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ABSTRACT. 1. The absorption changes associated with the formation" @™ (Qg™d stands for the
semiquinone state of the secondary quinone acceptor) were investigated in chromatopRboetobacter
capsulatusMarked modifications of the semiquinone spectrum were observed when the pH was lowered
from 7 to 5. These modifications match those expected for a complete conversiogieofr@nm the

anionic state @ at pH 7 to the neutral protonated stateHat pH 5. Similar modifications were observed

in chromatophores froRb. sphaeroidedut not in purified reaction centers froRb. capsulatusuggesting

that the environment of the reaction center (native membrane vs detergent micelle) is the crucial parameter.
2. The recombination reaction®s4— PQs was investigated as a function of pH. No particular kinetic
heterogeneity was observed at low pH, showing thgtl @mains mostly bound to the reaction center.

The rate constant reaches a minimum value of 0.08a$ pH 6, suggesting that the direct route for
recombination prevails in chromatophores below this pH, instead of the usual pathwayvi&.Q@he

proton uptake caused bys®is about 1 below pH 7 and decreases at higher pH. It is suggested that the
pH dependence of the conversion of Qo QgH, occurring in a range where the uptake is constant,
cannot be accommodated by a purely electrostatic model, but probably involves a conformational change.
4. The kinetics of the electron-transfer reactiosrQs—QaQg™?were investigated. A 2-fold acceleration

was observed between pH 7 and pHth,(~ 30 and 15us, respectively). A fast<10 us) unresolved

phase appears to be present at both pHs. The second electron-traqisgefe®>QaQsH> proceeds with

a similar rate as the first electron transfer {13 us phase). Consequences for the rate-limiting step are
discussed. 5. The carotenoid shift, indicative of the membrane potential, displays a rising phase concomitant
with the Q. ~Qs—QaQg" electron transfer. Its relative extent is markedly increased at pH 5, with part of
the kinetics occurring during the unresolved fast phase. 6. The extent of the electrochromic shift of
bacteriopheophytin around 750 nm associated with formations®f @ecreases toward acidic pH, reflecting

the charge compensation due to proton uptake and the formation of neghial Q

A central mechanism in bioenergetics is the coupling of pocket and exchanged against an oxidized quinone. A similar
electron and proton transfer, which is the origin of the mechanism occurs on the acceptor side of the photosystem
Mitchellian protonmotive force used for ATP synthesis. An |l reaction center in oxygenic photosynthesis.
|nerea5|_ngly detailed knowledge of this process has been The current view 2—4) about proton transfer during this
gained in recent years about the acceptor side of bacterialyrocess may be outlined as follows. The first step (formation
reaction centers [15ee reviewd, (2)]. The formation of  of Qy-) is accompanied by substoichiometric proton binding
ubiquinol in the @* pocket of the reaction center requires  to amino acid residues, which undergoka ghift due to the
two photochemically driven reduction steps. The first one glectrostatic influence of the anionic semiquinone. The
results in the formation of a semiquinonex @s—QaQs ", second step involves first the transient formation of the
where Q is the primary quinone acceptor ang @ more  goubly reduced, singly protonated statgHD, followed by
loosely bound ubiquinone, taken up from the lipid-soluble the pinding of the second proton and release of the quinol.
pool. The semiquinone & is a stable state which remains A number of spectroscopic studies<7) have established
step: Q"Qs” + 2 H" — Qa QgH,. The doubly reduced,  5ccessible pH range [down to pH &) The above picture,
doubly protonated quinol g is then released from thesQ  however, has been derived essentially from studies on

. purified, detergent-solubilized reaction centers. One reason

T This work was supported by the CEA and the CNRS. . . - .

* Address correspondence to this author (E-mail: lavergne@ for studymg' reaction centers embeddec_i in detergent micelles
dsvcad.cea.fr). rather than in the native membrane environment is, of course,

! Abbreviations: Bph, bacteriopheophytin; Cyt, cytochrome; P, the important signal-to-noise improvement for spectroscopic
primary donor; @, primary quinone acceptor;gQsecondary quinone  meagyrements brought about by purification. Another ad-
acceptor; @*d semiquinone state of ganionic or protonated); RC, is that the th di : | derived f
reaction center; TMPDN,N,N' N'-tetramethyl-1,4-phenylenediamine; ~ Vantage Iis that the three-dimensional structure derived from
UQ, ubiquinone-10. crystallography pertains to the same type of material. One
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should not, however, lose sight of the fact that the physi- as efficient converters of the light absorbed in the-2900
ologically relevant object is a membrane protein and that nm region into fluoresced visible light, which is transmitted
some caution may be necessary when extending knowledgeby the blue filter. This system eliminates the problem
gained from the isolated RC to the native system. It has beenpresented by UV filters of a transmission window in the near-
known, for instance, that significant differences exist between IR, causing fluorescence artifacts. With these filter combina-
purified and membrane-inserted reaction centers, concerningions, in the visible and UV region, the actinic flash caused
the acceptor side kinetics and their pH-dependefgca(Q). negligible perturbation and no dead time was required before
In this paper, we further investigate electron and proton triggering the first detecting flash. To minimize the contribu-
transfer on the acceptor side of the RC in chromatophores,tion of short-lived triplet signals, we chose 13 as the
and show that, at variance with isolated RCs, direct proto- shortest delay between the actinic flash and the first

nation of the semiquinone takes place below pH 7. measuring flash.
For the measurement of proton uptake, we monitored the
MATERIALS AND METHODS absorption changes of pH-sensitive dyes at 586 nm, where

the background absorption change (in the absence of the dye,
or after adding a buffer) is essentially zero. The following
dyes were used: bromocresol purple (pH&5), cresol red

(pH 6.5-8.5) at concentrations of H25uM. Valinomycin

(3 uM) was present.

Bacterial Strains. Rb. capsulat#s)2, a kind gift of Prof.
F. Daldal, was derived from a green strain (MT1131) and
deleted in both cytochron® and the alternative membrane-
bound cytochrome, (11). We also used a similar double
mutant ofRb. sphaeroide®.4.1, CYC17 (a kind gift of Prof.
Donohue), that was deleted in cytochromgand isoe; (12). RESULTS
This strain still contains a membrane-bound cytochrane .
which is not operative for RC reduction. These nonphoto- ~ SPectra of PQg™! as a Function of pHTo study @~
synthetic strains were grown aerobically in darkness in @bsorption changes in chromatophores or cells, it may be a
Hutner medium supplemented with the antibiotics (specti- useful simplification to eliminate any donor side reaction.

nomycin and kanamycin) corresponding to the resistance!n the absence of a secondary donor totRe flash-induced
cassettes associated with the deletions. reactions are restricted as schematized below (omitting

ChromatophoresThe cells, suspended in MOPS, 50 mM, submicrosecond reactions):

pH 7.0, and KCI, 50 mM, were broken through a French £0AGs e PO e PO
press (11000 psi). Unbroken cells were eliminated by fB ATe PQT‘QB
centrifugation (17008, 15 min), and the supernatant was

spun at 200009for 90 min. The chromatophore pellet was |, this system, @ is formed less than 1 ms after the flash

resuspended in a medium containing 0.5 mM MOPS, pH ang disappears in the seconds time range through a recom-
7.0 (a low buffer concentration was used to allow measure- pination with P-. If Qs were initially present in a fraction

ment of flash-induced pH changes), 50 mM KCl, and 25% ¢ centers, formation and release of quinol would occur
viv glycerol. Aliquots of the suspension were kept frozen at 4niqly following the flash, so that'Pwould be left without

— 80°C. For experiments, the thawed samples were diluted ; reqycing partner. I this long-livedReventually is reduced,
1040 times (depending on the spectral region investigated) ihe center is reset to the RQtate (whereas if Premains

in @ medium containing 50 mM KCI and (except for pH  ,idized, the center is photochemically inactive). Therefore,
change measurements) 50 mM buffer (MES, HEPES, or peijjumination of the system cannot lead to any significant
TRIS depending on the pH). accumulation of state R, unless the redox conditions are
Isolated reaction centerfom WT Rh capsulatuspre-  sufficiently reducing to cause chemical reduction af ©©
pared as in referencég), were a kind gift of Dr. L Baciou.  Qg~. Genetically engineered mutants bearing deletion of the
Spectroscopic Measurement§e used a laboratory-built  native donors to P (such as strain FJ2 d®b. capsulatus
Joliot-type (4, 15) spectrophotometer. This machine offers which was used in most of the present work) provide a
a high sensitivity [rms noise/transmitted light (2—4) x material completely devoid of donor side reactions. The use
1075 on a single run] due to the use of sparse, but intense, of such a material that allows one to deal with only two
short (2us) monochromatic flashes for the detecting beam. states (on the millisecoresecond time scale) is of particular
The signal is corrected for the energy fluctuations of the advantage for studying the UV-blue part of the spectrum
individual flashes, measured in an optically identical refer- where all known efficient donors totRnterfere spectrally.
ence path. Single-turnover actinic excitation was provided Figure 1A shows the spectra in the UV-blue region of the
by a xenon flash lamp (Zs width at half-peak) filtered  absorption changes of FJ2 chromatophores measured a few
through a near-IR Kodak Wratten 89B filter. Alternatively, milliseconds after a flash, for two values of the pH. These
the 100 ns pulses from an alexandrite laser could be used ( spectra were normalized to the same initial amount of P
= 780 nm). The measuring photodiodes were protected from (correcting slight concentration variations of individual
the scattered actinic light and from bacteriochlorophyll samples), measured as the difference 542-nr603 nm.
fluorescence by a broad blue filter (Schott BG-39), except The vertical scale was computed by assuming for this
for running experiments in the 76@50 nm region where  difference an extinction coefficient of 30 mMcm™ (17).2
measurements could not be made earlier than 1 ms after thédDue to the presence of valinomycin, the flash-induced
actinic flash. In the near-UV region, we used the conversion membrane potential and the associated absorption changes
device previously described@). A piece of white paper  decay in less than 1 ms, so that the spectra of Figure 1A are
soaked with glycerol is inserted against the incident side of entirely due to the difference (Rs~ — PQs). Marked
the blue filter. The “whiteners” contained in the paper act differences are observed between the spectra recorded at pH
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for (Qgs~ — Qg) are located at about 328 and 285 nm,
respectively, in reaction centers, and at about 317 and 271
nm, respectively, for (UQ — UQ) in methanol. The
difference between the dotted and dashed spectra of panel
B (i.e., UQ" — UQH) was plotted in panel C (dotted line).
It resembles the spectrum (solid circles) that we obtained in
chromatophores for the difference (pH 73 pH 5),
especially if one takes into account the wavelength shift
950 300 a50 200 450 g L between the semiquinone spectra in vitro and in vivo. The
s present results thus suggest that a significant fractionsof Q
E o 5 e is a neutral, protonated semiquinone (UQH) at pH 5, whereas
3 ] I ] it is anionic at pH 7.3. Furthermore, the finding of similar
,’ - . ] amplitudes on this extinction coefficient scale for the
I‘ == == chromatophore (pH 7.3 pH 5) spectrum and for the (UQ
N ] — UQH) spectrum (panel C) suggests that the conversion
- 1 i ,’ ] from anionic to protonated semiquinone is essentially
\\/ 1 shV . complete when going from pH 7.3 to 5. In other words, the
sE c ] I D ] semiquinone must be close to 100% anionic at pH 7.5 and
g e o T close to 100% protonated at pH 5. This pH-dependent
modification of the PQg'd (the notation @*?will be used
Fisre 1: Panel A: spectra of (R-PQy) at pH 7.3 (solid henceforth when the anionic/protonated state of the semi-
circles) and pH 5.0 (open squares). The absorption changes werdIUINONE 1S left un_spe_CIfled) _Spectrum was found essentially
measured 3 ms after the flash. The medium containedvi3 reversible when first incubating the sample at pH 5, and then
valinomycin. Panel B: dotted and dashed curves, spectra replottedraising the pH to 7.
(with permission) from the data of Bensasson and Land (1973)-  Panel D of Figure 1 shows a comparison of the (UQH

(18) for UQqo in methanol; dotted line, difference (UQ- UQ); ; ; ;
dashed line, difference (UQH UQ). The solid curve is the (& uQ) tspectt[LrJ]rrL (dashed I.Ige’ tsame als n panelliga) leth the
— Qg) spectrum for reaction centers Bb. sphaeroidegeplotted SPeC rum that we ascri e_ 0_ 4B Qg) (solid line,
from (5) (with permission), normalized atso = 6.0 mM~1 cmt difference between the solid line spectra of panels B and

[according to 42)]. Panel C: solid circles and line, difference (pH ~ C). The accuracy of the latter is limited because it results
7.3 — pH 5.0) of the spectra of panel A; dotted curve, difference from a double difference and also involves different materials
(UQ" — UQH) of the dotted and dashed curves from panel B. Panel (qyh4ar0idesRCs andcapsulatuschromatophores) and a

D: dashed line, (UQH- UQ) spectrum (same is in panel B); solid o
line, double difference (H — Qg-) (solid line in panel C) minus normalization between them. The two spectra of panel D

(Qs~ — Qp) (solid line in panel B), equivalent to ¢BI — Qg). are similar in the 266350 nm range (apart from the

wavelength shift), but differences appear around 370 and 450
7.3 (solid circles) and 5.0 (open squares) in the regions wherenm. In the latter case at least (450 nm peak), we are confident
the spectral features of semiquinone are located. In contrastthat this difference is significant, based on a special
these differences show no correlation with the (P P) experimental focus. Whereas the conversion from the anionic
spectrum, and we will thus make the assumption that they to protonated form of the semiquinone corresponds to a
are at least predominantly due to the acceptor side. Thecollapse by about 80% of the 330 nm peak, similar to what
difference between the two spectra, shown in Figure 1C is observed in vitro, the 450 nm peak is only diminished by
(closed circles), is roughly reminiscent of a (U@ UQ) about 55%, much less than in vitro. A consequence of this
spectrum and might suggest that a fraction of the semi- point is that the 450 nm peak is not as good an indicator of
quinone has somehow disappeared at pH 5. This is notthe anionic nature of gF as the 330 nm peak (or the 330
supported, however, by the observed recombination kineticsnm — 290 nm difference used below), at variance with what
(see discussion of Figure 5) which indicate the presence ofwas usually assumed [see, for instan@). (
the reducing partner of P The nature of the change In Figure 2, the extent of the absorbance change difference
occurring to the semiquinone at pH 5 is enlightened by a (330 nm— 290 nm), i.e., the peakinustrough of the (@~
comparison with the spectra obtained for ubiquinone-10 in — QgH) spectrum, for the (FQg™? — PQs) absorption change
methanol by Bensasson and Lad@)( In panel B are shown  obtained under the same conditions as in the experiment of
the spectra obtained by these authors for (UQ UQ) Figure 1 was plotted as a function of pH (solid circles). This
(dotted line) and for (UQH- UQ) (dashed line), where UQ shows that the conversion to the protonated form occurs
and UQH stand for the anionic and protonated neutral forms around an apparent{xclose to 6. We consistently observed
of ubisemiquinone, respectively. The solid line shows the a rise of the curve below pH 5, which may suggest
(Qs~ — Qg) spectrum measured by Vergi® (5) in purified re-formation of anionic semiquinone. On the other hand, this
RCs, illustrating the shift toward longer wavelengths of the feature may be somehow related to an aggregation of the
anionic semiquinone spectrum in vivo. The peak and trough chromatophores, which we observed for pt3.
The open circles in Figure 2 are the result of an experiment

2 The chromatophore spectra were not corrected for flattening. This run with chromatophores frorRb. sphaeroide¢CYC17)

seemed unnecessary since we observed little distortion when comparingnstead ofRb. capsulatusA similar behavior was observed,
(P*Qa~ — PQy) spectra from chromatophores and isolated reaction gpq\ying that the formation of §pf at low pH is not restricted
centers. A similar conclusion was reached when comparing the overall .

to capsulatus We also carried out the same measurements

absorption spectrum of the chromatophore suspension with that of its ** | - !
solubilized pigments [following Pullestg)]. using purified reaction centers d®b. capsulatugopen
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. . Ficure 3: Spectra of (- — Qg9 at pH 7.3 (solid circles) and
Ficure 2: Difference of the absorption changes (330 An290 pH 5.0 (open circles). These spectra were obtained by subtracting
nm) as a function of pH. Same conditions as for Figure 1A. Closed fom the change measured at 3 ms after a flash in the presence of

circles, FJ2 chromatophores (the dashed curve is a fit by a stigmatellin (FQa") the change measured in the absence of the

Hendersor-Hasselbach function of the data for pH5). Open inhibitor (PO Valinomvcin (3zM) was present throughout
circles, CYC17 chromatophores. Open triangles, purified reaction " r (P'Qe'). Valinomycin (3uM) was pres roughout.

centers fromRb. capsulatus transition from anionic semiquinone AQ to protonated

semiquinone @H. The double difference spectrum computed
by subtracting the two spectra of Figure 3 (not shown)
resembles the (€ — QgH) spectrum of Figure 1C, with
distortions due to the pH dependence of the Qontribution.

In particular, such a distortion occurs in the 395 nm region
(Bph shift), where the increase of the peak at pH 5 with
respect to pH 7.3 is mostly due tonQ

triangles). The preparation was dialyzed to exchange LDAO
against Triton X-100, to avoid LDAO precipitation at low
pH. An excess of U@ was added, and the presence of the
secondary quinone in thegocket was evidenced by the
recombination kinetics. At variance with chromatophores of
the same species, no significant change of the UV spectrum

Ef?ganm_ 290 nm) of PQg'*’ was found in the pH range Proton UptakeTo determine the stoichiometry of proton
i ] . ) uptake by @*9in FJ2 chromatophores as a function of pH,

We also investigated the (Ra™ — PQu) spectrum. This e monitored the absorption changes of pH-sensitive dyes
absorption change was observed at a few milliseconds afterjp, e presence of an electron donor to P. We used ferrocene
a flash, in the presence of stigmatellin as an inhibitor of (150 uM) + ferrocyanide (1 mM) as a donor system
electron transfer to Q(in this material, stigmatellin was  jnyolving no proton reactiont). Under these conditions,
found more efficient than other inhibitors, such @ the reduction of P is completed in 200 ms, which is fast
phenantroline, terbutryn, or atrazine). Some modifications compared with the competing recombination reaction. The
of the (PQa~ — PQu) spectrum were observed between jjymination regime consisted of a series of four flashes
pH 7.5 and 5. These changes were smaller than for thegpace 1 s apart, followed by-24 min dark-adaptation. This
(P*Qg" — PQx) spectrum, and had no obvious relation with hrocedure was appropriate for maintaining a close to
a semiquinone spectrum. By computing the difference maximum level of semiquinone oscillations at 450 nm. When
between the (RQa™ — PQu) and (P Qs — PQy) spectra,  |owering the pH, the amplitude of the 450 nm oscillation
one obtains the spectrum for(Q — Qg"), shownin Figure  giminished, because of the modification of the semiguinone
3 for pH 5 and 7.3. At both pHs, a peak is observed around gpectrum, with no increase of the damping. The oscillation
395 nm, which cannot be ascribed to a semiquinone featureyyas still detectable at pH 5, in agreement with our finding
and is probably due to an electrochromic shift in the Soret {5t the 450 nm band is diminished but not eliminated in
band of the bacteriopheophytins. Such shifts have been.well]cu"y protonated @QH. The dye absorption changes measured
characterized for the {band around 750 nm, and we will - ynder such conditions can give a self-calibrated pattern of
examine below the effect of pH in this spectral region. At ngt0n uptake because, as a first approximation (neglecting
pH 7.3 (solid C|rclles), the other changes around 330 and 450;,¢ damping), the overall proton uptake on two consecutive
nm reflect a shift of the @ spectrum toward shorter  flashes should be 2, corresponding to the formation of 1
wavelengths with respect to that oAQ This shift was also  quinol per RC. This relies, however, on the assumption that
apparent around the 330 nm peak in the spectra of Yglime  there is no other reaction involving protons. We actually
and Clayton £9). In the blue region (396470 nm), our  foynd that the oxidized ferrocene was able to mimic the cyt
results agree with those recently reported by Li et 20) ( ¢, function, reacting with thé—c, complex and promoting
for isolated reaction centers. At pH 5 (open circles), the g glectrogenic phase in the 10 ms time range following
(Qa” — Qs") difference spectrum is dominated by the eyen-numbered flashes (when quinol is released). This was
efficiently inhibited by 14M myxothiazol. On the other hand,

3The data points for isolated RCs (triangles) lie below the level €ven in the presence of this inhibitor, a direct cycling occurs
ascribed to 100% anionic semiquinone in chromatophores (i.e., 15 in the alkaline pH range, whereby quinol reduces the oxidized

instead of 20). This cannot be ascribed to our neglecting the spectralferrocene This was observed by monitoring ferrocene
flattening in chromatophores, which should cause an opposite effect, ’

and must be due to some other spectral difference between the two@PSOrption changes in the UV (oxidized ferrocene ac-
materials. cumulates at low pH, but not at high pH). In proton
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Table 1: Results of Exponential Fits of the Data of Figure 5
L ]
tolte o PH  tr(s) A%) te(s) A®%) tes) A®%)
: . & e
o e 50 -— - 7.4 81 27 19
RN 60 - - 8.7 74 34 26
” » 70 - - 4.1 90 50 10
_ 2 oo 75 - - 2.7 94 50 6
O ' MG 85 - - 1.7 90 15 10
= ﬁr\#ﬂ\ : 10.0  0.09 16 1.3 73 6.7 11
r_r‘.f:;r\' is no indication, however, of any gross kinetic heterogeneity
hrff\q occurring in the pH range where protonation of the semi-
P E— quinone occurs. At pH 5, the main phase accounts for 80%
e ber of the amplitude, and its rate is slowed by less than a factor
. l 2 with respect to pH 7. A very slow phasg{> 25 s) is
0-05 ' ('5 ' . ' 8 present in all curves below pH 7.5. It is almost 2-fold larger

at pH 5 than at pH 7. This may indicate a release of the
protonated semiquinone from the &te in a minor fraction
of the centers. It is nevertheless clear from the family of
decay curves in Figure 5 that most centers still undergo a
containing ferrocene (15@M), ferrocyanide (1 mM), myxothiazol ~ recombination reaction down to pH 5. The changes affecting
(1 uM), valinomycin (3uM), and dye (see Materials and Methods). the semiquinone spectrum in the range of pH57cannot
The absorbance changes of the dyes were measured at 586 nihe due to a disappearance of the semiquinone (e.g., by
The uptake on the first flash was computed by assuming a total of dismutation), nor to the presence of a large fraction gf Q
2 H*/RC on the first and second flashes. The inset shows the traces . ' - . e o
obtained at various pHs. presentin t_he _dark, but must indicate a chemical modification
of the semiquinone.

The rate constant for the overalf Becay was plotted as
a function of pH in Figure 5B. Surprisingly, a minimum is
observed at pH 6, and the rate increases slightly at more
acidic pH. The upper curve shows, for comparison, the results
> obtained by Baciou et al18) with extension to lower pH
by MikSovsKaet al. 2) for isolated reaction centers Bfb.
] capsulatus The recombination rate is slower in chromato-
phores by a factor of 27, depending on the pH. There is
nevertheless a resemblance of the shapes of the two curves,
Ficure 5: Panel A: decay of Pfollowing a saturating flash, =~ which may be described like a shift by-3 units, in the

monitored at 603 nm at various pHs (as indicated). Valinomycin acidic region, of the pH scale for reaction centers with respect
(3 uM) was present. The lines are the result of a fit (see Table 1) {5 membranes.

with a sum of two (or three at pH 10) exponential components. Qa-Qs—0aQs"¢ Kinetics. As shown in Figure 3, there

All traces were normalized to an initial amplitude ofL for the < .
fitting function. Panel B: rate of Pdecay as a function of pH. ~ are spectral differences between Qand Q4 which may
The quantity plotted here is an overall rate constant computed from be used to monitor the electron-transfer kinetics between the
the half-time of the kineticksp = In(2)/t1>. The dotted curve was  two quinone acceptors. At variance with the experiments
redrawn (with permission) from the data of Mikeskaet al. €2) described so far, valinomycin was omitted, to avoid possible
obtained with isolated RCs d&b. capsulatus I - .
contributions of changes associated with the membrane

measurements, this corresponds to acidification kinetics potential decay induced by the ionophore in the millisecond
following the uptake, observed after even-numbered flashes.or submillisecond range. At pH 5, the reaction involves a
These kinetics become rapid at pH8.5, truncating the extent  change from anionic (£) to protonated (gH) semiquinone,
of the uptake and precluding in this pH range a reliable use so that the spectral differences are relatively large. The
of our calibration method. kinetics monitored at the 330 nm peak are shown in Figure

The inset in Figure 4 shows the dye responses at various6A. Within experimental accuracy, the decay is fitted by a
pHs. At low pH, the uptake signal is identical on each flash, single exponential with;, ~ 15 us. Panel B shows the
whereas at high pH the signal is smaller on odd-numberedresults obtained in the presence of ferrocene, on the first and
flashes and larger on even-numbered ones. The stoichiometrysecond flashes. The reduction of By ferrocene at the
computed from these experiments for the proton uptake concentration used (2aM) occurs in the hundred mil-
caused by semiquinone formation (first flash) is shown in lisecond range, i.e., slow with respect to the time scale of
Figure 4. The uptake is close to 1 proton per RC below pH Figure 6, but fast with respect to"Bg"“ recombination. The

pH

Ficure 4: Proton uptake by grd as a function of pH. The
chromatophores were suspended in a 50 mM KCI medium

10

0.0

I L B S B B I S a0

AA 603 nm (a.u.)
Kap (5-‘)

bt bl

10 20
Time (s)

40 60

pH

7. It decreases at higher pH, to about 0.65pg¢r RC at pH
8.5.
Recombination KineticsFigure 5A shows the decay

kinetics observed for the first electron transfer (formation
of a semiquinone at £) and for the second one (formation
of quinol) have very similar rates.

kinetics of P measured at 603 nm at various pHs. Whatever It was expected that the kinetics in the absence of donor,
the pH, the kinetics are not well fitted by a single exponential, or in the presence of ferrocene for the first flash, should be
but rather by a sum of two exponentials, or three at pH 10 identical. There is, however, a significant difference between
(see the half-times and relative amplitudes in Table 1). Therethe data of panel A and the first flash curve of panel B:
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Ficure 6: Kinetics of electron transfer from Lo Qg, at pH 5.0 Time (ms)

(A and B) or pH 7.2 (C and D). In panels A and C, no donor was o ) )

present. In panels B and D, 28/ ferrocene was added, and two ~ FIGURE 7: Kinetics of the carotenoid shift at pH 7.3 and pH 5.0,
successive flashes (spaced 1s apart) were fired on a dark-adaptefpllowing a laser flash. The difference of the absorption changes
sample (F1 and F2 indicate the kinetics following the first and at 505 and 490 nm was normalized with respect to the same
second flash, with respect to a base line measured before each flashydifference measured in the presence of stigmatellin, atslhase

In panels A and C, the level measured in the presence of stigmatellinA = 1). The triplet correction (measured as explained in the text)
(7 uM) is indicated. The absorbance changes were measured atvas about 0.015 at 1@s. The inset shows the spectra recorded at
330 nm in panels A and B, and at 340 nm in panels C and D. The PH 6.0 for phase A (circles, 10s, stigmatellin present) and for
lines are results of fits with a single-exponential decay. In panels pPhase A+ phase B (squares, 30 ms, no inhibitor). The triangles
A and B, the best fits for all three curves had a similar half-time show the P contribution measured in the presence of valinomycin.

(tz2 = 15+ 1 us). Such was also the case for the three curves in

panels C and Dt{, = 28 + 1 us). zero lies significantly below the stigmatellin level. This
suggests the occurrence of an unresolved fast phase com-

whereas the decay rate is about the same, the extent of th%]eted in less than 1ps At pH 5, whereas this fast phase

change is smaller in panel B. In other words, it seems that \yag very small at 330 nm, it could be detected at other

semiquinone is not any more entirely protonated (at pH 5) wavelengths (e.g., 340 nm, and in the carotenoid shift bands;

but partly anionic. This effect is caused by ferrocene and see below).

develops continuously during the incubation with this Electrogenic Phasedshe electric field across the mem-
substance. At pH 6 or 7 (see panels C and D), ferrocenebrane causes an electrochromic shift of the carotenoid

]E:au?es afn optp05|tte dmod|f|c§t|on, a_pr)ﬁarer}tly mcrea;n:jg thgabsorption spectrum that can be used to monitor electrogenic
raction of protonated semiquinone. These ferrocene-INaucedy, ¢ g 23). It is known that an increase of the membrane

modifications of absorption changes monitored in the sub- potential (“phase BI”) accompanies the electron transfer from

millisecond time scale can hardly be due to an electron- Qa to Qs (24). We measured the kinetics of the absorption

transt_fer :jeagnon tlgvolv(ljng t_ferrgfct;rile dllrectly SInce, has changes for the difference (505 nm 490 nm). These
mentioned above, the reguction €s place on a muc wavelengths are close to the peak and trough of the

slower range. Thege effects were _observed as W?" wher_1 thecarotenoid shift in a “green” strain, and the difference
Sa”.“p'e was kept in the dark d_urmg th? WhOIe. |rjcubat|on eliminates almost completely the'®g~ contribution (es-
period and cannot be due t_o prelllum_matlon. A S|m_|lar effect sentially due to P). A short-lived signal is observed after
(at pH 5) was observe_d with potassium fer_ru_:yamde at I.OW the flash due to formation of triplet carotenoids]. The
concentration (a few micromolar), but, surprisingly, not with

. amplitude of this signal was estimated by monitoring the
ferrocyanlde.(although the reduced form could be expectedChanges caused by a flash triggered a short time (e.g., 15
to be the active one, as for ferrocene).

i . ms) after a saturating preflash, so that essentially all RCs
At pH 7.2, there is almost no absorption change at 330 are in the PQg~ state, unable to perform charge separation.
nm during the electron transfer fromaQo Qs, but other  These changes should thus essentially be due to triplet
wavelengths can be used (Figure 3). The kinetics monitored carotenoid. This procedure may somewhat overestimate the
at 340 nm are shown in Figure 6C,D. The reaction is about triplet signal occurring when the flash addresses a dark-
2-fold slower than at pH 5, withy, ~ 28 us. Again, the  adapted sample, because in this case a fraction of the photons
same rate is observed for the first and second electron-transfepre used up for photochemical charge separation. When using

steps in the presence of ferrocene. a xenon flash, the triplet caused a significant contribution
In Figure 6A,C are indicated the absorption change for about 40us. This is longer than the true lifetime of the

measured in the presence of stigmatellin, i.e., foQF". If triplet (a few microseconds) because the “tail” of the flash

stigmatellin does not affect the spectrum of Qthis level extends the duration of triplet formation. When using a 100

should indicate the initial value of the kinetics (the initial ns laser flash, with slightly undersaturating energy, the triplet
extent of P, measured at 603 nm, was not modified by correction was small at 1@s and negligible at longer times.
stigmatellin). In the experiment of Figure 6A (330 nm, pH Figure 7 shows the kinetics recorded under such conditions
5), it is close to the level extrapolated at time zero for the at pH 5.0 and 7.3. The changes were normalized to the level
exponential fit. This is not true, however, in the case of measured at 10s in the presence of stigmatellin (reflecting
Figure 6C (340 nm, pH 7.2), where the extrapolation at time the electrogenicity of the .~ state, “phase A”).
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The magnitude of the carotenoid shift (e.g., of phase A) L A B
was smaller, relative to the'Bignal, at pH 5 compared with 4
neutral pH, and its spectrum was slightly shifted toward
shorter wavelengths. This decrease continued during the
incubation at low pH, and the data shown in Figure 7 (pH
5) were corrected for this drift. At variance with the@e
spectrum, the modification of the carotenoid shift at low pH
was irreversible; i.e., the size of the signal was not restored
when raising the pH to 7.5. 0

The kinetics of Figure 7 were fitted with single-exponential
functions, yielding similar half-times (17 and 24 at pH 5
and 7.3, respectively) as for the UV changes of Figure 6. At
low pH, besides the acceleration, a considerable increase in o0 740 780 780
the relative extent of the kinetics is observed. Also, the
extrapolation of the kinetics to time zero lies markedly above
the stigmatellin level at pH 5 (presence of an unresolved FIGURE 8: Near-infrared spectra of g3¢ at various pHs, as

rapid phase), whereas such is not the case at pH 7.3. Thdndicated. The absorption changes were measured at 400 ms after

lati Il i b the sti tellin | | f d a flash, following complete reduction of'fby TMPD (300uM).
relative overall rise above the stigmateliin level was 1ound kcn (5 mm) was added to slow the autoxidation of TMPD.

in the range of 3545% at pH 5 and 911% at pH 7.3. We
checked that the absorption changes observed in the 480 yjs gifference spectrum is not, however, drastically different
515 nm region on the time scale of Figure 7 matched the fom 4 (UQ — UQ) spectrum, so that one may consider
;pectrum_of the carotgnmd shift. This is illustrated by the ihe alternative possibility of a diminished amount of Qat
inset of Figure 7 showing the spectra measured atslin low pH. The extent of the observed change would imply a
_thel presence of stigmatellin (phase A) or in the absence of|,ss of more than half the& at pH 5 with respect to pH 7.
inhibitor in the 10 ms range (phase A phase B). For a given initial amount of FQa ", a diminished amount

In the presence of stigmatellin, we observed small (about of P*Qz~ might originate from a fraction of § being
3% of the total amplitude) decreasing kinetics of the presentin the dark-adapted state. In this fraction of centers,
carotenoid shift occurring with a similar rate as the kinetics the electron transfer would result in quinol formation, and
observed in the absence of the inhibitor (for the rise of the the contribution to the observed spectral change would be
_carote_n0|d shift or 340 nm kmetps). This result_ (only  that of (H> — Qg). In our chromatophores devoid of a
investigated at pH 7.3) agrees with those obtained by donor to P, this fraction of centers should be blocked in
Brzezinsky £6) using a photovoltage technique. the P state because the recombination partner has been

Bacteriopheophytin Shif’lhe absorption changes associ- removed. A very biphasic time course for the reduction of
ated with the formation of @ or Qs comprise, besides  P* should thus appear specifically when lowering the pH,
specific semiquinone bands, electrochromic contributions in which was not observed (Figure 5). A slow component with
the near-infrared due to their electrostatic influence on nearbyt,,, ~ 27 s accounts for 20% of the"Rlecay at pH 5 but
pigments (mainly BPhfor Qa~, BP for Qg™ (9, 10, 19). also for 10% at pH 7. One would also expect some kind of
In the case of @ this part of the spectrum is expected to inary oscillation on successive flashes (e.g., different
depend on the degree of electrostatic compensation exertedinetics after a first or second flash) if someQwere
by proton uptake, especially when direct protonation of the initially present, which was not observed either. Another
semiquinone is involved. In this spectral region, there is no possibility could be that low pH favors some pathway for
problem with the use of an artificial donor like TMPD which  dismutation, where & from two centers would, directly or
does not contribute to absorption changes (ferrocene couldnot, interact and yield one quinol and one quinone. The above
also be used but was avoided because of its effects on thearguments based on the recombination kinetics still apply
semiquinone state described above). This allows us to obtainagainst this hypothesis, and also the fast (&J decay
apure (Q~ — Qg) spectrum devoid of the'Pcontribution  kinetics of the 330 nm peak at pH 5, which hardly fits a

which is large in this region. Figure 8 shows the spectra thus mechanism involving interaction between thg Qocated
obtained at various pHs for the first flash on a dark-adapted i different RCs.

sample, measuring the absorption change at 400 ms, after
total reduction of P by TMPD. The amplitude of the spectra
(normalized to the same amount of initiaf)Rvas markedly
dependent on the pH.

AA (mM. cm™)

Wavelength (nm)

The unorthodox finding of protonation ofg® prompted
us to examine whether this was a characteristic of chro-
matophores in general, or of the species. Using purified
reaction centers frorRb. capsulatusve found, in agreement
DISCUSSION with previous literature R) for the pH range 9.56], that
the @~ spectrum remains unmodified down to pH 4. On

Protonation of @®d Our proposal of direct protonation the other hand, using chromatophores frigim sphaeroides
of the semiquinone g¥9at low pH in chromatophores relies  we obtained a decrease of the 330 an290 nm difference
on the following arguments. First, a major spectral change at low pH, similar to that observed wittapsulatuschro-
is observed in the UV bands of the semiquinone when matophores. We thus conclude that the critical parameter is
lowering the pH. This change matches the difference the membrane vs detergent micelle environment of the RC.
predicted from in vitro data for the conversion of the anionic It may be useful to recall that thekpof semi-UQg is about
semiquinone to the neutral, protonated form. The shape of6.5 in methanolZ7), so that our finding of an apparenKp
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of about 6 is not in itself a particular surprié&@he surprise ~ According to the crystallographic studies of Stowell et al.

is rather the difference between chromatophores and solu-(32) and Lancaster33), Qg™ is stabilized by 2-4 hydrogen
bilized RCs. In the latter case, we observed no significant bonds of both oxygen atoms. If one or several of these bonds
protonation down to pH 4 so that th& pf the semiquinone  cannot be established at low pH (e.g., because of an increased
must be less than 3, thus at least 3 units below the distance), thelg of Qg"?will be raised and direct protonation
chromatophore value. This raises the following question: may ensue.

Can such a difference be accounted for purely by electrostatic Recombination MechanisnThe comparison (Figure 5)
effects due to the solvent, or are there structural changesbetween the recombination rate vs pH curves obtained in
between the two materials? In the following, we give several chromatophores and isolated RCs from the same bacterium
arguments supporting the latter possibility. provides a striking illustration of differences, and similarities,

The full transition from anionic to protonated semiquinone between both materials. This rate is slower in chromato-
takes place between pH 7 and 5. It could be accommodatedPhores, whereas theaQto Qg transfer rate is faster by a
by a HendersorHasselbach equation withgaround 6. On similar factor of about 39, 10) (see footnote 7 below) which
the other hand, it is actually surprising to observe this type Mmeans that the native environment is better tuned for
of dependence where a steep transition occurs within 2 pHminimizing recombination. The overall shape of both curves
units, because of the interactions between protonatableis similar, with a marked shift of the RC curve toward acidic
residues around thegQpocket. The proton uptake is close PH. In bothinstances, the recombination rate decreases when
to 1 at pH 7 (and below). At this pH, §¥¢is still anionic, lowering the pH, until a bottom limit is attained at about
and, thus, one or several residues, strongly interacting with 0.06-0.08 s . The reason for this lower limit is enlightened
Qs (which is also a protonatable group), must be responsible by previous studies 3{ 34—36) which show that the
for the uptake. The interaction between protonatable groupsfecombination involves two competing routes, either from
is expected to cause a delocalization of the proton on severathe P"Qa—Qg state via the QQs/Qa™ Qe equilibrium, or
sites and to spread on a broad pH range the protonation ofdirectly from the PQ.Qs™ state. In purified RCs from wild-
an individual group [see, for instanc&gj for an experi- type Rb. capsulatusor sphaeroidesthe indirect route is
mental titration of Glu L-212, anc2@, 30) for computational ~ dominant. However, when the equilibrium consténg =
approaches]. It should be noted, however, that, at variancelQaQs1/[Qa—Qg] is rendered large enough (e.g., in mutants
with these results, the effect of the L 212-6tGIn mutation ~ ©or by replacing Q with a low-potential quinone), the direct
on proton uptake does not support such a broad titration range'oute from @~ to P* can prevail. The rate constant found
for Glu L-212 2, 31). From attempts at modelization of ~for this process in thus-modified isolated RCs Bb.
the present problem, we believe that it is not possible to Sphaeroidesvas in the range 0.040.19 s* (3, 34-36),
account, even roughly, for the experimental features (constantconsistent with the minimum rate obtained in the present
proton uptake of 1 below pH 7and titration of the  Study (around pH 6) of about 0.07’s(or 0.08 s* if one
semiquinone protonation localized entirely between pH 7 and Only takes into account the major exponential phase). A
5) with a purely electrostatic model. By “purely electrostatic Similar low limit of 0.08 s* appears in the data of Miksska
model”, we mean a fixed distribution of groups with given €t al. 2) for RCs ofRb. capsulatubelow pH 4 (see Figure
intrinsic pKs and pairwise electrostatic interactidriEhere- 5). Itis thus clear that in both cases the direct route becomes
fore, our results instead suggest a conformational changePredominant at low pH. Due to the larger valuekofs in
occurring around pH 6 which would affect the Qocket so chromatophores, the limit is attained at pH 6 instead of pH
as to render the direct protonation ok'® energetically 4 in isolated RCs. In chromatophores, an increase in the rate
favorable. The titration wave observed around pH 6 might is observed when lowering the pH below 6, which suggests
then reflect the conformational switch rather than tKegb that the direct recombination becomes faster when the
Qg .¢ The conformational change required to account for Semiquinone is directly protonated.
the present observations need not be of a large extent. At pH >6, the indirect recombination path (through the

equilibrium with P‘Qa~) predominates. If, as a crude

4 This does not mean that th& f Qg has to be close to its value approximation, one assumes negligible proton uptake/by Q

in solution, because very large local electrostatic shifts may occur within the derivative of log{ge) with respeqt to pH Sho“"?‘ reflect
the protein 29, 30. the extent of the uptake bygQ. This would predict two

®We investigated models involvinggQnteracting with one ortwo ~ peaks (for pH<7 and pH >11) for the proton uptake
protonatable groups. In the latter case, for instance, one has siXtjtration separated by a region of low uptake in the pH.8

parameters (the intrinsicks of the two groups, thekpof Qg and A L .
three pairwise interactions between charged groups). For a given setf@nge. This is in qualitative agreement with our uptake

of parameters, the pH titration of the uptake caused bye@uction measurements restricted to the pH&S5 range. The overall
was computed, together with the protonation stategf4Exploration shape thus predicted is roughly similar to that found in

of the parameter space led to the following conclusions: (i) When the : ;
experimental uptake titration is correctly mimicked, the protonation isolated reaCFlon centers &ib. C.apsulatu$l). .
curve of Q' displays two waves of about equal amplitudes, the high ~ Electrostatic EffectsThe amplitude of the electrochromic

pH one accompanying the uptake fitration (thus, about half the shift of Bphs caused by @¢¢around 750 nm was found to
semiquinone is protonated at pH 7). (i) When the semiquinone depend on pH (Figure 8). It is quite small at pH 5, as

protonation curve is correctly mimicked, the uptake titration displays .
two waves, the low pH one accompanying the semiquinone reduction expected from the neutral character af-Q The remaining

(thus, the uptake is about 0.5 at pH 6). change at this pH may indicate either that a small fraction
®We have no definite explanation for the effects of micromolar of Qgredis still anionic or that the bound gB still induces

additions of ferrocene or ferricyanide that changed the pH dependencea dipolar moment detected by the electrochromic probe. At
of the anionic to protonated transition. Nevertheless, they seem more ’

easily accommodated by the idea of a conformation switch, whose pH PH 7, the uptake of about one proton occurs although the
sensitivity could be modified by the binding of these substances. semiquinone is not directly protonated. The net change of
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charge is thus zero, but the negative charge gn &d the relative values for both steps. At pH 7.3, we measured about
positive charge of the compensating proton constitute a dipole11% for phase Bl and 27% for phase BlI; thigg, = 19%.
which can exert a substantial field on the neighboring Bph. This quantitative discrepancy may be due to the use of a
Indeed, a significant electrochromic shift is observed which, different material. On the other hand, at pH 5, we obtained
as expected, becomes larger at higher pH when the chargeypical values of 35% for both Bl and BIlI, thus also By,
compensation is diminished (uptake of about 0.65 proton atalmost 2-fold the value measured at pH 7.3. CleaBy,

pH 8.5). Extrapolation of the present data for zero proton should be constant unless the structure or dielectric properties
uptake would predict roughly a doubling of the size of the of the RC are modified. This large increase of the relative
signal observed at pH 7. This is still smaller than the size of electrogenicity associated with proton transfer tgosQpports

the Bph, shift caused by @ in this material [see also the the possibility of a structural rearrangement occurring below
Qa~ and @~ spectra obtained by Verigko (9) in chro- pH 7. It is not possible to decide whether the increase at pH
matophores ofphaeroidesand rubrum|, but qualitatively 5 of the B/A ratio is due to an increase of the B phase or to
agrees with Tiede’s viewlQ) that at short times (i.e., before a decrease of the A phase, because the low pH caused a
the charge compensation occurs) both spectra have similamarked irreversible decrease of the overall field-indicating
sizes. In terms of electrostatically weighted distances andchange, precluding absolute comparisons.

assuming a linear arrangement, the bound proton would be  Electron-Transfer KineticsOur study of the @ Qs —
about 2-fold more distant from Bph tharsQ It should be  Q,Qg"d kinetics shows, in agreement with several reports
emphasized that it may be an oversimplification to assume (10, 20, 39), the occurrence of a fast phase0 us),
that the movement of charges induced by Qs strictly  followed by a slower phase in the 4000 us range. The
coupled to proton uptake. For instance, there may be protonfast phase is not resolved in our work, but appears as a gap
movement within the membrane occurring faster than the petween the putative origin of the kinetics'(®~ measured
uptake from the bulk37), and there may even be such an in the presence of stigmatellin) and the extrapolation to time
internal movement (or other charge rearrangement) without zero of the slower phase, measured fromusn. It must,
any uptake. This remark also applies to the discussion of therefore, have a half-time shorter than aboytss This
the membrane potential below. agrees with the determination by Tiede et dl0)(from

The electrostatic effects due to proton binding inthg Q  absorption change kinetics in the near-infrared;gf~ 2.8
region can also be studied from the carotenoid shift that us (e &~ 4 us) in chromatophores dRb. capsulatusFor
reflects the delocalized membrane potential. At short times, the slow phase, these authors found in the same material at
or in the presence of stigmatellin, this signal monitors the pH 7.5,t;, ~ 28 us (e ~ 40 us), which is in nice agreement
electrogenic charge separation betweenahd Q- that with our 340 nm kineticg.These results were analyzed by
spans only a fraction of the membrane width (phase A). The assigning the fast phase exclusively to electron transfer and
electron transfer to Ris essentially parallel to the membrane the slow phase to charge-compensating events probably
plane and thus not expected to be significantly electrogenic. accompanied by electron transfer.
Nevertheless, an increase of the membrane potential has been \we first discuss the results obtained around pH 7.3 (Figure
observed to accompany this reaction (phase BI), mostgc) where the semiquinone remains anionic. The fast phase
probably because of the electrogenicity of protpn uptaie (s present at 340 nm (the UV peak of thea Q — Qg"
38). We also observed such an increase (Figure 7) whengifference spectrum), where it accounts for about one-third
comparing, for instance, the amplitude of the carotenoid of the total change. It is not present, however, in the kinetics
change in the presence of stigmatellin’@ ™ state) with  of the carotenoid shift. The simplest interpretation, consistent
that observed for the Rg™ state measured a few mil-  \yith the results of20) and (L0), is that the electron transfer
liseconds after the flash in the absence of inhibitor (the g biphasié and that its slow phase is accompanied with
kinetic aspects are discussed later). The extent of thisg|ectrogenic events (proton transfer and other local charge
electrogenic phase increased markedly below pH 7, whenyearrangements). It is then tempting to assume that the
direct protonation of @ takes place. The electrogenicity  glectrostatic relaxation seen during the slow phase (from the
should be (assuming the uptake from the bulk accounts for carotenoid shift in the present work or from the attenuation
all the charge compensation around™Q the product of  of the BPR shift in Tiede’s work) is in fact the driving force
proton uptake stoichiometry by the electrogenic distance for the completion of the electron-transfer reaction. In other
spanned by the proton. From pH 7 to 5, the uptake words, the initial equilibrium constant (prevailing during the
stoichiometry is constant but the electrogenic span increasegst phase) betweens@nd @ would be small (e.gKag ~

because of the direct protonation of the semiquinone. Ourg 5) The electrostatic relaxation occurring on the-100
results may be compared with previous measurements of the

electrogenicity associated with the first and second electron- Thet | ed b Tiede ot al 48 and 80us |

H H € l1/e Values reporte y liede et al. are an us tor
tranSfer.StepS to 'Q in chromatophores dRb. sphaeroides chromatophores oRb. capsulatusind Rb. sphaeroidesrespectively
fused with a collodion membran@4). These authors found  (pH 7.5). For isolated RCs d®b. sphaeroidesit is 208us. Thus, the
a small phase Bl (about-2B% of the amplitude of phase A  rate is aimost 3-fold slower in isolated RCs compared with membranes
in the pH range 68, about 7% at pH 9.5). A larger extent [in agreement with Ve_rr}l‘ﬁ'o's.(;’qaga o)l on the Othe(rj h"."ﬂd' r:he
(15_20% of phase A) was observed on the second Step reaction appears especially rapi . capsulatusompared with other

‘ . - - . species.
(“phase BII"), when formation of @H, implies the migration 8 The assumption made here is that the 340 nm change is homoge-
of >1 proton (i.e., the complement to 2 of the first uptake) neous, rather than a mixture of one contribution monitoring only
all the way to Q. The average of these quantitieBu(~ electron transfer during the fast phase and another one during the slow

o phase sensitive only to electrostatic changes. This assumption seems
10%) reflects the electrogenicity of one proton transferred reasonable since both phases had similar spectra in theZSInm
from the bulk to @. In the present work, we obtained larger region (notably an isosbestic wavelength at 320 nm).
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us time scale would then increakgs and achieve to drain  include essentially all the electron transfer, a striking result
the electron toward £ is that its rate (we note k) is very close to that observed
We now come to the results at pH 5 (Figure 6A), where for the first electron transfek{), in the explored pH range
the semiquinone binds a proton. The(Q— QgH) spectrum (5.0-8.5). A similar result was previously reported by
is maximal at 330 nm. This is a wavelength where the Vermajlio (9) for chromatophores dRb. sphaeroidem the
difference spectrum ( — Qg~), with both semiquinones  pH range 6-10 and for isolated RCs d®b. sphaeroidemn
anionic (as measured around pH 7), is very small. Thus, atthe pH range 5.57.5 by the same author and by Wraight
this wavelength one monitors essentially the disappearancg(8). There is a discrepancy between these results (in isolated
of anionic semiquinone and the formation of the final state RCs) and those of Kleinfeld et ak{, 42), who confirmed
QgH. The kinetics are well described by a single exponential the rate and pH dependence found by Wraight and Velime
with ty, &~ 15 us, with little unresolved fast phase between (below pH 8) fork,, but obtained a different result fdx,
the extrapolation at time zero of this decay and the stigma- namely, a constant rate below pH 8. The origin of this
tellin level. Compared with pH 7, the switch to the protonated experimental discrepancy lies probably in the different
final state has not caused any dramatic change of the ratepreparation procedures used by the three groups, in particular
which is just accelerated 2-fold (in continuity with the pH with respect to the use of ammonium sulfate (A. Végiiee
dependence observed above pH 7). Although the unresolvedorivate communication). The finding d§ ~ k. in chro-
fast phase has a small relative weight at 330 nm, it is still matophores over a broad pH range-g5) involving a 5-fold
present with larger relative weight at other wavelengths. Due variation of these rates strongly suggests that a similar
to the small signals and to the mixture with the field- process is rate-limiting in both reactions. According to the
indicating change (see below), it is difficult to give a definite analysis proposed above for the first reaction, this process
statement, but it seems that the spectrum of this phase isnvolves an electrostatic relaxation that controls the driving
similar with that of (Q~ — Qg™) as measured at pH 7. For force for electron transfer. A result from the electrostatic
instance, its relative amplitude (with respect to the overall calculations reported by Lancaster et &80)(is that the
change) was larger at 340 nm than at 330 nm, or at 460 nmformation of Q™ is expected to induce proton binding by
than at 450 nm. It is thus plausible that the reaction occurs the Glu cluster near £at each stage of quinone reduction,
in two steps: (i) electron transfer and formation of anionic which would, as noted by the authors, "prestabilize electron
Qg™ during the fast phase; (ii) protonation of the semiquinone transfer from Q to Qs". We thus propose tentatively that,
during the 15us phase. in chromatophores, the onset of this prestabilizing configu-
In contrast with the results at pel7, there is evidence ration might be the rate-limiting process in both electron-
for a large fast phase<{10 us) for the rise of the carotenoid transfer steps.
shift at pH 5, which amounts to more than 10% of phase A It has been recently proposed that the rate-limiting step
(Figure 7). This may be due to a rapid electrostatic for the first electron-transfer reaction could involve a
rearrangement following the electron-transfer step. Alterna- rearrangement of ubiquinone in the Qocket 82), moving
tively, it may be due to the electron-transfer itself. We noticed from a site incompetent for electron transfer to a site closer
above several aspects that suggest a structural changéo His L-190 and to Q, where @~ would be formed and
occurring at low pH. It may then be considered that a remain bound until the second electron transfer. Whereas
consequence of such a change could render the electrorthis model may be correct concerning isolated RCs, and does
transfer from Q to Qg electrogenic. In this case, the same account nicely for the low-temperature experiments of
scheme could account for the biphasic kinetics both at pH 7 Kleinfeld et al. @3), it is not plausible in the case of
and at pH 5: (i) rapid phase of electron transfer (electrogenic chromatophores, unless the similaritykefandk; is purely
at pH 5); (ii) electrostatic relaxation (with proton binding coincidental. Concerning the second electron transfer, the
either at some distance frongQat pH 7, or directly onthe ~ model favored by Graige et ak)(is a two-step mechanism
semiquinone at pH 5) driving the electron transfer to in which fast reversible formation of the protonated semi-
completion. quinone QH is followed by rate-limiting electron transfer.
We will now discuss the UV kinetics monitored on the This model encounters the same difficulty as above to
second flash (Figures 6B,D) in the presence of a donor account fork; 2 k; in chromatophores. It would also predict
[second electron transfer: \QQg™® + (2)H" — QaQgHy]. a large acceleration of the rate at low pH when the
A fast phase seems to be present in this case as well becausgemiquinone is pre-protonated, which is not consistent with
the zero time extrapolation of the kinetics (e.g., at 340 nm the mere 2-fold acceleration observed between pH 7 and pH
for pH 7.2) was found slightly below that of the first flash, 5.
thus distinctly below the stigmatellin level. Nevertheless, the
amplitude of this phase is too small to account for more than CONCLUSION
a minor fraction of electron transfer. According to the in A number of significant differences in the functioning of
vitro spectra published by Morrisor2]) [see also 40)], the acceptor side between isolated RCs and chromatophores
among the various reduced states of ubiguinone which mayhave been highlighted in this work and in previous literature.
be involved in the reaction, the anionic semiquinone is the They concern, notably, the stoichiometry of proton uptake
only species which absorbs significantly around 33@0 by Qs~, the faster rate of both electron-transfer reactions in
nm. Therefore, the changes expected either for the reactionchromatophores, the slower rate of @~ recombination
QA Qg™ + Ht — QaQgH™ or for the reaction @ Qg~ — (and the predominance of the direct route at gl), and
QaQs% correspond essentially to the destruction of two the direct protonation of the semiquinone at low pH. The
semiquinones and should be much larger than the observedrigin of these differences will have to be clarified. They
rapid phase. Concerning the slow phase, which must thusdo not seem to imply just a different tuning of the RC
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reflecting minor quantitative changes and may require the
understanding of more qualitative modifications.
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