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Abstract. The local structure of the iron site in ferric
superoxide dismutase from P. shermanii was analyzed by
X-ray absorption spectroscopy. The metal-ligand cluster
of the enzyme is found to be similar to the crystallograph-
ically investigated ferric superoxide dismutase from F.
coli. At pH 6.4 the enzyme is five-fold coordinated with
three histidines, an aspartate and a water molecule. The
average bond lengths between the metal and the histidines
are about 2.10 A, between metal and aspartate they are
about 1.86 A and between metal and water 1.96 A. With
an increase in pH a change in the coordination number
from five to six is observed both in pre-edge peak and
EXAFS spectra analysis. However, the bond lengths of the
ligands do not change dramatically, they are conserved for
the aspartate and increase slightly to 2.13 A for the aver-
age metal — histidine distance at pH 9.3. The observation
of the increase in coordination number is correlated with
a decrease in enzymatic activity which occurs in the high
pH range. The zinc EXAFS spectra of P. shermanii super-
oxide dismutase have shown that zinc can be incorporated
in the active center instead of the iron.
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Introduction

Superoxide dismutases (SOD; EC 1.15.1.1) are metallo-
proteins that catalyze the dismutation of the biologically
toxic superoxide ions into oxygen and hydrogen peroxide:

Meg, + 05 = Meg g+ O,
MeRed + 05+ 2 H+ — MEOK + HZOZ'

Three types of the enzyme are known depending on the
metal, Me, contained in the active center: the copper/zinc,
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the iron and the manganese SODs. The Cu/Zn-SODs are
found primarily as dimers in the cytosol of eukaryotic cells
and contain one copper and one zinc ion per 17 kDalton
monomer (Tierney et al. 1995). The iron and manganese
containing SODs are widely distributed in bacteria and in
the mitochondria of eukaryotes. These enzymes form ei-
ther dimers or tetramers with molecular masses between
19 and 23 kDalton per monomer. The reaction rate for the
dismutation of the superoxide ion is about 10° M!s™!
(Meier et al. 1994). The X-ray structures of the Mn-SOD
of Thermus thermophilus (Stallings et al. 1985; Ludwig
et al. 1991) and of the Fe-SOD of Pseudomonas ovalis
(Stoddard et al. 1990; Ringe et al. 1983) and of Escheri-
chia coli (Tierney et al. 1995; Stallings et al. 1983) were
determined at high resolution and show strong structural
similarities (Stallings et al. 1984). The Fe(IIl) is five-co-
ordinate in trigonal bipyramidal geometry. In all cases the
metal ion is coordinated by three histidine nitrogens and
an aspartate oxygen. Furthermore, recent publications in-
dicate the presence of a water molecule as an additional
fifth ligand (Ludwig et al. 1991; Tierney et al. 1995).

In this paper we describe the investigation of the envi-
ronment of the active center of the Fe-SOD of the anaer-
obic living, cambialistic Propionibacterium shermanii
subspec. freudenreichii. This SOD consists of two
monomers of 23 kDalton. Each monomer has one active
center which contains an iron atom in the ferric state
(Tainer et al. 1982). The activity of the SOD depends
strongly on pH and decreases with increasing pH value
(Meier et al. 1995). The iron of this SOD can be replaced
by Mn without destroying the catalytic activity (Meier
et al. 1982). Additionally, the SOD builds inactive forms
where the iron is replaced by copper, cobalt or zinc atoms.
The cambialistic behavior is demonstrated by Fig. 1,
which shows a fluorescence radiation spectrum of the P,
shermanii SOD sample. The characteristic lines of the var-
1ous cations at the active center are clearly visible.

Extended X-ray absorption fine structure (EXAFS)
provides a sensitive probe of the local structural environ-
ment of the metal in metalloproteins. The technique is non-
destructive, atom specific and does not depend on the state
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Fig. 1. X-ray fluorescence emission spectrum of a P. shermanii
SOD sample after excitation with monochromatic synchrotron radi-
ation at 10000 eV

of aggregation of the sample. Since it 1s no problem to vary
the pH-values or the temperature of the probes, EXAFS is
acomplementary technique to crystallographic studies and
allows the observation of structural changes which would
destroy single crystals. However, the EXAFS technique
gives rise to particular problems. The resolution of the
spectra of biological samples is limited since the oscilla-
tions decrease rapidly with energy. This is because of the
low backscattering power of the ligand atoms such as oxy-
gen, nitrogen and carbon and, in part, because of the low
concentration of the absorbing atoms. Additionally, the
geometry of the active site is often not precisely defined
owing to conformational substates (Parak and Frauen-
felder 1993). Without additional information it is not pos-
sible to fit the coordinates of the neighbor atoms of the
metal center unambiguously to the EXAFS spectra. In or-
der to come to a unique interpretation, an EXAFS spec-
trum of the SOD of E. coli has been measured as well. For
this Fe-SOD the X-ray structure is available (Lah et al.
1995). The X-ray coordinates are taken as starting param-
eters for the EXAFS interpretation of the E. coli Fe-SOD.
The refined EXAFS results of the E. coli Fe-SOD is in turn
used to get starting coordinates for the interpretation of the
EXAFS spectra of P. shermanii SOD. It should be men-
tioned that the X-ray structure of the SOD of P. sherma-
nii 1s in progress in our group.

Materials and methods

E. coli Fe-SOD was purchased from Sigma chemical com-
pany. It was purified by FPLC and concentrated to
200 mg/m) at pH 8.0 by ultrafiltration with Centricons mi-
croconcentrators. The SOD of P. shermanii was extracted
from Propionibacteria grown on a complex medium. Af-
ter purification, three different pH-values were established
by dialysation against MES/TRIS buffer (25 mm) at pH
6.4 and against TRIS/HC1 buffer (25 mm) at pH 7.8 and at
pH 9.3. Finally the SOD solutions were concentrated up
to 120 mg/ml.

X-ray absorption measurements were carried out at
EMBL at the beamline D 2, EXAFS I in Hamburg, Ger-
many, using a Si(111) double monochromator with a dou-
ble focusing mirror. The absorption data were recorded as
fluorescence excitation spectra with a 13 Nal scintillation
counter array. The samples were frozen in liquid nitrogen
and kept at a temperature of 20 K during the EXAFS meas-
urements. Spectra were recorded in the energy region
between 6900 and 7800 eV. After the measurements the
energy axis of the EXAFS spectra was calibrated by re-
flections of a Silicon crystal (Pettifer and Hermes 1985).
Artifacts in individual detector channels resulted in the ex-
clusion of this channel. The acceptable channels of the de-
tector were subsequently summed. The individual scans
of the energy region were repeated until the total number
of fluorescence counts above the absorption edge accumu-
lated to about 700000 for the E. coli SOD.

Data evaluation and results

In a first step the pre-edge region of the absorption spec-
tra was analyzed. Below the edge jump a first order poly-
nomial was fitted to the experimental data between 7030
and 7080 eV which accounted for the background noise.
It was subsequently subtracted from the total spectrum.
Above the edge jump a fourth order polynomial was fit-
ted to the data. It was used to normalize the intensity in
this region of the spectrum to one. The Is — 3d pre-edge
transition intensity was separated by fitting a first order
polynomial plus an arctangens to the regions below
(7098.0 to 7107.0 eV) and above (7115.5 to 7118.5eV)
this transition region. The pre-edge area was subsequently
calculated by integrating the difference between the nor-
malized experimental data and the fitted curve in the en-
ergy window from 7110.0 to 7115.0 eV. The coordination
number of the investigated complex can be estimated by
comparison of the transition intensity to empirical values
available for several ferric complexes (Roe et al. 1984). In
general, the area of the transition intensity increases from
six-coordinate pseudooctahedral (<10x1072 eV) through
five-coordinate (12 to 19x1072 eV) to four-coordinate
pseudotetrahedral (>23x1072 eV).

Above the edge (7140 to 7570 eV) the EXAFS func-
tion y (£) which reflects only the oscillatory part of the ab-
sorption data W(E) was extracted. A background substrac-
tion was accomplished by fitting once again a first order
polynomial to the region below the edge (7030 to
7080 eV). Above the edge (7140 to 7820 eV) a spline
function through four equidistant data points accounted
for the non-oscillatory part of the absorption which repre-
sented the vacuum absorption of an iron atom [y(E). With
this spline, x(E) could be calculated x(£)=(u(E) -
Uo(E)) to(E). The data were converted from energy to k

space using k=+2m,(E-E Yh* . E, represents the ion-
ization energy of a K electron of the iron atom and was set
to 7120 eV, m,, is the electron mass.

EXAFS data analysis was performed using the com-
puter program EXCURV92 (Binsted et al. 1991). This pro-
gram calculates a theoretical EXAFS spectrum and uses a



Marquart routine to fit iteratively the theoretical curve to
the experimental data. Scattering amplitudes and phase
shifts are computed ab initio with the use of Hedin-Lund-
quist potentials (Lee and Beni 1977). The theoretical func-
tion is calculated by a rapid curved wave theory which in-
cludes up to triple multiple scattering contributions. Usu-
ally only radial distances are taken into account in EXAFS
data evaluation. But if the calculations of the spectra ap-
ply a multiple scattering theory a three-dimensional struc-
ture with all angles and interatomic distances should be
introduced. It has been shown explicitly that the multiple
scattering inside the imidazole rings can account for rather
strong contributions to the EXAFS function (Strange et al.
1987). Therefore, a three dimensional structure consisting
of all the atoms surrounding the absorbing atom is required
as input into the program in order to extract the maximum
amount of information contained in the EXAFS spectrum.
Other parameters that are essential for the fitting proce-
dure are the amplitude reduction factor, AFAC, which re-
flects an EXAFS intensity loss due to shake up/off pro-
cesses in the absorbing atom and the mean square displace-
ments, 62, which are used to calculate Debye-Waller fac-
tors. The AFAC of iron was computed for k=7 A~! and set
equal to 0.69 (Teo 1986).

Two refinement techniques have been used (Binsted
et al. 1992). In the “constrained refinement”, groups of
atoms are defined as units (here: the three imidazole rings,
the atoms of the carboxyl group of the aspartate and the
water molecule). These units are allowed to move only as
a whole without changing the intragroup distances. There-
fore, fitting parameters are only the distances between the
nearest atom of each group and the iron atom and two an-
gles defining the orientation of these units respective to
the iron. This approach is validated by the stable, well de-
fined internal geometry of the groups. In the “restrained
refinement” all distance parameters are varied but re-
straints are set inside the units that were defined above.
These restraints are crystallographically determined ideal
distances of, e. g., the atoms forming the imidazole rings.
The deviations of these values from their standards are in-
troduced into the minimization routine of the fitting pro-
cedure.

E. coli ferric SOD

Figure 2 shows the normalized absorption edges for E. coli
at pH 8.0 and P. shermanii at pH 7.8. Although these spec-
tra show an overall similarity the noticeable difference
cannot be disregarded. The oscillations of the EXAFS
spectrum of P. shermanii are far more pronounced while
the pre-edge peak is drastically reduced. The 1s-—3d tran-
sition which is forbidden according to spectral selection
rules can be interpreted in terms of quadrupole and sym-
metry breaking effects (Shulman et al. 1976) and is corre-
lated with the geometry of the absorber coordination
sphere. Its analysis gives an area of 14.0x1072 eV for the
E. coli Fe-SOD (see Table 1) which accounts for a five-
fold coordination of the iron (Roe et al. 1984). Another
group which performed similar EXAFS measurements of
the E. coli Fe-SOD (Tierney et al. 1995) obtained the same
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Fig. 2. Normalized X-ray absorption spectra of the E. coli Fe-SOD
at pH 8.0 (solid line) and the P. shermanii Fe-SOD at pH 7.8 (dot-
ted line)

Table 1. Peak areas of the 1s—3d pre-edge transition for the E. co-
i and P. shermanii ferric SOD. The peak areas reflect the difference
of the experimental data and a fitted first order polynomial and an
arctangens that are integrated between 7110.0 and 7115.0 eV

Pre-edge peak analysis Peak area [107 eV]

E. coli pH 8.0 14.0
P. shermanii pH 6.4 11.5
pH 7.8 7.1
pH93 6.3

result in this pH range, which also coincides with the crys-
tallographic structure (Lah et al. 1995). The crystallo-
graphic data from the X-ray structure analysis at pH 7.0
(Protein data bank file: pdblisb.ent, resolution 1.85 A) are
taken as a reference level for the EXAFS refinement pro-
cedure. The coordinates of the two crystallographically not
completely identical active sites of the dimer structure are
averaged and put into the EXAFS analyzing program (see
Table 2, Fig. 3). Since multiple scattering contributions
should be included in the EXAFS data evaluation, all the
atoms within a sphere of radius 4 A are taken into account.
Thus the atoms included are three complete imidazole
rings (2 nitrogen and three carbon atoms each), the car-
boxyl group of the aspartate (2 oxygen and 1 carbon) and
a water molecule modeled by a single oxygen. It was ver-
ified by simulations that the hydrogen atoms give no sig-
nificant scattering contributions and thus can be excluded
in the presentation of the water molecule.

Figure 4 compares experimental and theoretical k°
weighted EXAFS curves. The theoretical curve is calcu-
lated from the original X-ray structure of E. coli Fe-SOD
with fixed mean square displacements, o7, (0%)_10=
0.0025 A? representing the mean square displacements of
atom | through 19 defined in Table 2). It is evident that
the two curves coincide only roughly. In particular, the
Fourier transform of the spectrum (Fig. 5) shows signifi-
cant differences. To improve the agreement a refinement
was performed where the mean square displacements, ;%

s
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Table 2. Coordinates of the X-ray structure of E. coli ferric SOD
(Lah et al. 1995). Bold letters refer to the atoms of the first coordi-
nation shell. Row 1 shows type and number of the atoms, row 2/3
the ligand type as defined in the PDB. Rows 4 and 5 show the exact
radial positions of the atoms in each active site of the dimer. Rows

6-8 give the averaged coordinates over these almost identical sites.
A spherical coordinate system centered at the iron atom (=0 de-
termines the positive z-achses, ¢=0, U= /2 the positive x-achses of
the Cartesian coordinate system in Fig, 3) is used

Atom PDB code Radius R [A] Radius R [A] Radius R [A] B[] @[]
X-ray site A X-ray site B sites averaged averaged averaged

Feg FE Ry(Fe)=0.00 0.00 0.00 0.00 0.00
Oy ASP oD2 R(0,)=1.89 1.93 1.91 26.85 191.09
C, ASP CG R,=2.99 3.01 3.00 12.93 181.90
(O} ASP 0OD1 R;=3.44 3.43 3.44 10.91 61.52
Ny HIS1 NE2 RNy =2.15 2.17 2.16 111.68 180.00
Cs HISI CE1 Rs=3.11 312 3.11 91.46 176.36
Cq HIS I CD2 Re=3.09 3.11 3.10 131.84 175.03
N, HISI ND1 R;,=4.21 422 422 101.74 172.71
Cqg HISI CG Rg=4.24 424 4.24 119.73 171.48
Ny HIS IT NE2 R(Ny)=2.06 2.03 2.05 112.98 285.49
Cio HIS II CE1l Rig=3.02 3.05 3.03 106.92 305.67
Cy HIS II CD2 R;;=3.01 292 2.97 109.93 261.60
Ni, HISII ND! Ri,=4.13 4.12 4.12 106.00 293.49
Cis HIS II CG Ri;=4.15 4.09 4.12 107.23 274.23
Nig4 HIS 111 NE2 R(N,,)=2.08 2.06 2.07 112.69 79.80
Cis HIS ITT CE1 Ri5=3.07 3.03 3.05 111.46 58.15
Cig HIS 1T CD2 Ri5=3.00 3.02 3.00 107.61 102.15
N, HIS 11T ND ! Ri;=4.17 4.15 4.16 110.14 70.41
Cis HIS 1 CG Rig=4.18 4.18 4.18 108.46 89.82
Oy H,0 HOH R(0;,)=1.92 1.99 1.96 64.08 0.41

Fig. 3. Geometry of the atoms which form the active center of the
E. coli Fe-SOD (Lah et al. 1995). These atoms are used for the sim-
ulation of the EXAFS data. The carboxyl group of an aspartate (at-
oms 1 to 3), the imidazole rings of three histidines (atoms 4 to 18)
and a water molecule (atom no. 19) are shown

were allowed to vary. This simulation yielded slight im-
provements but produced unrealistic o?-values of some
atoms. This shows that the differences in the spectra do
not stem from miscalculated Debye-Waller factors but that
the X-ray structure does not reflect the geometry correctly
enough. To avoid the strong influence of Debye-Waller

EXAFS function k()

4 6 8 10 12
Wave vector k [A"]

Fig. 4. EXAFS spectrum of E. coli Fe-SOD at pH 8.0 (thin solid
line) compared to calculated functions; triangles: coordinates from
the unrefined X-ray structure of E. coli with constant mean square
displacements (see Table 2); squares: “restrained refinement” anal-
ysis. Distances of the atoms in the first coordination shell as defined
in Table2: R(O;)=1.86A, RN,)=2.15A, RNg)=2.05A4,
R(N,,)=2.07 A, R(0,5)=1.97 A

factors in the further simulations the mean square dis-
placements were fixed again. They were used to minimize
the deviation of the refined distances of the first coordi-
nation shell atoms with regard to the X-ray structural data.
The chosen ¢ ?-values are of the same order of magnitude
as determined for myoglobin by RSMR measurements
and optical absorption spectroscopy (Achterhold 1995;
Di Pace et al. 1992). The mean square displacements of
the atoms of the imidazole rings and the carboxyl group
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Fig. 5. Fourier transform of the E. coli Fe-SOD EXAFS spectra at
pH 8.0 (thin solid line); triangles: theoretical curve calculated from
the unrefined X-ray structure of E. coli Fe-SOD (see Table 2);
squares: after a “restrained refinement” analysis. Distances of
the atoms in the first coordmatlon shell as defined in TableZ
R(Op=1. 86A R(N,)=2.15 A, R(Ng)=2.05 A, R(N;,)=2.07 A,
R(O,9)=1.97 A

reﬂectmg the first coordination shell were set to o7,
o}, 03, 014_0 0015 A?, those of the other atoms to
0.0025 A2, The strategy of not varying individual Debye-
Waller factors for the different atoms in the first refine-
ment step is commonly used in the X-ray structure deter-
mination of proteins.

In a further step, the structure was refined using the
“constrained refinement” method. The first maximum of
the Fourier transformed spectra can be reproduced quite
reasonably but the total fit remain unsatisfactory. Ob-
viously the general arrangement of the defined units
is displayed correctly by the X-ray structure except for
the aspartate which moves closer to the iron atom
(R, =1.85 A). This result is confirmed by the angular in-
formation obtained from the multiple scattering contribu-
tions. The deviations of all angles after the refinement
compared to the original X-ray structure remain below
two degrees. This is also true for the analysis of all other
EXAFS spectra reported here.

In a third attempt the “restrained refinement” method
was used. The standard values of the atomic distances
within the imidazole rings of the histidines and the car-
boxyl group of the aspartate were taken from the library
of the “O program” (Jones 1994) used in protein crystal-
lography. During the fitting procedure all the distances
with respect to the iron atom were varied except the dis-
tances of the nearest atoms of histidines II and IIT. This
way the correlation between these identical groups was
reduced. Astonishingly, the refined structure (see Fig. 4
and Fig. 5) yields atomic distances within the histidines
and the aspartate which are even closer to the introduced
standard values than those of the X-ray structure analysis
(Lah et al. 1995). Nevertheless, the maximum discrepancy
between the refined and the standard values is always
smaller than 0.02 A. The imidazole rings remain practi-
cally at the position obtained by the X-ray structure anal-
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Fig. 6. X-ray absorption spectra of the P. shermanii Fe-SOD at dif-
ferent pH-values; thick-sold line: pH 6.4, circles: pH 7.8, squares:
pH 9.3

ysis. However, the aspartate is shifted closer to the iron.
This shift accounts for the asymmetry for the first coordi-
nation shell expressed in the Fourier transform (see Fig. 5).

P. shermanii ferric SOD

The refined structure of the E. coli Fe-SOD was used as
the starting for the analysis of the structure of the active
center of the SOD of P. shermanii. The amplitude reduc-
tion factor, AFAC, and the mean square displacements, o,
were fixed at the values that had proved to be optimal for
the E. coli Fe-SOD in the first step.

The absorption spectra of P. shermanii SOD at pH 7.8
and pH 9.3 are practically identical (compare Fig. 6).
Differences can be seen between pH 6.4 and pH 7.8. At
pH 7.8 the amplitude of the EXAFS oscillations is in-
creased while the pre-edge transition has lost intensity. The
1s—3d pre-edge transition (see Fig. 7 and Table 1) is less
pronounced for all pH-values than for the E. coli SOD. At
pH 6.4 this indicates a coordination between five- and six-
fold. The transition area decreases for the higher pH-val-
ues and gives here a clear hint for six-fold coordination.

For an interpretation of the pH 6.4 EXAFS data we
started with the coordinates obtained from the E. coli
EXAFS data reﬁnement Good agreement is only obtained
for k<7.5 A~!. Then the “constrained refinement” method
was applied. In this case the only fitting parameters were
the radial distances of each group and, additionally, three
angles defining the orientation of one imidazole ring each.
The angles were chosen in a way that each imidazole ring
was allowed to turn in a plane determined roughly by the
imidazole ring plane itself and the iron atom. The nitro-
gen atom which is closest to the iron atom was used as
pivot. The additional degree of freedom perpendicular to
this plane was omitted. A very good fit for pH 6.4 can be
achieved with this model (compare Fig. 8). A “restrained
refinement” does not improve the quality significantly.
From the EXAFS point of view the SOD of E. coli at
pH 8.0 and the SOD of P. shermanii are very similar at the
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Fig. 7. Analysis of the peak areas of the 1s—3d pre-edge transition
of P. shermanii Fe-SOD; thick solid line: the experimental spectra
at pH 6.4; circles: pH 7.8, squares: pH 9.3. The fitted background
functions are displaced accordingly (dashed lines). The difference
between experimental and background spectra are used to determine
the coordination number of the absorbing atom (see Table 1)

Table 3. Iron —ligand distances in the first coordination shell at the
different pH-values

Ligand Atom P. shermannii E. coli

pH64 pH7.8 pH93 pH10.0 pHS&.0
Aspartate 0, 18A 187A 186A 186A 1914
HistidineI N, 211A 213A 214A 2.13A 216A
Histidine 1T Ny 209A 2.14A 214A 2.15A 2.05 A
Histidinell. Ny, 2.11A 212A 2.13A 216A 2.07 A
Water molecule O,y 1.96A 1.98A 1.99A 198A 196A

Hydroxylion O, - 2008 206 A 207A -

active center. Only the distances of the ligands with re-
spect to the iron are reduced in comparison to the E. coli
Fe-SOD (see Table 3), the changes in the angles defining
the exact atom positions are always less than two degrees.

Starting with the E. coli structure neither the ‘“con-
strained” nor the “restrained refinement” yields a satisfac-
tory fit for the experimental data for pH 7.8. The intensity
of the first EXAFS oscillations and of the principal Fourier
maximum cannot be reproduced (compare Figs. 9 and 10).
Simulations have shown that the discrepancy can not be
solved by varying the Debye-Waller factors or the ampli-
tude reduction factor, AFAC. Since the pre-edge peak in-
dicates six-fold coordination we increased the number of
the coordinating ligands. An additional water molecule (or
a hydroxyl ion which is even more likely since the amount
of hydroxylions is increased at high pH and it has the same
charge as the superoxide ion) could move into a sixth co-
ordination site. In order to check this possibility the num-
ber of water molecules was varied. The best fit is obtained
using the “restrained refinement” method and an indepen-
dent determination of the positions of two oxygensi. e. one
water and one hydroxylion. The result is displayed in Figs.
9 and 10. The aspartate is not shifted on going from pH 6.4
to pH 7.8, just the average iron-histidine distance changes

EXAFS function K’y (k)
(=]

4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0
Wave vector k [A]

Fig. 8. EXAFS spectra of the P. shermanii Fe-SOD at pH 6.4 (thin
solid line); triangles: theoretical curve calculated from the prelim-
inary structure of the E. coli Fe-SOD refined with the EXAFS data
of the E. coli Fe-SOD; squares: “‘constrained refinement” fit of the
preliminary structure. Distances of the atoms in the first coordina-
tion shell as defined in Table 2: R(O,)=1.86 A, RIN)=2.11 A,
R(Ng)=2.09 A, R(N,;)=2.11 A, R(0,9)=1.96 A

EXAFS function K'y(k)

4 6 8 10 12
Wave vector k[A"]

Fig. 9. EXAFS spectra of P. shermanii Fe-SOD at pH 7.8 (thin sol-
id line); triangles: the theoretical curve is calculated from the pre-
liminary structure of the E. coli Fe-SOD that was refined with the
EXAFS data of the E. coli Fe-SOD; squares: “‘restrained refinement”
structure after the introduction of an additional water as sixth ligand
(represented by R(Oy)). Distances of the atoms in the first coordi-
nation shell as defined in Table 2: R(O,)= 1.87 A R(N,)=2.13 A,
R(Ng)=2.14 A, R(N,,)=2.12 A, R(0,5)=1.98 A, R(0,0)=2.09 A

from 2.10 A to 2.13 A (see Table 3). The addition of one
water molecule is the easiest way to get a good fit of the
data without another change of the iron environment ob-
tained at pH 6.4. This is no proof that other explanations
are impossible. It has been shown for four-coordinated
systems that the pre-edge peak area changes noticeably if
the geometry of the site is drastically altered, e.g. planar
to tetragonal (Shadle et al. 1993). However, we could not
find evidence for a drastic distortion in our data; on the
contrary, the geometry is practically conserved. One may
speculate that the water molecule found at pH 6.4 is de-
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Fig. 10. Fourier transform of the EXAFS spectra of P. shermanii
Fe-SOD at pH 7.8 (thin solid line); triangles: theoretical curve cal-
culated from the refined structure of the E. coli Fe-SOD; squares:
“restrained refinement” structure obtained after the introduction
of an additional water molecule. Distances of the atoms in the
first coordination shell as defined in Table2: R(O))=1. 87 A,
R(N,)=2.13 A R(Ng)=2.14 A, R(N4)=2.12 A, R(0,5)=1.97 A,
R(050)=2.09 A

EXAFS function k’y(k)
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Wave vector k [A]

Fig. 11. EXAFS spectra of P. shermanii Fe-SOD at pH 9.3; the ex-
perimental spectrum (thin solid line) compared to the theoretical
curve after a “restrained refinement” with a sixth ligand (squares).
Distances of the atoms in the first coordination shell as defined in
Table 2: R(O¢)=1. 86A R(N,)=2.14 A, R(Ny)=2.14 A, R(N,)=
2.13 A, R(09)=1.99 A, R(05)=2.06 A

protonated at higher pH-values changing the coordination
of the iron. The carboxylate group of the aspartate could
turn so that the second oxygen of this group (OD 1) could
form a quasi sixth ligand. But it is exactly the water mole-
cule which keeps the carboxylate group in place by hydro-
gen bonds. The comparison of the Fourier transform shows
that with respect to E. coli the spread in the distances of
the histidines is reduced for the P. shermanii SOD at
pH 7.8. This is reflected by the narrow and pronounced
first Fourier maximum (see Fig. 10). The enlargement of
the area of this maximum is also evident.

The similarity of the absorption spectra at pH 7.8 and
9.3 already suggests an identical approach to the interpre-
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EXAFS function kx(k)

Wave vector k [A"]

Fig. 12. Zn EXAFS spectrum of P. shermanii SOD at pH 6.4 (thin
solid line); squares: theoretical curve fitted by “constrained refine-
ment” from the refined structure of the E. coli Fe-SOD. Distances
of the atoms in the first coordination shell as defined in Table 2:
R(O,)=191 A, R(N,)=2.03 A, R(Ny)=2.04 A, R(N,,)=2.02 A,
R(O)=1.96 A

tation of the EXAFS spectrum at the highest pH-value in-
vestigated. Again a six-fold coordination is evident, the
results are shown in Fig. 11. As expected, the shifts of the
iron-ligand distances between 7.8 and 9.3 after a “re-
strained refinement” remain negligible (see Table 3).

Figure 12 shows the EXAFS spectrum of the zinc
superoxide dismutase from P. shermanii measured at pH
6.4. Asinthe case of the Fe-SOD at pH 6.4 the “‘constrained
refinement” of the E. coli starting structure yields a good
fit and coincides in coordination number with the results
obtained for the ferric SOD at this pH. This clearly dem-
onstrates that the zinc is indeed replacing the iron atom in
the active center. In this case the zinc-ligand distances are
different from the Fe-SOD, the aspartate is situated at
191 A from the zinc (iron: 1.86 A) the imidazole rings at
about 2.03 A (iron: 2.10 A). The differences of the dis-
tances of the aspartate and imidazole rings in the first co-
ordination shell are clearly reduced which is easily visible
also in an unsplit first Fourier maximum.

Discussion

The interpretation of the X-ray absorption data of the fer-
ric SOD of P. shermanii reveals a structure that is very
similar to the structure of the E. coli Fe-SOD. Particularly,
at pH 6.4 the structure of the P. shermanii SOD and the
E. coli SOD at pH 8.0 show practically no differences in
the number and geometrical orientation of the ligands.
Therefore, the ligands of the iron atom in the active cen-
ter of the P. shermanii Fe-SOD are three histidines, one
aspartate and one water molecule. Apart from geometri-
cal orientation, there is evidence for distance differences
between the two types of ferric SOD. The simulation of
the EXAFS spectra and the shape of the first maximum of
the Fourier transformed spectra at all pH-values imply that
the differences in the distances between the histidines and
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the iron atom is reduced compared to the E. coli Fe-SOD.
For the E. coli Fe-SOD the histidines vary from 2.05 A to
2.16 A in distance whereas all the histidines of the P. sher-
manii Fe-SOD are situated roughly at the same distance.
At pH 6.4 the histidines are all at about 2.10 A from the
iron, at pH 9.3 at about 2.14 A. They all seem to behave
equally at each observed pH-value (see Table 3).

The pH dependence of the structure of P. shermanii
SOD reveals itself both in the 1s—3d pre-edge transition
which is connected to the geometry of the active center
(Roe et al. 1984) and in the EXAFS region of the spectra.
With increasing pH the coordination number rises from
five to six. Apparently, we observed a transition between
two configurations of the atoms near the active center. At
low pH-values a five ligated state dominates. At high pH-
values a six ligated, almost inactive form is found. These
two states are in a pH dependent equilibrium. Along with
the transition the oxygen atom of the carboxyl group of
the aspartate as well as the fifth ligand, the water mole-
cule, do not change their bond length. The average over
the bond lengths of the three imidazole groups increases
by about 0.04 A from pH 6.4 to 9.3 and this process con-
tinues even on going to pH 10.0 (see Table 3). However,
the resolution of the EXAFS spectra is not sufficient to
separate the contributions of each particular imidazole
ring. The imidazole groups remain interchangeable with-
out affecting the accuracy of the theoretical calculation of
the EXAFS spectra. For the E. coli Fe-SOD this increase
in coordination number has been proposed recently (Tier-
ney et al. 1995), but the transition seems to take place at
higher pH-values in that case. At the observed pH 8.0 the
E. coli Fe-SOD is still in the five coordinated state whereas
the P. shermanii Fe-SOD is already found in the six coor-
dinated state at pH 7.8. This behavior i3 consistent with
the pH dependence of the activity of the P. shermanii Fe-
SOD. The activity decreases by about a factor of five
between the pH-values 6.4 and 7.8 and by about a factor
of 2 between pH 7.8 and pH 9.3 (Meier et al. 1995). Again
the major changes occur between pH 6.4 and pH 7.8. The
reduced activity can be explained by the presence of the
additional ligand which blocks the pathway to the iron
atom and makes it more difficult or impossible for the
superoxide ion to reach the binding site.
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