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ABSTRACT. Type | homodimeric reaction centers, particularly the class present in heliobacteria, are not
well understood. Even though the primary amino acid sequence of Pshigliabacillus mobilishas

been shown to contain anxFinding site, a functional FeS cluster has not been detected by EPR
spectroscopy. Recently, we reported that PshB, which containarfd F-like Fe—S clusters, could be
removed from theHeliobacterium modesticaldumeaction center (HbRC), resulting in 15 ms lifetime
charge recombination between P7%hd an unidentified electron acceptor [Heinnickel, M., Shen, G.,
Agalarov, R., and Golbeck, J. H. (2008)ochemistry 449950-9960]. We report here that when a HbRC
core is incubated with sodium dithionite in the presence of light, the 15 ms charge recombination is
replaced with a kinetic transient in the sub-microsecond time domain, consistent with the reduction of
this electron acceptor. Concomitantly, a broad and intense EPR signal arises greuhidlong with a

minor set of resonances arouga= 2 similar to the spectrum of the [4Fe-4S3luster in the Fe protein

of Azotobactervinelandii nitrogenase, which exists in two conformations havig %, and S = Y/,
ground spin states. The ‘Msbauer spectrum in the as-isolated HbRC core shows that all of the Fe is
present in the form of a [4Fe-48] cluster. After reduction with sodium dithionite in the presence of
light, approximately 65% of the Fe appears in the form of a [4Fe-48]ster; the remainder is in the
[4Fe-4ASF state. Analysis of the non-heme iron content of HbRC cores indicates an antenna size of 21.6
+ 1.1 BChlg molecules/P798. The evidence indicates that the HbRC contains a [4Fe-4S] cluster identified
as F that is coordinated between the PshA homodimer; in contrast to &ther type | reaction centers,

this [4Fe-4S] cluster exhibits a®= 3/, ground spin state.

Type | homodimeric reaction centers, particularly the class well as the number and identities of polypeptides that
present in Heliobacteriaceae, are among the most poorlyconstitute the heliobacterial reaction center (HbRC) remain
understood of all photosynthetic complexes. Three-di- obscure.
mensional X-ray crystal structures exist at atomic resolu-  \wnat is known with certainty concerns the early light-

tion for the purple non—fsulfur bacterial reaction center jnquced reactions. The primary electron donor, P798, is
(1, 2) and for cyanobacterial photosystem | (PS(B), and ¢ gnsidered to be a dimer of Bchl (the 13 epimer that

the protein bac_kbone and cofactor arrange_ment is knownnOW appears to be a common feature of all type | RCs), and
from near-atomic resolution X-ray data for higher-plant PS o .ation is delocalized over both molecul@s ). The
| (4) and cyanobe_tcterlg_l photosystem §7). In contrast, primary acceptor is Chd 670, an 8-hydroxy Chla molecule.
the number and identities of electron transfer cofactors aSCharge separation between P798 andodcurs within 25
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electron paramagnetic resonance; HbRC, reaction center Hielin- ties of menaquinone-9 (as well as some menaquinone-8 and

bacterium modesticaldurPshA, photosynthetic reaction center protein Menaquinone-10), but isolated HbRCs have been reported
from heliobacteria; PshB, low-molecular mass+eprotein bound to to contain as little as one molecule or led®?)( EPR (L3

the HbRC; HbRC core, HbRC without the PshB protein; B@hl ; ;
bacteriochlorophyllg; Av, Azotobacterinelandii; Hm, He. modesti- and ENDOR 14) studies show a photoaccumulated signal

caldum SDS-PAGE, sodium dodecyl sulfatepolyacrylamide gel ~ consistent with a semiquinone radical, but optical kinetic and
electrophoresis. photovoltage experimentsl) have failed to confirm a
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functional quinone intermediate. A broad and featureless an oxygen reporter dye, was also added to a final concentra-
optical difference spectrum in urea-treated membranes oftion of 0.001%. All manipulations were performed anaero-
Heliobacillus mobilis provides the only evidence of an bically. Plasticware and glassware were placed in the
Fx-like Fe—S cluster 16), the existence of which is never- anaerobic chamb@ h prior to use and tested with a resazurin
theless implied by a conserved FPCxGPxxGGTC motif on solution to verify that any residual oxygen had been re-
the PshA reaction center polypeptider’). Surprisingly, the moved. Cells grown to late-exponential phase were har-
presence of fcould not be confirmed by EPR spectroscopy vested at 100afand resuspended in 50 mM MOPS buffer

in membranes offfeliobacterium chlorumalthough a well- (pH 7). Whole cells were lysed by sonication, and mem-
defined set of resonances shows the presencey-ofird branes were pelleted by centrifugation at 2000dem-
Fg-like Fe—S clusters 18). branes were solubilized with 1¥%dodecylf-b-maltopyra-

We recently carried out a series of systematic experimentsnoside for 1 h, and intact membranes were removed by
aimed at re-examining the issue of the participation of centrifugation at 2000@) Solubilized membranes were
Fe-S clusters in the photosynthetic reaction center of passed over a diethylaminoethyl cellulose ion-exchange col-
Heliobacterium modesticaldur(Hm), a thermophile that ~ umn equilibrated in 50 mM MOPS (pH 7.0). The flowthrough
grows in hot springs and volcanic soils9. We showed contained the HbRC cores, which were concentrated by
that the intact photosynthetic reaction centeHaf (HbRC) ultrafiltration to 15 mM Chl (1200 OD at 788 nm) and
could be isolated from membranes usinglodecylS-p- divided into three aliquots: one diluted 1500-fold and used

maltopyranoside and partially purified on a sucrose density for time-resolved optical studies and the other two used
gradient R0). The low-temperature EPR spectrum of a without dilution for EPR studies and Mebauer studies. The
sample that was illuminated at 20 K exhibits a rhombic identical sample of’Fe-containing HbRC cores was there-
spectrum, withg values of 2.067, 1.933, and 1.890, which fo_re used for all of the spectroscopic studies described in
is attributed to a single [4Fe-4SEluster. The EPR spec- this paper.

trum of a sample that was continuously illuminated during ~ Bacteriochlorophyll and Iron AnalyseSthe amount of
freezing is more complex and exhibits multiple resonances bacteriochlorophyllg was measured in acetone using a
spanningg values from 2.04 to 1.90; these features were Previously published molar extinction coefficie1j. A 10
assigned to two [4Fe-4S]clusters, which are dipolar uL aliquot of HbRC cores was added to 99D of acetone;
coupled. The low-molecular mass protein containing the the sample was vortexed and spun at 1@)@@d the optical
Fe—S clusters, which we termed PshB, could be dissociateddensity of the supernatant was measured at 762 nm. The
from the HbRC by washing with 1.0 M NaCl and removed amount of non-heme iron was measured according to a
by ultrafiltration over a 30 kDa cutoff membrane. The Previously described protocd?®) with minor modifications.
resulting HbRC core, which was further purified by ion- A 300 uL aliquot of HbRC cores was added to 300 of
exchange chromatography, could rebind PshB, resulting inreagentA (4.5% sodium dodecyl sulfate and a 1.5% saturated

the recovery of light-induced EPR signals of thg-Fand ~ Solution of sodium acetate) and 300 of reagent B (273
Fe-like Fe—S clusters Z0). mM ascorbic acid, 8.45 mM sodium meta-bisulfate, and a

The isolation of an intact, functional HbRC core provided 6.6% saturated solution of sodium acetate), and the mixture

; ; ; incubated at 37C for 15 min. A total of 15uL of
an opportunity to study the electron acceptor that immediately /&S INcu _ . ;
precedes Fand F. The flash-induced kinetics of the intact '€agent C [36 mM 3-(2-pyridyl)-5,6-di(2-furyl)-1,2,4-triaz-

HbRC complex show two kinetic phases at room tempera- ine-3,5"-disulfonic - acid, sod|u_m salt, .also known as
ture, one with a lifetime of ca. 75 ms and the other with a ferene] was added, and the optical density was measured at

lifetime of ca. 15 ms. The 75 ms component is lost when 293 NM. A control was prepared without adding reagent C,

PshB is removed from the HbRC complex, and it is regained and the optical density was measured similarly. The differ-

when PshB is rebound to HbRC cor@), Thus, the 15 ms ~ €NCe between the sample and control represented the opti-
kinetic phase is derived from recombination of P7eath @l density from the irofiferene complex. The standard

an earlier acceptor that remained unidentified, but which we CUVe was constructed from a freshly prepared solution of

proposed might be, However, we were unable to measure Fe!(NH4)2(SQy)>-6H:0.

an EPR spectrum of an F& cluster after photoaccumulation ~_'iMe-Resaled Optical SpectroscopyThe kinetics of
of HDRC cores in the presence of sodium dithionite at pH reduction of the primary electron donor were measured by

10.0 (see also ref6), conditions that should have allowed monitoring the flash-induced absorbance change at 798 nm.

us to detect k. We suggested that this could be because 1"€ Sample was placed a 1 cmx 1 cm quartz cuvette.
the F cluster has exceedingly rapid relaxation properties or ACtinic illumination was provided by a Nd:YAG laser
an unusual ground spin state; both would make detection (Quanta-Ray DCR-11, Spectra-Physics, Mountain View, CA)
by EPR difficult. The work presented here is directed toward OPerated in the second harmonic 532 nm) with a 7 ns

obtaining unequivocal EPR and sbauer evidence for the ~duration and an energy of2 mJ/cni. The measuring beam
presence of a [4Fe-4S] cluster in HbRC cores. was derived from a 400 W tungstehalogen lamp (model

66057, Oriel Corp., Stratford, CT), which was passed
MATERIALS AND METHODS sequentially through &, m monochromator (model 82-410,
Jarrell-Ash. Co., Waltham, MA) and a shutter (Uniblitz
Isolation of HbRC CoresCultures oHmwere generously = model T132, Vincent Associates, Rochester, NY). The beam
provided by M. Madigan (Southern lllinois University, was monitored using a biased Si photodiode (PIN10D, UDT
Carbondale, IL). Liquid cultures dim were grown anaero-  Sensors, Inc., Hawthorne, CA) shielded from stray light by
bically in PYE media as described in r&® except that 50  a narrow-band interference filter centered at 800 nm (Corion).
umol of 5’Fe was added to the growth medium. Resazurin, The shutter was opened 20 ms before the onset of the laser
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flash. The signal from the photodiode was amplified with SS+ 1)

an AM502 differential amplifier (Tektronix, Beaverton, OR), H = S-g-B + D|S? — ———| + E(S? — §}) +
digitized with a DSA601 digital oscilloscope (Tektronix), 3

and processed on a Power Macintosh computer (model 9500, 2 eQV,, L+ 1) n

Apple Computer, Cupertino, CA) that was interfaced with ZYiz -——+ —(vaiz - Iy’iz) +

the digitizer via an IEEE-488 bus (PCI-GPIB, National = 4 3

Instruments, Austin, TX). The electronic bandwidth of the 2 2
detection system was 1 MHz. Typically—80 transients SArli = ) 98Bl

were averaged. Kinetic traces were analyzed by fitting the = =
multiexponential decay using the Marquardt Ieast-squaresRESUL_l_S
algorithm program in Igor Pro (Wavemetrics, Lake Oswego,
OR). The samples were suspended in 50 mM MOPS (pH Reduction of Acceptor X in HbRC Cores by Photoaccu-
7.0) to an OD of 0.8 at 788 nm. mulation.HbRC cores were prepared by stripping PshB from
EPR Spectroscopy.ow-temperature EPR spectroscopy HbRC complexes wit 1 M KCI followed by ion-exchange
was performed using an ECS-106 X-band spectrometerchromatography20). As shown in Figure 1 (top), the flash-
(Bruker Biospin, Billerica, MA) equipped with an ESR900 induced absorption change at 798 nm in the resulting HbRC
liquid helium cryostat and an ITC-4 temperature controller core decays monotonically with a lifetime of 16 ms. The
(Oxford Instruments, Billerica, MA). The HbRC cores were total absence of the ca. 75 ms decay component indicates
loaded into the EPR sample tubes along with 33 mM sodium that the PshB protein, which contains thedhd kg clusters,
dithionite and 100 mM glycine (pH 10.0). The samples were has been completely removed. We tentatively denote the
photoaccumulated by fitting the EPR tube with a vacuum electron acceptor responsible for the 16 ms kinetic transient
adaptor and illuminating the sample wia 3 WSeries 2000 in purified HbRC cores as component X. Prolonged exposure
argon ion laser (Spectra-Physics) in an outboard glass dewato air does not alter the amplitude or kinetics of the flash-
under conditions that allowed the sample to be frozen slowly induced transient, indicating that unlike &d R, X is stable
to 77 K. A 3-fold beam expander ensured a uniform to dioxygen. Because the addition of 2 mM sodium dithionite
illumination of the sample tube during freezing. at pH 10.0 did not alter the amplitude or kinetics of the 16
Values for the zero-field splitting paramet& were ms component on a single-turnover flash, X cannot be
estimated using a previously described proto@3).( The reduced chemically. However, the application of successive
populations of the two Kramers doublets of tBe= 3, laser flashes to the sample resulted in the progressive loss
ground state were estimated@walues of 4.4 and 5.4. A of amplitude of the 16 ms decay component such that 50%
plot of the natural logarithm of the ratio of the peak of the absorbance change was lost after nine flashes and 85%
intensities versus the inverse of the absolute temperature isof the absorbance change was lost after 90 flashes (data not
fit to a straight line, the slope of which yields the energy shown). A continuous beam of white light produced the same
separationA, of the two Kramers doublets of the= 3%/, effect; as shown in Figure 1 (bottom), more than 95% of
ground state. the amplitude of the 15 ms decay component was lost after
Mossbauer Spectroscopydssbauer spectra were re- illumination for 1 min. The missing amplitude represents
corded on spectrometers from WEB Research (Edina, MN) either rapid charge separation followed by recombination
operating in the constant acceleration mode in transmissionbetween P798 and an electron acceptor that precedes X or a
geometry. Spectra were recorded with the temperature of thedamaged HbRC core. When the pH was lowered to 7.0 by
sample at 4.2 K maintained with a liquid helium cryostat. addition of aerobic buffer, the 16 ms phase returned (data
For low-field spectra, the sample was kept inside a SVT- not shown), indicating that X is reduced rather than damaged.
400 dewar (Janis, Wilmington, MA) and a magnetic field Under both illumination protocols, a kinetic transient with a
of 40 mT was applied parallel to thebeam. For high-field lifetime of 23 us becomes visible (Figure 1, bottom), the
spectra, the sample was kept inside a 12SVT dewar (Janis)magnitude of which does not depend on the loss of amplitude
which houses a superconducting magnet that allows for of the 16 ms decay phase. Because its amplitude is a function
application of variable fields between Och8 T parallel to of the laser flash intensity (data not shown), this component
the y-beam. The isomer shifts quoted are relative to the is tentatively assigned to the decay of an antenna chlorophyll
centroid of the spectrum of a metallic foil of Fe at room triplet.
temperature. Data analysis was performed using WMOSS As-Isolated HbRC Cores Contain a [4Fe-4S[Cluster.
from WEB Research. Some of the simulations are based onTo determine whether X is an F& cluster, we studied as-
the spin Hamiltonian formalism, given by the following isolated®>Fe-enriched HbRC cores by Msbauer spectros-
equations, in which the first three terms describe the elec- copy. The spectrum, which was recorded at 4.2 K in an
tron Zeeman effect and zero-field splitting of te= 3/, externally applied 40 mT magnetic field oriented parallel to
ground state, the fourth term represents the interactionthe y-beam, is shown in Figure 2 (top) as hash marks. It is
between the electric field gradient and the nuclear quadrupolea sharp (line width[erx = 0.25 mm/s andligne = 0.29
moment, the fifth term describes the magnetic hyperfine mm/s) quadrupole doublet with parameters typical of
interactions of the electronic spin with th&e nuclei, and  [4Fe-4S}+ clusters: isomer shif = 0.45 £+ 0.02 mm/s
the last term represents the nuclear Zeeman interaction.and quadrupole splitting parametsEq = 1.07+ 0.02 mm/s
Simulations for both spectroscopically distinct sites (diferrous (Figure 2, top, solid line). This quadrupole doublet accounts
pair and mixed-valent pair) of the [4Fe-4S¢luster were for 97 &+ 3% of the total intensity of the spectrum. The spec-
carried out with respect to the electronic spin of 8w 3/, trum of this sample recorded in an extdr8aT magnetic
ground state. field oriented parallel to the-beam is shown in Figure 2
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FIGURE 2: Mossbhauer spectra of’Fe-enriched HbRC cores
recorded at 4.2 K in externally applied magnetic fields of 40 mT
(top) ard 8 T (bottom). The orientation of the magnetic field is
14.1 ms parallel to they-beam. The experimental spectra are shown as hash

] marks. The solid line overlaid with the 40 mT spectrum is a
107 quadrupole doublet with the following parameterd: = 0.45

. mm/s, AEg = 1.07 mm/s,Ier = 0.25 mm/s, and yigne = 0.29
-15 - mm/s. The solid line overlaid with 68 T spectrum is a spin

] Hamiltonian simulation, using the above valuesd@andAEg and

20 Tttt any of 0.4, and assuming diamagnetism.
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cytochromes, the axial ligands are a His and a Met. The

. _ _ related cytochromecss; from Pseudomonas aerugingsa
Ficure 1: Flash-induced absorption changes of P7#8HbRC which also has a His/Met-ligated heme, has in its low-spin
cores in the presence of 1 mM ascorbate and 50 mM MOPS ) &

(PH 7.0) (top) and 2 mM dithionite, 100 mM glycine (pH 10.0), ferrous form Mcsspauer paramete.r € Q.45 mm/s and\Eq

and illumination for 1 min (bottom). Both samples had an op- = 1.29 mm/s) which are almost identical to those observed
tical transmittance at 788 nm of 0.80 OD. The plots depict an for HbRC cores (see above&)5). Moreover, low-spin ferrous
average of 16 traces vaU|red at 10 s intervals. Time is plotted on heme centers have a dlamagneUC ground State, and therefore,

a logarithmic scale in which a deviation from the horizontal " : : :
represents a kinetic phase. The computer-generated exponential fi he Mossbauer spectroscopic features associated with the

is shown as a solid line. Results of the exponential fits are displayed HORC do not rule out the presence of a His/Met-ligated low-
as fit curves, where each individual component is plotted with a spin ferrous heme. To resolve this issue, we have studied
vertical offset relative to the next component (with a longer lifetime) samples of HbRC cores using biophysical methods that are
o e e, Com s o e e e s C2pable of detecting the presence of a heme-contaiing
be jupdged By the intersection of the fit line with the absf:)issa. The Cofacto_r.C-Type cytochromes have mld_p(_)Int potentials of
residual of the fit is depicted above the main trace. approximately 150 mV and can be oxidized to the EPR-
active ferric form. OxidizedP. aeruginosacytochromecss;,
(bottom). By using the Mssbauer parameters obtained from for example, contains a low-spin ferric heme, which exhibits
the 40 mT spectrum, it is possible to determine the effective EPR resonances witlp values of 3.2 and 2.0326). HbRC
magnetic field experienced by th&e nucleito be 8 T, i.e., complexes and HbRC cores that were oxidized with am-
the magnitude of the effective magnetic field equals that of monium persulfate in the presence of air showed no evidence
the externally applied magnetic field. This means that the of either a high-spin or a low-spin cytochrome in either
internal magnetic field is zero and that the Fe sites have asample by EPR spectroscopy (data not shown). Heme
diamagnetic $ = 0) ground state. A simulation using the cofactors display an intense feature in the visible region; the
spin Hamiltonian formalism assuming diamagnetism, values so-called Soret band is located in the 5@55 nm range
of 6 andAEg determined from the 40 mT spectrum, and an for c-type cytochromes2y), a region in which BChlg
asymmetry parameter) 0.4 £ 0.1 is shown as solid line  minimally absorbs. We failed to find any evidence of the
overlaid with the experimental data. Without exception, presence of a-type cytochrome in HbRC cores by optical
[4Fe-4St" clusters have a diamagnetic ground state, and spectroscopy. Heme proteins can be identified by staining
consequently, # 8 T spectrum is in full conformity with  with benzidine dyes28). We separated the polypeptides in
the presence a [4Fe-4S]cluster in as-isolated HbRC cores. the HbRC cores by SDSPAGE followed by staining with
Other Fe species, such as differentf=cluster types or  3,3,5,5-tetramethylbenzidine and found no evidence of a
adventitiously bound Fe, represent not more than 3% of thec-type cytochrome. We conclude that a bouodype
total Fe contained in the sample. cytochrome is absent in our preparations of HbRC cores from
Cytochrome Content of HbRC Coréghe type | homo- Hm. Thus, the Masbauer spectra of as-isolated HbRC cores
dimeric reaction center fror@hlorobium limicolacontains emanate from [4Fe-48] clusters and not from a low-spin
a bound cytochromecss; (24). Like other prokaryotic ferrousc-type cytochrome.
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the temperature is increased to 12 K, the= 5.4 peak

decreases in intensity while tlge= 4.4 shoulder increases

in intensity. These resonances can be assigned to a [4Fe-

4ST" cluster with anS = 3%/, ground spin state. The
Membranes temperature dependence suggests thatgthe 5.4 signal
emanates from the ground Kramers doublet, whereag the
= 4.4 feature is associated with the excited Kramers doublet
of the S = 3, spin manifold. We estimate the energy
difference,A, between the two Kramers doublets from the
relative intensity of the two signals to be approximately 3
HbRC Cores cm 1 (see the Supporting Information). Becausés related

_____f\\\’__\‘/_\_ to the zero-field splitting parameteBsandE/D (eq 1), we

estimate|D| ~ 1.5 cnTl.

Solubilized Membranes

] I I I A = 2Dy 1+ 3(E/D)? (1)
1000 2000 3000 4000 )
G Theg values of approximately 5.4 and 4.4 are expected for

an S = 3%, spin system exhibiting a rhombicityg/D, of
approximately 0.2 (see also the Bibauer studies below).
AssumingD < 0, such a system exhibits values of 5.8,
1.3, and 1.0 for the ground doublet and 5.0, 2.7, and 1.8 for
the excited doublet. The fact that values are not well
12K resolved suggests significant heterogeneity of the sample,
which could result in a distribution oE/D values and
— ‘J\I\/’-—-‘ broadened spectra. Rhombograms are derived for the case
8K oy in which D > gfB. However, on the basis of the temperature
dependence of the signal, we estimBtdo be small. We
6K have also considered the possibility that the broadness of
the EPR features is caused by mixing of the ZFS interaction
42K and the Zeeman interaction. A simulation of the EPR
: : : : spectrum based on diagonalization of the spin Hamiltonian
1000 2000 3000 4000 matrix (29—31) and assuming discrete values D of 0.2
G and forD of —1.5 cn? yields a spectrum similar to that
FicUrRe 3: EPR spectra of photoaccumulated membranes, detergentpredicted byg values obtained from a rhombograms for
solubilized membranes, and HbRC cores measured at 4.2 K (top).which D > gB (not shown). This suggests that the observed

The ?pecftrahr?present }Otaa’ﬂgg‘?:s of 1000 total o(ljat?tpoints. tEPREPR features are not due to the small ZFS parameters but
spectra of photoaccumulate cores measured at temperature e
from 4.2 to 12 K (bottom). The spectra represent four averages of Father result as a consequence of a distribution of ZFS

8000 total data points. The effectigevalues of the resonances are Parameters.

depicted. EPR conditions: microwave power, 126 mW; microwave  The feature in theg = 2 region is characteristic of a
frequency, 9.47 GHz; receiver gainx210% modulation amplitude, [4Fe-4ST cluster with anS = ¥/, ground spin state. One

10 G at 100 kHz. possibility is that this signal emanates from a small amount
of PshB (containing reducedsFand k) that has not been
removed from the HbRC complex. In support of this pro-

, . posal,g values of 2.04 and 1.90, as well as the spin relaxation
on six HbRC core samples ranging from 1.0 to 15 mM Bchl o herties; as inferred from the temperature dependence of
g. Five identical samples were analyzed at each bacterio-yhe yesonances (not shown), are similar to those of reduced

chIorophyII concentration. In a total of 30 samples, the BChl Fa/Fg in HODRC complexes20). A second possibility is that
g/Fe ratio was found to be 5.48 0.27 (meant standard  oq,ced X may exist in different conformations wih= 3/,
deviation). Our Mssbauer spectroscopic results indicate that ;4 g — 1, ground states. In the case of the Fe protein of

97% of the Fe in as-isolated HbRC cores is in the form of A, hitrogenase, the addition of 50% ethylene glycol favors
[4Fe-4S}" clusters, which translates to a BQjfl4Fe-4St the S= Y/, ground state, whereas the addition of 0.4 M urea
ratio of 21.6=+ 1.1. _ favors theS= %, ground state32). In HbRC cores, however,
Reduced X Is a [4Fe-4S[Cluster with an S= %, Ground g alteration in the relative populations of the= 5.4/4.4
similar photoaccumulation protocol (described in Materials zqdition of ethylene glycol or urea. The origin of the- 2
and Methods) and examined by low-temperature EPR gjgngals, therefore, remains unresolved, although the integrated
spectroscopy. As shown in Figure 3 (top), resonances fromintensity of the resonances corresponds to less than 2% of
Fa and Fs are present around 3500 G in membranes and the amount of k and F present in intact HbRC complexes.
detergent-solubilized membranes, but as expected, they are an jdentical sample of photoaccumulated HbRC cores was
missing in HbRC cores. In all three samples, a broad, intensecnaracterized further by Msbauer spectroscopy (Figure 4).
signal is present between 1200 and 2000 G. At 4.2 K, the The 4.2 K/40 mT Mssbauer spectrum (left panel, top
low-field resonance shows two distinctive features: a peak spectrum) exhibits, in addition to two sharp lines, a broad

atg = 5.4 and a shoulder gt= 4.4 (Figure 3, bottom). As  and featureless absorption extending freth.5 to 2.0 mm/

— 540
— 4.40
— 2.04
1 194
— 1.90

Non-Heme Iron and Bacteriochlorophyll g Content of
HbRC Coreslron and BChlg concentrations were measured
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FIGURE 4: Mossbauer spectra &fFe-enriched photoaccumulated HbRC cores recorded at 4.2 K in a 40 mT magnetic field (left panel), 4.2

K in an 8 T magnetic field (middle panel), and 100 K without an applied field (right panel). The experimental spectra are shown on top
as hash marks. The solid lines are spectra of as-isolated HbRC cores recorded under the same experimental conditions and scaled to 35%
of the intensity of the respective hash-marked spectrum. Removal of the contribution of the [4FeldSfers of nonreduced HbRC

results in the reference spectra of reduced X, the [4Fe-dlBter with anS = 3/, ground spin state (hash-marked spectra at the bottom

of each panel). The solid lines overlaid with the reference spectra are simulations of the [4Fdué&r described in the text. Individual
contributions from the diferrous and mixed-valent site of the cluster are shown as dotted and dashed lines, respectively. Simulations of the
4.2 K data were generated by using the spin Hamiltonian formalism in the slow relaxation limit with the following paraiBetéfs: D3/,

= —1.5 cnt?, (E/D)3. = 0.2, = 2.0, (1) = 0.46 mm/s AEg(1) = —0.80 mm/s (1) = 0.8, Aisf(1)/gnfn = —8.6 T, andd(2) = 0.68

mm/s, andAEq(2) = —0.93 mm/sy(2) = —10, andAiso(2)/gnSn = —2.9 T. The 100 K data were simulated with two quadrupole doublets

with the following parametersd(1) = 0.46 mm/s and\Eg(1) = 0.80 mm/s (dashed line) aqd2) = 0.68 mm/s and\Eg(2) = 0.93 mm/s

(dotted line).

s. Comparison of this spectrum to the 4.2 K/40 mT spectrum spectrum of reduced X (Figure 4, bottom right). This
of as-isolated HbRC cores (solid line) reveals that the two spectrum exhibits a broad line at 0.14 mm/s and two sharp,
sharp lines emanate from a nonreduced [4Fé“48]ister. well-resolved lines at 0.86 and 1.14 mm/s. Importantly, the
Analysis of the spectrum reveals that 355% of the total latter two lines have similar intensity and width, suggesting
intensity can be attributed to [4Fe-4S]clusters. (Unlike the presence of two quadrupole doublets that are equal in
the optical studies depicted in Figure 1, the EPR and intensity. The low-energy lines of the two quadrupole
Mdossbauer studies require much higher sample concentra-doublets overlap and give rise to the more intense peak at
tions, which preclude quantitative photoreduction of the 0.14 mm/s. We have analyzed this spectrum with two
sample.) Removal of its spectral contribution results in the symmetrical [ier = I'igny) quadrupole doublets equal in
reference spectrum of reduced X (Figure 4, bottom left), intensity and width. We obtain two fits of equal quality,
which is broad and featureless. The broadening is causeddepending on how the four lines are paired. The first fit
by the magnetic hyperfine interactions between the electronicinvolves combining the inner lines to one quadrupole doublet
spin and the®’Fe nuclei. Detection of magnetically split and the outer lines to the other quadrupole doublet, yielding
Mdssbauer spectra in a small (40 mT) magnetic field is the following parametersd(1) = 0.54 mm/s,|AEq(1) =
typical of Fe centers having a half-integer electron spin 0.65 mm/sd(2) = 0.60 mm/s, andAEq(2)| = 1.08 mm/s.
ground state and electronic fluctuation rates slower than theFor the second fit, we pair lines one and three to the first
5Fe nuclear Larmor frequency. We have considered the quadrupole doublet and lines two and four to the second
possibility that the broad and featureless spectrum is a con-quadrupole doubletd(1) = 0.46 mm/s,|AEg(1)] = 0.80
sequence of the intermediate relaxation regime and recordednm/s,d(2) = 0.68 mm/s, andAEq(2)| = 0.93 mm/s. This
the spectrum of this samplg¢ @ K in a 40 mT magnetic simulation is shown as a solid line in Figure 4 (bottom right),
field. Since this spectrum (data not shown) is essentially and the individual contribution of the first (second) quad-
identical to that recorded at 4.2 K, we conclude that the broad rupole doublet is shown as a dashed (dotted) line for clarity.
features are not a consequence of intermediate relaxation. Of these two possibilities, we favor the second for the
At higher temperatures and without an applied magnetic following reason. The fact that we observe two at least par-
field, the Mtssbauer features of [4Fe-4Sjlusters typically tially resolved quadrupole doublets of equal intensity suggests
collapse into quadrupole doublets. We have recorded the 100that the spectrum of the [4Fe-4S¢luster is comprised of
K/zero-field spectrum of photoaccumulated HbRC cores, two distinct pairs of Fe ions. The Msbauer parameters of
which is shown in Figure 4, top right, as hash marks. Plotted the first pair p(1) = 0.46 mm/s andAEg(1)] = 0.80
as a solid line is the 100 K/zero-field spectrum of as-isolated mm/s] are typical of a valence-delocalized?fFeFe*® unit.
HbRC cores scaled to 35% of the total intensity. Removal The other diiron pair then has to be a diferrous pair. The
of this contribution results in the 100 K/zero-field reference Mdssbauer parameters of the second p#2)= 0.68 mm/s
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and |AEq(2)] = 0.93 mm/s], in particular the high isomer ground state. Several of the states have spin coupling
shift, support this assignment. For example, the isomer shift coefficients that are in accordance with the parameters
of the Fe sites of the all-ferrous [4Fe-4%]uster from the deduced from our Mesbauer analysis. As can be seen from
Av Fe protein is 0.68 mm/s (at 4.2 K33), in good agreement  Table S1 (see the Supporting Information), thereSre?/,
with the isomer shift for the quadrupole doublet assigned to states that have positive spin coupling coefficients dthr
the diferrous pair of the [4Fe-4STluster. four Fe sites. Given that the spin coupling coefficients are
To further study the electronic structure of the [4Fe#4S] calculated for pure spin states, i.e., without considering
cluster, we recorded the 4.2 K/8 T Msbauer spectrum of  mixing with other spin states, and that the spin coupling
the photoaccumulated HbRC cores (Figure 4, top middle, coefficients cannot be determined accurately experimentally,
hash marks). Again, the 4.2 K/8 T spectrum of nonreduced we can only conclude that the ‘sbauer spectroscopic
X, scaled to 35% of the total intensity of the hash-marked results are fully consistent with the description of reduced
spectrum, is overlaid as a solid line. Removal of this X as a [4Fe-4S] cluster with anS = 3/, spin state.
component yields the 4.2 K/8 T reference spectrum of
reduced X (Figure 4, bottom middle, hash marks), which is DISCUSSION
broad and featureless. Importantly, the overall splitting of  Assignment of the [4Fe-4S] Cluster in HbRC Cores as
this spectrum is similar to that of the 4.2 K/40 mT spectrum Fy. Fy is defined as the interpolypeptide [4Fe-4S] cluster
(Figure 4, bottom left). The 4.2 K reference spectra can be ligated to the PsaAPsaB heterodimer of PS | of plants,
simulated using the spin Hamiltonian formalism in the slow algae, and cyanobacteria and to the PSBAcA homodimer
relaxation limit with anS = %/, electronic spin with zero-  of the reaction center of green sulfur bacteria. It functions
field splitting (ZFS) parameters estimated from the analysis as the immediate electron donor to the &d R clusters,
of the EPR spectraD = —1.5 cmt! and E/D = 0.2. which are universally located in all type | reaction centers
Furthermore, we used the isomer shifts and quadrupole (20, 35). Using a combination of biophysical techniques, we
splitting parameters determined from the 100 K/zero-field have studieddm HbRC cores from which the PshB protein
spectrum. TheA tensors were assumed to be isotropic, to has been removed by treatmenttwit M KCI. Mossbauer
reduce the number of variables. The solid lines overlaid with spectroscopy reveals that 973% of the total Fe associated
the reference spectra are simulations using the following with HbRC cores is in the form of a [4Fe-£S]cluster. We
parametersS= 3, D3, = —1.5 cn1?, (E/D)3, = 0.2, = have demonstrated by a combination of time-resolved optical,
2.0,6(1) = 0.46 mm/s AEq(1) = —0.80 mm/sy(1) = 0.8, EPR, and Mssbauer spectroscopies that the [4Fe-4S] cluster
Aso(L)/gnSn = —8.6 T, andd(2) = 0.68 mm/s, and\Eq(2) in HbRC cores can be reduced by illumination of the sample
= —0.93 mm/sy(2) = —10, andAs«(2)/gnSn = —2.9 T. in the presence of dithionite. The cluster to protein stoichi-
The individual components of the diferrous (site 2) and ometry can be deduced from the amino acid sequence of
mixed-valent pair (site 1) are shown as dashed and dottedthe PshA protein of the closely related organidomobilis
lines, respectively. These parameters are not uniquelywhich shows a conserved Binding motif (FPCXxGPxxG-
determined due to the lack of spectral resolution and the largeGTC) that contains the two cysteine residues that coordinate
number of variables. For example, a fit in which the larger the interpolypeptide [4Fe-4S] clustelr7). Because only one
A tensor component is associated with the mixed-valent sitessuch K binding site exists per PshA dimer, we conclude
[Aso(1)/anfn = —3.9 T] and the smalleh tensor component  that a single [4Fe-4S] cluster is present and that it represents
is associated with the diferrous site§sf(2)/gngn = —9.2 Fx. All known classes of type | reaction centers, het-
T] results in simulations that are similar in quality and cannot erodimeric and homodimeric, therefore contain arirfer-
be ruled out. However, the overall shape and splitting of the polypeptide [4Fe-4S] cluster. It should be noted that this
two 4.2 K reference spectra requires fhéensor components  [4Fe-4S] cluster is likely the origin of the time-resolved
to be approximately-8 and—3 T. TheA tensors determined  optical difference spectrum around 430 nm reported by

are those with respect to the total electronic spin ofSke Kleinherenbrink et al. 16) in urea-treated reaction centers
3, ground state. They are related to the intringitensors from H. mobilis
of theith iron site,a;, by the following equation, in which Reduced kin HbRC Cores Has an S 3/, Ground Spin
cj is the vector coupling coefficient for thi¢h Fe site and  State.In PS | of cyanobacteria and plants and in the
jth spin state. photosynthetic reaction center fra@hlorobium reduced k
is a [4Fe-4S¥ cluster with anS = %/, ground spin state and
Aj =Cjg ) is observed as a set of rhombic resonances argurd2

(35). In contrast, reducedyof the HbRC fromHm has an
Theoretical analysis of hyperfine coupling tensors in-Be S = ¥, ground state at low temperatures. The difficulty in
clusters allowed Mouesca et &4j to estimate typical values  observing resonances from [4Fe-4SJusters with ars =
for the intrinsica tensors of the mixed-valent pair and the 3/, ground spin state is most likely the reason thatiffr
diferrous pair of [4Fe-4S]clusters with eithe6= 1/, or S heliobacteria had not been detected by EPR. [4F&-4S]
= %, ground states as/gnfn = —17.5 T. Since the clusters with anS = 3%, ground state typically exhibit
experimentally observe®l/gySn values span an approximate temperature-dependent resonances in the range-of—6,
range from—3 to —8 T, the spin coupling coefficients of all  which emanate from the two Kramers doublets of 8w
four Fe sites are small and positive. By adopting a spin 3/, ground state43, 32, 36—38). The absolute magnitude of
coupling scheme, in which we couple the spin of the theD value of approximately 1.5 cm for Hm Fy is similar
diferrous pair Siiterrous t0 the spin of the mixed-valent pair, to D values of other [4Fe-4S]clusters withS = 3/, ground
Shixed-valens t0 Yield the total spinG, we have calculated the  states, which range from0.7 to~4 cmt (23, 32, 37, 38).
spin projection coefficients for all 15 states with 8r= %/, The Messbauer spectroscopic features ¢f iIF Hm are
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similar to those of the [4Fe-4SEluster observed in the urea- ACKNOWLEDGMENT
treated Fe protein fromAv nitrogenase32). Both clusters
exhibit magnetically split spectra at 4.2 K in the external
magnetic field. The splitting is comparab]y small in bo'th SUPPORTING INFORMATION AVAILABLE

weak (40 mT) and strong (8 T) external fields, suggesting

that the spin projection factors are small and positive. At ~ Spin coupling coefficients fo = ¥, states with posi-
higher temperatures, the magnetically split spectra collapsetive spin coupling coefficients for all four Fe sites of the
into quadrupole doublets. Fdim Fx, we observed two  [4Fe-4S} cluster (Table S1) and a plot of the natural
partially resolved quadrupole doublets equal in intensity, with logarithm of the ratio of the amplitudes gt= 4.4 and 5.4
parameters typical of a mixed-valent pair and a diferrous Vversus the inverse of the absolute temperature (Figure S1).
pair. In contrast, the 50 K/zero-field spectrum of the Fe This material is available free of charge via the Internet at
protein yields one broad quadrupole doub&2)( http://pubs.acs.org.
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