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ABSTRACT: In Rhodobacter sphaeroide®action centers containing the mutation Ala M260 to Trp
(AM260W), transmembrane electron transfer along the A-branch of cofactors is prevented by the loss of
the Qi ubiquinone. Reaction centers that contain this AM260W mutation are proposed to photoaccumulate
the P'Qg~ radical pair following transmembrane electron transfer along the B-branch of cofactors
(Wakeham, M. C., Goodwin, M. G., McKibbin, C., and Jones, M. R. (2003) Photoaccumulation of the
P™Qg radical pair state in purple bacterial reaction centers that lack theb@uinone FEBS Lett. 540
234-240). The yield of the PQg~ state appears to depend upon which additional mutations are present.
In the present paper, Fourier transform infrared (FTIR) difference spectroscopy was used to demonstrate
that photooxidation of the reaction center's primary donor iird@ficient reaction centers results in
formation of a semiquinone at thesQite by B-branch electron transfer. Reduction eflfy the B-branch
pathway still occurs at 100 K, with a yield of approximately 10% relative to that at room temperature, in
contrast to the @ to Qg reaction in the wild-type reaction center, which is not active at cryogenic
temperatures. These FTIR results suggest that the conformational changes that “gatg™ tive (@
reaction do not necessarily have the same influence @reQuction when the electron donor is the H
anion, at least in a minority of reaction centers.

In the reaction centers of purple bacteria suctiRhedo- A Po;  4Pa B
bacter (Rb)* sphaeroideslight energy is used to drive a g 0
membrane-spanning electron-transfer reaction. This triggers :.u_-s.'_"f_‘"-""\c&; g X PO SN
: . 8 ‘i\ [hg-e B, KL it I g

a cycle of electron flow that is coupled to the generation of .2~ ; g o $1 ‘u_:‘
an electrochemical gradient of protons across the bacterial

. . . H, L H
cytoplasmic membrane. THb. sphaeroideseaction center e Pe> o
has been used as a model system for investigating the *{ % ) o a2t
mechanism of solar energy conversion in photosynthégis (<= £ < fto His)

because it is particularly amenable to spectroscopic analysis ‘
g)_%r)]d X-ray crystal structures are available for the complex 5 ...._Fo_. Fo, IX o &r‘ .y
. € Asp L213 mutal m Ala)

TheRb. sphaeroideseaction center is composed of three 2" Acbranch g otz
polypeptides, termed H, L, and_ M, that bln_d four bacterio- Ficure 1: Structural models showing (A) cofactor organization in
chlorophylls (BChl), two bacteriopheophytins (BPhe), twWo  the wild-type reaction center and (B) the AM260W reaction center
ubiquinones, a single photoprotective carotenoid, and awith the other residues mutated in this paper highlighted. In A, the
nonheme iron atom (Figure 1A). The L- and M-polypeptides route of A- and B-branch electron transfer is indicated by the solid
form a heterodimeric protein scaffold that arranges the BChl, and dotted arrows, respectively.

BPhe, and ubiquinone cofactors in two membrane-spanningso-called A-branch of cofactors from the primary electron
branches around an axis of 2-fold symmetry (see Figure 1A gonor (P), a pair of excitonically coupled BChl molecules
and ref3—7). In the initial steps of energy transduction, light |gcated near the periplasmic side of the membrane, to a
energy drives a transmembrane electron transfer along thenglecule of tightly bound ubiquinone gplocated near the
cytoplasmic side of the membran®, (L0—14). This trans-
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The selective use of the A'b_ranCh_ Of_ C(_)faCtorS for Table 1: Nomenclature of Mutant Reaction Ceriters
transmembrane electron transfer is an intriguing aspect of

the design of the purple bacterial reaction center and the amino acid

related photosystem Il reaction center found in oxygenic name M260 L212 L213 M214
photosynthetic organismd)( The structural and energetic wild type Ala Glu Asp Leu
basis of this asymmetry has been the subject of intense WH Trp Glu Asp His
interest, and in recent years mutagenesis has been used in 1 AH Lrg AA‘IE AAIIZ HL'SU

attempts to affect the balance of transmembrane electron
transfer along the two branchels7¢-31). To date, all of these

investigations have involved transient absorption studies in . ] ]
the visible or near infrared, carried out in the presence or AM260W and LM214H mutations are combined. We find

absence of inhibitors of ubiquinone reduction at thesge. ~ that the PQg™ state is indeed formed by B-branch electron
In a recent report31), it was shown that a long-lived tr_ansfer in the WAAH or WH reaction center, a_md the FTIR
radical-pair state involving the photo-oxidized primary donor difference spectrum of this stat_e is compared with that formed
(P*) could be photoaccumulated Rb. sphaeroidegeaction by A-branch electron transfer in the wild-type or AA double
centers that are known to lack the, @biquinone through mutant re_actlon center, resp_ectwely. The findings are dis-
mutagenesis of residue alanine M260 to tryptophan cussed with respect to the different roles of theadd
(AM260W) (see Figure 1B and ref2, 33). The observed  Sit€s in type Il reaction centers.
lifetime of this state (seconds) and the fact that its formation
was inhibited by the ®inhibitor stigmatellin, suggested that EXPERIMENTAL PROCEDURES
this long-lived radical-pair state was'®g~, formed by Preparation of Experimental Material.he Rb. sphaeroi-
electron transfer along the so-called inactive branch (B- des mutant reaction centers used in this paper had the
branch) of reaction center cofacto®l). The yield of this nomenclature described in Table 1. The procedures used in
state was increased by combining mutation of Leu M214 to the construction of the WAAH mutant were described
His (LM214H) and a double mutation in which residues Glu recently 81). Reaction centers with the double EL212A/
L212 and Asp L213 were both changed to Ala (EL212A/ DL213A mutation (denoted AA) or the combination
DL213A) (see Figure 1B and réfl). The former mutation =~ AM260W/LM214H (denoted WH) were generated using a
causes a BChl (terme@,) to be incorporated into the similar procedure, which is based on the QuikChange
reaction center in place of the native KL7). The LM214H mutagenesis kit (Stratagene). Reaction ceptékM genes
single mutant reaction center has a slowed rate of A-branchcontaining these mutations were expressed in &ie
primary forward electron transfer to a state that has a mixed sphaeroidesdeletion strain DD1342), using a derivative
P*BA/P*a~ character 18) and shows a decreased yield of expression vector pPRKEH10D that lacks th&fBAgenes
of electron transfer to the Qubiquinone because of an that encode the core LH1 antenna complé?)( This
increased competing decay of the mixeBR /P~ state produced transconjugant strains that had mutant reaction
to the ground statel@). The double alanine substitution centers but lacked both types of the light-harvesting complex.
makes the reaction center less asymmetric at the level of For the preparation of reaction centers, intracytoplasmic
the quinone binding pockets by making thes Qinding membrane fragments were prepared from cells that had been
pocket less polar and so more like the relatively nonpolar grown under semiaerobic conditions in the dark, using
Qa binding pocket (where the symmetry-related residues areprocedures described previous#\B). Reaction centers were
Ala M248 and Ala M249) 84—36). In the wild-type reaction  solubilized from membrane fragments suspended in 20 mM
center, Glu L212 and Asp L213 are involved in electron- Tris/HCI (pH 8.0) by the addition of NaCl to a final con-
coupled proton transfer to thes@emiquinone (reviewed in  centration of 100 mM followed by LDAO to a final concen-
15, 16). Replacement of these acidic residues with Ala tration of 1.5%. Solubilized reaction centers were purified
prevents the transfer of the first proton and second electronby two sequential passes through a DE52 anion exchange
to the @ semiquinone, producing a very stable@@~ state column, as described in detail elsewhedd)( Purification
with a lifetime that is 10-fold longer than that in the wild-  did not have any significant effects on the visible absorbance
type complex84). The largest yield of the photoaccumulated spectrum of any of the reaction centers studied (data not
P*Qs~ state was obtained in a quadruple mutant, denoted shown).
WAAH, in which the AM260W, LM214H, and EL212A/ FTIR Spectroscopyteady-state light-induced @z /PQs
DL213A mutations were combine®). The positions of and P Q. /PQy FTIR difference spectra were recorded either
these residues are shown in Figure 1B, which was preparedat 285 or 100 K using a Nicolet 860 FTIR spectrometer
using the X-ray crystal structure of the AM260W single equipped with a MCT-A detector, a KBr beam-splitter, and
mutant 33). a cryostat. lllumination was achieved under saturating actinic
In the present paper, light-induced Fourier transform light using an RG715 cutoff filter and a water filter to prevent
infrared (FTIR) difference spectroscopy was used to inves- heating of the sample. Each sample of wild-type or mutant
tigate the nature of the radical-pair state formed by A- or reaction centers was reconstituted under argon with 10-fold
B-branch electron transfer, using infrared marker bands for excess of ubiquinone-3 ¢ as described previous9).
the P, P, Qa, Qa~, Qg, and @~ states that have been The reaction center samples were covered with 100 mM Tris-
identified in a number of previous studie37¢-41). FTIR HCI (pH 7) and sealed between two Gafindows, yielding
difference spectra were recorded for wild-type, WAAH, and a reaction center concentration of 6@5 mM. Where
EL212A/DL213A (denoted AA) mutant reaction centers, appropriate, electron transfer tas @as inhibited by 1 mM
together with a new mutant (denoted WH) in which the stigmatellin. The infrared absorbance at the peak of the amide

a Mutations are shown in bold.
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| band (1655 cmt) was kept below 0.8 absorbance units. —r T T T T 1
Cycles of illumination were repeated several hundred times,
with a delay between cycles to allow near-to-complete
relaxation of light-induced charge-separated states that were
adjusted in each experiment to account for the effects of
mutations, temperature, and inhibitors on the rate'@f
recombination. In all experiments, the characteristics of the
FTIR spectrum did not change over the course of the
experiment, demonstrating that there was no detectable
degradation of the sample.

RESULTS

A Absorbance

Mutant ConstructionReaction centers with the double
EL212A/DL213A mutation and the combination AM260W
and LM214H were constructed as described in the Experi-
mental Procedures. In agreement with previous stu@igs (
the visible absorbance spectrum of the AA double mutant
reaction center was identical to that of the wild-type complex
(data not shown). Similarly, the visible absorbance spectrum
of the WH mutant reaction center (data not shown) was
identical to that previously described for the WAAH mutant —
complex @1). Transient absorbance measurements carried 1800 1700 1600 1500 1400 1300 1200
out as described recentlg1) indicated the photoaccumu-

lation of a P-containing state in the WH reaction center e . .
that was stable on a millisecond time scale and was sensitiveEGng'iﬁe' tﬁ’r?%'e'gd?g:gtgg (/:z(ngt;l'lFizndﬁf]zregr%eszﬁggtrgfaEZ%sM

to the @ site inhibitor stigmatellin (data not shown). As  stigmatellin. (a) Wild-type, (b) AA mutant, (c) WH mutant, and
discussed recenthy3(), the long-lived nature of this state, (d) WAAH mutant. Spectral resolution was 4 tin A total of

the absence of the Qubiquinone because of the AM260W 32 000 interferograms were averaged. The tick marks on the vertical
mutation, and the inhibitory effect of stigmatellin suggest 2Xis are separated by 10absorbance units.

that this state is PQg~, formed by electron transfer along (1690-1630 cnt?) and amide II (15661530 cnt?) regions.
the B-branch of cofactors. The activity of the B-branch in For example, a negative band at 1650 &nhas been

the '\INHt re;ct;on centerl |nd|catttad dt}y trtuhs nxasm:_'remerlt. WaS;gentified in P Qa~/PQu spectra oRb. sphaeroideseaction
S|m|tar 01 Z dprf\(l'o(lj"s 3(1 repcir € t(')r E‘} th‘ UW‘Hreactlont centers 87), while a positive signal is observed in this region
center 81). etailed characterization of the mutant - P*Qq/PQs spectra 87, 38).

reaction center will be presented elsewhere. In the wild-type reaction center, semiquinone formation
To compare the final charge separated states produced byt the @ site is inhibited by stigmatellin, a competitive
A- and B-branch electron transfer in the reaction center, FTIR inhibitor of quinone b|nd|ng at the Ier[e In the presence
spectroscopy was first carried out under experimental condi- of stigmatellin, the light-induced FTIR difference spectrum
tions known to give rise to either aRa™/PQu or P*Qs/ obtained at 285 K is characteristic of @ /PQa (Figure
PQ; difference spectrum in the wild-type reaction cen8f){  2a), with a negative band at 1601 chthat is attributable
The P'QA7/PQu and PQg7/PQ: difference spectra in the o the G=0 carbonyl of the @ ubiquinone 89) and a
wild-type reaction center are dominated by contributions negative band at 1651 crhthat has been attributed to the

Wavenumber (cm™ )

from P*/P, and infrared marker bands for the P, Ra, Qa™, peptide G=0 vibration(s) 87). The large positive bands at
Qe, and @~ states have been previously identifi&¥{41, approximately 1750, 1704, 1550, 1480, and 1295%canise
43). from P* modes 87, 38, 45).

Evidence for the Lack of a Functional Jn Reaction Before examining the product of electron transfer in the

Centers Bearing the AM260W MutaticQuinone contribu- absence of the Qubiquinone in the WAAH and WH
tions in PQa"/PQy and P Qg /PQs spectra have been reaction centers, we first characterized the effect of the
established through the use of reaction centers reconstitutedlouble AA mutation on the light-induced ®~ state formed
with isotopically labelled quinones3g, 41). Although Q by conventional A-branch electron transfer. At 285 K, in
and @ are identical molecules (ubiquinone-10,Qn native the presence of stigmatellin, the wild-type and AA mutant
Rb. sphaeroideseaction centers, experimentally distinguish- reaction centers yielded identical difference spectra (parts a
able vibrational infrared signatures are observed foa@d and b of Figure 2, respectively) identified as@/PQx,

Qs in their respective binding sites. For ubiquinone in the with negative bands at 1601 and 1651 ¢nin contrast, the

Qa site, a large asymmetry between the two carbonyl groups WH reaction center (Figure 2c) gave no difference spectrum
is observed at 1660 and 1601 chwith a G=C/C=0 mode in the presence of stigmatellin, and the WAAH reaction
at 1628 cm? (39). For ubiquinone in the site, the two center (Figure 2d) gave a spectrum of extremely low
carbonyl groups contribute equally at 1641 ¢grwhile the amplitude. We believe that the latter was due to a subpopu-
C=C ring vibrations appear at1617 cm? (40). Finally, lation of reaction centers that were not inhibited by stigma-
contribution of the protein to the charge-separaté@d#/ tellin and in which the PQg™~ state was photoaccumulated.
PQs and P Qs /PQ, states is also expected in the amide | In support of this, we have found that it is not possible to
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FicURe 3: Light-induced PQ~/PQ FTIR difference spectra at 100 - Wavenumber (cm ')
K of the purified reaction centers in the presence of 1 mM FIGURE 4: Light-induced PQg™/PQs FTIR difference spectra at
stigmatellin. (a) Wild-type, (b) AA mutant, (c) WH mutant, and 285 K of the purified reaction centers reconstituted with excess
(d) WAAH mutant. The experimental parameters were described Qs (&) Wild-type, (b) AA mutant, (c) WH mutant, and (d) WAAH
in the caption to Figure 2. The tick marks on the vertical axis are mutant. The tick marks on the vertical axis are separated ky 3
separated by 16 absorbance units. 1073 absorbance units. For comparison, spectra b and ¢ are shown
on a 1.5-fold expanded scale, and spectrum d is shown on a 3-fold
expanded scale.
fully inhibit P*Qg~ formation with stigmatellin in WAAH
reaction centers in transient absorbance measuremays [(
MCW and MRJ, unpublished observations]. Possibly the
combination of the AM260W and AA mutations changes
the affinity of the @ site for stigmatellin, which would
account for the different spectra obtained for the WH and
WAAH reaction centers in Figure 2. In support of this,
an X-ray crystal structure has been reported forRhedo-

gf?#gcg]zﬂzﬂgﬂ'; trﬁgcgﬁgvsse%jtvrgg Ztifénfﬁgilﬁg b(;uggth identical to that obtained previously fBb. sphaeroideR-26
' reaction centers, with the spectrum being dominated by

Glu L212 and Asp L213 make close molecular contacts contributions from P/P (37, 38, 45). The contribution of

(<4.0 A) with the stigmatellin headgroug). Qs /Qs to the spectrum (Figure 4a) was indicated by the
At 100 K, electron transfer from £ to Qg is blocked in  negative bands at 1638 andl618 cmi! that are character-
wild-type reaction centers that have been cooled in the darkistic of the G=0O and G=C modes of @, respectively.
(47). As a result of this blockage, photoexcitation of wild- A similar spectrum was obtained with the AA reaction
type reaction centers at 100 K produces eQR/PQa center (Figure 4b), but the amplitude was approximately two-
difference spectrum. Such a spectrum is also obtained in thethirds of that obtained with the wild-type reaction center.
presence of stigmatellin (Figure 3a). At 100 K, the AA This shows that a fQg" state is also photoaccumulated in
mutant reaction centers also produced ®F /PQu differ- AA mutant reaction centers. In all FTIR difference spectra,
ence spectrum in the presence of stigmatellin (Figure 3b), the observed amplitude is a function of the concentration of
as shown by the typical negative bands observed at 1650the sample (which was the same between samples to a factor
and 1604 cm!. In contrast, the WH and WAAH reaction  of 2), the relative rates of charge separation and charge
centers (parts ¢ and d of Figure 3) did not produce a recombination, and the delay between the successive light-

the X-ray crystal structure of the AM260W single mutant
(33).

Reduction of @ by A-Branch Electron TransfeRarts a
and b of Figure 4 compare the FTIR difference spectra
obtained at 285 K with wild-type (Figure 4a) and AA (Figure
4b) reaction centers in the absence of stigmatellin. The
spectrum obtained with wild-type reaction centers had the
characteristics of a'™®z/PQ; difference spectrum and was

difference spectrum in the presence of thisse inhibitor. minus-dark cycles. The amplitudes of the spectra obtained
For both wild-type and AA reaction centers, a small upshift were therefore somewhat variable. However, in all cases,
(~3 cnmY) of the frequency of the £=0 carbonyl of Q is the shape of a particular spectrum was invariant with the

observed at 100 K compared to 285 K, as previously reportedamplitude and was dependent only on the radical-pair state
(39). These FTIR results demonstrate the absence of athat was photoaccumulated. For the purposes of comparison,
functional Q in the WH and WAAH mutant reaction the data in Figure 4 are shown on different scales (see the
centers, in agreement with the lack of thg @Gbiquinone in figure caption for details).



A- and B-Branch @ Reduction in Reaction Centers

Another factor that could affect the spectrum obtained with
the AA reaction center is a reduction in the occupancy of
the @ pocket by ubiquinone, caused by the mutation.
However, this would be expected to alter the line shape of
the spectrum, because light excitation would produce a
mixture of P"Qg~ and P Q™ states. Such an alteration was
not observed, and so it seems unlikely that t80%
reduction in signal amplitude can be attributed to a significant
reduction in the occupancy of thes@ite in the AA reaction
center, although we cannot rule out the possibility of a small
reduction in this occupancy.

Reduction of @by B-Branch Electron TransfeFEigure 4
also shows the spectra obtained at 285 K with the WH
(Figure 4c) and WAAH (Figure 4d) reaction centers in the
absence of a Rsite inhibitor. The details of these spectra
were similar to those obtained for wild-type and AA reaction
centers, providing direct evidence that light excitation leads
to the photoaccumulation of the"®g~ state in the WH and
WAAH mutants. Absence of the Qubiquinone is demon-
strated by the lack of a negative band forGat 1601 cm?
in the spectra displayed in Figure 4. However, the spectrum
of the WH reaction center included a small negative peak at
1650 cmt (Figure 4c). Shoulders were also observed around
1650 cmt in the spectra of the AA and WAAH reaction
centers (parts b and d of Figure 4). This 1650 ésignal is
not attributed to a @ /Qa contribution. Rather, it probably
arises from different absorption changes of the protein upon
PTQg~ formation in the WH and WAAH reaction centers
compared to those in the wild-type complex.

Spectra recorded for reaction centers cooled to 100 K in
the dark in the absence of stigmatellin are shown in Figure
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Ficure 5: Light-induced PQ/PQ FTIR difference spectra at 100

K of the purified reaction centers reconstituted with excesq&)
Wild-type, (b) AA mutant, (c) WH mutant, and (d) WAAH mutant.
The tick marks on the vertical axis are separated by 2073
absorbance units. For the purposes of comparison, the spectra in ¢
and d were measured using a 10-fold greater number of individual
scans than those in a and b (this did not affect the characteristics
of the spectra) and are shown on a 10-fold expanded scale.

5. For the purposes of qualitative comparison, these spectra
are also shown on different scales, the details of which are have focused on the decay kinetics of theHB™ state to a

given in the figure caption. The spectra obtained for the wild-
type and AA reaction centers (parts a and b of Figure 5)
showed features typical of aB®,~/PQu difference spectrum
(37), with negative bands at 1604 and 1650 ¢nin contrast,
the difference spectra obtained for the WH and WAAH
reaction centers at 100 K (parts ¢ and d of Figure 5) were
similar to those obtained at 285 K, showing features typical
of a P"Qg~/PQ; spectrum, with negative bands atl635
and 1617 cm® and no indication of a 1604 crhinfrared
marker band for @. This demonstrates that, while the Q

to Qg reaction does not occur at 100 K in wild-type reaction
centers frozen in the darld?), the reduction of @ by
B-branch electron transfer and th&@~ back reaction are
not completely abolished at 100 K in the WH and WAAH
reaction centers. However, we note that the yield tg
was much lower at 100 K than at room temperature,

estimated at 10% based on the amplitudes of the protein

amide | and Il bands in the infrared absorption spectrum of
the sample (data not shown).

DISCUSSION

To date, investigations of B-branch electron transfer have
exclusively involved transient absorption studies in the visible

presumed PQg~ state or, as described above, on long-lived
(millisecond) absorbance changes associated witl{1B,

24, 25, 29—31). Evidence in support of Qreduction via

the B-branch has been presented by Laible and co-workers,
who reported that the electrochromic changes in BPhe and
monomeric BChl absorption that are indicative of thg Q

to Qg reaction were not seen in a mutaRb. capsulatus
reaction center that lacks the, @biquinone but which forms

a long-lived PQ~ state by B-branch electron transféy.
From infrared vibrational spectroscopy, the present paper
provides the first evidence ofgdeduction via the B-branch

of cofactors, making use of infrared marker bands that arise
directly from the @ ubiquinone 89, 40).

Semiquinone Formation at theg@ite as a Result of A-
or B-Branch Electron TransferPhotoexcitation of the
WAAH and WH mutant reaction centers at 285 K in the
absence of stigmatellin produced an FTIR difference spec-
trum that was similar to that obtained with AA and wild-
type complexes, respectively (Figure 4). The shape of the
spectrum suggests that this signal can be attributed to the
PTQg~ state, and so the FTIR data provide direct evidence
that the PQg™ radical pair is formed by B-branch electron
transfer in the WAAH and WH complexes. The fact that

or near infrared, carried out in the presence or absence ofthe addition of stigmatellin led to '~ formation in the

inhibitors of ubiquinone reduction at thegGQite. Most of
these studies have concentrated on formation of tidsP
state (L8, 20—23, 26—28). Where the possibility of forward
electron transfer pastPlg~ has been considered, studies

AA and wild-type reaction centers but abolished@®
radical-pair formation in the WAAH and WH mutant reaction
centers (Figures 2 and 3) confirms that the latter lackysa Q
ubiquinone because of the presence of the AM260W muta-
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tion, in line with the interpretation of the data from flash of primary electron transfer from P* to'Pia~ (33), and so
spectroscopy f1), MCW and MRJ, unpublished data]. the extent of B-branch electron transfer in the AM260W
At 100 K in the absence of stigmatellin, electron transfer single mutant could represent the natural activity of the
from Qa™ to Qs in the wild-type and AA reaction centers B-branch of cofactors in the wild-type reaction center. In
was abolished, resulting in photoaccumulation off®Qp/ the present experiments on the wild-type or AA mutant at
PQ. spectrum (parts a and b of Figure 5, respectively). 100 K in the absence of stigmatellin (Figure 5), where a
However, it appears that B-branch electron transfer fregmmH ~ PTQa~ spectrum is obtained because of the freezing out of
to Qs was able to proceed in a subpopulation of the WH the Q.~ to Qs reaction, the presence of a®s~ spectrum
and WAAH mutant reaction centers (parts ¢ and d of Figure arising from a small percentage of the reaction centers would
5, respectively). Therefore, in this fraction of reaction centers, be below the limits of detection. Another point that should
estimated to be approximately 10% of the total, the kb be noted is that the conditions of sample illumination during
Qg reaction is similar to the ki to Qa reaction that takes  freezing were not given in the report of McElroy and co-
place in the wild-type reaction center, in that it is able to workers 60), and so it cannot be excluded that the sub-
proceed at 100 K. The failure of theaQto Qs reactionto  population of reaction centers giving rise to this signal were
be operational in wild-type reaction centers cooled in the |ocked into the Q™ to Qs permissive conformational state

dark has been taken as evidence that this reaction isthat is obtained with reaction centers that have been frozen
conformationally gated or, in other words, that the rate of under illumination 47).

the reaction is limited by a conformational change that is
frozen out at 100 K47). This description of the Q to Qg
reaction is supported by the observation that the rate of this
reaction at room temperature is independent of the driving
force for the reaction4@), at least for the main-100 us
component seen in isolat&b. sphaeroidesaction centers
(49). It would appear that this conformational limitation does
not necessarily apply to the reduction of Ry Hs~, because
this reaction proceeds in10% of the WAAH and WH
reaction centers at 100 K, and so one can conclude that

whether @ reduction is conformationally gated depends on in a position that is symmetrical with that of the,Q

. . 0 ;
the identity of the electron QOnor. The_lO/o most likely ubiquinone. The second binding position, determined for
corresponds to a subpopulation of reaction centers that are . . .
) o . reaction centers frozen to 90 K in the dark and described as
in a permissive conformation for B-branch electron transfer

to Qs at 100 K. The alternative explanation is that this figure distal, is Iocatd 5 A gloger to the e”""?‘”ce of the;Qinding .
of 10% represents the yield of B-branch electron transfer p(_)cket. Thg c_hstal binding conformation has b_ee” associated
under our excitation conditions; however, given that excita- with the oxidized @ (dark) state and the proximal confor-

tion was achieved using continuous illumination, this seems mation with the semiquinone (light-induced charge-

unlikely. The investigation of the factors that determine this sep.a.rated) stat@). In moving from t.he .d'StaI to proximal
yield is ongoing. position, the headgroup of thegQibiquinone also has to

Relevant to this point concerning the activity of the rotate 180 (8). This change in binding position of t.heBQ
B-branch at cryogenic temperatures, flash-induced absorptionub'qu'norle has been proposed to be thg conformatloqal gate
changes near 760 nm indicative of @~ formation have of the Q" to QB. electrpn—trgnsfer reactior®, W't.h this
been observed at 20 K for a triple GM203D/LM214H; MOvement possibly being triggered by the reduction gf Q

AM260W mutant reaction center froRb. sphaeroidesvith Although the model in which electron transfer fromQ
3% of the P-band being bleached by a single, saturating flash.to Qs is gated by the movement of the;@biquinone is an
This was interpreted as a 3% vyield of @~ formation via attractive one, results from X-ray crystallography of mutant
the B-branch at 20 K25). In addition, McElroy and co- ~ complexes49, 52—54) and from FTIR spectroscopy ofeQ
workers 60) have reported a slow = 3.5 s) component in reduction in wild-type and mutant reaction centers fiein

the decay of the Q™ state formed iRb. sphaeroideR-26 sphaeroides(55, 56) have questioned this model. For
reaction centers at 77 K, affecting a “small fraction of the example, a proximally bound gQubiquinone has been
optical and EPR signal”. This could be indicative of a minor reported in an X-ray crystal structure for a PL209Y mutant
population of reaction centers that retain the capacity for Q  reaction center53), on the basis of the diffraction data
to Qs electron transfer at 77 K and so form the relatively collected at 5°C in the dark, but the gating of theAQ to
long-lived P'Qg " state, or this could indicate a small amount Qg reaction in this mutant appears to be unaffected because
of PtQg~ formation by B-branch electron transfer in reaction the rate of this reaction is similar to that in the wild-type
centers where the Q to Qg is completely frozen out. The  complex 67). A proximally bound @ ubiquinone has also
latter explanation is interesting in view of the estimated 4% been reported in a number of other X-ray crystal structures
yield of P*Qgs~ recently reported for the fQdeficient for mutant reaction centers, including thes-Qeficient
AM260W mutant reaction center at room temperature, AM260W mutant reaction center3$). This last finding
although the true yield of fQg~ in this mutant under genuine  questions the proposal that the trigger for the distal-to-
single-turnover excitation conditions remains to be deter- proximal movement is the reduction of the @biquinone
mined and could be substantially lower than 434)( The (33), although the possible presence of a chloride ion at the
AM260W mutation does not affect the structure of the vestigial Q site in the AM260W reaction center complicates
reaction center outside thex®inding site 82) or the rate this interpretation (for example, s&g).

The Binding Position of the §JJbiquinone and Relance
to Conformational Gatingln native reaction centers, the
conformational change that gates thg @o Qg reaction has
been proposed to involve the movement of theu@iquinone
(48). Central to this proposal is the observation from X-ray
crystallography that the Qubiquinone is capable of oc-
cupying two distinct binding position$,(51). The first of
these, determined for reaction centers frozen to 90 K under
illumination, positions the @ ubiquinone proximal to the
nonheme iron and places the headgroup of thelf)quinone
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In contrast to the multiple @binding positions found in  indication of multiple PQg™~ states has been provided by
reaction center X-ray crystal structures, a unique binding site Li and co-workers, who have reported that the fasi@
for Qg has been detected for wild-typdQ) and several  us) phase of the £ to Qg reaction seen iRb. sphaeroides
mutant reaction center8%, 56, 59) by isotope-edited FTIR ~ membrane-bound reaction centers and complexes with low-
difference spectroscopy ofg@hotoreduction. For example, potential menaquinones or naphthoquinones reconstituted at
the infrared fingerprint spectra observed for the=@ and Qa is driving-force-dependent (rd and see the Discussion
C=C modes of @ in PL209Y and PL209F mutant reaction in ref 61).
centers were similar to that of the wild-type reaction centers, |n the present paper, the fact that B-branch electron transfer
demonstrating that equivalent interactions occur betweento Qs was operational at 100 K in a subfraction of the WH
neutral @ and the protein in both wild-type and mutant and WAAH reaction centers but A-branch electron transfer
reaction centers. It was concluded that in all of the reaction was frozen out at this temperature suggests that the confor-
centers studied, functionals@s locked into a single binding  mational change required to achieve €duction by the
site, which is consistent with the proximal position observed A-pranch is not necessarily required fog @duction via
in the X-ray structures, and that the distal/proximal model the B-branch. This difference is interesting, given the
is not relevant for the gating mechanism that limits the rate proposals of Laible et al. concerning the differences in the

of Qa™ to Qs electron transferp, 56). product PQg~ state created by these routes, in terms of its
The Binding Position of the QUbiquinone During  energy and/or protein environmen29j. From the data

B-Branch Electron Transfer and the Nature of theQg~ presented above, it is apparent that this difference does not

State FormedThe present spectroscopic data on WAAH and affect the FTIR difference spectrum of ®~, which was

WH mutants show that the photoreduction ot Qia the same regardless of the route of electron transfer from P

B-branch electron transfer occurs at both room temperatureto Qe. Clearly, if the nature of any differences between the
and, to a smaller extent, at cryogenic temperature (ap-pP*Qg~ states formed by A- and B-branch electron transfer
proximately 10% of that at room temperature). From the could be determined, it could provide valuable insight into
discussion above, it is interesting to consider the questionthe process that gates the Qto Qs reaction in wild-type
of the binding position of the Qquinone during B-branch  reaction centers.
electron transfer. De Boer and co-worke2§)(have pointed The Different Roles of Qand Q in Type Il Reaction
out that the headgroup of thes@biquinone is closertoll  centers. To conclude, it seems possible that studies of
whenitis in the distal position than when itis in the proximal  g_pranch electron transfer and exploration of the limitations
position, and so electron transfer to a dista €@uld be  f this process may finally establish why only one of the
favored over transfer to a proximalsQn reaction centers g available cofactor branches is used for transmembrane
where @ reduction is achieved via the B-branch. The two gjectron transfer in the quinol-producing reaction centers.
binding positions for the @ubiquinone raise the possibility, | the type | reaction centers, where the role of the quinones
for example, that the electron transfer from'Ho Qs at 5 1o pass single electrons to the iresulfur centers, it is
100 K involves only those reaction centers where the Q pecoming apparent that both cofactor branches are used for
ubiquinone is in the distal position. In the present experi- yransmembrane electron transfé2464). In contrast, in all
ments, there were no significant differences between the of the type Il reaction centers, the A-branch of the cofactors
P"Qs"/PQs FTIR difference spectra established by A- or s ysed to catalyze transmembrane electron transfer, while
B-branch electron transfer. From previous FTIR stud#s ( ypiquinol production is carried out at thesGite at the
55, 56, 59), this suggests that thegQubiquinone is in the  cytoplasmic end of the B-branch, using electrons delivered
proximal site during B-branch electron transfer. However, from the A-branch. This division of responsibility is not seen
it should be noted that this spectrum is dominated by i, the cytochromdoc, complexes, where efficient transmem-
contributions from the AP components and gives only  prane electron transfer and ubiquinol production are catalyzed
limited information on the @/Qs component. Investigations  y 3 single branch of cofactors consisting of two hemes that
of this issue are ongoing, from FTIR difference spectroscopy gejiver electrons to a single ubiquinone reductase site.
with site-specific isotopi_cally labelled ubiquinones. However, in the case of the cytochrorbe, complex, this

In a recent report, Laible and co-workers have proposed cofactor branch catalyses a cascade of redox reactions that
that the PQg™ state created by B-branch electron transfer gre effectively irreversible, while the cofactor branches in
is different from that created by A-branch electron transfer ine reaction center face the rather different challenge of very

(29). The main evidence for this was based on an experimentapidly separating and stabilizing positive and negative
with aRb. capsulatuseaction center that carries out A-and  charges that have a strong propensity to recombine.

B-branch electron transfer in parallel. Analysis of the rate
of P"Qg~ recombination produced the proposal that the
P™Qg~ radical pair created by B-branch electron transfer
recombines directly to the ground state, while theQp"
radical pair created by A-branch electron transfer recombines
via an indirect route involving a'®,~ intermediate. In wild-
type reaction centers, the latter route plays a dominant role,
but the former route is activated in mutant reaction centers
in which the free energy of the'Rs ™ radical pair is lowered  AckNOWLEDGMENT

(60). One interpretation, therefore, is that the@3~ state

created by B-branch electron transfer has a lower free energy The authors thank Prof. Peter Rich from the Glynn
than that created by A-branch electron trans®).(Another Laboratory of Bioenergetics, University College London for

One interesting aspect of research on B-branch electron
transfer is that it is providing an opportunity to investigate
the practicalities of photoproducing ubiquinol by a single
branch of cofactors. These investigations may reveal the
limitations that led to the evolution of reaction centers in
which the symmetrically located£and (¢ ubiquinones play
specialist roles during light-driven ubiquinol production.
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