRSCN

Cu Zn L Cu Zn L Cu Zn L
Subunit A 22.4 6.6 8.3 (3.3) 23.8 104 114 (3.1) 24.1 8.9 10.0 (3.2)
Subunit B 39.6 29.0 25.7 (5.9) 41.2 27.4 27.5 (6.2) 39.9 28.1 26.1 (6.4)
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longing to the same subunit and higher than the aver-
age temperature factors of the atoms of the histidine
ligands, as can be seen from Table 5. The observation is
particularly evident for the A subunits and it has also
been observed in the other two structures (see Table 5).
This result suggests that either the copper sites are
characterized by dynamic disorder or that partial re-
lease of copper has occurred upon reduction and crys-
tallization. A similar behavior has been observed in the
Cu,ZnSOD reduced form at pH 7.5 [36].

Finally, it is interesting to note that the different
copper coordination in the A and B subunits can be
correlated to the different crystal environment of the
two subunits. Indeed, by analyzing the intermolecular
contacts made by loops IV and VII, which are the ex-
posed portions of the protein involved in building the
active site, we find that the two loops of subunit A
make 16 contacts involving 11 different residues while
only six contacts involving two residues are present in
subunit B, all of them in loop VII.

The SOD5RAZ metal sites

Figure 5a and b reports difference Fourier maps of the
copper sites in A and B subunits of SODSRAZ. Figure
Sa clearly shows electron density of elongated shape ex-
tending from the copper atom towards the opening of
the active site cavity, which can be confidently assigned
to a N3>~ anion bound in the site. Refinement with the
azide in this density resulted in placing the nearest ni-
trogen at 2.8 A from copper with the farthest nitrogen
located at contact distances to the side chains of Thr135
and Argl41 (3.4 and 3.5 A, respectively) and hydrogen-
bonded to a water molecule of the cavity (2.3 A) which
is part of a chain of hydrogen-bonded waters extending
to the cavity ridge. The Cu(I) ion in the A site is bound

Fig. 5 Stereoviews of the
SODSRAZ A (a) and B (b)
copper sites showing a Fourier
difference map (3F,—2F.) con-
toured at 1.5s superimposed to
the final atomic model. The
electron density of the His46
residue has been omitted for
clarity

to the four histidines with the His61 N&2 atom at 2.2 A
and if we take into account the azide molecule as a fifth
ligand, its geometry is better described as distorted trig-
onal bipyramidal where the axial ligands are His61 and
His118, the other ligands lying approximately in a
plane.

In analogy with the SOD5RN structure, the B sub-
unit presents a different and disordered environment
for the metals. Here the four histidines are arranged
around copper in a distorted tetrahedral geometry, but
electron densr[y interpretable as an azide anion bound
to the cavity is found at 2.5 A from copper. As can be
seen from Fig. 5b, this density is not as well defined as
that found in the A subunit, indicating partial occupan-
cy and disorder as evident from the azide average tem-
perature factor of 43.4 A? compared to 33.6 A? for the
azide in subunit A, with the anion nitrogens refined at
full occupancy. Also in the B subunit of SOD5RAZ, a
large distance spread of the copper and zinc ligands oc-
curs and the refinement places the His61 imidazole ring
at 2.5 and 2.3 A from copper and azide, respectively.
Part of the His61 electron density is missing at the 1.5¢
level, as evidenced by Fig. 5b, and the Né&2 B-factor is
411 A2 The azide-His61 N&2 distance of 2.3 A suggests
the presence of a strong hydrogen bond which is re-
ceived by the anion from the detached, protonated N&2
atom. The azide anion in the B subunit is hydrogen
bonded to a water molecule (2.7 A) and, at variance
with the A site, it is within hydrogen bonding distance
to a NH, group of Argl4l (3.1 A).

The metal sites in SOD5SRSCN

Figure 6a and b reports a difference Fourier map of the
A and B copper sites in SODSRSCN. In both sites, an
elongated electron density originating from copper and

His AGB1



Fig. 6 Stercoviews of the
SODSRSCN A (a) and B (b)
copper sites showing a Fourier
difference map (3F,-2F,) con-
toured at 1.5s superimposed to
the final atomic model. The
electron density of the His46
residue has been omitted for
clarity

b His B44

extending into the active site cavity is visible, although
in the B subunit it is, again, much less intense. The thio-
cyanate anions were fitted to the densities and refined
with the closest atom at about 2.6 A from Cu(I) in both
the A and B sites. The question arose as to whether the
anion approaches copper with the nitrogen or the sul-
fur atom. In order to gain some insight about this point,
the refinement of the closest atom to copper was per-
formed in each case. In both subunits the most realistic
temperature factors were obtained with nltrogen (at
full occupancy), which refined to 37.6 and 64.8 A% in A
and B, respectively, the temperature factors of the re-
maining atoms being 45.4, 44.9 and 70.4, 80.13 A?for C
and S atoms in the A and B sites respectively. On the
other hand, refining the SCN~ copper bound atom as
sulfur resulted in unrealistically high temperature fac-
tors (>90 A?). Although this cannot be considered
compelling evidence, these results are in favor of a cop-
per-nitrogen interaction with the ligand in the isothio-
cyanate form. This conclusion is also supported by the
visual inspection of the difference electron density
maps that, before modeling of the anion, showed the
largest and higher electron density in the position far
from copper. The unconstrained refinement of the
SCN~ anions resulted in a slightly bent molecule with
S-C-N angles of 171.9° and 163.1° for the A and B sub-
units. Angles between 176° and 180° are commonly
found in accurate structural determinations of thiocya-
nate anions [57]. The Cu-N-C (SCN) angles range be-
tween 142° and 155°.

The remaining coordination of copper and zinc is
quite similar to that already found in both SOD5SRN
and SOD5RAZ (see Table 4). Once again the copper
A site appears more ordered and with a geometry clos-
er to a trigonal bipyramid (His61 and His118 as axial
ligands), whereas in the B site it is a distorted tetrahe-
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His B44

dral structure with a weakly interacting SCN~. The
SCN™ density is weak and at the 1.5¢ level is partially
missing (Fig. 6b). In subunit A, His61 is bound to Cu(I)

at 2.2 A while in subunit B this residue is located half
way between the SCN™ nitrogen and copper (2.5 and
2.3 A, respectively), Suggestlng again the presence of
disorder involving His61 ring motions and detachment
from copper. The N&2 B-factor (40.3 A?) is well above
the average B-factor (31.7 A%) of the four copper-
bound histidine nitrogens.

Chemical Modification of Glul19

In the present pH5.0 Cu,ZnSOD reduced form, a
chemical modification of the Glull9 side chain is ob-
served in both subunits for all three structures, as alrea-
dy reported for the P2,2,2; crystal form of oxidized and
reduced Cu,ZnSOD at pH 7.5 [36]. The exact nature of
this modification is still unknown. It appears as signifi-
cant electron density extendlng from the Glull9 car-
boxylate group into a maximum at about 2.4 A from
one of the oxygen atoms. The electron density maxi-
mum has been modeled as a calcium ion at 0.5 occu-

pancy.

Discussion

The SODSRN, SOD5SRAZ, and SOD5RSCN struc-
tures represent a rare example of a protein crystal
where different subunits are subjected to such widely
different crystal environments. This has provided the
opportunity to observe a direct correlation between
crystal contacts and dynamic disorder of the molecule.
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The present structures provide an example of how the
crystal packing forces may have influence on the pro-
tein structure. The ‘solution like” environment of the B
subunits in these structures results in a sharp increase
of the temperature factors for all the atoms with respect
to the other subunit. The analysis of thermal motion in-
dicates that the observed differences between subunits
can be attributed mainly to an increase of the RMSD of
the atoms. This brings us to the conclusion that the
scarcity of crystal contacts for one of the subunits re-
sults in the increase of the thermal displacements and
not in conformational backbone changes. The absence
of significant conformational changes in the protein
backbone between the A and B subunits is indicative of
the intrinsic robustness of the SOD fold, at least for
that part of the protein not involved in the monomer-
monomer interface. Furthermore, this finding strongly
suggests that the dimeric Cu,ZnSODs overall fold ob-
served in crystals is most probably maintained in solu-
tion and that it should be closely similar to that of the
active enzyme.

We have observed that differences in RMSDs at the
level of 0.2-0.3 A between backbone atoms do not br-
ing about major changes in the enzyme structure. How-
ever, displacements of the same magnitude cause signif-
icant and probably mechanistically relevant changes
when observed in the coordination sphere of the metals
in the active site. In the case of the SOD5RN structure,
a remarkably different copper environment has been
observed in the A and B sites. A relevant, constant fea-
ture appearing in all three structures is the disordered
His61 ring observed in the B sites. The position of the
imidazole ring obtained from the least-squares refine-
ment has not been found in previous bovine
Cu,ZnSOD X-ray structures and appears to be a mean
between a bridging and a detached position. This is
reminiscent of what has been observed in the R32 crys-
tal form of Cu,ZnSOD from yeast (PDB codes 1JCV,
1JCW, 1YSO) [30], where His63 (His61 in the bovine
sequence) is found detached at about 3.0 A from cop-
per. In this case the enzyme was not treated with reduc-
ing agents and the finding has been interpreted as a
consequence of the spontaneous reduction of the cop-
per center [30]. Interestingly, the R32 crystal form is
also characterized by a high solvent content (60-62%;
Vm=3.1-32 A%Da). Our findings bring support to a
different hypothesis, namely that the copper reduction
is not a sufficient condition for histidine detachment
when the protein is in the solid state; a ‘solution-like’
environment is also needed in order to release the imi-
dazole group from the copper coordination. Indeed,
our previous crystal structure determination of reduced
Cu,ZnSOD in the P2,2,2; space group, where the two
subunits had similar crystalline contacts, did not reveal
any sign of His61 bridge breaking [36]. In other words,
our data seem to point out that the stability of the imi-
dazolate bridge between copper and zinc in the crystal
appears to be dominated by steric more than electronic
factors. Furthermore, it must be stressed that the crys-

tallographic data, compared with the evidence obtained
from solution studies, indicate that the two
Cu(I),ZnSOD states corresponding to ‘bridge broken’
and to ‘bridge formed’ should be energetically very
close and separated by small energy barriers. The main
point raised by our crystallographic investigations of re-
duced Cu,ZnSOD is, in our opinion, that the enzyme
has both states available. The question about which of
them has mechanistic relevance is still open since no
experimental evidence has been provided so far about
the structure of the working enzyme. It is also possible
that the enzyme may work with different mechanisms
depending on substrate concentrations, as already
pointed out in our previous papers [35, 36].

It must be also pointed out that we have observed
His61 disorder, compatible with its detachment from
copper, in crystals grown at pH 5.0. This is the low end
of the pH range where Cu,ZnSOD is fully active [3]
and the pH used in the NMR measurements which pro-
vided the only evidence available of a proton bound to
His63 (His61 in bovine SOD) in a solution of the hu-
man reduced enzyme [27, 29]. The influence of pH on
the protonation of the bridging histidine cannot be
ruled out. Indeed, studies on model compounds have
shown that the binding of a metal ion to a histidine im-
idazole nitrogen can lower the pK, of the other NH
group by several pH units [60]. The metal ion binding
to histidine thus promotes the substitution of the free
NH proton by a second metal ion so as to cause an ap-
parent reduction of the pK,, as large as 10 pH units
(from 14.4 to about 5.0). It is then possible that at
pH 5.0 the proton competes with Cu(I) toward imida-
zolate binding.

The other relevant point addressed by the
SODS5SRAZ and SOD5SRSCN structures is the interac-
tion of the reduced enzyme with monovalent anions,
which may give clues about the part of the enzyme
mechanism involving the reoxidation step where Cu(I)
is converted back to Cu(II) by a second superoxide
molecule.

In every structure we have found the anions bound
to the cavity in both subunits, where they are located
between copper and the positively charged Argl4l.
The observed distances between the anions and Cu(I)
indicate weak interactions with the metal; however, sig-
nificant electron density connects in every case the an-
ions with copper (Figs. 5, 6). In SODSRAZ the Cu-N
distances range between 2.5 and 2.8 A and are signifi-
cantly larger than the bond distances observed between
azide and Cu(Il) in the P2,2,2, form of bovine
Cu,ZnSOD, which range between 1.97 and 2.18 A [38]
This behavior perfectly matches what is expected since
both azide and thiocyanide have lesser affinity for four-
coordinated Cu(I) due to the reduced positive charge
on the metal. Indeed, azide does not have important
effects on the copper coordination sphere, contrary to
what is observed on the oxidized enzyme, both in solu-
tion and in the solid state, where azide displaces Cu(II)
from its original position with consequent lengthening



of the Cu-His46 bond [38, 42]. The strong ligand cyan-
ide behaves similarly toward Cu(II),Zn SOD [61].

Even though the difference between the two Cu(I)-
azide distances found in A and B subunits is barely sig-
nificant, it is tempting to speculate that in the B subunit
the azide can make a closer approach to Cu(I) when
His61 is displaced from its coordination position thanks
to a hydrogen bond which may be received from the
protonated His61 N&2 atom (2.3 A).

The binding modes observed for the competitive in-
hibitor azide and for the inhibitor thiocyanide may be
relevant for the catalytic mechanism of Cu,ZnSOD en-
zymes. Indeed, if we assume a similar behavior for the
superoxide molecule, we may consider the present
structures as representative of two possible states along
the reaction coordinate. The first is referring to the
state where one superoxide molecule has reduced
Cu(II) to Cu(l) and lengthens its interaction with the
metal just before leaving as a dioxygen molecule. The
second refers to the reoxidation step where a superox-
ide molecule is bound to Cu(I) in order to convert it
back to Cu(II). It must be noticed that our observations
cannot help in discriminating between the proposed in-
ner and outer sphere mechanisms for Cu,ZnSOD since
both predict at least one of the two above states [33,
37]. Finally, the observation of the unexpected electron
density close to copper in SODSRN needs further in-
vestigation since, if it really shows a diatomic molecule
bound to the site, it would represents a new small mol-
ecule binding mode in the Cu,ZnSOD cavity.
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