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ABSTRACT: A reaction cycle is proposed for the mechanism of coppa@ic superoxide dismutase
(CuznSOD) that involves inner sphere electron transfer from superoxide to Cu(ll) in one portion of the
cycle and outer sphere electron transfer from Cu(l) to superoxide in the other portion of the cycle. This
mechanism is based on three yeast CuZnSOD structures determined by X-ray crystallography together
with many other observations. The new structures reported here are (1) wild type under 15 atm of oxygen
pressure, (2) wild type in the presence of azide, and (3) the His48Cys mutantRRiahiles for the three
structures are respectively 20.0%, 17.3%, and 20.9%. Comparison of these three new structures to the
wild-type yeast Cu(l)ZnSOD model, which has a broken imidazolate bridge, reveals the following: (i)
The protein backbones (the “SOD rack”) remain essentially unchanged. (i) A pressure of 15 atm of
oxygen causes a displacement of the copper ion 0.37 A from its Cu(l) position in the trigonal plane
formed by His46, His48, and His120. The displacement is perpendicular to this plane and toward the
NE2 atom of His63 and is accompanied by elongated copper electron density in the direction of the
displacement suggestive of two copper positions in the crystal. The copper geometry remains three
coordinate, but the His48Cu bond distance increases by 0.18 A. (iii) Azide binding also causes a
displacement of the copper toward His63 such that it moves 1.28 A from the wild-type Cu(l) position,
but unlike the effect of 15 atm of oxygen, there is no two-state character. The geometry becomes five-
coordinate square pyramidal, and the His63 imidazolate bridge re-forms. Thetdisdfistance increases

by 0.70 A, suggesting that His48 becomes an axial ligand. (iv) The His63 imidazole ring tilts upon 15
atm of oxygen treatment and azide binding. Its NE2 atom moves toward the trigonal plane by 0.28 and
0.66 A, respectively, in these structures. (v) The replacement of His48 by Cys, which does not bind
copper, results in a five-coordinate square pyramidal, bridge-intact copper geometry with a novel chloride
ligand. Combining results from these and other CuZnSOD crystal structures, we offer the outlines of a
structure-based cyclic mechanism.

Higher organisms produce superoxide anion{Gs an have ways to regulate superoxide concentrations since excess
occasional byproduct during the one-electron reduction of amounts can inactivate enzymes containing -reulfur
dioxygen that occurs in respiration and photosynthekjs ( clusters and can lead to the formation of highly oxidizing
2). Also, in animals, macrophages generate superoxide asspecies (such as hydroxyl radical) damaging to other cellular
part of the immune responsg, @). Organisms must therefore  constituents §).
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Table 1: States of Eucaryotic CuZnSOD Observed by X-ray Crystallography

species ligands Cu bridge Cu geometry PDB code AU ref
bovine 4 His, 1 HO intact square planar 2S0OD 2 dimers 8
bovine Cu(ll)/Co 4 His, 1 KO intact square planar 1COB 1 dimer 53
bovine Cu(l)/Co 4 His, 1 KD intact square planar 2SXC 1 dimer 29
bovine~Nz-bound 4 His, T N3 intact square pyramidal 1SXz 1 dimer 49, 56
bovine thiocyanate 4 His, 1SCN intact square planar 1SXS 1 dimer 56
bovine C6A 4 His, 1 HO intact square planar 3SOD 2 dimers 65
Xenopus 4 His, 1 HO intact square planar 1XSO 1 dimer 48
XenopusCN-bound 4 His, 1 CN intact square planar 1XSO 1 dimer 21
spinach 4 His, 1 KD intact square planar 1SRD 2 dimers 18
human 4 His intact square planar 1SPD 1 dimer 64
human 4 His intact square planar 1S0S 5 dimers 20
human FALS mutant 4 His, 1 subunit intact square planar 1AZV 1 dimer 50
G37R 3 His, 1 subunit broken trigonal planar
yeast 4 His, 1 KO intact square planar 1SDhY 2 dimers 19
yeast Cu(l) 3 His broken trigonal planar 1JCwW 1 monomer 26
yeast, 15 atm of oxygen 3 His broken trigonal planar 1b4l 1 monomer this study
yeast Ns-bound 4 His, I'N3 intact square pyramidal lyaz 1 monomer this study
yeast H48C 3 His, 1 Cl 1 H,O intact square pyramidal 1b4t 1 monomer this study

another superoxide anion and two protons, generating In both steps of the disproportionation reaction mechanism,
hydrogen peroxide (reaction 29-{12). superoxide is guided to the active site channel by a conserved
set of charged amino acid residug<{32). The channel
0,  + Cu(I)ZnSOD— O, + Cu(l)ZnSOD (1) containing these charges narrows from a shallow depression
about 24 A across to a deeper channel about 10 A wide and
O, + Cu(l)ZnSOD+ oH — H,0, + Cu(l1)ZnSOD finally to an ope_n_in_g of less timed A just aboye the copper
(2) ion. The guanidinium group of Argl43 is located ap-
proximately 5.8 A from the copper, where it attracts
Crystallographic and spectroscopic studies demonstratenegatively charged species to the channel entrance and, with
that a histidyl residue (His63 in human and yeast) coordinates Thr137, sterically excludes large nonsubstrate ani8 (
the copper and zinc ions simultaneously in the cupric form Some small anions such as cyanide, azide, and fluoride,
of the enzyme. This histidine residue, termed the “histidine however, do enter the active site cavity and competitively
bridge” or “bridging imidazolate”, is a motif so far observed inhibit the enzyme, presumably by binding directly to the
only in CuzZnSOD. In the cupric form of SOD the copper copper ion 84, 35. Nuclear magnetic resonance studies
binding geometry is described as distorted square planar, withindicate that some anions such as chloride and phosphate
histidine residues 46, 48, 63, and 120 acting as ligands incan enter the channel but do not bind directly to the copper.
the human and yeast proteir® (3—-21). A water molecule ~ They instead remain associated with Arg143 in the active
is found approximately 2.5 A from the Cu(ll) ion, weakly ~site channel in an “anion binding site” about 5.5 A away
coordinating in an axial position relative to the distorted from the copper ion3g6, 37.
square plane formed by the histidine ligan8s14, 19, 20, To learn more about the mechanism of action of SOD,
22-25). we determined three additional yeast CuZnSOD structures:
In the cuprous form of the enzyme, several crystallographic 15 atm of oxygen, azide-bound, and the H48C mutant. We
and spectroscopic analyses indicate that the bridging imid- assume these structures provide information on states in the
azolate is lost as a copper ligand because of protonation ofmechanistic pathway of SOD action. The questions that arise
the NE2 atom of the bridging histidine on the copper binding from comparison of these structures and those in Table 1
side. include the following: (1) Can proteirprotein interactions
in the crystal modulate redox potentials of bound metals?
cl'o oo zn" cu' oA _zn" (2) Are protein backbone changes involved in the mecha-
N';‘N f HT 4 e > HN . nism? (3) Does superoxide bind to copper or does it transfer
I> its electron indirectly? (4) What are the structural roles of
the histidine copper ligands, Arg143, and conserved active
site water molecules in the mechanism? (5) Which protons
In these studies, the loss of the His63u bond upon transfer to superoxide as it is reduced to hydrogen peroxide?
copper reduction results in a nearly trigonal planar copper As a reference for these ligand and mutant studies, we
coordination geometry with histidine residues 46, 48, and use the crystal structure of yeast CuZnSOD refined to 1.7 A
120 acting as ligandd6, 22, 26-28). Yet a crystallographic ~ (20°C) and 1.55 A -180°C) resolution 26). The molecules
determination of the Cu(l) form of the bovine enzyme pack in the crystal structure with the CuzZnSOD molecular
revealed an intact imidazolate brid@9). Nevertheless, most ~ 2-fold axis coincident with a crystallographic 2-fold axis.
of the data from solution studies suggest strongly that the That is, the yeast wild-type CuZnSOD exhibits exact 2-fold
imidazolate bridge that is present in the Cu(ll) form of the molecular symmetry. The structure also demonstrates an
enzyme breaks and re-forms during superoxide dismutaseunexpected feature in that, unlike all previously determined
catalysis. Table 1 summarizes the active site states observe€uzZnSOD structures (including those with the copper ion
crystallographically in CuZnSOD. forcefully reduced using exogenous reductants), the imid-
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Ficure 1: Atomic model for the active site atoms of yeast wild-type CuZnSOD superimposed on 1.7 A resolution electron density of the
form (2F, — F¢)a. contoured at & (26). The copper ion is 3.16 A from the NE2 atom of the bridging imidazolate, His63. It is held by a
trigonal planar arrangement of histidine residues (His46, His48, and His120). Notice that the imidazolate bridge to the copper ion is broken.

azolate bridge is broken and the copper ion is coordinated Partially oxidized yeast CuZnSOD crystals were prepared
by a roughly trigonal planar ligand geometry (His46, His48, by exposing wild-typeR32 crystals [Cu(l)] to~15 atm of
His120) characteristic of the Cu(l) rather than the Cu(ll) O, using a specially designed goniometer hedt).(The
oxidation state (Figure 1). This occurs even though the design allows the researcher to evacuate and then pressurize
crystals are grown in air and without reducing agent present.a capillary containing the crystal with any gas of interest.
EPR spectroscopy on the crystals confirms that the copperThe gas pressure can be maintained over the entire course
ion is reduced Z6). of the data collection experiment. The crystals, which are

Comparison of these three new yeast CuZnSOD structurescolorless when grown at 1 atm, appeared light blue after 1
with previous SOD structures offers the beginnings of a h of oxygen treatment. The crystals were maintained £

structure-based catalytic cycle for SOD. atm of oxygen pressure for the duration of the X-ray
experiment.
MATERIALS AND METHODS Azide-bound crystals were prepared by transferring a

Protein and Crystalswild-type CuznSOD fronSaccha- ~ Suitable yeast wild-type crystal into a 40 drop of artificial
romyces cerdsiae (yeast wild type) was purchased from Mmother liquor [50 mM Tris-HCI, pH 7.5, 50 mM NaCl, 2.3
Carlbiotech Ltd., Copenhagen. The H48C mutant yeast M ammonium sulfate, 0.001% (w/v) NaNplaced on a 13
CuZnSOD molecule was prepared by site-directed mutagen-mm, 0.025um pore size filter disk (Filter Type VS,
esis on temp'ate DNA encoding W||d_type yeast SOD M|”|p0re) The filter disk was then floated on 1.0 mL of
according to procedures previously describg8, 39. The artificial mother liquor made 500 mM in NaNn a Linbro
H48C mutant gene was subcloned into a pET-3d plasmid plate reservoir. The well was sealed with a cover slip. Azide
(Stratagene) and expressed Escherichia colistrain  diffuses into the drop as low molecular weight species
BL21(DE3) under the control of the IPTG-inducible lac Uv5 €xchange across the membrang)(After 1 week, crystals
promoter_ The protein was puriﬁed via anion-exchange were harvested for X-ray data collection. The Crystals
chromatography on DEAE-cellulose (Whatman) followed by appeared pale green due to the azide nitrogen-to-copper
gel filtration on Sephadex G-75 (Pharmacia). The identity charge-transfer band 375 nm. Azide-bound crystals were
and purity of the H48C CuznSOD mutant, which gives a also produced via cocrystallization by addition of NaN
single band on a 15% SDSPAGE, were confirmed by  concentrations ranging from 0.25 to 1.0 M to the yeast wild-
e|ectrospray jonization mass Spectrometry_ type Crysta”ization prOtOCOI. CryStalS formed by this method

To remove adventitiously bound metals, purified H48C Wwere not used for X-ray data collection, however, because
was subjected to dialysis against 100 mM acetate buffer, pHnucleation events were much more numerous, leading to
3.8, and 100 mM EDTA, followed by dialysis with the same  Significantly smaller azide-bound crystals.
buffer but with 100 mM NaCl replacing the EDTA, followed Diffraction Data. High-resolution diffraction data were
by dialysis against 100 mM acetate, pH 5.5. The H48C taken from different X-ray sources. The 15 atm of oxygen
apoprotein concentration was calculated using a molar diffraction data were collected using synchrotron radiation
extinction coefficient of 3000 M! cm* at 278 nm (derived ~ from SSRL beamline 7-1. Azide-bound and H48C crystal
from the single tyrosine residue per protein monomer). H48C data were collected on a Rigaku RU-200 rotating anode
was remetalated with zinc first, followed by copper as X-ray generator. All data were recorded on imaging plate
described previously4Q). The reconstituted protein was detectors (MAR for synchrotron data and RAXIS IV for
finally dialyzed against 50 mM phosphate, pH 7.7, and rotating anode data). Table 2 summarizes parameters and
concentrated to~150 mg/mL using a Centricon 10 spin statistics of data collection on the three types of crystals.
concentrator (Amicon). RefinementWild-type, 15 atm of oxygen, azide-bound,

Lyophilized wild-type yeast CuZnSOD was dissolved to and H48C crystals were isomorphous in space grie8p.
15-25 mg/mL, also in 50 mM phosphate buffer (pH 7.7). For each of the three new crystals, the wild-type structure
Both protein solutions were mixed with an equal volume (5 of yeast CuZnSOD (PDB code 1JCW) was used as the
uL) of reservoir solution containing 2-2.2 M ammonium starting model for phase determinatid6). Model adjust-
sulfate, 50 mM Tris-HCI, pH 7.5, 50 mM NacCl, and 0.001% ment was undertaken using all data (mccutoff) during
(w/v) NaN; and allowed to equilibrate at room temperature multiple rounds of crystallographic refinement in X-PLOR
(wild type) and 4°C (H48C). Large rhomboid crystals grew (43) for the 15 atm of oxygen and H48C crystal systems
within 2 weeks in space groug32 (26). and in SHELXL-93 44) for the azide-bound system. A
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Table 2: Crystallographic Data and Refinement for the Three Yeast CuZnSOD Molecules of This' Paper
azide-bounkl H48C 15 atm of oxygeh

unit cell dimensions (A) a=b=1194,c=745 a=b=1186,c=75.4 a=b=1189,c=75.2
temperature°§) 20 20 20
wavelength (A) 1.54 1.54 1.07
crystal-to-plate distance (mm) 90 90 120
oscillation range (deg) 15 15 2.0
no. of observations 133918 46156 64930
no. of unique reflections 22142 17197 16754
no. of round$ 8 6 5
completeness (%) 98.5 (89.7) 90.7 (75.8) 87.7 (90.5)
resolution range (A) 90:01.70 50.6-1.80 50.0-1.80
Rsym (0N 1) (%)° 9.7 (42.1) 8.0 (21.9) 4.8 (14.8)
R (%) 17.3 20.9 20.0
Riree (%) 20.8 25.8 25.4
FloF >0 >0 >0
no. of protein atoms (not hydrogen) 1106 1102 1106
no. of metal ions 2 '3 2
no. of solvent atoms 145 117 116
rmsd from ideal values

bond lengths (A) 0.020 0.010 0.010

bond angles (deg) 25 15 1.5

dihedral angles (deg) 275 26.9 26.8

improper angles (deg) 2.9 1.3 1.4

aRefined models and their corresponding structure factors have been deposited in the Protein Dat&Bactkre refined with SHELXL-93
(44). ¢ Structure refined with X-PLOR 3.148). ¢ See text for definition® Of all reflections to the high-resolution limitThese numbers denote
completeness in the highest resolution shells (azide-bound;1.76 A; H48C, 1.86-1.80 A; 15 atm of oxygen, 1.861.80 A). 9 Rym = conventional
discrepancyR-factor for scaling symmetry-related intensiti€<hloride has been modeled as an equatorial lighfiiree-dimensional diffraction
data were collected using a Rigaku RAXIS IV imaging plate detector (azide-bound and H48C) and a Mar 18 centimeter imaging plate at SSRL
beamline #1 (15 atm of oxygen). The X-ray source for RAXIS data collection was a Rigaku RU-200 generator with focusing mirrors running at
50 kV, 100 mA. The data were reduced using the program DENZD (

“round” of refinement is defined as computational (least ments the capillaries reliably withstood up to 15 atm of
squares and/or molecular dynamics) refinement of the pressure.

structure followed by visual inspection of electron density

maps coupled with manual model rebuilding (when neces- RESULTS

sary), using the molecular graphics FROD®@5) No . .
stereochemical constraints were imposed on the coordination The th_ree new yeast SQD structures are |somorph(_)us with
geometries of the copper and zinc ions during refinement. the previously reported wild type§). Except for the critical

Model atom positions were verified by the examination of details of .atom positions in the .copper.binding sites and in
conventional and simulated annealing omit majs.(A total some flexible solvent-exposed side chains, the structures are

of 116, 145, and 117 water molecules were incorporated into SiMilar- Yeast wild-type, 15 atm of oxygen, and azide-bound
the 15 atm of oxygen, azide-bound, and H48C models, backbone atoms superimpose onto the yeast H48C backbone

respectively. with rms deviations of 0.16, 0.17, and 0.19 A, respectively,

Comparison of Structure$tructural alignment of back- for all main gh_am atoms. In gddlthn, most bound_ water
bone atoms in all structures analyzed was accomplished using"©/€cule positions in the active site channel region are
a modified version of the program ALIGNI). H48C was conserv_ed. Table 2 summarizes th_a X-ray data collection,
arbitrarily chosen as the reference structure, and all otherPr0C€ssing, and refinement statistics for the 15 atm of
protein backbones were aligned to it [PDB codes 1JQ8Y, ( oxygen, azide-bound, and H48C yeast CuZnSOD structures.
1SXC Q9), 1XSO @8), 1SXZ (49), and 1AZV 60)]. The refinement of 15 atm of oxygen yeast SOD can be
Rotation and translation vectors resulting from these struc- Summarized as follows: The final model contains 1106
tural alignments were subsequently applied to the water Protein atoms and 116 water molecules. TRealue is
molecules in each respective structure so they too could be20.0% Rree = 25.4%; 16-1.8 A, o > 0). rms deviations
Compared_ Simulated anneaﬁng omit ma@ @round metal from ideality for bond Iengths and angles are 0.010 A and
atoms were calculated by omittjra 6 Aradius sphere around 1.5, respectively. The copper coordination geometry of 15
both the copper and zinc atoms and heating to 2500 K duringatm of oxygen yeast SOD is best described as trigonal planar,
the simulated-annealing protocol. Figures were created withWith His46, His48, and His120 acting as ligands. Figure 2
the molecular graphics program SETORIY Atomic shows this copper binding site superimposed on electron
coordinates and diffraction data have been deposited in thedensity of the form (B, — Fc)ac and € — Fc)ac from the
Brookhaven Protein Data Bank with codes 2jcw (rljcwsf), same viewpoint as in Figure 1. The difference electron
1b4l (r1b4lsf), 1yaz (rlyazsf), and 1b4t (r1b4tsf), for wild- density shows elongation in the direction of copper displace-
type, 15 atm of oxygen, azide-bound, and H48C mutant ment, perpendicular to the trigonal plane, witlBo peaks
structures, respectively. above and below the refined copper position.

Hazardous ProcedureProtective eyewear should be worn The refinement of azide-bound yeast SOD can be sum-
during pressurization of the capillary when using the modi- marized as follows: The final model contains 1106 protein
fied goniometer head apparatudl). In our experi- atoms, 145 water molecules, and 1 azide anion.R-alue
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FiGURE 2: Atomic model for the active site atoms of 15 atm of oxygen yeast CuZnSOD superimposed on 1.8 A resolution electron density
of the form (F, — F¢)o contoured at & (light cages) and of the forn{ — Fc)a. contoured at 8 (dark cages) in the same orientation

as in Figure 1. The copper ion has moved 0.37 A approximately perpendicular to the trigonal plane relative to the wild-type Cu(l)ZnSOD
copper position and shows two-state character suggestive of a mixture of oxidation states and binding geometries.

HIS 120

FiGURE 3: Atomic model for the active site atoms of azide-bound yeast CuZnSOD superimposed on 1.7 A resolution electron density of
the form (F, — Fo)o, contoured at & The view is rotated approximately 8th the vertical and 60in the horizontal relative to Figures

1 and 2. Azide binds in an equatorial liganding position with His46, His63, and His120. His48 becomes an axial ligand with an increased
bond length of 2.76 A.

is 17.3% Riee = 20.8%; 96-1.7 A, o > 0). rms deviations  Eleven water molecules present in the active site channel in
from ideality for bond lengths and angles are 0.020 A and the yeast wild-type structure were used as a reference (Table
2.5°, respectively. The azide-bound copper coordination 2 in the Supporting Information). Their positions are shown
geometry can best be described as square pyramidal, within Figure 7. Except for three water molecules that are lost
His46, His63, His120, and azide making up the square plane,in the yeast and bovine azide-bound structures, the reference
while His48 becomes the axial ligand upon azide binding. water molecules are almost completely conserved in the
Figure 3 shows the refined model of this copper site bovine reduced anXenopus lagis CuZnSOD structures.
superimposed on 1.7 A resolution electron density of the

form (2F, — Fo)o. DISCUSSION

The refinement of the H48C yeast SOD can be sum-
marized as follows: The final model contains 1102 protein  Influence of the SOD Rack and Crystal Contacts on the
atoms, 117 water molecules, and 1 chloride ion. Rhalue Copper Redox Stateln this section, we draw on the
is 20.9% Ryree = 25.8%; 16-1.8 A, 0 > 0). rms deviations  numerous crystallographic (Table 1) and solution studies of
from ideality for bond lengths and angles are 0.010 A and CuzZnSODs in addition to the three new structures reported
1.5, respectively. The H48C yeast SOD copper coordination here to propose a structure-based mechanism for SOD. We
geometry is also square pyramidal, with His46, His63, start by briefly reviewing literature studies that have de-
His120, and chloride making up the square plane agd H  scribed structural states of the copper environment in SODs.
acting as the axial ligand. Figure 4 shows the refined model We go on to describe the additional states observed in the
of this copper binding site superimposed on 1.8 A electron 15 atm of oxygen, azide-bound, and H48C structures reported
density. The view is as in Figure 3. Stereochemical propertieshere. In the final part of this section we describe a mechanism
of the three new structures compared to other selectedthat encompasses these various states.
CuzZnSODs refined to a resolution greater than 2.0 A are When taken together, the different yeast and bovine wild-
shown in Table 1 in the Supporting Information. type CuzZnSOD crystal structures imply that a delicate

CuznSOD subunits bREDa, bREDbD, bABa, bABb, Xenoa, balance exists between the free energies of the reduced and
and Xenob superimpose onto yeast H48C with rms deviationsoxidized forms of the enzyme under physiological conditions.
of 0.51, 0.46, 0.49, 0.51, 0.48, and 0.53 A, respectively, for The crystal structure of wild-type yeast CuZnSOD, first
main chain atoms. Rotation and translation vectors resulting determined to 2.5 A resolution in space grde@2;2 with
from these alignments were applied to water molecules in two dimers per asymmetric unit9) (PDB code 1SDY), has
the respective structures so they could be directly compared.Cu(ll) bound to four histidyl ligands in a coordination



2172 Biochemistry, Vol. 38, No. 7, 1999 Hart et al.
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FIGURE 4: Atomic model for the copper binding site of the H48C mutant yeast CuZnSOD superimposed on 1.8 A resolution electron
density of the form (B, — F¢)a. contoured at &. The view is the same as in Figure 3. The newly introduced Cys48 does not coordinate
the copper ion. Instead, a chloride ion binds equatorially in the square plane with His46, His63, and His120. The axial liganding position

is filled by a water molecule (201). The position of this axial ligand is on the opposite side of the square plane when compared to the axial
ligand in the azide-bound structure (Figure 3).

B Ca
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Ficure 5: Effect of oxidation state of the copper ion on the geometry of the active site. Wild-type (light shading), 15 atm of oxygen
(medium shading), and azide-bound (dark shading) yeast CuZnSOD active sites are superimposed on each other as described in Materials
and Methods in approximately the same orientation as in Figures 1 and 2. As the oxidation state of copper increases, the copper ion moves
perpendicularly to the trigonal plane formed by His46, His48, and His120 and toward the NE2 atom of the bridging imidazolate, His63.
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Ficure 6: Effect of different copper ligands on the geometry of the CuZnSOD active site. Azide-bound (light shading) and H48C mutant
(dark shading) yeast CuZnSOD copper hinding sites are superimposed as described in Materials and Methods. The view is as in Figures
1, 2, and 6. The copper ions are in approximately the same position, with an intact imidazolate bridge, but the axial ligand identity and
position are different (His48 in the azide-bound case and water in the H48C case). Notice that the square plane defined by His46, His63,
His120, and azide is tilted approximately°4@lative to the square plane defined by His46, His63, His120, and chloride.
geometry described as an uneven distortion from a square26), two bovine Cu(l) and Cu(ll) structure determinations
plane. The imidazolate bridge, His63, links the copper and in space grougP2,2:2; at pH 7.5 demonstrate an intact
zinc ions in the four subunitd §). In contrast, thé32 wild- imidazolate bridge (PDB codes 1COB and 1SX27,(29,
type yeast Cu(1)ZnSOD crystal structure exhibits a trigonal 53). Although the Cu(ll) ion was forcefully reduced using
planar Cu(l) coordination and a broken imidazolate bridge exogenous reductants, the coordination of the Cu(l) ion in
with His63 detached from the copp&g]. The influence of the catalytic site was found to be unchanged from that of
different crystal lattice contacts on the redox equilibrium the Cu(ll) form @9). This finding is contrary to results
suggests that subtle alterations in protein interactions are ableobtained from spectroscopic studies on the reduced enzyme
to modulate bound metal ion redox potentia6, 50. in solution, which indicate that the imidazolate bridge
Because the energy changes in crystal contacts are believetietween the Cu and Zn ions breaks upon copper reduction
to be of the order of~1—5 kcal/mol, this suggests that the (15, 22, 54, 5k Although continuous electron density exists
reduced and oxidized states of yeast SOD are within this between the bovine Cu(l) ion and the imidazolate bridge in
range in these crystal§2). that structure, large anisotropic vibrations are present in

In contrast to the yeast SOD structures, in which both subunit B, as evidenced by difference density pe&gs
intact and broken imidazolate bridge motifs are obser®8d ( F.) positioned above (toward the NE2 atom of the bridging
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Ficure 7: Wild-type (light shading) and azide-bound (dark shading) yeast CuZnSOD copper binding sites with conserved bound water

molecules and a hypothetical site for a docked superoxide (dark shading). The water molecules shown are listed with the yeast wild-type
numbering. Putative anion binding sites and a possible catalytic mechanism are described (see text). Water molecules which are invariant,
nearly invariant, and displaced upon azide binding in the CuzZnSOD structures are shown as dark, medium, and light spheres, respectively.

imidazolate) and below (toward the trigonal plane described thermal parameters than the imidazolate bridge-broken
previously) the copper. The largest anisotropic density peak subunit §0, 56.
corresponds to a copper position similar to that observed in  In short, analysis of the yeast and bovine wild-type and
theR32 yeast CuzZnSOD structure; that is, a roughly trigonal human FALS G37R mutant crystal structures suggests that
planar geometry with three histidine ligands and a longer the nature of the proteinprotein contacts in the crystal can
copper-to-His63 NE2 distanc2g, 29. influence the coordination geometry of the active site copper.
A recent crystallographic determination of sodium dithion- In the yeast case, different crystal contacts in different space
ite-reduced bovine CuZnSOD in space grat@?2 at pH groups result in both reduced and oxidized copper in the
5.0 also demonstrates an intact imidazolate bridge (PDB codeabsence of exogenous reductah®,(26. In the pH 7.5
1SXN) (66). In this space group, one CuZnSOD monomer bovine case, identical proteitprotein contacts in the
(subunit B) has many fewer crystal contacts than the other, oxidized and reduceB2;2,2, crystals predispose the copper
resulting in average thermal parameters approximately 2-foldto be in the imidazolate bridge-intact Cu(ll) form, even in
larger than the other monomer (subunit A). Although the the presence of exogenous reduct2® 63. In the pH 5.0
electron density between the imidazolate bridge and the bovine C222, case, the more solution-like subunit displays
copper ion is continuous in both subunits, the electron densitya partially detached imidazolate bridgg6), while in the
for the bridging imidazolate in subunit B shows evidence of human FALS mutant G37R case, the more solution-like
some disorder. The authors suggest that this disorder impliessubunit displays an intact imidazolate bridgé)( Therefore,
a partial detachment from the copper ion, and they believe while it seems clear that the crystal contacts can influence
that the imidazolate bridge-intact conformation is favored copper coordination geometry, it is difficult to formulate
by tighter crystal contacts while the imidazolate bridge- general rules that would allow the prediction of this geometry
broken conformation is favored by a more “solution-like” based on number of crystal contacts or the relative “solution
environment §6). However, our experimental data on the state” of a given CuZnSOD subunit.
imidazolate bridge-broken subunit of human FALS mutant 15 Atm of Oxygen Yeast CuZnSODh explore further
G37R CuzZnSOD and on tHg32 yeast wild-type CuZnSOD  the balance between the oxidized and reduced forms of
(both are highly constrained in the crystal lattice) suggest CuZnSOD and to examine the role of crystal contacts in this
the opposite trend (see below). balance, we partially oxidized the copper ion in a colorless
Human G37R CuznSODAdditional support for the  yeast wild-type Cu(IR32 crystal by exposing it te-15 atm
existence of a balance between the redox forms of the of oxygen prior to and during X-ray data collection. The
enzyme and that proteirprotein contacts play a role in this  oxygen treatment causes the crystals to turn light blue,
balance comes from the 1.9 A resolution crystal structure of indicative of some Cu(ll) character. The refined structure
human FALS mutant G37R CuzZnSOBX). The Gly to Arg of the active site looks generally similar to that of tR&2
mutation is surface exposed and remotd 8 A) from the wild-type copper binding site, but there are some significant
copper in the active site of the protein, which remains fully deviations. The copper ion is in a trigonal planar arrangement
active 67). The hG37R structure displays the unique property of His46, His48, and His120 ligands at distances of 2.06,
of having the copper ion in one subunit of the dimer in an 2.24, and 2.00 A, respectively, and as in the CR3® wild
imidazolate bridge-intact, four-coordinate, Cu(ll)-like ligand- type, no electron density is observed between the copper ion
ing arrangement, while the other shows an imidazolate and the NE2 atom of His63, which are 2.73 A apart (3.16 A
bridge-broken, three-coordinate, Cu(l)-like liganding ar- in wild type).
rangement. Despite the differences at the active site, the two The feature of SOD electron density we term copper
subunits, which have distinct environments in the crystal elongation is evident in Figure 2, which shows the 15 atm
(P44, one dimer in the asymmetric unit), superimpose with of oxygen yeast CuZnSOD active site superimposed on 1.8
a rms deviation of only 0.21 A. In contrast to the pH 5.0 A electron density of the form & — Fo)oc and Eo — Foae
bovine case described above, however, the imidazolatecontoured at & and 37, respectively. The view is identical
bridge-intact subunit has fewer crystal contacts and higherto that in Figure 1. The oxygen treatment results in the
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displacement of the copper ion 0.37 A from its position in invariant ordered water molecule (229 in Figure 7). This
the wild-type structure toward the NE2 atom of the His63. midpoint position could correspond the so-called “anion
Concomitant with this displacement, the coppklis48 binding site” previously observed in NMR studie36( 37
distance increases from 2.06 A in the wild-type structure to (see below).
2.24 A in the 15 atm of oxygen structure. The elongated A recent study investigating the interaction of azide with
electron density £~1.2 A from the refined copper ion oxidized and reduced bovine SOD using Fourier transform
center) of the copper ion is observed in a direction roughly infrared spectroscopy (FTIR) suggests that azide does not
perpendicular to the trigonal plane. We interpret this elonga- directly coordinate to Cu(l) but instead remains in the active
tion as an increase in the ratio of oxidized:reduced copper site pocket in electrostatic interaction with the guanidinium
coordination geometries in the refined model relative to the group of Argl41 (Arg143 in human and yead)). In the
R32 wild type. That is, the copper elongation results from a Cu(l) form of the enzyme, azide could sit in the anion binding
mixture of two states of molecules in the imidazolate bridge- site mentioned above, equidistant between the hydrogen bond
broken and bridge-intact conformations (see azide-bounddonors Arg143 NH2 and water 229 (Figure 7 and see below).
bridge-intact conformation below). This mixture is ap- Azide could potentially be in the same place in both the Cu(l)
proximately 50:50 as evidenced by the magnitude of the and Cu(ll) forms of the enzyme, coordinating directly to the
difference density peaks shown in Figure 2. This copper copper in the oxidized form at a distance of 2.15 A but
elongation is similar to that observed in the bovine reduced interacting weakly at a distance f3.1 A from the copper
subunit B active site, even though it possesses an intactin the reduced form, due to copper movement toward the
imidazolate bridgeZ9). trigonal plane (Figure 7). The FTIR results at first seem in
Azide-Bound Yeast CuZnSODhe question of whether  contradiction to the fact that we derive an azide-bound Cu(ll)
the superoxide substrate enters the first coordination spherestructure from a Cu(l) bridge-broken structure upon soaking
of either the Cu(ll) or Cu(l) ions has not been fully resolved. in high concentrations of Najlt is clear from examination
In the case of Cu(ll)ZnSOD, however, anions such as azide, of the yeast azide-bound model, however, that Cu(l) has been
cyanide, and fluoride bind directly to the Cu(ll) iohQ, 34, oxidized to Cu(ll) presumably by £n air. This oxidation
35, 58. It is likely, therefore, that superoxide enters into occurs fairly rapidly and is additional evidence for the fine
the first coordination sphere of the Cu(ll) ion, forming a balance of redox states for CuZnSODs mentioned previously.
Cu(l1)(O;7) complex, prior to the electron transfer that forms Once the Cu(l) loses its electron, azide can form a strong

the products Cu(l) and £33, 59. bond with the Cu(ll) with its concomitant movement into
To complete the spectrum of copper redox states andan imidazolate bridge-intact binding geometry.
coordination geometries in tHe82 yeast CuZnSOD crystal Redox Cycle and Copper Mement Together, the yeast

system, we determined the structure of azide-bound Cuzn-wild-type, 15 atm of oxygen, and azide-bound structures
SOD. Azide-bound crystals appeared yellow-green due toillustrate a spectrum of copper positions and ligand geom-
the azide-copper charge-transfer band~a875 nm. Figure etries that presumably occur during the superoxide dispro-
3 shows the yeast azide-bound copper site superimposed oiportionation mechanism in reaction 2 above. Figure 5
1.7 A electron density of the form B — F¢)a, contoured illustrates a superposition of all three structures, summarizing
at 1lo. The azide-bound copper coordination geometry is this movement. The copper ion is in a three-coordinate,
imidazolate bridge-intact, square pyramidal with His46, bridge-broken conformation at a distance of 3.16 A from
His63, His120, and azide acting as equatorial ligands. Thethe NE2 atom of His63 in the wild-type structure. Upon
Cu—His46, Cu-His63, Cu-His120, and Cuazide ligands ~ exposure to~15 atm of dioxygen, the copper moves 0.37 A
are at distances of 2.05, 2.04, 2.11, and 2.15 A, respectively.toward His63, resulting in a shortening of the -€idis63
The copper ion moves 1.28 A from its position in the Cu(l) NE2 distance to 2.73 A. Simultaneously, the -Gis48
wild-type structure, toward re-forming the imidazolate bridge distance increases from 2.06 to 2.24 A, and the NE2 atom
with azide bound. The 1.28 A displacement of the copper of His63 moves toward the pseudotrigonal plane 0.28 A from
ion upon azide binding is followed by a concerted shift of its wild-type position. From this conformation to the oxidized
the His120 NE2 atom of 0.52 A, keeping its coordination azide-bound structure, the copper moves an additional 0.92
distance to Cu(ll) constant. His46, however, maintains its A to re-form the His63 imidazolate bridge with a bond
distance from the copper in both structures without move- distance of 2.04 A, with concomitant lengthening of the-Cu
ment. His48 distance by an additional 0.52 A. The NE2 atom of
As suggested in spectroscopic studigs, (60 and later His63 moves another 0.38 A toward the pseudotrigonal plane
observed in the bovine azide-bound X-ray crystal structure upon imidazolate bridge re-formation. The copper movement
(49), His48 becomes loosely associated with the copper ionis tracked by His120, which maintains its 2.10 A bond
upon azide binding. In the yeast azide-bound structure, His48distance in all three structures. Presumably, the reverse
occupies an axial liganding position with its NE2 atom 2.76 movements occur during reaction 1 above. It should be noted
A from the copper (2.06, 2.24, and 2.65/2.75 A in yeast wild- that the His63 ring tilts dramatically on going from the
type, in yeast 15 atm of oxygen, and in the 2.1 A bovine reduced to the oxidized conformation, with the His63 NE2
azide-bound structures, respectively). In contrast to the atom moving a total of 0.66 A in the process. This His63
bovine azide-bound structure, however, the copjlestal ring tilt movement would be expected due to steric consid-
nitrogen atom of azide is considerably closer to the guani- erations if the NE2 atom becomes protonated/deprotonated
dinium nitrogen of Arg143, at a distance of 3.25 A (3.61/ during the cyclic reaction mechanism shown in reactions 1
3.67 A'in bovine) 49). In the yeast azide-bound structure, and 2.
the copper-distal azide nitrogen atom is on the midpoint of H48C Yeast CuzZnSQDrhe His48 ligand undergoes a
a line between the guanidinium nitrogen of Arg143 and an conversion from a tightly associated equatorial ligand in the
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FiGure 8: Schematic diagram of the catalytic cycle for CuZnSOD derived from Figure 7 (see text). (A) SOD Cu(ll) resting state. Copper

is in a distorted square planar conformation characteristic of Cu(ll). (B) SOD inner sphere electron-transfer state. Superoxide enters the
active site cavity, displaces Wat226, and binds directly to the copper ion and gives up its electron. (C) Cu(l) resting state. The histidine
bridge breaks, oxygen diffuses out of the active site channel, and Wat226 enters. The NE2 atom of His63 may get its proton from bulk
solvent. The copper is in a trigonal planar conformation characteristic of Cu(l). (D) SOD outer sphere electron-transfer state. Superoxide
enters the active site cavity, displaces Wat226, and hydrogen bonds with Wat227 and the protonated NE2 atom of His63. (E) Completion
of the cycle. Superoxide can accept an electron from copper and protons from Wat227 and His63 to form hydrogen peroxide. Peroxide
diffuses out of the active site and is replaced by Wat226. The imidazolate bridge re-forms as copper becomes square planar. Waters 227,
229, and 225 form a hydrogen-bonded chain that is postulated to act as a proton shuttle in this step of the mechanism.

yeast wild-type structure (CtHis48 NE2 distance= 2.06 respectively. The square plane in this copper coordination
A) to a weakly associated axial ligand upon azide binding sphere is tilted relative to the square plane in the azide-bound
(Cu—His48 NE2 distance= 2.76 A). To probe the impor-  yeast structure by-40° (Figure 6). The HO axial ligand in
tance of this residue as a determinant in copper binding, weH48C is on the opposite side of the square plane than the
converted it to cysteine via site-directed mutagenesis. First,axial histidine ligand in the azide-inhibited structure.

we wanted to determine if the H48C mutant might bind  In Figure 4, a chloride ion is modeled as an equatorial
copper in a “blue” or “type 1” fashion with His46, His120, ligand because of the following: (a) Water built into this
and Cys48 forming a trigonal planar liganding arrangement position returns positive difference density peaks, indicating
reminiscent of plastocyanin, azurin, and other cupredoxins. that a more electron-dense species is required. Chloride
Second, in the event the H48C variant did not form a type returns no difference density peaks. (b) Chloride is present
| site, we were curious to see how the protein backbone, in the crystallization condition at a concentration of 50 mM.
what we call the “SOD rack”, would influence copper Although chloride ion has not been observed to bind directly
binding in this nonnative site. Figure 4 shows the refined to copper in the native enzym83), the loss of His48 causes
H48C copper binding site superimposed on 1.8 A electron the copper to reorganize its ligand field in the SOD rack
density of the form (B, — F¢)a. contoured at & The and to acquire the new axial water ligand. This reorganization
potential cysteinate ligand is seemingly ignored by the copper may allow chloride ion to bind equatorially since there is
ion. The copper coordination is square pyramidal, with no His48-Cu interaction with which to compete.

His46, His63, His120, and chloride acting as equatorial  Active Site Water Structure and Catalytic Mechanism.
ligands at distances of 1.99, 2.09, 2.12, and 2.13 A, Ordered water molecules in and around the active site cavity
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Ficure 9: Summary of known crystal structures that correspond to various steps of the catalytic cycle in Figure 8. All ligands are shown
with numbering based on the yeast and human enzymes. (A) Bridge-intact square planar Cu(l)Z85Q@8s20, 48, 53, 64, §5
corresponding to panel A of Figure 8; (B) bridge-intact square pyramidal with ligand bound (yeast azide-bound in thi2&tud§) (
corresponding to panel B of Figure 8; (C) bridge-broken trigonal pla&2@rgorresponding to panel C of Figure 8; (D) bridge- intact square
pyramidal with tilted square plane and novel chloride ligand (yeast H48C in this study) corresponding to no step of Figure 8 because H48C
is off the cycle; (E) one bridge-intact and one bridge-broken subBfjtdorresponding to a combination of panels A and C of Figure 8;

(F) bridge-broken with copper ion displacement (15 atm of oxygen pressure in this study). The dotted lines and the slight shift of Cu on
panels E and F indicate a mixture of the two states represented by panels A and C of Figure 8.

are largely conserved in high-resolution CuzZnSOD X-ray travels toward the copper ion. The presence of strongly
structures. Table 2 in the Supporting Information highlights conserved water molecules in structurally characterized
11 bound water molecules found in the yeast wild-type active CuZnSOD from a wide variety of species is thus of particular
site channelZ6) and illustrates their presence or absence in importance in attempting to map the superoxide trajectory
yeast 15 atm of oxygen (1.8 A, this study), yeast azide-boundinto and through the active site channel.

(1'.7 A, this study), yeast H48C (1.8 A, this stgdy), bovine Figure 7 also illustrates the position of the putative anion
azide-bound (2.1 A, PDB code 1SXZ, subunits A and B) binding site described previously. In the yeast azide-bound
(49), bovine reduced (1.9 A, PDB code 1SXC, subunits A g p usty. Y .

) ; structure, the coppetdistal nitrogen of azide sits on the
and B) @9), andX. laes (1.5 A, PDB code 1XSO, subunits idpoint of a line between the guanidinium nitrogen of
A and B) @8). These CuzZnSOD subunits with their midp A 9 gen «
respective water molecules were structurally aligned as Argl43 ar_ld Wat229 (3.2 A away frqm both). Wat229 is
described in Materials and Methods. Figure 7 shows alnva_r!ant in all the structures and IS an_chored by .tWO
superposition of the yeast wild-type and azide-bound active additional hydrogen bonds to the amide nitrogen of His63
site residues highlighting the positions of these 11 water @nd to the carbonyl oxygen of Lys136. In the absence of
molecules (yeast wild-type numbering) in the active site a2|d_e, Wat227 fills this mwjp_omt position. Recent FTIR
channel. Except for Wat226, Wat227, and Wat436, which Studies €1) on both the oxidized and reduced forms of
are displaced upon azide binding in both the yeast and bovineCUZnSOD have shown that the antisymmetric stretching
structures, and Wat318, which is further out from the active band of azide was observed to shift to higher energy upon
site copper, most of the remaining water molecules are coordination to Cu(II)ZnSOD, consistent with direct binding
conserved in all structures. Superoxide anion is very strongly to the copper. In the Cu(1)ZnSOD case, however, the azide
solvated by hydrogen-bonded water molecules in agueousband was shifted to lower energy, similar to that observed
solution. These waters of solvation must either be draggedupon reaction of azide with free arginine or lysine. These
by superoxide into the active site channel or, more likely, results were interpreted to mean that azide does not directly
be replaced by other hydrogen bond donors as superoxidecoordinate to copper in the reduced form of the enzyme but
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instead remains associated with Arg143 in the active site catalytic cycle but not during the Cu(l) portion. In the Cu(l)
channel. portion, a proton from a highly conserved water molecule

It is likely that superoxide binds to CuznSOD in a fashion and from the NE2 atom of His63 could be donated to
similar to azide during the catalytic cycle. If this is the case, Superoxide to form hydrogen peroxide. The 1.28 A copper
then Superoxide binds direcﬂy to Cu(”) in reaction 1 (inner movement and tilt of His63 would facilitate this process.
sphere electron transfer) but remains in the anion binding Figure 9 summarizes the structural states for the various steps
site and accepts in reaction 2 its electron when an oxygen©f the superoxide disproportionation mechanism.
atom is approximatgl 3 A distant from the copper (outer
sphere electron transferp?). To examine this possibility ACKNOWLEDGMENT
further, we modeled superoxide into the active site cavity.  pjscussions with D. Anderson, D. Cascio, T. J. Lyons,
Figure 7 shows that the coppeproximal oxygen of super-  and J. J. Goto are gratefully acknowledged. We are indebted
oxide (Q;") was placed in the same position as the copper o Stephen Holloway and Sue Weintraub for aid in the
proximal nitrogen of azide, which is where it presumably creation of figures and to Michael Stowell and Mike Soltis
sits in the inner sphere electron transfer of reaction 1. The for assistance in the collection of the 15 atm of oxygen data.

copper-distal oxygen of superoxide was oriented such that e thank K. Djinovic-Carugo for the bovine azide-bound
it can hydrogen bond to the guanidinium nitrogen of Arg143 ¢, ZnSOD coordinates.

at a distance of 2.7 A while simultaneously making a

hydrogen bond to Wat227, also at a distance of 2.5 A. The SUPPORTING INFORMATION AVAILABLE
copper-proximal oxygen atom of superoxide is 2.8 A from _ _ . i
the (protonated) NE2 atom of His63. This orientation of  1able 1 showing stereochemical properties of the azide-
superoxide is almost identical to that observed for cyanide Pound, H48C, 15 atm of oxygen, and wild-type structures
in the 1.7 A cyanide-bouni. laevis CuZnSOD structure  (these are compared to subynitnof human FALS mutant

(21). This model permits us to propose a structure-based G37R 60), subunit A of bovine reduced), and subunit
cyclic mechanism for CuznSOD action. A of X. laevis CuZnSOD ¢8), structures that have all been

refined to finer than 2.0 A resolution) and Table 2 sum-
marizing the presence or absence of conserved bound water
molecules in the immediate vicinity of the active site channel

The catalytic cycle based on these aligned structures and
our superoxide docking model can be summarized as follows

(Figure 8): The reaction starts when superoxide is electro- for the yeast 15 atm of oxygen, azide-bound, H84C, and

statically guided into the active site channel(32). It then wild-type structures (the comparison of water molecules was
associates with Arg143 and displaces Wat226. SuperOX|depencormeol as described in Materials and Methods). This

binds directly to.Cu(II) .and delivers its electron via an inner material is available free of charge via the Internet at
sphere mechanism. Dioxygen, no longer charged and elec'http'//pubs acs.org
trostatically attracted to Arg143, diffuses out of the active ' T
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