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ABSTRACT: The kinetics of charge recombination following photoexcitation by a laser pulse have been
analyzed in the reaction centdight harvesting complex 1 (RELH1) purified from the photosynthetic
bacteriumRhodobacter sphaeroidest RC—LH1 core complexes isolated from photosynthetically grown
cells PrQg~ recombines with an average rate constéif~~ 0.3 s1, more than three times smaller than
that measured in RC deprived of the LHKI{~ 1 s1). A comparable, slowed recombination kinetics is
observed in RELH1 complexes purified from pufX-deleted strain. Slowing of the charge recombination
kinetics is even more pronounced in RCH1 complexes isolated from wild-type semiaerobically grown
cells (RO~ 0.2 s ). Since the kinetics of FQa~ recombination is unaffected by the presence of the
antenna, the Qg™ state appears to be energetically stabilized in core complexes. Determinations of the
ubiquinone-10 (U@, complement associated with the purified RCH1 complexes always yield U

RC ratios larger than 10. These quinone molecules are functionally coupled to theHRGomplex, as
judged from the extent of exogenous cytochrocpeapidly oxidized under continuous light excitation.
Analysis of P Qg™ recombination, based on a kinetic model which considers fast quinone equilibrium at
the @ binding site, indicates that the slowing down of charge recombination kinetics observed-in RC
LH1 complexes cannot be explained solely by a quinone concentration effect and suggests that stabilization
of the light-induced charge separation is predominantly due to interaction ofgtsteéQwith the LH1
complex. The high Ug complements detected in RCH1 core complexes, but not in purified light-
harvesting complex 2 and in RC, are proposed to reflect an in vivo heterogeneity in the distribution of the
qguinone pool within the chromatophore bilayer.

The transduction of light energy into a proton electro- leads to the formation of a light-induced proton gradient
chemical potential is the peculiar characteristic of photo- across the plasma membrane.

synthetic organisms. IRhodobacte(Rb)! sphaeroidesa Light energy is mainly absorbed by light-harvesting (LH)

member of proteobacteria-subgroup, the interaction be-  4ntenna complexes which funnel excitation to the reaction

tween several membrane complexes and their soluble partnerg ey (RC) 1). Two kinds of antenna (LH1 and LH2) are

present inRb. sphaeroided H1 and the RC are intimately
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core complex, interrupts the LH1 ring, and switches the-RC to be markedly slower (from three to four times) than
LH1 sopramolecular organization from a monomeric to a observed in RC-only complexes. Determination of the;§JQ
dimeric structure. complement of the purified RELH1 complexes revealed a
Within the RC complex, direct photon absorption or energy surprisingly large pool of quinone molecules, competent as
transfer from LH1 promotes the primary electron donor P efficient electron acceptors fromaQ, indicating that more
(a special pair of bacteriochloropylls) to the first excited than one-third on the whole quinone membrane pool is
singlet state P*, from which an electron is transferred, via a functionally associated with the isolated core complex. This
bacteriopheophytin, to a first ubiquinone-10 ({JQnolecule, high UQ,o concentration cannot, however, account for the
Qa, generating the primary charge-separated stat@P. observed slowing of charge recombination, which is inter-
The electron is then delivered from,Q to a second preted as reflecting a sizable stabilization of the electron on
ubiquinone-10 molecule at thez@ite. In the absence of an Qg due to interaction with the LH1 complex surrounding
electron donor to Pthe electron on @ recombines with the RC.
the hole on P (11). In the presence of the physiological
electron donor to P[a soluble cytochrome (cyt)], a new MATERIALS AND METHODS
excitation of P leads to the full reduction and protonation of
Qs to UQH,, which dissociates from the Qsite and is
replaced by oxidized ubiquinone from a pool present in
stoichiometric excess over the RC( 13). The cytochrome
bc; complex utilizes ubiquinol and oxidized cyt, as

Bacterial Growth. Rb. sphaeroidssrains and the plasmid
used in this work are described in réfWe call wild type
(WT) and X, respectively, strains carrying thpif operon
either complete or deleted of tipeifX gene onto a low copy
number plasmid. The growth conditions and the antibiotics

reductant and oxidant, respectively, with the net result of used are also described in &fFor photosynthetic cultures
thi lic electron transfer chain acti t i . '
IS CYClic electron ransier chain acting as a pro.on pumping each 1 L Roux bottle was placed in a 3G water bath,

;é?;[slrgsg]?énsgh;:glyet;plasmlc side of the membrane to the inoculated with 50 mL of preculture, and illuminated by two

During the past decades RC charge transfer events havet00 W tungsten bulb lamps. o
been mainly analyzed in purified RCs lacking the antenna _RC, RC-LH1, LH2, and Cytochrome ,cPurification.
complex LH1 (hereafter called RC-only complexes). With Chromatophores were isolated as described idggfrozen
the availability of the X-ray diffraction structure at atomic N liquid nitrogen, and stored at80 °C. Photosynthetic
resolution (4—17) RC-only complexes frorRb. sphaeroides ~Membrane complexes (LH2, dimeric and monomeric forms
have become a paradigmatic system in the study of intramo-0f RC—LH1) were isolated by using essentially the dif-
lecular electron transfer as well as of the interaction of ferential solubilization protocol described in ref After
quinone cofactor with electron transfer complexes. Although "émoval of peripheral membrane proteins with sodium
many basic aspects of these processes have been elucidatdfomide, photosynthetic membrane complexes (PMC) were
by studies performed on RC-only complexes, it is expected S0lubilized using 3%-octyl 5-b-glucopyranoside (OG) and
that the in vivo functional properties of the RC itself are 0-5% sodium cholate. The detergent extract was separated
significatively modulated by the integration of the RC by zone centrlfuga_tlon over a sucrose density gradlent(lo
complex into a supramolecular structure of higher complex- 40% w/w) containing 0.6% OG and 0.2% sodium cholate.
ity. An important example, recently come to light, is the LH2 and dimeric LHI-RC complexes were collected from
facilitation of the UQH/UQ exchange at the Xsite of the the fractions termed respectlvgly PMC1 and PMC4 infref
RC promoted by the PufX protein and due to its role in In the extract from the X straln,.only monomeric LHE
structurally organizing the RELH1 complex (8). Non- RC complexes are present (fra}ctlon PMC3 m?)afSucrose_
systematic data in the literature also indicate that the kinetics"@moval was obtained by eluting the collected suspensions
of electron transfer reactions in RC-only suspensions and in©f Photosynthetic complexes through a PD10 (Pharmacia,
a more intact system (chromatophore vesicles) may differ SWeden) column with 50 mM glycylglycine, 0.6% OG, and
considerably, both in the case of intraprotein processes [e.g.0-2% sodium cholate, pH 7.8.

P*Qg~ recombination19, 20)] and in the case of interprotein Reaction centers lacking the antenna system (RC-only)
electron transfer [e.g., cyb oxidation by P (21, 22)]. were purfied fromRb. sphaeroideR26 according to re29.

In a first step to fill the gap between the in vivo and RC- To replace the detergent lauryldimethylamitexide (LDAO)
only functional properties, the core RCH1 complex of ~ with OG and sodium cholate, the LDAO suspension of
Rb. sphaeroideappears to be a suitable intermediate system, purified RCs was first diluted below the critical LDAO
also in view of the structural information made recently micellar concentration and then eluted through a PD10

available for this complex at low resolution Rb. sphaeroi-  column with 50 mM glycylglycine, 0.6% OG, and 0.2%
des(8—10) and, at 4.8 A resolution, in the related species sodium cholate, pH 7.8. The effectiveness of this OG/LDAO
Rhodopseudomonas palust(3). exchange procedure was tested by verifying that, following

In the present paper we have compared the recombinationthe exchange treatment, no increase in turbidity was induced
kinetics of the statemAQB* induced by a laser actinic pu|5e upon acidification at pH= 6.5. Emulsification of the protein,
in RC-only and in RG-LH1 core complexes. This reaction ~occurring at acidic pHs in LDAO but not in OG suspensions
has been extensively characterized in RC-only complexes,of RCs, has been recently characteriz8@)( Cytochrome
yielding a wealth of information on the energetics of the CzWas isolated following the protocol described by Bartsch
electron transfer events involving the primary and secondary (31), slightly modified as detailed in reg2.
quinone acceptors (see, e.g., re®s 24, and25) and on the HPLC Determination of Quinone Contefftor the evalu-
binding of quinone at the gXkite (see, e.g., re36 and27). ation of the quinone content of chromatophores and purified
Within the core complexes'®.Qg~ recombination is found  photosynthetic membrane complexes, 2h00f the respec-
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tive preparations was extracted as reported in3&fThe

dried extract was resuspended in 3000f 2-propanol, and 01 T

20 uL of the obtained solution was injected in a Jasco Pu e

1580 HPLC apparatus equipped with a Waters C-18 reverse- 0.0

phase column (Waters SpherisoriuBl ODS2, 4.6x 250 0.1k

mm); a mixture of 99.5% ethanol and 0.5% water (plus 1 1'_0

mL/L HCIO,4, 65%) at a flow rate of 1 mL/min was used as

mobile phase. The detection wavelength was 275 nm (Jasco 0.8

UV-970 detector). Calibration curves were obtained by =~ 06

injecting solutions of oxidized ubiquinone-10 (from Sigma- e -

Aldrich) at the appropriate concentrations. o 04
Characterization of Chromatophores and of Purified =

Photosynthetic Membrane Complex€kse concentration of +E_’ 0.2

photoactive RCs in chromatophores or in isolated core 0.0#

complexes was evaluated by flash spectrophotometry es-

sentially as described in ref. Chromatophores were 0.05

suspended in 50 mM glycylglycine and 100 mM KCI at pH 0.00

7.8, and the total concentration of photooxidizable primary )

donor P was measured from the absorbance change induced -0.05E.L \ .

10

at 605-542 nm by a train of eight flashes fired at 10 Hz 0 5
frequency. Actinic flashes were provided by a xenon lamp )
(EG&G FX201, discharging a @F capacitor charged at 1.5 time (s)

kV) with a pulse duration at half-maximal intensity of4,
screened through two layers of Wratten 88A gelatin filter.

The cytochromebe, complex was inhibited with 10:M b). Measurements, performed &t= 298 K, in the presence of
antimycin A and 0.5M mixotyazol; 104M valinomycin 0.6% OG and 0.2% sodium cholate, are thé result of four averages.

and 10 uM nigericin were also added to collapse the p+ gecays recorded at 605 nm have been normalized to the maximal
transmembrane proton gradient and to avoid spectral Interfer-a.mplitude at the time of the laser pulge<( 0). Traces have been
ence due to BChl and carotenoid electrochromic bandshifts.:‘lttecz t|0 the hsum)of ag eXprn%nFlabdeC_?y (fﬁSt pha?e) and Ei)pc_)l_vr\:er
Analogous measurements on RCH1 complexes were  'aw (slow phase) as described in detall in the text (see eq 1). This
. . procedure yieldedk= 0.28 s (0.25, 0.31) andr = 0.22 s*!
performe_d dlr_ectly on the suspensions eluted from the PD10(0.19, 0.26) in the RELH1 complex andk= 1.01 s (0.97,
column (i.e., in 50 mM glycylglycine, 0.6% OG, and 0.2% 1.06) ando = 0.35 st (0.28, 0.41) in RC-only. Values in
sodium cholate, pH 7.8). During averaging cycles, samples parentheses represent the extremes of confidence intervals within
were dark adapted for 4 min to allow full recovery of the one standard deviation. Residues for traces a and b are shown in
photooxidized RC. The concentration of RC in RC-only the upper and lower panels, respectively.
preparations was determined spectrophotometrically by the
absorbance at 802 nm, using an extinction coefficigpyt . ! .
= 288 mM cmi ! (34). In these preparations, the concen- 'ereduction of P following a laser actinic pulse was
tration of photooxidizable primary donor was evaluated from Monitored at 605, 542, and 420 nm, obtaining essentially

the absorbance change induced at 605 nm by continuous IighlIhe same kinetics. Sample_s were phptoaqtivated by a 20 ns
excitation usinghe = 19.5 mM cm (35, 36). Continuous pulse from a dye laser cavity (RDP-1; Radiant Dyes GmbH,

— ; ; Wermelskirchen, Germany) pumped by a frequency-doubled
photoactivation was provided by a collimated 200 W quartz \ : :
halogen lamp as described in &7. RC and P concentra- Q-switched Nd:YAG laser (Surelite 10; Continuum, Santa

tions estimated by the procedures described above agree§'@@ CA). Styril 9 was used as a dy&méx at 810 nm).
within the experimental error. Samples were dark adapted for at least 4 min between each

To determine the BChI/P stoichiometry in chromato- measurement. .To'check the stgbility OT se_miquinone fqrmed
phores, purified RC-only, and RELH1 preparations, a  YPON flash excitation at thedite, semiquinone formation
volume of 50uL of the same samples used in the spectro- and d_eca_y were monitored at 446 nm in the presence of 0.5
phometric determination of'Pwas extracted in 1 mL of an mM d|am|nodurene (DAD) as fast elgctrqn donor.tb(IZ!O,
acetone-methanol (7:2) mixture, and the BChl concentration 4D). In the "?‘”_a'YS'S.Of charge recombination, nonlinear Ie_ast—
was evaluated spectrophotometrically according to Clayton squares minimization was performed by computer routines

Ficure 1: Kinetics of charge recombination following flash
excitation in dimeric RE&LH1 complexes purified from photo-
synthetically grown cells (trace a) and in RC-only complexes (trace

photometry using an apparatus of local desig).( The

(38). The concentration of LH2 complexes purified over the
sucrose density gradient (PMC1; see above) was evaluate
on the basis of the BChl concentration of the fraction,
assuming a stoichiometry of 27 BChl molecules per LH2
complex (9).

Photooxidation of exogenous ayby RC-only and RE&
LH1 complexes under continuous light was monitored at 551
nm using an extinction coefficient of 19.5 micm (35,
36).

Charge Recombination Kinetic¥he kinetics of charge

recombination were measured by flash absorption spectro-

based on a modified Marquardt algorithm, and confidence

dntervals of fitting parameters were estimated by an exhaus-

tive search method as described in 4&f

RESULTS

Comparison of the Kinetics of Charge Recombination in
RC-Only and in R&LH1 ComplexesFigure 1 shows the
decay kinetics of P generated by a laser pulse in RCH1
(trace a) and in RC-only (trace b) preparations. Normalization
of the traces to the maximal absorbance change immediately
after photoexcitation shows evidence that the recovery
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Table 1: Kinetic Parameters of'Rgs~ Charge Recombination and Cofactor Stoichiometries ir-RB1 and RC-Only Preparatiohs

preparation &Os™) o (s As (%) UQuy/P" BChl/P"

RC—LH1 from photosynthetically grown cells

prep 1 0.28(0.25,0.31)  0.22(0.19,0.26)  16.4 (8.4, 22.9) 057  35.0+ 4.7

prep 2 0.30 (0.28, 0.31) 0.32(0.30, 0.35) 17.9 (14.3, 22.5) 1105 34.0+1.8
RC—LH1 from semiaerobically grown cells

prep 1 0.21 (0.20, 0.22) 0.21 (0.20, 0.22) 15.9 (11.8, 19.0) 18056 23.5+1.9

prep 2 0.21(0.20,0.22)  0.20(0.19,0.21)  14.6(11.3,17.8) B  27.2+1.2
RC—LH1 from X~ strain 0.29 (0.28, 0.30) 0.21(0.19, 0.23) 6.5 (0.8, 11.0) #7162 36.9+0.9
RC-only

prep 1 1.01 (0.97, 1.06) 0.35(0.28, 0.41) 22.3(19.3,25.3) +104 45+ 0.5

prep 2 0.97 (0.95, 1.00) 0.39 (0.36, 0.42) 19.4 (17.5,21.1) +1034 4.0+ 0.5

a Kinetics of charge recombination were measured at 605 nm &€ 2d fitted to the sum of a power law and an exponential decay with a fixed
rate constant equal to 8.2'gsee eq 1). Values in parentheses give the extremes of the confidence intervals within one standard deviation. See text
for further details.

kinetics are drastically slowed in R€.H1 as compared to  isolated from WT cells grown under photosynthetic condi-
RC-only complexes. In both cases the kinetics include two tions and from WT and X strain cells grown under
well-separated components and have been fitted to a fastsemiaerobic conditions. Fitting parameters for the correspond-
exponential term plus a slowly decaying power law, accord- ing kinetics are summarized in Table 1, which also includes
ing to two independent RC-only preparations. Drastic slowing down
of the kinetic phase attributed tot®g~ recombination
P (1)/P"(0) = A, exp(—kt) + (1 — A)(1 + k)" (1) appears to be a general feature of-RGH1 core complexes
as compared to RC-only. This slowing is, however, signifi-
whereAs represents the fraction of reaction centers (with
the @ site empty or damaged during the purification

catively more pronounced in WT preparations from semi-
procedure) that recombines from the stateQR~ with a

aerobically grown cells than in complexes purified from
photosynthetically grown WT cells. In the former case the
typical ks ~ 10 s (11). The dominating slow component,
attributed to PQg~ recombination, deviates slightly but

slow component of P decay exhibits an average rate
constant[k(= 0.21 s!, four times smaller than in RC-only
systematically from an exponential behavior also in-RC  complexes &= 1.0 s'). In core complexes purified from
LH1 preparations, as already reported for RC-only complexesthe PufX-deleted strain (see Materials and Methods)khe
(37). The use of a power law to fit this kinetic phase implies value is essentially coincident with that obtained in-RC
a continuous distribution of rate constant2,(43). The LH1 from photosynthetically grown WT cells.
average rate costantk] and the width,o, of the rate To safely attribute the extremely slow Elecay observed
distibution function are related to the parametgrandn in in core complexes to recombination of the@®~ state, it is
eq 1 by &O= nky and 0> = nk? (42). When fitting the important to exclude the occurrence of side redox reactions
kinetics to eq 1, we fixed the rate constdatof the fast which, on the time scale of several seconds, could contribute
phase to 8.2 as measured forf),~ recombination in in principle to oxidize the light-generated semiquinone at
suspensions of RC-only deprived of the secondary acceptorthe @ site, thus inducing slowPrereduction by exogenous
Qs (42). This was done in order to avoid effects of strong electron donors. The stability of the semiquinone formed
parameter correlation and in view of the relatively poor upon laser excitation at thes@ite has been therefore tested
sampling of the fast kinetic component in traces recorded in the RC-LH1 complexes by monitoring the laser-induced
over several seconds. The validity of such an approach isformation of semiquinone at 446 nm, in the presence of
justified by the fact that, in all preparations examined, leaving added DAD. This exogenous electron donor completely
ki as an adjustable parameter yields values ranging betweerrereduces the photooxidized fh a few milliseconds, so
8 and 10 s?, without any systematic difference between RC- that the PQQg~ and PQ Qg states are trappedi@, 41).
only and RC-LH1 preparations. In agreement with this Under these conditions, in R&H1 complexes, the flash-
observation, when electron transfer t@ @@ inhibited by generated semiquinone signal decayed by less than 10% over
o-phenanthroline, essentially the same kinetics 0QF 20 s (not shown). This indicates that flash-induceg @&
recombination are measured in RC-only and REi1 quite stable in core complexes over the time of decay
complexes, characterized by a rate constaat 10 s at measured in the absence of exogenous electron donors
298 K (see below). (Figure 1). Assuming differential extinction coefficiemtggos

The described fitting procedure yields, in RCH1s = 19.5 mM* and Aegs = 8.5 mMt for P* and semi-
purified from photosynthetically grown cells, an average rate quinone, respectively36, 36, 44), a Q /P" ratio close to 1
constant k= 0.29 s1) 3.5 times smaller than in RC-only  has been estimated, confirming the stability of the quinone
(BO= 1.0 sY. In both cases kinetics are moderately acceptor radicals. These measurements unambiguously show
distributed with a comparable width of approximately-8.2  that the very slow P decay kinetics observed in LHIRC
0.4 s%, and the slow phase accounts for approximately 80% complexes reflect a genuine charge recombination process.
of P™ decay (see Figure 1). This relatively narrow distribution ~ The temperature dependence ofQ@g~ recombination
of rate constants agrees with the results of a previous analysiskinetics has been examined in LHRC complexes purified
in RC-only 37). Following the procedure exemplified in  from photosynthetically grown WT cells over the range 275
Figure 1, the kinetics of Pdecay after a laser pulse have K < T < 305 K. Panel A of Figure 2 presents an Arrhenius
been analyzed in a series of preparations of core complexe9lot of the average rate constakifdetermined by the above-
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£ 05 E,= 10.6 kJ mol” ]
S 1.0} _e ]
"o 15} ]
% 20of E=224K mol” ] : . . . ‘ .
‘C’ 25 2 3 4 5 6 7 8
B " 0.0033 0.0034 0.0035 0.0036 elution time (min)
1T (K" Ficure 3: HPLC chromatograms of the extract from a RCH1
preparation (prep 1 from photosynthetically grown cells in Table
40 . , . , ; ; 1) (continuous line) and of a standard solution of lg€@rrespond-
ing to 150 pmol (dashed line). The injected extract of the core
-50F RC-only ° s complexes corresponds to 6.7 pmol of photooxidizable reaction
50 M/ center.
< at the @ site when this process occurs rapidly over the time
° 70t 1 scale of PQa~ recombination. Recent investigations per-
= 8ol ] formed on RC-only complexes in inverted micell@3)as
03 . well as in artificial lipid vesiclesZ5) are indeed consistent
2 -90¢ ] with a fast quinone exchange at thg §te and indicate that
-100 RC-LH1 B ] the observed rate constant of @aQg~ recombination is
: . . . 1 . . sensitive to the concentration of quinone [Q] in rapid
275 280 285 290 295 300 305 equilibrium with the binding site (i.e., it decreases at
T (K) increasing [Q]; see Discussion). This view clearly prompts
_ e - for a determination of the quinone complement associated
FicURe 2: Temperature dependence GiJ - (circles) and PQa with the purified core complexes in which a marked slowing

(squares) recombination kinetics in RCH1 (filled symbols) and L S
RC-only complexes (open symbols). Panel A: Arrhenius plot of d0Wn of the recombination kinetics was observed.

the average rate constaiof the slow kinetic component of P The ubiquinone content of the examined core complex and
decay (PQg~ recombination) and of the rate constg measured RC-only preparations was determined by exhaustive extrac-

in the presence of 10 midphenanthroline (RQa~ recombination).  tjon and HPLC analysis (see Materials and Methods). Figure

Error bars correspond to confidence intervals within one standard 3 shows the chromatogram of a pure ubiquinone-10 sample
deviation. Panel B: Temperature dependence of the free energy

differenceAGag between the PQsQs~ and the PQa-Qg states  (dashed line) overlayed to a typical chromatogram of aRC
evaluated from the data of panel A as described in the text. Best LH1 extract (continuous line). Spectral analysis of the eluates
fitting straight lines AGag = AHag — TASsg) correspond té\Hag has confirmed the attribution to oxidized W®f the peak
= —(281+ 23) meV andASe = —(0.65+ 0.08) meV K* for at 6.4 min and has indicated that the components eluted at
5%4_LH1 andAHys = (1674 12) meV andAS,s = —(0.38+ shorter times are mainly carotenoids. This analysis indicates
.04) meV K for RC-only. . S -

also that the carotenoid contamination of theb/faction
described fitting procedure in core complexes and in a RC-is lower than 10%. In parallel measurements the total
only preparation. A stronger temperature dependence isphotooxidizable primary donor P was estimated by measuring
obtained in the former case, corresponding to an apparentthe absorbance change induced at 605 and 54235n86)
activation energy of approximately 22 kJ mbhs compared by trains of actinic xenon flashes. In the case of purified
to 11 kJ mot? in the RC-only complex. The kinetics of RC-only preparations, excitation by continuous light was
P*Qa~ recombination were examined by measuridgiBcay used to achieve saturation (see Materials and Methods). The
in the same RELH1 and RC-only preparations in the stoichiometric ratios UQYP" obtained on this basis are
presence of 10 mMb-phenanthroline. Fitting the decays to summarized in Table 1, which also includes the correspond-
a single exponential yielded very close values of the rate ing bacteriochlorophyll to Pratios (BChl/P). As expected,
constantksp for P*Qa~ recombination in the two systems. determination of this stoichiometry in RC-only preparations
Rate constants vary in both preparations between ap-yielded a value consistent with 4 BChl per RC, while a

proximately 10.8 st at T = 275 K and 9.0 st at T = 305 number of ubiquinone molecules per RC close to 2 was
K (see Figure 2A), exhibiting a small, negative, apparent found, in agreement with previous measuremed6; 47).
activation energy of approximately-3.8 kJ mot™. The In RC—LH1 core complexes purified from semiaerobically
coincidence okap values and the higher apparent activation grown WT cells an average ratio of 25 BChl molecules per
energy measured for*t®g~ recombination in LH+RC complex was obtained, in reasonable agreement with recent
complexes strongly suggest that stabilization of th©/&s~ low-resolution structural data which suggest the presence of
state with respect to the'®, Qg is increased in the presence 12 o heterodimers per LH1 ring%. The BChI/P ratio

of the LH1 antenna (see Discussion). increases to approximately 37 in core complexes purified

Ubiquinone Complement and Antenna Size in Core from the PufX-deleted strain, a value consistent with previous
ComplexesAs analyzed in detail by Shinkarev and Wraight observationsg, 7) and with the notion that a closed ring of
(45), the kinetics of PQAQg~ recombination can be con- o/ heterodimers surrounds the RC in the absence of the PufX
siderably affected by the binding equilibrium of ubiquinone protein. In RC-LH1 complexes purified from photosyntheti-
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Table 2: Bacteriochlorophyll and Ubiquinone-10 to P . 30F ‘ ‘ ‘ IITN—— L
Stoichiometries Determined in Different Fractions during the o light on : a
o -~ 25¢ : 0.5
Purification of Core Complexés - ;
O 20¢f i 104
sample BChl/P UQu/P* _g light off >
chromatophores 142 8 25+ 5 'g 15¢ ; 103 »
NaBr-washed chromatophores 17510 38+ 3 ~ 10F | : 102 @
supernatant 173 7 30+5 o ' b
pellet 53+ 6 43+ 2 > ! -0.41
a See text for details. 0 0.0
0 200 400 600 800 1000
cally grown WT cells the number of BChl molecules pér P time (ms)

is close to 35, i.e., systematically and significatively larger L )
y y 9 y'arg FicUrRe 4: Cytochromec; oxidation, measured at 551 nm, induced

than in complexes purified from semiaerobically grown by continuous photoexcitation of R€.H1 from photosynthetically
baCterla_. _ _ ) grown WT cells (prep 2 in Table 1) (curve a) and of RC-only
Surprisingly, in all of the core complex preparations complexes (prep 1 in Table 1) (curve b). The éncentration in

examined a large pool of ubiquinone-10 is detected; in fact, the assays was 0.067 and 2.4 in RC—~LH1 and RC-only
the stoichiometry UQ/P* ranges from approximately 10 to samples, respectively. Both signals have been normalized to a P

. . . . : concentration equal to ZM. Purified cytc, was added at 50 and
15 in RC-LH1 from photosynthetically and semiaerobically 10 times excess concentration over the photoactive RC in the RC

grown WT cells, respectively. An even larger pool (184dQ | H1 and RC-only samples, respectively. The left scale gives the
molecules per photooxidizable RC) was determined in core number of cytc, oxidized per reaction center.

complexes isolated from the>strain. The large ubiquinone L o . . )
complements associated with RCH1 represent a consider- ~ détérmination of ubiquinone in the LH2 fraction yields
able fraction of the total ubiquinone present in the membrane @PProximately 1.4 U@ molecules per LH2, well below the
phase. RELH1 complexes, exhibiting a U@P* ratio close ~ values obtained in RELH1. Since both LH2 and RELH1

to 11, were isolated from chromatophores characterized byf'ractlons. come from the same detergent extract, this observa-
a stoichiometry of 25 ubiquinone molecules per photooxi- 10N again indicates that the high W¢rontent of the RE
dizable RC. LH1 is not simply due to partition of ubiquinone in the

The high UQy/P* ratio found in RG-LH1 fractions is detergents but is a peculiar feature of the core complexes.
unlikely to be due to ubiquinone solubilized in a pure To confirm the analytical determinations of the ubiquinone
detergent phase. Analysis of the different fractions collected 0 RC stoichiometries and to assess the functionality of the
over the whole sucrose gradient used to separate photosyndetécted quinone molecules in accepting electrons at ghe Q
thetic membrane complexes (not shown) has revealed sizablésite; We used an alternative quinone assay based on the rapid
amounts of U@ in the top fraction of the gradient, where ~©Xidation of cytochromec, by the RC under continuous
low-density detergent micelles are expected to be layered.illumination (47). In the presence of excess reduced eyt
To further examine the possibility that the large ubiquinone the number of turnovers which the RC can sustain under
content of isolated core complexes is simply due to a strong continuous light is limited by the number of oxidized
preferential portion of UQ in the detergents with respect ublql_Jlnone molecu_les available as e_Iectron acceptors at the
to the membrane phospholipids, we have determined theQs Site. More precisely, when ubiquinone molecules per
UQ./P* ratio in different fractions during the purification ~RC are present in addition to the primary acceptar @n
procedure. As shown in Table 2, chromatophores washed™ 1) molecules of cye; per RC are expected to be oxidized
with 2 M NaBr are characterized by an enrichment in the under continuous illumination. Figure 4 shows the oxidation
number of both BChl and U@ per P, presumably due to of exogenously added cgt (monitored at 551 nm) by RE
inactivation of photochemistry in a fraction of RCs. Subse- LH1 and RC-only complexes exposed for 500 ms to
quent steps include detergent extraction with OG and SOdiumcontlnupus light excitation. Trac_es have been .nprmallzed on
cholate and ultracentrifugation (see Materials and Methods). the basis of the total concentration of photooxidizable donor
The BChI/P and UQ/P* stoichiometries have been deter- P Present in the respective samﬁ)leslland a differential
mined in the pellet and in the supernatant which is charged &xctincion coefficienAe = 19.5 mM™ cm™ at 551 nm has
on the 16-40% sucrose gradient for the isolation of the LH2 Deen used to evaluate the concentration of oxidizedcgyt
and RG-LH1 complexes. The number of BChl per photo- (39)- This can be measured from the plateau reached by the
active reaction center is essentially unaffected in the super-CYt C2 Oxidation trace, since oxidized cgi is stable on the
natant and drastically reduced in the residual pellet, indicating ime scale of the measurement. From the data in Figure 4,
a good yield of detergent extraction of the photosynthetic total UQi/P" ratios of 14 and 1.5 can be evaluated in the
complexes. The UQ/P* ratio decreases from 38 in the C€ase of RG-LH1 and RC-only, respectively. These values
washed membrane fraction to 30 in the supernatant. At compare well with the stoichiometries evaluated by HPLC
variance, a sizable increase of the 14©" stoichiometry s~ that gave 11 and 1.5 UQRC, respectively. It appears,
observed in the residual membrane pellet. These observationgherefore, that the large ubiquinone pool analytically detected
argue against a segregation of quinones in the detergeni” RC—LH1 preparations is fully available to thesQite as
phase. electron acceptor.

The concentration of the LH2 complexes purified on the
same sucrose gradient from which the LHRCs were DISCUSSION
isolated has been evaluated from the total BChl content by A Ubiquinone Pool Copurifies with R€.H1 Core
assuming 27 BChl molecules per compl89)( On this basis, ComplexesOur determinations of the BChl content of core
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complexes purified from the semiaerobically grown WT and  In the present paper we show that, when relatively mild
the PufX-deleted strains are in reasonable agreement withdetergent extraction conditions are used to isolate-R€1
previous estimates and with the structural information complexes, the purified core complex fractions contain a
available for RC-LH1 complexes inRb. sphaeroidesnd large complement of ubiquinone molecules. Analytical
in related species. When subtracting from the stoichiometric ubiquinone determinations yield U@RC ratios of ap-
ratios of Table 1 the four BChl molecules belonging to the proximately 10 in core complexes purified from photosyn-
RC, it appears that deletion of PufX leads to an increase in thetically grown WT cells. This stoichiometry corresponds
the number of BChl molecules per LH1 from 222 to 33 to 40% of the total ubiquinone content of intact membrane
+ 1, i.e., to a change in the number aff heterodimers  vesicles (25 U@/RC). A comparable, large stoichiometry
forming the LH1 ring from approximately 11 to 16. A is obtained when the quinone is evaluated by a functional
number of 120 heterodimers has been proposed for the assay based on the number of gytolecules per RC rapidly
PufX—LH1 complex on the basis of low-resolution structural oxidized under continuous illuminations. This demonstrates
data obtained in vivog) and in purified complexe®y. From that all of the ubiquinone molecules analytically detected in
previous determinations of BChl content in the purified the purified RC-LH1 fractions are promptly available as
complexes, stoichiometries of 1& 2 and 18+ 3 af electron acceptors at thegGite. More than 80% of the
heterodimers per LH1 complex can be evaluated for the WT maximal cytc, oxidation level is reached in the first 100
and the PufX- deleted strain, respectiveR). (Estimates of ms of continuous photoexcitation, giving a lower limit for
the size of the LH1 antenna in chromatophores from greenthe rate of quinone exchange at thg Site. Even higher
LH2-deleted strains dRb. sphaeroidegielded values 0of 23.6 ~ UQ.o/RC ratios have been determined in core complexes
+ 1.8 and 34.9+ 1.8 BChl per complex in the presence purified from semiaerobically grown WT and ells (see
and in the absence of the PufX protein, respectivé)y ( Table 1).

When comparing core complexes purified from semiaero-  Several independent lines of evidence show that the high
bically grown with those from photosynthetically grown WT UQ.¢/RC ratios detected in the purified RCH1 prepara-
cells, we observed in the latter systematically larger BChl/ tions are not due to quinone artifactually segregated into the
P* ratios which suggest an increase of the LH1 antenna sizedetergent phase during extraction: (a) 4J@ontaining
from 22 4+ 2 to 30+ 4. Interestingly, the crystallographic  detergent micelles are layered on top of the sucrose gradient
structure of the core complex purified from photosyntheti- over which RC-LH1 and LH2 complexes are separated; (b)
cally grown cells of the related speci@gs. palustrishows the UQ/P' ratio determined in the residual membrane pellet
15 o heterodimers, consistent with a stoichiometry of 30 during the purification procedure is higher than that of the
BChl per LH1 @3). detergent extract (supernatant), suggesting that ubiquinone

In membrane fromRb. sphaeroidesand Rhodobacter extraction by detergent is less efficient than RGH1
capsulatusubiquinone-10 is present in large stoichiometric extraction (see Table 2); (c) the ubiquinone concentration
excess over the RC. The size of this (thermodynamically in the LH2 fraction (corresponding to 1.4 WYgmolecules
homogeneous) pool varies from approximately 20 to 6Q4JQ per LH2) is much lower than in the R&.H1 fraction
molecules per RC depending on the growth conditions (see,coming from the same detergent extract; (d).b/iQ expected
e.g., refs33, 48, and49). Its role in mediating the cyclic  to exchange slowly between RCH1 micelles and pure
electron transfer catalyzed by the RC and lteg complex detergent micelles26) so that UQy, molecules in pure
is well established and explained by the current Q-cycle detergent micelles disconnected from the-RE11 complex
schemesi2). A number of studies performed in chromato- would not be available as electron acceptors at thesi@
phore vesicles and exploiting different approaches are as required for the fast multiple oxidation of cytochrome
consistent with the notion of a diffusional pathway for U9PH observed under continuous illumination. We conclude,
UQ between the RC and thee; complex. These investiga-  therefore, that the whole U@complement detected in RE
tions indicate that oxidation of UQHhat the Q@ site of the LH1 fractions is strictly associated with the core complexes.
bc, complex involves a collisional reaction, that the oxidizing In light of the limited information available on detergent
site is in rapid equilibrium with a large ubiquinone pool, RC interaction §2—64) it is conceivable that, also in the
and that ubiquinone, as well as soluble @yt diffuses case of the RELH1 and LH2 complexes, detergents fill
between reaction sites in a domain which includes severalthe available space around the membrane-spanning helices,
electron transfer chains and which seems to coincide with providing an hydrophobic phase for YQ This phase is
the chromatophore vesicldZ, 33, 50—52). On the other likely to include tightly bound lipids, as recently evidenced
hand, studies with intact cells have led to a proposal that for RC-only complexesg5—67). Assuming that the UQ
the enzymes of the photosynthetic electron transfer chainis aspecifically distributed in this hydrophobic belt both in
are organized in supercomplexes and that cofactor diffusionRC—LH1 and in LH2, in the absence of other interactions,
between reaction sites occurs in vivo in restricted domains the number of U@ molecules per RELH1 and LH2 is
limited to a small number of interacting complexéss¢ expected to be roughly proportional to the diameter of the
56). Data interpreted as evidence for the existence of arespective ring structures. In this hypothesis, diameters from
heterogeneous spatial distribution of ubiquinone within the 90 (4) to 110 A (9) for the RELH1 (thought of as a
chromatophore membrane under oxidizing conditions have monomer) and of 70 (4) A for the LH2 would correspond
been put forward by Drachev et ab7). These different  to a ratio of the U@/complex ranging from 1.3 to 1.6 times
views are currently debated, and several aspects of the inlarger in RC-LH1 as compared to LH2. This is likely to be
vivo interaction of quinone from the pool with its reaction an upper limit, since the empty LH2 ring, although smaller,
partners remain open to investigation (see, e.g., 58fs could locate in its inner space lipid and/or detergent
61). molecules, providing a more extended hydrophobic phase
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for quinone solubilization. At variance, from the data of kpp
Table 1 it appears that the stoichiometry of the,l€@mplex ¢
is always at least 6 times larger in RCH1 than in LH2. by Kan
These considerations strongly suggest that the large ubiquino- P — ptO" —22 + -
ne pool copurifying with the RELH1 is the result of Qe E kap P kga PR
specific interactions of the cofactor with the core complex,
which in vivo are presumed to determine an heterogeneity kg kos kpo kop
in the spatial distribution of ubiquinone.
The structure of the core complex suggests the space hv
between RC and LH1 as a putative location for hydrophobic PQ, s—) P*Q‘A
guest molecules. From the low-resolution projection map of kap (2)

the complex 9) the area between the LH1 ring and the RC,
roughly evaluated as the area between two concentric circlesThe rate constantép, kas, ksa, ksq, andkg, are true first-
of diameter~75 and~50 A, can be estimated as2500 order rate constants, whiles andk are the pseudo-first-
A2 When assuming a thickness of about 30 A for the order binding rate constants of pool quinones to thesig,
hydrophobic domain, this translates into a volume of about j e, kos = kog'[Q] and ko = koe'[Q], with [Q] being the
7.5 x 10* A% On the basis of a UQ molar volume of  ypiquinone concentration. Kleinfeld et allg) have dem-
approximately 1070 cfmol™* [estimated from the density  onstrated that in RC-only complexes recombination of the
of a UQy solution in hexane (G. Palazzo, umpublished p+Q,Qz~ proceeds essentially viatP, Qg, with the
data)], a total complement of a5 UQic molecules per  contribution of the direct route being negligible. The direct
RC—LH1 complex would correspond to a volume of (.8 pathway has been characterized in RC-only complexes in
2.7) x 10* A% Although the conformation of the UQ  which the primary acceptor, Qhas been replaced with low
molecules copurifying with the complex (and consequently potential quinones, raising the energy level of the state
their actual volume) is not known, the above estimates prQ,~Qg relative to PQaQg~ and thus disfavoring the
suggest that the space between the antenna and the RC caRdirect pathway. Schmid and Labal68) have determined
well accommodate the ubiquinone complement. akgp value of 0.12 st at T = 293 K, 6 < pH < 8, in the
Stabilization of the PQAQs~ State in RG-LH1 Com- presence of 60% glycerol. In the absence of cryosolvents
plexes Despite the wide literature on the kinetics of charge kg, ~ 0.19 s has been evaluated under similar conditions
recombination events measured in RC-only and the increas-(69). In view of these values, the direct recombination route
ing structural knowledge of RELH1 complexes of photo-  cannot be disregarded a priori when analyzingQRQs~
synthetic bacteria, the effect of the antenna system on thesgecombination in core complexes; in the presence of the LH1
intraprotein electron transfer processes has not yet beenantenna, in fact, the recombination kinetics is characterized
studied. In the present paper we have compared the recompy an observable average rate constaifA 0.2—0.3 s'%)
bination kinetics of the light-induced®a Qg and P QaQg™ of the same order of magnitudelaf in RC-only complexes.
states in detergent suspensions of RE11 core and RC-  Shinkarev and Wraight6) have shown that the scheme in
only complexes purified fromRb. sphaeroidesin the eq 2 can be analytically solved under two assumptions, which
presence ob-phenanthroline, essentially the san&R™ Qg appear quite reasonable in the case of both RC-only and RC
recombination kinetics is observed following a light pulse |H1 complexes; i.e., (a) electron transfer betweena@d
in these two systems (see Figure 2A). At variance, in the Qg is much faster than all other reactions of the scheme in
absence of the inhibitor, the recombination kinetics of the eq 2, so that quasi-equilibrium can be assumed between states
flash-generated ®,Qs~ state is strongly slowed in the p*Q,Qz~ and PQa Qg (12, 13, 19); (b) pool quinone
presence of the LH1 antenna (see Figures 1 and 2 and Tablexchanges rapidly at thegGite, so that one can assume
1). The average rate constant characterizingQaQs" quasi-equilibrium between states@ Qg and P Qa~ (25—

recombination decreases from approximately 1is RC- 27). Under these conditions the observed rate constant of
only to 0.3 in RC-LH1 complexes isolated from photosyn-  charge recombination is given by

thetically grown WT cells; the slowing effect appears more

pronounced®= 0.2 s'1) in core complexes purified from K K

semiaerobically grown WT cells, while &[value close to k== (Kop + kBPLABl + K)/(l + LABl + K) @)

0.3 s! has been measured in RCH1 from the PufX-

deleted strain. Recombination appears therefore three to fouwherelag = kag/kza is the equilibrium constant for electron

times slowed in all core complexes, being also possibly transfer from Q to Qs and K = kog'[Ql/kso is the

modulated by different structural organizations of the-RC  dimensionless equilibrium constant of quinone binding to

LH1 complex, as suggested by the different BChlfRtios the @ site in the PQa~ state.

measured in core complexes obtained from differently grown  We found that a large, functional ubiquinone pool copu-

cells or X strain. rifies with RC—LH1 complexes, resulting in UQP" ratios
Possible pathways and mechanisms of charge recombinaat least 5 times larger than in RC-only. A first question we

tion in RCs have been thoroughly discussed by Shinkarev can address by using eq 3 is whether and to which extent a

and Wraight 45) on the basis of the following general higher quinone concentration can account for the slower

scheme shown in eq 2 in which both a direct (rate constantrecombination kinetics observed in core complexes. By

ksp) and an indirect recombination route (by thermal re- considering &dK, it is easily seen that eq 3 predicts indeed

population of PQs~Qg) are taken into account and the a decrease in the rate const&ntipon increasing [Q] (i.e.,

binding of quinone at the Qsite is explicitly considered.  K), whenkgp < kap. The rate constarisp is close to 10 s
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Table 3: Thermodynamic Parameters for the Electron Transfer betwgemdQ@ Evaluated for Different Environments of the RC

system AGapg (MeV) AHag (MeV) ASsg (MeV K™ ref
RC in OG/cholate —(56+2) —(167+12) —(0.38+ 0.04) this work
RC—LH1 in OG/cholate —(91+£3) —(281+ 23) —(0.65+ 0.08) this work
RC in LDAO —(71.4+1.4) —(150+ 11) —(0.27+ 0.03) 24
RC in LDAO —69 —230 —0.55 19
RC in LDAO -78.8 26
RC in reverse micelles —(81+£3) —(140+7) —(0.20£ 0.03) 27
RC in lipid vesicles —(81+0.5) —(157+12) —(0.26+ 0.04) 25
chromatophores —-12C¢ 20

a2Unless otherwise stated, values of the free energy chag@ss) are given at 293 K? Evaluated at 295 K¢ Evaluated at 309 K.

both in RC-only and in RELH1 complexes an#gp < 0.2 observed in the presence of the LH1 antenna implies
s1 (68, 69) in RC-only. In RC-LH1 kgp cannot be larger  necessarily a stabilization of the @,Qs~ state.
than the observet&[(ranging from 0.2 to 0.378) so that The comparison of the temperature dependend&dh

the inequalityksp < kap Will certainly hold also in core RC-only and in RG-LH1 complexes (Figure 2A) confirms
complexes. It appears, therefore, that according to eq 3 anthis conclusion and allows a rough estimate of the enthalpy
increase in the quinone concentration associated with the RCand entropy changes coupled ta @o Qs electron transfer
could in principle slow PQ,Qg~ recombination. However, in the two systems. A lower limit for the free energy
the strong slowing down of charge recombination observed difference AGag) between the states "B Qg and

in core complexes cannot be solely due to a quinone effect,PtQ.Qs~ can be obtained by assuming saturation of the
as will be shown in the following on the basis of eq 3 and quinone binding at @(i.e.,K > 1 in eq 3) and disregarding

of kinetic data available for RC-only complexes. the contribution of the direct route to the observed rate
Under saturating quinone concentration, i.e., for [Q] constank of P*QaQg~ recombination. The limits of the latter
oo, the observed ratk will approach a minimal valu&min, assumption, which has been proved correct within a 5%
given by accuracy in RC-onlyX9), will be discussed a posteriori in
the case of core complexes, on the basis of the evaluated
Kin= (Kap + Kgplag)/ (1 + Lag) (4) (—AGagg). Under these conditions, eq 3 reducets Kap/

(1 + Lag) and sincd_ag = exp(—AGpp/ksT), the free energy
The equilibrium constantas has been measured by a change is simply given by
number of laboratories obtaining at room temperature values
which range from 14 to 22 in LDAO suspensions of RCs AG.. — —kBTIn(&) _ 1) 5)
(19, 24, 26). A value of 22 has been obtained for RC AB k
incorporated in artificial phospholipid vesicle25 and in
reverse micelles of phospholipids mhexane 27). Since wherekg is the Boltzmann constant andis the absolute
kap = 10 st in RC-only and in RC-LH1, andkgp values temperature (see also r&9).
range between 0.12%5and 0.19 s?, eq 4 yieldyn values Panel B of Figure 2 shows the temperature dependence
between 0.84 and 0.557% It appears, therefore, that an of AGag in RC-only and in RG-LH1 obtained by eq 5 from
increase in the quinone concentration can at most decreas¢he respectivelkJvalues (circles in Figure 2A) and by
the observed rate constdaby less than a factor of 2, being  interpolation of the temperature dependenck.pimeasured
unable to account for the stronger slowing down of the in the presence of the inhibiterphenanthroline (squares in
recombination kinetics observed in core compleXé#s€ Figure 2A). Values of the enthalpyAHas) and entropy
0.2 s'). We note that, of course, the valuelgf, given by (ASsg) changes obtained from Figure 2B are summarized
eq 4 represents the minimum valuekadttainable also when  in Table 3. For the sake of comparison, Table 3 also collects
maximizing the quinone occupancy of the Qite (i.e.,K) previous estimates of the thermodynamic parameters char-
by changing the rate constarksy andkog'. Inspection of acterizing the electron transfer equilibrium betweena@d
eq 4 shows therefore that, to decreligg, we are left with Qs in different environments of the RC. In the case of RC-
only two possibilities, i.e., an increase bfis and/or a only, the data of Figure 2B yieldHag = —(167 4+ 12) meV
decrease ofgp. Indeed, these two effects are clearly related andASsg = —(0.384 0.04) meV K1, in good agreement
from an energetic point of view. In fact, sin&gr assumes  with previous determinations in LDAO suspensions of RCs
the same value in RC-only and RCH1 complexes, the  (24). Comparable values have been reported for RCs in
energy level of the state™®, Qg relative to the ground  reverse micelles27) and in lipid vesicles Z5) (see Table
state is not expected to change in the two systems, and arB). This results iIAGag = —56 meV atT = 293 K, in good
increase of_ sg implies a stabilization of the state6 @,Qs, agreement with the values of Kleinfeld et al9]. In core
i.e., a decrease of its energy level relative to the ground state.complexes al = 293 K, —AGpg increases to 91 meV (see
This in turn corresponds to a decrease in the free energyFigure 2B). The temperature dependence indicates that this
drop which drives the direct charge recombination process, considerable stabilization of the state@RQs~ (35 meV at
so that a decrease igp is also expected (assuming that the 293 K) is driven by an almost doubled enthalpic contribution
reorganization energy of this process is not altered). We (opposed by an entropy term that is almost twice that
conclude therefore that, independently of the actual relative measured in RC-only).
contribution of the direct and of the indirect recombination  To assess the limits of this estimate &G (in which
pathways tdk[] the slowing down of charge recombination we neglected the contribution of the direct recombination
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route), we can now calculate the corresponding value for
ksp expected forAGas = —91 meV at 293 K. Since a
decrease in the energy level of the stat@QRQg™ relative

to the ground state by 35 meV implies the same decrease in
the free energy drop—{AGgp) driving the direct charge
recombination, on the basis of the free energy dependence
of kgp determined by Schmid and Labahn in RC-only
complexes §8) a decreased rate constakgp = 0.07 s?,

can be calculated for core complexes. The maximal relative -

contribution of the direct route to the observiédl(ksp/[KC
= 0.07/0.2) does not exceed 35%. Therefore, although the
direct recombination pathway is likely to contribute [#a)]
the indirect route will still dominate, and the values of Figure
2B should yield a reasonable estimate of the minimal extent
of PTQaQg~ stabilization in RG-LH1.

Quite interestingly in intact chromatophoresRis. sphaeroi-

desthe standard free energy decrease accompanying the ;,

electron transfer from Qto Qs has been estimated as 100

and 120 meV on the basis of the decay rate constant of P 13.

and of the intensity of delayed fluorescence, respectively
(20). These values are in full agreement with a lower limit
of 91 meV, estimated by us in R&.H1 (see Table 3). It
appears, therefore, that the increased stability of tfg\Ps~
state in the native membrane, relative to isolated RC-only
complexes, is essentially due to the presence of the LH1
antenna.

In conclusion, the present investigation shows that the
RC—LHL1 structure is characterized by a specific propensity
to retain a large ubiquinone pool and by a considerable
decrease in the energy level of the@Qs~. A possible
physiological relevance of these effects resides in the fact
that both concur in stabilizing the charge-separated state of
the RC. We propose therefore that, besides its major light-
harvesting function, the LH1 complex plays a role in
optimizing in vivo the yield of secondary charge separation.
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