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ABSTRACT. The binuclear manganese active site of Mn catalase catalyzes redox disproportionation of
hydrogen peroxide, forming dioxygen and water. We report here multifrequency EPR and microwave
polarization studies of the catalytically active homovalenMeomplex ofLactobacillus plantarunMn

catalase, resolving spectra from each of the thermally accessible multiplet states of the coupled complex
by multivariate methods. The experimental spectra have been simulated using computational approaches
for the binuclear cluster to predict boifitensityandpolarizationfor arbitrary values of the ground state
parameters. These two spectroscopic properties define the nature of the ground state wavefunctions and
SO serve as a sensitive and quantitative measure of the inter-ion interactions in the reduced complex.
Interpretation of the spectra in terms of a pair Hamiltonian that includes Heisenberg exchange, dipolar,
single site zero field splitting, and Zeeman perturbations leads to the most complete ground state description
of the active site metal centers. The results of this spectroscopic analysis support a picture of two high
spin ions weakly coupled by exchange interactiohs=(40 cnT?) with relatively small dipole-dipole

coupling and single site zero field splittings for the ligand-free reduced enzyme. The coupling between
fluoride binding and protonation of the complex has been demonstrated by proton uptake studies. The
binding of two fluoride ions in the active site dramatically changes the pair spectra, reflecting a substantially
reducedl-coupling § = 10.5 cnt?) that must be a consequence of perturbation of the bridging ligands.
Anion binding to the binuclear Mn complex appears to result in poisoning of the active site by protons,
possibly associated with insertion of fluoride into bridging positions of the dimanganese core.

Catalases are ubiquitous metalloenzymes that catalyze thexidation (Schonbaum & Chance, 1976). In the nonheme
redox disproportionation of hydrogen peroxide into water enzyme, both Mn ions undergo oxidation and reduction in
and oxygen: the catalytic cycle, shuttling between homovalent ¢Mn

Mn3t) and (Mt Mn?*") forms (Khangulov et al., 1996a
2H,0,—~2H,0 + G, 1) c; Waldo & Penner-Hahn, 1995). The chemistry of Mn
catalase is of special interest as a model for the reactions
that occur in photosynthetic oxygen evolution (eq 4), which
can be envisioned as involving elementary steps correspond-
ing to the two half-reactions of the catalase disproportionation

thus complementing superoxide dismutases in biological
defenses against toxic oxygen metabolites (Beyer & Fridov-
ich, 1988). This reaction is spontaneous and peroxide is
unstable under physiological conditions but significant kinetic

activation barriers exist for the direct, uncatalyzed, reaction. cycle:

Catalases function by uncoupling the two half-reactions of 2H,0<H,0,+2¢e +2 Ht )
peroxide reduction (eq 2) and oxidation (eq 3), storing

electrons and protons between the two redox steps. While H,0,< O, +26 +2 H* 3)

the majority of catalases contain a heme cofactor, nonheme
binuclear manganese catalases have been found to perform
this essential function in microorganisms inhabiting iron- SHO—O.+46a +

- ) ) — e +4H 4
deficient environments (Felton et al., 1953; Whittenbury, 2 2 “)
1964). The best studied of these alternative catalases have Thjs chemical analogy may go deeper, since a tetranuclear

been isolated from the bacteriahermus thermophilus i cluster has been identified as the active site for water
(Khangulov et al., 1990ac) andLactobacillus plantarum  qyigation in the photosynthetic apparatus of green plants
(Kono & Fridovich, 1983; Penner-Hahn, 1992) (Chenaie & Martin, 1970; Radmer & Chenaie, 1977; Brodsky
Although the heme enzyme contains a mononuclear metal g, Frasch, 1985).
center and the nonheme enzyme a bir_]uclear metal complex, Biology has evolved cluster complexes for a variety of
heme and nonheme catalytic active sites both serve as twoynctions including electron transfer (Spiro, 1982; Fee et al.,
equtron .redox units, ma_ltchlng the requirements of each of 1995), dioxygen binding (Stenkamp, 1994; Magnus et al.,
the individual half reactions (egs 2 and 3, below). In the 1994) and catalysis (Rosenweig et al., 1993). The electronic
heme enzyme, iron and tetrapyrrole both participate in the ¢oypling between the interacting metal ions in the complex,
redox chemistry, forming a porphyrinm cation radical on determined by structure (Reed & Orosz, 1993), in turn
defines the characteristic redox reactivity of a cluster. Strong
" Support for this project from the National Institutes of Health (GM  covalency, reflected in large exchange splittings, is associated
42080 10 JW.W.) Is gratefully acknowledged. o, Fax 412.06e. With molecularreactivity for the coupled complex, while
6945, E_m%”: jin?@insigl%t.cherg.cmu:edu. ' weaker interactions result in independent, uncoupled reactiv-
® Abstract published ildvance ACS Abstract®ecember 15, 1995. ity typical of the isolated ions. The strongly coupled, bis-

0006-2960/96/0435-348%$12.00/0 © 1996 American Chemical Society




EPR Polarization Studies on Mn Catalase Biochemistry, Vol. 35, No. 1, 199649

(u-sulfide)-bridged binuclear iron core in plant ferredoxins, min). Reduced Mn catalase was prepared for spectroscopic
an example of a strongly coupled complex=f 366 cn?, studies by anaerobic hydroxylamine titration under argon
antiferromagnetic exchange (Palmer et al., 1971)], exhibits followed by desalting over a P-30 column equilibrated with
single-electron redox chemistry with a large shift in potential deaerated buffer. The colorless reduced protein eluting from
between successive redox steps. In contrast, weakly coupledhe column was detected by illuminating a short section
complexes undergo two-electron redox processes with virtu- quartz capillary inserted in the eluent path and observing
ally no splitting in potential between the two sites. While the quenching of luminescence from a fluorescent thin layer
exchange interactions are small compared to chemicalchromatography plate. Protein collected in argon-purged
binding energies and so have rdirect influence on sample vials was transferred anaerobically into EPR sample
chemistry, these splittingdo reflect (on a small scale) the tubes flushed with argon and frozen slowly in liquid nitrogen.
charge transfer and covalency terms that determine activation Spectroscopic MeasurementS8PR spectra were recorded
barriers for electron transfer and the energetic stabilities of on a Bruker ER300 EPR spectrometer with an X-Band
different structures (Noodleman & Case, 1992; Mouresecu microwave bridge and Bruker ER4116 DM bimodal cavity
et al.,, 1994). These electronic interactions are generally resonating with microwave magnetic field parallel or per-
oxidation state-dependent, with dramatic differences evidentpendicular to the direction of the applied magnetic field in
between oxidized and reduced complexes. However, typicallongitudinal or transverse mode. Temperature control was
exchange splittings for oxygen- and carboxylate-bridged provided by an Oxford Instruments ESR Model 900 helium
binuclear Mn complexes are in the range3D cnt? for flow cryostat (4-100 K temperature range) equipped with
both Mr?* and Mr#t binuclear complexes (Mege et al., backflow control for temperature stabilization and using an
1988; Vincent & Christou, 1989; Tofflund et al., 1990). Fe(Au)-chromel thermocouple sensor positioned below the

In order to more fully understand the electronic factors sample for temperature measurement. Temperature readings
important for Q and peroxide interactions and redox Were calibrated by recording the spectrum of a capillary
properties of the binuclear Mn active site of Mn catalase, Sample of manganous phosphate over the effective temper-
we have applied a combination of multifrequency ERRd ature range and fitting the temperature-dependent EPR signal
microwave polarization studies to experimentally probe the intensity to a Curie Law curve. Nonsaturating microwave
ground state of the reduced binuclear complex. The indi- Power levels were used throughout these experiments to
vidual spectral components arising from disci®tenultiplets ~ ensure the validity of the intensity information. Q-Band
of the coupled complex, resolved using singular value SPectrawere recorded at the National Biomedical ESR Center

decomposition techniques to reduce the data matrices, contaiin Milwaukee. Metal ion analyses were performed on a
information on the electronic wavefunctions that can be Varian Instruments Model SpectrAA 20B atomic absorption
interpreted by complete spectroscopic simulation based onspectrometer equipped with a GTA-96 graphite furnace for
a Hamiltonian for the binuclear complex that includes high sensitivity analytical determinations. Optical absorption
Heisenberg exchange, magnetic dipolar, spin orbit coupling, measurements were performed on a Varian Cary 5-UV
and Zeeman terms, providing quantitative estimates of the Vis—NIR absorption spectrometer.

wavefunctions and energy splittings. Exact solution of this ~ Potentiometric Titration.Fluoride binding by reduced Mn
36-dimensional pair Hamiltonian and calculation of intensity catalase was detected potentiometrically using a Microelec-
and po|ariza’[ion for magnetic d|p0|e transitions among the trodes Inc. fluoride ion-sensitive electrode. WA Catalase,
sublevels yields theoretical solution spectra for comparison Prepared anaerobically and desalted into 50 mM sodium
with the experimental data. This approach to complete acetate buffer, pH 5.5, or 50 mM potassium phosphate buffer,
simulation of transition fields, intensities, and polarizations PH 7.0, as described above, was progressively titrated with
provides the best estimate of ground state parameters leadindcF and the fluoride potential, reflecting the concentration
to insight into the structural determinants of active site Of free fluoride ion, measured for comparision with a

reactivity. calibration curve prepared under identical conditions.
Proton Uptake Measurement®roton uptake coupled to
EXPERIMENTAL PROCEDURES anion binding by reduced Mn catalase was determined

guantitatively on enzyme initially equilibrated with 50 mM

Biological Preparations. L. plantarufATCC 14431)  sodium acetate buffer (pH 5.5). Samples were prepared by
was grown in APT medium under continuous aeration for desalting the enzyme in carbonate-free, argon-purged solution
12 h and the Mn catalase isolated according to publishedpyffered only by the protein (82M active sites) and adding
procedures (Kono & FridOViCh, 1983; Beyer & Fl'idOViCh, 1 equiv of pH indicator dye (bromocre50| purp|e, ﬁM
1985). Metal ion analyses obtained for samplesLof  final concentration) to 1 mL final volume. Absorption
plantarumMn catalase are consistent with nearly full Mn  changes resulting from the perturbed protonation state of the
content ¢11 Mn) for the purified protein if a hexameric  jndicator were calibrated by addition of standard NaOH
structure is assumed, as found for thehermophilugnzyme solution (aliquots yielding 41uM base in the sample).
(Khangulov et al., 1995), rather than the unusual pentamericFlyoride was added to saturation [two steps ool each,
subunit composition recently suggested (Beyer & Fridovich, >10K, ,(F)] followed by recalibration (Whittaker & Whit-
1985). The analysis is consistent with as much as 15% half-taker, 1993; Whittaker, 1994).
occupied sites in some protein samples. Enzyme prepara- EPR Data Analysis.EPR spectral data obtained over a
tions consistently exhibit specific activity 7200 units/mg  range of temperatures were compiled into data matrices and
of protein (1 unit of enzyme decomposegihol of HO/ reduced by singular value decomposition (SVD) to a set of
linearly independent components (Press et al., 1992; Henry

L Abbreviations: EPR, electron paramagnetic resonance; SvD, & Hofrichter, 1992). SVD leads to the best solution for
singular value decomposition. orthogonal basis eigenvectors of the data in a least-squares
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sense. Based on the magnitudes of the singular values, thavhereT is the test matrix of temperature conditional vectors

rank of the matrix of spectra was reduced to three compo-

computed from the physical model, and™{) ! is the

nents, which were subsequently transformed into physical pseudoinverse of the rectangular mathk Since the

basis vectors by a unitary multiplication based on the
temperature dependence aJ-aoupling model. The quality
of fit for a given value of) was determined by summing the

numerical stability of the pseudoinverse depends on how far
the matrix deviates from square form, the number of field
points is in general reduced from the full number available.

squares of the residuals in the difference matrix. The detailsEquation 10 also provides the transformation matRix

of this procedure are outlined below.

required to convert the basis of the SVD orthogonal

Following baseline subtraction, the experimental spectra eigenvector matriXJ’ into a physical basis, by projecting
obtained over a range of temperatures were compiled into aonto the conditional vectors im.

rectangulartf x m) data matrixD with apparent rank equal

Right-multiplication by the unitary matriR transforms

to the number of temperatures at which spectra were the rank-reduced matrix of specttd’) into the physical basis
recorded. Standard singular value decomposition routinescomponents of the data, while left-multiplication of the row

(e.g., in Mathematica) allow linear resolution of the data
matrix into orthogonal eigenvector matricdsandV repre-
senting eigenvector decomposition@®™ andD'D product
matrices, respectively:

D=U"AV (5)

In this matrix equation,A is a diagonal matrix of

matrix of the reduced conditional vectovs by the corre-
sponding inverse transformatioR™! yields conditional
eigenvectors that are consistent with the physical model:
D' = (UTYARR V' (11)
The appropriateness of the model is measured by the
magnitude of the sum of squares of residuals that are the

eigenvalues, the singular values whose magnitudes reflectelements of the error matrig, the difference between the
the relative importance of each of the basis vectors. In the prediction matrix T and the transformed conditional

present case, resolution Dfyields spectral basis vectors in

U and the corresponding conditional vectors (the temperature

dependence of the basis spectraYin This decomposition

provides the best separation of the data (in a least-squares

sense) into linearly independent components. By retaining

only the largest eigenvectors of based on their singular
values, the quality of the spectra is dramatically improved,
effectively averaging over all spectra simultaneously in
the projection of the entire data into the rank-reduced
subspacé’:

D' = U"AV’ (6)

However, the basis vectors obtained by SVD analysis are
in general not unique and represent linear combinations of
physical spectra associated with the largest singular value

and noise (Henry & Hofrichter, 1992). These combinations

can be unmixed to recover the true physical components by
applying a basis transformation defined by a physical model.
In the present case, thermal population over a spin ladder
can be used to construct a model temperature dependenc

matrix, T, whose rows give the normalized intensity expected

for each temperature point at which data was recorded. The

intensities are computed from the population difference
between neighboring levels withinJamultiplet thermalized
with a Boltzmann statistical distribution:

where the partition function is
Q=3 (25+1)e (8)

and the multiplet energies are

E(Sy) = I2[S(Sr+ 1) — S(S, + 1) = S(S, + 1) ©)

The unitary transformation (rotation of basis) that converts
V into T is then given by

Ri=T(v'V)! (10)

matrix T':
T =RV (12)
E=T-T (13)
Em=3 > E) =TT (14

Optimization is achieved by minimizing the magnitude of
this error, providing the best estimate of the magnitude of
the exchange splitting), the variable parameter used in the
fitting procedure, by fitting the entire matrix simultaneously.
These manipulations are efficiently performed within sym-
bolic mathematical program libraries such as Mathematica
or Matlab.

Simulations. Program nu spin, a numerical spectral
simulation program, was developed for calculation of pair
spectra for coupled binuclear high-spih mietal ions and
solves for resonance fields under the combined exchange,
gipolar, spin orbit, and Zeeman perturbations, computing the
Intensities and polarizations of the resulting spectra. Theo-
retical results corresponding to rotationally averaged solution
spectra are built by summing over an angular grid using a
modified Simpson’s Rule integration routine (Press et al.,
1992). nu spin was compiled under the 64-bit Irix 6.0
operating system and runs on a Silicon Graphics Power
Indige? Unix workstation.

S

SPECTROSCOPIC RESULTS AND DISCUSSION

Spectroscopic Consequences of Anion Bindifilge broad,
overlapping spectra of the reduced binuclear Mn cluster of
L. plantarumMn catalase (Figure 1, top) and its fluoride
adduct (Figure 1, bottom) are complex, covering a magnetic
field range of greater than 1.5 Tesla with significant
absorption extending to the zero field limit. Trains of nuclear
hyperfine features of high multiplicity are resolved on many
of the signals (e.g., Figure 4) clearly identifying them as
arising from the coupled complex. The complex is fully
reduced on the basis of optical spectroscopy, ensuring that
all of the observed resonances originate from?MnThe
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Ficure 1: X-band EPR spectra for reduced Mn catalase complexes.
(Top) Mn2+2* catalase in 50 mM KHP©buffer, pH 7. (Bottom)
Fluoride complex (100 mM KF). Instrumental parameters: fre-
quency (9.65 GHz, perpendicular; 9.36 GHz, parallel), microwave
power (1 mW), modulation amplitude (10 G), modulation frequency . : T
(100 kHz), temperature [20 K (top), 5 K (bottom)]. Solid line, 300 500 700
ggirﬁ.endlcular polarization; dotted line, parallel polarization at same Wavelength (nm)

FiGure 2: (Top) Potentiometric fluoride titration of reduced Mn
spectra of the two forms (Figure 1) resemble each other butcatalase. (Inset) Free fluoride concentration measured as a function

are clearly distinct, reflecting a significant perturbation by of total fluoride added to Mn catalase in 50 mM sodium acetate

fluoride in the anion complex. The spectra are most clearly 2il:;febri’n%li-rl‘l g's\;itﬁk&e da_ta?% Zrﬁ gtn%y}gheczylfggl?&eggtg?ﬁgé tg\;o-
D,1 — D2 —

distinguished by their markedly different temperature de- gcaichard analysis of the data (lower panel). The hyperbolic
pendences (see below). Spectra from the unliganded proteinscatchard plot of/[F ] versus the bound fraction provides
virtually vanish at the lowest temperatures, while significant estimates of the binding parameters. The parametric equations

intensity remains in the EPR spectra of the fluoride complex Solved for these parameters were plotted as the theoretical curve
even at 4 K (solid line). (Bottom) Proton coupled anion binding by reduced Mn

. . . catalase. Mn catalase (@R active sites) prepared in argon-purged,
Fluoride interactions have been observed previously for carhonate-free solution buffered only by &8I bromocresol purple
both theT. thermophilusandL. plantarumenzymes (Khangu-  pH indicator dye was adjusted by addition of 26 of 20.5 mM

lov et al., 1990c, 1995; Waldo & Penner-Hahn, 1995), with Na_OH (spectrum 1) and t_h_e colorimetric response of the indicator
similar effects found for a range of other ions (azide, chloride, gg;‘g{gﬁg dti)’[)iloll(‘lug??vi;l c?ds(;lttllj(?gti?lfgﬂlig&?ls %ff '\Ii?:o(tHo (ngi‘ﬁrznr‘nﬁ)
phosphate, borate.) for the form.er p.rOtem' EOP'a”,ta“.Jm final concentrations fluoride, spectra 3 and 4) and a second
but no significant effect is detected with phosphate or

chloride at neutral pH. In order to obtain more information the unbound ion concentration curve exhibits a break at the
about anion interactions in the Mn catalase active site, we point of saturation of protein binding sites. For a sample
have measured the dissociation constant for fluoride from containing 0.95 mM active sites, the break point determined
the oxidized MA* form of the enzyme in a spectrophoto- by extrapolation from the limiting high-concentration slope
metric titration and find a pH-dependent affinity for the active occurs at 2 equiv of fluoride bound (Figure 2, top, insert),
site complex: Kp = 0.5 mM (pH 5.5);Kp = 14 mM (pH providing direct evidence for binding of two fluoride ions
7). While the reduced Mt enzyme lacks optical absorption  per active site at saturation. A Scatchard analysis of the
features that can be used to detect fluoride binding, the binding data (Dahlquist, 1978) (Figure 2, top) permits
unbound fraction of fluoride in the sample can be measured resolution of these binding steps and provides quantitative
potentiometrically to monitor the progress of the titration estimates of binding affinities. The higher affinity complex
(Figure 2, top, insert). Under stoichiometric titration condi- (Kp = 12 uM) is nearly an order of magnitude more tightly
tions (enzyme concentration in excess over the estimé&igd bound than the lower affinity compleX§ = 140uM). The
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Ficure 3: Heisenberg exchange ladder for coupled binuclear high
spin Mr2™ complex.

2:1 stoichiometry of the saturated complex indicates that two
distinct sites must be available for binding exogenous ligands.
At pH 7.0, the tighter complex hasp, = 260 uM.

The pH dependence of the fluoride affinities suggests a ' ) ' ' A
coupling between anion binding and proton equilibria in the 250 500 750 1000 1250
active site. This possibility was explored by measuring R
proton uptake coupled to fluoride binding in reduced Mn Magnetic Field (G)
catalase complexes (Figure 2, bottom). At low pH, it is FIGURE 4: Temperature-dependent low field X-band EPR spectra
possible to titrate the complexes with fluoride to a saturation Ich’; ’}’"3”2;2; f:tgi'ajfe- Tf/bﬁt‘hmt‘zma'eggﬁrggtfgs ‘i‘ge S‘S dzescggegén
endpoint and detect deprotonation of bromocresol purple 40, 5091 60, 70, agnd 80 K. P T I Em T e
reflecting proton uptake by the enzyme in the anion adduct.

The number of protons bound in the fluoride complex can components can be deconvoluted by SVD methods (see
be determined by calibrating the signal from the indicator below). Sorting the spectral components on the basis of
dye using aliquots of standard base (Figure 2, bottom, spectraemperature dependence yields discrete spectra from within
2 and 5). The deprotonation of the indicator is clearly not eachSr multiplet. Because of the expanding ladder, with

a result of hydrolysis by the fluoride ion, since no further intervals proportional t&r (Landerule splittings) only the
change was detected after a second addition of the samdowest multiplets contribute significantly to the experimental
amount of fluoride solution (Figure 2, bottom, spectrum 4). spectra over the temperature range of these experiments.
Analysis of these spectra indicate that-1167 protons are  These spectra arising from excited multiplets exhibit dra-
bound in each active site as a result of fluoride interactions. matically non-Curie behavior, strongly deviating fromr 1/

EPR spectra of the fluoride-saturated ¥A* catalase temperature dependence. However, each component has a
complex recorded at pH 5.5 are essentially identical to thoseunique and characteristic temperature dependence, deter-
recorded at pH 7 except for an increased resolution of Mn mined by the Boltzmann thermal distribution over the spin
hyperfine structure in several spectral features. No additionalladder, allowing the resolution to be performed. Spectra
splittings that might be attributable & nuclear hyperfine  arising within any S multiplet will exhibit the same
coupling have been detected in these spectra, consistent withemperature dependence allowing the spectra to be projected
the weak covalency expected for the divalent manganese iononto this restricted set of temperature profiles in sorting into
Under turnover conditions in the presence of hydrogen linearly independent basis components. Small variations in
peroxide, fluoride traps the enzyme in the reduced state. Thisthe partition function associated with the increasing Zeeman
anion inhibition is reversible, and full activity is recovered splittings across the field swept spectrum, and exchange
on removal of the fluoride by dialysis. ldentical complexes striction effects (Harris, 1972), are not resolved at this level.
are formed by hydroxylamine reduction followed by addition In the moderate exchange limit characteristic of binuclear
of NaF or by F/peroxide treatment (turnover inactivation). Mn?" complexes, the spin ladder (Figure 3) appears to
There is no evidence for {binding in the reduced protein, effectively model the ground state splittings.
the same spectrum being observed for enzyme prepared The temperature variation of the EPR spectra for the
anaerobically or exposed to air. ligand-free enzyme is complex. From virtually no detectable

Temperature-Dependent EPR Spectri@hanges in the  signals at the lowest temperatures, low-field resonances grow
EPR spectra resulting from systematically varying the samplein and subsequently decay (Figure 4) with changes in
temperature reflect thermal population over ground state resolved nuclear hyperfine froPAMn over this temperature
sublevels of the coupled binuclear complex split by exchangerange reflecting the distinct character of the resonances
interactions (Figure 3). If the lowest level is paramagnetic, observed at different temperatures. At the highest temper-
a pure spectrum can always be obtained at sufficiently low atures, the most intense features of the spectrum appear near
temperature, where only the lowest sublevels are thermallythe free electroig value @ = 2) (Figure 5). The results for
populated. However, when the lowest sublevel is diamag- the fluoride complex are similar, but more extreme variation
netic, as is the case for the antiferromagnetically coupled is evident over a lower temperature range (Figure 6).
homovalent dimer illustrated in Figure 3, the spectra are Polarization Studies. Polarization measurements can
always a mixture of contributions from different multiplets resolve complex spectra, labeling transitions with additional
of the spin ladder. These broad and overlapping spectra will spectroscopic information beyond the resonance condition
not be resolved by simple temperature variation, but the linear (Kliger et al., 1990). Distinct EPR selection rules apply for
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FiIcurRe 5: Temperature-dependent wide field X-band EPR spectra
for Mn2+/2+ catalase. Instrumental parameters are as described inFIGURE 7: Temperature-dependent X-band EPR spectra fdr
the legend to Figure 1 with temperatures 10, 14, 16, 18, 20, 30, catalase-F in parallel polarization. Instrumental parameters are as
40, and 50 K. described in the legend to Figure 1 with temperatures 10, 15, 20,
25, 30, 35, 40, 45, 50, 55, 60, 65, and 70 K.
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FIGURE6: Temperature-dependent X-band EPR spectra férfin FicURE 8: Q-Band EPR spectra for reduced Mn catalase complexes.
catalase-F in perpendicular polarization. Instrumental parameters (TOp) Mr?*/? catalase in 50 mM KHP©buffer, pH 7. (Bottom)

are as described in the legend to Figure 1 with temperatures 4.1, 5Fluoride complex (100 mM KF). Instrumental parameters: fre-
6,7, 8,9, 10, 11, 12, 13, 14, 15, and 16 K. qguency (34.805 GHz), modulation amplitude (20 G), modulation

frequency (100 kHz), temperature (30 K).

absorption of photons with polarization (microwasreag- f tic clust ving f d dent
netic field vector) oriented parallel or perpendicular to the ol paramagnetic Clusters, resolving irequency-dependen

applied magnetic field (defining longitudinal and transverse €Ms and simplifying the analysis. Multifrequency ap-
Zeeman perturbations) further constraining the ground stateProaches are especially useful when resonances are associated

wavefunctions. Figure 1 shows spectra for two forms of with fictitious g values arising from_intermediate mixing
the enzyme described above in both polarizations (paralle|2@M0Ng Zeeman sublevels, as occurs in the present case where
and perpendicular). The largest polarization is observed dipolar and spin orbit fine structure splittings occur in the
for the low field resonance of the fluoride adduct which arises cluster ground state. Distinct regions of the Zeeman
within the St = 1 multiplet (based on the temperature Spectrum are measured at Q-band and X-band. At Q-band
dependence) and acquires intensity from the relatively strong(34.8 GHz, 1.2 cm') the microwave quantum is four times
mixing of triplet sublevels by dipolar and zero field splitting the photon energy at X-band (9.4 GHz, 0.327¢jnand as
perturbations (see below). As is expected for a simple the photon energy is increased, the resonance fields are
Kramers system, the uncoupled mononuclear Mn signal nearshifted accordingly, collapsing around the Zeeman-ex-
g = 2 (see below) is strongly suppressed in parallel change limit ofg = 2 in the high frequency experiments
polarization. The temperature dependence of these spectra{Figure 8), where spectra form a symmetric pattern about
features is shown in Figure 7. The origins of distinct the free electromy value decreasing in intensity away from
polarization components requires consideration of the selec-the center. The largest shifts in these spectra are associated
tion rules for each transition and is dealt with in more detail with the larger fine structure splittings that occur in states
below, where simulation of polarization spectra is described. of lower multiplicity, as predicted from the irreducible ten-
Multifrequency EPR.Multifrequency EPR techniques can sor elements for intramultiplet splittings (Table 1, see be-
increase the information available from the resonance spectrdow). Such transitions are intrinsically less intense than the
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Table 1. Irreducible Tensor Components for Dipolar and Zero Field Splitting Elements

Hdip o? Hzfs ﬁb
0T®) |10 37/(2/15) 37/10 —16//15 —32/5
[2/|T@||00 —2/(7/3) 2/(713)
[2/|T@||10 0 2/(6/5)
[2/|T@||20 41/(2V/21) 41/42 —10/21 —20/21
3||T@||10 —18//35 184/35
3| T@| |20 0 TN
3/|T®||30 47/(3/10) 47/90 —/21(3V/5) —2/45
@||T@||20 —3V/(5/7) 3V(5/7)
@] T®)|30 0 5/(2/3)
@||T®| |40 5./(55/42) 5/14 V(110/21) 27
5| T@|30 -5/3 5/3
5||T@)| |40 0 V15
5| T@||50 (5v/65)/6 5/18 (2/65)/3 4/9
Dod?(¢,0,0)= 1/2(3 cod 6 — 1) Do d?(¢,0,0) = (1/2)(3 cod 6 — 1)
D.1,62(¢,0,0) = F(v/6/2) sinf cosH e7¢ D.1,d2(¢,0,0) = F(+/6/2) sing cosH e™¢

D2 d2(,0,0) = (v/6/4) sir? 6 €¥2i¢
2a = —v/6AS2IH | TOSKSS + 1)). ° f = —2v/6Ac*TH | T@)||SKS(S + 1)).

large sets of spectroscopic data. SVD analysis provides a
least-squares fit on reduction of the data matrix and ef-
fectively averages over an entire data set, returning in the
singular values information useful for significance testing.
These methods have been extensively applied in analyzing
diverse data: resolving orbital parameters of binary stars
(Simon & Sturm, 1992), separating kinetic components in
ultrafast spectra (Henry Hofrichter, 1992), mapping electro-
static potentials onto point charge distributions (Mouresca
et al., 1994), and evaluating pH titration profiles (Shrager
& Hendler, 1982). The SVD procedure applied to analysis
of temperature-dependent EPR spectra is described in the
Experimental Procedures.

Transformation to Physical BasisAs described above,
the set of base spectra onto which the SVD analysis sorts
100 5500 the data is complete, spanning the data space, but is not

Magnetic Field (G) unique and generally represents a linear combination of the
physical spectral components. Physical spectra can be
< recovered by a unitary transformation that preserves the linear
/ . structure of the basis while constructing new combinations
of initial vectors consistent with a conditional dependence
N (e.g., temperature variation) defined by a specific model. The
appropriateness of a particular model is most readily gauged
by evaluating the sum of squares of residuals after construct-
Toeiren ing an optimized conditional matrix in the reduced basis

e space (a least-squares method). For the unliganded enzyme,
~ : the best fit is obtained witld = 40 cnT?, while a much
0 5 10 15 20 25 . . :
Temperature (K) smaller yaluel =10.5cn?) is required to fit the dqta fpr
, . the fluoride complex. Analysis of data for both polarizations
FIGURE 9: Resolved spectra for triplet and quintet states of the ¢4 ihe fluoride complex gives the same optimized value for

manganese exchange ladder for¥#" catalase-F. (Top) Eigen- - .
vectors extracted by singular value decomposition of the complete the exchange coupling (Figure 9). The resolved spectra for

data matrix as described under Experimental Procedures. (Bottom)the triplet and quintet levelsS{ = 1, 2) closely resemble
Experimental {--) and theoretical (---) temperature dependence the corresponding spectra recently reported for The

vectors associated with the spectral components shown above. Th?hermophilusMn catalase phosphate complex (Khangulov
theoretical lines correspond to Boltzmann functions for a Heisenberg et al., 1995)

exchange ladder witd = 10.5 cnT?,

Detection of Uncoupled M Kramers ComponentAp-
contributions from higher substates where the fine structure plication of SVD to the temperature-dependent X-band EPR
splittings are relatively small and the multiplicity is greater, spectra for the Mn catalase complexes led to the recognition
implying more transitions contributing to a less anisotopic of an eigenvector associated with a simple paramagnetic
spectrum. signal nearg = 2 exhibiting Curie Law temperature

Deconvolution of Multiplet Spectra: SVD Linear Resolu- dependence (Figure 10). The six-fold multiplicity of the
tion of Component SpectraSingular value decomposition hyperfine splitting of this signal and its polarization behavior
is a powerful method of linear algebra useful for analyzing allow the component to be identified as a minority mono-

dy"1dH
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dy"I1dH

L

100

5500
Magnetic Field (G)

Ficure 10: Resolved spectrum of the monomericoomponent
in the Mr2*/2+ catalase-F complex. (Above) Data eigenvector

projected by SVD onto a Curie-law temperature dependence vector.

(Below) Theoretical spectrum calculated for 8= 5/2 ion with
D, = —0.05 cn1!, E/D = 0.33.

nuclear or uncoupled Mt species. This component is
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Calculations were performed using the resulting 36-
dimensional direct product matrix spanned by (tkig,[IMs,[]
basis. Explicitly,

H=JS,xS,+S, xS +8_x8S,)+
Deip(3Sy, X S, — S1S5) + Dy f(Sy)” x 1= (1/3)S,7 x
1) + Eue /2[(S,° + 512 x 1] + Dy {1 x S,7 — 1 x

(1/3)S))) + s 42[1 x (S2 + S, )] + gBH(Sy, x
1+1xS,,) (16)

where the boldface operato8 and 1 are six-dimensional
representation matrices (spin and unit matrices, respectively),
and the symbok indicates the Kronecker or outer matrix
product. The spin matrices f& = 5/2 were taken from
Pilbrow (1990) (however, note a number of typographical
errors occur in thé&,2 andS2 — S matrices given in that
reference).

Relations Among the Matrix Elements: Irreducible Tensor
Operators. The tensor operator formalism (Fano & Racah,
1959; Tinkham, 1964) clearly expresses the relations among
the matrix elements of each of the terms in the Hamiltonian

present in samples that have been subjected to size exclusioqeq 15). Briefly, physical operators (likdq;p,) are replaced

chromatography and so the Kmappears to be tightly

(through application of the WignetEckart theorem) by

associated with the enzyme. Reliable quantitation of this equivalent operators transforming identically. For example,
signal has not been possible, but comparison of its intensitythe products of spin operatorsS:§) appearing in the

with that of the excited state spectra for the majority coupled exchange, dipolar, and zero field splitting terms transform
complex indicates that it represents at most a relatively smalllike second order spherical harmonics. This substitution
fraction of uncoupled or half-occupied sites. The signal is reduces the problem to a small number of unique irreducible

unchanged by incubation of the enzyme with 5 mM3aWn
ions. There is no significant difference in the amount of
this species between ligand-free and ligand-bound forms.
The spectrum of this mono-Mh complex is characteristic
of a high spin 8 metal ion with moderate zero field splitting
(D = hv), and simulation of the spectrum (Gaffney &

components, resulting in a dramatic simplification. Evaluat-
ing the 13 unique matrix elements (Table 1) defines all 1296
elements of the Hamiltonian within the pair basis. Although
the dipolar and zero field splitting terms superficially have
a similar form, their matrix elements are distinct, and their
contributions to the spectra are different. For dipolar terms

Silverstone, 1993) gives the best estimate of the ground statehe result is well known (Tinkham, 1964).

parameters:D = —0.05 cn1?!, E/D = Y¥3. The Mr#* zero
field splitting is much larger than is typical of near octahedral
sites in lattices (Kuska & Rogers, 1968) yet smaller than is
found for five-coordinated MAT [e.g., in Mn superoxide
dismutase (Whittaker & Whittaker, 1991)] and most likely
represents a low symmetry six-coordinated complex with
mixed ligands and distorted geometry.

Spectral Simulations and Estimates of Ground State
Parameters: The Pair Hamiltonian.The effective pair
Hamiltonian for the binuclear M complex is given by:

H= Ho + Hexch+ Hdip + Hzfs+ Hzee (15)
where the full HamiltoniarH is expanded in perturbations
on the molecular electronic Hamiltoniaf, including the
Heisenberg exchange terfexch = JS; S, the magnetic
dipolar interaction terntgi, = Dip(3S1:S: — Si°S,) resulting
from the mutual interaction of the magnetic dipoles of the
two paramagnetic ions, the single-site zero field splitting
contributionHzs = ZiDxSi'2 — (1/3)S(S + 1)] + E(S.;?

— §,2) that has its origin in spin orbit effects on each metal
ion, and the Zeeman interactidf,ec = gpH(S, + S,) for

Hyp=—Fv6Y ,T,9D,%$,0,0) (u=0,+1,+2)

(17)

For the zero field splitting term, similar considerations
apply. The zero field operator may be equivalently expressed
in irreducible tensor form as

Hy1= 3 T U(V6)/3D,D,, @ +
EQ,,?+D, )] (u=0,+1,+2) (18)
This leads to matrix elements in the coupled representation
BM{|H,|SM[=

ZZM'ESMS'IIHzfs,ilISIVLD\MS,H'@MS,MW[(J 6)/
3D D‘u.’o(z) + E(Dﬂ,’z(z) + Dﬂ,v,f))]

zfs

where theAysn>?S are the Wigner coefficients and the

[BMs'||Hzs| [SMsCare the reduced matrix elements. The 13
distinct reduced matrix elements fbt,; are different from

the paramagnetic ions in an external applied magnetic field. those calculated foHg, and are listed in Table 1 for

The pair Hamiltonian for a coupled binuclear high spin
Mn2* complex can be constructed by taking the Kronecker
product of six-dimensional representation matrices for the
independensS = 5/2 metal ions (Poole & Farach, 1987).

reference.

Spin Manifolds and Resonance FieldBhe basic structure
emerging from the Hamiltonian is described by a ladder of
Sr multiplets split by exchange coupling with smaller
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intramultiplet splittings determined by the combined dipolar, 6=0
zero field, and Zeeman interactions. Thus, exchange interac- " =
tions lift the 36-fold spin state degeneracy of the pair and #
split the pair states into an exchange ladder with Lande
interval rule between states of different total sgir= S, + A
S$S=1S -9, ... & + ) (Figure 3). Since exchange Ak
interactions reflect covalency, these splittings are relatively T
small for Mr? ions (typically in the rangg)| = 1—50 cnT?),
the magnitude being determined by geometry and the nature 1
of the bridging ligand(s). A reduction in the metdigand B A 6=0
interactions by displacement or protonation of a bridging
group reduces the covalency pathway for exchange and will 4
be reflected in a decreasedrcoupling (Armstrong, 1992).
The ground state magnetic moment of a high spir
5/2 ion is 5.98 (the largest possible for a transition ion) C 6=n2
making dipole-dipole coupling between magnetic moments
on neighboring ions a significant perturbation. Dipolar
interactions removis degeneracies of th& multiplets and H—,
mix electronic substates of the exchange Iadde.r with the SAMEGuRe 11: Zeeman anisotropy in the presence of dipolar interac-
Ms value andAS; = £2 (Table 1). The magnitude of the ijons, (A) The orientation of individual magnetic dipoles for the
dipolar interaction can be related to structure through the binuclear complex in a strong magnetic field leads to distinct
dipole coupling parametebg, = —g%3?%/r®) which takes on interactions between the two dipoles depending on the relative
only negative values and whose exponential dependence orPrientation of the pair axis. (B) Calculated triplet stag € 1)

; y . . - splittings with combined Zeeman and dipolar interactions with pair
inter-ion separation makes it very sensitive to geomeiry. The axis parallel to the applied magnetic field direction. (C) Triplet

magnitude ofDqj, extracted from the pair spectra has been gpjittings with pair axis oriented perpendicular to the applied
regarded as unreliable for distance measurements becausmagnetic field direction.

of large deviations from the value predicted from point dipole

theory for a series of crystallographically defined complexes With the magnetic field along the pair axis the sublevels
where the geometry is accurately known (Khangulov et al., split linearly in the field, while in the perpendicular orienta-
1995). As a result, empirical correlations have been requiredtion the sublevels split quadratically with increasing magnetic
to extract distance information from the spectra. Much better field, leading to broad and complex resonance spectra.
agreement between experiment and theory has been reported Intensity and Polarization CorrelationsEPR transitions

in studies on Mn in MgO and related lattices with the are characterized not only by the magnetic field at which
experimentally determine®q;, at most about 10% low resonance occurs but also by intensity and polarization factors
(Harris, 1972). The relatively large magnitudefsin low relating to the selection rules for magnetic dipole excitation
symmetry d metal complexes (de Bolster et al., 1973; Birdy (Hagen, 1982; Hagen et al., 1984; Hendrich & Debrunner,
et al., 1979) compared to the smaller values that are 1988, 1989). For magnetic resonance, polarization is defined
characteristic of nearly exact octahedral coordination for the by the orientation of the oscillating microwave magnetic field
oxide lattice may account for the apparent differences. In vector relative to the direction of the applied magnetic field.
particular, the significanD,, comparable t®gp, observed Transitions can then be classified as eithgparallel,AM;

for the mononuclear Mn site in Mn catalase provides an = 0), or o (perpendicularAM; = £1) according to the
estimate of B for the metal ions in the binuclear complex selection rules determined by matrix elements of the vector
indicating that zero field splitting must be taken into account. operator components o (S.S,S,). For perpendicular
Since the irreducible tensor elements Fdy, andHs have polarization, corresponding to the conventional EPR experi-
opposite signs within the triple§{ = 1) state (Table 1), the  ment, the transition probability?, is given by

two contributions effectively cancel in the overall splitting

(A), and neglect of contributions from single site zero field P, = |zzc*jci[Mlj|[B/|2j|Slx + %>(|M1i[ﬂM2i[|]2 =

\

splitting to the intramultiplet fine structure splittings in "

protein and molecular complexes will thus in general result 'ZZC G(L/2)BAy| DMy [Sy + S+ S5y F

in an underestimate ddqp. Calculation of both resonance Sz,|MliEuM2iD]2 (19)
fields and polarization (see below) is required to determine

both parametersi, and Dyss). where thec; and ¢ are the coefficients for thgh andjth

Degeneracies left by the combined action of dipolar and components of initial and final state wavefunctions, respec-
zero field perturbations are completely removed in a tively. In the Zeeman representation (using pure angular
magnetic field as shown in Figure 11, with EPR transitions momentum basis functions referred to the magnetic field
being induced when the Zeeman splitting matches the photondirection), transitions become allowed through the raising
energy (the resonance conditioAE = hv). While the and lowering operatorS; andS- that connect components
magnetic field defines the quantization axis for the electronic in the initial and final states differing by one unit of angular
spins, the inter-ion vector is the axis of the dipolar interaction momentum: AM; = +£1. For mixed wavefunctions, the
and the Zeeman interaction is anisotropic as illustrated transition intensity is computed as the square of the products
graphically for the triplet stateSt = 1) of the binuclear of (complex) coefficients summed over all basis components.
complex in two orientations, with the applied magnetic field  The selection rule for parallel polarization involves e
aligned parallel or perpendicular to the pair axis (Figure 11). transition operator, which connects between corresponding
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components in the initial and final state wavefunction, M,
leading to a distinct expression for the transition probability: _— +1

Py =13 5 ¢*/G My My]Sy, + S, My M, (20) <

Magnetic resonance induced & requires conjugate
angular momentum components to appear in both initial and
final states A M; = 0). This is forbidden for Kramers
systems, but can occur for non-Kramers states (even number :/[

of electrons, integer spin) through admixture by perturbations A}

that are off-diagonal in the Zeeman representation. Mea-

surement of EPR in parallel polarization requires a resonator

that supports a microwave mode having the oscillatory

magnetic component in the direction of the applied magnetic g=2 /r
]

field (Hagen, 1982; Hendrich & Debrunner, 1988). The

1
experimentally observed decrease in intensity in parallel A hv
. . . . g . . ~ = <1
polarization to higher magnetic field (Figure 1) is a conse 7 > - A
quence of the Zeeman interaction unmixing states into pure aH=t o
M; levels for which theS, transition is forbidden. EPR
polarization experiments can thus be used to measure the Hy = Ap
composition of electronic wavefunctions in states mixed by H &

perturbations that are not diagonal in the Zeeman interaction. o o _
Accurate simulation of field-swept spectra requires scaling FIGURE 12: Limiting cases for resonance within the triplet state.
the intrinsic transition probabilities (see above) by the Aasa  (T0P) Degenerate transitions in absence of dipolar splitting. (Middle)
Vi ard fact ~ (dv/dH) " to give th rrect intensi Small spectral shifts associated with small fine structure splittings.
anngard factotyav (v )" 09! e the correct inte Sity (Bottom) Effect of large intramultiplet splittings on the resonance
normalization. The Aasavanngard factor defines the spectrum.
transformation from frequency- to field-domain spectra and . ]
can be evaluated using the Hellmarfreynman theorem, the higherSy states where the lardé;s (i = 1,2) components
simplifying to a multiplicative factor of I (Aasa & and higher multiplicity occurs. _The Q-band spectra (F!QUfe
vanngérd, 1975). Spectra are calculated by averaging8) appear to represent the limit of small intramultiplet
normalized intensities over orientations and convoluting the Splittings, with transitions nearly symmetrically disposed
resulting stick spectra with a Gaussian line shape function: about the free electrogvalue ¢ = 2.00). However, near-
cancellation between spin dipolar and zero field contributions
f=(ov/27) texp[-(H — Hres)z/zgz] (21) to the fine structure splittings in the multiplets will give
similar results (see below).
whereo = Trwun/2V/(2 In 2) is the line width parameter The irreducible tensor elements arising fréta, andH
defined in terms of the full width at half-maximugyiw) within distinct multiplets of the spin ladder determine the
of the Gaussian line. The symmetry of the pair complex relative magnitudes of the spectroscopic splittings in these
allows the averaging grid to be reduced to a longitude states. From Table 1 it is clear that the largest splittings
will occur in the lowest paramagnetic sta®& & 1) of the
I(H) =ff”p N(T)y, Sin6 do (22) antiferromagnetic spin ladder with progressively smaller
0 q AV e . . . .
splittings in the higher lying states. As a result, population
for calculations in which rhombic terms are neglected. For UP the spin ladder will give rise to a series of spectral features
extremely anisotropic resonances characteristic of dipolar PVOQVG_SS_IVGW (_39||apSIng arourgi_= 2. The mu|t|p||c|ty,
coupled ions with multiplet splittings ~ hv, more extensive intrinsic intensities and the relatively isotropic character of
angular averaging with higher angular resolution is required the signals from highgr—lying states rgsults in their dominating
to obtain smooth spectra. the spectra, accounting for the basic features of the Q-band
Ground State ParametersPair spectra for the binuclear ~ SPectra (Figure 8). Numerical calculation of X-band spectra
Mn2t complex reflect the magnitudes of the multiplet I both polarizations (Figure 13) provide estlmates_of the
splittings in the shifts frong = 2, as shown in Figure 12. 9round state parameter@ldip and Dys for the fiuorlde
Evaluation of the complete pair Hamiltonian shows that, in 2dduct: Dap = —0.044 cnm* andD,s = —0.05 ™. The

the absence of multiplet splittinga (= 0; D, = Dy = 0), magnitude of the .dipola( couplipg espimatgd from th_e
the resonances all coincide (Figure 12, top); for intramultiplet c@lculated spectra is consistent with an inter-ion separation
splittings small compared to the microwave energdy € of 3.4 A, somewhat Ie_ss than the 3.6 A separation determined
hv) (Figure 12, middle), the transitions are centeredyea from the low-resolution X-ray crystal structure for tfie

2 and split byAH = (hw — A)/gg; while for multiplet thermophilusvin catalase (Vainshtein et al., 1984) but within
splittings large compared to the microwave enertyy( hv) the range reported for bridged binuclear Mn complexes

(Figure 12, bottom), transitions are centeredHat A/gS (Larson & Pecoraro, 1992).

and split byhv/gs contr_il_autir_]g frequency—dep_endent features CONCLUSIONS

to the spectra. Transition intensity also varies Vittstate,

since the matrix elememt- or J- for the transitiorM < M Multifrequency EPR, microwave polarization studies, and
— 1 has a magnitude proportional tBmm-1 ~ [Sr(Sr + 1) spectroscopic simulations provide an effective approach to
— M(M — 1)] leading to greater intrinsic intensities within  extracting ground state parameters for coupled binuclear Mn
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dy"IdH

0.2 03 0.4

Magnetic Field (G)

Ficure 13: Calculated X-band EPR spectra for Mn catalase fluoride
complex. Ground state parameteds= 10.5 cnt?; Dgj, = —0.044
cmL; Dy = —0.05 cnt?; line width, 500 G; microwave frequency,
9.4 GHz; temperature, 10 K. (Solid line) perpendicular polarization;
(Broken line) parallel polarization.

s
0.1 0.5

complexes including the active site of Mn catalase. The
combination of methods allows significantly more informa-
tion to be extracted from the experimental data, yielding more
reliable estimates of the ground state parameters. Thes
parameters reflect key structural elements of the electronic
ground state for the coupled binuclear Mn complex, relating
to its catalytic reactivity. While further refinement of the
parameters is clearly possible, the most important feature is
that all the ground state parameters smeall characteristic

of a complex with only weak electronic interactions between
the two metal ions, with values for the exchange interaction
(J) typical for oxo/carboxylate bridged Mn complexes
(Ménage et al., 1988). A pair of metal ions coupled by only
weak electronic interactions appears to be a motif that has
evolved in biology for two-electron redox chemistry of
dioxygen. This electronic structural motif appears in other
contexts in the active sites of oxygen binding metalloproteins
hemerythrin (2Fe) (Stenkamp, 1994) and hemocyanin (2Cu)
(Katajima & Moro-oka, 1994; Magnus et al., 1994). The
leveling of electronic coupling between ¥mnand Mr#t
dimers is of special interest in this regard (hee et al.,
1988). However, weak coupling alone is not sufficient as
the basis for reactivity, since the dimanganese interactions
in the fluoride-inhibited Mn catalase complex are even

e

Meier et al.

traps Mn catalase in theeducedbinuclear M+ form.
Further, this picture accounts for the linkage between anion
and proton interactions in the complex implied by the
increased affinity for fluoride at low pH. In our view, anion
inhibition results when exogenous ligands bind in the active
site and displace (or weaken) a bridge in the Mn core
(consistent with the observed decreas@-toupling in the
fluoride adduct), increasing its basicity. Lower covalency
in the Mt complex will tend to increase ligand basicity in
the reduced enzyme compared to the oxidized¥{Mvin3t)
form, favoring protonation of the ligand atom in that form.
Proton uptake by the perturbed bridge(s) would stabilize the
complex, the active site beimgpisoned by protonentering
at the wrong point in the turnover cycle. The bridging ligand
may be lost from the complex in this protonated form with
insertion of fluoride ions into the bridge position of the
dimanganese core, accounting for the dramatic effect of anion
binding on turnover chemistry. Modulation of intrinsic
ligand basicity by exogenous ligands thus accounts for both
the experimentally observed pH dependence of anion affinity
and anion effects on exchange coupling. Based on inorganic
model studies, protonation of bridging oxygens within a di-
(u -oxo) binuclear Mn complex has recently been proposed
as a mechanism for enzymatic peroxide oxidation by Mn
catalase (Larson & Pecoraro, 1991).
A similar coupling of anion and proton equilibria has been
reported in another peroxide-metabolizing enzyme, cyto-
chromec peroxidase, where there is evidence for addition
of fluoride and cyanide as the conjugate acids in forming
complexes (Erman, 1974a,b). The conjugate bases of
weak acids like hydrofluoric @, = 3.17) (Jencks &
Regenstein, 1977) undergo hydrolysis in aqueous solution,
and it is possible that the neutral molecule (e.g., HF) may
have greater access to the Mn catalase active site. Acces-
sibility of the active site by neutral molecules and the
exclusion of charged ions could be an adaptation that permits
oxygen species (#0, H,O,, O,) to move in and out of the
active site but restricts access by coordinating anions.
However, the observation that highly charged ions like
phosphate and borate exhibit similar inhibitory effects on
theT. thermophilugnzyme make this less likely and favors
the alternative picture of proton-coupled equilibria described
above.

Figure 14 outlines a proposal accounting for the basic
features of anion inhibition of Mn catalase from the combined
spectroscopic and chemical studies reported here. The

weaker than those found for the active reduced enzyme, andyjecton and proton requirements of hydrogen peroxide

other aspects of the active site must be important in
determining the chemistry.

Redox chemistry of oxygen species involya®tonsas
well as electrons While the Mn ions can participate in
electron storage during catalysis, other groups must be
involved in storing the two protons required for the dispro-
portionation reaction. These groups have yet to be identified
in the Mn catalases but based on general principles of
biological catalysis are likely to be closely associated with
the metal centers. The results of anion binding studies
described here suggest that there is a modulation of ligand
basicity associated with Mn ligand interactions that may serve
in the proton coupling chemistry. This analysis accounts

disproportionation are met by the dioxo-bridged diman-
ganese core proposed previously on the basis of spectroscopic
studies on the oxidized complex (Gamelin et al., 1994).
Reduction of the oxidized M complex leads to the
formation of a hydroxide-bridged Mnh species in which the
catalytic protons are associated with the oxygen bridges. Two
fluoride ions can bind to Mn in the active site, perturbing
the metal complex which becomes protonated, neutralizing
the additional charge fromFand stabilizing the adduct. For
the Mr?* enzyme, protonation would convert bridging
hydroxides into relatively labile water bridges making them
susceptible to exchange reactions leading to insertion of
fluoride ions inu-bridging geometry. Both terminal and

for the most curious feature of the inhibition chemistry, that u-bridging geometries are known for halide ligands{(Cl

fluoride [an anion with a high affinity for M# typically
stabilizing the higher oxidation state (Bhattacharjee, 1989)]

F) in dinuclear metal complexes (Mathur et al., 1987;
Jacobson et al., 1991; Lee & Holm, 1993) supporting the
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Ficure 14: Model for anion inhibition of Mn catalase. Fluoride
binding to the active site is coupled to protonation of the complex,

stabilizing the adduct, and decreasing the magnitude of the exchang

coupling, J.

proposed bridging role for fluoride ions in M+ catalase.
The fluoride complex is blocked from further turnover both
by the addition of an inhibitory complement of protons and

the replacement of the essential oxygen bridges, with weaker

electronic interactions between the two high spir’Mions
in the inhibited complex being reflected in reducdd
coupling.
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