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species are known to produce nickel-dependent SODs (NiSGDs), Fi 1 Catalytic rat cants for NISOD function of pH=(
. . . lgure 1. atalytic rate constants Tor Ni S as a function o ;
and more recently, genomic evidence for NiSODs has been foundrecombinant WTS. coelicoloNiSOD, 0 = S. c.M28L-NiSOD, & = S. c.

in cyanobacterid. The NiSODs have several features in common H1Q-NiSOD, anda = nativeS. seoulensisiSOD.) Rates shown are based
with other SODs (e.g., MNSOB,FeSOD!-12and CuZnSOL), on nickel concentration of enzyme samples.

including an active-site metal ion that undergoes one-electron redox

chemistry and supports a catalytic rate near the diffusion limit. theS. coelicolor sodNjené®was subcloned as a C-terminal fusion
NiSOD also has a pH dependence identical to MNSOD despite theto a 47-amino acid leader sequence containing a 6-His tag and a
lack of amino acid sequence homology between NiSOD and any factor Xa cleavage site. The expressed protein was purified as
other SOD'* However, unlike Mn(Il), Fe(ll), or Cu(ll), Ni(ll) does described (see Supporting Information) and processed using factor
not catalyze superoxide dismutation in aqueous soldtjgneésum- Xa. The expression of the fusion protein and correct processing to
ably because of the lack of a redox couple at an appropriate yield apoNiSOD was confirmed by sequencing the DNA at the
potential. Thus, the protein appears to play a critical role in creating University of Massachusetts automated DNA sequencing facility
the redox-active nickel site. X-ray absorption spectroscopic (XAS) and by the MWs of the products (ESI-MS Calcd. for the fusion
studies are consistent with ag(S/N), ligand donor environment, ~ protein: 18 170 Da; Found 18 172 Da; Calcd. for apoNiSOD:
with hyperfine coupling visible in the EPR spectrum of the resting 13201 Da; Found: 13202 Da). Edman N-terminal peptide
oxidized protein establishing the presence of at least one N-donorsequencing of the processed peptide (Midwest Analytical, Inc., St.
ligand4 This ligand environment indicates that the appropriate Louis MO) confirmed that the protein had the wild-type (WT)
redox potential for SOD activity is achieved in NiSOD by including HCDLPCGV N terminus.

S-donor ligands in the active sité,despite their well-known The apoNiSOD product is a monomeric protein that does not
reactivity with HO, and Q.156 Here we report the expression in  bind Ni2* ions, whereas the holoenzyme was previously reported
Escherichia coli and in vitro processing and reconstitution of to be tetramerft(or hexameric, as found for nativ& seoulensis

functional recombinan§. coelicolorNiSOD. Using this system,  NiSOD/” which has 91% amino acid sequence identity with
we have explored the functional roles of two potential nickel ligands coelicolorNiSOD). Reconstitution of apoNiSOD required treatment
(H1 and M28). with DTT and dialysis with 1.0 mM NiGl The DTT was necessary

NiSOD is the product of theodNgene, which encodes a protein  to reduce the cysteine residues, which are oxidized in apoNiSOD
with a 14 amino acid N-terminal extension that must be posttrans- as determined by DTNB labeling, and establishes that the C2 and
lationally removed to obtain the mature protein with an N-terminal C6 are essential for specific binding of nickel. The resulting
H residue. The sequence of thedNgene indicates that only three  processed and reconstituted enzyme contained 0.88 equiv of Ni
S atoms exist in the mature polypeptide, C2, C6, and M28, thus per subunit (graphite furnace AA, Bradford), was hexameric (ESI-
identifying the N terminus as critical to nickel coordination and MS), and spontaneously developed both the 378 nm-uy
suggesting the possibility that H1 is a nickel ligaddPreliminary absorption and EPR spectrum that are characteristic of native,
studies (not shown) indicated that neither #oelNgene product resting NiSOD** The recombinant WT enzyme produced in this
expressed irE. coli, nor constructs with truncated N-terminal manner was fully active (using the xanthine oxidase d8saylirect
extensions would produce fully active NiSGDFor this reason, measurement of the rate of Cdisappearance using pulse-radiolytic
generation of @31420as shown in Figure 1).

T Department of Chemistry, University of Massachusetts. Amino acid substitutions were made by site-directed mutagenesis
* Department of Biochemistry and Molecular Biology, University of Mas- using the appropriate mutagenic prim&r#utants were expressed,

sachusetts. . o ;
§ Department of Chemistry, Brookhaven National Laboratory. isolated, and processed in vitro as described above for the WT
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Figure 2. X-band EPR spectra at 77 K of native oxidiz8d seoulensis
NiSOD (g = 2.30, 2.24, and 2.01A,; = 24.9 G assigned to one axial
N-donor ligand)t* and mutants.

observed by EXAFS analysis arises from only C2 and!€s6,
although a weak interaction with M28 like that found in blue copper
proteins cannot be ruled out by the XANES d&tén the case of
H1Q-NiSOD, the XANES analysis reveals a shift from five-coor-
dinate geometry to four-coordinate planar geometry, although the
reason for this change is obscured by the fact tedticedresting
native S. seoulensidNiSOD has four-coordinate planar Ni(ll)
center$* and H1Q-NiSOD is mostly in the reduced state. While it
is likely that the redox state change arises from the loss of H1 as
a ligand, the loss of function for the H1Q mutation could also be
attributed to a role in proton donation as found in CuznSOD.
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