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s 7Fe M6ssbauer spectroscopy measurements on reaction centers differing in ubiquinone content, detergent, oxi- 
dation state, or the presence of o-phenanthroline all show a single quadrupole doublet of  similar splitting (AEQ), 
center shift (8) and temperature dependence. The results are indicative of high-spin Fe 2÷ with an approximately 
invariant f'ast coordination sphere. A crystal field model with strong electron delocalization can account for the 
temperature dependence of AEQ, but further data are needed to achieve a unique parameterization. 

The reaction centers from photosynthetic bac- 
teria contain an iron atom in the quinone (QI-QII) 
acceptor region [1]. It has been postulated that this 
iron facilitates electron transfer from the primary 
(QI) to the secondary (QII) quinone [2,3], but 
such a function has not been established beyond 
doubt [4]. The iron manifests itself mainly through 
the extreme broadening of the EPR spectrum of the 
semiquinone state of the acceptor [2,5,6], but also 
affects other EPR centers in the reaction center 
[7 -9] .  Striking analogies to the bacterial reaction cen- 
ters have recently been reported in Photosystem II of 
green plants, where a 52 G exchange splitting in the 
EPR signal o f  the intermediate acceptor could be cor- 
related with the presence of iron and plastoquinone 
[ 10]. It is of  considerable interest, therefore, to char- 
acterize the electronic state of the iron in the well 
def'med bacterial reaction centers. 

Earlier M6ssbauer spectroscopy measurements 
[11] showed that the iron is in the high-spin Fe 2÷ 
state (S = 2) in native as well as chemically reduced 
reaction centers. Magnetic susceptibility [12] and 

Abbreviation: LDAO, lauxyldimethylamine N-oxide. 

extended X-ray absorption fine structure [13] experi- 
ments further characterized the iron site. Here we 
report MSssbauer spectroscopy data on frozen aque- 
ous solutions of six different preparations of reaction 
centers isolated from the photosynthetic bacterium 
Rhodopseudomonas sphaeroides R-26. The samples 
differed in ubiquinone content (0.10, 1.02,2.06 Q per 
reaction center), detergent (LDAO or Triton X-100), 
oxidation state (native or dithionite-reduced in Triton 
X-100), or the presence of the electron-transfer inhib- 
itor o-phenanthroline. 

The sample preparation followed earlier proce- 
dures [1,2] as described in Ref. 12, apart from the 
fact that the bacteria were grown in a STFe-enriched 
medium. Triton X-100 was substituted for LDAO in 
two samples, one of which was reduced with dithion- 
ite. (LDAO reacts with dithionite, while Triton X-100 
does not.) The extent of reduction was 99.5% as 
determined by EPR spectroscopy according to Ref. 
12. All samples were kept at 77 K until ready to run. 
Final sample details are listed in Table I. 

MSssbauer spectra were recorded with a constant 
acceleration spectrometer. Two variable temperature 
cryostats were used, one of which was equipped with 
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TABLE I 

s 7Fe REACTION CENTER PREPARATIONS AND THEIR MI)SSBAUER PARAMETERS AT 4.2 K, H = 0 

s 7 Fe added was 91.4% isotopically enriched. Estimated final isotopic enrichment in the sample is 78 %. A 1 (A 2) is the area of the 
lower (higher) energy line. 

Sample Q/reaction A~8~ a Volume Detergent State ~LE'Q ~ (mm/s) rm (mm/s) ALIA2 
center (+5) (ml) (mm/s) (_+0.005) (-+0.01) (+0.02) 
(_+0.05) (_+0.002) 

1 0.10 164 0.35 LDAO oxidized 2.286 1.167 0.430 1.08 
2 1.02 302 0.57 LDAO oxidized 2.217 1.169 0.353 1.04 
3 a 1.04 300 0.59 LDAO oxidized 2.220 1.178 0.415 1.08 
4 2.06 316 0.56 LDAO oxidized 2.172 1.179 0.345 1.04 
5 1.02 294 0.60 Triton oxidized 2.159 1.164 0.310 1.03 
6 1.02 294 0.31 Triton reduced b 2.281 1.192 c 0.592 c 1.12 

a o-Phenanthroline was added to this sample. 
b Measured by EPR. 
c These values are artificially high due to the presence of a magnetic interaction. 

a superconducting magnet. Doppler shifts were cali- 
brated periodically with an iron foil, and all velocities 
are given relative to the center of  gravity o f  metallic 
iron at 300 K. 

The zero-field spectra were analyzed using least- 
squares fits with two Lorentzians. Table I lists the 
parameters deduced from the 4.2 K data, specifically, 
the quadrupole splitting ~tEQ, the center shift 8, the 
full width at half maximum Fm, and the ratio of  the 
areas A1 and A2 of  the lines at lower and higher 
energy, respectively. Figs. 1 and 2 show the tempera- 
ture dependence of  8 and z~EQ for the various sam- 
pies. 

Inspection of  these results and comparison with 
other MSssbauer spectroscopy data [14 -16 ]  suggest 
a number of  conclusions: 

(i) The spectra indicate a high degree of  purity of  
all six samples. Apart from a single quadrupole dou- 
blet no other iron species is detectable, and the ratio 
ALIA2 of  the areas of  the two quadrupole lines is 
close to unity, the value expected for a pure, ran- 
domly oriented sample with an isotropic recoilless 
fraction. 

(ii) The linewidths F m a re  comparable with those 
of  other high-spin Fe 2+ proteins (I"  m = 0.34 mm/s for 
myoglobin [17] and 0.37 mm/s for horseradish 
peroxidase [18]). While Fm exceeds the minimum 
instrumental linewidth, P ~ 0.24 mm/s, in all cases 
and thus indicates some inhomogeneity o f  the iron 
sites, it is significant that the smallest linewidths are 

displayed by samples 2, 4 and 5, in which the tightly 
bound ubiquinone QI has not been removed, and no 
inhibitor has been added. The reduced sample 6 
shows nonLorentzian lines at low temperatures due 
to magnetic interaction with the semiquinone free 
radical Q~-, and thus t he  value of  Pm listed in Table I 
is not  representative of  the homogeneity o f  the iron 
sites. 

(iii) The M6ssbauer spectral parameters 8 and ~kEQ 
of the six samples are surprisingly similar, and little 
difference is discernible in their temperature depen- 
dence (Figs. 1 and 2). The center shift 8 is the sum of  
two terms, one being the second-order Doppler shift, 
a purely dynamic effect that accounts for the tem- 
perature dependence, and the other arising from the 
electric monopole interaction of  the s-electrons with 
the s 7Fe nucleus. The latter depends strongly on the 
shielding of  the s-shells by the valence electrons and 
varies substantially with the ionic or covalent charac- 
ter of  the bonds. While M6ssbauer spectroscopy does 
not allow one to deduce the number and type of  
ligands coordinated to the iron, some broad, empiri- 
cal correlations have nevertheless been established 
[14]. The center shift 1.164~<6 ~< 1.192 mm/s of  
the six reaction center samples at 4.2 K (Table I) lies 
outside the range of  values reported for (a) 4-coor- 
dinated Fe 2÷ complexes (6 = 0.64-+ 0.06 mm/s for 
iron-sulfur proteins and model compounds [19], and 
0.9 -+ 0.1 mm/s for (pseudo) halides [14]), (b) 5- and 
6-coordinated heme complexes (8 = 0.9-+ 0.1 mm/s 
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Fig. 1. Center shifts 6 vs. temperature for all six samples. All 
values are relative to metallic iron at .300 K. (See Table I for 
details.) 

[20,21]) and (c) complexes with six oxygen atoms 
coordinated to the iron (/i = 1.35 -+ 0.1 mm/s  [14]). 
Center shifts o f  about 1.2 mm/s  are frequently found, 
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Fig. 2. Quadrupole splittings A~O v s .  temperature for (a) 
native reaction centers in LDAO with 0.10Q (2~), 1.02Q (~), 
2.06Q (~), and 1.04Q with o-phenanthxoline added (~), and 
(b) native reaction centers in Triton X-100 (~) and dithionite- 
reduced reaction centers in Triton X-100 (~). The samples axe 
characterized in Table I. 
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however, in high-spin Fe z+ complexes of  the type 
FeZ*(N...)+X2, where N... may be pyridine or a biden- 
rate ligand like o-phenanthroline and X is a (pseudo) 
halide [14]. These empirical rules therefore suggest 
mixed coordination of  the iron to nitrogen and pre- 
sumably oxygen. The narrow range of  6 values found 
in the six reaction center samples gives no evidence 
for substantial changes in the first coordination 
sphere of  the iron * 

(iv) The temperature dependence of  ~tgQ for the 
six samples (Fig. 2) is almost identical. In high-spin 
Fe z+ compounds this variation typically arises from 
the thermal population of  excited orbital states [22]. 
For many inorganic Fe z+ complexes a crystal field 
model provides an adequate description of  the elec- 
tric and magnetic properties in terms of  three adjust- 
able parameters, an axial and a rhombic potential 
term, B ° and B~, and the spin-orbit coupling con- 
stant, X [22,23]. Similar at tempts for organic Fe z+ 
compounds have been less successful, presumably 
because organic ligands may engage in mixed o- and 
n-bonds that lead to electronic states of  low sym- 
metry.  High-spin Fe z+ heme proteins, for which up to 
seven parameters [24] have been used to reproduce 
the electric and magnetic properties, are typical. 

With the above reservations in mind we at tempted 
to fit the quadrupole splitting of  reaction centers 
using a model calculation based on the STzg manifold, 
Ixy), lyz) and Ixz), of  the 3d-electrons, but ignoring 
lattice and p-electron contributions [22,25]. The 
wave functions and energies are found by diagonaliz- 
ing the Hamiltonian [22]: 

H = B~(3z 2 - r  2) + 3B](x 2 _y2)  + ~2ho(L . S) (1) 

Here the free-ion spin-orbit coupling constant, ;% = 
- 1 4 4  K, has been multiplied by the covalency factor 
a2 < 1 to account for delocalization of  the 3d-orbi- 

* The sensitivity of 6 and AEQ to changes in the first coordi- 
nation sphere can be illustrated by data on high-spin Fe 2+ 
porphyrins. Collman et al. [26] report 6 = 0.89 ram/s, 
AEQ = 2.38 mm/s and 6 = 0.98 ram/s, AEQ = 2.13 mm/s 
for the ~tailed picket fence' porphyrins FePivs(5CImP)Por 
and FePiv3(4CImP)Por, respectively. The changes in 8 and 
AEQ axe larger than those between reaction centers with 0, 
1 or 2 Q/reaction center in spite of  the fact that only the 
length of the chain linking the axial nitrogen base to the 
porphyrin ring has been changed. 
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tals. The energy levels obtained from Eqn. 1 are 
depicted in the inset of Fig. 3 *. Following Refs. 22 
and 25 the quadrupole splitting is given by: 

ZXEQ(T) = (2/7)e ~ Q<r -3 )effo(2F(T ") (2) 

(4.0 ram/s) c~2F(T) (3) 

with 

F(T) = ~Izz )2 + i/3((Ixx)T - ( l yy )T )  2 }I/2 (4) 

Here Q = 0.21 barn is the nuclear quadrupole mo- 
ment, (r-3)eff =2.23 • 102s cm -3 = 3.3 a.u. is an 
effective inverse cube radius of the 3d-electrons, and 
(Ikk)T is a thermal average of the quadrupole tensor 
<lee) calculated from the eigenstates and eigenvalues 
of Eqn. 1. 

No acceptable fit of ZkEQ(T) is found for any com- 
bination of the three parameters B °, B] and ~ of this 
model. With an additional parameter, however, the 
curves in Fig. 3 are obtained. Curves A and B assume 
a constant lattice or covalency contribution <lzz)L in 
addition to the temperature-dependent valence term 
<lkk) T.  Both provide acceptable fits with essentially 
degenerate energy eigenvalues. An extremely good fit, 
curve C, is obtained if different covalency factors are 
used to multiply the spin-orbit coupling constant Xo 
and the radial average <r-3). The parameters used to 
calculate the three curves are listed in the inset of 
Fig. 3. None of these solutions agree with the param- 
eters deduced with a similar model from the magnetic 
susceptibility measurements [12], which yield D1 
490 K, D2 ~ 810 K and X/ko ~ 0.50. We conclude 
that a more sophisticated model is needed to fit 
simultaneously the magnetic and electric properties 
of the iron. 

(v) While the six plots of ZkEQ vs. T in Fig. 2 have 
the same shape and thus indicate, within experimen- 
tal error, the same F(T) value of Eqn. 2 for all sam- 
pies, there a r e  significant differences in magnitude. 
The slight increase in AEQ upon reduction or with 

* With the substitutions q)= -2•7 (r 2) B °,  (~= -2 /7  <r 2) a~,  
A. = a2A. o, Eqn, 1 is equivalent, within the t2g manifold, to 
the terms q)(L2z - trL2z/5) +6(L2x - L~)  + KL . S of Eqn. 
A1 in Ref. 12. Here (r 2) is the mean square radius of the 
3d-orbitals. 
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Fig. 3. Quadrupole splitting vs. temperature for native reac- 
tion centers (sample 2) with crystal field model calculations 
(solid and broken cur~es) as described in the text. The inset 
lists the parameters used. 

decreasing number of Q/reaction center may arise 
from either a change in the temperature-independent 
lattice contribution <lzz)L or from an increase in elec- 
tron density, i.e., of the factor <r-3)etf ~2 in Eqn. 2. 
The latter is consistent with the observation that in 
reduced reaction centers some overlap exists between 
the wave functions of the semiquinone and the iron 
as manifested by their isotropic exchange interaction. 
According to this view, the 3d-electrons delocalize 
onto the quinone(s), but the extra electron of the 
semiquinone in turn increases the 3d-electron density 
at the iron. 

(vi) We have also measured M6ssbauer spectra of 
reaction centers in magnetic fields (H) up to 4 T 
between 4.2 and 211 K. Fig. 4 shows the spectrum of 
native reaction centers (sample 5) at 211 K in a field 
of 3.75 T. The shape of the spectrum identifies the 
electric field gradient as positive, and places limits on 
the size of the asymmetry parameter ~. The effective 
field (Heft) acting on the iron nucleus is the sum of 
the applied field and an internal field, Hint = 

-(-S)A/gn~n. At high temperatures ( T >  150 K) the 
spin expectation value <~) is proportional to H and 
essentially isotropic, and if we ignore anisotropy in 
the magnetic hyperfine tensor .~ we can approximate 
the effective field by-~eee =~(1-A<S)/Hgrd3n). A 
best fit of the spectrum then yields the curve of 
Fig. 4, where &EQ =+1.76 mm/s, 8 = 1.06 mm/s, 
Heft ~ 2.84 T and the asymmetry parameter of the 
electric field gradient r/-~ 0.22 +- 0.22. Calculating 
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Fig. 4. M6ssbauer spectrum of native reaction centers (sam- 
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3,-ray beam. The solid curve is a simulation with H e f  t = 
2.84 T, z~,EQ = +1.76 mm/s, 8 = 1.09 mm/s and ~ = 0.22. 

(S) from the results of  the susceptibili ty measure- 
ments [12] we Fred an average hyperfine interaction 
o f A / g ~ n  ~-" - 1 7 . 5  T. 

In conclusion, M6ssbauer spectroscopy shows that 
the iron environment in reaction centers is remark- 
ably well defined and stable; in fact it undergoes only 
minor  changes on removal o f  one or both  quinones 
and on change of  detergent or addit ion of  o-phenan- 
throline. These results indicate that either the qui- 
nones (and o-phenanthroline) are not  ligands of  the 
iron, or that their removal is accompanied by a 
replacement with a similar ligand *. Reduction of  QI 
to the semiquinone leads to a strong magnetic inter- 
action with the iron without  a comparable change in 
the electric interaction. Delocalization of  the valence 
electrons is substantial and has to be taken into 
account explicit ly in any realistic model  calculation. 
While a four-parameter fit o f  the temperature depen- 
dence of  the quadrupole splitting is possible, only a 
combined fit o f  the electric and magnetic hyperfine 
interaction can give a unique and significant set of  
parameters. Work along these lines is in progress. 

This work was supported in part by  Grants NSF 
PCM78-15979, DMR77-14659, PCM78-136-9 and 
NIH GM13191. 

* See footnote, p. 175. 
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