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ABSTRACT. We have compared the active sitesssttherichia coliFe-substituted (Mn)superoxide dismutase
[Fe-sub-(Mn)SOD] and Fe-SOD to elucidate the basis for the inactivity of Fe-sub-(Mn)SOD, despite its
apparent similarity to Fe-SOD. The active site of (reducedyseb-(Mn)SOD is qualitatively similar

to that of native F&-SOD, indicating similar active site structures and coordination environments for
Fe*™. Its nativelike K is indicative of nativelike local electrostatics, and consistent wittfab-(Mn)-
SOD's retention of ability to reduce© [Vance and Miller (1998J. Am. Chem. Soc. 1&), 461-467].

The active site of (oxidized) Fé-sub-(Mn)SOD differs from that of F&-SOD with respect to the EPR
signals produced at both neutral and high pH, indicating different coordination environment$for Fe
Although Fé"-sub-(Mn)SOD binds the small aniongNand F, the Kp for N3~ is tighter than that of
Fe3*-S0D, suggesting that the (Mn)SOD protein favors anion binding more than does the (Fe)SOD protein.
The EPR spectral consequences of bindingaFe reminiscent of those observed upon binding the first
F~ to Fe*-SOD, but the EPR spectrum obtained upon binding N different, consistent with
crystallographic observation of a different binding mode fgr & Thermus thermophilusin-SOD than
Fe-SOD [Lah, M., et al. (1998iochemistry 341646-1660]. We find a K of 8.5 to be associated with
dramatic changes in the EPR spectrum. In addition, we confirmKheepiveen 6 and 7 that has previously
been reported based on changes in the optical signal gndbiNding [Yamakura, F., et al. (199%ur.

J. Biochem. 22,7700-706]. However, this latterkp appears to be associated with much subtler changes
in the EPR spectrum. The non-nativkgpobserved in Fe-sub-(Mn)SOD and the differences in the
Fe*t coordination indicated by the EPR spectra are consistent withdts-(Mn)SOD’s inability to oxidize

Oz~ and suggest that its lo®° is due to perturbation of the oxidized state.

In enzymes with a catalytically active metal ion, the residues are crucial to the nature of these residues’ interac-
identity of the metal determines what chemistry is possible, tions with each other and their influence on the activity of
but the protein specifies and controls the chemistry that the metal ion.
actually occurs. Despite their importance in determining the metal center

The first coordination shell comprises the ligands, whose activity, the effects of second sphere interactions are subtler
identities, number, disposition and ionization states define than those of ligands, and not nearly as well understood.
the geometry of the metal ion, determine whether and which This is partly because the collective and indirect nature of
substrates can coordinate directly, and set the reductionsecond sphere effects makes them more difficult to address
midpoint potential E°), which is a fundamental determinant py model studies. The Fe- and Mn-specific superoxide
of activity (reviewed in refl). The second shell influences dismutases (SODSre an ideal system in which to address
the activity of the metal ion by determining the polarity of the significance of the protein around the ligand sphere
the environment and modulating the properties of the ligands. because the two SODs employ the same amino acid ligands
Hydrogen bonds and electrostatic interactions that modify
the distribution of ligand electron density have large influ- Abbreviations: Asp, aspartate; Arg, arginine; DPREy-diphenyl-
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and the same overall structure and both bind either metalthe (K is shifted from 6.4 to 7.9, and that this amino acid
ion. However, differences in their second spheres are heldsubstitution also results in a substantial increase in the activity
responsible for the fact that each is active under standardof Fe-sub-(Mn)SOD, at all pHdlg). Finally, Fe-sub-(Mn)-

conditions only with its native metal ion bound.

SOD catalyzes the disproportionation ofOto O, and
H,O, by a two-step reaction in which the Fe or Mn ion
alternates between the3 and+2 oxidation states4.

0,” + M*-soD— 0, + M**-S0OD (1a)

0,” + M?*-SOD+ 2H" — H,0, + M*"-SOD  (1b)

where M signifies the bound metal ion. Although Fe- and
Mn-specific SODs are very closely related to one another

SOD has been shown to retain the ability to reduge Gut

to be unable to oxidize itl). This can explain Fe-sub-
(Mn)SOD'’s apparent overall inactivity and could be due to
too low anE®, or inability to correctly bind substrate. Indeed,
the E° was found to be~450 mV lower than native
Fe-SOD'’s, and is sufficiently low to explain Fe-sub’s
inactivity (16).

Thus, the apparent inactivities of Fe-sub-(Mn)SOD and
Mn-sub-(Fe)SOD may reflect a mismatch between Eie
of the metal ion and th&° tuning applied by the protein,
which has evolved to use the native metal idi6,(17).

' Because theE°’s of the 3+/2+ couple of high-spin Mn

they are essentially unrelated to the Cu and Zn-containing compounds are typically higher than tEes of analogous

SODs.

high-spin Fe complexesl®), Mn-specific SOD proteins

Fe- and Mn-SODs are dimers or tetramers of identical probably depress tHe® of Mn3*/Mn2+ more than Fe-specific
monomers, which each have one active site containing agop proteins depress that of €2, to approach th&®’
single Fe or Mn ion. The overall folds are the same, and in ot ~0 36 Vv (vs NHE) predicted to be optimal for SOD

both cases the metal ion is coordinated in a trigonal aetivity (19). Therefore, we have proposed that when Fe is

bipyramid by two His and an Aspin the equatorial plane
and a His and a solvent molecule as axial ligars)s (The
coordinated solvent is believed to be®iin (reduced) F&-

bound in the (Mn)SOD protein, its*' is depressed to a value
well below the nativeE® of 0.2—0.4 V (19), and similarly
that the E* of Mn bound in (Fe)SOD is insufficiently

SOD and to donate a proton to substrate upon oxidation Ofdepressed, to a value well above-8(4 V (16, 17. This

Fe to become OHin (oxidized) FE"-SOD ().

model is consistent with the increase in activity observed at

The amino acids immediately surrounding the active site |0 pH as protonation of the active site of Fe-sub-(Mn)-
are especially highly conserved among Fe- and Mn-SODs. sOD would tend to raise it&° and restore its ability to

In particular, His 30 and Tyr 33which may donate the other
of the two protons transferred to substrafg are universally

oxidize "
Fe-sub-(Mn)SOD’s lowE® can explain the former's

conserved. A hydrophobic shell surrounding the active site jnactivity, but demands an explanation itself. Furthermore,
is also strongly conserved. However, there are a few gjthough it is sufficient to explain inactivitylg), other
conserved differences. Most notably, the active site Gln is possible reasons have not been ruled out. Therefore, we have

derived from position 141 in Mn-SODs but position 69 in

now compared Fe-SOD with Fe-sub-(Mn)SOD, with respect

Fe-SODs. The side chain of this Gln is believed to hydrogen to active site integrity and substrate analogue binding, as

bond with both Tyr 34 and the coordinated solvent.

More than 20 years after the initial observati@), (we
are finally beginning to understand why Mn-SOD protein
with Fe bound instead of Mn [Fe-sub-(Mn)SCGDQjppears

inactive, as does Mn-sub-(Fe)SOD. Yamakura and col-

leagues have shown that Fe-sub-(Mn)SOD from f&xin-
ratia marcescensand Escherichia colidisplay increased
activity at low pH ©, 10. Increases in activity and anion

well as the [Ks of active site residues that interact with Fe
electrostatically or via hydrogen bonds, or are ligands to Fe,
since these will be important determinants of FE®s

MATERIALS AND METHODS

General. Mn-SOD was overexpressed from the sadA
sodB E. colistrain QC774 transformed with the sodA gene
on plasmid pDT1-5Z0) and purified as described previously

binding, and changes in the optical and the EPR signal, all (21). Specific activity was determined using the standard

correlate with a  of ~7 in S. marcescense**-sub-(Mn)-

xanthine oxidase/cytochrome assay at pH 7.82) or

SOD (10), and changes in the optical signal and increased assayed qualitatively by resolving SOD on nondenaturing

activity are associated with &pof ~6 in Fet-sub-(Mn)-
SOD from E. coli (9). These Ks are believed to be
analogous to the p near 9 affecting F&-SOD (11, 12.
Since the K near 9 inE. coli FE¢"-SOD is ascribed to
coordination of a second OHo Fe' (13, 19, the inactivity
of Fe¥-sub-(Mn)SOD might be related to OHbinding with
higher-than native affinity, but with similar effects on the
active site.

pH titrations of the activity and optical signal of Fe-sub-

(Mn)SOD indicate that upon mutagenesis of Tyr 34 to Phe,

2 For simplicity, the numbering of Fe-SOD froi&. coli is used
throughout, even when referring to Mn-SOD.

3(Mn)SOD and (Fe)SOD refer to the protein components of
Mn-SOD and Fe-SOD, respectively, and Fe-sub-(Mn)SOD and
Mn-sub-(Fe)SOD refer to Fe bound in (Mn)SOD protein and Mn bound
in (Fe)SOD protein, respectively.

PAGE and staining with nitroblue tetrazolium (NBT) and
riboflavin (23). Protein concentrations were determined
usingezgo = 8660, 9190, and 8950 M cm™? for Mn-SOD,
Fe-sub-(Mn)SOD, and apo-(Mn)SOD, respectively)(

Metal lon ReplacementsApo-(Mn)SOD was prepared by
dialyzing Mn-SOD into 3.5 M guanidine hydrochloride
(GuHCI), 20 mM Tris-HCI, and 10 mM EDTA at pH 3.1,
followed by 2.5 M GuHCI, 20 mM Tris-HCI, and 10 mM
EDTA at pH 8.0, and finally 25 mM KHPO,, pH 7.8, for
8 h each at £C.

Fe was introduced into the (Mn)SOD active site before
the protein was refolded, in contrast with earlier protocols
in which apo-protein was refolded prior to a second
denaturation step in which the Fe was adde® 9. Thus,
the third dialysis was against 2.5 M GuHCI, 20 mM Tris-
HCI pH 8.0, to remove excess EDTA. The solution was
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then sparged with Ngas for 1 h before an anaerobic solution collected at 9.30 GHz (or 9.47 GHz) at 77 K (or 65 K),
of FeClk was injected directly into the dialysis bag, which depending on whether a dewar insert (or a flow cryostat)
was resealed by clipping off the punctured area. The dialysiswas used, with 80 mW nominal microwave power, 2 G
bag was transferred to 25 mM Tris-HCI, pH 8.0, buffer which modulation amplitude, and 3000 G wide scans centered at
had been sparged with,Nbr at least 15 min, and the protein 2100 G obtained in approximately 20 min. EPR signals of
was allowed to refold for 812 h, during which time the  Fe-sub-(Mn)SOD at a range of pHs were collected at 65 K
GuHCI dialyzed out and the solution was kept anaerobic by at 9.47 MHz. Five milliliters of 0.1 mM F&-sub-(Mn)SOD
sparging continuously with N The final Fé" concentration ~ was dialyzed into 100 mM KkPO,, 100 mM KBr at pH
in the dialysis bag was 1 mM, and the (Mn)SOD concentra- 7.0 and then filtered. The pH was raised using_mliquots
tion was 106-200 yM. To rinse the protein free of of 100 mM KOH or lowered by careful additions of 100
extraneous Fe before the latter could oxidize and adheremM H3POy; 250 uL aliquots were removed to 4 mm EPR
nonspecifically, the protein was dialyzed againstddarged tubes, the pHs of the samples were measured, and the
1 mM EDTA, 25 mM Tris-HCI, pH 8.0, followed by 25 samples were frozen in liquid N The sample pHs were
mM Tris-HCI, pH 7.8, and finally 100 mM KBr, 100 mM  measured again after collection of EPR spectra.
K.HPO, at pH 7.8. EPR was used to quantify the Mn content of Mn-SOD,
Mn-reconstituted (Mn)SOD [Mn-rec-(Mn)SOD] was pro- apo-(Mn)SOD, and Fe-sub-(Mn)SOD, after incubation in 1
duced in a similar manner as the Fe-sub-(Mn)SOD, exceptM HCI to release all the Mn as Mh(H.O)s and then addition
that MnC}, was added to the dialysis bag instead of RLeCl of glycerol to 50% v/v. To detect single-digit micromolar
Protein yields were calculated from the concentrations and concentrations of M, signals were recorded at 77 K. The
volumes of each sample and taken as a percentage of thestandard curve of the peak-to-trough height of the low-field

starting amount of Mn-SOD. peak vs MA" concentration was linear witR = 0.9998,
Quantitative analysis of the ratio of Fe to protein was from 1 to 500uM Mn?*. This was used to determine the
performed colorimetrically using the ferrozine assay wiia Mn2* concentration in replicate samples of acid-denatured

= 28000 M! cm%, calibrated against a commercial Fe SOD. The percent Mif was determined by taking the ratio
standard, and verified by ICP-MS (Galbraith Labs). EPR of the Mr#™ concentration to the concentration of active sites,
was also used to assess the amount of non active site (NAShs determined from theg, Doubly deionized HO from a
Fe in oxidized samples, based on the amplitude of the Millipore filtering system was used exclusively.
signature of rhombic Fe at = 4.3 (see Results). NAS Fe NMR SpectroscopyNMR spectra were collected at 30
was preferentially removed by dialyzing Fe-sub-(Mn)SOD °C on an AMX at 300 MHz for'H. A super-WEFT
repeatedly against anaerobic 1 mM EDTA, 1 mM ascorbate, sequence with selective saturation of water was used to detect
and 20 mM Tris-HCI buffer at pH 7.8, followed by two the protein active site resonancexl(26. The pH was
dialyses against 100 mM KBr, 100 mM,;KPQ,, pH 7.8. determined from the chemical shifts of internal pH indicator
Optical pH and Azide Titrations. Visible absorption molecules 21) which were observed with a spiecho
spectra were collected on a Hewlett-Packard 8452A diode sequence incorporating 30 ms delays to suppress protein
array spectrophotometer equipped with a thermostated cellresonances.
compartment. pH, N, and F titrations were carried out For each NMR sample, 450L of 1 mM Fe-sub-(Mn)-
in a sealed 3 mL quartz cuvette equilibrated a5 The SOD in 100 mM KHPO, and 50uL of 2H,0 was degassed
pH was measured using a combination pH microelectrode and reduced with &L of 150 mM sodium dithionite in an
fitted into a 12 gauge stainless-steel needle (MicroelectrodesNMR tube fitted with a Teflon seal. The chemical shift
Inc.). Three milliliters of 0.1 mM Fe-sub-(Mn)SOD protein  standard DSS and the NMR pH indicators imidazole, 2,4-
dimers was dialyzed against 100 mM KBr, 100 mM KH  dimethylimidazole, and trimethylamine were included at
PO, pH 5.2, and filtered to remove precipitate before concentrations of 0.1, 2.0, 1.0, and 0.3 mM, respectively.
beginning the titration. The pH was increased by adding The pH of the sample was adjusted using 100 mM KOH,
small aliquots of 100 mM KOH, using a precision Hamilton and measured after each adjustment. The chemical shifts
syringe. Return points were obtained similarly by adding of the active site Fg-sub-(Mn)SOD resonances were then
100 mM HPO.. Addition of CI~ ion was avoided since  plotted as functions of the pH and fit with a Henderson
CI~ binds to and inhibits Fe-SOD (12). The absorbance’s  Hasselbalch equation with allowance for cooperativity:
dependence on pH was fit using the Henderddasselbalch
equation. Oa — Ogps K"
N3~ binding was monitored optically at various pHs by _ = _
titrating 0.1 mM Fe-sub-(Mn)SOD in a sealed 1 mL quartz Oa~ % K'+10 "

cuvette at 25°C. Each sample was titrated with-5 uL . .
aliquots of 1, 10, or 100 mM I?\Iad\land the developmeﬁn of whered, anddg are the chemical shifts of the acid and base

a strong shoulder at 390 nm was monitored. The pH was forms (obtained from the fitjos is the observed chemical
recorded before and after the azide additions. The apparenfhift @t @ given pH,K is the acid dissociation constant
Ko (Ko') was determined by fitting the data at each pH with obtained f.rom the fit, and is the Hill coefficient obtained
the azide-binding analogue of the Hendersbfasselbalch  from the fit (27).
equation, and the pH dependencekef (corrected for the RESULTS
pK of N37) was modeled usingp’ = Kp[1+ 10 (PH=PK)],

EPR SpectroscopyEPR spectra were collected on a Biochemical Characterization of Fe-sub-(Mn)SODable
Bruker 300MX calibrated ag' = 2 using DPPH and & = 1 presents the results of metal ion removal and incorporation
6 using myoglobin in 100 mM BHPO,. EPR spectra were in (Mn)SOD protein fromE. coli. The loss of activity upon
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Table 1: Fe Contents, Mn Contents, and Activities of Native and
Fe-Substituted SODs

sample Fe conteht  Mn content activity©
Mn-SOD 0 0.98 6800
apo-(Mn)SOD 0 0 0
Fe-SOD 0.98 6500
Fe-sub-(Mn)SOD 0.95 0 0

a2 Fe content was measured colorimetricalBg), and is expressed
on a per subunit basis. The uncertainty is estimated to be 0.03 per
subunit.®? Mn content was measured by EPR, and is expressed on a
per subunit basis. The detection limit is less thaaM. Mn or 0.005
per subunit, and the uncertainty is approximately S@atalytic activity
was measured in the standard xanthine oxidase/cytochcanuirect
assay at pH 7.82Q) which has a detection limit corresponding to less
than 0.1% of native SOD activity and an uncertainty~af00 units/
mg of protein for activities in the range of 5000 units/mg.

Mn removal was measured by assaying an aliquot of (Mn)-
SOD after the second dialysis in GuHCI but before Fe
addition or by producing refolded apo-(Mn)SOD in parallel

with the Fe-sub-(Mn)SOD. The Fe-sub-(Mn)SOD obtained
typically had over 95% Fe incorporation as determined by
the ferrozine colorimetric assay for Fe. In all cases, no

activity could be detected by the standard xanthine oxidase/°f

cytochromec assay at pH 7.82@) for either apo-(Mn)SOD
or Fe-sub-(Mn)SOD. Despite other repo28)( protein loss
due to precipitation was negligible.

Our procedure does not appear to damage the (Mn)SOD

protein, as Mn-rec-(Mn)SOD produced from either apo-
(Mn)SOD or Fe-sub-(Mn)SOD had equal if not higher
activity than the starting Mn-SOD. One sample was exposed

to three metal removal and substitution cycles, successively

incorporating Fe, Fe and then Mn, with recovery of over
91% of the activity of the starting material. In addition,

nondenaturing PAGE results in a single band, unless sub-

stoichiometric Fe is bound. Therefore, Fe-sub-(Mn)SOD’s
loss of activity must be ascribed to the identity of the metal
ion itself and its interactions with the protein.

Competition experiments indicate that Fe binds in the
active site, as reconstitution with a mixture of equal
concentrations of Fe and Mn resulted in SOD with 40% of
starting activity and fractional incorporation of Fe. Non-
denaturing PAGE of this material revealed multiple bands,
instead of the single bands obtained for each of Mn-rec- or
Fe-sub-(Mn)SOD.

Specificity of Fe Binding.The primary obstacle to clean
and complete metal substitution in (Mn)SOD is not difficulty
achieving stoichiometric incorporation of Fe, but rather the
near impossibility of avoiding nonspecific Fe binding.
Unfortunately, non active site (NAS) Fenot only exhibits
strong optical absorbance, which overlaps that of active site
Fe*t, but also binds many of the same anions. Therefore,
we used EPR spectroscopy of oxidized samples to asses
the amount of NAS F& present, based on its distinctive
rhombic signal aty = 4.3 (1550 G). NAS Fe was removed
by reducing the external Fewith ascorbate and chelating
with EDTA, as described under Materials and Methods.
Chelation alone did not completely remove NAS Fe. Figure
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Ficure 1: EPR spectra of Fé-sub-(Mn)SOD after each of a series
dialyses against EDTA and ascorbate, showing the decrease in
AS Fe content. The spectra with the largest amplitude in the region
of 1500-1800 G are those containing the most NASFdNAS

Fet decreased from the amount in spectrum (1) with each dialysis
against (2) 1 mM EDTA, (3) 1 mM each EDTA and ascorbate, (4)

1 mM EDTA, and (5-7) 1 mM each EDTA and ascorbate. Spectra
are scaled to the same active sité'Feoncentration, and selected
spectra are numbered in order of increasing number of NAS removal
steps. Although removal of NAS Fe was typically achieved with
loss of somex10% of active site Fe, active sites lacking Fe are
spectroscopically silent, and the Fe-containing active sites of dimers
in which the other active site lacks Fe appear to behave very
similarly to the active sites in fully metalated dimers, since the
activities of Fe-SOD and Mn-SOD are directly proportional to Fe
and Mn content, respectively2%, 35). Conditions for NAS Fe
removal and EPR spectroscopy are described under Materials and
Methods.

500 2500

g =4.99, 1350 G). Samples with essentially no NAS'Fe
retained 0.85 Fe per SOD monomer.

The near absence of NAS Fe from our clean samples
accounts for the significant difference between their EPR
signal (Figure 1, curve 7) and the EPR spectrum oftFe
sub-(Mn)SOD that has not been cleaned extensively (Figure
1, curve 4, and published examples). In contrast to previous
reports, we find that the neutral pH EPR signal of cleatt Fe
sub-(Mn)SOD is quite unlike that of FeSOD at any pH.

The optical spectrum of clean #esub-(Mn)SOD at low pH
resembles those in the literatu@ 15, and appears in Figure
3. Feé*-sub-(Mn)SOD absorbs wavelengths up to 450 nm
but lacks F&™-SOD'’s clear absorption maximum at 350 nm
(29). All optical characterizations described below were
erformed on F&-sub-(Mn)SOD containing Fé only in
the active site, and EPR spectra were collected at the end of
titrations to assess the degree of Fe release during the
titration. Less clean material was used in EPR characteriza-
tions, but only changes in features ascribed to the active site
Fe*t are described.

1 compares the EPR signals obtained from samples after The Actie Site of Reduced Fesub-(Mn)SOD.The active
successive dialyses against EDTA and ascorbate plus EDTAsite of (reduced) Pe-sub-(Mn)SOD is compared with that

at pH 7.6. Clearly, the rhombic signalgit= 4.3 is largely
eliminated while the active site signal is largely retained (e.g.

of FE*-SOD by*H NMR in Figure 2. Paramagnetism from
the high-spin F& ion shifts the resonances of residues in
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three strongly shifted resonances with one near 80 ppm and
the other two near 40 ppm. All three protons exchange with
solvent with the one resonating just above 40 ppm exchang-
ing on a time scale of milliseconds and the other two
exchanging more slowly in both cases. Thus, these three
resonances in Pé-sub-(Mn)SOD appear to represent the
same ligand HisONH protons 80) as the analogous
resonances in P&-SOD.

The NMR spectrum of Pé-sub-(Mn)SOD is sensitive to
pH, similar to that of F&-SOD. Consistent with their
assignment to homologous protons, the three resonances
between 35 and 80 ppm shift in the same directions fiFe
sub-(Mn)SOD and Pe-SOD as the pH is increased, and
plots of the chemical shift vs pH, for several different
resonances, all indicate &pof 9.1 + 0.1. This value is
slightly higher than the I of FEt-SOD of 8.5 21). In
addition, the resonance at 46.8 ppm became completely
saturated at high pH presumably due to saturation transfer
‘ from solvent, similar to the analogous resonance df e

80 60 Heh 40 @<kt A 0 20 SOD which becomes 50% saturated. The greater accessibil-
emical shift (ppm) ity to exchange of the ligand HiSNH proton corresponding
FIGURE 2: *H NMR spectra of reduced Fesub-(Mn)SOD (top)  to the 46.8 ppm resonance of Fesub-(Mn)SOD may be

aa‘l ';é; 'g’r%D? (goﬁte(’smé;iti}g‘:“egn%t ggﬁt-akled ?ﬁ&?fé?ﬁrvﬁéfegﬂles related to the lower stability of B&-sub-(Mn)SOD via a less
P . & 1esp Y rigid active site structure.

and DSS as described under Materials and Methods.
The Oxidized F&-sub-(Mn)SOD: Altered Substrate Ana-
0.4 e N | AL R logue Binding and pKs.The ability of Fé*-sub-(Mn)SOD
pH 6.0 pH 7.6 to bind Ns~ and F was used as a proxy for ability to bind
\ | the substrate, ©. Upon binding N, a pronounced
\ shoulder develops in the optical spectrum~s400 nm
0.3 \ 1 [Figure 3 and 10, 15]. However, the spectrum is less
\ N intense at longer wavelengths (or less red-shifted) than the
] spectrum of N~-ligated FE"-SOD (29). Titrations yielded
an apparent dissociation constant at low pHKgf = 90
\ 1 uM instead of F&"-SOD’s larger low pHKp' of 2.1 mM
(12, 29. Thus, we confirm that Fé-sub-(Mn)SOD binds
N3~ at least 10 times more tightly than does+&8O0D.

\ Comparison of the EPR spectra of thegNand F
\ 1 complexes of F&-sub-(Mn)SOD with that of unligated Fe
\ 1 sub-(Mn)SOD clearly shows that both of these anions

\ | coordinate to F&, as in F&™-SOD (Figure 4). Our spectrum
of F-bound Fé*-sub-(Mn)SOD looks similar to the inter-
mediate signal formed upon ligation of 1 equiv of 16 F&*-
SOD, although F-Fe¢*-SOD’s EPR spectrum is a compli-
cated superposition of three different signals because Fe

Wavelength (nm) SOD hinds 2 equiv of Fin succession9). The signal we

FiGURE 3: Effect of azide binding on the optical spectrum of ©Obtain from N~-Fe’*-sub-(Mn)SOD is distinctly different
oxidized F&"-sub-(Mn)SOD. Left: optical spectra of Fesub- from that of N\"-Fe*t-SOD 9) as also noted byl6).

(Mn)SOD at pH 6 in the absence (solid line) and presences;of N P : :
(dashed line). The latter spectrum was obtained in the presence of pH Titrations. The changes in the optical spectrum of

saturating N, (= 1.5 mM). Right: optical spectra of Fesub- Fe**-sub-(Mn)SOD upon alkalinization parallel those previ-
(Mn)SOD at pH 7.6 in the absence (solid line) and presence of ously reported [Figure 3 an®,(15] with apparent bleaching
N3~ (dashed line). The latter spectrum was obtained in the presencepossibly due to a shift to shorter wavelengths. EPR confirms
of saturating N, (= 4 mM). Spectra were obtained at 28ina — that Fe is not released upon addition of KOH up to at least
Bﬂgg: ﬁggr?szdaﬁzl&gthjgwoﬂoo mM KBr, as described 1119 The change in absorbance at 370 nm as a function
of pH reveals two pH transitions, withkg equal to 6.7
and near the active site out of the diamagnetic envelope.0.1 and 8.5t 0.3 (Figure 5). Assumption of a singl&p
Although individual resonance positions are different in the yields a considerably poorer fit to the data, which clearly
two proteins, F&-sub-(Mn)SOD has a similar pattern of display the inflection near pH 8.5. Although a second, higher
paramagnetically shifted resonances t8*F8OD, despite pK has not been claimed before, a similak pas been
the extreme sensitivity of paramagnetic chemical shifts to invoked to fit activity vs pH data28), and the effect we
differences in the electronic structure of the paramagnet andobserve appears to be present in a published optical pH
the conformation of the active site. Both spectra display titration as well (5).

Fe2sub(Mn)SOD pH 6.7

Fe?SOD pH 7.2

Absorbance

0 " I " I I
300 400 500 300 400 500 600
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Ficure 4: EPR spectra of free Fesub-(Mn)SOD in 50% glycerol
(top), F-bound Fé*-sub-(Mn)SOD (middle), and N-bound Fé*-
sub-(Mn)SOD (bottom). Samples contained 0.1 mM-‘Faub-
(Mn)SOD in a buffer composed of 100 mM KHRQO,, pH 7.4, to
which was added glycerol (final concentration 50% v/v), NaF (25
mM final concentration), or NajN(2.5 mM final concentration).
The Fé"-sub-(Mn)SOD preparation used contained a small but
common quantity of NAS Fe evident in the top spectrum between
1500 and 1600 Gg( = 4.3). This species is still present, but less
evident in the spectra of ligated Fesub-(Mn)SOD because the
active site F&" is converted to a form whose signal overlaps with

and obscures that of NAS Fe. Note the different vertical axes used

for the three spectra. Thg values of prominent spectral features
are indicated.
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Absorbance at 370nm

FiIGURE 5: pH titration of Fé*-sub-(Mn)SOD based on the change

in absorbance at 370 nm. The dashed curve represents a fit to the
data of the HenderserHasselbalch equation for a singl&kp
(yielding a K of 6.7 + 0.1), and the solid curve represents a fit to
the data assuming twdKs (yielding Ks of 6.7+ 0.1 and 8.5+

0.3). The same result is obtained using other wavelengths, the
absorbance at 600 nm was subtracted from that at 370 nm to correct
for base line fluctuations, and titrations were performed at@5

in a buffer composed of 100 mM KIRO,/100 mM KBr, as
described under Materials and Methods.
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FIGURE 6: Titrations of F&"-sub-(Mn)SOD with N~ based on the

10000

The (K of 6.7 appears to be associated with decreasedoptical absorbance at 390 nm. Titrations were performed 8€25

affinity for N3~. Although individual azide titrations were
well-behaved and conformed to a single binding event
(Figure 6), theKp' increased with increasing pH to 2635

uM at pH 6.75 and 9+ 0.06 mM at pH 9.0. The pH
dependence of thiKp' is consistent with an event mutually
exclusive of N~ binding associated with akpof 7, or
requirement of a proton withkp= 7 4 0.1 for N;~ binding
(Figure 7). The similarity between thidpand the optical

in a buffer composed of 100 mM KIRO,/100 mM KBr, as
described under Materials and Methods. Titrations obtained at pHs
6.75 @) and 9.0 ©) are compared.

6.7—7 agrees better with the value of 6.4 fér coli Fe**-
sub-(Mn)SOD (5) than the value of 6.1 (9).

EPR spectroscopy probes the metal ion directly and thus
provides a means of separating protein- and metal-derived
contributions to changes in the optical spectrum. Elevation

pK of 6.7 suggests that the two correspond to the same eventof the pH gives rise to a dramatic change in the EPR signal

Thus, our data agree with those 8nmarcescend0), that
the (K affecting anion binding is considerably lower in’Fe
sub-(Mn)SOD than in F&-SOD. However, our value of

from relatively rhombic-lookingwith g' values of 4.99, 3.84,
and 3.46 at pH 7, to a very broad signal with— 8.0+ 0.3
and 5.2+ 0.1 (Figure 8). Although the high-pH sample
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Ficure 7: pH dependence of the apparent dissociation constant —~ Fe-SOD

Kp' of Fe¥*-sub-(Mn)SOD for N~. Samples of 0.1 mM Fe&-sub- \/f’ TpH11.2

(Mn)SOD in 100 mM KHPO,/100 mM KBr were titrated as
described under Materials and Methods. The solid line assumes
mutually exclusive N~ binding and either OH binding or
deprotonation, and yields &pof 7.0 with a standard error of 0.02
assuming a low-pH asymptote of @M, theKp' at the lowest pH.

3+
contained a small amount of NAS Fe the latter’s signal Fe 'SUb'(M")soi’
adamg Ay
1

did not appear to change with pH. Apart from the NAS et v
Fe*t, the spectrum of Peé-sub-(Mn)SOD at high pH appears V pH 9.55
1 1

to be composed of a single signal that has ceased to change
with further pH increases, and completely replaces the neutral ]
pH signal. The pH dependence of the amplitude ofghe

= 8.0 feature is described by a singlé pf 8.5+ 0.1 (Figure 500 1000 1500 2000 2500 3000
9). The pH dependence of the features in the regiog' of Magnetic Field (G)

= 4-5 is more complicated, and indicative of at least one . _

additional, lower K. A feature ay = 4.8 develops at lower glgLE)RI(ESgCOII‘E]g)RatS E’g&lfalogfi}%?ﬁ[zs%og )(t?]?r(é)ﬁjlf%(_'\s@g:

pHs. However, we are not confident of having produced a (Mn)SOD (bottom) at high pH. The neutral pH spectrum of Fe-
sample containing a single low-pH species, even at the lowestsub-(Mn)SOD contains a small contribution from the high pH

pH accessible so far. signal. Samples contained 0.1 mM SOD in 100 mMJi&,, 100
mM KBr at the stated pHs. EPR conditions were as described under
DISCUSSION Materials and Methods. Thg values of prominent spectral features

are indicated.

One of the long-standing mysteries of bioinorganic
chemistry is why Fe-sub-(Mn)SOD appears inactive despite around the common Fe metal iénlt also provides a base
the strong structural and amino acid homologies betweenline for future characterizations of mutants of (Fe)SOD and
(Fe)SOD and (Mn)SOD proteins. Yamakura and colleagues (Mn)SOD with both Fe and Mn bound.
have reported that thekpassociated with substrate analogue  Discrimination between Fe Bound in the AetiSite and
binding and the optical spectrum is shifted to lower dig)( Elsewhere. Fe can bind either outside the active site or in
Whittaker and Whittaker have shown that replacement of disrupted active sites, in Fe-SOD and Fe-sub-(Mn)S@D (
Tyr 34 with Phe ameliorates activity and shifts the loi¢ p  25). In Fe-SOD, a more rhombic EPR signgl € 4.3) was
up closer to that of native Fe-SOMLY), and we have  attributed to NAS Fe, whereas a less rhombic EPR signal
determined that Fe-sub-(Mn)SOD has a strongly depressedg = 4.8—3.6) was attributed to native FeSOD active sites
E° and that it can mediate reduction, though not oxidation as it was rapidly reduced by,O and its intensity correlated
of Oy~ (16). Here, we seek to identify factors that could with activity (4). An EPR signal analogous to the more
be related to Fe-sub-(Mn)SOD'’s Io#?, as well as alternate  rhombic signal § = 4.3) is present to varying degrees in
reasons for Fe-sub-(Mn)SOD’s specific inability to mediate most Fe-sub-(Mn)SOD preparations.
oxidation of Q~. Comparison of samples with similar concentrations of

The current comparison of Fe-SOD and Fe-sub-(Mn)SOD active site Fe based on the amplitude of its EPR signgl at
reveals effects due to differences between the (Fe)SOD and= 4.99, but different amounts of total Fe, enabled us to
(Mn)SOD proteins, as it represents a protein substitution

51t is not able to address the possibility that either protein's
4 E/D may not be sufficient to describe the EPR signals of Fe-SOD, interactions with a given metal ion will produce properties that depend
as demonstrated beautifully bg1). on the specific combination of protein and metal ion.
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FIGURE 9: pH titration of F&f-sub-(Mn)SOD based on the
amplitude of the EPR feature gt = 8.0. The titration and EPR
conditions were as described under Materials and Methods. The
signal amplitude aff = 8.0 was corrected for sample concentration
after base line correction.

correlate the amplitude of thg'= 4.3 signal with the

(variable) amount of excess Fe, and indicated that Fe-sub-

(Mn)SOD samples with typical EPR spectra (such as curve
4 in Figure 1) contain only15% NAS Fe. Nonetheless,
we find that the optical spectra of such samples are
significantly more intense than those of samples without NAS
Fe. Thus, even a litle NAS Fe can make a substantial
contribution to optically detected pH and anion binding
titrations, and thelgs andKps reported based on such studies
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The reduced state is believed to supply at least one of the
protons required in reaction 1b, probably from Tyr 34, whose
pK of 8.5 has been identified in FeSOD (7). The fact
that the ligand Hi)NH resonances of Fe&-sub-(Mn)SOD
respond to pH by shifting by comparable amounts in the
same directions as analogous resonances &f-E&D
indicates that the same event is being monitored, i.e., the
deprotonation of Tyr 34. This and the relatively small
difference between thekpof 9.1 and the K of F&™-SOD
are consistent with the fact that Fe-sub-(Mn)SOD remains
active with respect to the reaction mediated by the reduced
state, 1b 16). Finally, the similarity of the two K values
suggests that the (Mn)SOD protein produces an electrostatic
potential that is only slightly more negative than that of (Fe)-
SOD at the active site in the reduced state, with the difference
being much too small to account for the differdifts.

Oxidized State of Pé-sub-(Mn)SOD: Perturbation of the
Active Site but Retention of Substrate Analogue BindTing
EPR signal of neutral pH Fé-sub-(Mn)SOD is significantly
different from that of F&-SOD, suggesting an altered ligand
field in the oxidized state. However, additional experiments
and spectral simulations possibly employing the general
crystal field Hamiltonian including quartic terms and a
distribution of E/D values 81) may be required for a more
guantitative appreciation of the differences.

Since reaction 1b may proceed via an outer sphere
mechanism 34) whereas reaction la is believed to be an
inner sphere reactior29), inability to bind substrates could
explain Fe-sub-(Mn)SOD’s inactivity specifically with
respect to reaction la. The fact that the substrate analogue
N3~ binds more tightly to F&-sub-(Mn)SOD than Fe-
SOD argues that Fe-sub-(Mn)SOD can also bind O.
Furthermore, the EPR signal of f~e*"-sub-(Mn)SOD
resembles the signal observed from singtydeund Fé"-
SOD, suggesting that Foinds to Fé&" similarly in the two

do not reflect the active site alone unless NAS Fe has beenproteins. The EPR and optical signals of Nre**-sub-

scrupulously removed. The absence of NAS Fe from our
preparations can explain the difference betweenkauand

pK and those in the literature. Although our clean prepara-
tions yield aKp for N3~ of 90 uM at pH 6.0 and a K of

6.7, preparations that had EPR signals similar to those in
the literature displayed gy of 0.01 mM at pH 5.0 and alp

of 6.1, similar to the values previously reportetb( 9,
respectively.

Reduced State of Fesub-(Mn)SOD: Integrity of the

Active Site and Competence for Proton Donatio@ur

characterizations yield clues, but not answers, as to why Fe-

(Mn)SOD are different from those of ;N\-Fe*"-SOD (also
see refl5). However, it does not appear that inability to
form a precursor complex explains why3Fesub-(Mn)SOD
fails to mediate reaction 1la.

Deprotonation and OH Binding Events in the Oxidized
Active Site That Could Be Related to".EIn Fe-SOD,
reduction is coupled to proton uptake?j. Thus, the overall
E° observed reflects not only tHe® of the metal ion itself
but also the Ks of the group that accepts the proton, in the
reduced and oxidized states. Assuming that the same
happens in Fe-sub-(Mn)SOD, a change in teopthe group

sub-(Mn)SOD is inactive. NMR spectroscopy indicates that that takes up a proton, in either oxidation state, would
the active sites of P&-SOD and Fé&'-sub-(Mn)SOD are  contribute to an altereB°. Moreover, any ionizable residue
similar since they display three similar resonances ascribedclose enough to Fe to interact electrostatically with it, and
to ligand HisoNHs. The NMR resonances of residues in any hydrogen bonding group that donates or accepts hydro-
the active site are paramagnetically broadened and shiftedgen bonds to the ligands, will also affect th& Thus, the
depending on their proximity and through-bond connections pKs of residues in and around the active site are closely
with the Fé*. Paramagnetic contributions to chemical shift related to the Fé&°.

reflect the Fé&' electronic state as well as the unpaired  The Lower pK. Optical titrations of F& -sub-(Mn)SOD
electron spin distribution among the valence orbitals, and reveal two [Ks, one with a large (absolute) effect ego

the line widths of active site resonances are very sensitivewith pK = 6.7 +£ 0.1 and another with a 10-fold smaller
to active site structure as they depend on the inverse sixtheffect with ) = 8.5+ 0.3. The lower K appears to affect
power of the protons’ distances toF€32, 33. Thus, the substrate analogue binding. However, it has subtle (if any)
very similar chemical shifts and line widths of the ligand effects on the EPR spectrum, indicating that it does not
ONHs indicate that the electronic structure ofFand its correspond to OHbinding to F&*. Since the optical signal
interactions with its ligands are similar in the two proteins. is ascribed to a LMCT, the change g, might be due to
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changes in the character of the ligand orbitals contributing The apparently weaker effect on the optical signal is
to the ground state, with relatively minor changes in the metal deceptive, since the optical signal is already strongly shifted
orbitals. Thus, it appears to affect the protein’s contribution or quenched by the lowerkp Similarly, OH™ might still

to anion binding instead of the Fe’s, and could perturb a act as a competitive inhibitor of substrate analogue binding,

protein site at which & binds prior to coordinating to Fé except that the latter is already too weak to be distinguished
[a “prebinding” site, by analogy with the two-step binding from nonspecific effects as a result of the lowét. pThus,
of N3~ observed in F&-SOD (11)]. N3~ (and F) binding lowering of the X of some other event to a value lower

could be disfavored by loss of a proton involved in hydrogen than the & describing OH binding could result in many
bonding to incoming anions, or by a decrease in the net of the native consequences of OHinding being displayed
positive charge of the active site and thus the latter’s affinity “first” and more dramatically in connection with the other
for anions. The group responsible for thi€ pf 6.7 has not event.

been identified, but it appears to interact with Tyr 34 since

Y34F Fe-sub-(Mn)SOD retains the optical signature of the CONCLUDING REMARKS

pK but at a modified K value {L5). It is tempting to draw parallels between the pH depend-
The alternate possibility of OHbinding in the “prebind- encies of F&™-sub-(Mn)SOD and native EeSOD. How-
ing” site raises the question of whysNand F coordinate  ever, the | that affects anion binding in Be-sub-(Mn)SOD
to FE* but OH™ does not. Thus, one enigmatic difference s 2 pH units lower than in Pé-SOD and is not associated
between F&-SOD and F&-sub-(Mn)SOD is that whereas  jith a large change in the EPR spectrum. |&*F&ub-(Mn)-
OH", N57, and F all behave in qualitatively similar fashions  sop, an additional i with a value similar to that of Fe-
in Fe**-SOD, binding in competition with one another and oD (8.5 vs 8.5-9) is associated with a dramatic change in
all affecting both the EPR and optical signald (12, OH" the EPR signal, but the resulting signal is very different from
does not appear to coordinate te*Fat the concentrations  that of OH-F&+-SOD. Thus, it is not clear whichKs
at which increasing pH inhibits N binding, and N” does  correspond to the same events in the two different proteins,
not appear to form a nativelike complex. and thus which ones’ values ought to be compared.
Finally, the observation that the EPR spectrum (at 65 K)  Nonetheless, it is very likely, considering the similar
and the optical spectrum (at 298 K) appear to depend oncompositions of the two proteins’ active sites, that the same
two different [Ks is unlikely to be due to a temperature- events occur in Fe-sub-(Mn)SOD as in F&-SOD. If so,
dependentl§, as EPR spectra collected on a pH 7.3 sample our data indicate that their effects on the active site are
contained comparable amounts of the low-pH signal at 65, different and that they may not occur in the same order. The
203, and 217 K. Since pH 7.3 is between the tspthe  presence, protonation states, aid pf coordinated solvent
spectra should have contained less of the low-pH signal atcan have important effects d#, as can the ionization and
the higher temperatures and more of the low pH signal at hydrogen bonding states of other ligands and residues in the
the lower temperatures if they were reflecting a singfe p  second sphere. Therefore, the alterd pbserved in Fe-
occurring at lower pH at higher temperature. Similarly, a sub-(Mn)SOD could constitute a qualitative basis for its low
pH 7.4 sample frozen as a glass in 50% glycerol produced E°, along with an altered ligand field as indicated by the
a spectrum resembling those of samples frozen without nonnative EPR signals.
glycerol (Figure 4, top curve, vs Figure 8).
The Higher pK. Although this is the first formal report ~ACKNOWLEDGMENT
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