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The 220 kDa dimeric cytochrombsf complex of oxygenic
photosynthesis provides the “linear” or “noncyclic” electronic
connection between the two reaction centers photosystems | and Il
that are, respectively, coupled to NADPeduction and oxygen
evolution! Thebsf complex has also been implicated in the “cyclic”
electron transport pathway connected to photosystem | that regulates
the ratio of ATP and NADPH without any net electron trangfer.
The electron transport functions of thgf complex are coupled to n-side
proton transfer and generation of a trans-membrane proton elec-Figure 1. Hemesh, andc, near the electrochemically negative side (n) of
trochemical gradient, by mechanisms similar to those of the the cytochromesf complex.
cytochromebc; complex of the respiratory chain and the photo-
synthetic bacteridwhose protein core is similar to that of thef
complex? Prior to X-ray crystal structure analysis, each monomeric
unit of the complex was known to contain six bound prosthetic
groups, three hemed, (two hemesb, b, and b,), one [2Fe-2S]
cluster, and one molecule each of chloroplaylf and3-carotené.

Crystal structure analysis of thgf complex from a green alda
and a thermophilic cyanobacterifimrevealed the presence of an
additional hemec,, previously detected spectrophotometricdlly,
which is covalently bound on the electrochemically negative (
side of the complex at a site very close tb-aeme b,). Only one
axial ligand of hemes,,, a water molecule, has been reported. The
water is hydrogen bonded to ti@atom of a propionate of heme
b, (Figure 1). The presence of hemgis a feature of the structure
of the bgf complex that is unique compared to the complex. In
spite of the small distance of separation between the two hemes, it
has been implied previously that hentgsndc, are electronically
independent.”® This assumption is examined in the present work.

Many EPR studies of the cytochronigf complex have been
reported over the past 25 yedfs!3 In all these studies, signals
with g > 4.3 were attributed either to an impurity species, to a
low-spin heme that lost an axial histidine, or to a mixture of isolated
high-spin species. Here, we demonstrate that all signals apsve
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cytochromef,4 and the simulation (Figure 2C) indicates that
approximately 60% of it is reduced. The signagjat 3.68 is from
low-spin hemely,, and the simulation of this signal (Figure 2B)
indicates a spin concentration comparable to the protein concentra-
tion. Previously, this signal was thought to be from bbthemes
of the complex2 However, the signal quantitation and presence
of the spin interacting system discussed next both indicate that the

= 3.68 signal originates only from thg heme.

The X- and Q-band spectra f@&;[0B show many signals for
g > 4.3 which have frequency-dependegntalues. For half-integer
spin systems with large zero-field energies, this and the observation
of the parallel-mode signal (Figure 2E) indicate the presence of
spin interactions. None of the signals aboge= 4.3 can be
attributed to a significant fraction of an isolated (noninteracting)
heme species. The simulations D, F, and H shown in Figure 2 are
calculated for a high-spin hem&(= %,) exchange coupled to a
low-spin heme % = /), all using the same set of parameters given
in the figure capture. The fit requires that theéensor of hemé,
(low-spin) has one largg-value near 3.7 in a direction aligned
with the in-planeg-values of heme, (high-spin). This is consistent
with the structure of the cyibsf complex which shows a crossed
imidazole plane configuration for henbg (Figure 1). This crossed
. - ) o g configuration results in ong-value greater than 3.2, aligned near
4.3 are in fact associated with a spin interaction between HBme ¢ irection of the heme norm&iFurthermore, the structure shows
and hemez,. No significant amount of isolated high-spin heme is 54 the hemes, andc, planes are nearly orthogonal; thus, the
present in native preparations. Further_mor_e, the gddltlon of quInONe 5 geq-value of hemds, will be aligned with the in-plang-values
analog NQNO (23-nonyl-4-hydroxyquinolineN-oxide) causes a of hemec,.
significant change in signals, but the two hemes remain spin-  \ye haye not yet found a simulation parameter set which correctly

coupled. fth ) h | positions all resonances. The parameter space is large, including
X-and Q-band EPR spectra of the native cytochrtgieomplex the exact magnitudes and relative orientationsgaénsors and

and simulations are shown in Figure 2 with magnetic fields shifted possible anisotropy of thd-tensor. Nevertheless, many of the
to give equalg-value scales. The X-band data are shown for g,qca| features match in all three sets of data. In particular, the
conventional perpendicular orientation of magnetic fiBldwith parallel mode simulation (Figure 2F) matches the experimental
respect to the_static fi_eIE (Figure 2A) "’_md for parall_el orientation spectrum reasonably well, and from this match we determine that
of these two fields (Figure 2E). The signalgat= 4.3 is due toan 4o sin concentration of the high-spin/low-spin heme pair is in
adventitious .Fe(III) |mpur|ty with a copcentratlon of Iegs than 5% approximate agreement with the protein concentration. The ad-
of the protein concentration. The signal @t= 3.51 is from ditional resonances not observed in the simulations may also be
t Carnegie Mellon University. due to a second conformation of the high-spin/low-spin pair. Most
* Purdue University. notably, we have been unable to simulate a doublet feature in a
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Figure 2. Multifrequency EPR spectra (thick lines, conditions as listed)
and simulations (thin lines) of native cytochrotng complex (~0.1 mM,

pH 7.5) from spinach (A-H), and with excess NQNO (I, J). (B) Simulation
of low-spin heméy, (9 = 0.63, 1.53, 3.68), (C) low-spin henfi¢gg = 0.78,
1.70, 3.51). The simulations D, F, and H are for an exchanged-coupled
system: S, = 5%, S =Y, g1 = 1.98,D; = 7 cn '}, E/D; = 0.033,02 =

0.4, 1.6, 3.7,Jso = 0.074 cnl, S Euler rotation (0, 9¢°, 90°). The
simulations(l, J) of the NQNO samples are overlaid on data and are
composed of two species: (i) an exchanged-coupled sySten?/;, S =

Ys, g1 =1.98,D; = 7 e}, E/D; = 0.02,9, = 0.9, 1.7, 3.5) = 0.0035,
0.0085, 0.007 cmt, S Euler rotation (0, 9¢°, 9¢°) and (ii) an isolated
high-spin heme species with= 6.96, 4.85 E/D = 0.045). Signals from
the cavity background are as indicated.

Q-band spectrum negr= 9 with inclusion ofJ-anisotropy and a
dipole interaction.

Heme-heme interactions have been previously characterized in
other multiheme proteins, such as the octaheme hydroxylamine
oxidoreductasé and tetraheme cytochron@d5417 In those pro-
teins, the porphyrin planes of interacting hemes are approximately
parallel, allowing for a directt—s overlap of porphyrin orbitals.
However, in cytbsf, the porphyrin planes of hemégs andc, are
nearly orthogonal. Thus, the spin interaction is likely to be via the
H-bond of the bridging water molecule rather thans overlap.

Heme c, is unique in nature in having no protein ligands
coordinating axial to the heme. Thus, we expect that small
molecules such as cyanide would bind to hegpeSurprisingly,
the addition of CN at pH 8.5, or its hydrophobic analog butyl
isocyanide, had only minor effects on the EPR spectra. In contrast,
the addition of the quinone analog NQNO showed a significant
spectral change. NQNO is a,@ocket inhibitor which shifts the

potential of hemec, by approximately—200 mV18 The X- and
Q-band spectra of cyibsf treated with an excess of NQNO are
shown in Figure 2l and J. Here again, tip@alues of the signals
depend on the microwave frequency, indicating spin interactions
are still present (the parallel mode signal vanishes owing to the
weaker interaction). The simulations shown (thin lines on data) are
composed of two species, a weakly interacting high-spin/low-spin
heme pair and a minority isolated high-spin species. The spin-
coupled signals of the native spectrum are nearly quantitatively
converted to the signals of the new spin-interacting system.
Importantly, theE/D value for hemes, changes from 0.033 to 0.02,
and the strength of the coupling in the presence of NQNO is
significantly weaker than that of the native complex. The change
in E/D indicates binding of NQNO in close proximity, possibly as
an axial ligand, to the heng. The 10-fold decrease in the exchange
interaction suggests a weakening of the H-bond between the
bridging water molecule and propionate O atom. The minority
species is an isolated high-spin herge{6.96, 4.85E/D = 0.045)
which quantifies to<20% of the protein concentration. This species
is not evident in the native sample, suggesting that it is due to a
second binding mode of NQNO to herog

We have demonstrated the presence of an electronic exchange
interaction between hemds andc,, and shown that a quinone
analog binds at or near to hemge The electronic coupling implies
that the hemeby/c, pair could function as a unit to facilitate
2-electron reduction of plastoquionone without generation of an
energetically unfavorable semiquinone intermediate.
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