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ABSTRACT. Photosynthesis transforms light into chemical energy by coupling electron transfer to proton
uptake at the quinone gQ The possibility of initiating this process with a brief pulse of light and the
known X-ray structure makes the photosynthetic bacterial reaction center a paradigm for studying coupled
electronr-proton transfer in biology. It has been established that electron transfer from the primary quinone
Qa to Qs is gated by a protein conformational change. On the basis of a dramatic difference in the location
of Qg in structures derived from crystals cooled to 90 K either under illumination or in the dark, a functional
model for the gating mechanism was proposed whereby neugrah@yes 4.5 A before receiving the
electron from Q™ [Stowell, M. H. B., McPhillips, T. M., Rees, D. C., Soltis, S. M., Abresch, E., and
Feher, G. (1997%cience 278312-816]. Isotope-edited FTIR difference spectroscopy gp@otoreduction

at 290 and 85 K is used to investigate whether r@oves upon reduction. We show that the specific
interactions of the carbonyl groups of@nd &~ with the protein at a single binding site remain identical

at both temperatures. Therefore, the different locationsgfeported in many X-ray crystal structures
probably are unrelated to functional electron transfer frogm @ Qs.

With the rapidly increasing number of three-dimensional in Rhodobacter sphaeroidewith a time constant 0200
structures of large membrane proteins being determined byps. The oxidized primary donor'Rs reduced by a soluble
X-ray diffraction, a major goal in the field of biophysics cytochrome within~1 us, while the electron proceeds to
today is to understand the functions of these proteins at thethe secondary quinonesQalso UQ) with time constants
atomic level. This is a particular challenge when function in the range of 5200 us (6, 7). This reaction forms the
involves transient interactions with small, mobile molecules. unprotonated semiquinonesQwhich is tightly bound to the
The photosynthetic bacterial reaction center (R€s the  RC protein. A second cycle of light-driven electron transfer
first integral membrane protein to be characterized by X-ray is coupled to the uptake of two protons from the cytoplasm,
crystallography 1—4), and is still the subject of detailed  forming the ubiquinol (@H.) (8). Finally, the ubiquinol is
studies aiming to relate structure and function. There are NoWg|eased into the photosynthetic membrane to activate the
more than 40 entries for bacterial RCs in the Protein Data cytochromebe, cycle and is replaced with an oxidized

Bank, and new structures at a resolution approaching 2 Aquinone from a ubiquinone pool (reviewed in réfand10).

are currently being generated. . _
One of the most challenging aspects of RC research is

The photosynthetic RC, the primary site of conversion of lina th f reducti d protonati
light energy into chemical energy, contains several chloro- unraveling the sequence of reduction and protonation reac-
tions involved in ubiquinol production at thegGite, and

phyll and quinone cofactors that catalyze a sequence of light- ) , )
induced electron and proton transfer reactioBs (The the accompanying changes in the structure of the pretein
structure exhibits a pseuddy symmetry that relates both ~ cofactor system. Investigation of this process in the RC is
the two main L and M subunits and the cofactors, the latter Made possible by the specific opportunity to trigger the
being arranged in two branches, A and B, across the Photoreactions quantitatively with brief pulses of light.
photosynthetic membrane with the 2-fold axis perpendicular Elucidation of the mechanism of this reaction at the atomic
to the membrane (Figure 1a). Despite this high degree of level would have far-reaching implications because coupled
structural symmetry, the RC functions in an asymmetric electron and proton transfer reactions are essential processes
manner with transmembrane electron transfer occurringin many energy-transducing systems. Several observations
unidirectionally along the A branch from the primary electron have indicated that a structural change accompanies the first
donor (P), a dimer of bacteriochlorophyll molecules, toward electron transfer step (QQgs — QaQg ") in the bacterial RC
the primary quinone @ a ubiquinone-10 (Ug) molecule (7, 11-13). Notably, the rate of this electron transfer reaction
in RCs that have been frozen to cryogenic temperatures under
* To whom correspondence should be addressed. Telephone: (331)llumination (i.e., in the PQg™~ charge-separated state) is
6908 2239. Fax: (331) 6908 8717. E-mail: cadara3@dsvidf.cea.fr. dramatically increased compared to the rate in RCs frozen

! Abbreviations: RC, reaction center; P, primary electron don@r; Q  in the dark (i.e., in the PRstate) (4). Consistent with the
and @, primary and secondary quinone acceptors, respectively; UQ '

ubiquinonen, 2,3-dimethoxy-5-methyl-6-polyprenyl-1,4-benzoquinone; Proposal that the rate of theaQQs — QaQs™ reaction at
FTIR, Fourier transform infrared. ambient temperature is limited by a conformational change,
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carbonyl groups are hydrogen-bonded to the protein in the
semiquinone state (proximal position). The motion of Q
from the distal to the proximal site, possibly in response to
& Qa~ formation, was proposed to represent the conformational
_ ’;:.Z" . > S i R0 | O gate that allows electron transfer to proceed fropmT @

- \ Qs (15). This gating mechanism would account for the
e aY observation that RCs trapped at low temperatures in the dark,
S - where @ is in the distal position are inactive for thes@s
— QaQg~ reaction, but RCs cooled under illumination are
frozen in an active stated 4). On the basis of detailed X-ray
studies of @-depleted, @reconstituted, and &inhibited
RCs fromRhodopseudomonadridis, a mechanistic model
involving a similar displacement of Qfrom the distal to
the proximal site has also been proposed to accompany the
Qa Qs — QaQs electron transfer step in the RCs of this
species 17, 18). The conformational gating model has
triggered a number of electrostatic and molecular dynamics
computational studies aimed at explaining the causes of the
change in the position of £) the details of the complex
motion (flip and translation) of @ and how this motion
relates to the actual opening of the gai&+25).

Complementing X-ray crystallography, the binding of
quinones (both @and @) in RCs has been investigated in
detail by Fourier transform infrared (FTIR) difference
spectroscopy (reviewed in réf6). IR spectroscopy is an
exquisitely sensitive technique for the investigation of atomic
interactions and can detect even minute structural changes

Gly Q; (proximal) in the vicinity of functional groups. In the case of a large

L225 molecular system such as the RC, the complexity of IR
FiGURE 1: (a) Overall organization of the cofactors in the RC of Spectra can be overcome by using a difference technique
Rb. sphaeroidesThe bacteriochlorophyll (dimeric primary electron  whereby the FTIR spectrum of the ground state of the protein
donor P and monomeric B), bacteriopheophytin (H), and ubiquinone j5 syptracted from that of an active state, such as a well-

(Q) cofactors are arranged around the axis of 2-fold symmetry in . : ) .
two branches (A and B) that span the membrane. The route Ofdeﬁned photoinduced charge-separated state. Using such a

electron transfer from P togalong the A branch is shown by the ~ Procedure, only the groups that alter their molecular vibra-
arrows. (b) Distal and proximal binding positions of thes Q tions with the change in state contribute to the difference

ubiquinone in the RC. When in the distal position (yellow), the spectrum, while all the absorbance bands from groups that
C,=O carbonyl accepts a hydrogen bond (green spheres) from they ot participate in the reaction are canceled out. With a

backbone amide NH group of lle-L224, while the=€D carbonyl S . - : . L
is free. When in the proximal position (red), the=€D carbonyl is combination of this technique and isotope labeling, it is

hydrogen-bonded (magenta spheres) to the backbone NH group ofP0ssible to detect and assign vibrational modes of single
lle-L224 and Gly-L225, while the £=O carbonyl is hydrogen-  chemical groups in a protein complex as large as a 8L (

bonded to the side chain of His-L190. The headgroup of the |n previous work, RCs reconstituted with ubiquinone-3

proximal @ ubiquinone is arranged approximately symmetrically e S3 ; s
to that of the Q ubiquinone. This figure is courtesy of P. Fyfe (CUS?% Spegmcell”élabelel% with*C at gltther tge {% %ord.
(University of Bristol, Bristol, U.K.). +—0 carbonyl (Figure 1b) were used to probe the bonding

interactions of the &0 groups of @ and @~ in the RCs

it has been demonstrated that the observed rate of thisof two of the most thoroughly investigated species of purple
reaction is independent of the driving force for electron bacteria, namelyRp. viridis andRb. sphaeroide7). The
transfer (5). observation that in the RCs of both species, bailt&bonyl

In an attempt to resolve the structural changes that groups exhibit the same frequency of 1641 éndown-
accompany charge separation in the RC, the structuRbof  shifted by 16-20 cnt! compared to the frequency of the
sphaeroidesRCs in single crystals cooled to 90 K under free carbonyl groups of the quinone in solution, led to the
illumination was compared to that in single crystals cooled conclusion that both carbonyl groups ofs @ngage in
to 90 K in the dark 16). A dramatic difference in the location =~ symmetrical and moderate-strength hydrogen bonds with the
of Qg was observed in the two structures (Figure 1b), leading surrounding protein 27, 28). Compared to the variable
to a functional model in which the secondary quinone was positions of @ that had been seen in X-ray structur2g)(
proposed to occupy two distinct positions depending on its it was proposed?6, 27) that neutral @ in both species was

reduction state. In this model, the neutral, @bcated in a likely to be located in the site that is now defined as the
“distal” site, must undergo a 180propeller twist” and a proximal site, at a position consistent with the hydrogen
4.5 A displacement toward a “proximal” site for the Mg bonding pattern involving both carbonyls of the quinone first

— QaQs~ electron transfer step to occur@). As illustrated described 29) and discussedl1{) for Rp. viridis. This
in Figure 1b, of the two quinone carbonyls €0 and proposal is supported by recent studies on mutabt
C,~=0), only the latter forms a hydrogen bond with the sphaeroidedRCs that compare the location of;@erived
protein in the neutral @state (distal position), while both  from crystallographic investigations and from isotope-edited
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Qs /Qs FTIR spectroscopy. In some X-ray crystallographic surements. The transmission of the sample at 85 K was
studies at ambient temperature on dark-adapted crystals oimeasured during periods of 60 s first in the dark, then under
Rb. sphaeroide®RCs bearing mutations in the vicinity of illumination, and then in the dark after illumination was
the quinone sites, £has been found at or close to the switched off to control the relaxation of the sample.
proximal position 80—32). The isotope-edited FTIR fin-  Following Fourier transformation, the three single-beam
gerprints for the interaction of neutralgQuith the protein spectra were processed to yield a light-minus-dark and a
have been measured for two of these mutant RE3s34), relaxation-minus-darlAA spectrum. A delay of 30 s was
and the bonding pattern for both the=€0 and G=O introduced before starting the next cycle. For each sample,
carbonyls of neutral @has been found to be the same as these cycles were iterated over a perioch@2 h. At this
that previously measured for wild-type RC27). stage, the sample was removed and storeelGt °C while

Although Stowellet al. (16) noted the strong discrepancy the next sample was processed. Each set of three samples
between the pOSitionS of the neutrg) @ derived from FTIR was analyzed four times at 85 K and once at 290 K. For the
difference Spectroscopy at room temperatmé end from measurements at 290 K, the measuring Fimes within e:.iCh
x_ray Crysta”ography of Cryotrapped intermediateS, an CyCIe were set to 30 s and no delay was introduced dUrlng
explanation for this difference has not been forthcoming. In the cycles. Eight sets of IR samples from two different
the work presented here, this issue has been reinvestigate@atches of RCs were analyzed, and the data were averaged.
by employing experimental conditions for FTIR spectroscopy The resolution is 4 crt, and the frequencies are giverl
that address directly the possibility thag Guld move upon ~ CM™.
photoreduction as proposed from the X-ray resul&-(198). RESULTS
Using isotope-edited FTIR difference spectroscopy with site-
specifically labeled ubiquinone, the hydrogen bonding states Qs Photoreduction at Room Temperatuhe the presence
of Qg and @~ are compared at room temperature, where Of an excess of ubiguinone to maximize the occupancy of
Qg is free to move upon photoreduction, and at 85 K, where the Qs site, illumination of purifiedRb. sphaeroideRCs at
such a motion cannot occur. ambient temperature with either a single flash or continuous
light leads to the formation of the'®g~ state. This state,
which can be generated quantitatively by excitation with
saturating light, decays back to the f@ound state with a
time constant of +5 s ©, 10). The FTIR absorption
spectrum of such a RC sample under illumination contains
the contribution of vibrational modes of the’®;~ state,
while the FTIR spectrum of the same sample measured in
the dark just prior to the illumination contains those of the
PQ: state. The calculated *Bg~-minus-PQ difference
spectrum (abbreviated as™®;/PQs in the following)
therefore represents the IR signature of the molecular changes
associated only with this specific light-induced transition.

EXPERIMENTAL PROCEDURES

Sample PreparationRCs were purified and depleted of
the quinone @ according to the method described in ref
35. The @ site was reconstituted with U{by adding an
~10-fold excess of Uas described previoushd§). The
synthesis and characterization of t€-labeled UQ have
been reporteddy). For the IR measurements, 1A of a
200uM RC solution in Tris-HCI (20 mM, pH 7.0) containing
0.02% LDAO was partially dried under argon on a 25 mm
diameter Caf disk. The sample was then covered with

another Cafdisk to form a thin cell, the outer edges of | such difference spectra, the bands of the neutral Rte
which were sealed with high-VaCUUm silicon grease. appear as negative contributions and those ‘oaiRd Q-
FTIR Measurementd' he measurements were performed as positive bands. While the dominating contributions from
with a Nicolet Magna 860 spectrometer equipped with an P*/P are distributed over the whole spectral range that was
MCT-A detector. lllumination of the sample was achieved investigated, the main=€0 and G=C bands associated with
under saturating actinic light using an RG715 cutoff filter Qg are localized in the 16601600 cnm! region, and the
and a water filter to prevent heating of the sample. In-house coupled G-0O/CG=C modes of the semiquinongQabsorb
software was implemented to control the electronic shutter between 1500 and 1400 ctn(26—28, 36).
and the data acquisition periods of the FTIR spectrometer. P*Qg/PQ; FTIR difference spectra measured with satu-
A gas convection cryostat operated with liquid nitrogen was rating continuous illumination at 290 K were recorded for
used to control the temperature of the sample withih1 Qg-depletedRb. sphaeroideRCs reconstituted with Uglhat
°C. Typically, three IR samples of RCs, each reconstituted was either unlabeled (Figure 2Aa) or labeled with a single
with one of the three quinone isotopomers, were prepared!*C atom at the €(Figure 2Ab) or G (Figure 2Ac) position.
under closely identical conditions. The samples were mountedMost of the features in the spectra in Figure 2Aaare
on special holders fitting into the cryostat and were kept practically identical, as seen by the almost complete overlap
frozen at —60 °C until they were used. The cryostat of the three spectra. However, small but highly reproducible
temperature was set to 85 K. One of the RC samples wasdifferences can be detected, notably, the different ratio of
thawed, illuminated at ambient temperature (2) for 15 the amplitude of the negative bands at 1638 and 1618,cm

s, and rapidly £1 s) transferred to the cryostat under
illumination. The rate of cooling of the sample was adjusted
so that a temperature of 100 K was reached afté® min.

Liquid nitrogen was then allowed to cover the whole IR
sample for a few minutes, at which point the illumination

in the region of absorption of the=€0 and C=C vibrations
of the neutral quinone&26—28, 36). In addition, the amplitude
of the positive band at 1478 crh which is close to the
position where the main mixed-€0/C=C mode of the
semiquinone @ absorbs 26—28, 36), is larger in the

was switched off and the temperature control was set to 85spectrum obtained with the unlabeled quinone (Figure 2Aa)
K. Two hours after the procedure was initiated, the sample than in the two other spectra (Figure 2Ab,c), while smaller
temperature was sufficiently stable to start the FTIR mea- differences are seen between 1450 and 1400'cm
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FicUrRE 2: FTIR difference spectra corresponding to the light-induced PQP Qg™ charge separation iRb. sphaeroideRCs at 290 K

(A) and at 85 K for RCs cooled under illumination (B). The RCs were reconstituted withditlier unlabeled (a, black) or isotopically
labeled with'3C at G (b, green) or ¢ (c, orange). Isotope-edited IR fingerprint spectra for the interactiong @@ @~ with the protein

at the binding site are calculated as the double-difference spectra (isotopically labeled-minus-unlabeled) for RCs reconstité@ed with
labeled (Ad, blue; Bd, cyan) arldC4-labeled (Ae, red; Be, magenta) WQespectively. The amplitude between tick marks represents 1.4
x 1073 and 103 absorbance unit in panels A and B, respectively.

These small differences represent the isotope-sensitivein the presence of a redox buffer and an external mediator
vibrational modes of @and @ that involve displacement  to rapidly reduce P (27, 28; see also Figure 3a@)aThe small
of the G and G atoms. They are best visualized by spurious bands that are not highlighted in spectra d and e of
calculating double-difference spectra between a pair of Figure 2A are assigned for the most part to incomplete
P*Qs /PQs spectra recorded with RCs reconstituted with cancellation of large signals from either P of fbetween
isotopically labeled or unlabeled quinones. This produces 1760 and 1680 cmi) and from contributions of protein
spectra in which all the vibrations that are affected by the amide | and Il modes (around 166@650 and 1550 cnt),
PQ; — P"Qg~ reaction are canceled out except those modes respectively, in the FQs7/PQ; FTIR difference spectra.
that involve motion of the Cand G atoms of @ and ™. The isotope-edited double-difference spectra represent
In these double-difference (isotopically labeled-minus- highly specific fingerprints for the interactions ofg@nd
unlabeled) spectra, the IR bands of the neutral unlabeled Q Qg™ with the protein at the binding site. In particular, the
now appear with a positive sign, while the downshifted bands common positive peak at 1641 ct(Figure 2Ad,e) shows
of the neutral labeled quinone appear with a negative sign. symmetrical and moderate-strength hydrogen bonding of both
A reverse situation is found for the bands of the semiquinone. Qg carbonyls to the protein. On the other hand, the
The calculated double-difference spectra f&; and °C, differences in the 16201600 cm* frequency range indicate
labeling of @ are spectra d and e of Figure 2A, respectively. that the constraints exerted by the protein on the quinone at
All of the bands that are highlighted in the double-difference the level of the @ and G atoms are inequivalen®6, 27).
spectra (Figure 2Ad,e) are reproducibly observed in severalFor UQ; in vitro, the corresponding isotope-edited difference
repeats of the same experiment. These bands can bespectra are essentially identical in this spectral rang&@r
confidently assigned to ©and @~ modes not only on the  and 3C, labeling @7), as expected from the equivalent
basis of their sensitivity to selective isotope labeling of the environment of the two carbonyl groups. In contrast to the
added quinone but also because they have been previouslgymmetry seen for g the corresponding isotope-edited
observed at the same frequency and with closely comparabledouble-difference spectra for the photoreduction afape
absolute and relative intensities in equivalent double-differ- characterized by a very large frequency downshif6Q
ence spectra calculated from another fully functional state cm™) of the =0 carbonyl group, while the £O group
of Qg, i.e., in @ /Qg FTIR spectra of isolateRb. sphaeroi- of Qa observed at 1660 cm is essentially unperturbed
desRCs reconstituted with quinones bearing the safte compared to that in solutior38, 38). This demonstrates that
label, and generated with a single-turnover saturating flashthe Q. ubiquinone engages in highly asymmetric hydrogen
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T T T T T state in the dark at 85 K. After the sample had been allowed
b to equilibrate, cycles of measurements 6fRB/PQs; FTIR

| difference spectra at 85 K with saturating continuous
illumination were initiated. The slower rate of the back-
reaction from PQg~ to PQ; observed under these conditions
compared to the corresponding rate at 2901K, 39, 40)

led to an overall reduction in the amplitude of the FTIR
difference spectra under the cyclic illumination conditions.
This was partially offset by increasing the delay between
the individual light-minus-dark cycles of FTIR measure-
ments? The resulting FTIR difference spectra (Figure 2Ba

c) exhibit many features in common with the equivalent
spectra generated at 290 K (Figure 243, albeit with shifts

of a few inverse centimeters for many of the bands. One of
the largest features common to all these spectra is an increase
in the amplitude of the differential signal at1664(-)/1657-

(+) cm™tin the RCs that are frozen under illumination. The
same increase has been observed previously Qs FPQx
spectra recorded at 100 K f&b. sphaeroideRCs that were
frozen under illumination (unpublished), suggesting that it
represents a response of the protein in the vicinity of P.

The isotope-sensitive vibrations og@nd ¢~ that involve
P displacement of the and G, atoms at 85 K are shown in
Wavenumber (cm") the double-difference spectra f6€C; (Figure 2Bd) and3C,
Ficure 3: Isotope-edited IR fingerprint spectra for the interactions  (Figure 2Be) labeling. Again, all the bands that are high-
of Qg and @~ with the protein inRb. sphaeroideRCs reconstituted lighted in the double-difference spectra (Figure 2Bd,e) were

with 13C;-labeled (a-c) and 13C,-labeled (&-c') UQs, respec- - h
tively: (a and 4 black) Q; — Qg reaction at 288 K, (b, blue;'b observed reproducibly. In these double-difference spectra,

red) PQ — P*Qg reaction at 290 K, and (c, cyan’, enagenta) the cancellation of some of the largest signals in th@f/

PQ — P*Qg~ reaction at 85 K. The spectra have been ap- PQs spectra was slightly poorer than for the equivalent sets
proximately scaled. Note the same frequency of 1641'dor the of spectra recorded at 290 K (Figure 2Ad,e). This effect is
C1=0 and G=0 carbonyl groups of Rin all cases. most pronounced in the region of the 166M1656() cm™
differential signal (Figure 2Ba,c) and is thought to represent
slight variations in the response of the protein to cooling
under illumination from one sample to the next or even
between several cooling cycles. Small variations in the rate
of cooling could explain such spurious barids.

—
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bonding interactions with the surrounding protein, in marked
contrast to the symmetrical bonding exhibited bya&room
temperature.

Qs Photoreduction at Low Temperature&t cryogenic
temperatures, charge separation to fornQFP~ and charge DISCUSSION
recombination to the PQground state irRb. sphaeroides
RCs proceed with rates and yields similar to those observed FTIR Spectroscopy Shows that both &hd Q™ Occupy
at room temperaturelf). In contrast, the @ Qg — QaQs" the Same Position at the Proximal Siehe isotope-edited
reaction is prevented at temperatures bete200 K in RCs ~ double-difference spectra féfC, and**C, labeling, calcu-
frozen in the dark, demonstrating that some activated steplated from the PQs~/PQs FTIR difference spectra measured
limits this electron transfer. The seminal work of Kleinfeld ~at290 and 85 K, are compiled on an expanded scale in Figure
and co-workersX4) showed that this electron transfer step 3. Also shown in this figure are the corresponding isotope-
occurs at cryogenic temperatures when the RCs are coolecedited double-difference spectra obtained previou&ly for
under illumination. In this case, the RCs become trapped in Qe /Qs FTIR difference spectra at 288 K (Figure 3p,dhe
a light-adapted state in which the conformational changes close agreement of the pairs of double-difference spectra
that permit the @ Qs — QaQg~ transfer are frozen-inlé, measured at ambient temperature for the /Qg (Figure
39, 40). It follows from the data presented in Figure 2A that 3a,d) or P*Qs™/PQs (Figure 3b,b) photoreactions is remark-
one way to investigate whether these conformational changesble because the former spectra were measured almost 10
involve the distal-to-proximal movement o@ould be to years ago for a different functional state of the RCs involving
use FTIR difference spectroscopy to examine the bondingonly Qs and @~ (27). Very similar spectra also have been
interactions of @ and @~ trapped at low temperatures in
the light-adapted conformation, when the quinone cannot 2 Taking into account the amplitude of the signals in the relaxation-
move upon photoreduction, and to compare these bondingminus-dark PQg~/PQ; FTIR difference spectra measured at 85 K, it
interactions to those obtained at ambient temperature whenS estimated that reversible charge separation occurs #66% of

. . - the RCs under our experimental conditions.
the quinone is free to move upon photoreduction. 3 Confirmation of this interpretation can be obtained by calculating

The same RC samples containing isotopically labeled Q the variance between all the spectra measured for RCs reconstituted

that were used to record the' ®/PQs FTIR difference with a given isotopomer of UQ The largest bands in the calculated
B variance spectra always occurred in the regions of poor cancellation

spectra at 290 K (Figure 2A) were cooled to 77 K under gpserved in the doubie-difference spectra (Figure 2Bd, ) and were
illumination, and were left to back-react to the £ound independent of the isotope label (unpublished).
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observed independently for RCs that were reconstituted with for the interactions of @and @~ with the protein measured
13C;- and 13C4-labeled UQy (28). at 85 and 290 K (Figure 3) also makes it unlikely that the
When the isotope-edited double-difference spectra for the quinone ring moves appreciably upon photoreduction at room
P*Qg/PQ: reaction at 290 and 85 K fot3C; labeling temperature. It is therefore concluded that at room temper-
(spectra b and c of Figure 3, respectively)'#, labeling ature both @ and @~ occupy a single and unique binding
(spectra band ¢ of Figure 3, respectively) are compared, site that fits well the description of the proximal site derived
the similarity of the frequencies and relative amplitudes from X-ray crystallography X7, 29, 30). We note that the
observed for the bands assigned toa@d @~ vibrations is study presented here leaves open the question of the nature
striking. The most noticeable difference occurs for a negative of the mechanism that gates the electron transfer from the
band at 1622 cmt, which is present in th&C;-minus#2C primary to the secondary quinone, but a number of other
spectrum recorded at 290 K (Figure 3b) but is less pro- possibilities have been proposed, including the dielectric
nounced in the spectrum measured at 85 K (Figure 3c), response of the protein residues, internal proton shifts, and
although this difference could be due to poor cancellation changes in the network of hydrogen bond@si5, 17, 41).
of bands in the parent'®s/PQ; spectra. On the other hand, In addition, the FTIR data presented here do not allow us to
most of the bands present in the spectra at 290 K haveexclude the possibility that an energetic minimum for a
counterparts with frequencies and relative amplitudes thatquinone in the distal site exists even in functional RCs
are closely comparable to those in the spectra obtained atprovided this quinone does not function as the genuine two-
85 K, notably in the 15081400 cnm? frequency region  electron gate @
where the coupled €-O/C=-C modes of the semiquinone The conclusion that neutralgdn its functional state is
absorb and where contributions from protein signals are located in the proximal site of the RC is supported by recent
minimal. The small variations in the frequencies and relative studies on mutanRb. sphaeroide®RCs that compare the
amplitudes of the bands are on the same order of magnituddocation of @ derived from crystallographic investigations
as variations observed for many of the bands in th@d?/ and from isotope-edited /Qs FTIR spectroscopy. In
PQ: spectra recorded at the two temperatures for a given several X-ray crystallographic studies at ambient temperature
quinone isotopomer (e.g., spectra Aa and Ba of Figure 2). on dark-adapted crystals &b. sphaeroide®RCs bearing
Although these variations could mask the presence of amutations in the vicinity of the quinone sitesg @as been
limited population of @ (at most 15-20% considering of ~ found to occupy the proximal positioB@—-32)* or a position
the noise level) in a different environment at the two intermediate between the distal and proximal sigd3.(The
temperatures, it can nevertheless be concluded that thdsotope-edited FTIR fingerprints for the interaction of neutral
isotope-edited IR fingerprints for the interactions of &hd Qs with the protein have been measured for two of these
Qg™ with the protein binding site are closely equivalent for mutant RCs, namely, the Pro-L269 Tyr (33) and Pro-
Qs photoreduction at 290 and 85 K. L209 — Phe B4) single mutants, and the bonding pattern
What is the significance of this similarity in the bonding for both the G=0 and G=0 carbonyls of neutral Qhas
interactions of @ and @~ at the two temperatures? If itis  been found to be the same as that previously measured for
assumed that the displacement of i@tween the distal and ~ wild-type RCs 7), with two hydrogen bonds of moderate
proximal sites takes place as proposed in the conformationalstrength’ Note that this set of observations argues against
gating mechanism of Stowedlt al. (15—18), then PQg/ the possibility that the &0 group of @ in wild-type RCs
PQ; FTIR difference spectra measured at 290 K will probe at ambient temperature would be shifted to 1641 tm
the bonding interactions of a neutrag @cated in the distal ~ because of interaction with a crystallographically silent water
site (i.e., with only the ¢carbonyl group hydrogen-bonded molecule.
to the protein as depicted in Figure 1b) and of Qn the The evidence against a displacement gf @on photo-
proximal site. In contrast, cooling of RCs under illumination reduction that is derived here from isotope-edited FTIR
should lead to the trapping ofQ in the proximal position  difference spectroscopy parallels that previously obtained for
with a quasi-quantitative occupation of the site. Left at 85 Qa reduction 88). On the basis of a comparison of
K in the dark, this state will back-react to the P@round crystallographic data on the location ofy @3) with EPR
state without any possibility of movement of the quinone to measurements of the distance betweesmr @nd a metal
the distal position, due to the cryogenic temperature. In this replacing the non-heme iron atom iRb. sphaeroide®Cs
case, light-minus-dark ™z ~/PQs FTIR difference spectra  (42), it had been proposed thak@oves upon photoreduc-
measured at 85 K probe the bonding interactions of neutraltion by ~1.5 A toward the non-heme irom2. Evidence
Qs that is locked in the proximal position, in addition to a for such a displacement was sought usingdgpletedRb.
proximal Qs~. The frequency of the two carbonyl groups of sphaeroidesRCs reconstituted witA*C;- and *3C,-labeled
neutral @ should, therefore, be noticeably different in UQs, by comparing the isotope-edited FTIR difference
measurements performed at the two temperatures, withspectra of PQa~ formation at 100 K and of Qreduction
notably the G=0O carbonyl of @ at 290 K absorbing in the
1650-1660 cm* frequency range characteristic of a non-  *The electron transfer to gdoes not proceed when the Pro-L209
hydrogen-bonded groufZ{, 38). This is incorsistent with . 1 P BCS M QLS L T RO RO 4
the identical frequency of 1641 cthfound _for the two for electron transfer is a process other than quinone motion.
carbonyl groups of @at both 85 and 290 K (Figure 3). Both 5 For RCs containing the Ala-M266- Trp mutation 80), the same
groups exhibit similar hydrogen bonding interactions with conclusion has been reached recently Breton, J., Wakeham, W. C., Fyfe,

; . ; ; K., Jones, M. R., and Nabedryk, E. (2004) Characterization of the
the protein, as originally proposed for the quinone in the bonding interactions of QB upon photoreduction via A-branch or

proximal site ofRp.viridis (27, 29) and as further discussed  g_pranch electron transfer in mutant reaction centers fRitadobacter
in ref 17. The similarity of the isotope-edited IR fingerprints  sphaeroides. Biochim. Biophys. Acta press.
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at 278 K. The similarity of the isotope-edited double- damage by the X-ray beam could alter the redox state of the
difference spectra for the two reactions involving @nd quinone, as discussed in rei$ and 30, has not been
Qa~ argued that no significant displacement of Qcurred excluded. Another source of difficulty stems from the

upon photoreduction3g). analysis of electron density maps with partial occupancy of
Possible Reasons for the Discrepancy with the Resultsthe quinone site and the probable presence of water molecules
from X-ray CrystallographyThe location of @ in crystal in the empty site and of detergent or lipid moleculdg, (

structures of native photosynthetic bacterial RCs has long 48) that could be mistaken for the isoprenoid chain ef Q
proved to be elusive. In the extensive work of Deisenhofer, Perhaps the most significant difference between FTIR

Michel, and co-workers witliRp. viridis RCs, the @ site in experiments and crystallographic studies is the difficulty of
the structural models was usually left empfy 2, 43). In ensuring that a particular redox state of @ indeed being
several studies on crystals &b. sphaeroide®RCs @3—5, investigated under the conditions of diffraction data collec-

44), Qg was proposed to be located in the vicinity of what tion. In contrast, the conditions used here to record the
is now called the proximal site, although rather large PtQg~/PQs FTIR difference spectra allow a simple control
variations were observed in the precise position of the of the back-reaction kinetics of "®s~ in the very same
quinone ring and the identity of its hydrogen bonding partners sample. When g/Qg FTIR difference spectra are measured
(29). Ermleret al. (45) were the first to report a quinone  with single-turnover saturating flashes in purified RCs
located in the distal site, but they presumed that it was in containing a pool of added quinones, it is straightforward to
the ubiquinol redox state. Further improvements in the use sequences of such flashes to control the period-two
determination of the structure &p. viridis RCs with the oscillation pattern of the semiquinone ste@é)(that is highly

Qs site either depleted of quinone or reconstituted with,UQ characteristic of @functioning as a two-electron gate. Such
led to models of @ in the proximal site, while refitting of ~ controls are not possible with the available X-ray crystal-
earlier electron density data also favored partial occupancylography technology.

of a distal site 17, 18). In more recent studies,ghas also In conclusion, although in the past 20 years more than 40
been proposed to bind to the distal site in a structural model X-ray structures of bacterial photosynthetic RCs have ap-
of nativeRb. sphaeroideRCs obtained at room temperature peared, with a large number of these studies focusing either
(32), while the most recently published model derived from partially or even exclusively on the problem of the location

the crystallographic study oRb. sphaeroidefRCs cryo- of Qg, No consensus about the functional relevance of the
trapped in the dark-adapted state has an approximately equainultiple quinone binding sites has been achieved. In contrast,
distribution of @ in the distal and proximal site<). isotope-edited FTIR difference spectroscopy shows that

The difficulty in locating the position of @precisely in functional @ and 3~ occupy a single site that agrees with
structural models of RCs, while the symmetrically located the description of the proximal site determined from the
and chemically identical quinone sQand all the other  crystallographic studies. FTIR difference spectroscopy is
cofactors are very well defined, is likely to have more than exquisitely suited to the retrieval of functionally relevant local
one cause. Part of the problem is probably related to theinformation in highly complex biological systems. However,
intrinsic properties of @ whose functional role as a two- this technique alone generally is not able to lead to a
electron gate and a mobile proton carrier requires a loosefunctional model without the global picture of the actual
binding to the protein in the neutral and quinol states and a structure being derived via X-ray crystallography. This study
strong binding affinity in the semiquinone sta(@8). Fur- illustrates the notable complementarity of the two approaches.
thermore, for the neutral quinone and the ubiquinol to be
able to move in and out of the gQbinding pocket,  ACKNOWLEDGMENT
respectively, there must be a delicate balance of hydrophobic,
polar, and electrostatic interactions involving at least the polar | am grateful to C. Boullais and C. Mioskowski for the
quinone headgroup, probably the hydrophobic quinone chain,synthesis of the labeled quinones, to P. Fyfe for preparing
and many of the residues lining the Qocket and the conduit  Figure 1, and to E. Nabedryk, M. R. Jones, and W. W. Parson
leading to the exterior of the RC. for stimulating discussions.
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