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Abstract: X-ray absorption (XAS), UV-visible, electron paramagnetic resonance (EPR), and electron spin echo
envelope modulation (ESEEM) spectroscopies have been used to characterize the interaction of azide and cyanide
with the Mn(III)(µ-O)2Mn(IV) site in superoxidized Mn catalase. The addition of azide causes no significant change
in the X-ray absorption near edge structure (XANES) region and only minor changes in the extended X-ray absorption
fine structure (EXAFS) spectra, consistent with only minimal changes in Mn-ligand geometry. In contrast, addition
of either azide or cyanide causes an approximately 3-fold increase in the intensity of the visible absorption bands
and a small (approximately 4%) decrease in the Mn hyperfine coupling. Anion-binding titrations indicate cooperativity
in anion binding. ESEEM experiments on the azide- and cyanide-free enzyme reveal hyperfine (A ) 2.88 MHz)
and electric quadrupolar couplings (e2qQ) 2.29 MHz andη ) 0.58) for a single14N nucleus of the protein. These
parameters are slightly altered upon addition of azide or cyanide, but ESEEM studies with15N-labeled versions of
these inhibitors show that the altered modulation is also due to protein-derived14N. The ESEEM experiments show
no evidence for coupling of azide- or cyanide-derived nitrogens to the Mn cluster. The outer shell scattering in the
EXAFS suggests coordination of histidines to the binuclear Mn cluster, and the quadrupolar couplings observed for
the protein-derived ESEEM detectable14N nucleus are consistent with those expected for a histidine imidazole
coordinated to Mn(IV). Taken together, these results suggest a model in which azide binds to a protein-derived site,
rather than binding directly to either Mn. Despite this indirect binding, azide causes minor perturbations in the
Mn2(µ-O)2 geometry, consistent with a slight flattening of the Mn2 core.

Binuclear manganese sites are a common structural theme,
with examples including the manganese catalases,1-3 manganese
ribonucleotide reductase,4 and rat liver arginase.5 In addition,
it has been suggested that the multinuclear Mn cluster in the
photosynthetic oxygen evolving complex (OEC) exists as a
dimer of Mn2 units.6 The metal centers in these proteins have
been studied extensively using a variety of spectroscopic
techniques in order to define the structural, electronic, and
reactivity properties of binuclear Mn sites.
The best characterized binuclear Mn center is the active site

of the Mn catalases. Manganese catalases catalyze the dispro-
portionation of hydrogen peroxide to oxygen and water. They
have been isolated from three bacteria, with the best character-
ized forms coming fromLactobacillus plantarum7-9 andTher-
mus thermophilus.3,10 TheL. plantarumenzyme was found to
exist as a hexamer with a subunit weight of 34 000 Da.7,11Each
subunit contains a binuclear Mn core at the active site.1 The

active enzyme is believed to cycle between the Mn(II)/Mn(II)
and Mn(III)/Mn(III) oxidation states.12 A third oxidation state,
the inactive Mn(III)/Mn(IV) form, is also detected in the as-
isolated enzyme.13 The enzyme can be completely converted
to the inactive “superoxidized” Mn(III)/Mn(IV) form by treat-
ment with NH2OH and H2O2.

9,12 Superoxidized catalase has a
16-line EPR spectrum at 77 K and is believed to contain a (µ-
oxo)2(µ-carboxylato)-bridged Mn(III)/Mn(IV) core.13 This site
shows both structural14 and spectroscopic15 similarities to the
Mn4 center found in the photosynthetic OEC.
Manganese catalases are inhibited by anions such as N3

-,
CN-, F-, and Cl-, although only at concentrations which are
orders of magnitude higher than those needed to inhibit heme
catalases.16-18 Azide is a competitive inhibitor of theL.
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plantarumenzyme, with an inhibition constant (Ki) of 80 mM
at 25°C and pH 7.0.16 Although the superoxidized Mn catalase
is inactive, it is nevertheless sensitive to the presence of azide
and cyanide. This was originally noted as a perturbation in the
16-line EPR spectrum upon addition of azide to theL. plantarum
enzyme.16 More recently, azide has been shown to perturb the
magnetic circular dichroism (MCD) spectrum of superoxidized
catalase.19

In the present paper, we describe a detailed spectroscopic
investigation of ion binding to the superoxidized form of theL.
plantarum Mn catalase. Azide and cyanide have frontier
molecular orbitals similar to those in H2O2; thus insight into
the interactions of these two ions with catalase may give
information about peroxide binding to the active enzyme.
Moreover, given the structural (i.e., EXAFS) similarities
between Mn(III)/Mn(IV) catalase and the Mn cluster of the
OEC, a more detailed understanding of anion interactions with
the Mn catalase may be helpful in understanding the more
complex Mn site(s) in the OEC.

Experimental Procedures

Sample Purification and Preparation. Manganese catalase was
isolated fromL. plantarum using a modification of the published
protocol7 in which batchwise DE-52 extraction followed by chroma-
tography was replaced by a single fast-flow DEAE Sepharose column.
Additional purification was accomplished using a G-150 Sephadex size
exclusion column. Enzyme activity was assayed using a Clark-type
oxygen electrode (YSI 5331). Protein concentration was determined
relative toA280/A260.20 Specific activities were between 3000 and 3600
AU/mg (1 activity unit (AU) ) decomposition of 1µmol of H2O2/
min, with [H2O2] ) 0.02 M). Superoxidized samples were prepared
according to the following three-step protocol: (1) 12-hour aerobic
dialysis against a 50 mM H2O2/20 mM NH2OH solution in 50 mM
sodium phosphate buffer (T ) 4 °C, pH 7.0); (2) 12-h aerobic dialysis
in a 50 mM H2O2 solution with 50 mM sodium phosphate buffer (T )
4 °C, pH 7.0); and (3) 12-h aerobic dialysis in 50 mM sodium phosphate
buffer (T) 4 °C, pH 7.0). Samples were concentrated using Amicon-
50 concentrators.
XAS samples were prepared at pH 7.0 in 50 mM sodium phosphate

buffer. Azide samples were prepared by incubating superoxidized
enzyme in ca. 200 mM N3- solutions. Three independent samples of
azide-free catalase and two independent azide-treated samples were
prepared under identical conditions by first concentrating the enzyme
solutions and then diluting them to a final Mn concentration of ca. 4.5
mM with glycerol to a final glycerol concentration of 40%. The enzyme
solutions were injected into Lucite cells which were covered with 6
µm polypropylene film.

Enzyme samples for EPR, ESEEM, and UV-visible studies were
prepared in 50 mM sodium phosphate buffer (pH 7.0) at Mn
concentrations of 0.23, 0.48, and 1.7 mM, respectively. EPR samples
in 50 mM MES (pH 5.5), 50 mM HEPES (pH 7.0), and 50 mM TRIS
(pH 8.5) were prepared using biograde buffers purchased from Sigma
Chemical Co. Samples for the spectroscopic titrations were prepared
by injecting the appropriate volume of a concentrated (1.5 M) solution
of buffered NaN3 or NaCN directly into the enzyme solution, followed
immediately by mixing for 2 min. Isotopically labeled Na15NNN and
NaC15N were purchased from Cambridge Isotope Laboratories, and
labeled catalase samples were prepared in the same way as the unlabeled
samples.
XAS Data Collection and Analysis. Manganese K-edge XAS

measurements were performed both at the Stanford Synchrotron
Radiation Laboratory (SSRL) and at the National Synchrotron Light
Source (NSLS) at Brookhaven National Laboratory. Data were
measured as fluorescence excitation spectra using a 13-element Ge solid
state detector. Both facilities were operating under dedicated conditions
(3.0 GeV/100 mA and 2.5 GeV/200 mA, respectively). Details of the
data collection and reduction are given in Table 1. XAS spectra were
averaged independently for each data set collected at each location.
Monochromator energies were calibrated relative to the energy of the
pre-edge peak in a KMnO4 standard, defined as 6543.3 eV. Average
files were calculated using all three EXAFS data sets for the azide/
cyanide-free enzyme and both data sets for the azide-bound enzyme.
EXAFS data reduction followed standard procedures for pre-edge
subtraction and spline background removal.21 Once data were converted
from eV tok space, Fourier transforms for all spectra were calculated
usingk3 weighted data from 1.5 to 12.0 Å-1. Initial fits were performed
on Fourier-filtered data which were backtransformed overR ) 1.4-
4.3 Å to eliminate high-frequency noise. Subsequent curve fitting using
unfiltered data gave identical structural results.
Absorber-scatterer information was obtained from fitting the

EXAFS data to eq 1,

whereø(k) is the fractional modulation in the absorption coefficient
above the edge,Ns is the number of scatterers at a distanceRas, As(k)
is the effective backscattering amplitude,S is a scale factor,σas

2 is the
mean-square deviation inRas, φasis the phase-shift that the photoelectron
wave undergoes in passing through the potentials of the absorbing and
scattering atoms, and the sum is taken over all shells of scatterers.
Theoretical models for the EXAFS amplitude and phase functions were
calculated using the program FEFF 5.04.22 The FEFF parameters were
calibrated using a multiplicative scale factor and an adjustableE0 that
were determined by fitting EXAFS data for crystallographically
characterized Mn models.23,24 An E0 value of 10 eV and a scale factor
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Table 1. XAS Data Collection and Reduction Parameters

sample 1( azide sample 2( azide sample 3a

beamline SSRL, VII-3 NSLS, X-9A NSLS, X-19A
monochromator crystal Si[220] Si[220] Si[111]
cryostat type Oxford He flow Displex cold-finger Oxford He flow
scan length (min) 40 35 36
scans in average 12, 14 9, 9 9
Mn concentration (mM) 3.6 4.0 5.0
temperature (K) 10 40 12
beam size (mm2) 1.5× 9 2× 10 2× 10
pre-edge region (polynomial order) 6310-6520 (-2) 6310-6520 (-2) 6340-6520 (-2)
spline regions (polynomial order) 6567-6680 (2) 6567-6680 (2) 6565-6680 (2)

6680-6850 (3) 6680-6850 (3) 6680-6850 (3)
6850-7200 (3) 6850-7200 (3) 6850-7100 (3)

aNo azide-bound data were measured for this sample.

ø(k) ) ∑
S

NsAs(k)S

kRas
2

exp(-2k2σas
2) sin(2kRas+ φas(k)) (1)
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of 0.9 were used to fit the<3 Å scattering, while anE0 of 6.0 and a
scale factor of 0.75 were used to fit the>3 Å scattering. Theoretical
models were calculated for single scattering Mn-O, Mn-N, and
Mn‚‚‚Mn interactions at bond lengths of 1.82, 2.14, and 2.70 Å,
respectively. Theoretical models incorporating multiple scattering
interactions were calculated for the ca. 3.2 Å Mn‚‚‚C2/C5 and ca. 4.4
Mn‚‚‚N3/C4 imidazole interactions. The outer shell Mn‚‚‚C and Mn‚‚‚N
models were calibrated by fitting EXAFS data for hexakisimidazole
Mn(II) dichloride.25

Nonlinear least-squares curve fitting was used to optimize Mn-
ligand distances and coordination numbers. In all cases, onlyRandσ
were allowed to vary, while the coordination number was held constant
at a series of chemically reasonable half-integer values. The root-mean-
square deviation between data and fit (F′), weighted by the number of
degrees of freedom, was calculated for all fits to Fourier-filtered data.26

TheF′ parameter, weighted with respect to the number of free variables
in the data, introduces a penalty for adding additional unnecessary shells
of scatterers and thus provides a more reliable basis for deciding whether
an additional shell is justified.27

XANES spectra were normalized by fitting the data both below and
above the edge to tabulated X-ray absorption cross sections using a
single second-order polynomial and a single scale factor.18,28 Areas
for the 1sf 3d pre-edge transitions were calculated by first fitting an
arctangent background to the normalized data below (6530-6538 eV)
and above (6543.5-6550 eV) the 1sf 3d transition. The normalized
area of the pre-edge peak after background subtraction was obtained
by numerical integration over the range 6538 to 6543.5 eV and is
expressed in units of 10-2 eV.29 Normalized protein 1sf 3d areas
were compared to those obtained for four Mn(III/IV) models:{MnIII /
MnIV(1,3-bis((3,5-Cl2(1,3-(salicyliden)amino)-2-propanol)2}ClO4 (A);30

{MnIII /MnIV (1,3-bis(3,5-Cl2-salicylidene)amino)-2-propanol)2-
(THF)}+ (B);31 {MnIII /MnIV((hydrotris(3,5-diisopropyl-1-pyrazolyl)-
borate)3)2}(O)2(OAc) (C);32 and {MnIII /MnIV(O)2(2,2′-bipyridine)2}
(D).33 Each model has two six-coordinate Mn ions, with either
monoalkoxo or bisoxo bridges. Low-temperature (10 K) XAS spec-
tra23,34 for these models were analyzed in the same way as the protein
data.
UV-Visible Spectroscopy. UV-visible spectra were measured

using a dual beam Shimadzu UV 2101-PC instrument. Measurements
were made at room temperature using 500µL quartz cuvettes with a
path length of 1 cm.
EPR Spectroscopy. EPR spectra were measured using a Bruker

ER 200E-SRC EPR spectrometer with a modified console, equipped
with a TM(110) cavity operating at ca. 9.5 GHz. The spectrometer was
interfaced with a Samsung personal computer, and data were digitized
using EWSin software from Scientific Software Services. All measure-
ments were made at 77 K using 20 mW microwave power, 0.5 mT
peak-to-peak modulation amplitude, and 100 kHz modulation frequency.
Under these conditions, the signals were not saturated.
EPR Simulations. EPR data were simulated using a nonlinear least-

squares optimization of a third-order perturbation expression.35 Simula-
tions were run on a VAX station 4000/60.

Titration Curve Analysis. Titration curves were determined from
both the UV-visible and EPR titration data. The fraction of enzyme
with the anion bound,θ, was determined by fitting each spectrum
(corrected for dilution) with linear combinations of the extreme spectra,
measured in the absence of anions and at the maximum anion
concentration. The data forθ as a function of anion concentration,
[I], show evidence for cooperative binding (see below) and could be
fit to a variety of equilibrium binding models (see Supporting
Information). The strength of the anion binding was characterized by
the anion concentration givingθ ) 0.5, [I]1/2.
ESEEM Spectroscopy.The ESEEM experiments were performed

with a laboratory-built pulsed EPR spectrometer.36 X-band (8-12 GHz)
experiments were performed with a loop-gap resonator probe structure
with samples loaded into 3.8 mm o.d. quartz tubes.37 P-band (12-18
GHz) experiments were performed with a high-frequency version of
the Mims stripline cavity with samples loaded directly into a Teflon
well surrounding the stripline element.38 All experiments were
performed at a temperature of 4.2 K using a 3-pulse ESEEM sequence.39

X- and P-band ESEEM spectra were collected on samples of
superoxidized catalase( azide and( cyanide. P-band spectra were
collected for Mn(III)/Mn(IV) catalase( azide samples using the
following values for the microwave frequencies (VMW), magnetic fields
(B), and interpulse times (τ): VMW ) 13.098 GHz (N3--free enzyme),
12.980 GHz (NNN-), and 13.206 GHz (15NNN-); B) 477.1 mT (N3--
free enzyme), 474.8 mT (NNN-), and 483.5 mT (15NNN-); andτ )
197 ns (N3--free enzyme), 200 ns (NNN-), and 196 ns (15NNN-). All
X-band ESEEM spectra were collected using the following param-
eters: VMW ) 10.995 GHz;B ) 400.2 mT;τ ) 176 ns, respectively.
P-band spectra were collected for Mn(III)/Mn(IV) catalase( cyanide
samples using the identical values forVMW, B, andτ of 13.718 GHz,
528.9 mT, and 222 ns, respectively, while X-band data were collected
for these samples at 9.2774 GHz, 331.1 mT, and 213 ns. Additional
parameters used in all data collection were a repetition rate of 200 Hz,
a π/2 pulse width of 15 ns, and a microwave power of ca. 10 W.
ESEEM simulations were performed as previously described40 using
the matrix diagonalization protocol described by Mims.41

Results

XAS Spectroscopy. XANES spectra for Mn(III)/Mn(IV)
catalase( azide are shown in Figure 1. Both the shapes and
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Figure 1. Normalized XANES spectra of azide-free superoxidized
catalase (solid line) and superoxidized catalase+ azide (dashed line).
Inset: Background-subtracted 1sf 3d transitions. As a guide to the
eye, the approximate extent of the 1sf 3d region is indicated by the
vertical dashed lines.
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energies of these spectra are virtually identical. The first
inflection point of the edge occurs at 6549.2 eV for both spectra;
this is consistent with the edge energies of Mn(III) and Mn(IV)
model XANES spectra.23 The average 1sf 3d area for the
azide-free Mn(III)/Mn(IV) catalase spectra was 14.5 ((0.4)×
10-2 eV, while that for the azide-bound spectra was 14.6 ((1.2)
× 10-2 eV. These values are within the range of the areas seen
for the Mn(III)/Mn(IV) models. The two non-oxo-bridged
models have smaller areas, 8.0× 10-2 eV (A) and 6.0× 10-2

eV (B), while the twoµ-oxo-bridged models have larger areas,
15.8× 10-2 eV (C) and 25.6× 10-2 eV (D).
The 1s f 3d transition consists of several unresolved

transitions.42 Although the range of energies covered by the
unresolved 1sf 3d transitions is not affected by the addition
of azide (see inset to Figure 1), the distribution of intensity
within the transition manifold changes slightly when azide binds.
The slight increase in the relative contribution of the lower
energy transitions in the presence of azide probably reflects a
small change in the Mn electronic structure.
Fourier transforms of the averaged data for the Mn(III)/

Mn(IV) catalase( azide samples are shown in Figure 2. Both
samples show a well-resolved feature atR+ R ≈ 1.3 Å, which
is characteristic of short metal-oxo bonds. A second feature
is apparent in both spectra atR+ R≈ 1.7 Å. This is attributable
to a second resolvable shell of Mn-nearest neighbor scatters.
A dominant feature in both spectra is a peak atR+ R ≈ 2.4 Å.
This is characteristic of the Mn‚‚‚Mn scattering found in di(µ-
oxo)-bridged Mn(III)/Mn(IV) cores.14 Both spectra also show
long-range features atR+ R > 3.0 Å which are characteristic
of the Mn‚‚‚(N3/C4) interactions seen in Mn-imidazole mod-
els.24

Although both samples have the same four principal peaks,
the relative intensities and apparent resolution of these peaks
are different. This reflects one of the difficulties of Fourier
transform analysis, since minor variations in individual bond
lengths can cause significant changes in the Fourier transforms
due to changes in interference. For this reason, all structural
conclusions are based onk-space curve-fitting analyses.
Table 2 summarizes the curve-fitting results for all of the

azide-free and -bound superoxidized catalase XAS samples.
Results are given for fits to both Fourier-filtered and -unfiltered

averaged data and for fits to the unfiltered individual files. In
all cases, three dominant shells of scatterers account for most
of the features of the data. These results are typical of those
seen for other high-valent binuclear metalloproteins with a short
M-Ooxo shell at ca. 1.8 Å with a second shell of low Z scatterers
at a longer distance.23 The addition of a Mn‚‚‚Mn shell causes
a large reduction inF′, indicating that the Mn‚‚‚Mn scattering
is a large component in the overall scattering in every sample.
Although the Mn‚‚‚Mn feature in the Fourier transform of the
azide spectrum appears distorted, attempts to fit this feature with
an additional shell of Mn‚‚‚N at ca. 2.8 Å (the approximate
distance expected for theâ-nitrogen from an end-on bound
azide) were unsuccessful. The Mn‚‚‚Mn distances in Table 2
are slightly longer than those reported previously for azide-
free catalase.14 This is most likely the result of improved phase
calibration in the present study.43 The observed Mn‚‚‚Mn
distances are characteristic of those found in di(µ-oxo)-bridged
Mn dimers.44

For the average data, there is a small increase in bothNs and
σas2 for the Mn-O/N shell when azide binds. Given the
uncertainty of EXAFS for measuring coordination numbers
((0.5) and the correlation betweenNs andσas2, this difference
is likely to reflect only fitting errors. In contrast, there is a
larger, reproducible increase inσas2 for the Mn-Ooxo shell on
azide addition, suggesting increased disorder in the Mn2O2 core
structure. Finally, there are small but reproducible changes in
the Mn-O/N and Mn‚‚‚Mn distances on binding of azide. On
the basis of the reproducibility between data sets, the precision
in determining the Mn-Ooxo, Mn-O/N, and Mn‚‚‚Mn bond
lengths is∼0.005 Å. Since the apparent bond length depends
onE0, variations inE0 can complicate attempts to determineR.
However,E0 was held fixed, and moreover, there should be no
significant change inE0 since there is no change in the edge
energies. Therefore, the changes in the apparent bond lengths
are likely to represent real structural changes. These minor
changes in bond lengths will cause small changes in intershell
interference and thus can account for the changes in size and
shape of the Fourier transform features.
For all samples, there are additional minor features in the

Fourier transforms at higherR (R + R ≈ 2.6-4.0 Å). These
are typical of the outer shell peaks that are seen for imidazole
ligation.45,46 The outer shell scattering was modeled using
multiple scattering parameters for Mn-imidazole ligation.24 The
data could be fit using both 3.0 and 4.3 Å Mn‚‚‚C shells. For
all samples except the untreated sample2, the fit quality (F′)
improved for the 5-shell fit vs the 3-shell fit (compare fits F
and C). Inclusion of the 4.3 Å carbon shell generally gave
improved fits in comparison with the 3-shell fits (compare fits
E and C), but did not typically result in an improvement
(decreasedF′) in comparison to the 4-shell fits (compare fits F
and D). This reflects the fact that the 4.3 Å carbon shell, while
well defined in terms of distance, makes only a very small
contribution to the overall EXAFS. In comparing fits F and
D, the small decrease in the mean-square-deviation that results
from inclusion of the 4.3 Å carbon shell is not sufficient to
offset the decrease in the number of degrees of freedom from
ca. 11 to 9. The carbon scattering at ca. 4.3 Å is at the distance
expected for the N3/C4 scattering from Mn(III)- and Mn(IV)-

(42) Westre, T. E.; Kennepohl, P.; DeWitt, J. G.; Hedman, B.; Hodgson,
K. O.; Solomon, E. I.J. Am. Chem. Soc.1997, 119, 6297-6314.

(43) The differences in Mn‚‚‚Mn distance are not due to differences
between samples, as confirmed by reanalysis of the previous data (entry3
in Table 2).

(44) Larson, E.; Lah, M. S.; Li, X.; Bonadies, J. A.; Pecoraro, V. L.
Inorg. Chem.1992, 31, 373-378.

(45) Wang, S.; Lee, M. H.; Hausinger, R. P.; Clark, P. A.; Wilcox, D.
E.; Scott, R. A.Inorg. Chem1994, 33, 1589-1593.

(46) Strange, R. W.; Hasnain, S. S.; Blackburn, N. J.; Knowles, P. F.J.
Phys., Colloq.1986, C8 (2), 593-596.

Figure 2. Fourier transforms of the EXAFS data for superoxidized
catalase( azide. Top: with azide. Bottom: without azide. For each
plot, the solid line is the average of experimental data, the dashed line
is the best fit.
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imidazole interactions. The apparent amplitude of 1.5-2.5
carbons per Mn is consistent with the presence of one imidazole
ligand per Mn. Fourier transforms simulated from the best fit
5-shell fits are compared to the empirical spectra in Figure 2.
UV-Visible Spectroscopy. The absorption spectra as a

function of the azide concentration are shown in Figure 3. The
dominant features in the superoxidized catalase spectrum are
peaks at 362 and 442 nm, with a weak feature at 621 nm.19

Addition of azide to the Mn(III)/Mn(IV) enzyme causes an
increase in the intensity of all of these features for azide
concentrations<100 mM. Higher azide concentrations (to 232
mM N3

-) caused no additional changes in the UV-visible
spectrum. On the basis of these data, the [N3

-]1/2 is 18 mM at
25 °C, pH 7.0. The binding curve (inset to Figure 3)
demonstrates that conversion from mostly azide-free to mostly
azide-bound form is complete over less than a 10-fold change
in [N3

-]. This is inconsistent with simple binding of azide to
six noninteracting sites for the hexanuclear Mn catalase. A
variety of cooperative binding models can be used to fit the
data (see Supporting Information). The best fit using a two-
state allosteric model is shown in the inset to Figure 3.

Qualitatively similar spectral changes are observed on addition
of cyanide to superoxidized catalase (data not shown). In this
case, however, cyanide concentrations>110 mM caused protein
precipitation, and thus it was possible to obtain only a lower
limit of the affinity for cyanide at pH 7.0. Using the cyanide-
free and the 110 mM cyanide spectra as the lower and upper
limit spectra, respectively, a lower limit for [CN-]1/2 is ∼50
mM at 25°C, pH 7.0.

EPR Spectroscopy. Initial measurements of the effects of
azide and cyanide on the EPR spectrum suggested significantly
tighter anion binding than was found in the UV-visible
titrations. This was ultimately traced to the use of sodium
phosphate buffer and is attributed to a change in pH on
freezing.47 Subsequent measurements were made using HEPES
(pH 7.0) and MES (pH 5.5) to avoid this effect. The X-band
EPR spectra of superoxidized catalase as a function of azide
concentration at pH 7.0 and 77 K are shown in Figure 4. Spectra
were measured at 15 different azide concentrations up to 242
mM and are compared to the spectrum for the superoxidized
enzyme in the absence of azide. Spectra measured at azide
concentrations>101 mM were identical. Addition of azide
causes a decrease in the overall hyperfine splitting, along with
subtle changes in some of the line shapes. Vertical lines mark
the position of the low- and high-field features in the absence
of azide. Linear combinations of the limiting spectra were used
to fit the spectra for intermediate azide concentrations. The
best fits (not shown) were obtained for 30:70 (26.3 mM) and
69:31 (68.7 mM) ratios of azide-free and azide-saturated spectra.
Hill plots (supplementary material) give a Hill coefficient of
approximately 2.5, providing further evidence for a cooperative
binding interaction. The apparent [N3-]1/2 is 40 mM at 77 K
(pH25°C 7.0). The azide-induced perturbations of the multiline
EPR spectrum were reversed by dialysis (12 h) against azide-
free buffer.

The ability of azide to perturb the EPR spectrum is strongly
dependent on pH. Additional measurements were made for the
superoxidized enzyme at pH 5.5 and 8.5. At pH 8.5, the
addition of up to 150 mM azide did not cause any detectable

(47) Hill, J. P.; Buckley, P. D.Anal. Biochem.1991, 192, 358-361.

Table 2. XAS Curve Fitting Resultsa and 1sf 3d Areas

Mn-Ooxo Mn-O/N Mn‚‚‚Mn Mn‚‚‚C Mn‚‚‚C

sample fit Ras Ns σas
2 Ras Ns σas

2 Ras Ns σas
2 Ras Ns σas

2 Ras Ns σas
2 F ′ b 1sf 3dc

avgd A 1.81 2.0 2.2 11.6
B 1.82 2.0 0.9 2.07 2.5 4.4 8.59
C 1.82 2.0 1.9 2.09 2.5 4.5 2.69 1.0 2.2 1.68
D 1.82 2.0 1.9 2.09 2.5 5.0 2.70 1.0 1.8 2.95 3.5 3.1 1.52
E 1.82 2.0 1.9 2.09 2.5 5.0 2.70 1.0 2.6 4.31 2.5 1.3 1.65
F 1.82 2.0 1.9 2.09 2.5 5.0 2.70 1.0 1.8 2.95 3.5 3.1 4.31 2.5 3.71.59
F 1.82 2.0 1.8 2.08 2.5 5.8 2.70 1.0 2.0 2.96 3.5 3.2 4.31 2.5 3.0

1e F 1.81 2.0 4.0 2.10 3.0 5.4 2.70 1.0 3.2 3.00 5.5 1.0 4.28 2.5 3.7 14.5
2e F 1.82 2.0 1.8 2.09 2.5 4.2 2.69 1.0 3.1 2.97 4.0 3.6 4.31 3.0 1.7 14.8
3e,f F 1.82 2.0 1.3 2.11 2.5 8.1 2.69 1.0 2.3 2.94 3.5 7.0 4.31 2.0 3.8 14.7

avgd + N3
- A 1.84 2.0 11.2 9.42

B 1.81 2.0 2.8 2.05 3.0 5.5 6.62
C 1.81 2.0 3.6 2.05 3.0 6.5 2.72 1.0 3.1 1.91
D 1.81 2.0 3.5 2.05 3.0 6.5 2.73 1.0 3.0 3.00 4.0 0.9 1.25
E 1.81 2.0 3.5 2.05 3.0 6.5 2.72 1.0 1.7 4.34 1.0 1.3 1.69
F 1.81 2.0 3.6 2.05 3.0 6.5 2.73 1.0 3.0 3.00 4.0 0.9 4.33 1.0 3.0 1.43
F 1.81 2.0 3.1 2.04 3.0 6.4 2.73 1.0 3.0 3.00 4.0 1.0 4.34 1.5 3.1

1+ N3
- e F 1.80 2.0 3.1 2.03 2.5 5.6 2.73 1.0 4.0 3.00 5.0 1.7 4.36 1.0 4.2 13.7

2+ N3
- e F 1.81 2.0 3.6 2.05 2.5 4.9 2.73 1.0 2.9 2.99 3.5 2.7 4.29 1.5 2.0 15.4

a Values in italics were obtained from fits to unfiltered data.Ras ) Mn-scatterer distance in Å;Ns ) coordination number per Mn;σas
2 )

Debye-Waller factor in units of Å× 10-3. b F′ is a weighted goodness of fit parameter× 10-2. cNormalized areas given in×10-2 eV units.
d Average data, Fourier filtered over the range ofR ) 1.4-4.3 Å. eBest fit to unfiltered individual data sets.f Sample was previously reported14

with slightly different fitting results (see text).

Figure 3. UV-Vis spectra for superoxidized catalase in the presence
of azide. Titration at azide concentrations of 232, 50.3, 25.3, 10.0, and
0.0 mM, from top to bottom at 362 nm. Inset shows the percent EI vs
pI (see text), together with the best fit to a two-site allosteric model.
All spectra were measured at 25°C and have been corrected for dilution.
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changes in the EPR spectrum. In contrast, the titration at pH
5.5 gave an apparent [N3-]1/2 of 5.0 mM at 77 K (data not
shown).

Addition of cyanide to the superoxidized catalase causes
changes in the EPR spectrum that are similar to those seen for
the azide addition, although higher cyanide concentrations (ca.
100 mM, pH 5.5) were required for complete conversion.
Representative spectra from the EPR-detected-cyanide titration
of superoxidized catalase at pH 5.5 in MES are shown in Figure
5. The intermediate spectrum in Figure 5 was best fit (not
shown) with a 61:39 ratio of the extreme spectra. The fitting
results for the cyanide titrations (supplementary material) are
very similar to those for azide, with the apparent [CN-]1/2 )
28 mM at 77 K (pH25°C 5.5). As with azide, cyanide could be
removed by dialysis to regenerate the original EPR spectrum.
In addition to azide and cyanide, fluoride is also an inhibitor of

Mn catalase.48 However, addition of F- up to 100 mM (at pH
7.0) caused no perturbation in the EPR spectrum.
The EPR spectra for the azide- and cyanide-treated samples

were simulated in order to quantitate the observed changes. As
with the untreated superoxidized catalase, all spectra were
adequately simulated using an axially symmetric Hamiltonian.35

The experimental and simulated spectra for all three super-
oxidized derivatives are compared in Figure 6, and the simula-
tion parameters are given in Table 3.
ESEEM Spectroscopy. Figure 7 shows the time domain

(A) and frequency domain (B) 3-pulse ESEEM spectra for the
azide-free and azide-treated catalase obtained at X- and P-band
microwave frequencies. The X-band data obtained at a field
value of 391.0 mT for the azide-free sample shows a classic
“exact cancellation”14N ESEEM pattern, with three sharp low-
frequency transitions (at 0.66, 1.39, and 2.03 MHz) and a
broader transition at higher frequency (5.8 MHz). This exact
cancellation occurs when the magnitudes of the applied magnetic
field and the14N superhyperfine field are closely matched.40,49,50

In this case, the applied and superhyperfine fields cancel for
one-electron spin orientation, and the14N ESEEM frequencies

(48) Stemmler, T. L.; Blazyk, J. L.; Sharma, Y. K.; Roy, A.; Waldo, G.
S.; Arulsamy, N.; Goff, H.; Penner-Hahn, J. E., unpublished results.

(49) Flanagan, H. L.; Singel, D. J.J. Chem. Phys.1987, 87, 5606-
5616.

(50) Mims, W. B.; Peisach, J.J. Chem. Phys.1978, 69, 4921-4930.

Figure 4. X-band EPR titration of Mn(III)/Mn(IV) catalase with azide
at pH 7.0 in HEPES. [N3-] (top to bottom)) 242, 68.7, 26.3, and 0.0
mM, offset for clarity. Vertical lines mark 276.3 and 393.7 mT.
Temperature was 77 K.

Figure 5. X-band EPR titration of Mn(III)/Mn(IV) catalase with
cyanide at pH) 5.5 in MES. [CN-] (top to bottom)) 200, 32.8, and
0.0 mM, offset for clarity. Vertical lines mark 276.3 and 393.7 mT.
Temperature was 77 K.

Figure 6. X-band EPR spectra (solid lines) and simulations (dash lines)
for Mn(III)/Mn(IV) catalase+ saturating (40 mM) cyanide, top;+
saturating azide (40 mM), middle; and anion-free Mn(III)/Mn(IV)
catalase, bottom. All solutions were prepared in sodium phosphate with
a nominal (room temperature) pH of 7 (see text). Simulations used
parameters given in Table 3.

Table 3. EPR Spectral Simulation Parameters

simulation
parametersa

Mn
catalase

Mn catalase+
20 mM N3-

Mn catalase+
40 mM CN-

line width (W|)b 1.09 0.802 0.802
line width (W⊥)b 1.31 1.10 1.10
g| 1.994 1.994 1.994
g⊥ 2.009 2.008 2.008
AMn(III) |

c 104 101 98.1
AMn(III) ⊥

c 142 137 137
AMn(IV) |

c 83.2 81.8 78.9
AMn(IV)⊥

c 75.2 74.6 72.5

aSpectra simulated for axially symmetric systems. Simulations using
rhombic parameters gave comparable fits.b Linewidth in mT. cHy-
perfine coupling constants in units of cm-1 ×104.

9220 J. Am. Chem. Soc., Vol. 119, No. 39, 1997 Stemmler et al.



arise solely from the nuclear quadrupole interactions. The three
low-frequency transitions in this spin manifold correspond to
the zero field nuclear quadrupole resonance (NQR) transitions
V0, V-, andV+. These frequencies are related to the14N nuclear
quadrupole parameterse2qQ andη by eq 2:

The lack of “combination lines” that would result from
modulation from multiple14N nuclei indicates that a single14N
is the source of the observed modulation.51 The other electron
spin orientation results in the addition of applied and super-
hyperfine fields, leading to a “double quantum”14N spin
transition between the outermost energy levels of this manifold.
For azide-free catalase, this is observed at 5.8 MHz. In the
approximation that the superhyperfine coupling is isotropic with
a coupling constantA, the frequency of the double quantum
transition is given by eq 3,

where Vi is the 14N Zeeman frequency. The two “single
quantum”14N spin transitions (i.e., those between the two outer
energy levels and the inner level) of this “non-cancelled”
manifold are typically too broad to be observed in the ESEEM
experiments with a non-zero dead time. Use of eqs 2 and 3
provides a convenient starting point for ESEEM simulations.
The dashed line in Figure 7B shows the frequency domain
simulation using a quadrupolar coupling value ofe2qQ) 2.19
MHz, η ) 0.58, and anA value of 2.88 MHz (Table 4). A
dipolar hyperfine component of-0.1 MHz was also included
in the simulation in addition to the isotropicA value. The
simulation shows good frequency matches to the three NQR
peaks and the double quantum peak.
Upon addition of azide, the14N NQR peaks broaden

considerably but remain in approximately the same positions.
The double quantum peak shifts up in frequency to 6.2 MHz,
corresponding to an increase in the superhyperfine coupling.
Since the NQR frequencies are unchanged relative to the azide-
free protein, it seems likely that these14N transitions are due to
the same protein nitrogen as seen in the azide-free sample.
Experiments performed with terminally15N-labeled azide
(15NNN-) are consistent with this assignment. The peak
amplitudes and positions are essentially unchanged with this
isotope substitution (there is some diminution in a secondary
feature at 1.88 MHz), indicating that the major modulation
features observed in the azide-treated sample are not due to the
terminal nitrogens of azide.
The increased superhyperfine coupling that is induced by

azide treatment shifts the double quantum feature to higher
frequency. This suggests that a better-resolved ESEEM spec-
trum for the azide-treated sample could be obtained by working
at a higher magnetic field. Indeed, the P-band data obtained at
higher fields show a dramatic sharpening of the14N NQR peaks
in the azide-treated sample. The NQR frequency values of 0.79,
1.17, and 1.93 MHz and the double quantum frequency of 6.61
MHz for the azide-treated sample (seen better in 2-pulse data,
not shown) are simulated well with14N spin Hamiltonian
parameters ofe2qQ) 1.97 MHz,η ) 0.74, andA) 3.34 MHz
(Table 4).52 These same simulation parameters also reproduce

(51) McCracken, J.; Pember, S.; Benkovic, S. J.; Villafranca, J. J.; Miller,
R. J.; Peisach, J.J. Am. Chem. Soc.1988, 110, 1069-1074.

Figure 7. Multifrequency ESEEM spectra for superoxidized catalase
( 14N and15N azide (pH 7.0 in 50 mM phosphate buffer, [N3-] ) 160
mM). (A) Multifrequency 3-pulsed ESEEM time domain pattern of
azide-free and azide-treated catalase. The long length of time over which
the modulation occurs in the absence of azide at X-band is typical of
exact-cancellation conditions. (B) Frequency domain ESEEM spectra
of azide-free and azide-treated superoxidized catalase obtained by
Fourier analysis of time domain traces from panel A. The NQR
transitions (V0, V-, andV+) and the double quantum transition (Vdq) are
indicated. Dashed lines are simulations using NQR and hyperfine
parameters listed in Table 4. Experimental parameters were repetition
rate) 200 Hz,π/2 pulse width) 15 ns, microwave power≈ 10 W.
P-band: VMW ) 13.098 GHz (N3--free), 12.980 GHz (NNN-), and
13.206 GHz (15NNN-); B ) 477.1 mT (N3--free), 474.8 mT (NNN-),
and 483.5 mT (15NNN-); andτ ) 197 ns (N3--free), 200 ns (NNN-),
and 196 ns (15NNN-). X-band:VMW ) 10.995 GHz;B ) 400.2 mT;
τ ) 176 ns.

V+ ) 1
4
(3+ η)e2qQ

V- ) 1
4
(3- η)e2qQ (2)

V0 ) 1
2

ηe2qQ

Vdq ) 2[(Vi + 1
2
|A|)2 +

(e2qQ)2

16
(3+ η2)]1/2 (3)
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the broadening and shifting of the features in the X-band data
upon azide incubation. Similarly, the simulation parameters
used previously to simulate the X-band spectra of the untreated
sample give good simulations of the P-band spectra of the
untreated sample.
Since we were able to obtain neither fully labeled azide nor

azide15N-labeled at the central nitrogen position, the possibility
remains that the14N ESEEM features in the azide-treated sample
could result from the central azide nitrogen. This motivated
us to perform ESEEM experiments with C14N- and C15N-. The
X-band ESEEM spectra (Figure 8) following cyanide treatment
shows a broadening of features in the NQR region and an upshift
of the double quantum frequency. Because conversion to the
cyanide-altered form of the catalase EPR signal was incomplete
at the cyanide concentration used in the ESEEM experiment
(120 mM), weak transitions from the cyanide-free enzyme are
still observed (marked with § in Figure 8). However, no
ESEEM differences are observed in the cyanide-treated samples
using the two nitrogen isotopes. Thus it is clear that all of the
14N modulation results from protein nitrogen. Similarly to the
azide-treated sample, the cyanide-treated sample gives rise to
spectra with better resolution at the higher field used for P-band
microwave excitation (only C14N- data were recorded at the
higher frequency). Spin Hamiltonian values used in the
simulations of the ESEEM spectra for the cyanide-treated
samples aree2qQ) 1.93 MHz,η ) 0.74, andA ) 3.86 MHz
(Table 4).

Discussion

Structure of the Mn Site. The similarity of the XAS spectra
in the presence and absence of azide suggests that azide binding
causes, at most, small changes in either the geometry or the
Mn ligation. The similarity of the XANES spectra and the
absence of any significant decrease in the 1sf 3d intensity in
the presence of azide suggest that azide binding does not cause
a change in coordination number.29,53 This could indicate either
that azide binds to Mn with concomitant displacement of another
ligand or that azide does not bind directly to the Mn. The
EXAFS data provide further evidence that the basic Mn2(µ-
O)2 core structure is perturbed only slightly by the addition of
azide. Although the appearance of features in the Fourier
transform change fairly significantly following azide addition,
this is a consequence of the Fourier transformation and not an
indication of significant structural change, as shown by the
similarity of the refined structural parameters.
The Mn‚‚‚Mn distance increases from 2.70 to 2.73 Å on

addition of azide. In crystallographically characterized MnIII (µ-
O)2MnIV structures, Mn‚‚‚Mn distances vary from ca. 2.65 to
2.75 Å.44 Typically, the shorter distances (<2.70 Å) are found
for dimers that have an additional bridging ligand, such as a
carboxylate, while the longer distances are characteristic of

unsupported (µ-O)2-bridged dimers. On this basis, we had
previously suggested that superoxidized catalase might have a
Mn(µ-O)2(µ-CO2)Mn structure.14 With the improved distance
calibration of the present data, the support for this conclusion
is less clear cut. The current Mn‚‚‚Mn distances would be
consistent with either a Mn(µ-O)2Mn or a Mn(µ-O)2(µ-car-
boxylate) Mn core structure.
One interpretation of the increase in Mn‚‚‚Mn distance on

azide binding would be that azide displaces a carboxylate bridge
(e.g., convertingµ-1,3 bridging carboxylate into a monodentate
carboxylate). A recent combined UV-visible/MCD study19

suggests another explanation for the change in distance. In this
work, the oxof Mn charge transfer transitions were found to
be unusually weak, suggesting relatively poor oxo-Mn orbital
overlap. This was interpreted in terms of a Mn(µ-O)2Mn core
that was slightly bent along the O-O axis. The absorption
intensity increased on addition of azide, suggesting that the
Mn(µ-O)2Mn core flattens slightly in the presence of azide. A
flattening of the core by 5-10° would account for the ca. 0.03

(52) The double quantum peak is broadened significantly beyond that
observed in the simulation. This effect may result from increased inhomo-
geneity in the hyperfine interaction upon azide inhibition.

(53) Randall, C. R.; Shu, L.; Chiou, Y. M.; Hagen, K. S.; Ito, M.;
Kitajima, N.; Lachicotte, R. J.; Zang, Y.; Que, L. J.Inorg. Chem.1995,
34, 1036-1039.

Table 4. 14N Spin Hamiltonian Parameters for Superoxidized
Manganese Catalase

sample A14N(MHz) e2qQ(MHz)a η

native 2.88 2.19 0.58
native+ N3

- 3.34 1.97 0.74
native+ CN- 3.86 1.93 0.74

a Estimated uncertainty ine2qQ is (0.05 MHz.

Figure 8. Multifrequency ESEEM spectra for superoxidized catalase
( 14N and15N cyanide (pH 7.0 in 50 mM phosphate buffer, [CN-] )
120 mM). (A) Multifrequency 3-pulsed ESEEM time domain patterns
for cyanide-free and cyanide-treated catalase. (B) Frequency domain
ESEEM spectra obtained by Fourier analysis of the time domain traces
from panel A. The NQR transitions (V0, V-, andV+) and the double
quantum transition (Vdq) are indicated. Dashed lines are simulations
using NQR and hyperfine parameters listed in Table 4. The cyanide
treatment led to incomplete conversion and a fraction of cyanide-free
catalase remains. Features due to cyanide-free catalase are marked with
§. Experimental parameters were repetition rate) 200 Hz,π/2 pulse
width ) 15 ns, microwave power≈ 10 W. P-band:VMW, ) 13.718
GHz;B ) 528.9 mT ;τ ) 222 ns. X-band:VMW, ) 9.2774 GHz;B )
331.1 mT ;τ ) 213 ns.
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Å increase in the Mn‚‚‚Mn distance when azide is added. This
flattening could be the result of loss of a carboxylate bridge, or
it could reflect a protein-induced conformational change.
The EXAFS data for superoxidized catalase show evidence

for outer shell scattering typical of imidazole ligation.24,54 The
apparent average coordination number for the 4.3 Å shell is ca.
two carbons per Mn, suggesting a lower limit of two imidazoles
coordinated per Mn dimer. The apparent coordination number
for the ca. 3.0 Å shell is somewhat larger. This is probably
due to additional contributions from other, non-imidazole
carbons. Using the known geometry of the imidazole ring in
hexakisimidazole Mn(II) dichloride, the observed N3/C4 distance
of ca. 4.30 Å implies Mn‚‚‚C2/C5 and Mn-N1 distances of 3.15
and 2.14 Å, respectively. This calculated Mn‚‚‚C2/C5 distance
is substantially longer than the apparent Mn‚‚‚C2/C5 distance
(ca. 3.0 Å) seen in the EXAFS, probably reflecting the presence
of additional scatters at∼3.0 Å in superoxidized catalase.
Scattering from monodentate and bidentate 1,3-bridging car-
boxylates is expected to occur in this range55-57 and could
account for both the the lower-than-expected Mn‚‚‚C2/C5

distances and the larger-than-expected Mn‚‚‚C2/C5 coordination
numbers found in Table 2. The calculated Mn-N1 distance is
consistent with the Mn-O/N average bond length found by
EXAFS curve fitting (2.05-2.09 Å), since the EXAFS distance
is undoubtedly the average of a range of shorter Mn-O and
longer Mn-N distances.
In the presence of azide, there is a slight decrease in the

amplitude of the Mn‚‚‚N3/C4 scattering, as seen by the slightly
lower apparent coordination number and by the fact that the
corresponding peak in the Fourier transform (Figure 2) is at or
only slightly above the noise level of the data. One explanation
for this decrease would be the loss of an imidazole ligand when
azide binds. A more likely explanation for the decrease in N3/
C4 amplitude in the azide-treated sample is an increase in the
disorder of the imidazole shells. In particular, the N3/C4

scattering is very sensitive to the Mn-N1-C5 angle, as a result
of multiple scattering. On the basis of FEFF simulations, a
rotation as small as 5-10° in one of the imidazoles would be
sufficient to account for the change in the amplitude of the
Mn‚‚‚N3/C4 peak.24

Titrations with Azide and Cyanide.Addition of either azide
or cyanide causes reversible changes in the UV-visible and
EPR spectra. The changes in the UV-visible spectra involve
an increase in the intensity of all of the transitions. These
changes are not due simply to chaotropic effects, since
comparable concentrations of F-, Cl-, or phosphate do not cause
similar spectral perturbations. The EPR spectra show resolvable
features corresponding to two limiting forms of the enzyme.
Spectra measured at intermediate azide or cyanide concentrations
show resolved contributions from both of the limiting forms
(this is most easily seen on the low- and high-field transitions),
thus demonstrating that this behavior is best described as
equilibrium binding of azide and cyanide to superoxidized
catalase.
The titrations show that anion binding is pH dependent, with

tighter anion binding at lower pH. At pH 7.0, the [N3-]1/2
determined by UV-visible spectroscopy is ca. 18 mM. In
contrast, the EPR titration at this pH gives an apparent [N3

-]1/2
of 40 mM. This difference may reflect a temperature dependent

equilibrium constant. The absence of any perturbations in the
EPR spectrum for azide concentrations up to 150 mM at pH
8.5 demonstrates that [N3-]1/2 under these conditions must be
greater than ca. 500 mM, while the observation of [N3

-]1/2≈ 5
mM at pH 5.5 is consistent with stronger azide binding at lower
pH. The pH dependence of [N3-]1/2 could be due either to the
binding of protonated anions (HCN has a pKa of 9.31; HN3 has
a pKa of 4.72)58 or to the requirement for protonation of a site
on the enzyme prior to anion binding. In the absence of azide
or cyanide, no pH dependence is observed for the EPR spectra
of superoxidized catalase from pH 5.5 to 8.5 (data not shown).
It was not possible to determine an accurate [CN-]1/2 at pH

7.0, due to protein precipitation. From the UV-visible spectra,
it is clear that cyanide binds less strongly than azide. From
the EPR-determined [CN-]1/2 at pH 5.5, the binding of cyanide
is ca. 5 times weaker than that of azide under comparable
conditions. If this ratio holds at pH 7.0, [CN-]1/2 should be ca.
65 mM, which would be consistent with the observed UV-
visible spectra.
The binding data (Figure 3 and supplementary material)

provide clear evidence for cooperative anion binding, but are
not sufficient to distinguish between possible models of coop-
erativity. One possible mechanism for cooperativity would be
an anion-induced change in the Mn core structure, as suggested
by the spectroscopic data (see below).
Effect of Azide and Cyanide on the Mn Site. The binding

of azide or cyanide causes no significant change in the energies
of the UV-visible transitions, but results in increased intensities.
This is consistent with the earlier observation that azide binding
resulted in an increase in UV-visible intensity but had no effect
on the energies of the UV-visible or MCD features.19 These
changes are consistent with the presence of a slightly bent Mn(µ-
O)2Mn core in the absence of anions and a flatter core following
binding of azide or cyanide. A flatter Mn(µ-O)2Mn core results
in better overlap between the oxo 2p and Mn 3d orbitals, causing
an increase in charge-transfer intensity and possibly accounting
for the changes in the 1sf 3d region. The absence of any
significant changes in the UV-visible transition energies
suggests that there are no major changes in Mn ligation when
azide or cyanide bind.
The EPR perturbations are consistent with this structural

picture. The binding of azide and cyanide causes no significant
changes in theg values or in theA anisotropy. The only
significant changes that occur on binding azide and cyanide are
an approximately 20% decrease in line width and a very slight
(3-4%) decrease in55Mn hyperfine coupling. The two anions
have nearly identical effects onA, with CN- giving a slightly
greater decrease. A decrease in the55Mn hyperfine coupling
is consistent with a flatter Mn(µ-O)2Mn core, since this should
lead to slightly greater spin delocalization onto the oxo bridges.
The two hyperfine coupling tensors show nearly identical
decreases, providing additional evidence that the anion-induced
changes are not localized on either the Mn(III) or the Mn(IV)
ion. Given these observations and given the nearly identical
behavior of azide and cyanide, it is unlikely that either anion is
coordinateddirectly to the Mn site.
ESEEM Spectroscopy.The ESEEM results for isotopically

labeled azide and cyanide demonstrate that the observed ESE
modulation in the anion-treated samples arises from protein-
derived ligands. The14N quadrupolar parameters are similar
in all cases, so it is likely that the same protein nitrogen gives
rise to the modulation in all three samples, with slight changes
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due to small perturbations in the cluster ligand geometry. The
lack of modulation from azide is a strong indicator that azide
does not bind directly to Mn. Although it is possible that a
directly bound nitrogen could have a superhyperfine interaction
too strong to give rise to appreciable modulation (vide infra), it
is very unlikely that all three of the chemically inequivalent
nitrogens would be in such a strongly coupled limit.
Our L. plantarum catalase ESEEM results are somewhat

comparable to those of Dikanov et al.59 for theT. thermophilus
enzyme (e2qQ ) 2.44 MHz, η ) 0.44, andA ) 2.3 MHz).
Dikanov et al. attributed the modulation to a remote nitrogen
of a coordinating histidine, such as observed in a variety of
Cu(II) enzymes.60 However, more recent studies of Mn(III)/
Mn(IV) model compounds do not support this interpretation.61-65

For example, strong14N ESEEM features are seen for each
member of a series of seven distinct Mn(III)/Mn(IV) clusters
with nitrogens directly coordinated to Mn.63,64 No noncoordi-
nated nitrogens are present in any of these compounds. The
range of superhyperfine couplings for these compounds is 2.51-
3.04 MHz. In analysis of the model compound data, the
ESEEM-detected nitrogens are assigned to those bound to the
Mn(IV) ions of the various mixed valence pairs.66 The 2.88
MHz coupling for the ESEEM-detected nitrogen in super-
oxidized catalase is squarely in this range, leaving little doubt
that it arises from a direct ligand to the Mn(III)/Mn(IV) core,
and most likely from a nitrogen coordinated to the Mn(IV) ion.
The14N superhyperfine coupling increases in the anion-treated

samples (3.34 MHz for azide and 3.86 MHz for cyanide). This
is consistent with the decrease in55Mn hyperfine couplings for
both Mn(III) and Mn(IV) ions that is seen in the EPR. Each
anion thus decreases the unpaired spin density on both of the
Mn ions and increases it on at least one of the ligands. This
may be another result of the core flattening discussed earlier.
The chemical identity of the nitrogen that is seen by ESEEM

remains uncertain. The EXAFS spectra are best fit with
approximately two histidine ligands (i.e., one histidine per Mn),
so it is appealing to assign the ESEEM spectral features to the
ligated nitrogen of a bound histidine. Continuous wave ENDOR
experiments on theT. thermophilusenzyme failed to detect
nitrogen transitions and were therefore inconclusive as to the
nature of nitrogen ligation to the Mn2 cluster.67 A recent
ESEEM study of the N3-/CN--free T. thermophilusenzyme
gave14N parameters ofe2qQ) 2.34 MHz,η ) 0.51, andA )
2.45 MHz.61 The ESEEM pattern was altered dramatically by
a reductive methylation treatment which resulted in methylation
of 64% of the lysine residues but only 3% of the histidine
residues. This result, along with a “fingerprint” comparison of
the N3-/CN--free catalase ESEEM to the ESEEM of ammonia
bound to the OEC Mn cluster,40 was used to argue for the
presence of a lysine bridge in superoxidized catalase. While
the “fingerprint” may be consistent with a lysine bridge, it is
also consistent with a coordinated imidazole. Thee2qQvalues

for Mn catalase (2.29 MHz forL. plantarum; 2.34 or 2.44 MHz
for T. thermophilus) are in the center of the 1.9-2.8 MHz range
found by Ashby et al.68 in NQR studies of metal coordinated
imino nitrogens in a series of metal-imidazole complexes. Since
azide and cyanide shift the ligand superhyperfine couplings even
though they do not appear to bind directly to the cluster, it is
easily conceivable that the harsh methylation treatment per-
formed on theT. thermophilusenzyme alters the protein
structure sufficiently to cause the observed changes in the
ESEEM spectrum. For example, methylation of a lysine near
the Mn site rather than disruption of a lysine bridge might be
responsible for the changes in the ESEEM spectra. At this point,
we feel that the combination of EXAFS and ESEEM data argues
most strongly for histidine ligation, but does not rule out other
possibilities. ESEEM experiments using selectively labeled
[15N]histidine69 should resolve this question and are in progress.
The EXAFS data suggest coordination of two histidine ligands

to the Mn2 core, while the ESEEM experiment detects only one
bound nitrogen, most likely the directly bound nitrogen of a
histidine ligand to the Mn(IV) ion. It is possible that a second
histidine ligand binds at a site where the superhyperfine coupling
is too strong to be observed via ESEEM at the high-field values
employed to date. ENDOR experiments have shown nitrogen
superhyperfine couplings ofA ≈ 10 MHz in some nitrogen-
coordinated Mn(III)/Mn(IV) complexes.63,66,67,70 These more
strongly coupled nitrogens are likely to be those that are
coordinated along the Jahn-Teller axes of the Mn(III) ions,
because these nitrogens should have the most unpaired spin
density due to their overlap with the half-filleddz2 orbital.
Similar histidine coordination in the catalase enzyme would be
likely to give superhyperfine coupling that is too large to be
easily detected in our ESEEM experiments. Recent analysis
of the ESEEM and ENDOR data for Mn(III)/Mn(IV) model
compounds66 suggests that the hyperfine tensors of the equa-
torially bound nitrogen ligands of the Mn(III) ions are highly
anisotropic and may be difficult to observe with either ESEEM
or ENDOR. It is possible that the broad features observed in
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Figure 9. Proposed azide and cyanide binding site and perturbation
of Mn core upon ion binding. (A) Mn(III)/Mn(IV) catalase with vacant
ion site, consistent with a bent Mn(III)/Mn(IV)(µ-oxo)2(µ-RCO2) core.
(B) More nearly planar Mn(III)/Mn(IV)(µ-oxo)2(µ-RCO2) core of
superoxidized enzyme upon binding of azide or cyanide. The two
imidazole ligands identified from the EXAFS are indicated by N, with
one coordinated to each Mn, as suggested by the ESEEM. No geometric
information is implied by the placement of the N ligands. The remaining
2-3 ligands per Mn, presumably carboxylates and/or solvent molecules,
are indicated by lines. On the basis of the pH dependence of anion
binding, either the anion or the binding site must be protonated for
strong anion binding.
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the 4-5 MHz range of the frequency-domain ESEEM spectra
(see Figures 7B and 8B) arise from such coupled nitrogens.
Therefore, our favored assignment, based on the combined
EXAFS and ESEEM data, is that there is a single histidine
coordinated to each of the two Mn ions in the mixed valence
core.
Relationship to Active Catalase.The superoxidized deriva-

tive of Mn catalase is inactive, and thus anion interactions with
the superoxidized enzyme are not necessarily catalytically
relevant. However, there are striking parallels between interac-
tions of azide and cyanide with superoxidized catalase and with
active catalase. Kinetic studies have shown that azide and
cyanide interact with active Mn catalase, and, in particular, that
azide is a competitive inhibitor of Mn catalase.16 NMR
relaxation measurements have shown that azide blocks solvent
exchange to the Mn in the reduced enzyme.16 In both cases,
azide binds substantially more tightly than cyanide, and both
anions bind in a pH dependent manner, with stronger binding
at low pH. Finally, the values of [N3-]1/2 for the reduced and
the superoxidized catalase are the same within 1 order of
magnitude.
These observations would be consistent with azide binding

to a similar site in both the superoxidized and the reduced
derivatives of the enzyme. For the superoxidized enzyme, the
present data show that the azide binding site is on the protein
and not on the Mn, although presumably the azide binding site
is sufficiently close to the Mn that it can perturb the Mn
geometry (see Figure 9). If azide binds at the same site in the
active enzyme as it does in the superoxidized enzyme, then the
observation that azide is a competitive inhibitor would imply
that peroxide binding to this protein-based site is an essential
step in the catalytic mechanism. The structural perturbations
that are caused by anion binding may thus be important in
controlling the reactivity of the binuclear Mn unit.

Conclusions

The binding of azide or cyanide causes small perturbations
in the structural and electronic properties of the Mn(III)(µ-
O)2Mn(IV) site in Mn catalase but no significant change in the
basic core structure. EXAFS data suggests that there are two
His residues coordinated to the Mn2 core, one of which is
detectable in X-band ESEEM spectra. There are no ESEEM
detectable features attributable to direct coordination of the azide
or cyanide anions to the Mn2 core. These observations point
to the existence of a protein-based anion binding site which
may be important in the catalytic mechanism of Mn catalase.
There is substantial interest in understanding the EPR

properties of the OEC. The present data demonstrate that
significant changes in Mn hyperfine coupling can occur as the
result of apparently minor changes in geometry and in the
absence of large changes in ligation. Similar minor structural
variations may be responsible for the changes in the number of
resolvable lines in the OEC EPR spectra when, for example,
Ca is depleted or replaced by Sr or when NH3 binds.6
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