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ABSTRACT. The solution structures of the binuclear Mn centers in arginase, Mn catalase, and the Mn-
substituted forms of the Fe enzymes ribonucleotide reductase and hemerythrin have been determined
using X-ray absorption spectroscopy (XAS). X-ray absorption near edge structure (XANES) spectra for
these proteins were compared to those obtained for Mn(ll) models. The Mn model spectra show an
inverse correlation between the XANES peak maximum and the root-mean-square (RMS) deviation in
metak-ligand bond lengths. For these complexes, the XANES maxima appear to be more effective than
the 1s— 3d areas as an indicator of metal-site symmetry. Arginase and Mn-substituted ribonucleotide
reductase have symmetric nearest neighbor environments with low RMS deviation in bond length, while
Mn catalase and Mn-substituted hemerythrin appear to have a larger RMS bond length deviation. The 1s
— 3d areas for arginase and Mn-substituted ribonucleotide reductase are consistent with six coordinate
Mn, while the 1s— 3d areas for Mn catalase and Mn-substituted hemerythrin are larger, suggesting that
one or both of the Mn ions are five-coordinate in these proteins. Extended x-ray absorption fine structure
(EXAFS) spectra were used to determine the, lore structure for the four proteins. In order to quantitate

the number of histidine residues bound to the;Menters, EXAFS data for the crystallographically
characterized model hexakigmidazole Mn(ll) dichloride tetrahydrate were used to calibrate the-Mn
imidazole multiple scattering interactions. These calibrated parameters allowed the outer shell EXAFS
to be fit to give a lower limit on the number of bound histidine residues. The EXAFS spectra for Mn-
substituted ribonucleotide reductase and arginase are nearly identical, with symmetriedlest neighbor
environments and outer shell scattering consistent with a lower limit of one histidine pecdvin In
contrast, the EXAFS data for Mn catalase and Mn-substituted hemerythrin show two distinctelgrest
neighbor shells, modeled as M©® at ca. 2.1 A and MaN at ca. 2.3 A, and outer shell carbon scattering
consistent with a lower limit of ca.-23 His residues per Mytore. Only Mn catalase shows clear evidence

for Mn+--Mn scattering. The observed MrMn distance is 3.53 A, which is significantly longer than

the ~3.3 A distances that are typically observed for Mn(ipres with two single atom bridges, but
which is typical of the distances seen in Mn{ltpres having one single atom bridge (e.g., aqua or hydroxo)
together with one or two carboxylate bridges. The absence of EXAFS-detectablgviirinteractions

for the other three proteins suggests either that there are no single atom bridges in these cases or that the
Mn---Mn interactions are more disordered.

Binuclear metal centers are utilized at the active sites of (Kono & Fridovich, 1983; Barynin & Grebenko, 1986; Que
numerous iron and manganese metalloproteins. These& True, 1990; Stenkamp, 1994; Nordlund & Eklund, 1995).
proteins catalyze a diverse set of chemical reactions while All three proteins have a carboxylate-bridged binuclear metal
maintaining structural and electronic similarities. Three such site bound within a four helix bundle (Petersson et al., 1980;
proteins which are believed to have similar active site vainshtein et al., 1984; Khangulov et al., 1986; Fronko et
structures are the diiron proteins hemerythrin and ribonucleo- 3|, 1988: Baldwin, 1990; Nordlund et al., 1990; Nordlund
tide reductase and the dimanganese protein Mn catalaseg, Eklund, 1993, 1995; Stenkamp, 1994). Although it has a
distinct secondary structure, rat liver arginase has a similar
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Scheme 1 ligands (Waldo et al., 1992; Khangulov et al., 1993; Gamelin
Arginase Mn-Ribonucleotide ~ Mn-Hemerythrin et al., 1994; Ivancich et al., 1995; Grush et al., 1996)

Reductase Arginase and Mn-substituted ribonucleotide reductase both

o catalyze hydrogen peroxide disproportionation (T. E. Elgren,
el \(o 0/\0 OH, o/\o N unpublished results; Shank et al., 1994; Sossong et al., 1997),

N /O\M(l_o AN T VA v but at rates which are roughly 1000 times slower than that

o \001{ VA N~ \N\\ N\ Y é Ny for Mn catalase. No reactivity toward ;8. has been
o)\ 0\(0 reported for Mn-substituted hemerythrin.
With the availability of a high-resolution crystal structure
- - -— for Mn-substituted ribonucleotide reductase and, during this
33 A 36 A 53349 study, arginase, the immediate ligation of the Mn in these

proteins is well-defined. In order to compare the Mn

glutamates, the crystal structure shows the Mn ions to be €nVironment of Mn catalase to that of the Mn in the other
coordinated to two histidines (one to each Mn), monodentate Protéins and to determine Mrigand distances for all four
aspartate and glutamate residues, and one water moleculd?rotéins with greater precision than is possible crystallo-
thus completing four- and five-coordinate Mn(ll) first 9raphically, we have undertaken XAS studies. XAS, by
coordination spheres. The MeMn distance in the Mn- permnpng comparison of the Mn(I)/Mn(l1) core structures
substituted ribonucleotide reductase crystal structure is 3.61" arginase, Mn catalase, and the Mn-substituted forms of
A. The X-ray structure of the Mn-substituted form of hemerythrm and rlbonucleotldg redu'ctase, will help .to
hemerythrin has not been determined. However, the CrySta|determ|ne the structural constraints which control reactivity.
structure of the native diiron(ll) form, which should be
generally similar, shows one five- and one six-coordinate EXPERIMENTAL SECTION
Fe(ll) in a bisg-carboxylato)g-hydroxo)diiron(ll) core with
five terminal histidine ligands and an fe~e distance of Sample Preparation.Mn-substituted Fe ribonucleotide
3.32 A (Holmes et al.,, 1991). XAS studies of the Co- reductase was prepared as follows. R2 was isolated from
substituted form of hemerythrin indicate that this overall Escherichia colistrain N6405/pSPS2, (Salowe & Stubbe,
structure is maintained upon metal substitution, although the 1986) a heat-inducible overproducer, as previously described
Co--Co distance increases to 3.54 A (Zhang et al., 1992; (Salowe, 1987). Iron removal was accomplished by dialysis
Stenkamp, 1994). against the lithium salt of 8-hydroxyquinoline-5-sulfonic acid
The native forms of arginase and Mn catalase contain in 1.0 M imidazole (Atkin et al., 1973). The concentration
binuclear Mn active sites. These enzymes catalyze theof R2,;,, was determined by absorbance at 280 rpao=
hydrolysis of arginine and the disproportionation of hydrogen 120 mM* cm™) (Lynch et al., 1989). Anaerobic addition
peroxide, respectively (Hertzfeld & Raper, 1976; Beyer & of a Mn(ll) solution [MnCb:4H,O (J. T. Baker Chemical
Fridovich, 1985; Kang & Cho, 1990). Arginase is found Co.)]to R2g,was accomplished using standard vacuum line
specifically in the Mn(ll)/Mn(ll) form, although the extent techniques. The Mn-R2 sample was passed down a Sepha-
to which higher metal oxidation states are produced during dex G-25 column to remove any unbound metal ions.
catalysis is unknown (Greenberg, 1960; Reczkowski & Ash, Samples prepared for XAS contained 4.5 equiv of Mn per
1992). R2 subunit, as determined by inductively coupled plasma
After completion of this work, the 2.1 A crystal structure emission, in 25 mM HEPES, pH 7.6.
of arginase was reported (Kanyo et al., 1996). In this Rat liver arginase was expressedEncoli and purified
structure, the Mn ions are bridged by a solvent molecule, a as described by Cavalli et al. (1994). Ammonium sulfate
u-1,1-carboxylate and@1,3-carboxylate, giving a Mr-Mn precipitates of the enzyme were centrifuged, resuspended in
separation of 3.3 A. The Mn coordination spheres are 50 mM K*-HEPES at pH 7.5 containing 10 mM Mngl
completed by one monodentate carboxylate, one bidentateand heated to 6€C for 10 min (Reczkowski & Ash, 1992).
carboxylate, and two histidines, giving one five- and one The protein samples were then washed four times with 50
six-coordinate Mn. The metal ligation for arginase, Mn- mM K*-HEPES at pH 7.5 in an Amicon Centricon-30
ribonucleotide reductase, and hemerythrin are shown in microconcentrator to remove unbound Mn(ll) and concen-
Scheme 1, with the hemerythrin structure based on the crystaltrated to 56-90 mg/mL. Glycerol was added to the protein
structure of ferrous hemerythrin. samples to a final concentration of 25%. Mn-substituted
In contrast to the other three proteins, Mn catalase can behemerythrin was prepared as previously described (Zhang,
prepared in a variety of oxidation states, ranging from Mn(ll)/ 1992; Zhang & Kurtz, 1992). Mn catalase was isolated from
Mn(l1) to Mn(Il)/Mn(1V) (Khangulov et al., 1986, 1993; L. plantarumaccording to established methods (Kono &
Fronko et al., 1988; Waldo, 1991). During catalysis, Mn Fridovich, 1983; Stemmler, 1996). Samples of the reduced,
catalase is believed to cycle between the Mn(ll)/Mn(ll) and Mn(ll)/Mn(ll), catalase were prepared by anaerobic reduction
Mn(lI)/Mn(Ill) oxidation states (Waldo & Penner-Hahn, with NH,OH (Waldo et al., 1991). All protein samples were
1995). Analysis of EPR spectra for arginase and the Mn(Il)/ prepared at Mn concentrations between 3 and 5 mM Mn
Mn(Il)-phosphate derivative oThermus thermophilubin and at a glycerol concentration of 250%. Protein solution
catalase gave MaMn separations of 3.57 and 3.59 A, samples were injected into Lucite cells wrapped with.80
respectively (Khangulov et al., 1995). XAS, pulsed EPR, polypropylene film, and immediately frozen at 77 K.
and MCD studies of the.actobacillus plantarumand T. A solution sample of hexaqua Mn(IIA} was prepared
thermophilusMn catalases suggest that the Mn is ligated by dissolving Mn(ll)(acetate)(Aldrich) in water, adjusting
predominately by oxygen ligands, with one or more nitrogen the pH to 3.0 using nitric acid, and injecting the solution
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with a Mn (_:Oncemration of 10 mM i_mo an Al sample cell Table 1: XANES Analysis Results for Mn(ll) Protein (Top) and
wrapped with 3Qum polypropylene film. All other model  model (Bottom) Samples with Relevant Model Mn First
complexes, which were generously provided by the Pecoraro,Coordination Sphere Ligand Types and Distance Information from
Kitajima, and Goff groups, were ground and mixed to Crystal Structure Data

homogeneity with boron nitride using a mortar and pestle, RMS edge peak  1s—3d
and then loaded iota 1 mmthick Al sample cell with sample ligation deviatior? energy maximd  ared

Kapton windows. The solid mono-, di-, and tetranuclear Mn,RR-1 6549.2 780 7.20
Mn(Il) model complexes, hexakigmidazole Mn(ll) di- MnzRR-2 6548.7 790 7.80
chloride tetrahydrateR) (Garrett et al., 1983), [My(Cl)s- 2:9:% ggig'(l) gég ;-‘5‘8
(CaeHsN12(CIO4)s (C) (Goff, personal communication),  arg.3 eoa95 800 oo
(pyrazole}Mn(benzoategMn(hydrotris(3,5-diisopropyl-1- Cat-1 6549.0 660 10.0
pyrazolyl)borate) D) (Kitajima, personal communication),  Cat-2 6548.4 660 10.7
[Mn(N,N-[1,1'-dithiobis(phenylene)]bis(salicylidene- ,\Cﬂf;‘]tﬁem ggﬁgg gzg 5;;
aminato))} (E) (Kessissoglou et al., 1987), [M{2-OH(3,5- A 2 Os 6549.4 850 4.9

Cl(1,3-salcylideneimino-2-propanol)jftetraethyl- B N 0.005 6548.4 800 5.0
amommium;) (F), (Gelasco, 1995) [Mn(hydrotris(3,5-diiso- C N4Cl> 0.112 6548.4 590 5.3
propyl-1-pyrazolyl)boratg),(OH), (G) (Kitajima et al., E N383S %-372% %gj%-zs 75%% ?3-2
1991), and [Mn(2-OHY{,N-(bis-1,3-(picolinimine(propan- NLOE 0.089 ' :

2-0l))))]a (H) (Gelasco et al., 1996), were prepared according ¢ N,O, 0.050 6549.4 710 9.0
to published procedures. After preparation, all model G NzO2 0.084 6547.5 600 12.4
samples were frozen at 77 K. H N4O, 0121  6548.0 560 14.3

XAS Collection and AnalysisProtein and model XAS 2 Root-mean-square deviation in Mn first coordination sphere

spectra were collected at the Stanford Synchrotron Radiationdi;tnatno‘ﬁﬁe(ﬁ);ii%‘:eedngégig‘s ri‘\?/‘:fr: |tr? gl‘:cter’;?]:l%;tot:rfafliirzsééneﬂdecgo”
Lab_oratory (SSRL), on beam“nes II-3 and VII-3, and at_ the ir:nensities given in squaregd ;:gntimeters per gréArea for the 18—9
National Synchrotron Light Source (NSLS), at beamlines 34 region given in electronvolt units 12, © Calculated by excluding
X9-A and X19-A. Both facilities were operating under Mn-—S bonds at 2.7 A. Including just tHe < 2.6 A ligands results in
dedicated conditions, with typical ring energies and currents a more accurate representation of the RMS deviation in bond lengths.
of 3.0 GeV/100 mA and 2.5 GeV/200 mA for SSRL and

NSLS, respectively. Details for the data collection and

analysis of the Mn(Il)/Mn(ll) proteins and Mn(ll) models range 6536-6538 eV and 65436545 eV. Due to the lower
are given in Table S1 (Supporting Information). Low energy resolution for the Si[111] monochromator crystals,
temperatures were maintained using a He flow cryostat atthe 1s— 3d transitions measured using these monochroma-
beamlines 1I-3, VII-3, and X19-A, while a Dysplex cryostat tors were significantly broader. As a result, arctangent
was used at X9-A. XAS spectra were averaged independ-regions below (65306537 eV) and above (65446546 eV)
ently for each data set collected at each location, with typical the 1s— 3d transition were used for these data sets. The 1s
protein data sets consisting of-92 spectra and model data — 3d area was determined by numerical integration over
sets consisting of 2 or 3 spectra. Data for the proteins andthe range of 65386543 eV (Si[220], Si[311] and Si[400]
for modelA were measured as fluorescence excitation spectradata sets) or 65376544 eV (Si[111] data sets). The
using a 13 element solid state detector, while data for solid resulting 1s— 3d areas are expressed in electronvolt units
model compoundB—H were measured as absorption spectra (Roe et al., 1984).

using N ion chambers. Monochromator energies were gy Ars data reduction followed standard procedures for
calibrated relative to the energy of the pre-edge peak in ape_gqge subtraction and spline background removal (Teo,
KMnO4 standard, dEf'nEd_ as 6543.3 eV. Averaged EXAFS 1986). The pre-edge subtraction and spline data points were
files were calculated using two data sets collected with e ay jgentical for all protein and model spectra (see Table
different Mn-substituted ribonucleotide reductase samples S1). The small differences had no effect on the fitting results.

(labeled MnRR-1 and MaRR-2 in Table 1), three EXAFS £ rier transforms were calculated using weighted data over
data sets for different arginase samples (Arg-1, Arg-2, and 4 range 1.511.9 AL, EXAFS data were fit over the range
Arg-3), and three EXAFS data sets for the reduced Mn 1 5 17 g A1 |nitial fits were performed on Fourier-filtered

catalase (Cat-1, Cat-2, and Cat-3). Only a single data Selyaia which was backtransformed over Riange of ca. 1.5

was measured for Mn-substituted hemerythrin ¢Mem). 4 7 & g eliminate high frequency noise. Curve-fitting results
Normalized XANES spectra were calculated for each data {4 nfiltered data gave equivalent structural results.

set by fitting the data both below and above the edge to
tabulated X-ray absorption cross-sections, (McMaster et al.,
1969; Waldo, 1991) using a single low-order polynomial and

a single scale factor. Edge energies for all XANES spectra
were taken as the first inflection point of the edge, determined NA(K)S o\ .

from the maximum in the first derivative. First derivatives  X(K = Z?EXD(—ZkZUaE)S|n(2kRaS+ d.dK) (1)

Information regarding absorbescatterer interactions were
obtained from fitting the EXAFS data to eq 1,

were calculated by differentiation of a running first-order s kR

polynomial, fit over a 30-point window. Areas for the 1s

— 3d pre-edge transitions were determined by first fitting where (k) is the fractional modulation in the absorption
an arctangent background to the normalized data below andcoefficient above the edgbl is the number of scatterers at
above the 1s— 3d transition. For Si[220], Si[311], and a distancdR,s A(K) is the effective backscattering amplitude,
Si[400] monochromator crystals, fits were done over the Sis a scale factora§5 is the mean-square deviation Ry
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¢asis the phase shift that the photoelectron wave undergoes 100
in passing through the potentials of the absorbing and =
scattering atoms, and the sum is taken over all scatterin

g g ol L)

interactions. 1500 1 //

Experimental data were simulated using theoretical EX-
AFS amplitude and phase functioms(k) and ¢.dK),which

Eitéonucleotigg 43
eductase

were calculated using the program FEFF 5.04 (Rehr et al.,
1991). Single scattering parameters were calculated fer Mn
O, Mn—N, Mn---Mn, and two Mn--C interactions at bond
lengths of 2.09, 2.27, 3.60, 3.27, and 4.42 A, respectively.
Multiple scattering parameters were calculated for the 3.27
A Mn---C,/Cs and ca. 4.42 A Mn+N4/C, interactions found

in hexakis-imidazole Mn(ll) dichloride. The scale factor,

S and threshold energig,, were calibrated by fitting EXAFS
data for crystallographically characterized Mn models (Riggs-
Gelasco, 1995). A value of 10 eV and a scale factor of 0.9

1000 7

Arginase

Hemerythrin

Catalase

Normalized Fluorescence (cmz/g)

%
(=]
S
PEFEPETE BT Err

were found to be the optimum values for all single scattering 0 T~ T T
parameters. Multiple scattering parameters were calibrated 6535 6545 6555 6565 6575 6585
by fitting the outer shell EXAFS for hexakismidazole Energy (eV)

M\;\(Il)éjlschloc;'lge. In this case, the optimum values were 6 Ficure 1: Normalized XANES spectra for protein samples. Spectra
eVandS=0.75. offset for clarity. (Inset) Region 1s> 3d of the XANES spectra
Nonlinear least-squares curve fitting was used to optimize for respective proteins (solid line) with background polynomial
Mn—ligand distances and coordination numbers. In all Cases,(daShed line), plotted in the same order as the full XANES spectra.
only R ando were allowed to vary, while the coordination

number was held constant and stepped through reasonable A
values. The weighted root-mean-square deviation between 800 1
data and fit was calculated &= {[ké(data— fit)3/N}2 b

A more useful statistic i§' = F?/v, which accounts for the
number of degrees of freedom, given byv = Nigp — Nyan,
whereNigp is the number of independent data poiNg, =
(2AkAR)/z, and N4 is the number of variables that are
refined (Bunker et al., 1991). TheulWweighting introduces

a penalty for adding additional unnecessary shells of scat-
terers, and thus provides a more reliable basis for deciding
whether an additional ligand interaction is justified (Riggs-
Gelasco et al., 1995)

Extended Haokel Calculations. Extended Hukel calcula-

600 - H

400 4

200 A

Normalized Absorption (cmz/g)

tions were performed for all models exceptandD using S —
standard parameters for H, C, N, O, S, and Mn as 6535 6545 6555 6565 6575 6585
incorporated in the program CAChe (Oxford Molecular Energy (eV)

Group). Atoms outside the first coordination sphere were Ficure 2: Normalized XANES spectra for Mn(il) models Mn-
replaced either with protons or, in the case of alkoxides, with (oH,):2+ (aq) @), (pz),MN(OBz):Mn(HB(3,5-iPrpz)) (D), and
methyl groups. The average Mn 4p, Mn 3d, and ligand [Mn(2-OH picpn)} (H).

contributions to the highest occupied molecular orbitals
(HOMOs) were determined by summing the relevant orbital
contributions from the unoccupied MOs, which showed
significant Mn 3d contributions.

in Figure 2 range from ca. 850 éfg for the symmetric @
modelA to ca. 560 crifg for the asymmetric ND, model
H (see Table 1). In general, the peak height decreases as
the nearest neighbor disorder, as judged by the RMS
deviation in bond length, increases. The symmetric com-
RESULTS plexes A and B both have very intense peak maxima.
Complexe®D andF, with mixed N/O ligation have somewhat
XANES AnalysisNormalized XANES spectra are shown lower maxima while complexC, with mixed N/CI ligation,
in Figure 1. All four edges show a noticeable-3s3d peak and complex, with the largest disorder in Mrligand bond
centered at ca. 6540 eV (inset to Figure 1), followed by an length, have the lowest peak maximum. The remaining two
intense absorption edge beginning at ca. 6545 eV. The edgecomplexes,E and G, have low intensity maxima despite
structure for Mn-substituted ribonucleotide reductase and having relatively small bond length disorder. However, these
arginase samples is nearly identical, with peak maxima of models have either genuine 5-coordinat®) (or nearly
ca. 800 crifg (see Table 1). In contrast, the edges for Mn- 5-coordinate ) sites, which may account for their low peak
substituted hemerythrin and Mn catalase samples havemaxima.
significantly lower peak maxima of 710 and ca. 6602 First inflection points of the protein XANES spectra range
respectively. All protein edges are consistent with Mn(ll), from 6548.0 to 6549.5 eVs, with a standard deviation of ca.
as shown by representative edges for model compléxes 0.3 eV for replicate measurements. These energies are
D, andH (Figure 2). The peak heights for the Mn models consistent with those for the model compounds. The model
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Table 2: Results from Extended kel Calculation for Mn(ll) <~—MnN, A
Model Complexes with Known Crystal Structutes % 10
810 ]
H =
sample % Mn 3d % Mn 4p % ligand £ MneeeC_/C
B 60 0.02 40 g 87 ne
Cc 62 1.0 37 z ] MaessN,/C,
E 51 11 48 S ¢ A
F 60 1.0 38 £ J
G 66 2.6 30 e 4]
H 63 1.4 36 2,
5 5]
a Crystal structure data for (pyIn(OBz):Mn(HB(3,5-iPppz)s) are ©
limited to first coordination sphere distances, so global molecule could 0 . . . S /A VAR s
not be built for a Hekel calculation. 0 1 2 3 4 5 6 7
R + o (A)
spectra have edge energies from 6548.0 to 6549.4, with the M B
exception off andG. The latter models, with pseudo five- A R _ _
. . . . . . . Multiple Scattering Single Scattering
coordinate and true five-coordinate sites, have first inflection N \ \
points that are 1 eV lower in energy. ‘Nl N
The 1s— 3d transition areas for replicate samples were C / \\\C
/
/ \

highly reproducible £0.5), despite the variation in mono- 5

chromator resolution. The areas for arginase and ribonucleo- ) \
tide reductase were significantly lower than those for Mn N C
catalase and Mn-substituted hemerythrin. The-13d areas 4
for the models bracket those seen for the proteins. In general,gzgm'fridi Wﬁr?usfcizeiitet:%nﬁogm\?vafosr fg%?ﬁcﬂfazeoﬁmmg) "
the 1s— 3d area increases with |ncreasgd bon_d-leng_th Calculated Fourier trans%o?m . )(/B) Theoretical representation
disorder, and is thus negatively correlated with the intensity of yigid imidazole structure with single and multiple scattering
of the XANES maximum. As expected, the five-coordinate pathways.
complex,G, has one of the highest 1s 3d intensities (Roe
et al.,, 1984). This intensity is not as high, however, as that known imidazole ring dimensions (Garrett et al., 1983).
seen for the highly disordered six-coordinate compléx, Variations of £5° in the angle between MnAN; and the
The 1s— 3d areas for ribonucleotide reductase and arginaseimidazole plane ), gave a significant decrease in the
are similar to those seen for the relatively ordered six- apparent distance of the ca. 4.2 A shell (Figure SI,
coordinate models, while those for catalase and hemerythrinSupporting Information) that was inconsistent with the data.
more closely resemble five-coordinate, or highly disordered The value of¢ was thus set at°Q in agreement with the
six-coordinate models. crystal structure. The MN;—Cs angle was varied by-10°
Molecular Orbital Calculations. The results of the Hekel around the crystallographic value of 1263Figure S2,
calculations are given in Table 2. The calculated percent Supporting Information). The optimum angle was taken as
Mn 4p character is small for all of the models. As expected the angle that best reproduced the-\N,/Cs feature in the
from simple symmetry considerations, the largest 4p con- Fourier transform. The best fit was obtained using the
tribution is found for the five-coordinate modés. crystallographic M-N;—Cs angle. These results confirm that
Mn—Imidazole EXAFS.The Fourier transform of the properly calibrated FEFF multiple scattering parameters can
EXAFS data for hexakisimidazole Mn(ll) dichloride is correctly model imidazole outer shell EXAFS features.
given in Figure 3 A. There is an intense Mnearest It is essential that the outer shell contributions be modeled
neighbor feature at ca. 2.25 R+ a ~ 1.8 A), together correctly, since these can interfere with the detection of
with three resolvable features at longer distances. Imidazolemetat--metal scattering (Riggs-Gelasco et al., 1995). Thus,
EXAFS scattering has been studied extensively, and thethe EXAFS data for comple® can be fit using either single
importance of multiple scattering from the rigid imidazole or multiple scattering theoretical models with nearly equiva-
ring is well documented (Strange et al., 1986, 1987; Binsted lent fit quality [see Table 3 and Figure S3 (Supporting
et al.,, 1993; Wang et al., 1994). Multiple scattering refers Information)]. Fits to the M--C,/Cs shell using a single
to the fact that the X-ray excited photoelectron can be scattering model gave the correct bond length, but under-
scattered by two (or more) atoms prior to returning to the estimated the metaligand coordination number. Fits using
absorbing atom, as illustrated in Figure 3B. The peaR at a multiple scattering model gave correct values for both the
+ o~ 2.6 A is due primarily to imidazole £Cs scattering bond length and the coordination number. A single scattering
(see Figure 3B), while those at higteresult primarily from model for the 4.42 A Mr+N4/C, interaction gives the correct
the single and multiple scattering pathways of the imidazole coordination number, but a bond length that is off by 0.15
Ny/C, atoms. Recently, Wang et al. have described an A. As for the G/Cs shell, fits using multiple scattering
approach to fitting imidazole scattering in which the imid- models accurately describe both the coordination number and
azole unit is treated as a rigid system (Wang et al., 1994). distance of the BIC, shell. For both single and multiple
They found that only in this way was it possible to detect scattering fits, it is possible to include an additional-MNIn
the weak Ni--Ni scattering in urease. shell at a distance that is chemically reasonable for binuclear
We have adopted a similar approach to analyze the dataMn(ll) models. In both cases, the fit qualitfF) improves
for model complex8. The M—N; distance was determined on the addition of Mr-Mn scattering. For the multiple
by single scattering EXAFS, and the remaining ‘M(C,/ scattering fits, addition of the MrMn shell is not justified,
Cs) and Mn-+(Ns/C,) distances were calculated from the as judged by the slight increase K. However, for the

2
/

/ \
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Table 3: EXAFS Fitting Results for Hexakismidazole Mn(ll) Dichloride

Mn — N Mn --- C Mn--- C/N Mn --- Mn
model type R CNP o2¢ Re CNp o?2¢ R2 CNP o2¢ R2 CNP o2¢ Fd
single scattering 2.27 55 4.1 12.6
2.27 55 4.1 3.28 9.0 5.0 11.0
2.27 55 4.1 3.28 9.0 4.8 4.28 12.0 4.0 7.60
2.27 5.5 4.2 3.29 9.0 5.5 4.28 12.0 4.0 3.53 0.5 24 7.43
multiple scattering 2.27 55 4.1 12.6
2.27 5.5 4.2 3.26 12.0 3.6 9.78
2.27 55 4.2 3.26 12.0 35 4.44 12.0 3.8 6.06
2.27 5.5 4.2 3.20 12.0 7.9 4.44 12.0 4.0 3.25 0.5 0.0 6.14
crystal structure 2.27 6.0 3.27 12.0 4.42 12.0

2Bond length in angstrom&.Coordination number giving the best fitDebye-Waller factor in units of squared angstromsl(®. ¢ Degrees of
freedom weighted goodness of fik [ (7).

Table 4: Mn—Nearest Neighbor EXAFS Fitting Results

40 1 Mn—0O Mn—N
3 ) ) sample R CNe  g2d R CNe  ¢g2d  Fe
S Ribonucleotide
= Reductase Mn;RR 2.15 5.0 3.7 1.73
=
& 30 A 2.07 2.0 2.4 2.18 4.5 1.9 1.91
b= Arg 2.17 35 5.0 1.54
g Arginase 2.15 3.0 3.2 2.30 1.0 2.0 1.62
< Mn;Hem 2.15 3.0 5.6 4.23
S 201 Hemerythrin 2.10 3.0 4.3 2.26 2.0 0.3 2.50
= Cat 212 30 56 2.76
B 211 3.0 4.6 2.27 1.0 2.5 2.64
2101 Mn Catalase aFiltered fits to first shell dataR = 2.0-2.4 A). Identical results

are obtained for fits to unfiltered dataBond length in angstronfBest
[Mn(IDIm J** fit coordination numberd Debye-Waller factor in units of squared
angstromsx 1%, € Degrees of freedom weighed goodness of il (?)

R+ 0o (A)

Ficure 4: Fourier transforms for Mn(Il)/Mn(ll) proteins and
hexakis-imidazole Mn(ll) dichloride model. Protein spectra offset

second low Z shell in the catalase and hemerythrin are close
to the Mn—N distance inB.

for clarity. The nearest neighbor fitting results provide a starting point
for defining the outer shell EXAFS (Table 5). In all cases,
single scattering fits there is a slight decreaseFion the data could be fit with Mn-C interactions between ca.
inclusion of a Mn shell at ca. 3.5 A which could be 3.0and 3.6 A, although in no case was the-M@ distance
misinterpreted as evidence for a MfMn interaction. uniquely defined. For ribonucleotide reductase, inclusion

Mn(I1)/Mn(Il) Protein EXAFS. Fourier transforms of the  of a carbon shell between 3.0 and 3.6 A was not justified,
averaged protein EXAFS data are compared to that for as judged byF'. For the other three proteins, the ca. 3 A
complexB in Figure 4. The protein spectra all show an carbon shell appears justified. Addition of a second carbon
intense Mr-nearest neighbor feature at-Ra ~ 1.6 A, shell at ca. 4.4 A gave an improvementRhfor arginase,
which is ca. 0.15 A shorter than the Mn nearest neighbor hemerythrin, and Mn catalase. A 4.4 A carbon shell could
peak for complexB. The Mn—nearest neighbor features for  also be refined for Mn-substituted ribonucleotide reductase;
ribonucleotide reductase and arginase are narrow and intensgjowever, as with ta 3 A carbon shell, this gave a worse fit,
while those for hemerythrin and Mn catalase are broader andas judged by the increase .
less intense. All four protein spectra show weak features in  All four proteins exhibited scattering which could be
the Mrr--C,/Cs and Mnr--N3/C, scattering regions, although modeled by a Mr-Mn interaction. However, in every case
only for hemerythrin do these show good correspondence except Mn catalase, inclusion of a Mrvin shell led to an
with the outer shell peaks seen in compEx increasein F'. For ribonucleotide reductase, the apparent

Fitting results for the Mr-nearest neighbor interactions Mn--Mn interaction was at 3.30 A and showed extremely
are given in Table 4. All four protein spectra can be fit with high disorder. The apparent MrMn distance in arginase
a single low Z (carbon, oxygen, nitrogen) nearest neighbor was slightly longer (3.41 A) and the DebywValler factor
shell at average distances which range from 2.12 A, for Mn for this shell was again larger than the typical values seen
catalase, to 2.17 A for arginase. The single shell fits are in Mn model compounds (Riggs-Gelasco, 1995). Although
characterized by relatively large Deby@aller factors, 02 and the Mn--Mn distance (3.50 A) were reasonable for
indicating disorder in the metaligand bond lengths. The  hemerythrin, the apparent coordination number (0.25) was
apparent coordination numbers are all less than 6. All four very low. The increase iR’, together with the unreasonable
protein spectra can be fit with the inclusion of a second low ¢? or low coordination number, indicates that MiMn
Z shell at a longer distance. However, only in the case of scattering does not make a significant contribution to the
Mn catalase and hemerythrin is inclusion of this second shell EXAFS for Mn—ribonucleotide reductase, arginase, and
justified, based o', and only in the case of hemerythrinis Mn—hemerythrin. In contrast, inclusion of a MeMn shell
the improvement inF' dramatic. The distances for the gave a dramatic decrease fhfor Mn catalase. The best
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Table 5: EXAFS Fitting Results for Averaged Dinuclear Mn(ll) Protein Data Sets

Mn—-0 Mn—N Mn---C Mn---Mn Mn---C
sample Ra CNt  o2¢ Ra CNP g2¢ R CNP g2¢ R CNP o2¢ Ra CNe o Frd
Mn;RR 2.15 5.0 3.7 1.73
2.15 5.0 3.7 302 1.0 11 1.88
2.15 5.0 3.7 4.42 1.0 2.3 1.85
2.15 5.0 3.7 346 1.0 2.0 4.42 1.0 2.3 2.09
2.15 5.0 3.7 330 05 36 1.92
Arg 2.17 35 5.0 1.54
2.17 35 5.0 3.07 35 4.5 1.21
2.17 4.0 6.1 4.37 1.0 5.2 1.48
2.17 4.0 6.1 3.07 4.0 5.3 4.37 1.0 5.0 1.18
2.17 4.0 6.1 341 05 10.2 1.40
Mn,Hem 2.10 3.0 4.3 2.26 2.0 0.3 2.50
2.10 35 5.6 2.26 2.0 0.4 298 25 3.2 2.38
2.10 35 5.6 2.26 3.0 0.4 4.37 25 52 2.36
2.10 35 5.6 2.26 2.0 0.4 297 25 3.2 4.37 2.5 3.9 2.35
2.10 35 5.6 2.26 2.0 0.3 350 0.25 4.0 2.59
Cat 2.11 3.0 4.6 2.27 1.0 2.5 2.64
2.11 3.0 4.6 2.27 1.0 2.6 394 3.0 4.2 2.43
211 3.0 4.6 2.27 1.0 2.8 4.42 3.0 0.6 246
2.11 3.0 4.6 2.27 1.0 2.8 3494 3.0 4.2 4.42 3.0 0.9 2.21
211 3.0 4,5 2.27 1.0 2.2 3.53 0.5 1.6 1.93

211 3.0 45 227 1.0 19 3.09 3.0 31 354 0.5 i.O 4.41 3.0 09 133

aBond length in angstrom$.Best fit coordination numbef.Debye-Waller factor in units of squared angstromsl(®. 4 Degrees of freedom
weighed goodness of fit{10(?). € Alternate minima exist at ca. 3.1 and 3.4 lternate minima exist at ca. 3.0 and 3.6 ARefined Mn--Mn
distance does not appear to represent genuine-Mn interaction (see text).

fit was for a coordination number of 0.5; however, the fit 40

was only slightly worse, and the? slightly larger, if the
coordination number was set to 1.0.

The EXAFS fitting properties of Mn catalase are similar
to those of binuclear Mn models (Riggs-Gelasco, 1995). In
the model compounds Mn---Mn interactions between 3.2
and 3.8 A were well modeled by the FEFF-calculated-Mn
Mn EXAFS parameters, giving accurate MNIn distances
to +0.02 A for distances of ca. 3.3 ant0.05 A for the
longer distances (P. J. Riggs-Gelasco, T. L. Stemmler, A.
K. Gelasco, V. L. Pecoraro, and J. E. Penner-Hahn,
manuscript in preparation).

Additional fits to the protein EXAFS data were performed
in which the distances and coordination numbers for the
Mn-N and Mn--C,/Cs shells were constrained, based on the
observed Mr+N3/C, parameters and the imidazole geometry
in B (Garrett et al., 1983). In all cases, the constrained fits
gave increase®' values. For arginase, hemerythrin, and
catalase, the constrained MM interaction had reasonable 0 .
o? values, while for ribonucleotide reductaséfor this shell R+a(A)
refined to zero. The refined® values for all of the  Reure 5: Fourier transforms for Mn(Il)/Mn(ll) proteins (bold)
constrained 3.3 A Mn-C shells were unusually large in  together with the best fit simulated spectra (dashed line).
comparison with the modes.

The best fits to the unfiltered protein EXAFS gave DISCUSSION
identical results to those obtained for the filtered spectra.
The Fourier transforms of the best fits and the observed data
are compared in Figure 5. The unfiltered EXAFS spectra
are compared to the best fits in Figure S4 (Supporting
Information). The fits are in good agreement with the data,
within experimental uncertainty.

35 1

309 Ribonucleotide

; Reductase
51/ /

20 Arginase

Hemerythrin

Fourier Transform Magnitude

Mn Catalase

0 -I"I;.I.IIIIIII';III'llll'l.'lllII'_rI'I—lITT]‘II

1 2 3 4 5 6 7

Mn(Il) XANES Analysis. The XANES spectra for the
model compounds show a clear trend in which the more
symmetric models, with smaller deviation in nearest neighbor
bond lengths, have the largest peak maxima. The principal
absorption minimum can be described as a continuum
resonance. The energy of this resonance has been shown to
vary approximately as Rf, where R is the absorber

1 Model compounds tested for accuracy of n EXAFS fitting

and their Mn-Mn distances include [Mi(salpn)(OCH)] (3.194 A); scatterer distance that gives rise to the continuum resonance
TEAJ[Mn"(2-OH(5-Clsal)pn] (3.33 A); TEA[Mn'/Mn" (2-OH(5- (Natoli, 1983; Rehr et al., 1992). It is thus reasonable that
Clsal)pn)] (3.37 A); [Mn"5(2-OH(5-Clsal)pnj] (3.24 A); [Mn"5(2- an increase in the spread of nearest neighbor bond lengths
OH(3,5-Clsal)priCH;OH)] (3.81 A); (pz)Mn(OB2)Mn(HB(3,5- should result in a decrease in the height of the principal

iPropz)) (3.75 A) (P. J. Riggs-Gelasco, T. L. Stemmler, A. K. Gelasco, . . f . - ]
V. L. Pecoraro, and J. E. Penner-Hahn, manuscript in preparation; Maximum, since each different distance will give rise to a

Riggs-Gelasco, 1995). different continuum resonance energy. Only when all of the
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Table 6: Comparison of EXAFS Fitting Results with Averaged Crystallographic Parameters

Mn—0O Mn—N avg Mn—(O/N)° Mn---Mn number of
sample R CNP Re CNp Re CNp Re CNp His residues/Mn

Mn;RR (EXAFS) 2.15 5.0 2.15 5.0 hd nd nd

crystal 2.20 35 2.25 1.0 221 45 3.6 1.0 1.0
Arg (EXAFS) 2.17 35 2.17 35 341 0.5 0.5

crystal 2.27 45 2.15 1.0 2.25 5.5 3.3 1.0 1.0
Mn,Hem (EXAFS) 2.10 3.0 2.26 2.0 2.16 5.0 fnd nd 1.0
FeHentf crystal 2.14 3.0 2.22 25 2.18 5.5 3.32 1.0 25
Cat (EXAFS) 211 3.0 2.27 1.0 2.15 4.0 3.54 0.5 1.0

crystaf 3.6 1.0

aBond length in angstroms.Coordination number Averaged Mr-nearest neighbor distance from all ligané€oordination information taken
from deoxy hemerythrin (Holmes et al., 1998Dnly the Mn--Mn separation, determined from a 5.0 A crystal structure, is presently avditadble.
= not determined, see text.

energies are nearly identical will a strong absorbance peakfive coordinate or distorted, mixed ligand six-coordinate
be observed. Within this model, it is reasonable that the model complexes. On the basis of both edge shape and 1s
five-coordinate models3 and perhapg) should have lower =~ — 3d intensity, it appears likely that at least one, and
peak maxima since they have fewer nearest neighborprobably both, Mn ions in ribonucleotide reductase and
scatterers. On the basis of the intensity of the principal arginase are six coordinate. The crystal structure of Mn-
maximum, arginase and Mn-substituted ribonucleotide re- substituted ribonucleotide reductase shows only nine Mn
ductase have fairly symmetric Mn environments, while Mn ligands (Atta et al., 1992). The remaining ligands that are
catalase and Mn-substituted hemerythrin have significantly suggested by the XANES may be solvent molecules that are
less symmetric sites. The decrease in intensities for catalasesither undetected in the crystal structure or absent in the
and hemerythrin could indicate a mixed ligand environment, crystalline protein. The XANES data show that the Mn ions
similar to the NOs ligation in D, or it could reflect a mixture  in hemerythrin and catalase are either more disordered or
of five- and six-coordinate Mn. have a lower average coordination number, or both. If Mn-
Areas for the 1s— 3d transition typ|ca||y increase on going substituted hemerythrin had the same structure as ferrous
from six- to five- to four-coordinate, and this has been used hemerythrin, it would have one six-coordinate site;Qy)
to determine coordination number (Roe et al., 1984; Randall @2nd one five-coordinate site {8;). This would be con-
etal., 1993). The basis for the increase in-18d intensity sistent with the observed XANES, although other possible
is the increase in 3d4p mixing as a metal site goes from structures (e.g., two five-coordinate Mn) cannot be ruled out.
octahedral to tetrahedral. Thes3d transition is forbidden ~ The XANES data show that Mn catalase has a site that is
by d|p0|e selection rules while the s 4p transition is similar to that in Mn-substituted hemerythrin, aIthough the
allowed. Thus, any increase in 4p character will result in EXAFS (see below) suggest some differences in ligation.
an increase in transition intensity. Roe et al. showed a linear Nearest Neighbor Ligation.Biochemical and in some
correlation between 1s- 3d intensity and 3d+ 4p mixing, cases crystallographic data have shown that all four proteins
as judged by extended ldkel calculations (Roe et al., 1984). have both oxygen and nitrogen ligation (Holmes et al., 1991;
Qualitatively, we observe similar increases in -+s 3d Atta et al., 1992; Waldo et al., 1992; Cavalli et al., 1994;
intensity as the symmetry decreases, and the five coordinatdvancich et al., 1995). Despite this mixed ligation, only
complex G) has one of the highest s 3d intensities. hemerythrin and catalase showed two resolvable shells of
However, a quantitative comparison of 4s 3d intensity nearest neighbor scatterers. This is not surprising, since the
with 3d + 4p mixing does not show any significant ability to resolve multiple ligand shells depends on the details
correlation in the present study. Most notably, samjdles of the distribution of bond lengths (Riggs-Gelasco et al.,
and C have dramatically different 4p character in their 1995). For ribonucleotide reductase, the relatively large
HOMOs (0.02% vs 1.0%) but nearly identical s 3d apparent coordination number and the small Debi&aller
intensities. In the case @ andH, the five-coordinates factor suggests that most of the Mligand bond lengths
shows the largest 4p character in its HOMOs, but has amust be near 2.15 A. The EXAFS coordination humber is
smaller 1s— 3d intensity tharH. The lack of a correlation  substantially larger than the average coordination humber
between 1s— 3d intensity and 3dt 4p mixing is due, at  of 4.5 seen crystallographically for Miribonucleotide
least in part, to the limited set of models presented in this reductase (Table 6). This, together with the relatively
study, which does not include a wide range of coordination ordered site, could be explained by the coordination of
numbers. Nevertheless, it is interesting that the simplistic several water molecules, in addition to the two carboxylates
RMS deviation in bond lengths show a much better correla- and the two histidine ligands seen crystallographically. This
tion with 1s— 3d intensity than does the calculated -8d is thus consistent with the structural properties suggested by
4p mixing for these models. the XANES results.

The structural picture that can be derived from the protein  Although the arginase crystal structure shows one five-
1s — 3d areas is consistent with that given by the peak and one six-coordinate Mn (see Table 6), the arginase
maxima. Both arginase and ribonucleotide reductase haveEXAFS gives a lower apparent coordination number and a
weak 1s— 3d transitions, consistent with those seen for the larger Debye-Waller factor than ribonucleotide reductase.
symmetric six-coordinate models. In contrast, Mn-substi- This most likely reflects destructive interference between
tuted hemerythrin and Mn catalase have significantly more unresolvable scattering interactions in the arginase EXAFS
intense 1s— 3d transitions, similar to those seen for the (Baldwin et al., 1994). This could arise either from a
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predominantly Ma-O environment with a larger range of the expected Mn(lf-imidazole structure. The MrC,/Cs
Mn-O distances or from a mixture of shorter (M@) and distances should be ca. 3.3 A, but they consistently refine
longer (Mn—N) bonds. The outer shell EXAFS (see below) to either shorter or longer distances. This must reflect the
suggests that there are relatively few imidazole ligands in presence of additional scattering atoms at similar distances.
arginase, thus favoring the model in which arginase has aOne possible scatterer in the range of 3.6/R < 3.5 A is
disordered, primarily MrO environment. This was con- Mn, and indeed, the scattering between 3.0 and 3.5 A could
firmed with determination of the crystal structure for arginase always be fit by including a Mni-Mn interaction. However,
(Kanyo et al., 1996). EPR studies have suggested that inonly for catalase did the MrMn shell give a better fitK'")

the absence of borate, the Mn site in arginase adopts multiplewith a reasonable coordination number and Debyé&ller
geometries (Khangulov et al., 1995). Itis unlikely that this factor. For the other three proteins, the #Mn shell
accounts for the observed disorder, as identical EXAFS behaved similarly to the Mr-Mn shell used to fit modeB
spectra are seen for native and borate inhibited arginase (T(Table 3). Thus, the “Mn-Mn” shell for ribonucleotide

M. Sossong, Jr., T. L. Stemmler, J. E. Penner-Hahn, and D.reductase, arginase, and hemerythrin most likely reflects an

E. Ash, unpublished results). unsuccessful attempt to mimic MAC EXAFS with a
The nearest neighbor environments for Mn-substituted Mn---Mn interaction.
hemerythrin and Mn catalase show evidence for both-{@n The other candidate for the source of additional scattering

ligands at ca. 2.1 A and MrN ligands at 2.26 A. These between 3.0 and 3.5 A is carboxylate carbons (Riggs-
Mn—N distances are typical of those seen for the Mn(ll) Gelasco, 1995). There is relatively little previous evidence
imidazole structure, and in the case of Mn-substituted for significant contributions of carboxylate carbons to outer
hemerythrin, these values closely correlate with those seenshell EXAFS. However, bridging or bidentate carboxylates
in diferrous hemerythrin (Table 6). The apparent M should be sufficiently rigid to make detectable contributions
coordination numbers, one for Mn catalase and two for in this region. We therefore attribute the MfC shell at
hemerythrin, suggest that there are two and four His residuesca. 3.0 A to a mixture of Mn+C,/Cs scattering at ca. 3.3 A
respectively, per Mxpcore, although this number is not well- and Mn--carboxylate scattering at other distances. It is
defined due to the correlation between the nitrogen and noteworthy that attempts to fit the data with rigid imidazole
oxygen coordination numbers. This lower limit is in ligands (i.e., with constrained MniMind Mn--C,/Cs shells)
agreement with the five histidine ligands found in the native do not give improved fits. This may be a general property
diiron hemerythrin. The MrO shells for both proteins have  of proteins that have a significant number of both histidine
relatively large Debye Waller factors, suggesting that there and carboxylate ligands. Even though a-M@ shell must
are a range of MarO distances. be present at ca. 3.3 A, particularly for Mn hemerythrin, this
Mn(Il) Imidazole EXAFS.The fitting protocol developed  shell is not independently resolvable.
by Wang et al. (1994) does an excellent job of modeling the  The structural picture which emerges from consideration
outer shell imidazole interactions. On the basis of this of both the first shell and outer shell EXAFS is one in which
success, it should be possible to count the number of histidinecatalase and hemerythrin have the largest fraction of histidine
ligands from analysis of the outer shell EXAFS. An ligands. This is consistent with the crystal structures of
important caveat, however, is that the outer shell EXAFS is arginase and Mn-substituted ribonucleotide reductase and
quite sensitive to small changes in angle (e.g., Figures Slwith the expected structure of hemerythrin (Holmes et al.,
and S2, Supporting Information), thus the apparent number1991; Atta et al., 1992; Kanyo et al., 1996). For catalase,
of imidazoles is better viewed as an approximate lower limit where high-resolution crystal structures are not yet available,
of the number of histidines. A second important point the EXAFS data suggest a lower limit of two His ligands
concerns the apparent presence of iin scattering in the per binuclear site. If there are only two, then they must be
mononuclear hexakisimidazole Mn(Il) model. Although more ordered than the two His ligands in arginase ane-Mn
Mn:--Mn and Mn--C scattering are in principle distinguish- ribonucleotide reductase.
able, they can be very difficult to distinguish in practice. Only Mn catalase shows clear evidence for an EXAFS
With the use of thd-' statistic and a full multiple scattering detectable Mr-Mn shell. The absence of a MaMn shell
treatment of the imidazole scattering, the apparent-Nin in Mn-substituted ribonucleotide reductase is somewhat
shell in the hexakisimidazole Mn(ll) data is seen to be surprising, since the crystal structure shows a 3.6 A-Nitn
artifactual. Nevertheless, this observation emphasizes thedistance. We attribute the absence of-MKIn EXAFS to
need for caution in interpreting outer shell metahetal the fact that the Mn are bridged only by carboxylate bridges
scattering (Riggs-Gelasco et al., 1995). (Atta et al., 1992). In the absence of a single atom bridge
Although the crystal structure for ribonucleotide reductase (oxo, hydroxo, or aquo), Mr-Mn EXAFS is unlikely to be
shows two Mn-histidine interactions, there is no well- readily detectable (Riggs-Gelasco et al., 1995).
defined Mn--N3/C, shell in the EXAFS for Mn ribo- The absence of detectable MiMn EXAFS for arginase
nucleotide reductase. This probably reflects disorder in the is even more surprising given the crystallographic evidence
Mn—imidazole geometries. The other three proteins all show for two single atom bridges (see Scheme 1) and the relatively
outer shell scattering that can be attributed to aMis/C,4 short~3.3 A Mn---Mn distance. A likely explanation is
interaction, although this scattering is quite weak in arginase. that, at the pH of the EXAFS measurements, the hydroxide
The amplitude of the Mn-N3/C,4 shell in Mn hemerythrin bridge seen in the crystal structure (p#8.5) (Kanyo et
is about half of that expected based on the crystal structureal., 1992) is protonated (Kuhn et al., 1991). This would
of ferrous hemerythrin. As with ribonucleotide reductase, result in either the loss or the weakening of the bridge and
this probably reflects orientational disorder of the imidazoles. would explain the lack of detectable MrMn EXAFS. EPR
None of the proteins give MrC,/Cs distances that are  measurements have shown the coupling between the Mn
consistent with the observed MrN3/C, distances or with atoms in arginase is ca. 4-fold weaker than that in Mn
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catalase (Khangulov et al., 1995). The weak coupling in

arginase was interpreted as evidence for an aqua bridge.

However, the magnitude of the exchange interaction is also
consistent with the presence of only carboxylate bridges. The
EXAFS data are consistent with either structure.

Although diferrous hemerythrin has a hydroxide bridge
between the irons, it is not known what, if any, bridging
ligands are present for Mn hemerythrin (Holmes et al., 1991).
The observation of a six-line EPR signal for Mn hemerythrin
(Zhang, 1992) indicates the lack of significant coupling

between the Mn, thus suggesting that there are either noligation.

bridging ligands, or possibly only carboxylate bridges. The
absence of a single atom bridge would explain the lack of
detectable Mr-Mn EXAFS in Mn hemerythrin.

The observation of Mi-Mn EXAFS only for Mn catalase

Stemmler et al.

Ficure 6: Possible structure for the Mn(ll)/Mn(ll) catalase~
histidine, carboxylate or solvent ligands.

biguous discrimination between tlhehydroxo andu-aquo

We tentatively favor the (aquo, carboxylato)-
bridged model for Mn catalase on the basis of the relatively
long Mn---Mn distance. This model leads to the prediction
that the smaller exchange coupling for arginase relative to
catalase is a consequence of loss of a bridging water, rather

suggests that Mn catalase has a unique binuclear structuréhan the protonation of a bridging hydroxide (Khangulov et

in comparison with the other three proteins. The EXAFS
Mn---Mn distance is in good agreement with the low
resolution crystal structure and with the MiMn distance
deduced by Khangulov et al. (1995) from EPR data for the
T. thermophiluenzyme (Vainshtein et al., 1984; Baldwin,
1990). More recently, Meier et al. (1996) have reported EPR
data for theL. plantarum Mn catalase. These showed
approximately 2-fold stronger antiferromagnetic coupling
than was seen for th&. thermophilusenzyme. Thel.
plantarumEPR data were interpreted as evidence for aMn(
OH)Mn core structure. The 3.53 A EXAFS MnaMn
distance is too long to be consistent with guelivydroxo-
bridged structure in our samples, since theudiydroxo
bridged structure would have a MeMn distance of 3.3 A
(Kitajima et al., 1991). The weaker coupling in tffe
thermophilusenzyme was interpreted as evidence for a
hydroxo-, carboxylato-bridged binuclear core. The EXAFS

al., 1995). This would explain how the Mn ions in arginase
could fail to give rise to EXAFS detectable MrMVIn
scattering, despite both crystallographic (Kanyo et al., 1996)
and EPR (Khangulov et al., 1995) evidence that they are in
close proximity. A revised proposal for the Mn catalase
active site, based on these assumptions, is shown in Figure
6. In this, one Mn is drawn five-coordinate and one six-
coordinate, to account for the *s 3d area, and to provide
a vacant coordination site at which,® might bind. On
the basis of the outer shell EXAFS, two to three histidine
ligands are probably present; however, their relative place-
ment is unknown. Although EXAFS provides no evidence
for the number of carboxylate bridges, two are drawn based
on the ligation seen in many other binuclear Fe and Mn
proteins. Two bridging carboxylates would help to make
the Mrr--Mn EXAFS signal detectable.

Catalase Reactity. The HO, disproportionation activity

data are consistent with this model. It appears that at leastof arginase and Mn-substituted ribonucleotide reductase is

one single-atom bridge is necessary to observe EXAFS
detectable metalmetal scattering, and there is ample
evidence that a-OH ligand can fulfill this role (Riggs-
Gelasco et al., 1995). The observed ‘MWn distance is
somewhat longer than those typically seen for hydroxo-,
carboxylato-bridged dimers (typically 3.3 A) and is more
representative of the MrMn distances found for aquo-,
carboxylato-bridged complexes (ca. 3.6 A) (Bossek &
Wieghardt, 1989; Caneschi et al., 1989; Yu et al., 1992).
Although the range of Mn-Mn distances that are seen
crystallographically is sufficiently large that the 3.6 A
EXAFS distance cannot be used to distinguish between
u-hydroxo andu-aquo ligation, the 3.6 A distance does
suggest thau-aquo ligation should be considered for the
Mn catalase.

There appears to be no clear answer regarding the
detectability of metal-metal EXAFS in aguo-, carboxylato-
bridged binuclear sites. An FeFe interaction is not seen
for reduced methane monooxygenase (MMO), whose di-
iron(Il) site shows bidentate and monodentate carboxylate
bridges and a semibridging aqua ligand with an-fee
distance of 3.28 A (DeWitt et al., 1991). This may indicate
that u-aquo bridges are too disordered to give detectable
metal--metal EXAFS, or may be a result that is idiosyncratic
to MMO.

The exchange coupling for Mn catalase is somewhat larger
than the values typically found faraquo-bridged Mn dimers
(Khangulov et al., 1995). However, as with bond lengths,
the range of observed values is too large to permit unam-

1000-fold lower than that of Mn catalase, while Mn
hemerythrin shows no detectable reaction with hydrogen
peroxide (T. E. Elgren, unpublished results; Zhang, 1992;
Shank et al., 1994; Sossong et al., 1997). It is intriguing
that arginase and Mn-substituted ribonucleotide reductase
have very similar structures, as judged by EXAFS, and are
structurally distinct from the other two proteins. On the basis
of their EXAFS spectra, arginase and Mn-substituted ribo-
nucleotide reductase both appear to have very symmetric,
approximately six-coordinate, ligation spheres. One possible
explanation for their low catalytic activity is thus their lack
of a vacant or readily exchangeable site for substrate binding.
Alternatively, the lack of a detectable MrMn interaction

in arginase and ribonucleotide reductase may reflect loss of
a catalytically important bridging ligand (either aquo or
hydroxo). On the basis of the XANES, Mn-substituted
hemerythrin appears likely to have at least one five-
coordinate Mn which could serve as a binding site for
hydrogen peroxide. It is not clear why this protein is
catalytically inactive. One possibility is the larger number
of histidine ligands that appear to be coordinated to the Mn
atoms in Mn hemerythrin. These would be expected to
stabilize the Mn(l1)/Mn(ll) oxidation state, thereby inhibiting
facile oxidation to the Mn(lll)/Mn(lll) level. Also, con-
straints from the surrounding protein may render the dimetal
site in hemerythrin coordinatively less flexible, thus creating
a barrier to oxidation state changes which is not present in
the other proteins. Such a barrier may, in fact, be crucial
for reversible @ binding, which is hemerythrin’s biological
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function (Stenkamp, 1994). In contrast, the diiron site in Grush, M. M., Chen, J., Stemmler, T. L., George, S. J., Ralston,
ribonucleotide reductase undergoes substantial structural C. Y., Stibrany, R. T., Gelasco, A., Christou, G., Gorun, S. M.,

rearrangement upon oxidation state changes (Nordlund
Eklund, 1995). Alternatively, the lack of exchange coupling

& Penner-Hahn, J. E., et al. (1998) Am. Chem. Soc. 1185—

Hertz'feld, A., & Raper, S. M. (1976). Biochem. 153469-478.

between the two Mn in hemerythrin may indicate the absence Holmes, M. A., Le, T. I, Turley, S., Sieker, L. C., & Stenkamp,

of bridging ligands. Mn catalase evidently has a site which

R. E. (1991)J. Mol. Biol. 218,583-593.

is tailored to avoid the limitations that are present in these Ivancich, A., Barynin, V. V., & Zimmermann, J. L. (1995)

other proteins. Future studies, particularly in mutant proteins,
may shed light on which structural features are essential to

catalysis.
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