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Abstract: We propose that the apparent catalytic inactivity of Mn- and Fe-substituted superoxide dismutases
(SODs) reflect€®s that are either lower (Fe-sub-(Mn)SOD) or higher (Mn-sub-(Fe)SOD) than those of native
Fe- or Mn-SODs. In support, we show that t&eof Fe-sub-(Mn)SOD (Fe substituted into Mn-SOD protein)

is —240 mV vs NHE, almost 0.5 V lower than o&’ of 220 mV for Fe-SOD. Thé&° of Fe-sub-(Mn)SOD

is lower than that of @O~ and therefore is sufficient to explain Fe-sub-(Mn)SOD’s inactivity. Indeed,
Fe-sub-(Mn)SOD is shown to be unable to oxidizg O Alternate causes of inactivity are ruled out by our
demonstration that Fe-sub-(Mn)SOD retains the ability to redugce. Orhus, the active site remains active

with respect to substrate binding and proton and electron transfer. Finally, we show that Fe-sub-(Mn)SOD’s
inactivity with respect to @~ oxidation cannot be solely due to competitive inhibition by OHThus, our
proposal provides a simple chemical basis for the observed catalytic inactivity of metal-exchanged Mn- or
Fe-SODs and suggests that these strongly homologous enzymes may provide important insights into mechanisms
of redox midpoint potential tuning in proteins.

Fe- and Mn-containing superoxide dismutases (SPDs mechanism and kinetic parameters of Fe-SOD and Mn-SOD
constitute a family of closely related enzymes that catalyze the are similar except that the latter is subject to reversible inhibition

two-step disproportionation of £©: by a side reactiof. Fe- and Mn-SODs share high amino acid
sequence and structural homology, and the active sites are
o, + M3 -sob— o, + M2"-SOD (1a) virtually identical® The Fe of Fe-SODs is coordinated in a

trigonal bipyramid by three His, an Aspand in most cases a
0, + M?*-s0D+ 2 H" — H,0, + M**-SOD (1b) solvent moleculé-8 Mn-SODs employ the same ligarfd$?

e . . . (3) Lavelle, F.; McAdam, M. E.; Fielden, E. M.; Roberts, P. B.; Puget,
where M signifies the active site Fe or Mn iéA. The K.: Michelson, A. M.Biochem. J1977 161, 3—11.
(4) Bull, C.; Niederhoffer, E. C.; Yoshida, T.; Fee, J. A.Am. Chem.
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intrepid.chm.jhu.edu. (5) Lah, M. S.; Dixon, M. M.; Pattridge, K. A.; Stallings, W. C.; Fee, J.
(1) Abbreviations: DCIP, dichloroindophenol; DMSO, dimethyl sulfox-  A.; Ludwig, M. L. Biochemistryl995 34, 1646-1660.
ide; E°, reduction midpoint potentiaE®’, reduction midpoint potential at (6) Carlioz, A.; Ludwig, M. L.; Stallings, W. C.; Fee, J. A.; Steinman,

pH 7; EDTA, ethylenediaminetetraacetic acid; EPR, electron paramagnetic H. M.; Touati, D.J. Biol. Chem.1988 263 1555-1562.

resonance; LMCT, ligand-to-metal charge transfer; NHE, normal hydrogen  (7) Stoddard, B. L.; Howell, P. L.; Ringe, D.; Petsko, G.Biochemistry
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in the same geometry with only very slight differences in ligand NHE) and theE°s of 0.2-0.4 V observed in most Fe- and
side chain rotations or distances to the metal%offihus the Mn-SODs?® Therefore, we conjecture that, when Fe is bound
Fe- and Mn-SODs appear to be variants of the same enzyme.in the (Mn)SOD protein, it€° is depressed to a value well
Nonetheless, with the exceptions of a few so-called cambialistic below 0.2-0.4 V and, similarly, thee® of Mn bound in (Fe)-
SODs!3-15 when Mn- or Fe-SOD protein, (Mn)SOD or (Fe)- SOD is insufficiently depressed, to a value well above-@2
SOD, is prepared with the other's metal ion in the active site, V. This simple, chemically rational hypothesis is both informa-
the resulting Fe-sub-(Mn)SOD (Fe substituted into Mn-SOD tive and testable and is supported by the experiments described
protein) or Mn-sub-(Fe)SOD is unable to catalyze dispropor- below.
tionation of Q*~ in the standard assa§.!°
Relatively little information is available to explain why many Materials and Methods
Posable r6asans include distoton of the acive st by the M-S0 and Fe-SOD were purified fro. col 20 and
nonnative metal ion, inability to bind substrate, and inabili%;/ to had activities Of 45086000 and_ .60097000. units/mg_of
Lo . ’ . protein, respectively. The activities of native and metal-
supply the required protons. The non-native metal ion has been . “ »
reported to bind in the active site similarly to the native metal _ethanged SODs were measure_d at PH 7.8 in the "standard
ion based on EPR and NMR stud@®€! Oxidized F&-sub- indirect assay of McCord and F_rldowé_ﬁ. Fe-sub-(Mn)SOD
(Mn)SODs also retain the ability t'o coordinate substrate ' o> prepared from Mn-SOD with a yield close to 100%, as
) was Mn-sub-(Fe)SOD, building on published examplés.
analogue®-22 and thus presumably the substrate itself. How- _ . . .
ever, Yamakura et al. have observed that theop 8.5-9 of Briefly, Fe-sub_—(l\_/ln)SOD was _pr_e_pared by partially unfolding
the o’xidized active sit.?-z3 which is ascribed to coord.ination of Mn-SOD protein in 3.5 M_guanldlnlur_n HCland 10 mM EDTA
OH- to Feé* in Fé*-SéD“ is depressed to near 7 in Te at pH 31 dialyzing against EDTAlln _the presence of 25 M
sub-(Mn)SOD fromS ma,rcesceﬁ% and lower in E&*-sub- guanidinium HCI at pH 8.0, reconstituting with #eat pH 8.0
y under N, and removing extraneous Fe by dialysis against 1

s )
Competive mhibitor the higher afinty for OHeouid render M EDTA.and 1 mi ascorbate undeg Mn-sub-(Fe)SOD
P ’ 9 y was prepared by removing Fe at pH 11 and ¥7 and

Fe™-sub-(Mn)SOD more susceptible to inhibition by Okhan S . . L
. hy . - - reconstituting with MA"™ by dialysis at pH 8.5.
native F&"-SOD and thus account for its lower activity which Oxidation of F&"-SOD and F&-sub-(Mn)SOD by @~ was

increases at decreasing pHs. Alternately, or in addition, metal- : .
substituted SODs might be unable to oxidize or reduce substrate.comjuaeoI at 25C in a medium of 100 mM phosphate, 100

i Py mM KBr, and 0.5 mM glucose supplemented with 500 units of
We propose that Fe S.Ub (Mn)SODs and Mn-sub (I_:e)SODs catalase (Sigma No. C-3155) and 50 units of glucose oxidase
appear inactive, at least in part, becausebthef the substituent

metal ion is either too low or too high, respectively, to mediate Sr'g]ngg lJN%nCBS-6§r19t]a-.)nLOOSISIn;iISa:§ %?t){oiz%gtﬁ ;f-gi AanEl' 3
both half-reactions effectiveRf. Specifically, because tHe’s P P brop P

of the 3+/2+ couple of high-spin Mn compounds are typicall 7.8 was used, except where stated otherwise. The complete
L -0up 9 op P PIeally reaction medium including approximately 0.1 mM SOD dimers
significantly higher than th&°s of analogous Fe complex&s,

we note that Mn-specific SOD proteins must depres&hef V%Z?hkﬁ?;lgngsrgﬁjgtﬁgiié Olﬁo\;v?s éi%i?%i Eygrat(g)r?eW|th
Mn3*/Mn2* considerably more than Fe-specific proteins depress y 9 P y2o.

. . to four times stoichiometrid aliquots of Q*~ were injected as
+ + or =~ . . " .
that of F€*/Fe", to achieve the optimdE™ of ~0.36 V (vs a stock solution in dry DMSO. Initial additions were ap-

(9) Ludwig, M. L.; Metzger, A. L.; Pattridge, K. A.; Stallings, W. G. proximately one stoichiometric equivalent, but the addition
Mo(litl)g)l(l)vlérllfe%ln\ﬁl\%v33|35’|:a§28b C. AL Mol. Biol. 1988 199, 649661 volumes were increased as the system approached the steady

) B G amas B e e o E. state.+lnject|on of DMSO alone produced no effect. Reduction
Hallewell, R. A.; Tainer, J. ACell 1992 71, 107-118. _ of F&**-SOD and F&"-sub-(Mn)SOD by @~ was conducted
H (1C2h) LI¢,JJ.;\IA-L;I YBq. IYiS%;7 sz;a ;(5.98_.57(3‘?0, S.; Ahn, B.-Y.; Kim, S.-  similarly after degassing but not reducing the reaction mixture.

.; Cho, Y.J. Mol. Biol. . . . . T " ~

(13) Martin, M. E.; Byers, B. R.; Olson, M. O. J.; Salin, M. L.; Aruneaux, OX".jatlon Of. F.é .SOD or Fé*-sub-(Mn)SOD by @ was
J.E. L.: Tolbert, CJ. Biol. Chem1986 261, 9361-9367. aphleveq by |njectlon of 60 mL of Oat atmosphquc pressure

(14) Pennington, C. D.; Gregory, E. NI. Bacteriol. 1986 166, 528 directly into the medium, which was prepared without glucose
5365) Meior. B.- Barra. .. Bossa. .- Calabrese. .- Rotilio JGBiol oxidase or glucose for these experiments, and reduced as above.
Chem.1982 257 13977-13980. T ’ Reduction by HO, was performed by injecting 1.5 stoichio-

(16) McCord, J. M.; Fridovich, . Biol. Chem1969 244, 6049-6055. metric equivalents of kD, in aqueous solution into the medium,

88 \C()iglallj(ulria: E#dg¢?ccr?eb£nrgr?7§i§§ﬁ §§]9—B?g7h 4979 194 360- initiating a drop in absorbance in FeSOD when catalase was
364 OB - Aren. - Blophy ' absent.

(19) Brock, C. J.; Harris, J. IBiochem. Soc. Trans977 5, 1537 Potentiometric titrations were performed at’Z5in an optical
1539. . . . ] cell analogous to the one described by Stanko¥chA
19%0)2;;"?8'(‘)2%6':" Kobayashi, K.; Ue, H.; Konno, Bur. J. Biochem. o mpination AgAgCl and Pt electrode was inserted in one port,

(21) Vance, C. K.; Miller, A.-F. In preparation. a _syringe containing titrant was mounteo! ina secon_d, a_nd the

(22) Whittaker, M. M.; Whittaker, J. WBiochemistry1997, 36, 8923~ third port was connected to a vacuum line and maintained a
89?21é) Fee. 1 A McClune. G. .- Lees. A C.- Zidovetzki R.- pecht. . [OW flow of N2 gas treated to remove residual. OThe reaction
Isr. J. Chem198121 54-58. T T " mixture comprised 100 mM phosphate buffer at pH 7.4 (Fe-

(24) Tierney, D. L.; Fee, J. A.; Ludwig, M. L.; Penner-Hahn, J. E. SOD) or pH 7.8 (Fe-sub-(Mn)SOD), 100 mM KBr, 6:0.2
Biochemistry1995 34, 1661-1668.

(25) Yamakura, F.; Matsumoto, T.; Kobayashi, KHrontiers of reactie (28) Barrette, J., W. C.; Sawyer, D. T.; Fee, J. A.; Asad&ichemistry
oxygen species in biology and medicidesada, K., Yoshikawa, T., Eds.; 1983 22, 624-627.
Elsevier Science: Amsterdam, 1994; pp +1338. (29) Whittaker, J. W.; Whittaker, M. MJ. Am. Chem. S0d.991, 113
(26) Miller, A.-F.; Sorkin, D. L.Comments Mol. Cell. Biophy$997, 9, 5528-5540.
1-48. (30) Sorkin, D. L.; Miller, A.-F.Biochemistry1997, 36, 4916-4924.

(27) Stein, J.; Fackler, J. P.; McClune, G. J.; Fee, J. A;; Chan, L. T. (31) Stoichiometries are relative to Fe sites, not SOD dimers.
Inorg. Chem.1979 18, 3511-3519. (32) Stankovich, M. TAnal. Biochem198Q 109, 295.
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mM SOD dimers, and 2aM p-benzoquinone, 1@M DCIP, Table 1. Fe Contents, Mn Contents, and Activities of Proteins
or 200uM benzylviologern?® Before the titration and after each sample Fe conteht Mn content  activity® (%)
addition of titrant, the approach to equilibrium was monitored Mn-SOD 0 0.98 100
optically using the absorbance of¥eS0D (or Fé"-sub-(Mn)- apo(Mn)SOD 0 0 0
SOD) between 350 and 370 nm and the optical signature(s) of Fe-sub-(Mn)SOD 0.95 0 0

the mediator and titrant, and electronically using the potential — Fe content was measured colorimetricélgnd is expressed on a
measured by the elgctrode. .At equilibrium, the optical spectrum per subunit basis. The uncertainty is estimated to be 0.03/suBuuhit.

was recorded and in many instances a sample was withdrawngontent was measured by EPR and is expressed on a per subunit basis.
for EPR spectroscopy. The percent oxidation of SOD (as well The detection limit is less than AM Mn or 0.005/subunit, and the

as the mediator) was determined from the optical absorbanceuncertainty is approximately 3% Catalytic activity was measured in

at wavelengths chosen to minimize interference from the signals e standard xanthine oxidase indirect assay at pFP WhBich has a

f the solvents. titrant. and mediafdr. Alternatelv or in detection limit corresponding to less than 0.1% of native SOD activity
of th ! e ) ately and an uncertainty of£100 units/mg of protein for activities in the
addition, the percent oxidation was determined from the range of 5000 units/mg.

amplitude of the EPR signal of SOD in comparison with a
sample of fully oxidized SOD, taking into account the sample indicates that F& competes for the active site. However, Fe-
concentrations. The percent oxidation was plotted as afunctionsub-(Mn)so[) exhibits no detectable catalytic activity at pH
of the reduction potential at equilibrium. The data were fit with 7. &6 based on the standard as3éy.
the Nernst equation with allowance for multiple (or fractional) Activity with Respect to the Two Half-Reactions The
electrons per redox everf, = E° + 0.059h log(Ox/(100 — disproportionation of @~ proceeds via alternating oxidation
Ox)), whereE is the measured ambient potential infVis the of O, with reduction of F&" to F&* and reduction of @~
number of electrons, Ox is the measured percent oxidized SOD,ith reoxidation of F&+ to Fe&* (eq 1)23 To clarify the nature
andE® is the reduction midpoint potential, as well as the Nernst of the inactivity of Fe-sub-(Mn)SOD, we have assessed its
equation assuming a single electron evéht= E° + 0.059  gapjlity to undergo each of the two half-reactions. Fe-sub-(Mn)-
log(Ox/(100 — Ox)). The standard errors from the fits are sOD’s ability to reduce @ was evaluated via the reaction
quoted, and we estimate the experimental uncertainty associateghetyween (reduced) B&sub-(Mn)SOD and @ to form
with our E° values to bex+15 mV. For each titration, the (oxidized) F&-sub-(Mn)SOD, presumably by reaction 1b. The
potential obtained with the Nernst equation assuming a one-course of SOD oxidation was monitored via the visible
electron event was within error of the potential obtained using gpsorbance of the active site3fe Thus, the results are not
the more general form. complicated by sites that have failed to bind Fe. Furthermore,
Although the mediators and the potential responded rapidly optical and EPR comparisons of Fe-sub-(Mn)SOD samples
to titrant additions, they equilibrated slowly with SOD, with  allowed to fully reoxidize after the assays, and~sub-(Mn)-
approximate half-times ranging from 15 mm2 h and reaching ~ SOD prior to reduction, indicate that the3fesites remain intact
equilibrium after up to 6 h. The system was deemed to have and very little Fe is released. Spectra of steady-state-O
equilibrated when the change in potential with time became oxidized SODs are shown in Figure 1. The upper panel shows
equal to the drift rate o&8 mV/h, determined in the absence that Fé*-sub-(Mn)SOD, like F&-SOD (lower panel), is
of titrants. Because such long periods were required to achieveoxidized by @~ and therefore can reduce 0.
equilibrium, with most of the 15 mediators triétfew mediators Figure 2 shows that both SODs are oxidized by Otself,
were sufficiently stable in aqueous solution to be useful. Finally, and not the @that results from spontaneous disproportionation
only potential mediators with aB° close to that of SOD are  of 0~ as oxidation by @occurs much more slowly on a time
appropriate for use as mediators in a titration. Thus, although scale of minutes and, moreover, is largely suppressed by the
many mediators were tried, only two were effective for titrations jnclusion of glucose oxidase in the medium. By contrast,

of Fe-SOD and only one was effective for Fe-sub-(Mn)SOD. oxidation of SOD by @~ is evident as sharp steps in the time
Oxidative titrations were performed using s the titrant, and  courses as it occurs within the temporal resolution of our

reductive titrations were performed using either dithionite or experiment, consistent with the published second-order rate

methylviologen. constant of 5.5« 18s 1 M~1at pH 83 Since a single addition
of approximately one stoichiometric equivalent of Oproduced
Results ~80% oxidation of Fe-sub-(Mn)SOD, the latter evidently

Production of Metal-Exchanged SODs. The data in Table competes very effectively with spontaneous disproportionation

1 demonstrate that removal of Mn from Mn-SOD is complete at pH+7.8. o
and that Fe binds almost stoichiometrically to (Mn)SOD on a . € -Sub-(Mn)SOD's ability to reduce © demonstrates that

per subunit basis. EPR and NMR ddtdemonstrate that Fe it can both interact with substrate and transfer electrons to it

binds specifically in a single well-defined site, and the fact that @nd @lso suggests that#esub-(Mn)SOD can donate proton-

reconstitution with a mixture of equal concentrations of'Fe  (S) t0 substrate, assuming reaction (1b). However, whereas Fe-

and Mr?+ results in SOD with 40% of native Mn-SOD activity >OP reaches a steady-state oxidation levet60% (Figure

1) consistent with comparable rates of SOD oxidation and
(33) A somewhat higher concentration of benzylviologen was used reduction? Fe-sub-(Mn)SOD reaches a steady-state oxidation

because the effective mediating species rezt0 mV is the benzylviologen level of ~100%, indicating that oxidation of Fbsub—(Mn)—

dimer Kp = 52 mM), whoseE® was confirmed to be-260 mV under our —: .
conditions by cyclic voltammetry. We confirmed the literature values of SOD Dy @' is much faster than rereduction ofFesub-(Mn)-

the potentials of all the mediators used by cyclic voltammetry. SOD (and oxidation of @7).

) (3_4) Of the titrants,‘solvents, and r_nediators add_e_d in the course of  \When Q' is added to degassed FeSOD, the F& is
:ﬁgtgn;bcgly benzylviologen had a signal that significantly overlapped reduced until a steady-state level60% is reached (Figure
(35) Benzylviologenp-benzoquinone, DCIP, indophenptaminophenol, 3, bottom), confirming that F&-SOD can oxidize @~ at a
2,3,5,6-TMPD (tetramethylphenylaminediamini),N',N',N'-TMPD, 1,5-
anthroquinone, 2,6-anthroquinone, naphthoguinone, phenosaphranine, ni- (36) 100% of the starting activity was recovered upon Mn reconstitution,

trofurazone, potassium ferrocyanide, methyl red, and methyl blue. demonstrating that the (Mn)SOD protein remains intact.
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Figure 1. Steady-state oxidation of Fesub-(Mn)SOD (top) and P&- Figure 2. Time courses of the oxidation of Fesub-(Mn)SOD (top)

SOD (bottom) by @~ at pH 7.8. Optical spectra are shown of Fe- and F&"-SOD (bottom) by @~ or O, at pH 7.8. The spikes mark
sub-(Mn)SOD and Fe-SOD fully oxidized before reduction (solid lines), roughly stoichiometric additions of Kn dry DMSO. These resulted
fully reduced at the beginning of the assay (dashed lines), and afterin oxidation of SOD as shown by the solid line traces. Alternately, 60
the SOD had reached a steady-state level of oxidation after numerousmL of O, gas at atmospheric pressure was injected directly into the
Oy~ additions (dotted lines). The weak absorbance near 460 nm is medium. The course of SOD oxidation by @ shown by the dashed
due to DMSO. line traces. Passage of bubbles through the light path, effects of mixing,
rate comparable to the rate at which it reduces OFigure 4 and lamp in;tabilities are evident.as cIu.ste.rs. of peaks apd spikgs in the
shows that the catalase present in the reaction medium com-races. Vertical offsets were applied to individual traces in making the
pletely suppresses (third trace) reduction of SOD byOH figure.

(bottom trace). Thus, any reduction of SOD is due to reaction
with Oz*~, not H,O, formed upon spontaneous disproportion-
ation of @’~. In contrast, when @ is added to F&-sub-
(Mn)SOD, the Fé" is not reduced, directly demonstrating that
Fett-sub-(Mn)SOD cannot accept an electron from*O

Fe-sub-(Mn)SOD by @~ is predictec® Figure 5 (top) shows
that, despite the more rapid spontaneous disproportionation of
Oy~ at pH 6.7, Fé"-sub-(Mn)SOD can compete for,O and
become oxidized. However, essentially 100% steady-state
- - : . ) .. oxidation is still observed, suggesting that the reaction between
I(rll:;gCLtllr\;alfyS and 4). This can explain Fe-sub-(Mn)SOD'’s catalytic O;"_and Fejsgb-(Mn.)SOD i in_hibited by more than_ just OH
Since Figure 1 establishes that 2E&ub-(Mn)SOD can binding. This is confirmed by Figure 5 (bottom), which shows

transfer an electron tofD, it is most likely that electron transfer no perceptible reduction of Fesub-(Mn)SOD by @”. Thus,

per se is possible in the opposite direction too, but not observed(aither ir;hibirt:or_l of t.h? ox]jtzllzized Eta&a b%/OO[;—Is nﬁéthe only
either because it is not thermodynamically favorable and/or "€3SON or the inactivity of Fe-sub-(Mn) or thie govern-

because @~ blndlng is inhibited specifically in F’%-SUb-(Mn)- (37) AssumingV = Vima{S)/(Km(1 + ([I/ K))) + [S]) and | signifies the
SOD. competitive inhibitor, the maximum extent of competitive inhibition occurs
Inhibition of O »*~’s Interaction with Oxidized SOD by at low [S], whereKy > [S] and the rate is decreased by a factof ef 1

_ R . . - + ([I/K)) = 1 + 10PH=PK) in our case, sincekpis the pH at which the
OH~. Oy~ binding to FE"-SOD is believed to be competitively inh(i[b]itorl)OH* binds to 50% of the sites. Thulf, for pHp7.8’ K = 6.7,

inhibited by OH" binding to Fé*, with a K of 8.5-9.223.24 and [S]< Ky, competitive inhibition should slow the rate of (1a) frdaa
This and decreased FeSOD affinity for substrate associated tokidf, f = 14. At greater [S]kia will be decreased lesé\ill be smaller).

; ~ 30 ; ; The formalism of competitive inhibition is applied here although available
with a K of 8.5 are believed to be responsible for the evidence strictly indicates only that binding of Olb the oxidized state

decrease in Fe-SOD activity above pH 8.5ince the K of of SOD is mutally exclusive with reaction of that state with substrate. Thus
the oxidized state drops to 6.7 inFesub-(Mn)SOD?! reaction the kinetic mechanism of inhibition appears to be competitive, but
(1a) could be much more susceptible to Okhhibition. competition between OHand Q*~ for the same binding site has not been

. . A proven.
However, reaction (1b) is not expected to be inhibited at pH (38) The reaction rate for the native enzyme is estimated to be at least

7.8 in Fe-sub-(Mn)SOD because thi¢ pf F&#-sub-(Mn)SOD 2 orders of magnitude faster than the rate of spontaneous disappearance of
remains well above 7.8, at9.22 At pH 7.8, we expect that O atpH 7.8.

ikt (39) The fractional level of steady-state oxidatiomis/(Kox + 1), where
(1a) could be slowed by a factor of up to 14 by inhibition by the equilibrium constanKoy is kipkia Competitive inhibitioxn of reaction

OH~ 37 but that even then the reaction betwee#'Fsub-(Mn)- 1a decreases, to ki/f, where 1< f < 1 + 10P°H - . Since native Fe-
SOD and @~ should occur faster than,© disappears and SOD hasKex ~ 1, competitive inhibition should produce a steady-state
thus be observabfé oxidation level of up tdf/(f + 1). At pH 6.7, 0.50< f/(f + 1) < 0.67 or
L 50—-67% steady-state oxidation is anticipated due to competitive inhibition.
At pH 6.7, inhibition of (1a) by OH should be decreased to  Eyen assuming thekpvalue of 6.1 reported by Yamakutabetween 50%
less than a factor of 2 and 5&7% steady-state oxidation of  and 83% steady-state oxidation is expected.
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Figure 3. Steady-state reduction of Fesub-(Mn)SOD (top) and Fé-
SOD (bottom) by @~ at pH 7.8. Optical spectra are shown of Fe-
sub-(Mn)SOD and Fe-SOD fully oxidized at the start of the assay (solid
lines) and once the assay had reached a steady-state level of oxidation 0.1 1 L 1 ! 1 | 1
(dotted lines). Weak absorbance near 460 nm is due to DMSO. 0 200 400 600 800

ing inhibition is significantly lower than the K of 6—7 Time (sec)
describing the optical signal. . i .
. o Figure 4. Time courses of the reduction of Fesub-(Mn)SOD (top)
Comparison of th?E s of Fe-SOD and Fe-sub-(Mn)SOD. and F&"-SOD by Q' (second) or HO; (third and fourth) at pH 7.8.
Alternately, the ability of Fe-sub-(Mn)SOD to reduce but not he spikes mark roughly stoichiometric additions of K®DMSO in

oxidize Q" suggests that it&® at pHs 7.8 and 6.7 may be  the upper two traces. Injection of 1.5 stoichiometric equivalents,0H
lower than that of @Oy"~. Indeed, although Fe-SOD can be in the absence of catalase initiated the drop in absorbance36f Fe

reduced by ascorbate, consistent with Fe-SAD'sf 0.2—-0.4 SOD seen in the bottom trace. In the third trace, th©4addition

V,28 Fe-sub-(Mn)SOD canndf. This suggests that thg*" of time was within 10 s of the addition time for the bottom trace, but the
Fe-sub-(Mn)SOD is lower than ascorbatg? of 0.058 V and, effects on SOD are suppressed by the presence of catalase. Lamp
thus, substantially lower than tt#" of Fe-SOD. instabilities are evident as clusters of peaks in the traces.

Measurement of thE°s of Fe- and Mn-SODs is very difficult ~ 6) from the combination of data from an oxidative titration with
and notoriously error-prone. This is largely because SOD doesDCIP as the mediator (yielding aB° of 235 + 4 mV), a
not equilibrate readily with most of the commonly used reductive titration with DCIP (yielding a&® of 201+ 2 mV),
mediatorg4! Thus, some of the reported apparg&fs of SOD an oxidative titration withp-benzoquinone (yielding ak°® of
may be ascribed instead to the mediator. We have used speciallj226 + 2 mV), and a reductive titration witp-benzoquinone
designed glassware and mediators that are exceptionally long-{yielding anE® of 212 + 16 mV). These values agree well
lived in aqueous solution to maintain stable conditions for the with each other, indicating that they represent Efeof Fe-
4—6 h necessary for SOD to equilibrate. Our criteria ESr SOD, not the mediator. The similarity of 8 values obtained
determinations were (1) that the sarBe value should be  from oxidative and reductive titrations confirms that the titration
obtained with different mediators (which themselves have points reflect Fe-SOD very close to equilibrium.
distinctE°s) or that a single mediator should produce different ~ Titration of Fe-sub-(Mn)SOD in the presence of benzyl-
effects with the two different SODs, as a demonstration that Viologen yielded arE°® of —243+ 2 mV (Figure 7). Benzyl-
the E° obtained is that of SOD, not the mediator; (2) that the Viologen was the only mediator found that would equilibrate
sameE° be obtained from data collected in reductive and With Fe-sub-(Mn)SOD and was stable in aqueous medium.
oxidative titrations; and (3) that titrations exhibit Nernstian Benzylviologen completely and relatively rapidly reducedFe
behavior. To our knowledge, only criterion 3 has been satisfied SOD, instead of equilibrating with it, as with Fe-sub-(Mn)SOD.
by previously published titrations of Fe-SOD. Thus, we believe that the titration behavior observed for Fe-

Figures 6 and 7 show titrations of Fe-SOD and Fe-sub-(Mn)- SUb-(Mn)SOD specifically reflects the latter, not the benzyl-

SOD. AnE® of 2234 6 mV was obtained for Fe-SOD (Figure  Viologen. The degree of oxidation of Fe-sub-(Mn)SOD was

determined by EPR and optical spectroscopy. The EPR signal
(40) Ascorbate’s inability to reduce Fesub-(Mn)SOD is unlikely to of Fe¥*-sub-(Mn)SOD is centered negr = 4.3, far from the

P of %ﬂlggtgoegt\?vgf;?méhn?ﬁf?"r,{jﬁﬁ?goorga‘e interacts with the  gjgnals of free radicals, and the optical absorption of the
(41) Verhagen, M. F. J. M.; Meussen, E. T. M.; Hagen, WBRchim. benzylviologen radical has a minimum at 350 nm. Thus, the

Biophys. Actal995 1244 99-103. absorbance at 350 nm was used to measure the amourtt'ef Fe
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Figure 5. Oxidation of F&-sub-(Mn)SOD by @~ at pH 6.7 (top)

and reduction of F&-sub-(Mn)SOD by @~ at pH 6.7 (bottom). (top)
Optical spectra are shown of Fe-sub-(Mn)SOD fully oxidized before
reduction (solid line), reduced at the beginning of the assay (dashed
line), and after the SOD had reached a steady-state level of oxidation
after multiple @*~ additions (dotted line). (bottom) Optical spectra of
Fe-sub-(Mn)SOD fully oxidized before reduction (solid line) and after
the SOD had reached a steady-state level of reduction after multiple
O~ additions (dotted line). Dithionite was added after the assay was
complete to confirm that the SOD could be fully reduced (dashed line).
The weak absorbance near 460 nm is due to DMSO. The pH did not
change during the assay.

sub-(Mn)SOD present when benzylviologen was largely oxi-
dized and could easily be accounted for. At low potentials,

where substantial benzylviologen radical was present, the percent

of oxidized Fe-sub-(Mn)SOD was determined by EPR. The
agreement of the EPR and optical data on a sigfleonfirms

the noninterference of benzylviologen with the quantitation of
Fett-sub-(Mn)SOD (Figure 7), and the independence of the
shape of the EPR signal on the presence of benzylviologen or
the reduction potential indicates that the benzylviologen does
not interact with the F& site (Supporting Information, Figure
S2). Finally, samples from several different preparations of Fe-
sub-(Mn)SOD were all consistent with a singE®. The
potential of—243+ 2 mV is almost 0.5 V lower than tHe® of
Fe-SOD and able to account for the inactivity of Fe-sub-(Mn)-
SOD with respect to oxidation of £, since thisE® is lower
than that of Q/O,*~ (=—160 mV).

Although we have not yet succeeded in measuringgthef
Mn-sub-(Fe)SOD, the fact that our Mn-sub-(Fe)SOD is colorless
in air indicates that its bound Mn adopts thé 8xidation state
instead of the 3 oxidation state as in (Mn)SOD protein (also
Yamakura et at?) and suggests that tHe® of Mn-sub-(Fe)-
SOD is significantly higher than that of Mn-SOD.

Discussion

Our data show that the inactivity of Fe-sub-(Mn)SOD can
be explained by inability to oxidize £°. This, in turn, can be
explained by a much lowet® for Fe in (Mn)SOD protein than
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Figure 6. Potentiometric titrations of Fe-SOD. The percent oxidation
of Fe-SOD evaluated by optical spectroscopy in the course of an
oxidative titration by Q (a) or a reductive titration by dithionitea()

both in the presence of DCIP, or an oxidative titration by(@®) or a
reductive titration by dithionite @) both in the presence of benzo-
quinone, is plotted as a function of the reduction potential measured
using an AgAgCI and Pt combination electrode. The best fit of the
Nernst equation to the data is shown as a solid lEe=€ 223 + 6
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Figure 7. Potentiometric titrations of Fe-sub-(Mn)SOD. The percent
oxidation of Fe-sub-(Mn)SOD evaluated by optical spectroscapy (
or by EPR spectroscop®] is plotted as a function of the reduction
potential measured using an RgCl and Pt combination electrode,

in the presence of benzylviologen. The best fit of the Nernst equation
to the data is shown as a solid line°(= —243 + 2).
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in (Fe)SOD. It does not appear to be due to inhibition gf" O
binding to F&"-sub-(Mn)SOD by OH. Thus, we propose that
SOD proteins tend to appl° tuning appropriate to the native
metal ion, to whatever metal ion is bound. When a metal ion
with anE° lower than the native ion is bound, the result would
be a SOD with a lower-than-native potential. Since Mn
compounds tend to have high&fs than the analogous Fe
compoundg; we surmise that (Mn)SODs tend to depress the
potential of bound metal ions more than (Fe)SODs do, so that
incorporation of Fe into (Mn)SOD results in a SOD with a low
E°, as we have shown here. We have also obtained preliminary
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evidence in support of the corollary that Mn-sub-(Fe)SOD observe. Moreover, a difference in the degree of protonation
should have a significantly higher-than-natikz& could be effectively distributed over several residues in the
Our arguments are applicable to either inner or outer sphereactive site in addition to the coordinated solvent, making it very
mechanisms for SOD, although the language used implies andifficult to detect via such indirect indicators as the metal-to-O
inner sphere mechanism. An inner sphere mechanism is inferreddistance measured in crystal structures. Such a distributed
for (1a) by the fact that competitive inhibitorsFand Ns~ proton might nonetheless produce a comparable effeEd¢a
coordinate to F&. However, OH binding to oxidized SOD that of a discrete additional proton on the coordinated solvent
and reaction with @~ could be mutually exclusive without OH (or another ligand), as computations of the localization of the
and Q*~ competing for a single binding site. Similarly, the electron density added upon reduction of SOD show that it is

requirement that the® of SOD be higher than that of fiD,*~ extensively delocalized over the metal ion and the ligdds.

in order for the enzyme to be acti¥#applies regardless of the It is also possible that the conformation of the active site is

mechanism. altered upon binding the non-native metal ion so that the
We also note that the enhancement of Fe-sub-(Mn)SOD homology of the structures of the native Mn- and Fe-SODs does

activity at low pH925is consistent with a depresse, as well not extend to the metal-exchanged SODs, in at least one

as inhibition by OH, since decreasing the pH would tend to oxidation state!

increase the protonation of groups surrounding the active site

and thus raise the® of SOD, but not that of @O~ Concluding Remarks
Since SODs must mediate both the reduction and the

oxidation of their substrate, there is both an upper and a lower

bound on the range &°s which can support activity, and only

SODs withE®s near the middle of the range are expected to

turn over rapidly. Thus, SOD activity is exceptionally sensitive L
to the E° of the metal ion, and the protein may be expected to Fe-sub-(Mn)SOD is significantly lower than that of Fe-SOD.

have been refined by evolution to achieve a close to optimal Therefore, we propose that Fe-sub-(Mn)SOD (and Mn-sub-(Fe)-
E°. SOD) is unable to catalyze the complete catalytic cycle, at least

Indeed. the difference between tBés of Fe-SOD and Fe- in part, because the metal i@ is too low (or high) as a result
sub-(Mn)éOD is very large and remarkable given that the (Fe)- of placement of the low potential metal ion in the protein that

SOD and (Mn)SOD proteins dEscherichia coliare expected more strongly depressés® (or th.e high potentigl lon in_the
to have very similar structures and the same amino acid ligand protein that depressés less). This simple chemically rational

sets based on the similarity of their amino acid sequences andpr(_)posal can explain observations dating back to 1976ur

the strong structural homologies between all Fe- and Mn-SODs ey|dence that the (Fe)SOOD and (Mn)SOD proteins have very
whose structures have been determined to date. Similarly,d'ﬁerptm effects on th&" of a bound metal lon, Qesplte .thelr .

electrostatic potential calculations carried out on the structuress.uPe”mposable backbone structures andlldent!cal amino acid
of E. coli Fe-SOD andhermus thermophilusin-SOD neglect- ligand sets, suggests that the _SOD proteins will b_e excellent
ing contributions from ligand residues indicate relatively small sxstems for e|u0|da§|ng mecha_mlsms by which proteins tune the
differences in the potential at the metal ion in the two protéins. E. N (.Jf bognd metal ions in a given structural context and metal

However, the large difference between #fs of Fe-SOD and binding site.

Fe-sub-(Mn)SOD suggests that it stems from some difference
in the ligand sphere.

Since the identities of the ligand amino acids have been found
to be invariant in all SODs investigated so far, we are
investigating the possibility that the degree of protonation of a
ligand, most importantly the coordinated solvent, is different
in at least one oxidation state of Fe-SOD and Fe-sub-(Mn)-
SOD. Density functional calculations have suggested that the
E° of the Mn of human Mn-SOD would be 1.3 V lower if the
coordinated solvent were OHthan if it were HO.44 Thus,
different coordinated solvent protonation in the two proteins
could account for the large difference between Hfs we

Our data show that Fe-sub-(Mn)SOD retains ability to reduce
O~ but fails to catalyze the dismutation because it is unable
to oxidize Q*~. Furthermore, we show that this cannot be due
solely to competitive inhibition by OH and that theE® of
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showing optical spectra of Fe-SOD collected at a range of
reduction potentials and the other showing EPR spectra of
Fe-sub-(Mn)SOD at a range of reduction potentials (2 pages).
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