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ABSTRACT. The effect of the substrate analogues azide and fluoride on the manganese(ll) zero-field
interactions of different manganese-containing superoxide dismutases (SOD) was measured using high-
field electron paramagnetic resonance spectroscopy. Two cambialistic types, proteins that are active with
manganese or iron, were studied along with two that were only active with iron and another that was only
active with manganese. It was found that azide was able to coordinate directly to the pentacoordinated
Mn(ll) site of only the MnSOD fromEscherichia coliand the cambialistic SOD frorRhodobacter
capsulatusThe formation of a hexacoordinate azide-bound center was characterized by a large reduction
in the Mn(Il) zero-field interaction. In contrast, all five SODs were affected by fluoride, but no evidence
for hexacoordinate Mn(ll) formation was detected. For both azide and fluoride, the extent of binding was
no more than 50%, implying either that a second binding site was present or that binding was self-
limiting. Only the Mn(ll) zero-field interactions of the two SODs that had little or no activity with
manganese were found to be significantly affected by pH, the manganese-substituted iron superoxide
dismutase fronk. coliand the Gly155Thr mutant of the cambialistic SOD frBarphyromonas gingalis.

A model for anion binding and the observel mvolving tyrosine-34 is presented.

Superoxide dismutases (SOCare enzymes that play a equatorial plane by two histidines and an aspartic acid and
key role in cellular protection against oxidative stress in the axial positions by a histidine and a solvent molecule
conditions. They catalyze the disproportionation of super- forming an unusual trigonal bipyramidal geometry (Figure
oxide to form molecular oxygen and hydrogen peroxitle (  1). The axial solvent molecule is thought to be an hydroxide
2) through a cyclic oxidationreduction mechanism involv-  anion in the oxidized form of the enzyme and a water in the
ing a metal cofactor3—5). Four families of SODs are reduced form&, 9). This solvent molecule hydrogen-bonds
distinguished by their native metal ion: manganese, iron, both the aspartate ligand and the amide side chain of a nearby
copper-zinc (1), and nickel 6, 7). glutamine-146 Escherichia coliMnSOD amino acid num-

Although iron and manganese SODs exhibit high structural bering is used throughout this work) that in turn donates a
homology 8—11), their activities are highly metal-specific hydrogen bond to the highly conserved tyrosine-34 residue
(12, 13), and only a small subgroup of so-called “cambial- (Tyr34). These amino acids are part of an extended hydrogen-
istic” SODs are active with either metal iob4—18). Among bonding network that is thought to be important for the
the Fe- and MnSODs, the metal is coordinated in the activity, by controlling proton motion and determining the

; pK of the active site.
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1 Abbreviations: SOD, superoxide dismutase; MnSOD, manganese P o P
superoxide dismutase; FeSOD, iron superoxide dismutase; EcMnSOD MnSODs indicate alg of 9.4-9.8 (24, 25). For the oxidized

Escherichia colimanganese superoxide dismutase; EcFeSDRoli ‘'state (Mn(I1)SODs), Borgstah2@) and Whittaker 27) have
iron superoxide dismutase; EcMn(Fe)SOB, coli manganese- proposed that the observed pbetween 9.4 and 10.1

substituted iron superoxide dismutase; ReMnS@Dodobacter cap- corresponds to hvdroxide binding to the metal. while others
sulatus manganese superoxide dismutase; PgMnSOD-RGrphy- P y 9 '

romonas gingialis manganese superoxide dismutase; PgMnSOD- have argued that it is due to Tyr34 deprotonatia8, @5,
G155T, mutant oPorphyromonas gingalis manganese superoxide 28, 29). By contrast, the pH dependence of the Mn(ll)
dismutase in which Gly155 has been replaced by a threonine; EPR, oxidation state has not been extensively studied.KAob

electron paramagnetic resonance; HFEPR, high-field EPR; NPB, ; _
nonprotein bound; PCM, point-charge model; Tris, Tris(hydroxym- 10.7 for EcMn(I)SOD has been assigned to the deprotona

ethyl)aminomethane; Caps;cyclohexyl-3-aminopropanesulfonic acid; ~ tion of Tyr34 using Resonance Raman spectrosc@sy. (
EDTA, ethylenediaminetetraacetic acid. However, the 9 GHz EPR spectra also suggested that there
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Equation 1 describes the energies and wave functions of the
six electronic spin states where the first term describes the
electronic Zeeman interaction and the second the hyperfine
[ — interaction f) between the unpaired electrorgs= 5/2) and
ol \ the manganese nucleus= 5/2). Within the experimental
accuracy of the high-field measurements, the Mn(ll) centers
in SODs havey andA values that are isotropic with values
of 2.0009 and 0.240 GHz, respectivel1]. The last two
terms of eq 1 represent the zero-field interaction, described
by the axial,D, and rhombicE, parameters. The zero-field
D andE parameters vary significantly among the different
Mn(I)SODs ranging from 10.1 to 10.8 GHz for the former
and 0.2 to 0.9 GHz for the latted ).

Azide addition to theR. capsulatusand E. coli Mn(ll)-

Ficure 1: Structure of the MnSOD metal site. The Mn ion is ;
coordinated by an Asp and two His in the equatorial plane and SOD samples has been shown to lead to a large reduction

another His and a solvent molecule in the axial positions. N the Mn(ll) zero-field interaction to 1.4 GHz due to the
Glutamine-146 and tyrosine-34, which are part of the hydrogen- formation of a hexacoordinate Mn(ll) centetQf. At high
bound network, are also shown. magnetic fields, the second-order zero-field contributions

, , became smaller than the hyperfine coupling leading to the
were changes in the electronic structure of the Mn(ll) center 5pnearance of six evenly spaced sharp resonances separated
at about the same pr2g). by the hyperfine coupling), and centered near the magnetic

In addition to pH, Fe- and MnSODs are also affected by fie|q corresponding to the free electrgavalue (2.00232 or
small anionic substrate analogues, such as azide and fluoride; g 16 T at an observation frequency of 285 GHz).

These two analogues also act as competitive inhibitors of
the activity @, 20, 30—34). It has been shown that they are
able to directly coordinate to the Fe(ll)SOD centeB$§, (

35). In contrast, there is no evidence for direct coordination
of these analogues to the reduced Fe(I)SOD metal center,
even at very high concentration36{ 37). However, Fe(ll)-
SOD has been shown to bind fluoride probably near Tyr34,
implying that the reductive half-reaction might proceed
through an outer-sphere mechani€y3(/). A hexacoordinate
azide-MnSOD complex has been observed in the crystal

structure oft_hél'hermus thermophilysrotein (30)..How¢ve_r, . _G155T) @3). This latter mutation converted the cambialistic
spectroscopic studies have shown that azide binding is . . .
protein to an iron-dependent one. To establish a more

temperature-dependent. Although earlier studies have sug- . L SO

' . . -~ complete picture of analogue binding and inhibition, we also
gested that azide binds at room temperature with conservation . . oo :
of coordination number, with the metal remaining pentaco examined the effects of the fluoride binding. These studies

ordinate 88), Jackson and co-workers have recently shown were complemented with a complete pH study of the five
. SODs.

that the room-temperature spectrum can be assigned to an

outer-sphere azideSOD complex which is transformed into EXPERIMENTAL PROCEDURES

an inner-sphere hexacoordinated azi&®D complex at low

temperatures30). These measurements in conjunction with  SamplesE. coli Mn- and FeSODs were purchased from

others suggest a prebinding site for the superoxide that isSjgma-Aldrich. The SODs were washed several times with

likely to be near Tyr34g, 19). In our preliminary work, we 1 mM EDTA in 10 mM Tris-HClI buffer, pH 7.8, to remove

exploited high-magnetic field EPR (HFEPR) to confirm any adventitious manganese ions. Manganese(ll) substitution

unambiguously that at cryogenic temperatures azide doesinto EcFeSOD is described in refl. Preparations of

bind directly to the Mn(Il) centers i&. coliandRhodobacter RcMnSOD, PgMnSOD, and PgMnSOD-Gly155Thr are

capsulatusSODs forming hexacoordinate metal centdi®(  described separately in other communicatict® 43, 44).

The magnetic zero-field interaction of Mn(ll) ions in  Spectra were obtained from protein samples containing 10
manganese-reconstituted Fe- and MnSODs can be used tenM Tris-HCI, pH 7.8, and 0.1 mM EDTA. For analogue
monitor changes in the coordination number of metal ion, binding studies, the buffer contained 10 mM Tris, pH 7.8,
as well as to detect more subtle changes in the proteinand fluoride or azide added from a 500 mM stock solution,
environment 41, 42). Accurate measurements of the Mn-  put no EDTA was added. For pH studies, 10 mM Tris-HCI
(I1) zero-field interaction can be readily made using HFEPR. containing 0.1 mM EDTA was used between pH 7.5 and 9,
The Mn(ll) EPR spectra are determined by the spin Hamil- and 100 mM CAPS without EDTA between pH 9.5 and 11.

We have expanded upon our preliminary HFEPR work
on azide binding to SODs, by including the manganese and
the manganese-substituted iron SODs frigntoli (EcMn-
SOD and EcMn(Fe)SOD, respectively), as well as the
cambialistic SOD fromR. capsulatugRcMnSOD) which
exhibits higher activity with manganese than with ird8)
the fully cambialistic SOD fromPorphyromonas gingalis
that is equally active with iron and manganese (PgMnSOD-
WT), and a mutant of this latter protein in which the glycine-
155 has been substituted with a threonine (PgMnSOD-

tonian: The samples were flash-frozen in liquid nitrogen before
spectra were taken. Adventitious Mn(ll) ions and exogenous
H=p8BgS+ I -A-§+%(3§ — S+ 1)+ ligands were removed from the samples gsia 5 mL

desalting column (Hi-Trap, Amersham Biosciences). Ultra-
E(Si + ) (1) filtrations were carried out using 30 kDa cutoff membrane
2 filters (Centricon YM-30, Millipore Corporation).
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Table 1: Percent of Inhibition of SOD Activity by Azide and
Fluoride A EcMnSOD Filtrate
enzyme 10 mM azide 10 mM fluoride : \
)

EcMnSOD 41+ 5 31+ 3

RcMnSOD 37+ 3 30+ 2 1

PgMnSOD-WT 31k 2 27+3 : ; EcMnSOD
PgMnSOD-G155T 292 16+ 3 ; :

Activity MeasurementsActivity measurements were car-
ried out using the standard assay of McCord and Fridovich M
(45) in 50 mM phosphate buffer, pH 7.8, at 2&. The : ReMnSOD
inhibition of the activity by the substrate analogues was 5 :
measured by addition of 10 mM azide or fluoride to a protein
sample containing all of the required components except the
xanthine oxidase, which was added to start the reaction after
10 min of sample incubation.

High-Field EPR SpectraThe spectrometer has been
described in detail elsewherg). Field calibration was based
on a Mn(ll)-doped MgO standardg(= 2.000101) 47)
sample, and the absolute error in field measurements was 1
G (0.1 mT) or 0.0001 irg. All spectra were obtained with
10 G modulation under nonsaturating conditions at 285 GHz
with 5 G resolution at 25 K. The quality of spectra was such
that they could be reliably reproduced and singly and doubly
integrated.

Conventional 9 GHz spectra were obtained on a Bruker L Col
ESP300 EPR spectrometer equipped with an Oxford Instru- 10.15 Fil?d%ﬂ 10.25
ment cryostat for sample temperature regulation and a

Hewlett-Packard frequency counter for microwave frequency E;Sﬁﬁ_'z:(s'g:%sﬁ] 2SH'EE|'\DAE§OpeDc%aHatlg';_7#280,\(/'1?85&';“%5'_)' irc')dS‘f"t

measurements. _ PgMnSOD-WT, pH 11.1; PgMnSODG155T, pH 10.8; EcMn(Fe)-
Estimation of Zero-Field Parameterdé/e have shown that  SOD, pH 10.3). The spectrum of the filtrate of the pH 10.8

it is possible to obtain simulations that accurately reproduce EcMnSOD sample containing nonprotein bound (NPB) Mn(ll) is
the HFEPR spectra of SOD proteinl( 42). Error limits also shown (top).
of the fitting procedure were-0.06 GHz for the two zero-

EcMn(Fe)SOD|

. see below and ref#l0) to the metal centers, were the
field parameters. However, some of the spectra encountere T S
. ! . o most affected. Fluoride inhibited the enzyme activities to a
in this study arose from multiple centers that had distinct . - ;
! e slightly lesser degree than azide, ranging from 16 to 31%

zero-field parameters that made these spectra difficult to S ;

. Table 1). The inhibition by fluoride followed the same trend
simulate. In these cases, we used the edges of the spectra t

, . as azide.
estimate the zero-field parameter. The edges of the spectra Effect of pH Of the five proteins studied, only

; _ 2
?;?2)%\2//8(%?0 ieiorltigs(egnﬂ&%) b)yf§ED|o+WE;rfgjgﬁr:Enwr)1-ﬁg|?j EcMn(Il)(Fe)SOD exhibited a strong pH dependence
9Plmw . 9 (Figure 2). The pH dependence of the four lowest-field

gggﬁi’y er]Fc)jec():tter gﬁy?nnbdol\;vmirﬁe Lieti?engr]:](q:gl)wnwagaenifrr\z By EcMn(Il)(Fe)SOD hyperfing resonances is shown in Figure
using these two equations and manually measuring' the3' The spectra of this protein were pH-independent until pH
o L 9, after which the hyperfine features became noticeably
magnetic field positions of the edges, we were able to roadened. This broadening reached a maximum at about
estimate the zero-field parameters. In test cases, this metho%'_| 10.3 Tﬁe easiest quantifiable spectral features were the
yielded zero-field values that were within 0.20 GHz of those peak—t.o—.trough amplitudes of the four resonances. A pH

Ob't/? |r|1ed lby S'thI?tlons' ted using th profile of the peak-to-trough amplitude of the first hyperfine
olécular structures were generated using the programy;e ig shown in the inset of Figure 3. All four hyperfine
PYMOL (Delano Scientific LLC, www.pymol.org). features shown in the figure exhibited the same pH profile
with a midpoint of approximately 9.8.

RESULTS At the highest pH, a very broad low-field edge feature
Activity MeasurementsThe relative inhibitory effects  became evident (Figure 3). Unlike the resolved hyperfine
of azide and fluoride on the activity of the four active features, this broad resonance was not titratable and not
proteins were assayed and are reported in Table 1. Noreproducible. Simultaneous simulations of the 285 and 190
measurement were made on EcMn(Fe)SOD, since it GHz spectra at pH 10.8 were carried out (Figure 4). Although
was known to be inactive4). The enzymatic activities the quality of the fit was not as good as those we have
were inhibited by 29-41% with 10 mM azide (Table 1). previously reported, simultaneous fitting was sufficient to

The PgMnSOD-G155T, which had low but finite activity establish thaiD| decreased by about 0.30 GHz, whie
with manganese, was the least affected, while the two increased by at least 0.10 GHz, leading to values of 10.209
proteins, ECcMnSOD and RcMnSOD, that directly bind azide and 0.485 (Table 2).
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Table 2: The Mn(ll)|D| andE Parameters of the Five SODs in the
Presence of Anions and at High pH

distribution distribution
D] inD E inE
EcMn(I1)SOD
native® 10.640 0.215 0.853 0.245
fluoridesd 10.982 0.293 0.457 0.164
chloride/azide  10.687 0.199 0.970 0.204
RcMn(I)SOD
native 10.775 0.103 0.508 0.146
fluoridesd 10.785 0.216 0.626 0.124
EcMn(ll)(Fe)SOD
native 10.521 0.141 0.381 0.130
fluoride 10.287 0.133 0.578 0.132
high pHf 10.209 0.186 0.485 0.216
PgMn(I)SOD-WT
native® 10.699 0.110 0.240 0.113
PgMn(II)SOD-G155T
native® 10.754 0.137 0.368 0.165
high pH 10.757 0.115 0.458 0.193

2 The values were obtained by simulation of 285 GHz HFEPR spectra
shown in Figures 27. Values are given in gigahertz. The estimate
errors in|D| andE were 0.06 GHz. Distributions were assumed to be
Gaussian? pH 8, 10 mM Tris.¢ From the simultaneous fit of the 190
and 285 GHz EPR spectraThe putative fluoride spectra obtained by
numerical decomposition of spectra obtained under partial binding
conditions were simulated (see text for detaifsfhe values were from
the fitting of the of chloride data. The spectra of chloride and azide
pentacoordinated Mn(lIl) adducts were essentially identical. For the zero-
field parameters of the hexacoordinate azide complex, se40réfn
each case, the pH is same as indicated in Figure 2.

released from the protein at high pH (Figure 2). NBP Mn-

nances of the EcMn(Fe)SOD (top) and PgMnSOD-G155T spectra (Il) was a normal contamination in our samples; however,

(bottom, pH 7.8, in dash line, and pH 10.8, in solid line). The inset
shows pH profile of the peak-to-trough amplitude of the lowest-
field hyperfine resonance of the EcMn(ll)(Fe)SOD spectra (indi-
cated by the arrow).

(O]
| | W R T N SR TR TR TR i A S

10.15 10.2

Field[T)
Ficure 4: The HFEPR spectra (solid lines) of EcMn(II)(Fe)SOD
in 10 mM Tris, pH 7.8, and 20 mM sodium fluoride (top) and 10
mM CAPS, pH 10.8 (bottom). Simulations are shown in dash lines.

10.25

The only other protein that exhibited any significant pH
dependence was PgMnSOD-G155T. Similar to EcMn(Fe)-
SOD, the low-field hyperfine lines of the mutant broadened
with increasing pH. However, this effect was only evident
above pH 10.8.

For the other three proteins, the only effect of increasing
the pH was the concomitant increase in a narrow six-line
signal in the center of the spectrum. This signal was found
to correspond to nonprotein bound (NPB) Mn(ll) ions

its fingerprint signal could be easily discriminated from the
active site Mn(ll) even in the cases where another six-line
component arising from a Mn(ll) protein center was present
as was the case with some azitdn(I1)SOD complex
samples (see Supporting Information for an example). The
presence of NPB Mn(ll) could be easily tested by ultrafil-
tration of the sample using a 30 kDa cutoff membrane and
recording the HFEPR spectra of the filtrate.

In the case of EcMn(Il)SOD, the conventional 9 GHz
spectrum was also recorded at pH 8.2 in Tris buffer and pH
10.4 in CAPS buffer. The samples were freshly filtered and
maintained at 4C so as to diminish the likelihood of metal
release and to reduce the uncertainty in pH associated with
sample freezing. Consistent with the HFEPR measurements
and contrary to a previous stud29), the 9 GHz spectra
showed no pH dependence (see Supporting Information for
9 GHz spectra). The 9 GHz high-pH spectrum of ECMnSOD
in the presence of 0.5 mM Mn(ll) and 1 mM EDTA exhibited
a relatively sharp six-line component at grvalue of
approximately 4, as well as a strong resonancegvalue
of 2 (see Supporting Information). The spectrum under these
conditions was similar to the previously published high-pH
spectrum 29).

Azide Addition Figures 5 (left panel) and 6 (top) show
the effect of the addition of 100 mM azide. As previously
reported, azide addition to the EcMnSOD and RcMnSOD
samples led to the appearance of a six-line fingerprint
component associated with azide binding to the Mn(ll) center
(40). In addition to this substantial change, a subtle modifica-
tion in the broad component corresponding to the native
pentacoordinated centers was observed. This azide-dependent



Small lon Binding in SODs

Biochemistry, Vol. 45, No. 6, 20061923

T T | T T T T [ T T

Azide

Fluoride

EcMnSOD

PgMnSOD-WT

PgMnSOD-G155T

PgMnSOD-G155T

. [T VU LAY T N

EcMn(Fe)SOD

EcMn(Fe)SOD

g

10.25

[
10.25

P T R R
10.20
Field [T]

10.15

10.20
Field[T]

Ficure 5: The HFEPR spectra of the different SODs in the presence of 100 mM sodium azide (left panel, solid lines) and 100 mM sodium
fluoride, except for EcMn(Fe)SOD for which 20 mM fluoride was used (right panel, solid lines). The spectra in the absences of exogenous
ligand are also shown (dash lines).
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Ficure 7: The effect of various sodium salts on the HFEPR spectra
of EcMn(II)SOD. The sodium fluoride spectrum was obtained by
decomposition analysis (see text for details). In each case, only
the low-field portion is shown and the salt concentration was 100
mM.

Percent of Bindin,
N
W

the free enzyme (broad component) and the azide complex
(middle six-line component) yielded essentially the same
102 result. At saturating azide concentrations, only 25% of the
Field [T] RcMn(I1)SOD centers were bound with the analogue, while
FIGURE 6: The dependence of the HFEPR RcMn(I)SOD spectra in case of EcMn(I)SOD (data not shown), the maximum
on azide (top) and fluoride (bottom) concentration. The insets show binding was 20%. The apparefi based on a single-binding
the percentage o_f analogu'e binding_ as a function o_f concentra;ionmode| was 4 mM for ReMn(I1)SOD and 3 mM for EcMn-
(see text for details). The fits (solid lines) were obtained assuming (INSOD.
a single binding-site model. TH&; was approximately 4 mM for . .
azide and 9 mM for fluoride. Unexpectedly, azide had only a minimal effect on the
HFEPR spectra of PgMnSOD-WT, PgMnSOD-G155T, and
modification was much more evident in the case of EcMn- EcMn(Fe)SOD, and none of these proteins exhibited the
(INSOD (Figure 7). Because of the highly resolved nature fingerprint six-line spectral component attributable to the
of the HFEPR spectra, the azide binding curves could be hexacoordinate azide-Mn(l1)SOD complex (Figure 5, left
easily generated from the normalized peak intensities of thepanel). The PgMn(lI1)SOD-G155T spectrum remained un-
six-line component. The much more laborious two-compo- changed, while the PgMn(I)SOD-WT and EcMn(ll)(Fe)-
nent spectral decomposition analysis using the spectrum ofSOD spectra were only slightly modified. In the case of

| L 1 1

10.25
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PgMn(I)SOD-WT, the low-field hyperfine resonances were  For the fluoride-EcMn(I)SOD complex, we took the
shifted to higher fields, while the high-field edge of the same approach. Although the fluoride-free and 50 mM
spectrum remained unchanged. These changes corresponddtlioride spectra were clearly different, there was a fortuitous
to a decrease ifD| of about 0.30 GHz and an increaseln overlap of the resonances that made it difficult to distinguish
of about 0.10 GHz. For the EcMn(ll)(Fe)SOD, a small high- the components. To circumvent this problem, we serially
field shoulder appeared on each of the low-field hyperfine subtracted different portions of the fluoride-free spectrum
resonances with slight changes in field positions. from the 50 mM fluoride spectrum and then attempted to
Fluoride Addition Fluoride affected the spectra of all five simulate each of the difference spectra. To improve reli-
proteins (Figures 5, right panel and Figure 6, bottom) to ability, we simultaneously fitted the 285 and 190 GHz data.
varying degrees. Both PgMn(l)SOD proteins exhibited Only the difference spectra corresponding to—#0%
broadening of the high-field portions of the spectra. For binding could be adequately simulated. The best fit was
RcMn(I1)SOD and EcMn(ll)(Fe)SOD, a new set of reso- obtained for the spectrum corresponding to 50% binding.
nances was observed. The EcMn(I1)SOD spectrum appearedrhe only significant discrepancy was the presence of a six-
to be completely changed by fluoride addition. The ampli- line component corresponding to NPB Mn(ll) ions (see
tudes and positions of the resolved low-field hyperfine Figure S4, Supporting Information). For EcMn(l1)SOD,
features were modified, as well as the shape at the high-fluoride binding induced an increase|b| of 0.30 GHz and
field edge. As with the azide addition, changes to the spectraa decrease it of 0.40 GHz resulting irD| and E values
of all five proteins were reversible, disappearing after of 10.982 and 0.457 GHz, respectively (Table 2). These
removal of fluoride using a desalting column equilibrated offsetting changes were the reason the resonances arising
with fluoride-free buffer. At least in the case of RcMn(ll)-  from fluoride-free and fluoride-complexed Mn(ll) centers
SOD, the addition of 100 mM fluoride to a fresh sample did were so strongly overlapped.
not result in Mn(ll) release, rather it appeared that the Distinct from RcMnSOD and EcMnSOD, the addition of
repetitive melting-freezing cycles necessary to construct the 20 mM fluoride to EcMn(Fe)SOD produced a spectrum that
titration curve using the same sample appeared to damage &ould be readily simulated (Figure 4). This was a good
small number of the ReMn(l1)SOD centers leading to Mn- indication that the spectrum was dominated by a single
(I) release. The lower inset in Figure 6 shows the fluoride component. The appareKt appeared to be below 5 mM.
concentration dependence of the amplitude of the lowest- However, above 20 mM, the spectra underwent further small
field ReMn(I1)SOD hyperfine resonance. The changes rose changes. Further titration studies will need to carried out to
to a maximum at about 100 mM fluoride concentration. The better characterize the effect of fluoride on the EcMn(Fe)-
same variation in intensity was observed for the other low- SOD protein. Simulations showed that after fluoride addition
field hyperfine resonances. |ID| decreased by 0.25 GHz artlincreased by 0.20 GHz
The simulations of the spectra of RcMn(I1)SOD in the (Table 2).
presence of saturating concentrations of fluoride were Specific and Nonspecific Anion Effectfo determine
poor, and it was concluded that they could not be reliably whether the effects of azide and fluoride were specific, the
fit with a single set of spin parameters. This suggested spectra of ECcMNnSOD with 100 mM sodium chloride or
that fluoride was not capable of uniformly binding to all sodium sulfate were taken. Figure 7 shows the first four lines
of the metal centers and that, similar to azide, only of the HFEPR spectra of the EcMn(I)SOD in the presence
partial binding occurred even under saturating concentra- of different anions. At high azide concentrations (Figure 7),
tions. As an initial guess, we assumed that each spectrum inthe first peak moved toward lower field and the second
Figure 6 was composed of only two components, the remained essentially unchanged. Essentially, the same effect
spectrum of the native RcMn(I1)SOD and that of the putative was induced by the addition of 100 mM sodium chloride,
fluoride—RcMn(I1)SOD complex. A direct consequence of but unlike azide, no evidence of six-coordinate Mn(Il) was
this assumption was that all of the spectra from the titration observed. Simulations showed that this change corresponded
curve could be expressed as a linear combination of theto an increase dt of about 0.10 GHz and no change|D|
native spectrum and the spectrum obtained with 100 mM (Figure 7 and Table 2). Although the peak positions remained
fluoride. We verified that this was indeed the case using unchanged with fluoride addition, substantial changes inline
digital subtraction and that the initial assumption was correct. occurred (see above). Sodium sulfate did not induce changes
From the difference spectra we were able to deduce thein the spectra (Figure 7). Hence, it was concluded that
spectrum of the fluorideRcMn(11)SOD complex (see Figure  fluoride, chloride, and azide indeed exerted a specific effect
S3, Supporting Information). The quantity of fluoride- on the pentacoordinate metal site but not sulfate, indicating
coordinated Mn(ll) centers under saturating conditions was that size might be an important factor.
determined to be about 50%. A titration curve based on this
two-component analysis was essentially identical to the oneDISCUSSION
obtained from peak intensities. Fit to a single-site binding  Of the three effects studied, azide-induced changes in the
model yielded &y of 9 mM. HFEPR spectra were the easiest to understand. The appear-
Simulations of the spectrum of the putative fluorile  ance of a narrow six-line spectrum, the amplitude of which
RcMn(I)SOD complex were of reasonable quality and depended on azide concentration, was indicative of a large
yielded a|D| value of 10.785 GHz and of 0.626 GHz reduction in the zero-field interaction associated with the
(Table 2 and Figure S3, Supporting Information). This meant formation of hexacoordinated Mn(Il) center0( 42). Such
that the |D| value remained approximately unchanged centers have already been seen in the crystallographic
compared to the native protein, while tBevalue increased  structures of thd. thermophilusMnSOD protein in which
by at least 0.10 GHz with fluoride binding (Table 2). the azide is the sixth ligand and is hydrogen-bonded to Tyr34
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(30). Such centers were earlier proposed for FeSGH). ( dependence is close to tRe?S that we previously estimated
What was surprising was that aside from EcMnSOD and based on the temperature dependence of the MnS@&ro-
RcMnSOD, none of the other three proteins formed hexa- field parameter42).
coordinate centers, even PgMnSOD proteins that were Itis particularly illustrative to consider the first application
inhibited by azide (Table 1). In these latter cases, it must be of the PCM. In Mn(ll)-doped SrGlcrystals, theD was found
assumed that azide binds only to Mn(lll) or its point of to be essentially zero, but an applied electric-field of 2.4
interaction with the protein is sufficiently far from the metal 10’ V/m caused to increase by 0.030 GHz. Using the PCM
binding center so as not to modify its electronic structure, and summing over POions, Roeslfsema and den Hartog
and yet still be inhibiting (see below). Hence, the correlation found that such an increase Iih could be explained by a
between the capacity of a Mn(ll)-containing SOD to form shift of Mn(ll) by 0.11—16 A induced by the electric field
an azide-metal complex and to bind superoxide, although (50). One can draw some interesting parallels between this
attractive, cannot be so simple. ionic crystal example and the situation with fluoride in
What was equally surprising was that HFEPR spectra MnSODs. In the latter, a nearby fluoride ion could play both
showed that although EcMnSOD, RcMnSOD, and both roles, an indirect one as the source of the electric-field that
PgMnSOD proteins were inhibited by fluoride (Table 1) none can electrostatically affect the positions of the ligands relative
of the five proteins formed hexacoordinate centers in the to the Mn(ll) center and a direct one as a newly introduced
presence of fluoride. Hexacoordinated centers involving this “lattice” ion. It is known that small displacements of ligands
anion have been proposed for FeSC8)( However, it is on the order of few hundreds of angstroms can cause changes
clear from the HFEPR spectra that in all five cases the in D of more than 0.20 GHZz4Q).
fluoride anion does affect the zero-field interaction of the  Although the indirect effect of a fluoride anion on the
Mn(ll) centers in a well-defined manner, but to an extent structure of the primary ligand sphere is difficult to quantitate,
that was much smaller than in the case of hexacoordinatethe R=3 dependence of the direct charge effect does put
azide complex formation. Control experiments with sulfate reasonable restrictions on where the fluoride anion could be
and chloride and different buffer conditions showed that these bound. If one assumes eq 2 is directly applicable, ionic effects
effects were specific to the fluoride anion. Each of the spectra beyord 6 A will not have been detectable by our experiments.
obtained during the course of the fluoride titration measure- If in the unlikely event that the numerical prefactor were an
ments could be decomposed into the native protein spectrumorder of magnitude larger, then the distance limited would
and a second spectrum of a different Mn(ll) center that had have been double. Withia 6 Arange, there are several sites
a smaller|D| and largerE (Table 2, Figures 6, and Figures that a fluoride anion can bind through hydrogen-bonding/
S3 and S4, Supporting Information). electrostatic interactions, but within the putative access
What is the relationship between the fluoride-induced channel, the most likely locations were His30 and Tyr34.
spectroscopic changes and the electronic structure? For allAs described above, the same Tyr34 hydrogen-bonds the
five proteins, theitD| values indicated that the Mn(Il) centers  azide ligand of the azideMnSOD complex 80). The sizes
remained pentacoordinate in the presence of fluor. ( of the zero-field parameters indicate that it is unlikely that a
Moreover, since the fluoride-induced spectral changes werefluoride anion can occupy the same position as Mn(ll)-
so well-defined, it can be assumed that they originated from ligating azide nitrogen. To obtain estimates of what the zero-
a fluoride ion that had a fixed location in the protein. To field parameters might be for a hexacoordinated fluoride
gain a more quantitative picture of this effect, we turned to Mn(11)SOD complex, we used the Superposition Mod#, (
the relatively simple point-charge model (PCM) developed 54, 55). We have previously shown that this model can
by Roelfsema and den Hartog0). According to this model,  adequately account for the zero-field parameters of the
the zero-field contribution of a point-charge at a distaRce  hexacoordinated azideEcMn(11)SOD complex. The pre-
from the Mn(ll) center is given by dicted zero-field parameters for the fluoride complex were
1.55 GHz for|D| and 0.25 GHz folg, if one assumed that

3cof6—1 the ligand sphere geometry was the same as for the azide
D =9.76 GHz E(T) complex. This predicte® value is more than a factor of 6
smaller than observed. In contrast, if the fluoride anion were
and to occupy the same position as the middle azide nitrogen in
the azide-EcMn(I)SOD complex, the effect would be
i purely electrostatic and would be relatively small. The PCM
E =976 GHz E(W) ) predicts that theD and E values for the fluoride complex
R would differ from native pentacoordinate values by only

—0.22 and 0.25 GHz, respectively, assuming the zero-field
whereRis the distance in A anél andg are the polar angles  axis coincides with Mn(ll)-solvent direction. The opposite
relative to the zero-field axis system. The parameters leadingsigns for theD and E values were due to their respective
to the numerical prefactor were estimated assuming aangular dependences. At the position of the furthest azide

particular symmetry of the Mn(ll) ligand fieldb(). However,

it is thought that the value of the prefactor is not particularly
sensitive to this assumptiorbl). The model does not
adequately account for the primary ligand shell of SODs.
This may be due to its purely point-charge (ionic) nature
which would account for its success in rationalizing the Mn-
(I D and E of ionic crystals §0, 52, 53). The R3

nitrogen atom from the metal ion, the fluoride contribution
would drop to—0.08 and 0.10 GHz, fob andE, respec-
tively. Thus, the predicted effect of a point charge on the
zero-field parameters at a position comparable to that of the
middle azide nitrogen was in reasonable agreement in
magnitude with the experimental data. Hence, according to
the point charge model, a fluoride anion hydrogen-bonded
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Ficure 8: A model of fluoride and azide binding in MNnSODs. In its inner-sphere position (middle), an azide molecule can directly bond
the Mn(ll) center and hydrogen-bond Tyr34. The fluoride anion is too small and only forms a hydrogen bond to Tyr34 but lies close to the
metal ion. For both anions, the proposed second site is an outer-sphere one with the anion hydrogen-bonded to Tyr34 pointing away from
the metal (right).

to Tyr34 pointing toward, but not directly bonded to the metal bonding sites in both cases were abau A from the
ion, seems quite reasonable (Figure 8, middle). manganese center. Another example of a pentacoordinate to
Similarly, the PCM could also be used to rationalize the hexacoordinate transition was observed for the aziteMn-
smaller effects of azide and chloride anions. In these cases(Il)SOD complex at low temperature3§, 39). Hence, there
the binding sites must have been further away, for example,appears to be good experimental evidence for two protein
on His30 or on Tyr34, but with the hydrogen-bounded anion states or binding sites. A very simple two-site binding model
pointing away from the Mn(ll) site. Clearly, ongoing site- is one in which the anion is hydrogen-bonded to Tyr34 but
directed mutagenesis experiments on Tyr34 and othercan occupy either an inner-sphere position or an outer-sphere
residues will provide more insights. one. In the former, the ss—H--*A~ hydrogen bond points
For Rc- and EcMnSOD, the effect of fluoride and azide toward the Mn(ll) ion (Figure 8, middle), while in the latter,
on the HFEPR spectra became saturated well below 100%the triad of atoms points away from the metal center with
binding. For each anion, comparable amounts of binding the anion furthest away (Figure 8, right).
were obtained for both Rc- and EcMnSOD. Incomplete anion  If such a model is correct, then the superoxide ion should
binding due to nonspecific structural heterogeneity could not interact with the Tyr34 in much the same way. It is likely
be rigorously ruled out. It is worth noting that, even in the that the superoxide anion is also too short to directly bind
crystallographic structure @f. thermophiluazide-MnSOD to metal but would be sufficiently close for rapid electron
complex, azide occupied only 51% of the cent@&®,(while transfer and direct proton transfer from Tyr34, which in turn
in the fluoride-FeSOD structure oE. coli, the occupancy  could be reprotonated by a nearby water molecule. The
was 70% 85). If such structural heterogeneities were present, resulting peroxide could then be efficiently released from
it was neither damaging nor irreversible at the level of the active site, since it is not bonded to the metal. A variant
activity and the structural integrity of the metal binding site, of this model is one in which the superoxide molecule is
since samples used for these experiments could be washettydrogen-bonded to both Tyr34 and the axial solvent ligand
and reused without significant loss of activity or spectral but does not bond to the metal ion. MNSOD crystal structures
intensity. An alternative and more likely explanation was indicate that such a configuration is possible. If the axial
structural heterogeneity in the form of multiple protein states solvent ligand were a water molecule, then this arrangement
or multiple anion binding sites. This was evident in the would facilitate both the rapid transfer of two protons, one
azide-EcMn(I)SOD titration experiments where anion from Tyr34 and another from the water ligand, and an
addition led to the reversible formation of both hexacoor- electron while maintaining charge balance at the active site
dinated Mn(ll) centers and pentacoordinated sites with and facilitate the removal of the product. Such a role for
modified zero-field interaction. The latter may be indicative Tyr34 in positioning the substrate and product has been
of structural modifications induced by high anion concentra- previously suggested by other7( 37).
tions that may limit direct binding to the metal or, alterna-  Since it is clear that anions can significantly modify the
tively, of a second distal binding site. In either case, the site Mn(l1)SOD zero-field splitting interaction, the effect of pH
of binding or modification must have been distant from the on the EcMn(Il)(Fe)SOD spectrum can be understood in the
Mn(ll) since its effect on the Mn(ll) HFEPR spectrum was same way, that is, the effect of a nearby pH-dependent
so small. A rough approximation based on the PCM puts appearance of a negative charge. All Mn/FeSODs have
the distance at greater than 6 A. We have already establishedharacteristic |§ values. Depending on the metal and
that at temperatures near freezing both EcMn(I)SOD and oxidation states, theseKpvalues have been variously
RcMn(11)SOD do indeed exist in two states, a hexacoordi- assigned to hydroxide binding 9, 20, 23), possible depro-
nate/pentacoordinate Mn(ll) equilibrium (see Supporting tonation of the solvent ligand3@), and deprotonation of
Information and ref42). We have speculated that the Tyr34 (21—23, 25, 28, 29). Interestingly, the only other
equilibrium involves the motion of one of the structural water spectrum affected by pH was that of PgMnSOD-G155T,
molecules from its position in the access channel to the which coincidentally was the only other protein with Fe-
primary ligand shell of the metal binding site becoming the only activity. For the other three proteins, the spectra were
sixth ligand. The most likely candidates were either the water independent of pH, except for the presence of a sharp six-
hydrogen-bonded to His30 or to Tyr34. The hydrogen- line component that was indicative of the tendency of all of
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the proteins to release Mn(ll) at high pH. This was not by HFEPR spectroscopy in the filtrate of the pH 11 EcMn-
unexpected since it is known that metal exchange can be(l1)SOD sample (Figure 2, top trace). The filtrate spectrum
achieved at high pH5g). In all five cases, the zero-field exactly matched the six-line component observed in the high
parameters indicated that the Mn(ll) centers remain penta-pH EcMn(I)SOD spectrum. We found that under certain
coordinate even above pH 10. This conclusively ruled out conditions NPB Mn(ll) ions in the MnSOD samples can
ligation of an additional hydroxide to the Mn(ll) center. The contribute ag = 4 six-line component to the 9 GHz spectra.
deprotonation of a water ligand seemed equally unlikely, In particular, in our experiments, EDTA was required (see
since the appearance of an additional negative charge in theSupporting Information). Hence, the HFEPR and 9 GHz
primary ligand shell should have modified the zero-field measurements strongly suggest that the highegpH 4
interaction both directly and indirectly by changing positions resonances observed in the previous study were probably
of the ligands. Simultaneous simulations of the 190 and 285 due to NPB Mn(ll) rather than to protein-based Mn(ll)
GHz EcMn(Il)(Fe)SOD spectra showed that change®in specific to high-pH. The absence of such signals in high-pH
andE were very similar in size to the effect of fluoride. The samples of the Tyr34Phe mutant noted in the previous study
biggest difference was that both parameters required larger(29) is not that remarkable. As can be seen from the various
distributions to fit the high pH data (Figure 4 and Table 2). examples given in the Supporting Information, factors such
Hence, it was tempting to conclude that a residue becameas species, buffer composition, and freezing regimes, among
ionized at a distance comparable to the fluoride binding site. others, greatly affected the levels of NPB Mn(ll). It is also
The measuredio of 9.7 strongly suggests that a tyrosine interesting to note that the same mutation in the human
was responsible for the observed pH effect. The only MnSOD is known to lead to a thermally more stable protein
tyrosines within 7 A of the Mn(ll) are Tyr34 and Tyr76. (29).
The point charge contribution of the latter is predicted to be It is also not clear from the previous 9 GHz EcMn(ll)-
undetectably small due to its distance. For Tyr34, the SOD titration data whether the pH-dependent amplitude
contribution toD is predicted to be negligible because the changes were indeed titratable events, since no plateau
Tyr34 phenoxyl oxygen atom lies very close to the “magic appeared to be reached at high #9)( The only discernible
angle” with respect to the Mn(ll)-solvent axis, where the changes in the EcMn(II)MnSOD HFEPR spectra correlated
angular term vanishes. However, it seems reasonable thatvith increasing pH were due to the continuous release of
the ionization of Tyr34 would also have a substantial indirect Mn(ll). This again points to NPB Mn(ll) as source of the
effect on the primary ligand shell, since it participates in pH-dependent changes observed in the previous work. It is
the hydrogen-bond network that involved the axial water also important to note that one method for removing the
molecule. metal ion in Mn- and FeSODs involves high pH treatment
The lack of a pH dependence in the case of EcMn(ll)- (56). If the source of the high-pH resonances was indeed
SOD was in contradiction with the work by Maliekal and NPB Mn(ll) and both the EPR and Resonance Raman
co-workers 29). Their Resonance Raman data indicated that samples that were used in the previous study contained such
the wild-type enzyme had twoKpvalues, one at 10.0 and centers, then the discrepancy between Maliekal's results and
another at 10.7, while the EcMn(I)SOD-Tyr34Phe mutant ours could arise from the possibility that th& @t 10.7
had only a single l§ at 10. Parallel 9 GHz EPR spectroscopy detected by Resonance Raman corresponded only to the
showed that EcMn(II)SOD-Tyr34Phe was unaffected by pH. deprotonation of Tyr34 in non-manganese-containing pro-
For the wild-type, the intensity of the broad component teins.
corresponding to the native enzyme decreased with increasing If the pH-dependent changes in the EcMn(ll)(Fe)SOD
pH with a concomitant increase in a six-line component spectra are indeed due to deprotonation of Tyr34, then the
centered at the magnetic-field corresponding tpvalue of lack of such a dependence for EcMn(lI1)SOD implies that
4 (g =4) (29). A pK of 10.2 was obtained from the 9 GHz the Tyr34 in this protein remains protonated even above pH
EPR data. Differences in pH dependence of the Resonancell. The K of EcFe(Il)(Mn)SOD, the iron-reconstituted
Raman and EPR spectra were attributed to the deprotonatiormanganese protein, has been previously shown to b&9.2 (
of Tyr34 and concurrent changes induced by the tyrosine This pK difference is also mirrored in the case of EcFe(ll)-
deprotonation on the Mn(ll) ligand sphere either in the axial SOD and its manganese-substituted form. The native EcFe-
solvent position or the coordination of a new water molecule (11)SOD has a K, of 8.5 (21), which changes to 9.8 when
as a sixth-ligand. Such changes in the ligand sphere arereconstituted with Mn(ll) (see above). Hence, the Tyr84 p
inconsistent with our HFEPR spectra of EcMn(I)SOD at is apparently lower with Fe(ll) than with Mn(ll) in the active
high pH, since the HFEPR spectra taken at pH 11 were site 29). The metal ion is in effect electrostatically connected
exactly identical to those recorded at pH 8 with the exception to the Tyr34 through the hydrogen-bonding network that
of an increased presence of NPB Mn(ll) (Figure 2). Moreover connects the two via the axial solvent, ligand, and an
consistent with our HFEPR measurement, our 9 GHz spectraintervening GIn146 residue. In wild-type PgSOD, the
were not pH-dependent, and the= 4 component was not  solvent-GIn146 and GIn146Tyr34 distances are nearly
detected. equal, 2.93 and 2.99 A4p), respectively, as is the case in
The complexity of the 9 GHz Mn(I)SOD EPR spectra EcMnSOD, except with distances of 2.90 and 2.9958)(
makes specific effects difficult to interpret and assign (see respectively. For the iron-only active proteins, the hydrogen-
discussion in Supporting Information). This is the case for bonding balance favors Tyr34. In PgSOD-G155T, the
the high-pHg = 4 resonances. Only two types of Mn(ll)  distance from GIn146 to Tyr34 is 2.98 &%), while from
centers were observed in our high pH 285 GHz EcMn(Il)- GIn146 to the solvent molecule it is 3.11 A. In EcFeSOD,
SOD spectra, the pentacoordinated centers and NPB Mn-the distances are 3.11 and 3.41 A, respectivag).(Since
(). The presence of NPB ions was unambiguously identified the hydrogen-bonding favors Tyr34 in these latter two cases,
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one might expect the Tyr34 in iron-only active proteins to
have a lower K.

In summary, it is interesting to note trends among the
series of proteins regarding metal specific activity. EcMn-
SOD and RcMnSOD had high activity with manganese, but
low or no activity with Fe at neutral pH, and they were
characterized by (1) HFEPR spectra unaffected by pH, (2)
formation of hexacoordinated complexes belo#0without
exogenous ligands, and (3) formation of hexacoordinate with
addition of azide. By comparison, EcMn(Fe)SOD and
PgMnSOD-G155T had little or no activity with manganese,
were affected by pH, but did not bind azide. The fully
cambialistic wild-typeP. gingivalis enzyme appeared to be
intermediate with a very small, but reproducible, effect of
pH but unaffected by azide or fluoride. The differences
between RcMnSOD and PgMnSOD suggest that cambialistic
enzymatic activity is not a product of a unique type of active
site structure but is conferred by a multiplicity of factors.
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