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Dismutase Reveal No Requirement for Tyrosiné 34

Anne-Frances Miller,#8 David L. Sorkin¥ and K. Padmakumér

Department of Chemistry, The Johns Hopkins dérsity, Baltimore, Maryland 21218, and Department of Chemistry,
University of Kentucky, Lexington, Kentucky 40506-0055

Receied Naember 8, 2004; Résed Manuscript Receéd December 31, 2004

ABSTRACT:. We report the first spectroscopic observation of substrate analogue binding to the reduced
state of iron superoxide dismutase fragscherichia coli(Fe*SOD) and demonstrate that the pH
dependence reflects inhibition of anion binding by ionized Tyr34, not loss of a positive contribution on
the part of Tyr34’s labile proton. This can also explain the pH dependence &itloé FE¢"SOD. Thus,

it appears that substrate binding to*F8OD occurs in the second sphere and is not strongly coupled to
hydrogen bond donation. Parallel investigations of substrate analogue binding to the oxidized state
(Fe¢+S0OD) confirm formation of a six-coordinate complex and resolve the apparent conflict with earlier
nuclear magnetic relaxation dispersion (NMRD) results. Thus, we propose thattwmg$-can bind to

the oxidized F& SOD active site, either displacing the coordinated solvent or lowering its exchange rate
with bulk solvent. We show that neutral Tyr34’s unfavorable effect on binding of the substrate analogue
N3~ can be ascribed to steric interference, as it does not apply to the smaller substrate analandes F
OH~. Finally, we report the first demonstration that H&n act as a substrate analogue with regard both

to redox reactivity with FeSOD and to ability to coordinate to the active sifeé.Aadeed, it forms a

novel green complex. Thus, we have begun to evaluate the relative importance of different contributions
that Tyr34 may make to substrate binding, and we have identified a novel, redox active substrate analogue
that offers new possibilities for elucidating the mechanism of FeSOD.

Iron-containing superoxide dismutase (FeSO\alyzes g
the disproportionation of © to O, and HO, by the
following net mechanism:

0, + H" + Fé"soD™ — 0, + F&'soD™ (1)

0,” + H™ + F€"soD™ — H,0, + Fé'so" (2)

in which Fe cycles between its3 and+2 oxidation states,

while a coordinated solvent molecule acquires and releases

a proton to cycle between OHand HO, as indicated by

the superscripts5( 6). The Fe ion is ligated by two His

residues and one Aspas equatorial ligands, with a third H,0
His as an axial liganttansto the coordinated solvent (Figure

1, 7). The coordinated solvent is supported by an H-bond
network comprised of amino acids from both domains of
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9349. Fax: 859-323-1069. E-mail: afm@uky.edu. FiGURE 1: Active site of Fé*SOD, showing proposed H-bonds in

+ ; ari green dashed lines, with the distances between participating heavy
8 L?]?vg?gt?/so??(%ﬂ?jcw versity. atoms. A distance larger than 3.5 A casts in doubt the significance
1 Abbreviations: Asso and Asos absorbances at 380 and 600 nm, Of the indicated H-bond. The distance betweerf‘Fand the
respectively; CAPS, 3-(cyclohexylamino)-1-propane sulfonic acid; Nnoncoordinated crystallographic water, common to both monomers,
ClO,~, perchlorate; Cys, cysteine, DSS, sodium'2liethyl-2- is also given in magenta. The coordinates used were 11SA.pdb of
silapentane-5-sulfonate; EPR, electron paramagnetic resonance; EXAFSLah et al. 7).
extended X-ray absorption spectroscopy; FeSOD, iron-containing SOD;
H-bond, hydrogen bond; MCD, magnetic circular dichroism; MES,
2-(N-morpholino) ethane sulfonic acid; MnSOD, Mn-containing SOD; FeSOD and extending across the interface to the other

NMR, nuclear magnetic resonance; NMRD, nuclear magnetic relaxation ; A At ;
dispersion; OCN, cyanate; PIPES, piperazid&N'-bis(2-ethane sul- monomer of the FESOD dimeT) Participating residues,

fonic acid); SCN;, thiocyanate; SOD, superoxide dismutase; SOR, Including Tyr34, are highly conserved among FeSODs and
superoxide reductase, UV/vis, ultraviolet and visible. MnSODs {—10).
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Anion binding to (oxidized) F&SOD has been studied
for over 20 years. B, F~, and a second OHhave each
been shown to coordinate to SOD's*F¢11—13). Further-

Miller et al.

reduction 26). Thus, one anticipates that,'O should be
bound in a nonpolar environment that would elevate Ks p
(but at the cost of binding affinity), or that as part of binding,

more, each of these anions has been shown to inhibit reactiorO,*~ should accefpa H bond, which could then develop into

1 (6, 14). Although'H NMRD appeared to indicate thagN

outright H™ transfer in conjunction with electron transfay.

displaces coordinated solvent to produce a five-coordinate Tyr34 and His30 are both well positioned to H-bond to

complex while F increases the coordination number of Fe

from five to six (5), crystallographic, EXAFS, and MCD

studies have shown thagNbinding increases the coordina-
tion number of F& from five to six (7, 13, 16, 17).

substrate binding in the region of the noncoordinated
crystallographic solvent in Figure 1 on the left-hand side.
Attention in the past has focused on Tyr34, but mutation of
that residue to Phe preserved 40% of W/Ky activity in

Superoxide has therefore also been proposed to bind toEscherichia coliFeSOD 21, 28). Moreover in human

Fe*SOD as a sixth ligand in the site thagNoccupies,
consistent with N~’s behavior as a competitive inhibitor of
reaction 1 6).

Other anions including CI©, SCN-, CNO-, CI~, NOs™,
and S@ inhibit Fe¢*SOD without coordinating to Fé (6,
18, 19). Kinetic data suggested that these inhibit both
reactions 1 and 2, while the #ecoordinating anions inhibit
reaction 1 much more than they inhibit reaction &. (
Nonetheless, even the anions that do not coordinaté Fe
prevent N-, and presumably £, from doing so 6).

MnSOD, which has a similar active site H-bond network to
FeSOD, thek:.{Ky of the Y34F mutant was slightlgigher
than that of the WT, and the€y of the mutant was effectively

13 times lower than WT-MnSOD’s8]. Therefore, in an
effort to examine the potential significance of Tyr34 and its
labile proton to substrate binding, we have devised simpler
experiments, comparing binding of several different substrate
analogues under conditions in which Tyr34 is neutral or
ionized and comparing binding to a mutant in which Tyr34
is replaced by Phe.

in an additional site, dubbed the “anion binding pocket”, and
thus prevent productive © binding @, 12, 19). Argese et

substrate analogue: HSwhich appears to form a coordina-
tion complex with F&" and engage in redox chemistry with

al. proposed an alternative explanation: that inhibition by the site. The strong optical signature and redox activity of
noncoordinating anions is simply due to charge screening atipig species promise exciting new opportunities to probe the

the ionic strengths used.§).
Maps of changes in NMR chemical shifts of non-active

reactivity of FeSOD.

site residues indicate that noncoordinating anions affect theMATERIALS AND METHODS

FetSOD protein primarily near the dimer interfac20y.
However, they also show that Fhas additional effects on
residues 3540 that are not produced by other anio@8)(

Proteins. WT- and Y34F-FeSOD were expressed and
purified as previously describe@4). The preparations used

Our current data extend this finding by demonstrating that for this work had specific activities at 6000 units/mg for

the noncoordinating interaction betweer? 70D and F

WT- and >2400 units/mg for Y34F-FeSOD.

produces a species with a distinct active site NMR spectrum EPR SpectroscopyData were collected on an X-band

and a discrete stoichiometry of one Fper FE"SOD

monomer, whereas other inhibitory anions do not signifi-
cantly affect the NMR signals of the active site. Our data
provide the first positive spectroscopic evidence for an

EMX EPR spectrometer. For temperatures of 110 K, an N
flow cryostat was used, and data were collected at 9.473
GHz at a nominal power of 8 MW, whereas at 4.2 and 16 K
an Oxford ESR900 He flow cryostat was used, and data were

outersphere anion binding site in the active site and thus thecollected at 9.512 GHz at a nominal power of 1 mW. 10 G

possibility of outersphere binding of substrate té1=0D.
Both half reactions are inhibited at high pH witK’s near

9 (6). The K near 9 affecting the oxidized state of WT-

Fe**SOD reflects coordination of OHto Fe*, but the K

of 8.5 affecting the reduced state reflects ionization of Tyr34

(21, 25). Indeed, we find that the oxidized statk persists

in Y34F-Fé+*SOD, but the reduced stat& jis absent21).

Although the overalVnax of WT-FeSOD does not change,

the K, increases at high pHs( 22). In the oxidized state,

this is attributed to competitive inhibition by Otbinding

modulation amplitude at 100 kHz was used in all cases, and
sweep widths of 66000 or G-10000 G were collected in

11 min scans of 8k points. Approximately 0.5 mM*F8OD

in 25 mM phosphate buffer at pH 7.5 was supplemented with
stock solutions of Nalor KF adjusted to pH 7.5, to produce
final concentrations of 30 mM N or 33 mM F, respec-
tively. For studies with HS (33 mM final), no buffer or
other salts were used. Samples in 4 mM quartz EPR tubes
were frozen by immersion in liquid Nand stored between
uses at—70 °C.

(16). However, the pH dependence of the reduced state is NMR SpectroscopyVith the exception of the spectra in

tentatively ascribed to loss of H-bonding from Tyr 34 or
repulsion of substrate by the ion of Tyr34g( 23—25). Thus,
Tyr34 is believed to affect substrate binding for reaction 2.

Figure 4, all data were collected on a Bruker AMX 300 MHz
spectrometer at 303 K. Spectra in Figure 4 were collected
on a Varian Inova 400 MHz spectrometer at 303 K. FeSOD

Substrate should not only bind, but it should also acquire samples at approximately 1 mM were degassed and then
a proton, for reaction 2. This is because electron density flows reduced in NMR tubes with a 2-fold stoichiometric excess

from FE" to Oy~ in reaction 2 instead of from © to F&"
in reaction 1. The different directions result, in part, from

of sodium dithionite (in 0.1 M KOH). They were then flame
sealed, sealed with a septum for quick observations, or sealed

Fe starting in different oxidation states, but they also require with a valve and septum in the case of titrations. pHs were

that the substrate be primed for different reactivity in the
different half reactions. For the second, protonation gf O

determined by the use of internal indicator molecules’
chemical shifts, as previously describe2id), for data in

is essentially obligatory for this substrate to be amenable to Figures 2, 3, and 5, or using a microelectrode prior to
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reduction and again after collection of NMR spectra, for or 5 mM NaN; (K4 = 1.5 mM). The complex with OH

Figure 4. For the initial identification of anions able to bind
to FETSOD, FeSOD was transferred to unbuffe?edO by

bound was produced by adjusting to pH 9.3 a sample of
Fe*SOD in 100 mM NaCl and buffered with 50 mM

repeated dilution and reconcentration in a centricon. Neutral NaBO,. The super-WEFT sequence described above was

pH was maintained via the buffering capacity of the protein.

A total of 50 uL of 500 mM NaN;, CH;OH, KF, or KSCN

in 2H,O were added to 45@L of 1 mM FeSOD prior to
reduction with a 2-fold stoichiometric excess of dithionite
in KOH dissolved in?H,0O to 0.1 M.

used to observe these samples.

UV/Visible Titrations.All UV/vis spectra were recorded
at 25 °C using a Hewlett-Packard 8452A diode array
spectrophotometer. Titration of F&OD with 0.1 M KOH
was unsuccessful due to precipitation and irreproducibility.

The super-WEFT pulse sequence of Inubishi and Becker Instead, two 80Q:L portions of FE*SOD which had been
(29) was used to observe paramagnetically shifted and dialyzed against deionized water were mixed with buffer,
broadened resonances from active site residues. The pulsene with 200uL of 50 mM PIPES, 50 mM CAPS, 50 mM
sequence was implemented at 300 MHz with a 15 ms NaCl at pH 6.6 and the other with 2@ of 50 mM PIPES,
relaxation delay, a 35 ms delay between pulses, and a 2550 mM CAPS, 50 mM NaCl at pH 10.6. A UV/vis spectrum
ms acquisition time. At 400 MHz (Figure 4), a delay of 40 of each sample was recorded. Then, an aliquot of each sample
ms was used between pulses, but otherwise the samewas removed and mixed with the other sample, and the pH
observation methods were used. Water was subjected tcand spectrum of each were again recorded. This was repeated
continuous wave saturation during both delays. 300 MHz until the pHs of the two samples converged. In addition to
data were processed with some20 Hz Lorentz line preventing precipitation due to locally high hydroxide
narrowing and 0.1 s Gaussian line broadening prior to Fourier concentrations, this method had the additional benefit of

transformation onto 16k points for a 62 500 Hz sweep width.

400 MHz data were subject to up t650 Hz Lorentz line

eliminating dilution of protein by the titrant.
Protein solutions for all UV/vis B and F titrations

narrowing and 20 ms Gaussian broadening prior to Fourier contained 25 mM potassium phosphate buffer, pH 7.4. Azide

transformation onto 16k points for 125 kHz sweep width.

pH and F Binding Titrations.The [F] and pH depen-
dence study of PeSOD entailed four separate titrations, all
in 90% *H,0/10%2H,0. These included one titration with
0.1 M KOH of unbuffered £'SOD containing no F, a
titration with 0.1 and 0.5 M KF of FeSOD in 25 mM
potassium phosphate buffer initially at pH 7.4, a titration
with 0.1 and 1.0 M KF of F&'SOD in 25 mM potassium
pyrophosphate buffer initially at pH 9.5, and a titration with
0.1 M KOH of unbuffered F&SOD initially containing 199
mM KF. For each data point, two NMR spectra were
recorded, a super-WEFT to observe thé"S©D active site,
and a spin-echo to observe internal pH indicatoi24).

The Y34F-F&'SOD samples shown in Figure 4 were in

25 mM potassium phosphate, at pH 7.4 or 10.6, and 0 mM
or 500 mM KF, as indicated in the figure. KF was added as

was added as 0.1 M NaNn the case of Y34F-FéSOD,
while both 0.1 and 0.5 M Naf\were used for the WT-. F
was added as both 0.1 and 1.0 M KF.

In the case of B binding to Y34F-F&"SOD, where
binding was tight, eqs 4 and 5 were used to fit the titration
data. A = X(ecl), where A is the absorbance at some
wavelength,e is the extinction coefficient (a constant for
the species indicatedy,is the concentration of the species,
and our path lengthis 1 cm.

A= ¢,[FE**'SOD] + ¢,[Fe*"'SODL] (4)

[Fe*'SODL] = (K, + L; + FE€"SOD; —
((Ky+ Ly + FESOD,)? — 4L,Fe**'SoD,) 32 (5)

a 5 M stock solution at pH 7.4, and the pH was adjusted by whereLy and FE*SODy represent the total concentrations

adding 0.1 M KOH, prior to reduction of the sample. For
the titration of F binding, Y34F-F&"SOD initially in 25

of ligand (bound and free N) and FE"SOD, [FE"SOD]
and [FE"SOD-L] represent the concentrations of free and

mM potassium phosphate buffer was titrated with 0.1, 1.0, ligand-bound F&SOD, and [F&SOD] = Fe**'SOD; —

and 5.0 M KF until a KF concentration of 279 mM was

[FE**SOD-L]. Absorbance data points could not be corrected

attained. The sample was then titrated with 0.1 M KOH to for dilution because this equation is not linear irF F&ODr,
pH 9.8. Each responsive active site chemical shifts’ depen-so a correction was made by substituting®f&0OD; =

dence on [F] was analyzed according to eq 3

Oops= 0o+ (0 — 0,)[FE®' SODF J/[Fe*"SOD}; (3a)

obs
wheredgns 0o, andde are the chemical shifts of a resonance
observed at some {f, at 0 mM F, and at saturating [f,
respectively, and the fraction of F&OD with F~ bound,
[FE¢*SODF]/[Fe*"SODY, is

[Fe”"SOD-F )/[Fe*"SOD};, = [F 1(Ky+ [F]) (3b)

where [FE"SODY; is the total F&"SOD concentration and
[FE¢*SODF] is the concentration with Fbound.

The (oxidized) F&'SOD NMR samples were in 90%
1H,0/10% 2H,0 with 10 mM MES pH 6.0 and either 10
mM NaCl (Kqg = 71 mM (6)), 10 mM KF (Kq = 2 mM (11)),

Fe**SODy o(1— L+/Ls), whereLs is the concentration of the
ligand stock solution and EeSOD is the initial concentra-
tion of FETSOD. In the cases of the other titrations, where
the weak binding approximation holds, the simplification
[L] = Lt could be made. Thus eq 6 was used fgr Ninding

to WT-FetSOD

[Fe*'SODL] = FE"SODL/(K,+[L])  (6)

and eq 7 was used to describe Ibinding to two sites

A= (e, + &[L Ky + €5]L] YK K 4)FE"SOD,/
(L4 [LV Kay + [L17KgiKgp) (7)

after correcting the absorbance data for dilution.
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Ficure 2: Comparison of the effects of high pH and Bn the
active sitelH NMR spectrum of F&SOD. The super-WEFT
spectrum of pH 7 WT F&¢SOD with 85 mM F (top), without F
bound at pH 6 (middle), and without Fat high pH (pH= 9.7,
bottom) are compared at 3€C and 300 MHz. F was supplied as
a KF stock solution to a final concentration of 85 mM vs &eof

Miller et al.

Chermical Sift (ppm)

FicUrE 3: Titration of FE*SOD with F- and OH". pH and [KF]
dependence of the chemical shift of a WTF8OD His303 proton
resonance, w (marked on the right-hand side of the middle spectrum
in Figure 2). Data were fit with eq 8, and parameters of the fit are
given in Table 1. Both the experimental value®) (and those

predicted by the model) are shown. The data were plotted and
fit using the Systat package.

We tested the anions3N F, and SCN, each at a
concentration of 50 mM, but only Faffected theeH NMR
super-WEFT spectrum of the reducedF2OD active site.
Similarly, methanol, which was found to coordinate to the
Fe* of lipoxygenase 34), had no effect on the FeESOD

42 mM (Table 1) and the pH was raised by adding KOH. The active super-WEFT spectrum at a concentration of 50 mM. Thus,

3"?;5 NMRthSpedC.g“m has bget” Showt’;]to tbe the sam%éﬁt pH6 a{”d although some anions that inhibit FeSOD do not affect the
, so the differences between the top and middle spectra . . T
represent the effects of FResonances used to monitor lsinding reduced active site, ‘Fdoes, indicating that the effect

are indicated for the middle pair of spectra by lower case letters Observed by NMR is somewhat specific, and not simply that

according to the notation in r&3 (see also Figure 3 and Table 1).

For experiments with hydrogen sulfide £5), FeSOD was

of ionic strength.
At pHs below~8.5, F was found to cause changes of
up to 3 ppm in the chemical shifts of paramagnetically shifted

dialyzed against dionized water to remove all buffers and resonances of FESOD (Figure 2). No significant changes
other salts, and the pH was adjusted to approximately pH in resonance line widths were observed in the course of the

7.4 with 0.1 M KOH. HS (K; = 12.9 and K; = 7.0) was
added as a 0.5 or 0.1 M stock solution of,Naadjusted to
pH 7.4 or pH 8, respectively, with HCI.

RESULTS

Anion Binding to (Reduced) FESOD.Prior to this work,
no distinct anion-bound form of reduced?f80D’s active

F~ titration, and the chemical shift changes were similar in
magnitude to those observed upon ionization of Tyi34).(
This indicates that interaction with Falso corresponds to a
second-sphere event.

As the pH was increased; Fhad a diminishing influence
on active site chemical shifts, until no effect could be
detected, above pH 10. Previous work identified Tyr34 as

site had been observed spectroscopically, although substratéesponsible for the pH dependence of thé"B©OD active

must somehow interact with FeSOD? This was in part
because PeSOD is UV/vis- and perpendicular mode EPR-
silent due to the S= 2 spin state of 8. F&" sites are
amenable to MCD and Mssbauer spectroscopy. However,
MCD studies found no evidence forsNor F~ binding to
FetSOD @0), possibly because MCD is much more

site 21, 24, 35). Therefore, to elucidate the relationship
between F binding and Tyr34, a series of Fand pH
titrations were performed, yielding an array of data spanning
F~ concentrations from 0 to 199 mM and pH 5.6 to 10.6
(Figure 3). Since high pH supresses Binding, the data
were fit to the following competitive binding model: mutu-

sensitive to metal ion coordination events than second-spheredlly exclusive deprotonation of an ionizable group and

events such as binding to protein residues. By conttgist,
NMR is very sensitive to events affecting#80D active
site amino acids 21, 24, 31, 32), resonances have been

assigned to all the ligands and many of the second-spher

residues 33), and resonances of residues withi8 A of
Fe#* can be monitored semi-selectively by virtue of their
paramagnetically enhanced relaxation rag3.(

2The complex formed by NO and Fe&OD is most accurately
described as FESODNO~ (1) and thus most properly represents
oxidized FETSOD, not the reduced state.

binding of F (Scheme 1§.

Scheme 1: Model for FBinding in Competition with

eDeprotonation of ESOD

-
Fe?*SODF 4-2» Fe?*SOD <j> Fe?*SOD”
H+

Data were fit with eqs 8ac, in which the observed

chemical shift §o9 represents a population-weighted average
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Table 1: Parameters Describing the pH andTiration of WT
Fe#*SOD, as Monitored by NMR

peak Oa OHA OF Ka
(assignment)  (ppm) (ppm) (ppm)  (MM) pK
b (His 160 \o1) 42.40 43.15 44.13 426 8.41+0.00
¢ (His 73 \v1) 39.24 36.51 3832 444 8.46+0.02
o (Trp 77¢&3) 11.76 1143 11.85 4&5 8.60+0.04
w (His 30p3) —4.70 —5.84 —444 355 8.41+0.04
average 42+5 8.47+0.04

a Assignments from Sorkin and MilleBB); the resonances used are
labeled in Figure 2° Standard error of the fit, not including a 0.06 pH

unit uncertainty expected based on the performance of the pH electrode

used in the calibration of the NMR pH indicatofgUncertainty?)-
weighted average.

of the chemical shifts of Fbound protonated FeSOD ©g),
protonated free PéSOD (na), and deprotonated free
FETSOD (©a), with the three species in fast exchange with
one another:

Oops= Opat (O — Oya)[FESODF J/[FeSOD}; +
(05 — Oya)[FESOD J/[FeSOD}; (8a)

where the fraction of Fbound F&*SOD is given by

[FeSODF J/[FeSOD}, =
[F (K41 + 10°7P) + [F7]) (8b)

and the fraction of deprotonated#&0D is given by

[FeSOD }/[FeSOD}; =
10°7(10P (1 + [F)/Ky) + 10°™) (8c)

The above model provides a good fit to the chemical shifts
of all resolved resonances that experience significardrie
pH dependenciesR¢ = 0.99, Figure 3) and yields K4 of
42 mM for F binding and a K of 8.47 for the ionizable
group, from the (uncertainty)-weighted average of thi€q
and K values for each resonance (Table 1). THsyalue
is in remarkably good agreement with th& pf 8.50 for
Tyr 34 (24), suggesting that Tyr34 is responsible for the pH
dependence of Fhinding. TheK, of F~ binding to Fé*SOD
is large relative to thdy of 2 mM for FETSOD (11) but
could nonetheless contribute to inhibition of FeSOD, as it is
similar to theK, near 33 mM (1).

Significance of Tyr34 for FBinding to Fé*SOD.To test
the hypothesis that loss of binding at high pH reflects a
requirement for Tyr34’s phenolic H we characterized
F-binding to Fé"SOD in which Tyr34 was mutated to Phe
(Y34F-F&tSOD). Near neutral pH, the effect of fon the
active site NMR spectrum was similar to that observed for
WT-Fe&#"SOD (Figure 4). Thus, a qualitatively similar event
is implied: F binding outside the coordination sphere. An
NMR-monitored titration yielded &4 of 66 + 8 mM, based
on the (uncertainty’)-weighted average of thKy values

Biochemistry, Vol. 44, No. 16, 2005973
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Ficure 4: Comparison of the effects of high pH and Bn the
active site'H NMR spectrum of Y34F-F&SOD. The super-WEFT
spectrum of pH 7.4 Y34F-E&SOD with 500 mM F (top), without

F~ at pH 7.4 (middle), and without Fat high pH (pH~ 10.6,
bottom) are compared at 3€C and 400 MHz. F was supplied as

a KF stock solution to a final concentration of 500 mM vs ke

of 66 mM (Table 2) and the pH was raised by adding KOH.
Although the pHs reported here are not the same as those in Figure
2, they show the active site spectrum to be pH independent, with
the correlary that any other pHs in the stability range of Y34F-
Fe#*SOD would also produce the same spectrum and thus that these
spectra can be compared with those in Figure 2.

Table 2: Parameters Describing Binding to Y34F-F&"SOD, as
Monitored by NMR

peak (assignmertt) o (ppm) Or (ppm) Kg (mM)
¢ (His 73 Ny1) 37.18 38.03 10& 9
f(?) 21.71 22.34 79
o (Trp 77&3) 11.41 11.81 5& 5
w (His 30p3) —5.37 —4.89 43+ 9
averagé 66+ 8

a Observed chemical shiftdqns Vs [F] were fit to eq 8 simplified
in accordance with the absence of pH dependefgg= do+ (0 —
00)[FESODFJ/[FeSODF, whered, is the chemical shift of free Y34F
Fe#*SOD and the other symbols are as defined abbiy. comparison
with the wild-type spectrum and assignments, where unambiguous.
¢ (Uncertainty ?)-weighted average.

FetSOD, arguing against a requirement for Tyr34's phenolic
H for anion binding.

The chemical shifts of active site”FY34F-F&*SOD
resonances changed very little when the pH was adjusted to
9.8 in the presence of 200 mM KF (Figure 5). This is
consistent with the pH independence of the active site NMR
spectrum of Y34F-FeSOD in the absence of HFigure
4), and unlike the behavior of WT-FeS50OD 1, 24). Thus,
in Y34F-Fe*SOD, F binding is retained at high pH,
supporting the proposal that Tyr34 is responsible for the pH
dependence of Fhinding in WT-F&*SOD.

Anion Binding to (Oxidized) FéSOD.OH™, F~, and Ny~

obtained for several resonances (Table 2, Figure 5). Thishave long been known to coordinate to thé*Fef oxidized

value is similar to theKq of 42 mM obtained for WT-

8 Mathematically, this is equivalent to OHand F binding in
competition with one another.

Fe**SOD (7, 11, 13). Since they compete with one another
and with substrate bindingg), they are considered to be
substrate analogues with respect t6'/D. We have now
investigated the significance of Tyr34 for substrate binding
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Ficure 5: F binding to Y34F-F&"SOD, based on the [KF]
dependence of the chemical shift of a Y34RF0D His 3083
proton resonance, w, at pH ®), and at pH 9.80). Data were fit
with eq 8 simplified in accordance with the absence of pH
dependenc&)ons = dot (O — Oo)[FESODF]/[FeSODY}, where

0, Is the chemical shift of free Y34F-FESOD, and parameters of
the fit are given in Table 2.
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T T T T T
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S .
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FIGURE 6: N3~ binding to FE*SOD. UV—visible spectra of azide-
saturated WT- (dashed line) and Y34FF8OD (solid line), at
~0.3 mM Fé+*SOD in pH 7.4, 25 mM phosphate buffer.

to FE*SOD by characterizing anion binding to oxidized
Y34F-FétSOD.
Near neutral pH the UV/vis spectra of WT- and Y34F-

Miller et al.

Table 3: Summary of the Parameters of Anion Binding t6"B©D

ligand Fé*SOD Kg1 (MM) Kaz (MM)©
F WT 2.7 42

F Y34F 10 >200
N3~ WT 1.5 NA

N3~ Y34F 0.081 NA
OH~ WT NA®P 8.6
OH~ Y34F NAP ~8.8

aFrom Slykhouse & Feel(l). P One solvent molecule is thought to
remain coordinated across the pH rang®H~ binding constants are
expressed asiis.

FeSOD 28), and 20-fold tighter N~ binding for Y34F-Fe-
substituted-MnSOD than WT-Fe-substituted-MnSO®). (
Tighter binding to Y34F-F&SOD of the larger-than-
substrate analogue 3N is likely due to relief of steric
repulsion between Tyr34’s OH and;N This hypothesis is
supported by crystallographic studies, which find that N
displaces Tyr34 by 0.4 A7.

The smaller-than-substrate analoguegfd OH" provide
a test of the above proposal. We find that Binds more
loosely to Y34F-F& SOD than to the WT. Initial studies of
F~ binding found that two F ions bind to WT-F& SOD
with Kg¢'s of 2.0 and 42 mM 11). Later work finds that if a
small amount of organic solvent is added to the protein
solution, only onéy of 6.9 mM is observedq). Our titration
data of Y34F-F&SOD did not fit to a singley (we did
not include any organic solvent in the protein solution). Thus,
we obtain twoKy's, one of 10+ 2 mM, and the other too
high to accurately measure at readily obtainablee&ncen-
trations but greater than 200 mM (Table 3).

The K of OH™ binding to WT-F&"SOD was previously
measured by EPR and UV/vis monitored titration with OH
(12). The K value obtained by this method was 9:30.3
compared to 8.6 0.3 obtained from the pH dependence of
the Kq of N3~ binding (12). However, the authors noted an
unusual amount of scatter in their data as well as precipitation
upon each addition of OH Moreover, when we repeated
the titration using OH to increase pH, we observed the same
precipitation and irreproducibility problems too. However,
use of the “aliquot swapping” technique described in the
methods section eliminated precipitation and yielded repro-
ducible results (Figure 7). Two independent titrations yielded

Fe**SOD are nearly identical (data not shown), suggesting pK’s of 8.56+ 0.04 and 8.65 0.04 with an average value
that the metal site is unaffected by the mutation, in agreementof 8.61+ 0.04. This is consistent with an earlier prediction

with EPR and NMR data2l). However upon " binding,

(6) that the active site K's of Fe&#t- and FE*SOD are no

Y34F-F&TSOD displays a more pronounced band near 430 greater the 0.3 units apart, as the active site (Tyr3dpp
nm than does the WT- (Figure 6). Since this band is assignedreduced F&SOD is 8.50+ 0.07 @4).

to an N —Fe*" ligand-to-metal-charge-transfed ), its
apparent greater strength in Y34FF8OD may indicate
that Ns~ has a greater tendency to be coordinated o e
Y34F- than in WT-F&"SOD (17). Thus, it appears that in
the absence of Tyr34’s hydroxyl sNcan coordinate to Fé
better.

On the basis of optically monitored titrations and eqs 4
and 5, we find that a single §N binds to Y34F-F& SOD
with a Kg of 80 £ 15 uM, while WT-Fe+tSOD has a single
Kq of 1.5 mM, in good agreement with previously obtained
values which range from 1.5 to 2.2 mM (Table &;11).
The 19-fold tighter binding we observe for Y34F3F8OD
correlates well with a previous observation that hhibits
Y34F-FeSOD with a 20-fold lowekK, than itsK; for WT-

We were unable to accurately measure theqgh exog-
enous OH binding to Y34F-F& SOD because of spontane-
ous metal ion release from Y34F£&80OD at pH> 8.7.
The formation of orange inorganic precipitate (which pre-
sumably contained iron) was associated with this event, while
>99% of the protein remained in solution. Proton NMR
spectra of the apo-Y34F-FeSOD showed that the protein
retained some structure as peaks upfield of 0 ppm were
observed.

The partial pH titration of Y34F-FeSOD from pH 6.8
to 8.6 shows thaf\sgo drops off more gradually than in the
WT, as the maximum stable pH 0f8.7 is approached
(Figure 7). This implies that hydroxide either binds with a
higher K to Y34F- than WT-F& SOD, or that the:zg Of
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FIGURE 7: pH dependence of the absorbance of W¥:E©D @)
and Y34F-F&"SOD (©) at 380 nm,Azgs. The absorbance at 380 i
nm was corrected for any baseline drift or protein precipitation by 150 100 50 0
subtracting the absorbance at 600 nm, which is zero in native proteingigyre 8: Anion binding to oxidized FeSOD.H NMR super-
and pH independent. Protein was suspended in 10 mM CAPS, 10WEFT spectra are compared for3¥80D at pH 6.0 (top), at pH
mM PIPES, 10 mM NaCl. The fit to the HenderseHasselbalch 6.0 with 5 mM NaN (second, they for N3~ is 1.5 mM), at pH
equation is shown for WT-FeSOD, and the |§ values obtained 6.0 with 10 mM KF (third, theKq for F~ is 2.0 mM), and at pH
are listed in Table 3 and the text. 9.3 (bottom, [OH bound]/[OH" not bound]~5 based on g of
8.6).
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hydroxide-bound Y34F-F&SOD is greater than that of WT-.
In an attempt to distinguish the two possibilities, Kgof

N3~ binding to Y34F-F&"SOD was redetermined at pH 8.7.
If N3~ and OH compete for a metal coordination site in

- + i . . . . .
Y3.4F F.é S.OD as they do in the WT, the appardd of . the increase in paramagnetic relaxation of water previously
azide binding should increase as pH increases, reaCh'ngobserved upon binding of N (15). However, because no

| _ . y

KPP= 2 Kq when pH= pK. At pH 8.7 the appareriq increase in water relaxation was observed in the case of F
of azide binding was found in two independent titrations to binding, a second, canceling effect must be invoked.
be 136+ 24 uM and 170+ 25_ﬂM with an average value Dooley et al. 15) proposed that bound N, but not F,
of 152 4+ 17 uM, compared with 81+ 15xM at pH 7.4. might favor water binding near Fe, and thus mediate
This implies a X of ~8.8 for OH" binding, which is not  yaramagnetic relaxation of water. However, we and Slyk-
significantly different frme the wild-type value of 8._61, _and house and Fed () find that F- can bind in two sites, whereas
therefore anesgo of OH™-bound Y34F-F&'SOD, which is N~ apnears to just bind once. Therefore, we propose that
greater thqn that of the WT. F~ binding in the second site replaces the normally bound

The nauvs—or—weaker binding of (smaller) fand OH water (Figure 1) or diminishes its exchange rate and thus
to Y34F-FE"SOD suggests that tighter binding of (larger) - explains the suppression of paramagnetic relaxation of water
Ns~ does in fact represent .rel|ef of strain. Thus, Tyr34 upon F binding. EPR data of Slykhouse and Fee support
appears to impose specificity in favor of substrate (analogues)yo forms of E-bound F&-SOD at low temperaturel ().
smaller than _three Se‘?ond'FOW_ atoms. ) However, if the microscopid&y's of the two F binding

_ N'lV'R Studies of Anion Binding to F&SOD. The active  oyents are similar and the events responsible for the<yeo
site 'H NMR spectrum of (oxidized) FeSOD is much less 56 i fast equilibrium at room temperature, then spectro-
resolved than that of (reduced)#80D, due to the slower  goqhic changes due to each may not be separately observable.
electronic spin relaxation of Fg which causes faster proton 1o macroscopiy's would nonetheless be observed if the

i - thel - ; i

relaxation 8, 36). In the presence of N or F- the HNMR 4 hinding events are anticooperative, and atBncentra-
resonances of BeSOD in the 26-50 ppm range (ligand His tions between the two macroscopig's, approximately 50%
o and/or § protons) are broadened nearly to the limit of
detection, and resonances near 100 ppm'lgllgan_d s N 4In FE'SOD, where the Fe ion is tightly bound to the protein
prOtF’_”Sv 83)) are broadened beyond visibility (F_lgure 8). (exceedingly low dissociation ratezi}, and the protein tumbles slowly
Additional resonances are observed to broaden in the 10 todue to its large size (low rotation ratez:}/ the electron spin correlation
0 ppm range uponFand N~ binding (Vathyam and Miller, time 7. is approximately equal to the electron spin relaxation time, which

: : : f tahedral high spin Feis 7o ~ 10°1°s (2). M , with thi
unpublished results). In the case of Obinding, broadening lg;gcrj‘ :prr%to:\g e frésqﬁency oy s %.9 e a1 g am

also occurs but to a !esser dggree. _ _ electron frequency ofse ~ 1 x 102 571 for 'H NMR at 300 MHz,
These paramagnetically shifted resonances’ line widths aremost of the dispersive terms in &), are negligible and (Tb), is
dominated by the paramagnetic contribution to the transverseProportional torc, so the line widths of predominantly paramagnetically

. S . broadened lines are proportional to the electron spin relaxation time.
+
proton relaxation rate (I¢)p, which in F€*SOD is expected ¢, high spin F&, electron spin relaxation via low-lying excited states

to be proportional to the electron spin relaxation tth@&nce is more efficient in lower symmetry coordination geometries that
electron spin relaxation times are longer in high spiffFe  stabilize one or more d orbitals, and thus make an excited state more

sites with higher symmetry, the broadened lines confirm energetically accessible2)_Therefore, expansion of F&SOD's
’ coordination number from 5 (with trigonal bipyramidal geometry) to

earlier conclusions that six-coordinate complexes are formedg (more closely approaching octahedral) is expected to increased
with F~, N5, or a second OHbound to Fé&". In this case, thusz and the paramagnetic NMR line widths T2, (2—4).

slowed electron spin relaxation should result in acceleration
of the 11T, as well as the T7, relaxation rates of all protons
near the metal ion, including those of water or bound OH
Thus, our data show that enhandetrelaxation can explain
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Ficure 9: UVMis spectra of FeSOD before (long dashes),
immediately after (short dashes), and 20 h after (solid line) the ;
addition of pH 7.4 SH to a final concentration of 50 mM.
of the whole spectroscopic change would be observed, as
each site would be-50% occupied. Furthermore, the nature
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and magnitude of a spectroscopic change associated with
the second macroscopig would be similar to those of the
first. This is consistent with the two Fbinding events

Derivative Intensity

observed by UV/Vis spectroscopy for both WT- and Y34F-
Fe*SOD. Thus, F may be able to coordinate to Fewice,

like OH-, and impede water access to*Fe

Interaction of FeSOD with Hydrogen SulfidelS™ is
another possible substrate analogue, as well as a plausible
substitute for coordinated solvent. However, it is softer and
more electron rich and therefore potentially amenable to native
oxidation. Indeed, we have found that H#teracts in a
complex way with FeSOD. Upon addition of excess SH
the broad visible absorbance of 3F80OD near 350 nm
immediately disappeared and the enzyme became colorless
(Figure 9). The colorless FeSOD displayed the sahie
super-weft NMR spectrum as the nativeé F8OD active site,

10 8
T T
indicating that the color loss was due to reduction of the 0 400 800 1200 1600 2000 2400 2800 3200 3600
enzyme. Upon exposing SHeduced F&€SOD to air, an Magnetic Field (G)
intense green color gradually developed over a period of ¢ o 19: EPR spectra of native and anion-bound*S©D.

hours (Figure 9). Because the green species first appeareamples of approximately 0.5 mM oxidizedF80OD suspended
at the meniscus, oxygen is almost certainly responsible forin 25 mM phosphate at pH 7.5 (or dialyzed into deionized water,

its formation. Moreover, as the green color intensified, the for the HS study) were augmented with H3o 33 mM, F to 33
intensity of the active site 6SOD 'H NMR spectrum MM, N~ to 30 mM, or NaCl to 29 mM (in 5 mM phosphate), and
L o . . _frozen in liquid N. EPR conditions were as described in the
diminished, indicating that the formation of the green species | aihods.
involves reoxidation of FeSOD. The chromophore was
confirmed to be tightly bound to the protein as the filtrate 2 (Figure 10). With its single sharp derivative atg4.236,
from membrane ultrafiltration was colorless, while the the EPR signal of green F&SOD displays the least dispersed
concentrated protein remained green. g values near 4.3, of the Fe&SOD anion complexes. This
The green species’ UV/vis absorbance maxima at 636 andsuggests a close to ideal octahedral coordination environment
530 nm reached maximal intensities after2l days of for green F&"SOD, and thus hexacoordination. The sample
exposure to air at 4C. At this point, extinction coefficients  treated with F displays the signal characteristic of one F
of €535 = 3950 cm* M~! andes3g = 2346 cnmt M1 were per active site 11), consistent with the concentration of F
calculated based on the total FeSOD concentration usedused and our measuré&g. We also note splitting potentially
These values are only lower limits, as they assume that allrepresenting superhyperfine coupling'¥e, of 26 G at §=
the FeSOD was converted to the green species. The extinc4.4. Thus, we conclude that a novel high spin, six-coordinate
tion coefficients and wavelengths are compatible with Fe** species is formed in the active site offF8OD, most

coordination of a sulfide (HS or sulfinic acid ligand likely representing coordination to #e of HS™ (or an
(~SG) (37). oxidized derivative).
The EPR signal of the green #6OD complex clearly As the green color developed, thé NMR spectrum also

corresponds to a high spin #e not low spin (S= 1/2), as changed, becoming most similar to the high pH spectrum of
the signal is concentrated in the region 6fg4.3, not g = Fe*SOD. Indeed, we found that a pH increase from 7.4 to
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as high as 10.5 accompanied the formation of the greeninteracting preferentially with a region of the#80OD active
species. Thus, Fe oxidation in the presence of HS site, and having a higher-than-bulk concentration there.
accompanied by Huptake. Since this is contrary to the case Nonetheless, similar behavior on the part of substrate could
for FeSOD alone, we propose that this reflects reactions still suffice to bring it close enough to Fefor long enough
involving the HS. Moreover, reoxidation was also ac- to considerably accelerate the rate of Geduction by F&'.
companied by appearance of a whispy light-colored precipi- Since the NMR spectral effects of Fare similar to those
tate near the meniscus that was not protein but was consistenassociated with deprotonation of Tyr34, we conclude that
with elemental sulfur or insoluble polysulfides .{S), F~ binding is also a second-sphere evéithus, our work
suggesting reactions such as H8 O, + HT — S$° + H,0, provides the first positive evidence that substrate binding
(38). Nonetheless, the fact that the dominghtNMR signals for reaction 2 may occur in the outer sphere, possibly in the
observed could all be explained by known species suggestsanion-binding pocket.

that neither HS nor its derivatives bind to FESOD. Relation of Anion Binding to Tyr34 in Reducec?F8OD

The chemistry of HS with O, is complicated and beyond  Substrate has been proposed to approach the active site via
the scope of this work. However, it is clear that HSteracts a funnel that stops just short of the active site, with His30
with FeSOD as a reagent, and H8r an oxidized product  and Tyr34 separating the Fe center from solvent acégss (

thereof can coordinate Fe Thus, Brownian dynamics have been suggested to be
necessary to allow the substrate to contact¥3® and the
DISCUSSION “anion-binding pocket” may be located at the base of the

funnel, just outside the Tyr34 gate, for example in the
position of the noncoordinating crystallographic water ob-
served for F&SOD (Figure 1). Sines et al. calculated that
Tyr34’s steric hindrance of substrate access to Fe could be

Substrate Analogue Bound-ReducedS©D.Prior to this
work there was no spectroscopic observation of specific
anion-binding to the active site of reduced?FgOD.
Although substrate must somehow interact wit ISOD, slowing overall catalytic activity by a factor of 5 to 139).

MCD spectroscopy demonstrated that neitherrer Ns~ H ;
. . owever, the three Tyr34 mutants of FeSOD examined to
coprdlnates to the+F2é (30), and while NO_has been shovv_n date (Y34F, Y34S, and Y34C) each show slightgcreased
to interact with F&"SOD (1, 23), the species that results is tivity (28). Thus. Tvr34 mak dditional it
best interpreted as FeSOD coordinated by NO(1). Thus aciviy (- ). Thus, yros maxes some adaiional posiive
: ’ contribution to catalytic activity which is not fulfilled by the

the FETSODNO™ is really a model for the oxidized state - : :
of the enzyme not the reduced state. The fact that L?r?(;ar;ﬁ?eents and which outweighs the effects of any steric

FetSOD-NO™ is formed nonetheless implies that NO does
P Tyr34 is conserved in most Fe and MnSODK0)(

interact with the Fe in PESOD, but it suggests that NO’s ;
gd Although it has been proposed to be a proton donor to

coordination is associated with electron transfer, given the K X i
failure of redox-inert anions to coordinate t?FeThus, the ~ Substrate in reaction 2(16), to mediate proton transfer to
coordinated solvent from bulk, to mediate proton transfer

F~ bound state we have observed here is the first model for -
substrate interaction with reduced2E80D. from coordinated solvent to nascerg@;!, and to modulate
An “Anion Binding Pocket”.The existence of an “anion the mode_/geometry of sqbstrate bindirtg 9, 16, 17, 23 .
binding pocket” in FeSOD wés first proposed by Fee et al 27, 35), either these functions are supported by other active
" site residues too, or they are not essential for turnover, as

(22) and further developed by Benovic, Bull, and Fé&e ( : .

19) based upon the observations that various anions inhibit hm;#a;l;n g -l(—:)gl?‘llztgspohg Olr\]llgnde?ﬁ;?::fgfn%g (;itlovr:tyo?ythe

SOD activity and Iy blndm_g W'thOUt cooro_llnatlng to P& analogous Tyr oSulfolobus solfataricuso Phe produces a

ther_nselves, and thatsN binding oceurs in at least two 17-fold decrease in activity undég./Ky conditions 25),

?Ssggcé;tetps%%rdPé(r)[?grszls f::lcl) f%retrt]ésg?zéer—rsc?;eé? Z'Ite indicating that Tyr34 makes a significant nonduplicated
. pty in © I' SUperoxide 1o bind proauctively, ., i iion to activity in some FeSODs, at least. Therefore,

either because it is the site of a prebinding event or the spac e have investigated Tyr34's possible contributions to

!ssubr;(tarea('::?)ir:girn Corre]?(;)r?gﬁ'g;?sltfh;n%gfonﬁfgnc'ﬁg\?vey:rh substrate binding, substrate specificity, and H-bond donation
9 yorp ) ’ to substrate. Some mechanism for protonation of substrate

Argesg et gl. conclgded thgtl anions diminish access to is likely to be crucial for reaction 2.
the active site due simply to ionic strength effed8)( Here, i )
In order for @~ to be a good reductant of Fein reaction

we show that even noncoordinating anions do not all behave =
alike. Although 50 mM F produces significant changes in 1, it should not be strongly stabilized by a H-bond. However
the IH spectrum of the active site of F&SOD, neither 50 in order for reaction 2 to be possible, reduction gf Gnust

mM N3~ nor “SCN does, at the same ionic strength. be c_Ioser_coupIed to protonation 0%0 (26)' Moreover,
Moreover, the F titration agrees with a well-defined the identities of the O atoms that receive H-bonds are

stoichiometry of one Fper active site. Thus, some specific- Important to the outcome of ' reduction. Double pro-
ity applies to the interaction between Bnd F&+*SOD, and tonation at the distal O would be expected to promote

we favor the existence of an anion-binding poce)(albeit ~ cleavage of the ©O bond, whereas protonation at the
a weak one. coordinated (proximal) O would favor dissociation of

The largeKq of 42 mM demonstrates that relatively little

energy is associated with the interaction betweenaRd °F~ may also interact with other regions of the protein, but by

FESOD’s active site, which in turn precludes highly looking at only paramagnetically shifted and relaxed NMR resonances,
. . L P : - we focus specifically on events that affect the active site.
selective, highly localized binding in the conventional “all- 6 The insignificance of any NMR line width changes also rules out

or-none” sensé.Thus, it may be better to think of Fas a large change in active site structure.
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Scheme 2: Cartoon of Binding of Too-Largeg Sterically Impeded by Tyr34 vs Binding of Too-Smalt,FAided by Tyr34,
Compared to Possible Binding of,O

?: i: EE. ?3 j"o
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peroxide 40). Disruption of proton donation to that position the absence of line width changes argues against an inner-
could be a reason why mutation of residues affecting the sphere event or gross structural change. However, the
H-bonding network of human MnSOD resulted in greater inclusiveness of the spectral changes suggests that they reflect
accumulation of a peroxide-bound inhibited intermedi&te (  changes in the paramagnetic contributions to chemical shift,
41). Thus, precise positioning as well as timing of proton which would change (to varying extents) for all paramag-
transfer is crucial to SOD activity, and occasional misplace- netically affected resonances, rather than the diamagnetic
ment of H-bonds may explain the accumulation of product- contribution, which would be affected only for one or two
inhibited WT-MnSOD. residues that directly interact withr Fin addition, the effects
In the oxidized state the coordinated solvent is QH are moderately large compared to changes expected for the
whereas in the reduced state it is®H(6, 7, 16). Hence, the diamagnetic chemical shift (up to 3 ppm, vs less than 1 ppm,
polarization of the active site H-bond network would be respectively). Thus, it appears that deprotonation of Tyr34
expected to change upon reduction, with less H-bond and binding of F cause similar effects on the polarization
donation capability directed toward coordinated solvent and of Fe™ d-electron density. This too could simply reflect
more available at the Tyr34 end for H-bond donation to electrostatics, if F is concentrated in the same region as
incoming substrate, as required by the chemi2.(Indeed, that occupied by Tyr34s phenolic O upon Tyr34 ioniza-
the K of Tyr34 is only 8.5 in reduced FeSOD, whereas it tion.
is considerably higher in oxidized F&SOD @42). Thus, Anion Binding Inolving Coordination to (Oxidized) Fe.
GIn69 and Tyr34 could together function to mediate effective We find that N~ binds 19-fold moretightly to oxidized
proton transfer from coordinated solvent to nascent product Y34F-FE"SOD than to the WT- and appears to have a
(43), in concert with electron transfer from #e However, stronger coordination to Ee (Figure 6 and ref® and17),
our tests of this attractive proposal do not support strong in good agreement with the finding thatsNinhibits the
H-bond donation from Tyr34 to substrate, as it binds to activity of Y34F-FeSOD with a 20-fold loweK, than the
reduced F&SOD for reaction 2. Although our data show WT- (28) and the accepted view thatzN inhibits by
that Tyr34’s phenolic proton is weakly beneficial based on coordinating to F& (6). The smaller anions OHand F,
the somewhat loweKy for F~ binding to WT- vs Y34F- by contrast, bind to Y34F-F&SOD up to 5 times (F) more
Fe*tSOD, H-bond donation from Tyr34 is not required for weaklythan they bind to WT. Thus, our data suggest that
F~ binding, even to reduced FeSOD. N3~'s larger size constrains it to an orientation/position that
Suppression of Fbinding at high pH appears instead to compromises its interaction with Fein WT-Fe#*SOD. For
be due to the anion of (deprotonated) Tyr34 having an OH™, the optical signature of binding is weaker in Y34F-
inhibitory effect. This could be simply electrostatic repulsion Fe**SOD, in addition to the marginally largéy. Thus, for
of the exogenous anion by the phenolate, consistent withboth large and small anions, the more favorable interaction
our earlier finding that OH loses access to the active site with residue 34 is associated with better coordination f0.Fe
of FE*SOD upon Tyr34 ionizatior?d). Repulsion of anions  Moreover at high pH, F& escapes from the active site in
would also decrease substrate access to the active siteY34F- but not WT-F&"SOD. Thus, Tyr34 appears to provide
thereby explaining the pH dependence ofkygefor reaction an anchor or barrier that holds onto®Fg®H"),, along with
2 (44). Electrostatic repulsion could similarly bar peroxide the three His and Aspligands.
access to the active site, thus protecting FeSOD from In summary, we envision a binding site with contributions
inactivation g, 9) under conditions where it would not be from both Tyr34 and F¥&, positioned with a separation that
catalytically active anyways, due to competitive inhibition is too small to accommodatesNcomfortably, yet able to
of reaction 1 by OH binding @4) (but see re25). Thus, aid each other (weakly) in OHand F binding. Such an
Tyr34 can contribute to specificity against peroxide and in arrangement might be “just right” for a diatomic molecule

favor of substrate, by virtue of its intermediat&.p and thus support the significantly lowkg, of 100 uM for
The Nature of F Binding to Reduced P&SOD. The O, (6) than theKy's of 1.5 mM for F- and 2 mM for N—.7
competition betweenFbinding vs ionization of Tyr34, and Different Contributions to Substrate Analogue Binding.

the effect of F on backbone chemical shifts of residues35 To evaluate Tyr34’s possible significance to substrate
40 (20), most simply suggest that Foccupies a site close
to Tyr34. In addition, the active site NMR spectrum changes ' TheKy for O, is in fact an overestimate for ti as the former

in similar ways upon deprotonation of Tyr34 andtfinding mg t\’,STi”}E:Ae?gdeSY t;‘ﬁdfotrr‘]"éﬁ‘g frgf‘ﬁ;?”t:;t&h;h%S\i(”\,;i"ﬁ:r_"g’eg%t"t")ee"

(in either WT- or Y34F'F@SQD)7 suggesting that both  nonetheless suggests that sterics represent the main difference between
events have similar effects (Figures 2 and 4). Specifically, binding to WT and Y34F-F&SOD.
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binding, one would like to be able to separate and evaluate A
different elements of this event. Our current measurements
allow us to address (1) coordination to Fe (observed fér,Fe
not Fet), (2) steric clash with Tyr34's OH, and (3)
H-bonding to Tyr34’s OH. Since mutation of Tyr34 to Phe
eliminates the latter two at once, we have also addresse
steric constraints by comparing binding of anions of different
size. Although the reduced state appears to employ a differen
substrate binding mode, any differences in the applicable
steric constraints are expected to be minimal for the small
anion F, since it appears relatively exempt from steric
repulsion? Indeed, since Fhinding is weaker in Y34F-Fe-
SOD than in WT-, steric effects appear smaller than the lost _ " . R ) .
benefits of any H-bond. However, we nonetheless recognizean'ons.’ sterics (or lonization qf Tyr34 at high pH) wil
that steric effects may not be zero by referring to “net outweigh su_ch z_;lweak bln_dlng mt_erapﬂon.
H-bonding”, meaning actual H-bonding effects minus effects 1 he contribution of sterics to binding to FSOD was
of steric repulsion. Thus, we begin with a simple model in NOt estimated from a comparison ok'Nbinding and F
which the free energy of anion binding to FeSQEGy, is binding because th|§ WOl_JId assume similat'Feoordination
made up of a favorable (negative) contribution from coor- strengths for two quite @fferent anions. Inste_ad, we thought
dination to F&*, AGe,, an unfavorable (positive) contribution ~ the strength of H-bonding would be less different for the
from steric conflict with Tyr34,AGee, and a favorable WO anionst® and subtracted this (determined in the reduced
(negative) contribution from H-bond donation from Tyr34, State for F) from the total effect of mutating Tyr34 to Phe
AGriba. observed for N~ binding (stericst H-bonding), to estimate
the contribution of sterics.

rer ™ AGy 31 rvaar™ AGy o1 Fyaar=
2.3RTlog(10/66)= —4.6 kJ/mol

Hence, it appears that when steric conflict is smalf'Fe
d’s responsible for most of the binding affinity. By compari-
son, the net contribution of H-bonding from Tyr34 in the

bsence of coordination to Feis very modest £1.1

J.mol), but its cooperative reinforcement of coordination
to Fe' is significant & kT ~ 2.5 kJ/mol)? Since neither
OH™ nor N;~ binds to WT-Fé"SOD, no additional values
can be obtained. Moreover, this is probably an unavoidable
manifestation of the small value &fGyq 2+, since for larger

AGb = AGFe + AGster+ AGHbd
9) AGgier 3 ~ (AGp 31 nawr — AGp 3+ N3 v3aR) —
AGy, = —2.3RTlog(Ky) = 2.3RTlog(Ky) AGyypq.31 ¢ = 2.3RTlog(1.5/0.08)+ 1.1 kd/mol
where additional subscripts will be used to indicate the ~ 7.1 kJ/mokh+ 1.1 kd/mol= 8.2 kd/mol
oxidation state, anion identity, and protein identity under
consideration, and, and Ky denote the binding constant
and the dissociation constant for anion binding, respectively.
In FE*SOD, where anions do not coordinate to Fe, we
setAGge ~ 0, and for the small anionFwe setAGger~ 0.
Thus, for this simplest case, the net contribution of H-
bonding with Tyr34 may be roughly estimated from the loss
of binding affinity produced by mutating Tyr34:

This value is a very rough estimate only because the steric
interference between Tyr34 andNmost likely precludes
the formation of any H-bond7j, so that the more conserva-
tive AGger~ 7 kd/mol is probably a better value.

In summary, our very limited data provide estimates for
three different contributions to substrate analogue binding,
collected in Table 4. While these should be viewed strictly
as a starting point to be tested if possible with data from
additional anions and mutants, they nonetheless suggest that
8 H-bond donation from Tyr34 in the reduced state is less

2.3RTlog(42/66)= —1.1 kd/mol. significant than steric repulsion of oversize substrate ana-
logues and electrostatic repulsion of anions at pHs above
In comparison, the net contribution of H-bonding with 8 5. The absence of a pH effect ki further argues against

AGHbd,2—|r,F ~ AG'b,2+,F,WT o AGb,ZwL,F,Y34F =

Tyr34 appears larger for the oxidized state: Tyr34’s making an important H-bonding contribution to the
transition state, although its bulk may help to constrain the
AGijpg3+F ~ AGp 31 pwr — AGp 31 Fvasr = position and orientation of bound substrate in MNS@B) (

2.3RTlog(2/10)= —3.9 kd/mol and may favor product dissociation. Our current data also
suggest that Tyr34 may play an important role in excluding
Thus, H-bonding to Tyr34 and coordination to3Feare non-substrate anions, in particular peroxide, and thus may
mutually cooperative in the amount of 2.8 kJ/mol, and suppress spurious Fenton chemistry under conditions of
binding to either Tyr34 or Fe effectively raises the local ~ oxidative stressg, 9, 24, but see reR5).
F~ concentration 3-fold. Interaction of FeSOD with Hydrogen SulfidelS™ has
AGrer the free energy associated with Eoordination been shown to interact with Cu,ZnSOD by Searcy and

to Fe*, can be estimated by assuming that binding ofd~ colleagues and moreover to support multiple turnovers of
the Fé" and Fé' forms of Y34F-FeSOD involves similar  the enzyme as an alternative reductant o @88, 46). As
values forAGsier + AGppa (both =~ 0). Thus,

9 Similarly, when H-bonding from Tyr34 is presem\Gre rwr ~
8 Since we have assumed that for the reduced sta@g. ~ 0 and 2.3RTlog(Kaz+rwilKazr rwr) = 2.3RTlog(2/42)= —7.4 kJ/mol. As

we are assuming that for small anioh&ser~ 0, even this smal\Giipg expected, this value is 2.8 kJ/mol more favorable than the contribution
energy becomes significant. It does not reflect the full binding energy to binding of Fé" alone, of—4.6 kJ/mol.
since F binds even to Y34F-P&SOD, which lacks the capacity to 10 Although the K's of HF and HN are slightly different (HN's

donate this H-bond. Other contributions may derive from H-bonding pK is 4.6 and HF's is 3.2), we assume as a starting point that their
from His30, for example. H-bonds with Tyr34 may have comparable strengths.
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Table 4: Estimates of Different Contributions to Anion Binding in outer sphere mechanism for reaction 2. Tyr34 deprotonation

WT-FeSOD, in kJ/mol competitively prevents Ffrom binding. We propose that
interaction sterics Hbonding F~ coordination cooperativity |qn|zat|on of T,yr_34 likewise prevents superoxide b'”o_"”g at
for N~ with Tyr34 to Fe* (Hbd vs high pH, explaining the pH dependence of Kygof reaction
(for F&t) (for F) Fet), F 2. In addition, our comparisons of factors affecting FeSOD’s
free energy +7.1 -11 —4.6 —2.8 affinity for large and small substrate analogues demonstrate

that Tyr34 also imposes steric restrictions on substrate
for FeSOD, a complex in which HSis coordinated to the ~ analogue access to the active site. Finally, by using protein
active site C&" ion was identified 46). H NMR to infer changes in electron spin correlation time
we have proposed a new explanation for the different effects
on solvent relaxation of ;N and F binding to oxidized F&-
SOD (15), in terms of binding of two F per Fé* vs one
N3~, and hence potential displacement of the coordinated

For FeSOD, further experiments addressing stoichiometries
and nature of the reaction with,@iill be necessary to resolve
the potentially very complex chemistry occurring with HS

However, the most likely explanation for the green species i
is coordination of HS or an oxidation product thereof to ~ SClvent by one F. Thus, we demonstrate the existence of

Fe&*. Indeed, whereas our green3F80D complex has several binding sites or binding modes, and multiple effects

absorption maxima at 530 and 636 nen{ 2300 and 4000 N binding affinity by Tyr34. Our data do not support H-bond
M-1 cml, respectively), F& complexes with similar donation from Tyr34 coupled to substrate binding but instead

absorption maxima have been reported. For example: maximaSupPport a role for Tyr34 in enforcing substrate specificity.

at 540 and 650 nm for a trigonal bipyramidal*Feoordi-

nated by two thiolates, one pyridine N, and two deprotonated ACKNOWLEDGMENT

amide Ns ¢ ~ 3600, 3700 M* cm™, 47), and others We thank Prof. J. A. Fee for generously providing us with

tabulated by Kovacs3(). However, the above complex is  the gene for Y34F-FeSOD, and Mssrs. A. Sebesta and A.

five-coordinate, whereas our green FeSOD appears to be sixFloyd for tireless help maintaining equipment.

coordinate based on EPR at 110 K (Figure 10) 16 and 4.2 K

(not shown). Furthermore, upon coordinating a sixth ligand NOTE ADDED IN PROOF

the above complex becomes low spin, like other multi- ) )

thiolate or multi-sulfinate complexes, and nitrile hydratase Although even 50 mM B does not interact perceptibly

(37), whereas green F&SOD is high-spin, again based on With WT-Fe&'SOD, we find that it binds to Y34F-PeSOD,

our EPR spectra, obtained at 110, 16, and 4 K. with an (uncertainty?)-weighted averag&q of 2.6 + 0.5 ,
Our green FE'SOD displays strong parallels with the mM. Thus, mutation of Tyr34 increases the binding site’s

: 4 . . -, capacity, enabling it to bind a triatomic substrate analogue,
active s'tf Of. oxidized superoxide reQuptgse (S.OR.)’ which not just the monatomic Fthat binds to WT. Theq is at
binds F&" with one Glu and four histidines, similar to

FeSOD's Asp-His; site. However, the SOR site also :ﬁgfgat?r? ttera?STsrgT”i(rar: éhsaer; ;hgitmﬁ;rvr\gls?gricmcl\gl’t on
contributes one Cys thiolate ligand to*FeFe*SOR has g y P

an absorption maximum at 660 nm with 2500 M- ¢t N3~ binding in both oxidation states. Thus, the reduced state

" . T is similar to the oxidized state in that mutation of Tyr34 to
and an additional electronic band at 530 nm visible in the e
o Phe weakens binding of small substrates (loss of an H-bond
MCD spectrum at low temperaturé8), very similar to the

. ) in the absence of steric penalty) but strengthens binding of
wavelengths represented in the optical spectrum of our green or substrates (subject to strong steric penalty)
Fe*SOD. Moreover, based on optical, MCD, and EPR 9 ) 9 P Y).
spectroscopy at a range of temperatures, these bands haVﬁEFERENCES
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