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The highly homologous proteins of Fe-containing superoxide L \
dismutase (FeSOD) and MnSOD frdascherichia colinonetheless P ,\
exert very different redox tuning on the active site metaltdinis I Al 2o S A
has been proposed to stem from different hydrogen bonding between His & | ';I_fgp ‘ﬁ T '_il_ﬂ
the protein and the metal ion’s coordinated solvent molett¥e His’% o3 A é‘:f\f;,, A
now present density functional theory (DFT) calculations ofir Fe e \:\y
and F&" bound to models of both FeSOD and MnSOD. The Fe*'SOD oo s Fe ' (Mn)SOD o9
calculations support an important role for the conserved second & e
sphere GIn side chain in destabilizing® coordinated to Fe vs s
OH-~ coordinated to F&. Indeed mutation of this GIn to Glu, which % _L-i\;-a(‘m
should increase the stability of Febound HO, significantly raises & e
the reduction potentiak,. _O/E-'-n
The E, is a crucial thermodynamic determinant of redox A4 297A
reactivity. Thus, redox-active enzymds;s are precisely tuned by X ¢ P
the active site environment. The FeSOD and MnSOLEotoli Fe¥'soD y Fe”'(Mn)SOD ‘_}‘“—‘

provide a striking example of this, as the Mn-specific protein, (Mn)- - 1 Active sit dels f idized and reduced FeSOD (left) and
: P igure 1. Active site models for oxidized and reduced Fe eft) an
SOD, depresses i _O_f the bc_)und metal ion significantly m.ore a modification thereof in which the Gln and Tyr side chains have been
than does the Fe-specific protein, (Fe)S&dthough the two active  moved to the positions characteristic of MnSOD to generate a model of
sites are almost superimposible. Fe(Mn)SOD (right). Only protons involved in the conserved H-bonding
The active site Fe or Mn in FeSOD and MnSOD is coordinated network including Tyr, Gln, and the solvent ligand are shown. The positions

in a trigonal bipyramid by three His residues, one Aspnd a of these protons and the solvent oxygen were obtained through DFT energy

. . . L minimizations. Calculations were performed using the Amsterdam Density
solvent moleculg(Figure 1). Since metal ion reduction is intimately Functional (ADF) 2000.02 software packaye

coupled to proton uptake in SODhe degree to which protonation
of coordinated solvent is favored in each oxidation state contributes in (Fe)SOD destabilizes coordinateg®vs OH-, thus strongly
significantly to the observe&,. Thus, stronger hydrogen bond favoring the Fé&" state and lowering thE, in this protein?
donation to the metal-ion-bound solvent has been proposed to The above findings are consistent with the several hundred mV
strongly depress thE;, of the bound metal ion in the (Mn)SOD  lower E,, displayed by Fe(Mn)SOD than FeSOD, as well as the
protein2 We now test this proposal at an atomic level to obtain much lowerE, of MNSOD than Mn(Fe)SODB They suggest that
insight into the role of the second sphere in modulating the the (Fe)SOD and (Mn)SOD proteins can tune thgjs through
properties of the active site. precise positioning of the second-sphere GIn. This GIn can affect
Figure 1 shows active site models for oxidized and reduced theEn, by modulating the proton affinity of the metal-bound solvent
FeSOD (left) and derivatives thereof in which the second-sphere molecule that acquires a proton upon metal ion reduction. This
GIn and Tyr have been positioned as in the MnSOD site (right). In mechanism predicts that replacement of the H-bond donating Gin
the oxidized state, the decrease in optimized distance between thevith an H-bond acceptor should result in a considerable increase
GIn amide hydrogen and the oxygen of thé*~bound OH", from in E, because this mutation would greatly increase the stability of
2.70 A in FeSOD to 1.94 A in the Fe(Mn)SOD model, suggests coordinated HO relative to coordinated OH
formation of a stronger hydrogen bond (Figure 1, top right).  To test this hypothesis, we have constructed the GIn69 to Glu
However, protonation of the solvent ligand upon Fe reduction results mutant of FeSOD. Glu is isosteric and isoelectronic with GIn but
in considerable steric interference between the GIn and #@ H differs in lacking a single H atom when Glu is neutral or lacking
protons in the Fe(Mn)SOD model, leading to rotation of the two H nuclei and placing a negative charge near coordinated solvent
coordinated HO and weakening of its bond to Fe(Figure 1, when Glu is ionized. Regardless of pH, Glu is a better H-bond
bottom right). This effect is less pronounced yet still substantial in acceptor than GIn. Based on our model this should increadg,the
FeSOD, whose GIn amide N#g0.6 A further from the metal ich of the site. Alternately, to the extent that Glu is ionized and
and is much more weakly coupled to%f& Thus, DFT results electrostatic interaction with Fe instead of H-bonding to coordinated
indicate that the closer active site GIn side chain in (Mn)SOD than solvent is dominant, substitution of Glu for GIn should lovigy.
Comparison of the NMR spectra of the active sites of Q69E-
* Address correspondence to T.C.B. (e-mail: brunold@chem.wisc.edu, phone: and WT-F&"SOD, and in particular the resonances of the three
$608) 265-5096) or A.F.M. (e-mail: afm@pop.uky.edu, phone: (859) 257-9349). ligand histidines near 90 and 40 ppm, demonstrates that the
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* University of Wisconsin. coordination environment of the Feis very similar in the two
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Figure 2. H NMR spectra of Q69E-P&SOD and dithionite-reduced WT-
Fe#*SOD active site resonances, at pH 7.4.
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Figure 3. (A) MCD spectra at 4.5 K and 0.5, 1.5, 3.5,daf@ T of as-
isolated Q69E-FE'SOD. The VTVH behavior of the signal at 10695 ¢
is shown in the inset. (B) MCD spectra at 4.5 K of KMp@xidized Q69E-
Fe**SOD (top) and as-isolated WT #0D (bottom) both at pH 7.0.
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Table 1. SOD Types, Metal lon Content, Activity, and Oxidation
State As Isolated

content? oxidation state
species Fe Mn activity? (units/mg) Fe Mn
WT-FeSOD 0.9 0 6073 +3
Q69E-FeSOD >0.95 0 3 +2
Fe(Mn)SOD 0.9 0 0 +3
WT-MnSOD ~0.05 >0.9 6900 +2/+3

aQuoted on a per site basis based on colorimetric assay, atomic
absorption, EPR after acidification, and FeSOD'’s extinction coefficient at
280 nm.P Based on the xanthine oxidase assay of McCord and Fridovich.

are important in lowering the metal ion&, in MNnSOD’s active
site. Indeed, computations on a Q690D active site model
indicate that Glu69 is ionized and the stability of coordinate®H
relative to OH is significantly increased over the same in the WT-
Fe*tSOD active site model. Thus, residue 69 could modulate the
En via its destabilization or stabilization of the proton whose uptake
accompanies reduction, via hydrogen bonding.

Since proton uptake accompanies reduction of the metal ion in
SOD, theE, reflects not only the redox equilibrium of the metal
ion but also the proton equilibrium of the metal-bound solvent that
acquires the proton. Thus, engineering modified proton donation
and H-bonding to groups involved in redox-coupled proton uptake
may provide routes to mutant enzymes with modifiegs and
thereby novel reactivities.
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