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ABSTRACT. Properties of the tetrahemic reaction center bound cytochrome have been investigated by
different techniques. The mid-point potentials of the four hemes were determined by redox titration.
The best fit of the data was obtained withra= 1) Nernst curve by using the following values of the
redox parametersE,, = +420 mV for the two high-potential hemes akg = +110 and+60 mV for

the two low-potential hemes. The mid-point potentials of the two high-potential hemes are the highest
reported so far. The spectral properties of the four hemes im-thend have been determined by absorption
spectroscopy and measurements of light-induced difference spectra in membrRheslotyclus tenuis.

The two high potential hemes present very similar spectra centered at 557 nm. The absorption spectra of
the two low-potential hemes are very similar, and tieebrand centered around 551 nm. Spectral properties

at 100 K and the linear dichroism of optical transitions allow the determination of the relative orientations
of the hemes with respect to the membrane plane. The orientation patterns thus obtained corresponds to
none of the arrangements described so far for reaction center bound cytochromes.

In anoxygenic photosynthetic eubacteria, the photo- Nitschke et al., 1993) Ru. gelatinosus(Dutton, 1971;
oxidized primary electron donor (P is rapidly rereduced  Matsuura et al., 1988; Nitschke et al., 199Rhodoferax
by a secondary electron donor (in the time range between(Rf.) fermentangHochkoeppler et al., 1993, 19953 pseo-
100 ns and several hundreds of microseconds dependingacter (R.) denitrificangGarcia et al., 1994), an@hloro-
upon the species). This fast rereduction prevents wastefulflexus aurantiacu§Zannoni & Venturoli, 1988; Freeman &
back electron transfer from the semiquinone states of the Blankenship, 1990; Van Vliet et al., 1991), in terms of redox
primary and secondary acceptors. For some species, SUC'Fnid-point potentials E.), a-band absorption wavelengths,
asRhodobacter (Rbt)sphaeroidesthe secondary electron  5n4 orientation of the heme planes with respect to the
donor is a soluble cyt,. However, the great majority of  memprane. A detailed picture, however, has only been
the bacteria of t_he prot_eobacterial phylum uses a RC .b(.)undavailable after the structural resolution of tRp. viridis
cy_tochrome as F|bmmed|ate reductant for _the PhOtO'OX'd'Zed reaction center by X-ray crystallography. This structure has
thmngr);nd%?ﬁér 'hEI);argfplti]Sef(;rnziCh S|jcuat|ﬁnts aretr?lstp revealed the presence of four individual nonequivalent hemes

phy ygenic photosynthetic arranged almost linearly (Deisenhofer et al., 1985) spanning

bacteria, i.e., green filamentous (Bruce et al., 1982), green - rqe part of the periolasmic space. The row of hemes is
sulfur (Prince & Olson, 1976), and heliobacteria (Prince et . ge p perip pace.

al., 1985). The degree of association of this subunit to the inclined by about 30with respect to the membrane ”Or”.‘a'-
RC varies significantly between species. Rhodopseudo- _Several different approaches [mea_surements of linear dichro-
monas(Rp.) viridis, this subunit is retained even in highly 1SM (LD) and EPR spectra in oriented samples, electron
purified RC samples (Clayton & Clayton, 1978) whereas in transfgr kmencs between the hemes] have lead to the
Rubrivivzax (Ru.) gelatinosu@Prince et al., 1978), itis easily ~ following alignment: R&-559, (+380 mV)€-552, (+20 mV)/
released into the aqueous phase during purification. This¢-556, (+320 mV)k-554, (-60 mV) (Dracheva et al., 1988;
RC bound cytochrome contains two high-potential (HP) and Fritzsch et al., 1989; Nitschke & Rutherford, 1989; Ver-
two low-potential hemes (LP). These four hemes have beenméglio et al., 1989a,b; Alegria & Dutton, 1991). Subsequent
characterized for many different speciBg. viridis (Drache- ~ studies have shown that the overall organization ofRpe

va et al., 1988)Chromatium (C.)vinosum(Dutton, 1971, viridis tetraheme subunit is compatible with data obtained
Case & Parson, 1971, 1973; Alegria & Dutton, 1990; from Ru. gelatinosugNitschke et al., 1992)C. vinosum
(Nitschke et al., 1993), anR. denitrificans(Garcia et al.,

* Corresponding author. Phone: 33 442254630. Fax: 33 442254701. i i
E-mail: Vermeglio@DRA.CAD.CEA FR. 1994). . However, in cont_rast to the highly .conserved
t CEA Cadarache. orientation of the cofactors in the RC core proteins (Deisen-

8 Centre de Ge&tique Moleculaire. hofer et al., 1985; Allen et al., 1986), the organization and

? Abstract published idvance ACS AbstractSeptember 15,1997 the redox potentials of the tetraheme are variable. For
1 Abbreviations: Bpheo, bacteriopheophytin; cyt, cytochrofig; . . | . .
ambient redox potentiaE,, midpoint potential; EPR, electron para- example, the orientation arigl, values, determined iRu.

magnetic resonance; HiPIP, high-potential iron-sulfur protein; HP, high gelatinosusandC. vinosumby EPR (Nitschke et al., 1992,

potential; LP, low potential; LD, linear dichroism; RC, reaction center; 1993) and inR. denitrificansby LD (Garcia et al., 1994)
C., Chromatium R., Roseobacter Rb., Rhodobacter Rp., . . o ' L
RhodopseudomonaBc., Rhodocyclus; Rf., Rhodoferax; Ru., Rubri ~ ar€ different from those seen in tRp. viridis cyt subunit.

ivax. The nonconservation of heme orientations between species
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is consistent with the low sequence homology in the regions were prepared according to Hu et al. (1996). The membranes
of the tetraheme cyt in contact with the RC (Nitschke et al., (Agzo= 50) were suspended in 10 mM Tris-H@IM NaBr,
1993). The data cited above and a comparison between thé.2 M sucrose, and 50 mM glycyl/glycine (30 min in ice),
available amino acid sequences of various tetraheme cytdiluted 1:1 in 50 mM glycyl/glycine and ultracentrifuged at
subunits strongly suggest that these proteins present a globa25500@ for 90 min. The pellet, resuspended in 50 mM
common structure, but the orientation and electrochemical potassium phosphate buffer (pH &0 = 50), was treated
characteristics are fine tuned depending upon the speciedor 60 min in an ice bath by a mixture of detergents Deriphat-
(Nitschke & Dracheva, 1995). The organization of the 160 (Henkel) anch-octyl-3-p-glucoside (Sigma) at a final
tetraheme cyt raises the following questions: (1) why are concentration of 3 and 1%, respectively. The solution was
the four hemes arranged in an alternating sequence of redoxhen diluted 1:1 with 50 mM potassium phosphate buffer
potentials, (2) is this alternating sequence a common feature(pH 8) and ultracentrifuged at 25509@t 4 °C for 60 min.

of all the tetraheme cyt, (3) what is the respective function The resulting supernatant was applied on a linear sucrose
of the four hemes, and (4) what is the sequence of electrongradient (3 to 17% wi/v), containing 1% Deriphat-160 and
flow through all four hemes toward'P The consensus on  0.5% n-octyl-3-p-glucoside, and centrifuged at 80@Dfor

the role of the HP hemes is that their photo-oxidation is 12 h at 4°C. The band corresponding to the LHRC
followed by their rereduction by a soluble electron carrier complexes was collected, diluted three times with 25 mM
to complete the light-induced cyclic electron transfer (Meyer Tris-HCI, pH 7.8, containing 1% Deriphat-160 and concen-
& Donohue, 1995). Although LP hemes can rapidly rereduce trated by ultrafiltration on a PM 100000 membrane (Milli-
the photo-oxidized primary donortPno clear role has been  pore). The absorption spectrum presents a major absorption
yet assigned to these two hemes. Schoepp et al. (1995) haveand at 887 nm characteristic of the LHI core antenna
shown that under anaerobic conditions, the LP hem&uof  complexes.

gelatinosusare photo-oxidized by an actinic flash but they Purification of the Soluble Carriers and Preparation of
do not seem to be involved in an efficient cyclic electron Membranes.The periplasmic carriers and membrane frag-
transfer. A tentative explanation is that the LP hemes might ments were purified as described elsewhere (Schoepp et al.,
serve as entry points for electrons coming from low-potential 1995). The crude periplasmic fraction was applied to a CM-
substrates (Dutton & Prince, 1978). Alternatively, the LP 23 column equilibrated with 20 mM Tris-HCI (pH 6) at 4
hemes may be necessary for an appropriate folding and°C. Using a linear salt gradient{.00 mM NaCl), HiPIP,
structure of the tetraheme subunit. cytc, cytcs, and a low redox potentiakso were eluted from

The study of the tetraheme cyt organization in different the column. The fractions containing HiPIP or cytwere
species should provide a basis for better understanding theconcentrated, dialyzed against 20 mM Tris-HCI (pH 6), and
above questionsRhodocyclus (Rc.) tenulselongs to the  purified by gel filtration on Sephadex G-100. Estimation
S-subdivision of bacteria and appears to be closely relatedof the amount of cytcs in the crude periplasmic fraction
to Ru. gelatinosusRecently, Agalidis et al. (1997) purified ~was made using the extinction coefficient of 19 mhm™
and characterized the RC &c. tenuis but the tetraheme  at 551 nm, on a (native- oxidized) difference absortion
cyt ¢ was lost during purification. Rc. tenuisoffers a ~ spectrum. HiPIP concentration was determined by EPR
particular interest because it contains two high redox potential SPectroscopy using a standard solution.
soluble electron donors in the periplasmic space, a HiPIP, Redox Titrations of the Tetrahemic Cytochrome and Light-
and a cytcg, which are putative electron donors to the HP Induced Absorption Changedkedox titration of the tetra-
hemes to complete the light-induced cyclic electron transfer. heme cytochrome was achieved by measurements of light-
In the present work, we have characterized the RC boundinduced absorption changes in purified membranes suspended
cytochrome ofRc. tenuisin terms of redox mid-point i 25 mM Tris-HCI (pH 7.8). In addition, dark titration was
potentials o-band wavelength positions, and relative orienta- performed on LH-RC complexes suspended in 25 mM

tions of the four hemes. Tris-HCI, pH 8, and 1% Deriphat-160. Equilibration with
the electrode was achieved by adding the following media-
MATERIALS AND METHODS tors, each at 1M concentration: diaminoduren&{ =

+260 mV), 1,2-naphtoquinone-4-sulfonic acitd415 mV),

Cells Growth. Cells of Rc. tenuisvere grown in Hutner 1 2_naphtoquinonet{145 mV), phenazine methosulfate§0
medium at 3C°C in anaerobic conditions under continuous my), duroquinone 45 mV), and 2-OH-1,4-naphtoquinone
illumination. The LHII peripheral antenna complex®€.  (—140 mv). Redox potentials were adjusted by addition of
tenuiscontains a carotenoid belonging to the spirilloxanthin  small aliquots of 10 mM potassium ferricyanide, 10 mM
series with absorption maxima at 465, 4885, and 528  sodium ascorbate, and 10 mM sodium dithionite. Redox
nm (Hu et al., 1996). Large absorption changes in the potentials were measured with a combined Ag/AgClI refer-
carotenoid spectral region are observed under flash excitationence system electrode (INGOLD) and are given relative to
due to the carotenoid electrochromic response (not shown).the normal hydrogen electrode. Curve fitting was carried
These changes overlap in theband region with those of oyt with a nonlinear regression data analysis program (1987,
cytochromes. Therefore, blue-green cellfkof tenuishave  BIOSOFT, Enzfitter 1.05). The photo-induced absorbance
been obtained by addition of diphenylamine, a specific changes were recorded with a home-built flash kinetics
inhibitor of the carotenoids synthesis (Malhotra et al., 1969; spectrophotometer (Joliot et al., 1980). The actinic light was
Davies & Than, 1974), to the growth medium (final provided by a xenon lamp (flash durationu8) or by an
concentratior= 10 ug/mL). Alexandrite laser (780 nm, 100 ns flash duration, 50 mJ,

Preparation of Membranes and LHRC Complexes. Laser 1-2-3, Schwartz Electro Optics). Absorption spectra
Membranes were prepared as described by Schoepp et alat 77 K were performed on an AMINCO DW2a spectro-
(1995). Particles of the photoreceptor complex (HRC) photometer equiped with a low-temperature accessory.
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FiIGURE 1: E, dependence of the absorption measured imthand
for LHI—RC complexes suspended in 25 mM Tris-HCI, pH 8, 1%
Deriphat-160. Absorption measurements were performed at 554 nm,
a wavelength located between thg.x of the LP hemes (551 nm)
and those of the HP (557 nm) hemes. The solid line was obtained
with the theoretical redox titration curve using the following values
for the redox parameter€,(HP;) = E(HP;) = 420 mV,Eq(LP,) 4k A T
=110 mV,En(LP2) = 60 mV. The dotted line was obtained when 7100 0 100 200 300 400 500 600
assuming a sum of four = 1 Nernst curves with the same redox E, (mV)
parameters. (Inset) Difference absorption spectra recorded in the h
o-band at different redox potentials: (a45 mV — +240 mV Ficure 2: E, dependence of the light-induced absorption recorded
(LP hemes), (b)+385 mV — +470 mV (HP hemes). at 50us after the actinic flash, on membranesRyf. tenuig[RC]

= 120 nM) suspended in 25 mM Tris-HCI (pH 7.8) at (A) 603 nm

Linear Dichroism SpectraLD spectra were recorded in  (RC), (B) 55|7 f?m (HP h?medS),'?lnd (C) 551 nm (LP her?gs)-
RC—LHI complexes into squeezed polyacrylamide gel as IIiEé((;)Se)rlmenta values were fitted with=n 1 Nernst equations (soli
described before (Haworth et al., 1982; Tapie et al., 1982). '

The different redox states were obtained by incubation pemes (i.e., the redox state of one does not affecEghef
overnight in 27 mM Tris-HCI, 60% glycerol with 100 MM gnother). The solid line in Figure 1 gives the best fit with
ferricyanide, 100 mM DAD/10 mM ascorbate, or 100 MM 5 sum of foum = 1 Nernst curves. ThE, s of the two HP

sodium dithionite. The LD spectra were recorded at Iow pemes thus obtained are identica4@0 mV), i.e., they titrate
temperature (10 K) on a home-built spectrophotometer asqo|iowing a single Nernst curve. For thE,s of the LP
described previously (Breton, 1974; Tapie et al., 1982). To hemes, we obtained differef, values of+110 and+60
compute the orientation, we used the function AD# mV. The large difference in the mid-point potentials of the
3/20(3 cog 5 — 1) where LD is the linear dichroisththe  pp ang LP hemes allows us to determine the positions of
absorption signale. the statistical orientation factor of the  heir a-bands (Figure 1, inset). Theband of the HP hemes
sample in the polyacrylamide gel, afidhe angle between  haaks at 556557 nm with a shoulder at 553 nm (Figure 1,
the transition and the orientation axis. For a heme with two ;rve b), as shown by the difference between spectra
energetically distinct transitions «and Q, the angleN recorded at+385 and+470 mV. The difference between
between the normal of the plane and the orientation axis canyne spectra recorded &#5 and+240 mV shows aw-band

be calculated with: si#N = cos + cos,, wheref and centered at 551 nm for the LP hemes (Figure 1, curve a).
By correspond to angles between theadd Q transitions, The light-induced absorption changes linked to the photo-
respectively, and the orientation axis. When transitions are 4yiqation of the primary electron donor P of the HP hemes
energetically equivalent, only the orientation N of the normal 54 the LP hemes were detected &9 after the exciting

is calcu_lated by LDA = 3/4a(1 — co§N).. The LD a_n(_j flash at 603, 557, and 551 nm, respectively, as a function of
absorption spectra were deconvoluted into the individual e ambient redox potentiaEy) in purified membranes of

op;icali t.ransitions by using the Sigma Plot software (Jandel g tenuigFigure 2). As the ambient potential was lowered
Scientific). from 580 to 480 mV, there was an increase in the amount
RESULTS of primary donor remaining oxidized 50s after an actinic
flash, but below about 480 mV, it decreased again (Figure
Oxido-Reduction and Spectral Properties of the RC Bound 2A). This behavior can be fitted with two = 1 Nernst
Cytochrome.Figure 1 shows a typical redox titration curve curves. The first Nernst curve corresponds toEhef Pt/
(between 500 and 0 mV) of the RC bound cytochrome P, found to be equal t&-525+ 10 mV. The disappearance
monitored at 554 nm in particles of LHRC complexes at  of the P signal forE;, values lower than 480 mV is due to
pH 7.8. The high-potential wave, between 500 and 300 mV, its rapid rereduction by the HP hemes, corresponding to a
corresponds to the reduction of the two HP hemes while the Nernst curve aE, = +420 mV & 10 mV). At 557 nm,
second wave between 200 and 0 mV corresponds to the LPthe light-induced absorption changes are positive at Bigh
hemes reduction. The smaller amplitude of the high-potential due to the spectral contribution of BFigure 2B). The signal
wave compared to the low-potential one is due to the becomes negative when lowering tBg due to the photo-
difference ine [(millimolar)~* (centimeters)] in between oxidation of the HP hemes. THhg, obtained with then =
the HP and the LP hemes at 554 nm (see inser). In order tol Nernst fit curve 420 mV) is in agreement with the mid-
fit the redox titration of the four hemes, we made the point potentials of these hemes (Figure 1). Below 200 mV,
assumption of a negligible interaction between the individual the photo-oxidation of the HP hemes decreases, because the

4A5§1x8.‘ 104 |
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Ficure 3: Light-induced absorption spectra in tiiéband recorded
on membranes oRc. Tenuig[RC] = 230 nM) suspended in 25
mM Tris-HCI (pH 7.8). Redox potentials were poised at 200 mV
(O and®) and 55 mV (O and®). For each redox potential, the
signal was measured after a first laser fla@ra6dm) and a second
xenon flash © and) separated by 10 ms.

photo-oxidized primary donor becomes now rereduced by
the LP hemes. This is clearly shown by the light-induced
absorption changes recorded at 551 nm. At this wavelength
(Figure 2C), the amplitude of the light-induced signal is
constant between 300 and 200 mV. This corresponds to the
contribution of photo-oxidized HP hemes at 551 nm. At
ambient potentials lower than 200 mV, the amplitude of light- 0 enoh ()
induced signal increases. This increase can be fitted with a

n = 1 Nemst curve corresponding to th _value of the FiGURe 4: Absorption spectra recorded at 77 K for a suspension
LP; heme,+110 mV. Below 0 mV, the amplitude decreases f | H|—RC complexes isolated frofc. tenuisn different redox
because of the reduction of the primary acceptor. The fitting conditions: (A) at+25 mV (solid line) and-50 mV (dashed dotted
curve gives a mid-point potential for the redox couplg/ Q line). The lower spectrum represents the difference spectrum

- equal to—65 mV (& 10 mV) at pH 7.8. This valueis Petween these two redox conditions. (B) Dithionite 1 mMDAD
ﬁGherqthan those meE’:lsured at)pHp7.ERi|n viridis (En = 1 mM difference spectrum. (C) DAD 1 mM ferricyanide 20 mM

. upper spectrum) and ferricyanide 1 — 20 mM (lower
—140 mV; Cogdell & Crofts, 1972; Prince et al., 1976) and gp%%tmm'ﬁ)’, ) y a0l (

in C. vinosum(E,, = —150 mV, Prince & Dutton, 1976;

Jackson et al., 1973), but is similar to the one obtained for 4C). This difference spectrum presents three peaks at 553,
Rb. sphaeroideE, = —70 mV; Dutton et al., 1973; Jackson 550, and 557 nm. If the high-potential hemes are only
et al., 1973). Note that between 100 and 60 mV the partially oxidized by addition of 10&M potassium ferri-
amplitude of the signal at 551 nm slightly increases. This cyanide, the 557 nm peak appears only as a shoulder. This
might be due to the photo-oxidation of Leme in this  indicates that the absorption contribution of the two high-

&
| P T BAIP
540 550 560

wavelength (nm)

| R |
540 550 560
wavelength (nm)

red0>§ range possessing a slightly highe[r(millimol_ar)*l potential hemes can be distinguished at low temperature.
(cenumgters)l] than the LB heme. To determine the From this series of experiments, we deduce that the 550 and
absorption peak of each of the four hemes in ¢hband, 553 nm transitions belong to the heme which possesses the

light-induced absorption spectra have been recorded inhighest mid-point potential (Hl? The second high-potential
membranes maintained at two redox potentials (200 and 55heme (HB) absorbs at 553 and 557 nm. The dithionite
mV), with a train of two actinic flashes (Figure 3). The first DAD difference spectrum (Figure 4B) corresponds to the
flash and the second flash are spaced by 10 ms, to preventbsorption of the low-potential hemes. This spectrum
rereduction of the tetraheme cyt between flashes. At 200 presents two distinct transitions peaking at 546 and 548 nm.
mV, the two HP hemes are reduced and can be photo-We attempted to determine the spectral contribution of each
oxidized. No significant difference in the-band position of the two low-potential hemes by calculating the difference
of the hemes photo-oxidized upon each flash is visible: in spectrum between two redox potentials-€§0 and+25 mV

both cases, the-band peaks at 557 nm and presents a (Figure 4A, lower spectrum). Since both of the signals
shoulder at 553 nm in agreement with the results of Figure corresponding to the transitions centered at 546 and 548 nm
1. These similar spectra can be due to the close mid-pointdecrease when increasing the redox potential, this implies
potential values of the two HP hemes: the first flash oxidizes that the lowest mid-point potential heme @) Rabsorbs at
almost equivalent amounts of HBnd HR, as does also the  these two wavelengths. The spectral contribution of the LP
second flash. AE, = 55 mV, the first flash oxidizes mostly s difficult to determine from the above experiments. This
the LR heme and the second flash the Lieme. The  heme can present either two transitions at 546 and 548 nm
a-bands of Lk and LR are slightly distinct and centered at  or a single transition around 548 nm.

550.5 and 551 nm, respectively. Linear dichroism and absorption spectra of EHRC
Absorption and Linear Dichroism Spectra at Low Tem- complexes oRc. tenuioriented in squeezed poyacrylamide
perature. Absorption spectra in the-band region of LH+- gels have been recorded at 10 K under reducing or oxidizing

RC complexes have been recorded at low temperature (77conditions in the 546565 nm region (Figure 5). Under

K) for different redox conditions (Figure 4). The absorption oxidizing conditions, the only transition observed in this
spectra of the high-potential hemes can be obtained byspectral region absorbs at 545 nm (Figure 5, curve b of panels
recording a DAD— ferricyanide difference spectrum (Figure A and B). This corresponds to theg @ansition of the Bpheo
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Ficure 5: Absorption spectra (A) and linear dichroism (B) recorded at 10 K fortRIC complexes reduced with sodium dithionite 100

mM (curve a), or oxidized with ferricyanide (curve b). The lower spectrum represents the difference between a and b spectra. (C) Light-
induced difference linear dichroism (a) and absorption spectra (b) obtained by a continuous illumination at 10 K-&CL¢timplexes

reduced by addition of 100 mM ascorbate. Note that the two transitions centered at 546 and 548 nm are not resolved in the absorption
spectra, compared to Figure 4, because of the larger band width of the monochromator used in this experiment.

molecule localized along the L-branch. This transition gives absorption spectrum (Figure 5C, curve b). One way to
a positive signal in the LD spectrum. To obtain the interpret these results is to suppose that thg hPme
contribution of the four hemes in the LD spectrum, the RC possesses two distinct transitions absorbing around 549 nm
bound cytochrome was reduced by addition of sodium and that the transition of lower energy (long wavelength side)
dithionite (Figure 5, curve a of panels-AC). The LD possesses a negative 1Ayalue of about-1.1, while the
contribution of the four hemes consists of three negative LD/A value of the higher energy transition (short wavelength
bands centered at 557, 553, and 549 nm and a positive banaide) is slightly positive. One can then deduce that the angle
centered at 546 nm. This appears in the LD difference between the normal of the heme and the C2 axis is equal to
spectrum between reduced and oxidized samples (Figure 5B73 + 5°. Knowing the LDA value and the position
bottom spectrum) which eliminates the contribution of the wavelength of LI, the LD/A values for the transitions of
Bpheo Q. According to the spectral attribution for the HP  the LR, heme are deduced by fitting the LD and absorption
hemes we have made above, their corresponding LD spectra, in the 540550 nm region for a totally reduced
spectrum can be interpreted as follows. The two transitions sample of LH-RC particles (Figure 5B). This leads to an
of the HR heme (553 and 557 nm) present null and negative angle of 45+ 5° between the normal of the Lheme and
values, respectively. The LD values for the two transitions the C2 axis.

of HP, (550 and 553 nm) are close to 0. To take into account HP Hemes Reduction by HiPIP and Cyt dBecause of

the unknown degree of orientation of the LHRC particules the high value ofg,, of the HP hemes, both HIPIFEG =

in the gel, we normalized the LD/A values by assuming that +304 mV) and cyts (En = +405 mV) can play a significant
the 545 nm Qtransition of the Bpheo oRc. tenuismakes role in the photosynthetic electron transport. To verify this
an angle of 81 with the C2 axis of the RC, i.e., a value hypothesis, reconstitution experiments were made with
similar to that determined fdRp. viridis RCs (Deisenhofer ~ membranes oRc. tenuisand these two electron carriers.
etal., 1985). This assumption is justified by the very similar Purified membranes dRc. tenuisnvere poised at about 260
respective orientation of RC chromophores determined somV, a redox potential at which the HP hemes are fully
far for different species of photosynthetic bacteria. We can reduced, and light-induced absorption changes were recorded
then calculate the angle between the normal of the el in the absence and presence of soluble electron donors. In
HP, heme planes and the C2 symetry axis of the RCs asthe absence of any added soluble electron carrier, the HP
equal to 55+ 5° and 674 5°, respectively. The overlap of hemes reduction, measured at 5&40 nm, is very slow

the transitions of the two LP hemes renders difficult the (ti» > 1 s) (Figure 6, curve a of panels A, C, and D). Upon
discrimination of their respective contribution in the 546  addition of 1.1uM cyt cs to membranes (R& 560 nM), a

550 nm region. Figure 5C shows the LD and absorption large part of the photo-oxidized HP hemes is rapidly
difference spectra induced by continuous illumination at 10 rereduced. The half-time of this fast phase is about 20 ms
K in a sample reduced by addition of 100 mM ascorbate. (Figure 6A, curve b). Kinetics of absorption changes
The light-induced absorption difference spectrum is centeredrecorded at 547 nm, linked to the cgg oxidation, reveal

at 549 nm, indicating that only the LIReme has been photo-  also a half-time of 20 ms. Light-induced absorption spectra
oxidized in these conditions. If some photo-oxidation of the in theo-band were monitored at 1 and 20 ms after the actinic
LP, heme would have occurred, one would have observedflash in the presence of cgt (Figure 6B). A wavelength

the bleaching of its two transitions centered at 546 and 548 shift from 557 to 554 nm occurs in the-20 ms time range.

nm (Figure 4A). LD and absorption difference spectra are This is clearly shown in the difference spectrum (dotted line)
slightly different in shape, the bleached band observed in which presents an oxidation peak at 551 nm. These results
the light-induced difference LD spectrum (Figure 5C, curve are consistent with electron transfer from the cyto the

a) being narrower than the one of the light-induced difference HP hemes with a half-time of 20 ms.



12180 Biochemistry, Vol. 36, No. 40, 1997
o (b) o
Pl A 3l
ﬁm EX: (a) ﬁ 710 (a)
+ % 1 4
3 @ = | ©
g‘n ﬁ of o—O"‘o_(a)—o"
0 400 80
t (ms)
p:’
R )
. § 8 (a)
: 3
% 5r t (ms)
p E, 8 _——
“ sk
R 3
550 560 or ' L
wavelength (nm) 550 560
wavelength (nm)

Ficure 6: Kinetics of light-induced absorbance changes recorded
in purified membrane fragments Bic. tenuissuspended in 20 mM
Tris-HCI (pH 7.5), supplemented or not by HiPIP, @g or the
crude periplasmic fraction. The redox potential was poised at 26
mV by addition of 20uM DAD and 20 uM sodium ascorbate.
Kinetics of the HP hemes rereduction was measured at the
maximum of thex-band (557540 nm) or at (562540 nm) when

cyt cg was added to minimize its contribution in the absorption
changes. Absorption changes related to the HiPIP oxidation were
measured at 513 nm. (A) On membrane fragments ([RG60

nM) without addition (curve a) or supplemented with LM cyt

cg (curve b), (C) on membranes fragments ([REA00 nM) without

(a) or with 1uM HiPIP (curve c), and (D) on membranes ([R€]

500 nM) with the periplasmic fraction (12 HiPIP and 0.5uM

cyt cg) (curve d). Light-induced difference spectra in ttdoand,
recorded at 1 msY) and 20 ms¥) after the flash excitation, were
plotted for membrane fragments supplemented with panel B, 1.1
UM cyt cg and panel E, the periplasmic fraction. The dotted lines
correspond to the difference between the spectum recorded 20 m
and 1 ms after the actinic flash.

Upon addition of 1uM HiPIP to membranes (R& 400
nM) poised at 260 mV, the HP heme rereduction occurs with

0

Menin et al.

flash, upon addition of the periplasmic fraction. The
absorption changes associated with theggydxidation are
small compared with those of Figure 6B.

DISCUSSION

In the RC bound cyt, the four redox sites are closely
packed and may interact with each other. The interaction
potentials between the four sites have been estimated for the
tetraheme cyt; from Desulfaibrio desulfuricans(Gayda
et al., 1988) andesulfaibrio vulgaris (Benosman et al.,
1989). These authors have demonstrated that the conforma-
tion of the heme with the lowest redox potential, heme 4, is
sensitive to the redox state of the heme with the highest
potential, heme 1. Our redox titration data (Figure 1) is
satisfactorily fitted using a sum of four= 1 Nernst curves
thus neglecting possible interactions. This gives, within
experimental accuracy, a singtg value for both HP hemes
(+420 mV) andEns of +110 mV (LP) and+60 mV (LP,)
for the LP hemes. This good fit given thus obtained does
not ascertain, however, the absence of interactions. On the
first hand, the large difference-B00 mV) between the two
groups of hemes precludes any statement on the interaction
between them. Indeed, the LP hemes titrate out when the
HP hemes are fully reduced, so that a possible interaction
would only shift the apparent positions of tBgs, without
distorting the curves otherwise. On the other hand, interac-
tion between the two HP hemes or between the two LP
hemes cannot be ruled out on the sole basis of their apparent
Nernstian behavior. The good simulations obtained do show,
however, that such interaction potentials should be relatively
small, especially in the case of the HP hemes. This question
could be addressed by titrating individually each heme. This
cannot be done by absorption measurements (because the
individual spectra are too close) but may be feasible by EPR.
Indeed, several works (Nitschke & Rutherford, 1989; Nitsch-
ke et al., 1992, 1993) have shown that the spectral contribu-
tion of each heme can be clearly distinguished by dhe

$eak in the EPR spectrum, allowing the determination of

their microscopic mid-point potential. A similar detailed
EPR study is necessary in the cas®of tenuido determine
the redox characteristic of each individual heme and the

aty, of about 140 ms, as shown by the absorption changesinteraction energies between them.

recorded at 557540 nm (Figure 6C, curve c). As the
extinction coefficient of the oxidized HiPIP is maximal
between 480 and 520 nm (broad peak), kinetics of HiPIP
oxidation was recorded at 513 nm, an isosbestic point for
the carotenoid band-shift, where the cyt contribution is small.

Keeping in mind this restriction, we may compare the mid-
point potentials we determined in the case of the tetraheme
cyt of Rc. tenuiswith those measured in different photosyn-
thetic species. The mid-point potential values of the LP
hemes of proteobacteria fall into two classes [see Nitschke

The light-induced absorption changes observed at 513 nmand Dracheva (1995)]. For some species, these values are

are positive in agreement with the occurrence of an HiPIP
oxidation. The kinetics of HiPIP oxidation gives a similar
half-time value as in the heme absorption region. The

low and comprised betweeR50 and—80 mV. On the other
hand, higher values, in the rang®0—130 mV, have been
measured in the case &u. gelatinosug+130,+70 mV)

amplitude of the absorption changes at 513 nm correspondgFukushima et al., 1988; Nitschke et al., 199Rp. acido-

to 425 nM of photo-oxidized HiPIP using an extinction
coefficient of 8 mMt cm™2, in reasonable agreement with
the concentration of the RC. This demonstrates that HiPIP
can act as an efficient electron donor to the RC bound
tetraheme.

Addition of the crude periplasmic fraction, containing
about 1.2uM HiPIP and 0.5:M cyt cs to membranes (RC
= 500 nM) poised at 260 mV, induces a fast HP heme
reduction measured at 56540 nm {1, = 100 ms) (Figure
6D, curve d). Figure 6E shows the light-induced absorption
spectra in the-band monitored 1 and 20 ms after the actinic

phila (+110,4+110 mV) (Matsuura & Shimada, 1986), and
R. denitrificans(+90, +90 mV) (Garcia et al., 1994). The
characteristics we have determined for the tetraheme cyt of
Rc. tenuig+110,+60 mV) fall into this second group. The
En of the HP hemes+420 + 10 mV) in Rc. tenuisare
significantly higher than those already determined for other
purple bacteria:+320 and+300 mV for Ru. gelatinosus
(Fukushima et al., 1988; Nitschke et al., 19928360 and
+312 mV forRp. viridis (Dracheva et al., 1986);354 and
+294 mV for Rf. fermentangHochkoeppler et al., 1995).
However, because the mid-point potential of the primary
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Table 1. Orientation of the Hemes of RC Bound Cytochromes with Respect to the Membrane Plane for Different Bacteria Species

Rc. tenuigthis work) Ru. gelatinosus C. vinosum? Rp.viridis® R. denitrificang C. aurantiacu8
HP; 55+ 5° 0° 30° 80° 40° 30°
HP, 67+ 5° 90 90° 55° 55° 90°
LP; 73+5° 90° 0 or 40 60° 90 or 40 40-50°
LP, 45+ 5° 0° 400rC 85° 40 or 90 45

aNitschke et al. (1992) Nitschke et al. (1993 Vermaglio et al. (1989a)¢ Garcia et al. (1994) Van Vliet et al. (1991).

electron donor oRc. tenuids also rather high525 mV), species is related to the low sequence homology in the
the AE between thi€,, and the one of HPis equal to 100 tetraheme polypeptide regions in contact with the core RC.
mV, a value very similar to the one measured for the majority The different orientation of hemes with respect to the
of species possessing a RC bound tetraheme cytRcln  membrane plane may reflect the capability of the tetraheme
tenuis we therefore expect the same order of magnitude for to react with soluble electron carriers of different nature. In
the rate of electron transfer between HP and P than thosethis context, it is worth remembering that, in the cas&pf
determined for the species studied so far. Moreover, the viridis, the best electron donor to the tetraheme is @yt
difference between the mid-point potentials of the primary The cyt cg of Rc. tenuisor HiPIPs isolated fromRu.
donor and the primary acceptoAE, = +590 mV at pH gelatinosusRp. marina or Rhodospirillum salinarunmeact

7.8 in Rc. tenui} is higher than the one measuredR. only very slowly with theRp.viridis reaction center (Meyer
sphaeroidesat the same pHAE, = +520 mV), but is et al., 1993). On the other hand, both HiPIP andagytan
smaller than those obtained @. vinosumand Rp. viridis rereduce efficiently the RC bound tetraheme cytRuf.
(AEqn = +640 and+630 mV, respectively). gelatinosus(Schoepp, 1994; Schoepp et al., 1995) and of

Because of the higE,, values of HR and HR, the two Rc. tenuis(this work).
high-potential soluble carriers present in the periplasm of In conclusion, the tetraheme subunit of RCR¥. tenuis
Rc. tenuisHIiPIP [En = +304 mV) and cytcg (En = +405 appears to present several similitudes with other described
mV), are putative electron donor to the RC bound tetrahemetetraneme cyt. As for all the species studied so far, with
cyt. Reconstitution experiments demonstrate that, indeed,the exception oRhodospirillum molischianuriNagashima
both HiPIP and cyts are efficient electron donors to the et al., 1993), this tetraneme subunit possesses one pair of
HP hemes of the RC bound tetraheme cyt. Despite the factHP hemes and one pair of LP hemes. The relative orienta-
that the HiPIP has a much more favorable redox potential tions of the four hemes dRc. tenuiscorrespond, however,
than cytcg to be an efficient electron donor to the HP to none of those described so far. This is however not
heme(s), the faster rate measured is between thezs@rd surprising since, with the exception of the closely related
the RC bound tetrahemdyf ~ 20 ms). This lack of speciesRp. viridis and Rp. sulfairidis (Vermglio et al.,
correlation between driving force and rate contants empha-1989a), all the tetraheme cyt present a different heme
sizes that other factors, such as distance, relative orientatiorarrangement. The main particularity of tHec. tenuis
of redox centers, and different binding affinities of HiPIP tetraheme is the value of the mid-point potentials of the HP
and cytcg for the tetraneme, influence the mechanism of hemes {420 mV), the highest reported so far. This is
interproteins electron transfer. A complete study of the correlated with theiin vivo rereduction by the cyts as
HiPIP and cyics concentration and ionic strength dependence described in the following article in this issue.
on the electron transfer kinetics is in progress to address the
different implicated parameters. Upon addition of the crude ACKNOWLEDGMENT
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