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Abstract The transient complex between cyto-
chrome f and plastocyanin from the cyanobacterium
Nostoc sp. PCC 7119 has been analysed by X-ray
Absorption Spectroscopy in solution, using both pro-
teins in their oxidized and reduced states. Fe K-edge
data mainly shows that the atypical metal coordina-
tion geometry of cytochrome f, in which the N-ter-
minal amino acid acts as an axial ligand of the heme
group, remains unaltered upon binding to its redox
partner, plastocyanin. This fact suggests that cyto-
chrome f provides a stable binding site for plastocy-
anin and minimizes the reorganization energy
required in the transient complex formation, which
could facilitate the electron transfer between the two
redox partners.
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Abbreviations

Cf water-soluble fragment of cytochrome f

ET electron transfer

EXAFS extended X-ray absorption fine structure

FT Fourier transform

Pc plastocyanin

XANES X-ray absorption near edge structure

XAS X-ray absorption spectroscopy

XRD X-Ray diffraction

AE, internal potential correction

Ar change in the distance between the metal
and ligand atoms

a Debye—Waller parameter related to the
system dynamic disorder

Introduction

In oxygen-evolving photosynthetic organisms, the
cytochrome bg—f complex couples proton translocation
across the thylacoid membrane to the electron transport
between photosystems I and II (Allen 2004). In this
complex, cytochrome f (Cf) transfers electrons from the
Rieske iron sulphur cluster to a soluble metalloprotein
that acts as the immediate electron donor of P700
cofactor at Photosystem I.

The Cf subunit consists on a 28.2 kDa N-terminal
soluble domain anchored to the membrane by C-ter-
minal helix (Gray 1992). Its soluble domain is an
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atypical c-type cytochrome because both its f-sheet
secondary structure and the unusual heme axial coor-
dination (Martinez et al. 1994) with the N-terminal
amino acid Tyr-1 acting as an axial ligand.

The most ubiquitous electron carrier between Cf
and P700 is plastocyanin (Pc) (Sandman et al. 1983),
which is a type I cupredoxin (Gough and Chotia 2004).
Its structure consists on an anti-parallel f-barrel with a
single copper atom (Coleman et al. 1978; Sykes 1985;
Redinbo et al. 1994) coordinated by two nitrogen
atoms and two sulphur ones from highly conserved
residues (H39, C89, H92 and M97 in Nostoc cyano-
bacterium).

The mechanism of the electron transfer (ET) reac-
tion between Pc and its physiological partners has been
studied extensively (Hope 2000; Hervas et al. 2003;
Diaz-Quintana et al. 2003) highlighting the role of
electrostatic and hydrophobic interactions on binding.
Also, the solution structures of several Pc-Cf com-
plexes have been reported (Ubbink 2004; Diaz-
Moreno et al. 2005a, Lange et al. 2005; Musiani et al.
2005). In all the cases, these structures are consistent
with a single conformation ensemble in which the
hydrophobic patch surrounding Tyr-1 in Cf docks the
hydrophobic patch of Pc.

Despite the large amount of data concerning the
nature of the interactions influencing the binding
between the redox partners, little is known about the
effects of complex formation on the metal cofactors,
and how they can modulate the ET process. An
analysis about whether the Fe coordination in Cf is
altered upon binding to Pc would be interesting to
address the above-mentioned effects, especially due
to the fact that the N-terminal amino acid Tyr-1,
which is involved in the Pc-Cf interface (Ubbink
2004; Diaz-Moreno et al. 2005a, Lange et al. 2005;
Musiani et al. 2005), acts as axial ligand. To get a
deep insight on these subjects we have studied the
Fe K-edge of free and Pc-bound Cf by X-ray
absorption spectroscopy (XAS) in solution.

Materials and methods
Protein samples

Nostoc sp. PCC 7119 Pc was purified from E. coli cells
transformed with the pEAP-WT plasmid (Molina-
Heredia et al. 1998). Production and purification of the
soluble domain of Nostoc sp. PCC 7119 Cf were as
previously described (Albarran et al. 2005).

For the XAS experiments, the Pc and Cf samples
were concentrated to the required volume by ultrafil-
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tration methods, and exchanged into 10 mM sodium
phosphate pH 6.0. After concentration, stock solutions
of 10 mM Pc and 4.5 mM Cf were obtained. Protein
concentration was determined by optical spectroscopy
using an absorption coefficient of 4.5 mM™ cm™ at
598 nm for oxidized Pc (Molina-Heredia et al. 1998)
and 31.5mM™"'cm™ at 556 nm for reduced Cf
(Albarran et al. 2005). Oxidized Cf (Cf ™) was pre-
pared by adding an equimolecular amount of potas-
sium ferricyanide, followed by gel filtration in a
Pharmacia Superdex G75 column to remove ferrocya-
nide. Reduced Cf (Cf ") was obtained upon addition
of a tenfold excess of sodium ascorbate to a resulting
Cf ™ sample. Oxidized Pc (Pc') was obtained by
addition of either ferricyanide, as described for Cf. The
oxidized complex (Pc""-Cf ™) was prepared by adding
an aliquot of a 10 mM Pc' onto a Cf ™ sample up to
reach a final concentration of ca. 2 mM each. Under
these conditions, the percentage of Pc bound to Cf was
estimated to be ca. 87%, according to the binding
constant calculated from NMR data (Diaz-Moreno
et al., 2005a). The reduced complex (Pc'-Cf ) was
obtained upon addition of a tenfold excess of sodium
ascorbate to a Pc"-Cf ™ sample prepared as above.

XAS measurements

The X-ray absorption spectra were recorded at the
European Synchrotron Radiation Facility (ESRF) in
Grenoble (France), which was operating with a ring
current of 200 mA and energy of 6 GeV. The Fe
K-edge (7112 eV) was measured at beam line BM29
using a double crystal monochromator fitted with a
pair of flat Si (311) crystals detuned to 50% fwhm of
the maximum transmission, for the suppression of high
energy harmonics.

All measurements were made at room temperature
in fluorescence mode, using a 13-element Canberra
solid-state germanium detector. The samples were
contained in a PTFE cell equipped with two 12 um
Kapton foil windows.

Energy calibration was achieved by measuring an
iron foil for the Fe edge. The spectra of the foil were
measured simultaneously, with the data in transmission
mode, to be used as an internal reference. Ionization
chambers filled with the appropriate mixture of gases
were used as detectors.

For all measurements, each data point was collected
for 4 s, and several scans were averaged to achieve a
good signal-to-noise ratio. In no case protein photo-
reduction or damage was observed, even in those
samples in which the measurements were made over
several hours. For the oxidized forms free and
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Pc-bound Cf, the edge remained at fix energy position
from the first to the last scan, thus confirming the
absence of protein photoreduction. The lack of radia-
tion-induced changes in the samples was also
confirmed by UV-vis measurements before and after
XAS measurements.

XAS data analysis

The background subtraction required to obtain the
extended X-ray absorption fine structure (EXAFS)
functions y(k) from the measured X-ray absorption
spectra were performed using the AUTOBK code
from the University of Washington. E; was defined
as the maximum of the first derivative of the
absorption edge.

To analyze the EXAFS spectra, the theoretical
phases and amplitudes were calculated using the FEFF
6.0 code (Rehr et al. 1992; Newville et al. 1995). The fit
to the experimental data was performed using the
FEFFIT program (version 2.54) (Newville et al. 1995).

Results and discussion
XANES region

Figure 1 (upper panel) shows the X-ray absorption
near edge structure (XANES) spectra corresponding
to free Cf in its reduced and oxidized states. In both
spectra there is a pre-edge feature corresponding to
the forbidden transition 1s—3d, which is sensitive to the
electronic and geometric structure of the atom (Fe) site
(Westre et al. 1997). In fact, the intensity of this tran-
sition agrees with the octahedral environment around
the iron atom in Cf (Martinez et al. 1994).

On the other hand, the edge position, determined by
the maximum in the first derivative of the absorption
spectrum corresponding to free Cf ", appears ca. 1 eV
below that of Cf™, as previously found for the reduced
and oxidized states of two closely related proteins, as
heart cytochrome ¢ (Cheng et al. 1999) and Nostoc
cytochrome ¢4 (Diaz-Moreno et al. 2006). In case of
cytochrome ¢ (Cheng et al. 1999), photoreduction of
the oxidized species was observed only after the 16th
spectrum of the series. In our case, however, there is no
photoreduction as inferred from the fact that the edge
position remains fixed for all the spectra along each
series i.e. reduced or oxidized, free or bound. The
reason not to observe any sample photo-reduction is
due to the moderate brightness of the EXAFS spec-
trometer deliberately chosen for this investigation. In
addition, the same shift has also been reported upon
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Fig. 1 XANES region of the Fe K-edge XAS spectra of free and
Pc-bound Cf. Upper, experimental data for oxidized and reduced
forms of free proteins, Cf ™ (continuous line) and Cf ™ (dashed
line). Middle, data for the oxidized species, Cf ™ (continuous
line) and Pc"-Cf ™ complex (dashed line). Lower, data for the
reduced species, Cf ! (continuous line) and Pc'-Cf I complex
(dashed line). The presence of a pre-edge signal at 7113 eV is
marked by arrows

oxidation from Fe** to Fe*" at pH 7 in the heme pro-
tein cytochrome ¢ (Shulman et al. 1976).

Moreover, there are some differences in both
XANES spectra, particularly in the first feature after
the edge.

Figure 1 also shows the XANES regions of the
absorption spectra of Cf bound to Pc in the oxidized
and reduced state. The XANES region of the absorp-
tion spectra for Pc"-Cf ™ and Cf ™ are identical
(Fig. 1, middle panel), indicating that the electronic
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and geometrical configuration around the iron centre
remains unchanged when bound to Pc. However, this is
not the case for the reduced proteins (Fig. 1, lower
panel). In fact, the spectrum of the Pc'-Cf "' complex
exhibits some differences compared with that of free
Cf". With regard to the pre-edge, a slight increase in
the intensity of this feature is observed for Cf "' when
bound to Pc', according to the decrease in electron
density of the Fe atom. The shape of the first feature
after the edge slightly changes too, thus suggesting
certain modifications in the geometrical distribution of
the ligands around the iron atom. It is worth noting
that the spectrum of the reduced complex is very
similar—except for the pre-edge signal and edge posi-
tion—to that of the oxidized complex and free oxidized
Cf, as shown in Fig. 3. This suggests that the iron
geometry in reduced Cf'is distorted upon association to
Pc, approaching to that of the iron centre in the oxi-
dized form, either free or bound to Pc.

EXAFS Region

The extracted EXAFS signals of Cf in the reduced and
oxidized states are shown in Fig. 2 (left panels) as
k-weighted spectra. The choice of a k-weighting
instead of a k’-weighting is based on the following
facts. First, we were interested in determining the local
environment around the absorbing atom and, in par-
ticular, at the first coordination shell. This shell is
formed by iron and light elements, such as nitrogen,
and their backscattering amplitude drops quickly at
increasing energy (k value). Therefore, they have a
larger contribution when the transforms are made in k
rather than in &°. Second, if a k>-weighting is used, the
highest energy part of the spectrum is emphasized and,
in this case, the EXAFS signal would be dominated by
the spectral region where the signal-to-noise ratio is
poorer.

We should note here that the XAS data were
collected at room temperature in order to maintain
consistency with previous room temperature NMR
measurements made on the same systems (Diaz-Moreno
et al. 2005a, b). Although a better signal to noise should
be obtained at cryogenic temperatures, the transient
complexes we study are not stable upon freezing, unless
the partners are chemically cross-linked. Similar exper-
imental conditions are required by EPR. Although EPR
measurements on free and Pc-bound Cf would help to
study the iron geometry, any comparison between
results inferred from NMR or XAS, on one hand, and
EPR, on the other, would be unreliable.

As can be seen, the EXAFS function is not a
simple wave but a combination of different waves
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Fig. 2 EXAFS data (panels a and b) and their FT modules
(panels c and d) at the Fe K-edge of Cf, either free or bound to
Pc. The EXAFS spectra of free proteins (Cf ' and Cf ™) are
shown in panel a by continuous line for Cf ™" and dashed line for
Cf ™. In panel b, the EXAFS spectra of Pc'-Cf " and Pc''-Cf ™
complexes are represented by continuous and dashed lines,
respectively. The corresponding FT modules of the EXAFS
spectra for free Cf (Cf ™ and Cf ™) are represented in panel ¢ by
closed and open circles, respectively. Panel d shows the FT
modules for Pc-bound Cf forms: Pc!~Cf ™" by closed circles and
Pc"-Cf ™ by open circles. The best fits of the FT data for both
reduced (Cf " and Pc'-Cf ™) and oxidized states (Cf "™ and Pc"~
Cf™) are represented by continuous and dashed lines, respec-
tively

corresponding to the contributions from the neigh-
bouring atoms at different distances around the iron
centre. Indeed, the EXAFS signals of Cf do not change
upon binding to Pc, thereby indicating that the local
coordination environment around the iron centre
remains unchanged.

The Fourier Transform (FT) of the corresponding
spectra and the best fits, obtained with the parameters
included in Table 1, are also shown in Fig. 2 (right
panels). As a starting model, the values obtained from
the X-ray diffraction (XRD) structure of Phormidium
Cf (Carrel et al. 1999) were used. In all cases there is a
main signal around 1.5 A, which corresponds to the
first coordination sphere formed by the four nitrogen
atoms of the porphyrin ring (NA, NB, NC and ND),
along with the nitrogen atoms of the two iron axial
ligands Tyr-1 (N) and His-26 (N,,). The intensities of
the remaining signals are significantly lower than the
first one because they correspond to contributions
from lightweight elements lying at longer coordina-
tion distances. In order to fit the data, six simple scat-
tering paths from the Fe atom to the six ligand N atoms
were selected. Ar; and Ar, were used as two fitting
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parameters corresponding to changes in the distances
of Fe to the two axial N atoms and to the four phor-
phyrin N atoms, respectively. The Debye—Waller
parameter, 67, related to system dynamic disorder was
also fitted, with o7 accounting for the bonds between
the Fe atom and the two axial N atoms and o3
accounting for the bonds between the Fe atom and the
four porphyrin N atoms. The fifth adjustable parameter
was the internal potential correction (AEy).

Although there are no significant changes in the
metal-ligand distances, the Fe K-edge X-ray absorp-
tion data suggests a small distortion of the Fe** metal
centre geometry when Cf ! binds to Pc'. The resulting
Fe** geometry resembles that of Cf ', either free or
bound to Pc! (Fig. 3). Although the Fe atom of Cf
shows a well-defined position at the heme group, which
provides a rigid frame, the small distortion on the Fe**
metal centre when Cf " binds to Pc' can be explained
by the smaller size of Fe*" compared to Fe**: The Fe**
atom fits well into the heme ring whereas the Fe**
atom is somewhat shifted out of the plane (Schnac-
kenberg et al. 1999); however, the Fe?* atom could be
driven into the ring upon complex formation, thus
yielding a structure of Pc'-bound Fe?* similar to that of
Fe** in free and Pc"-bound Cf ™.

Table 1 Best-fit structural parameters resulted from the EXAFS
analysis for free and Pc-bound Cf, in both oxidized and reduced
state

System  Ligand AE, (eV) r(M-L) (A) ¢*(M-L) (A?)
crt N (NC) “7+4 196 +0.02 0.002 + 0.001
N (NA & ND) 1.97 + 0.02
N (NB) 1.98 + 0.02
N (N,) 2.44 + 0.06 0.010 + 0.010
N (N) 2.49 + 0.06
crt N (NC) —6+2 197 +0.01 0.002 + 0.001
N (NA & ND) 1.99 + 0.01
N (NB) 2.00 + 0.01
N (N,) 2.43 +0.02 0.004 + 0.003
N (N) 2.48 + 0.02
Pc™-Cf ™ N (NC) -7+3 197 +0.01 0.002 + 0.001
N (NA & ND) 1.98 + 0.01
N (NB) 1.99 + 0.01
N (N,) 2.40 + 0.03 0.011 + 0.009
N (N) 2.45 + 0.03
Pc-CfT N (NC) -6+3 197 +0.02 0.003 = 0.001
N (NA & ND) 1.98 = 0.02
N (NB) 1.99 + 0.02
N (N,) 2.40 + 0.03 0.010 + 0.009
N (N) 2.45 + 0.03

S3, factor of amplitude of reduction; r(M-L), metal-ligand dis-
tance

S3 = 1.0, Ak = 3.5-11 (1/A), AR = 1.1-2.1 (A), R factor (free
Cf™) = 0.044, R factor (free Cf™) =0.004, R factor (Pc" -
bound Cf ™) = 0.004, R factor (Pc' -bound Cf ™) = 0.003
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Fig. 3 XANES region of the Fe K-edge XAS spectra of
free Cf™ and Pc'-bound Cf". Experimental data for Cf ™ and
Pc'-Cf ™ are shown in continuous and dashed lines. The presence
of a pre-edge signal at 7113 eV is marked by arrows

This tiny perturbation is consistent with the
intensity changes at the pre-edge region of Cf " in
presence of Pc', because they correspond to transi-
tions to the iron d,2 and d,2,2 orbitals, which are
pointing towards the axial and equatorial ligands,
respectively. As the reducing electron is not located
in these orbitals, such subtle changes may have little
influence on the redox potential. This situation is
clearly different to that previously reported for
cytochrome c¢g, which shows a perturbation on the
pre-edge region corresponding to its oxidized species,
instead of the reduced ones, upon binding its reac-
tion partner, photosystem I (Diaz-Moreno et al.
2006). In such case the pre-edge corresponds to
transfer to a half-occupied non-bonding d orbital,
which is that receiving the reducing electron, so the
observed changes can be correlated with changes in
the redox potential of the heme protein. Regarding
to this point, it is important to note that the heme
plane is normal to the interaction surface of cyto-
chrome cg, but parallel in the case of Cf.

Thus, our results indicate that the bond between
iron and the N-terminus nitrogen is strong enough to
prevent a distortion of the iron-coordination geom-
etry upon binding of Cf to Pc, as well as to provide a
stable binding site to the copper protein. Such a
stiffness of the coordination sphere minimises the
reorganisation energy concomitant to charge transfer,
thus optimising the ET process.
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