814 Biophysical Journal Volume 95 July 2008 814-822

The Fe?* Site of Photosynthetic Reaction Centers Probed by Multiple
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ABSTRACT We report on the x-ray absorption fine structure of the Fe?" site in photosynthetic reaction centers from Rhodobacter
sphaeroides. Crystallographic studies show that Fe?" is ligated with four N, atoms from four histidine (His) residues and two O,
atoms from a Glu residue. By considering multiple scattering contributions to the x-ray absorption fine structure function, we
improved the structural resolution of the site: His residues were split into two groups, characterized by different Fe-N, distances,
and two distinct Fe-O, bond lengths resolved. The effect of the environment was studied by embedding the reaction centers into a
polyvinyl alcohol film and into a dehydrated trehalose matrix. Incorporation into trehalose caused elongation in one of the two Fe-N,
distances, and in one Fe-O, bond length, compared with the polyvinyl alcohol film. The asymmetry detected in the cluster of His
residues and its response to incorporation into trehalose are ascribed to the hydrogen bonds between two His residues and the
quinone acceptors. The structural distortions observed in the trehalose matrix indicate a strong interaction between the reaction-
centers surface and the water-trehalose matrix, which propagates deeply into the interior of the protein. The absence of matrix

effects on the Debye-Waller factors is brought back to the static heterogeneity and rigidity of the ligand cluster.

INTRODUCTION

The primary photochemical events that initiate solar-energy
conversion in photosynthetic bacteria take place in a membrane-
spanning pigment-protein complex called the reaction center
(RC). Within the RC from the purple bacterium Rhodobacter
(Rb.) sphaeroides, a bacteriochlorophyll special pair, P, after
light absorption, delivers an electron in ~200 ps to the pri-
mary quinone acceptor, Q,, located ~25 A away from P. The
electron is then transferred from Q) to a secondary quinone
molecule, Qg, which acts as a two-electron, two-proton ac-
ceptor after successive turnovers of the RC photochemistry,
as reviewed by Feher et al. (1). Independent experimental
observations concur to indicate that the electron transfer from
Q, to Qg is conformationally gated, i.e., rate-limited by the
dynamics of a conformational change of the protein (2,3).
Elucidation of the structural basis for this gating is thought
to be central for understanding the general mechanisms un-
derlying electron-transfer coupled proton-uptake in energy-
transducing proteins. Despite extensive experimental and
theoretical efforts, the nature of the gating step(s) remains
controversial. Based on the x-ray diffraction (XRD) structure
of RCs frozen in the dark and in the light, a 4.5-A displace-
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ment of Qg from a distal-inactive to a proximal-active posi-
tion, closer to Q4, was proposed by Stowell et al. (4) as the
gating process. This attractive model was subsequently
questioned (5-7), and alternative gating events were sug-
gested, including protonation or changes in hydrogen-bond
pattern, protein relaxation, or a combination of these pro-
cesses (8—10). The complexity of the energy landscape
governing the Q, to Qg electron transfer is demonstrated by
the strong influence of the RC environment on its kinetics
(11,12).

The XRD structures of the RC show that Q, and Qg are
located at near-symmetrical positions with respect to the ~2-
fold symmetry axis of the RC, which extends perpendicularly
to the membrane plane. This axis connects the primary donor
P with a nonheme Fe?™" atom, located between the two qui-
nones. The XRD data (4,13—15) reveal that Fe*" is ligated
with four nitrogen atoms (N,,) from four histidine (His) res-
idues (His-L190, His-1.230, His-M219, and His-M266), and
with two oxygen atoms of a carboxylate group from a gluta-
mic acid (Glu-M234). Two of the Fe-coordinating His resi-
dues are adjacent to Q 5 and Qg. Histidine residue M219 forms
a strong H bond with Q,4, and when the secondary quinone is
in proximal positions, His-L190 is H-bonded to Qg. This ar-
rangement gives rise to a quinone-His-Fe ‘‘bridge’’, whose
structural and functional significance has been the subject of
extensive investigation (16—18).

Because of its position and tight coupling with its sur-
roundings, the Fe’" atom can serve as a probe for local
structural changes associated with the final electron-transfer
steps of the RC. The X-ray absorption fine structure (XAFS)
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represents the method of choice to detect subtle modifications
of the Fe*™ site, because it can provide, in principle, local
structural information at extremely high resolution (19,20).
Nevertheless, relatively few XAFS studies have been per-
formed on the RC Fe*" site. Two pioneering works (21,22)
revealed the presence of six atoms in the Fe?* coordination
shell, a result subsequently confirmed by XRD. These early
analyses were based on a comparison with the spectra of model
Fe compounds, and provided an average distance between
Fe?* and first-shell atoms. A more recent XAFS study aimed
to resolve temperature-induced and light-induced structural
changes in the Fe?* site (23). This analysis, however, did not
consider the multiple scattering contributions to the XAFS
signal. Moreover, none of the three XAFS studies performed
so far took explicitly into account possible heterogeneities in
the first-shell distances, yielding at most a common distance
between Fe?* and the four His nitrogen atoms, and a single
average distance for the two oxygen atoms of the Glu residue
coordinating in a bidentate configuration (23).

It is evident that the usefulness of the XAFS spectrum as a
reliable, sensitive probe of changes in the local Fe*" structure
rests heavily upon the development and validation of an
XAFS analysis which provides the most detailed information
in terms of structural and disorder parameters. In view of this,
we performed an XAFS analysis of the RC Fe?* site, based
on a direct, multiparameter fitting of the XAFS function and
ab initio simulations which take into account multiple scat-
tering contributions. Although multiple scattering analysis
was shown to yield essential information in the structural
elucidation of metal sites in proteins (24—26), this approach
has never been applied to the Fe*" site of the RC.

We first studied RCs incorporated into a dried polyvinyl
alcohol (PVA) film. The choice of this matrix, besides pro-
viding a practical, stable system well-suited for XAFS mea-
surements in RCs (27), also allowed direct comparison with
the early XAFS study by Eisenberger et al. (21), who intro-
duced this approach. Moreover, local structures determined
in PVA most likely well-approximate solution structures, as
indicated by a comparative XAFS study performed on cy-
tochrome (cyt) ¢ in a liquid solution and in a dehydrated PVA
film (28).

In a second step, we extended the investigation to RCs
embedded in a dehydrated, glassy trehalose matrix. Glassy
matrices of trehalose (a-D-glucopyranosyl-(1— 1)-a-D-
glucopyranoside) exhibit an outstanding ability to protect
biostructures against adverse environmental conditions, such
as potentially detrimental freezing, heating, and dehydration
(29,30). Spectroscopic studies performed on soluble and
membrane proteins (including the RC), as well as molecular
dynamics simulations, showed that conformational protein
dynamics are hindered in dried trehalose matrices, as re-
viewed by Cordone et al. (31). Among other hypotheses
(32,33), the protective effect exerted by trehalose on isolated
biological structures was suggested to stem from the forma-
tion of a water-mediated hydrogen bond network that anchors
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the biomolecule surface to the water-trehalose matrix, thus
coupling the internal degrees of freedom of the biomolecule
to those of the surroundings (31,34). In line with this pro-
posal, in a recent XAFS study performed on the heme Fe of
cyt ¢, we showed that the incorporation of this soluble protein
into a dehydrated trehalose matrix gives rise to sizeable
structural distortions and to a strong decrease of the confor-
mational disorder (28).

Irrespective of the matrix, the analysis we applied was able
to detect a splitting of the Fe>* coordination shell: the N,
atoms of the four His residues are found at two different dis-
tances and there are two distinct Fe-O bond lengths, one for
each oxygen atom of the coordinating Glu residue. When the
protein was incorporated into the trehalose matrix, structural
distortions were observed, compared with the RC-PVA film.
The comparison between local structures determined in the
two matrices is relevant to an understanding of the structural/
dynamical coupling between the RC and the water-trehalose
glassy matrix.

MATERIALS AND METHODS
Sample preparation and characterization

The RC was isolated and purified from Rb. sphaeorides R-26, a carotenoid-
less spontaneous mutant, according to Gray et al. (35). In all buffers used
during the reaction-center isolation, EDTA was present at 10 uM. To remove
traces of exogenous proteins and metals, the purified RC suspension was
additionally flowed through a DEAE-Sephadex (Sigma, St. Louis, MO)
column, dialyzed for 15 h at 4°C against 10 mM Tris buffer, pH 8.00, 0.025%
lauryl dimethylamine oxide, 10 M EDTA, supplemented with 5 g Chelex resin
(Chelex 100, Bio-Rad, Hercules, CA)/100 mL, and concentrated to 60 uM by
ultrafiltration (50-kDa cutoff, Vivaspin, Vivascience, Hannover, Germany).

The magnesium/iron molar ratio in the RC final sample, determined by
inductively coupled plasma atomic emission spectroscopy, was 4.9 £ 0.5. A
previous, similar metal analysis, performed by atomic absorption spectros-
copy on a highly purified RC preparation, yielded a Mg/Fe ratio equal to
5.2 = 0.3 (36). Considering four bacteriochlorophyll molecules for each re-
action center, the iron content of our preparation was slightly sub-stoichiometric
with respect to the RC, indicating that no exogenous iron was present in the
samples used for XAFS measurements.

Polyvinyl alcohol-RC films were prepared, starting from 1.4 mL of 24 uM
RC and 2.5% PVA solution (PVA 130000 MW, Fluka, Buchs, Switzerland),
dried under nitrogen flow intoa 3.0 X 3.0 X 0.3 cm Teflon holder. The PVA-RC
film was folded several times before exposure to the x-ray beam. Trehalose
(>99% purity) was purchased from Sigma, and was used without additional
purification. The RC-trehalose dried glasses were prepared as follows: 800 L
of 60 uM RCs were concentrated to 170 wL under nitrogen flow, raising the RC
concentration to 282 uM. A sugar/RC molar ratio equal to 10* was achieved by
direct addition of solid trehalose into the RC solution. The trehalose-RC solution
was layered onto a sintered boron nitride support (Goodfellow Cambridge,
Huntingdon, England, UK), and was extensively dried under nitrogen flow.

The content of residual water in the PVA and trehalose matrices can be
evaluated by near-infrared (NIR) spectroscopy from the area of the combi-
nation band of water in the 1930-1960-nm spectral region, using the RC
absorption band at 802 nm as an internal standard (12). In the case of the PVA
sample, this estimate was performed directly on the sample used for XAFS
measurements. For the trehalose sample, a direct determination was pre-
vented by the boron nitride support. Parallel measurements on trehalose
matrices of the same composition, layered on a transparent optical glass,
showed that the extensive dehydration treatment resulted in a similar content
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of residual water in the PVA film and in the trehalose matrix, i.e., ~4 X 10°
water molecules per RC protein. Further desiccation under nitrogen flow at
room temperature did not reduce the water content further, in agreement with
previous determinations (11,12,31). To test the structural and functional
integrity of the protein after XAFS measurements, both the PVA and tre-
halose samples were redissolved with the proper amount of water. For both
samples, visible-NIR spectra taken after irradiation were indistinguishable
from that of the RC solution before preparation of the dehydrated matrices.
Moreover, no alteration of primary photochemistry was detected, as evalu-
ated from the extent of the primary donor (P") photo-oxidized by a laser
pulse and from the unaffected lifetime of the primary P* Q}, charge-separated
state. The experimental details of these time-resolved optical spectroscopy
measurements were given elsewhere (11,12).

XAFS data collection and analysis

The Fe K-edge measurements were performed at the BM 8 General Purpose
Italian Beam Line for X-Ray Diffraction and Absorption (GILDA) (37) of
the European Synchrotron Radiation Facility (Grenoble, France). A Si(111)
double-crystal monochromator employing dynamical sagittal focusing was
used (38). The photon flux was on the order of 10'! photons per second, and
the spot size was ~1 X 1 mm?. Data were collected in fluorescence mode,
using a 13-element hyperpure Ge detector equipped with fast digital elec-
tronics, and a peaking time equal to 1 ws (39). Samples were measured
at room temperature in the energy range of 6900-7910 eV. The final spectra
are given as the average of multiple scans, for a total integration time of 60
s/point for each sample. The molecular graphics program MOLDRAW (40)
was used to build the structural model of the Fe*" site.

The XAFS spectra were extracted from the raw data, using the AUTOBK
algorithm (41) as implemented in the ATHENA package (42), using a linear
function for the pre-edge region and a cubic spline to mimic the atomic
background. Fits were performed using the ARTEMIS program, version
0.8.010 (42). Theoretical amplitudes and phase shifts were calculated using the
ab initio code FEFF 8.2 (43), in which scattering potentials are calculated by
overlapping the free atom densities in the muffin-tin approximation, and then
adding the Hedin-Lundqvist form for the exchange potential. The amplitude
reduction factor, Sé, was estimated as 0.94 by running the program FEFF 8.2
for the starting model, and was kept fixed during the fitting procedure.

All of the multiple scattering signals constituted by up to five scattering
paths involving atoms belonging to the same residue, and with an effective
length =5 A, were taken into account. The fits were performed directly in
k-space, in the range of 2.5-10 A~" and with a k weight of 3, following a step-
by-step procedure (28,44):

1. In a first step, only structural parameters (see Results for a detailed
description) were varied in the fitting procedure, whereas the Debye-Waller
(DW) factors were kept fixed. To assign initial values of the DW factors, we
performed ab initio FEFF 8.2 simulations of the spectrum corresponding to
the reference, starting structural model (see Results and Fig. 1). Using the
ARTEMIS program, the effect of different sets of DW factors was tested by
grouping the atoms of the cluster into three shells, depending on their
distance from Fe®". The values of the DW factors providing the oscillation
amplitudes most similar to the experimental ones (i.e., 0.005 Az, 0.009 Az,
and 0.007 A? for the three shells, respectively) were chosen.

2. Structural parameters were set to the best-fit values determined in step 1,
whereas DW factors were allowed to vary.

3. The DW factors were fixed to the best-fit values of step 2, and the
structural refinement was run again, to check whether the system
converged with the previously determined values, and to improve the
precision of structural results.

RESULTS

The Fe*" ion binds the N,, atoms of four His residues and the
two oxygens (O, O,,) of a Glu residue in a bidentate con-
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FIGURE 1 Reference structural model of the Fe** ligand cluster. (Inser)
The bending of the Glu residue, i.e., a rigid rotation by an angle A« around an
axis through O,;. The angle a was set to 94°, and the FeH—Ogl distance was
sett02.12 A; the O,, atom of Glu is thus placed at 2.34 A from Fe?*. The two
His residues in plane with the Glu residue are placed symmetrically, so that the
angle between the two Fe?*-N,, bonds of the two His, and the angles between
each Fe?"-N,, bond and the direction Fe>*-Cs of the Glu, are equal (120°).
The target Fe2+—N,;2 distance for the His residues was 2.16 A (see text for
details). The bond lengths of the His imidazole group are given in ref. 45.

figuration, as confirmed by several XRD studies (4,13-15).
In the near-edge region, our spectra (not shown) are very
similar to those reported in previous studies which indicated
six ligands in the Fe?" coordination shell (22). Qualitative
inspection of the Fourier transform of the spectra acquired in
PVA and trehalose (see the Supplementary Material, Fig. S1)
shows similar, slightly displaced peaks in the two matrices.
This indicates that a common structural model, characterized
by the same ligands, possibly at different coordination dis-
tances, is likely to fit the two data sets. Interestingly, in both
matrices, the presence of a minor peak, very close to the first
shell peak, but at a slightly larger » value (see Supplemental
Material), suggests the presence of a first-shell atom at a
distance from Fe?" significantly greater than the average
coordination distance. On the basis of the XRD information
(see above), the distorted octahedral cluster shown in Fig. 1
was built and used as a starting structural model. Structures
of single amino acids were derived from a statistical survey
(45) of x-ray structures of small compounds from the Cam-
bridge Structural Database. The vertices of the basis of the
octahedron are the N, atoms of His-M219 and His-L190 and
the two oxygen atoms of Glu-M234. The corresponding
amino acids lie in the plane defined on this basis (see Fig. 1
for numeric values of the structural parameters). The two
remaining vertices are occupied by N, of His-M266 and His-
L230. As first-shell distances, we chose the target distances
based on combined analyses of the Cambridge Structural
Database and Protein Data Bank, determined at or near
atomic resolution (46). For Glu in bidentate conformation, a
distribution of Fe-O, distances was found, indicating a cor-
relation between Fe-O,; and Fe-O,, bond lengths (see the


http://www.biophysj.org/cgi/data/biophysj.108.132654/DC1/1

Fe Site in Bacterial Reaction Center

database MESPEUS, MEtal Sites in Proteins at Edinburgh
UniverSity, and Sheng et al. (47)). To build a reliable starting
model, the coordination geometry of the Glu residue was
parameterized, using the Fe-O,; distance and the angle «
(Fig. 1, inset). To set their starting values, the Fe site for a
number of XRD structures of photosynthetic RCs with res-
olution higher than 2.4 A (Protein Data Bank codes 1DXR,
1E6D, 1EYS, 6PRC, and 1AlJ), found through a search of
the Metal Data Bank (http://metallo.scripps.edu/), was con-
sidered, and the average values of Fe-O,; (2.12 A) and «
(94°) were set as the starting values. The Fe-O,, distance for
the Glu residue follows from the Fe-O,; distance and « pa-
rameters, according to the equation:

(Fe —0,)" = (Fe — 0,)* + (0,
—2[(Fe — 0,)(0,

_ 022)2
— Oy)]cos(a — B),
(1)

where B (28°30") is the OHZOASI Cs angle (Fig. 1, insef) that, as
well as the O,; — O, distance (2.194 10\) appearing in Eq. 1,
is derived from the survey of amino-acid structures by Engh
and Huber (45) and kept fixed throughout the analysis. To
make the cluster as regular as possible, atoms belonging to
the same residue were set to lie in a plane that also contains
the Fe-residue bond. Moreover, no bending was considered
for the His residues, i.e., the prolongation of the Fe-N, bond
bisects the C,;-N,,-Cs, angle of the imidazole.

The XAFS oscillations measured in the PVA and in the
trehalose matrices are shown as dotted lines in Figs. 2 and 3,
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S N N g
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FIGURE 2 Experimental k*-weighted XAFS functions measured in RCs
embedded into the PVA film (dots), best fit to the 2 + 2 His model (solid bold
line), and the corresponding dominating contributions coming from single and
multiple scattering. The values of best-fitting parameters are given in Table 1.
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FIGURE 3 Experimental k*-weighted XAFS signal (dots), best fit to the
2 + 2 His model (solid bold line), and main contributions to the fit for RCs
embedded into the dry trehalose matrix. The values of best-fitting parameters
are given in Table 1.

respectively. The corresponding best-fitting XAFS functions
are represented as continuous lines. Figs. 2 and 3 also show
the main contributions to the best-fitting signal, coming from
both single and multiple scattering (the two curves at the
bottom of each figure describe the multiple scattering con-
tributions with greatest amplitudes). In both spectra, three
main oscillations are evident at 4, 6, and 8 A1 , but their shape
and relative amplitudes differ in the two cases, presumably as
a consequence of a different arrangement of first-shell atoms
in the two different matrices. The structural refinement was
performed according to the rigid body refinement scheme
(48), initially using as fitting structural parameters: 1), a
common shift in the energy origin for all paths; 2), a distance
variation for Fe-O,;; 3), a Glu-bending angle Ao (Fig. 1,
inset); and 4), a Fe-N,, distance variation for the four Fe-
coordinating histidines. The fit was initially performed with a
model in which only a single, common Fe-N,, average dis-
tance was considered for the four amino acids (this will be
referred to as the 4 His model). The relatively poor results
obtained with this approach (as testified by the high R factor of
the fit; see Table 1) suggested the introduction of different
Fe-N,, distances for the different coordinating His residues,
i.e., heterogeneity in the His cluster. We considered in par-
ticular two fitting models in which two distinct Fe-N,, dis-
tances were introduced. In the first, which we call the 2 + 2
His model, we considered two groups, each composed of two
His residues, and we assign to each group an independent
distance from Fe>" (Fe-N,»(1) and Fe-N,(2)). In the second,
which we call the 3 + I His model, the His cluster is divided

Biophysical Journal 95(2) 814-822
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TABLE 1 Structural and dynamical parameters determined in the PVA and in the trehalose matrix

Matrix Model Fe-N,»(1) (A) Fe-Np(2) (A) Fe-0,; (A) Fe-O,A) Aax(®) c*>103A% AE,(@eV) R (%) X2
4 His 2.14 (2) 1.94 (3) 242 (5) 6 (2) 6 (2) 7 (2) 34 (10) 46 (14)
PVA 2 + 2 His 2.18 (4) 1.99 (3) 2.09 (3) 2.43 (6) 32 4 (1) 5(3) 18 (6) 13 (4)
3 + 1 His 2.16 (3) 1.97 (6) 2.02 (3) 2.43 (5) 52 52 62 25(8) 33 (11)
4 His 2.16 (2) 1.98 (3) 2.42 (9) 503) 6 (1) 72 2909 22(7)
Trehalose 2 + 2 His 2.17 (5) 2.04 (2) 2.15 (7) 241 (7) 22 5(1) 5(2) 21 (6) 12 (4)
3+ I His 212 (2) 1.98 (4) 2.19 (5) 2.41 (6) 1) 5 (1) 6(2) 23(7) 21 ()

The bending angle of the Glu residue is indicated by Aa, and the first-shell Debye-Waller factor by 2. The Fe-O,, distance is calculated by inserting the best-
fitting values of the Fe-O,; distance and @ + A« into Eq. 1. For each RC-matrix system, the fit was performed according to three structural models,
characterized by a different grouping of the four His residues (see text for details). We report in parentheses the 1o error on the least significant digit
calculated by the fitting program. The 1o error for the Fe-O,, distance was evaluated by considering the propagation of the errors associated with the best-

fitting parameters inserted into Eq. 1.

into one group of three residues, for which we consider one
common, average distance from Fe?" (Fe-N,»(1)), and one
single His residue, which is allowed to move independently
(Fe-N,,(2)). The quantitative results obtained for each model,
i.e., the first-shell distances, the bending angle A, and the
first-shell DW factors, are reported in Table 1, together with
the goodness-of-fit indicators, the R factor, and the reduced
chi-square (x2). The fitting criterion relies, in fact, on the
minimization of the R factor, defined as:

R == Z (k?ii.data - kiz)zi,fil)z Z (kffiﬁdata)za (2)

i=1,Np i=1,Np

where N,, is the number of experimental points, k is the wave
number, and Y is the XAFS function. Table 1 shows that the
introduction of heterogeneity in the Fe-N,, distances leads to
an evident improvement of the fit, corresponding to a strong
decrease in the R factor. We also note that, for both matrices
(PVA and trehalose), when heterogeneity is allowed (models
2 + 2 His and 3 + 1 His), one of the two groups of His is
situated much closer to the Fe*" atom compared with the
other one; the value of the first-shell DW factor is not affected
(within the error) by the structural model used in the fit.

To test the statistical significance of these effects, fits of the
same experimental data to the different models were com-
pared on the basis of the reduced chi-square, defined as:

1N, Xidaa — Xifi )2

2 ind i,data ifit

X, = O Rl I G)
v N, il,Np( o

where v = Nj,q — p is the number of degrees of freedom in
the fit, calculated as the difference between the number
of independent points in the data set, N;,q, and the number of
fitted parameters included in the model, p. The number of
independent points was evaluated (49) as:

Ning = (QAkAr /7)) + 2, “)

where Ak and Ar are the intervals in real and reciprocal space
in which the fit was performed. The noise of the experimental
XAFS spectrum, o, was estimated for each data set in the
high-k region (k > 12 A™"), where structural oscillations are
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no longer detectable. This value was found to be consistent
with the square root of the number of counts, as predicted by
Poisson statistics.

The calculated X,Z, values (Table 1) are much larger than the
theoretically expected value of 1, as commonly encountered
in XAFS analysis. This is generally ascribed to small inad-
equacies of the model, and to systematic experimental errors
(50). Therefore, to compare fits to the same data set per-
formed on the basis of different structural models, the ex-
pected standard fluctuation in )(,2, (which is equal to /2 /v) is
multiplied by the minimum value of Y2 obtained in the fit
(49-51). Accordingly, fit b is considered significantly better
than fit ¢, with a 95% confidence level (20°), when

<xi<a>xi<b>>zz\/z[<x;$> O AV I

Adopting this criterion, the statistical analysis revealed that
the 2 + 2 His model is significantly better than the other two,
both for RC embedded in PVA and in the trehalose matrices.

The distance of Glu O,, from Fe*" is univocally deter-
mined by the values of the Fe-O,, distance and of A« (see Eq.
1). By inserting into Eq. 1 the best-fitting values of these
parameters for the 2 + 2 His model (Table 1), we obtain the
Fe-0,, distance equal to 2.43 A in PVA and 2.41 A in tre-
halose. In both matrices, one of the two groups of His resi-
dues remains at or near the target distance from Fe?™ (.e.,
2.16 A (46)), whereas the other group is placed much closer
to Fe*™.

When the structural parameters obtained in the PVA and in
the trehalose matrix are compared, it appears that incorpo-
ration into the latter matrix causes significant structural dis-
tortions. In particular (Table 1), the Fe-N,»(2) and Fe-O,
bond lengths are sizably elongated in trehalose, whereas the
Fe-N,,(1) and Fe-O,, distances (see Table 1 and above) re-
main unchanged within the experimental error. As a conse-
quence, the average first-shell distance of the Fe?* ligands
increases from a value of 2.14 A in PVA to 2.16 A in the
trehalose matrix. At variance, no significant change is ob-
served in the DW factors.
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DISCUSSION
Removing degeneracy in the His coordination

The introduction of multiple scattering contributions allowed
a better resolution of the structure of the histidine cluster in
the Fe>" coordinating shell, partially removing the degen-
eracy present in previous studies. Our analysis revealed, in
fact, that the four His residues of the cluster can be split into
two groups, each consisting of two histidines, characterized
by a different average distance from Fe?*:2.18 A and 1.99 A,
respectively, for RCs embedded in a weakly interacting
medium (PVA). In the crystallographic structure by Stowell
et al. (4), the Fe-N,, distance is, on average, 0.16 A larger for
the two axial histidine residues (His-M266 and His-L.230)
than for the His residues (His-M219 and His-L190) acting as
in-plane ligands, suggesting a heterogeneity related to the
coordination geometry. Other XRD structures of the RC
(14,15) do not confirm this systematic difference, which is
close to the experimental uncertainty of the crystallographic
data, even at the maximal resolution (1.87 A) attained at
present (15). However, all available crystallographic struc-
tures of the RC show differences and asymmetries in the
environment experienced by the four His residues that co-
ordinate the Fe* " atom. In particular, His-M219 appears to be
hydrogen-bonded to the primary quinone acceptor Q, (bond
length, 2.84 A (15)). A second histidine (His-L190) is at
hydrogen bond distance (2.71 A (15)) from the Qg molecule,
when the quinone moves to the proximal configuration.
These hydrogen bond interactions could be responsible for
the heterogeneity resolved by us in the histidine Fe-N,, dis-
tances. In this respect, we observe that the occupancy of the
proximal Qg position appears to be 65%, even in the dark
XRD structure at pH 8.0 (15), so that almost 2 of the 4 His
residues may be expected to be hydrogen-bonded under our
measuring conditions. The suggestion that the two different
Fe-N,, distances observed stem from the interaction of two
His residues with the bound quinones is in line with the ob-
servation that only one of the distances is changed when the
RC is embedded in a strongly interacting matrix (trehalose
glassy matrix), rather than in the weakly interacting PVA film
(see below).

Our model also allowed us to remove degeneracy in Fe>*
coordination by the two oxygen atoms (23). According to the
crystallographic model, a Glu residue (Glu-M234) is bonded
to Fe>" in bidentate configuration. For this residue, our
analysis yields in PVA a coordination distance Fe-O,; = 2.09 A
with Aa = 3°, corresponding to Fe-O,, = 2.43 A. The av-
erage of these two Fe-O distances (2.26 A) differs markedly
from the Fe-O distance of 1.88 A determined in a previous
XAFS study (23). We note that this latter value is hardly
compatible with distances encountered in databanks for
bidentate carboxylate groups (see the database MESPEUS
and Sheng et al. (47)). An exploration of metal coordination
by carboxylates in bidentate configuration revealed, in the
case of Co, Cu, and Zn, an inverse proportionality between
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the O; and O, distances from the metal (46). Fig. 4 shows a
correlation plot between the Fe-O, and Fe-O, distances, ex-
tracted from the MESPEUS database. Only distances ob-
tained from XRD studies at a resolution higher than 1.5 A
were included. It appears that in the case of Fe, the two dis-
tances are inversely related. An average Fe-O distance of
1.88 A (23) is clearly incompatible with the data clustering of
Fig. 4, to which, at variance, the Fe-O,; and Fe-O,, distances
obtained by fitting our data to the 2 + 2 His model nicely
conform, both in trehalose and in PVA (solid symbols in
Fig. 4).

Finally, we note that from the first-shell distances resolved
in this work (Table 1), an average coordination distance of
2.14 = 0.02 A is obtained in the PVA film. Such a value is in
excellent agreement with values determined in the pioneering
studies of Eisenberger et al. (21) and Bunker et al. (22), i.e.,
2.10 = 0.02 A and 2.14 *+ 0.02 A, respectively.

Matrix effect

In a recent study (28) performed on cyt ¢, we showed that
XAFS is a sensitive tool in revealing both structural and
dynamical local effects induced on protein metal sites by the
incorporation of the protein in strongly dehydrated trehalose
matrices. In the case of cyt ¢, such effects consist of 1), the
induction of severe distortions of the metal-coordinating
geometry, with respect to the local metal site structure ob-
served in liquid solutions and in PVA films; and 2), a de-
crease of DW factors, indicating a strong reduction, at the
local level, in the static or dynamical disorder of the protein.

28 1 1 1 1
o®
26 4 o L
0 o
[ ) (e}
2 241 LS L
= X5 0 ©
o R 6 ©
& 224 X0~ o -
: Bk oo |
8 o
2.0 4 8 L
O
1.8 T T T T
18 2.0 22 24 256 2.8

d(Fe-0,) (A)

FIGURE 4 Relationship between the Fe-O; and Fe-O, distances in
bidentate coordination with Asp and Glu residues. Data shown as open
circles were extracted from the MESPEUS database, currently under
development at Edinburgh University (47), selecting XRD protein structures
at resolutions higher than 1.5 A. Solid symbols correspond to distances
determined in the PVA (circles) and in the trehalose matrix (squares) in this
study (see Table 1 and text for details). The labels O; and O, can be
permuted, so that each carboxylate group is shown twice in the plot, which is
symmetrical about the diagonal line, d(Fe-O,) = d(Fe-0O,).
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In view of these results, in this work we performed a
comparative analysis of the Fe*" site in RCs embedded in
PVA films and in extremely dehydrated trehalose matrices.
The aim was to ascertain whether the trehalose effects ob-
served on the local structure/dynamics of a small, soluble
protein (such as cyt c¢) were also detectable in the case of a
large membrane protein, such as RC. By analyzing the RC
Fe2™ site, we found that two of the coordinating His residues
are placed, on average, farther from the Fe?' atom in the
trehalose matrix, compared with the PVA film. The Fe-N,,(2)
distance, 1.99 A in PVA, increases to 2.04 A in trehalose
(Table 1). Interestingly, the other two coordinating His resi-
dues do not change their average distance Fe-N,»(1), strongly
suggesting a tighter bond. We propose to identify these latter
two His residues with His-M219 and His-LL190, which are
expected to be more rigid than His-M266 and His-L230, being
also hydrogen bonded to the quinones Q5 and Qg, respectively
(4,13—-15). In trehalose, the Glu residue also undergoes a
sizeable displacement with respect to the position in PVA, as
inferred from the stretching of the Fe-O,; bond (Table 1).

Although the elongations observed in the first-ligand dis-
tances are 3—4 times smaller in the RC Fe?" site, compared
with the cyt ¢ iron, it is noteworthy that a detectable, local
deformation occurs at a site of the RC which is well-shielded
by the protein matrix from the surrounding water-trehalose
matrix. In principle, the distortion of the Fe*" local structure,
observed in trehalose upon extensive dehydration, could be
attributable to the loss of water molecules, located inside the
protein between the quinone-Fe* " region and the RC surface
(15). This implies a larger extent of protein dehydration in
trehalose than in PVA, even though extensive desiccation of
the samples results in comparable concentrations of residual
water in the two matrices (see Materials and Methods). We
think it more likely that the deformations observed in the
local iron structure of RC arise from a strong protein-water-
trehalose interaction at the protein surface, as suggested by a
number of spectroscopic studies and molecular dynamics
simulations (31). In the case of RC, the structural effects of
this tight coupling would propagate to the interior of the
protein over a distance of at least 15 A. This value is inferred
from the minimum distance of His-M266 and His-L230 from
the surface water molecules identified by XRD (15) (Protein
Data Bank file 2J8C). These indications of long-range
structural effects are consistent with the large effects induced
on electron transfer by the incorporation of RC into a dried
trehalose matrix (11,31) and with the much less severe effects
observed in PVA films (12,31).

The first-shell DW factors determined in the PVA film and
in the dehydrated trehalose matrix are the same (within the
experimental error) (Table 1). This is in contrast with what
was observed for the heme Fe of cyt c; in this case, in fact, the
incorporation in trehalose leads to a dramatic decrease of DW
factors (28). The behavior observed in RC can be rationalized
when considering that both static (structural) and dynamical
(vibrational) disorder contributes to the DW factors. Because
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incorporation into an extensively dehydrated trehalose matrix
is expected to reduce protein dynamics drastically in the case
of RC (31), the lack of trehalose effects on the DW factors
suggests that the values of the DW factors are largely dom-
inated in both matrices by the static (structural), local heter-
ogeneity of the Fe?" site. In line with this interpretation,
Eisenberger et al. (21), by examining the temperature de-
pendence of the DW factor, concluded that the disorder
probed by their XAFS analysis was predominantly static
(structural) in nature. They estimated a static disorder pa-
rameter =0.01 A2, The DW factors we found (see Table 1)
are even smaller than this estimate of the static component
only, indicating that the vibrational contribution must be
negligible.

This notion is further supported by a recent molecular
dynamics study (52) in which a coarse-grained model of the
wild-type Rb. sphaeroides RC was used to obtain a rigidity
profile of the protein. The model was made up of force
constants, describing the ease of displacements of each res-
idue with respect to the rest of the structure. The result of this
local flexibility study was that regions around the Fe>* center
exhibited the largest force constants, and that the Fe" lig-
ands were among those yielding the highest values. It is not
surprising, therefore, that the dominating contribution to the
measured DW factors comes from static disorder and that, as
a consequence, a possible reduction in dynamics, induced by
incorporation in the trehalose matrix, has no effect on the
measurable DW factors. At the same time, the high local ri-
gidity of the Fe?* coordinating residues, and of the sur-
rounding protein region, can explain the sizeable structural
distortions observed in the Fe*" site when the RC is em-
bedded in the trehalose matrix. The perturbation induced by
straining of the RC surface in the dehydrated trehalose ma-
trix, because of the rigidity of the interposed protein region, is
expected to propagate to the buried Fe*" site, and to be strong
enough to distort the geometry of the Fe®" site. Our sug-
gestion that the two His residues that move farther from the
Fe?" atom in trehalose are His-M266 and His-L230 is con-
sistent with the values of the force constants calculated by
Sacquin-Mora et al. (52) for these residues (~200 kcal mol !
A2 and ~306 kcal mol™' Afz, respectively), which are
systematically lower than those evaluated for the other two
His residues (i.e., ~330 kcal mol ™' A2 for His-L190, and
~540 kcal mol " A~ for His-M219, which forms a strong
H-bond with Q,). An extremely crude estimate of the energy
involved in the distortion observed in trehalose can be per-
formed, using the force constant values and considering the
structure in PVA as the equilibrium configuration. Taking a
force constant for Glu-M234 equal to 165 kcal mol ™' A ™2
(52), and an average force constant of ~250 kcal mol ' A2
for His-M266 and His-L230 (see above), we obtain, ac-
cording to the displacements in Table 1, a total energy of
~1 keal mol ™!, associated with the deformation of the site.
This appears to be a reasonable value, and is at the lower end
of the energy range for hydrogen bonding (53).
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