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The photoreduction of the prmuey clectron aceeptar, Qa. hax been chaructenzed by hght-indueed Founer tranafarm infrared differcnce speeieas:
wpy for Rh. sphucrofdes reacuon centers und for Rep nehrum und Rp virfdhs Jhremitophares, The samples were treated Both with redox com.
pounds, which rapidly reduce the photooxidized primary ¢lectron donar P*, und with 1nhibitare of eleciron wransfer from Qa 1o the secondary
quinone Qg This approuch yields speciri Tree fram P and P° contnbutions which mukes posnible the study of the microenvironment of Qu und

Founer transform infrared spedtroscapy, Bactenial redction center, Photasynthesix Primary quinone Secondary quinone

1. INTRODUCTION

In the reaction center (RC) from photosynthetic pur-
ple bacteria, absorption of a photon leads to a rapid
{200 ps) charge separation between the primary electron
donor P, a dimer of bacteriochlorophyll, and the
primary quinone acceptor Qa The understanding of
the remarkable speed of this electron transfer step and
of the even more remarkable efficiency of the subse-
quent charge stabilization (back-reaction in the ms time
range) is still very himited, Although the recent elucida-
tion of the three-dimensional structure of the RC has
provided a wealth of information on the amino acid
residues which make up she binding sites of P and Qa,
there remains a serious lack of knowledge on the elec-
tronic structure of the reactants as well as on the
modifications of these structures (both geometric and
electronic) concomitant with the charge separation and
stabilization processes (for reviews, see [1-3])

Vibrational infrared (IR) spectroscopy being highly
sensitive to small alterations of bond energies, we have
implemented light-induced Fourier transform (FT) IR
difference spectroscopy techniques in order to monitor
the molecular changes occurring at the level of in-
dividual chemical groups of the protein and cofactors
when RCs undergo charge separation [4-10}. By com-
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parison with electrochemically-generated cations and
anions of the primary reactants (6,11], specific changes
inthe IR absorption of P and P* have been characteriz-
ed and the absence of any large conformational change
of the RC piotein backbone has been demonstrated.
The quinone bands, which are buried under the larger
contributions of P and P*, have, however, proven
elusive [7,8,11]. Very recently, new strategies such as
time-resolved FTIR spectroscopy [12] and in situ elec-
trochemastry [10], hitve been developed 1n order to elicit
the quinone contributions from those due to P and P*

In this letter we report on a different approach,
namely the steady-state generation of Qa~ in RCs and
chromatophore membranes by light-induced charge
separation 1n the presence of chemical reductants and
mediators which rapidly rereduce P*,

2. MATERIALS AND METHODS

Punfied chromatophores of Rsp rubrum G9 were sonicated in the
presence of 150 mM NacCl, centrifuged and then washed with distilled
H:0 Punfied chromatophores of Rp vinidis were used without fur-
ther treatment For IR samples, inhibitors and redox mediators in 40
mM Tns buffer, pH 80, were added to a suspension of
chromatophores which was then centrifuged for 1 h at 200000 x g A
fraction of the final pellet was pressed and sealed between two CaF,
windows The maximum absorbance at = 1650 cm™' was kept below
10

Rb, sphaeroides R-26 RCs, 150lated with or without Qg [13], were
deposited on a CaF: window (25 mm diameter) and dried under
argon Before complete dryness, the RC film was coveied with 6 ul of
a 40 mM Tris buffer, pH 8,0, containing terbutryn or o-
phenanthroline and the redox compounds, diaminodurene (DAD)
and Na ascorbate, and was sealed with another CaF; window This
microcell was thermostated at 10°C in a cryostat

The large IR absorption of water around 1640 cm ™" timits the op-
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tival path to about 10,4m. A high RC concentration (typically 1-2 mM
for holated REs and 0.3 mM for ¢chromatophares) Iy thus requined
and the concentra lon of reductanty and/or mediatorn (3¢ abuve) as
well as the intensity of the actini¢ beam had firsi 10 be optimized. The
writirin wead for this optimization were that the steadystate lHght:
nduced FTIR difference spectra (1) showld coitain neglinible ¢on:
tribution from the primary donor phoreotidation, monilored by <
absence of the bandy previously assigned to the 9-keto and 1a-esier
C = 0 of bacteriochlorophyll in the £"Q” /PQ ypectrn [4,6.8) and (il
should exhibit good reversitnlity for signal averaging.
Light-induced IR and near-IR measurements were performed under
steady-state ilumination conduwions with a Nicolet 808X FTIR spee.
rromaier equipped with both MCT-A and Si diade detectors, Near-1R
and |R measurements were performed aliernately on the same sumple
under identical geometry. For measurements in the near-IR, the sam-
ple as well as the Sy detector were protecied by red cut-off (A > 645 nm)
filiers and the sample was llluminated with blue aciinie light (A< 350
nm). For IR measurements, the sample was usually dluninated with
red (A > 713 nm) or blue (N> $50 nm) actinie light, leading to identical
FTIR difference spectra [nterferograms were recorded before and
during ¢ontinuous illumination (25-50 3) and each light-minus-dark
vyele wax repeated several hundred times separated by a dark ume
(several minutes) sufficient to ensure full retirn to the ground state.

3. RESULTS

3.1. Rb. sphaeroides reaction centers

Cyclic steady-state illumination of isolated RCs in the
presence of 100 xM terbutryn, 5 mM DAD and 1 mM
Na ascorbate in 40 mM Tris, pH 8.0, buffer, generates
the Light-minus-dark FTIR spectrum shown in Fig. la.
All bands in this spectrum decay with the same half-
time of =20 s suggesting that only one type of reaction
occurs. Evidence for Qa~ formation is demonstrated by
thelight-induced difference spectrum in the near-IR (in-
set Fig. 1) obtained from the same sample This dif-
ference spectrum has been previously assigned to elec-
trochromic shifts, mostly of the intermediary bacterio-
pheophytin electron acceptor Ha, 1n response to the
negative charge on Qa [14]. This spectrum also demon-
strates the absence of contributions from P*/P and
Ha~/Ha, which both have characteristic spectra in this
wavelength range, Any sigmficant contribution from
the state Qa%~ in Fig. 1a. can be excluded on the basis
of the extremely slow decay of this state {15]. In prin-
ciple, signals can be expected from a change of redox
state of DAD and ascorbate, However, it has been
verified that the IR absorbance spectrum of a 200 mM
solution of DAD and Na-ascorbate, with and without
500 mM potassium ferricyanide, in a 10 2m cell displays
only very broad bands (data not shown) which thus
could not contribute to the sharp signals shown in
Fig. la. The other species which could still possibly af-
fect this spectrum are Qp, Qp ~, QsH: and terbutryn.
The absence of significant contribution from these
species has been checked by using either RCs with
o-phenanthroline instead of terbutryn as inhibitor of
Q.~ to Qg electron transfer, or RCs depleted in Qsp,
conditions which both lead to spectra almost in-
distinguishable from the one shown in Fig. 1a. This
spectrum can thus be confidently assigned to the
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Fig 1 Lightanduced FTIR difference spectra at 10°C of (a) Rb
sphueroides RCsin the presence of 100 xM terbutryn, SmM DAD and
1 mM Na ascorbate, A\> 715 nm, 46080 interferograms co-added In-
set. hght-induced spectrum in the near-IR from the same sample (see
Materials and Methods), A< 550 nm, 6400 interferograms co-added,
(b) Rsp rubrum chromatophores in the presence of 10 mM o-
phenanthroline, 10 mM DAD and 20 mM Na ascorbate; A< 550 nm,
25600 interferograms co-added (c) Rsp rubrum chromatophores in
the presence of 8 mM DAD and 20 mM Na ascorbate, A> 715 nm,
25 600 nterferograms co-added (d) Rp. vindis chromatophoresin the
presence of 10 mM o-phenanthroline and 10 mM DAD, A>715 nm;
17920 interferograms co-added For all FTIR spectra, the resoluuon
was 4 ¢m”' and each peak frequency 1s given at 1 cm™' owing to
averaging on several samples

photoreduction of Qa and hereafter is named Qa™/Qa
spectrum.

1.2. Rsp. rubrum chromatophores

This system was selected on the basis that it contains
the same Qa species as Rb. sphaeroides, but with the ad-
vantage that the cytochrome ¢z (the physiological elec-
tron donor to P*), which could contribute to the dif-
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ference speetrum, is easicr to eliminate by salt washing
than in Rb. sphaeroides. Cyclic seady-state illumina-
tion of Rsp. rubrum chromatophores {n the présence of
10 mM o-phenanthraline, 10 mM DAD and 20 mM Na
ascorbate in 40 mM Tris, pH 8.0, buffer yields the light-
minus-dark FTIR difference specirum shown in
Fig. Ib. All the bands decay with a half-time of 40-50
x and the close analogy with the spectrum in Fig la as
well as near-IR controls (data not shown) lead us to
assign this signal to the Qa~/Qa spectrum of Rsp,
rubrum, Without o-phenanthroling, a very different
«pectrum (Fig. 1c) is obtained which we consider to
contain contributions from scveral redox and pratona-
tion states of Qu and/or from the quinone pool (Qp).
This signal decays with a half-time of 5-10 min.

3.3. Rp. viridis chromarophores

Fig. 1d shows the light-minus-dark FTIR difference
spectrum of Rp. viridis chromatophores in the presence
of 10 miM o-phenanthroline and 10 M DAD. Again,
all the bands decay 1n umson and addition of Na
ascorbate (up to 20 mM) only affects the recovery time
of the signal. The same spectrum is obtained when rer-
butryn is substituted for o-phenanthroline. The domi-
nant contribution from the Qa~/Qa state which is
responsible for the spectrum in Fig. Id has been
monitored in the 500-600 nm spectral range with a
Joliot-type flash spectrophotometer {16]; the details of
these controls will be published elsewhere. Briefly, we
have determined that under our experimental condi-
tions for which both high potential cytochromes csso
and csss are reduced in the dark, a saturating flash
generates the state cytochrome csse* Qa~. The reduc-
tion of cytochrome csss™ by DAD being much faster
than the reoxidation of Qa~, the intensity of a steady-
state actinic beam can be adjusted to accurmnulate Qa~
while keeping all the high potential cytochromes reduc-
ed. Under these conditions, the same saturaung fiash
delivered on top of the actinic beam is not able to
generate a measurable cytochrome csss™ Qa~ charge
separation, demonstrating the accumulation of the full
complement of Qa~ 1n the sample.

4. DISCUSSION

Recently, the interest in characterizing the environ-
ment and bonding pattern of the RC quinones in their
neutral and anionic forms has triggered investigations
by several FTIR spectroscopy approaches: replacement
with modified or 1sotopically-labelled quinones [7],
comparison of P*Qa"/PQa and P*Qp~/PQp spectra
either by steady-state [7,8,17,18] or kinetic [12] tech-
niques, spectroelectrochemistry of quinones both in
vitro [11] and in situ [10]. The first FTIR characteriza-
tion of a photochemically-generated state containing
pure contributions from Qa~/Qa In situ has been
recently reported [19] for the RC of photosystemn 1I (PS
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D). In the present study, we report that additien of
reductants and mediators, which rapidly rereduce P°,
makei possible the photochemical generation of pure
Qa~/7Qa FTIR spectra on both isolated RCs and
¢hromatophares from purple bacteria, Qwing to the ex-
cellent reversibility of the photochemistry (the light-
minus-dark spectra ¢an be repeatedly cyeled aver more
than 24 h without modification), FTIR difference spec-
fra can be obtained with signal-to-noise u! least
equivalent to those previously reported for P*Q~/PQ
states (8).

The Qa™/Qa spectrum obtained photochemically
with Rb. sphaeroides RCs (Fig. 1a) compares very well
with that obtained electrochemically on the same RC
(10]. This observation further confirms the absence of
contributions from the redox mediators and the in-
hibitors in the photochemically-induced spectrum
(Fig. 1a). Moreover, this spectrum compares strikingly
well with the QA"/Qa spectrum of Rsp. rubrum
chromatophores, which aiso contain ubiquinone-10 at
the Qa site. This similarity shows that the Qa binding in
both species must be highly comparable, as expected
from the identity of the amino acid sequence stretches
surrounding Qa [20]. The small but reproducible dif-
ferences observed between the two Qa~/Qa spectra,
and notably in the 1500-1400 cm™' region where the
semiquinone anion absorbs in vitro (11}, ¢an be assign-
ed either to a more nauve environment of Qa in
chromatophores than in isolated RCs or to genuine dif-
ferences in the binding of Qa between the two species.

The spectra shown in Fig. 1b and Fig. 1¢ dispiay
large differences that we consider to represent the
specific environments and bonding interactions of the
same chemical species (ubiquinone) 1n the Qa and Qp or
Qo sites. Although the very different band positions
observed between these two spectra indicate that the
spectrum lc can only be contaminated by a minute
amount of Qa~/Qa, we cannot so far discriminate the
features in Fig. 1¢ which correspond to Qs™, QsH: or
to the reduction of the quinone pool (possibly including
its indirect effect on the cytochrome be;). A further
discussion of Qp~/Qu and QsH2/Qs spectra calls for
additional experiments performed with sequences of
saturating flashes.

The largest differences in the Qa~/Qa spectra of Rsp.
rubrum (Fig, 1b) and Rp. viridis (Fig. 1d) chromato-
phores can be attributed, at least in part, to the dif-
ferent chemical nature of Q4 in the two species (mena-
quinone in Rp. windis). While this is certainly the case
for the three bands observed in Rp. viridis at 1478
em~?, 1438 cm~! and 1392 cm~! in the absorption
region of the semiquinone amon - these three quinone
anion bands have also been recently observed in the
Ha" QA" /HaQa spectrum of isolated Rp. viridis RCs
[18] ~ the change in the 1550-1500 cm™' (amide II)
region more likely reflects different contributions from
the protein moiety. On the other hand, 1t should be
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noticed that the signals in the 1740 ¢m ™' to 1640 ¢m ™!
carbonyl region are very similar in thete two speetra
(Fig. b and d). This last observation suggesis that, in
this spectral dunaain, ¢ontributions from amino acid
C = O predominate over that of C= Q from the neutral
quinone. Although the carbonyls of the neutral ubi-
quinone absorbat = 1660 cm™' in arganic solvents ({11)
and references therein), the absence af clear isotapic
shifts in this region for the P"Qa"/PQa spectra of Rb,
sphaeroides RCs reconstituted with "*C- or '*O-labelled
ubiquinone-10 has been taken to indicate that the bands
around 1650 cm™' [7) and 1670 cm™' [9) arise from pep-
lide C = O groups rathér than from quinone carbonyls.
Possible assignments for these bands in terms of ¢on-
tribution from the amino acids in the vicinity of Qa =~
notably a conformational change of the peptide C=0
of Ala M258 - have been already discussed (7-9). Fur-
thermore, the QA~/Qa spectra shown in Fig. 1a,b, and
1d bear large similarities with the QA~/Qa spectrum of
PSII particles [19], such as the positive anion band
around 1480 em™'. Other obvious spectral analogies
between bacteria and PSII are also abserved in the 1740
cm™' to 1610 cm ™! carbony! frequency region, especial-
ly the band at =1670 cm~'. This adds support to the
evidence that several of the amino acid interactions with
Qa are conserved 1n PSII and bacteria.

In conclusion, this study demonstrates that the Qa~
state can be reversibly photoaccumulated so that
Qa7/Qa FTIR difference spectra free from contribu-
tions of P and P* are obtained. By this straightforward
approach, the microenvironment of Qa can be in-
vestigated by the analysis of the QA~/Qa spectrum of
RCs reconstituted with chemically-modified or
1sotopically-labelled quinones as well as by the use of
RCs genetically-altered on the residues that form the
binding niche of Qa.
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