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Light-Induced Structural Changes in that of those frozen in the dark. The  rate of 
the electron transfer from the primary ubiLlui- 

PhotosyntheticReactionCenter:Implications n o l l e ~ , P t o t h e s e c o l l ~ a r y u ~ ~ q , l i n o n e ~ ,  

for Mechanism of Electron-Proton Transfer was increased by several orders of magnitude 
when RCs were frozen uncler illumination, 

M. H. 6. Stowell,* T. M. McPhillips,? D. C. Rees,$ S. M. Soitis, that '5. in the charge separated state, as corn- 

E. Abresch, G. Feher$ 
pared to RCs frozen in the dark. 

W e  ha1.e now determined the  structural 

High resolution x-ray diffraction data from crystals of the Rhodobacter sphaeroides 
photosynthetic reaction center (RC) have been collected at cryogenic temperature in the 
dark and under illumination, and the structures were refined at 2.2 and 2.6 angstrom 
resolution, respectively. In the charge-separated D'QAQBP state (where D is the primary 
electron donor (a bacteriochlorophyll dimer), and Q, and Q, are the primary and sec- 
ondary quinone acceptors, respectively), Q ,  is located approximately 5 angstroms from 
the Q, position in the charge-neutral (DQ,Q,) state, and has undergone a 180" propeller 
twist around the isoprene chain. A model based on the difference between the two 
structures is proposed to explain the observed kinetics of electron transfer from QAPQ, 
to QAQBP and the relative binding affinities of the different ubiquinone species in the Q, 
pocket. In addition, several water channels (putative proton pathways) leading from the 
Q, pocket to the surface of the RC were delineated, one of which leads directly to the 
membrane surface. 

T h e  primary processes of photosynthesis, the sequence of photoinduced electron and pro- 
conversion of electromagnetic energy (light) ton-transfer reactions take place (1 ,  2) .  Our 
into chemical energy, are nlediated by an knolvledge of these processes was greatly en- 
integral membrane protein-pigment complex hanced through the determination of the 
called the reaction center (RC) in which a three-dimensional structure of the R C  from 

two ourr?le ahotosvnthetic bacteria: Rhotlo- 
L L  L 
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forrla ns:lrLlte of Technoogy, pasadera, CA g1 125, sphaeroides (5-8). In previous structure deter- 
USA minations, the primary reactants were 111 the 
S. M. Solt~s Stanford Sycchrotron Radiator, Laboratory. neutral state, that is, no electroll transfer 
P.O. Box 4349. B n  69 Stacford CA 94309, USA. 
E, Abresch, G Feher, Deoarmect of Phys',cs, 0319, Un -  (cllarge had place' 
versltv of Caforca,  San D e a o  9500 G m a n  Drlve La independent experimental findings, hon7ever, 
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-Preser,t address: Medical Research Counc~I. Laboratory 
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ra:or?;. P . 0  Box 4349, B n  69. Starford, CA 94309, USA 
PTo i.hom correspondecce should be addressed. 

point tonpard a structural change accompany- 
ing charge separation (9-15). A particularly 
dramatic effect was observed (1 1)  when the 
rate of electron transfer in RCs that xere 
frozen ~lnder illurnination was compared nit11 

changes accompanying charge separation in 
the  R C  and used them as a basis for a model 
to  explain changes in  the  kinetics of elec- 
tron transfer ohserved o n  freezing. T h e  
challges a e r e  obtained by comparing the  
structure of RCs in single crvstals cooled to 

&> , 
cryogenic (-90 K )  temperatures under illu- 
mination ( the  light structure) with the  

u 

structure of RCs cooled to  cryogenic tem- 
peratures in the  dark ( the  dark structure). 
In our experiments, we used tetragonal crys- 
tals of Rb. sphae~oides R-26, which had been 
obtained earlier bv Allen 11 6). Our  crvstals , , 

diffracted at cryogeniz temperatures to  
higher r e so l~~ t ion  (1.9 A in the  dark state) 
than previously reported R C  cryst2ls. Data 
collection and refinement to  2.2 A resolu- 
tion has led to  the  determination of the  
positions of a number of water molecules 
that provide several possible pathways for 
protons from the  aqueous phase to  the  Q, 
pocket. T\tjo of these proton "channels" are 
delineated in detail: one of these has been 
reported (8). T h e  i~nportance of water mol- 
ecules for proton transfer to  reduced QB is 
discussed below. 

RCs from Rb.  sphaeroides R-26 were iso- 
lated and purified (1 7). Crystallization con- 
ditions were similar to those described (16).  
Crystals grew in  1 to  3 weeks to a thickness 
of 0.1 to  G.2 rnrn in  space group Pf,2,2 
(unit  cell di;nensions a = b = 140.1 A and 
c = 271.6 A) ,  with two RCs in  the  asym- 
metric unit (Table 1 ) .  Typical crystals 
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that of Q, (43 X L  conlpared to  29 A'), an  
indication of a Inore L1isorilered structure or 

shoxred a 6L1 to 7?"0 QB o c c ~ ~ p a n c ~ ;  as as- 
saved with a ~ ~ ~ i c r o s ~ ~ e c t m ~ l ~ o t ~ ~ ~ ~ ~ e t e r  118). 

Tlie 01-era11 structure of the  R b .  sphm- 
.i.oi;les R C  in  the  DQ,Q, state (dark struc- 
ture),  i n c l ~ ~ d i n ~  the  cofactors and the  
polypeptide folds of the  three (H, 41, and L) 
subunits, follou~s, with only lninor ditfer- 
ences, the  structure that has heen previous- 
l r  described 11. 5-8). VC'e tocus, therefore. 

, , 

 he QB occupancy,'n.as ilicreased by soak- 
ing the crl~stals in 1 mh'l uhiiluinone-? 119) 

a lowered occupancy a t  the  QB site as com- 
pared to  the  Q site, which is fillly occu- 
pied. T h e  electron density between the  
hounil ubiiluinone and HisL1"'-? dlld G1uLxL 
is somexvhat ~~roblemat ic .  It can be modeled 

fo; 2 days' before data were collected. T h e  
dark-acldpted crj-stals n.ere plunged into liq- 
 lid ~i i t ronen and transferred via crx-o-trans- 
tcr rongs:(~i7) to  a goniostat cooled a ~ t h  a 
stream of nitroeen to -93 K 121 ). Forma- 

o n  the  location of Q, (and its s ~ ~ r r o ~ ~ n d l n g s )  
where the  largest clianzes occur u ~ o n  

either 'y three water molecules, or by a 
partially occupiecl u h i q ~ ~ i n o ~ i e  a t  a second 
binding site ((2,') or a colnbination of 
hoth. A partially occupied ul?lyuinone site 
is likely, and is assumed in  the model dis- 

t ion of the  charge sel?arated state 
LI'Q,,Q, (\rhere D' is the  prlmarj- do- 
nor, a b a c t e r i o c l ~ l o r o ~ ~ l ~ ~ l l  ilimer) n.as ac- 

u 

charge separation. Tlie electron density 
map (Fig. ZA) shoxx-s the  position of tlie 
uhiquinone molecule in  the  Q R  l?inLiing site 

(Q,,) .  It is locateido 111 a l~ockct  (Fig. 3) n-it11 
the 0 1  of OD 7.2 A from the  N6 o t  HlsL1"'. 

compl~she~ i  by i l l ~ ~ m i n a t ~ n g  a crystal with a 
filtered tungsten 11yht source (handl~ass 553 
to  9Gi? 11111). T h e  illumination co~lditions 
necessar~ to create D'QIQBP were ile- 
d~ lced  from light saturation curves (22)  in  
control crystals (Fig. 1 ) .  A L1.2-min thick 
cr\-stal requireii 3.4 R7/cm' ( 153-ms pulse) 
to reach 9i?'~o charge separation. T h e  crys- 
tals investigated by x-ray diffractik)n were 
ill~llllillated for 15P 111s xx-it11 G.5 Vi7/cm' 
light iiirectlv above a liquid nitrogen bath 
anid plunged into the  hath under illumina- 
tion to  trap -9?"0 of the  RCs in the  charge 
separated state. T h e  sainple n.as transferred 
to  the  goniostat, and a constant i l lum~na-  
tion of 1 3  IIIW/CIII' ~ r a s  maintained. Dark- 
adapted crystals were kept in c1i1n light ( < 1  
mR1/crn') during rnanil?ulations and data 
collection. From the saturation curves de- 
scribed above, the  iiark crystals lvere >95"0 
in the neutral state LIQ,QB. 

cussed below. 
T h z  positions of ~ ~ l ? i ~ l ~ ~ i n o n e  in tlie Q, 

pocket of ilark adapted crystals reported by 
various groups differ signiticantly from each 
other (Fig. it). There are several possible 
sources for this discrepancy. ( I )  There may 
be differences in  the  extent of dark a d a ~ t a -  

-L> 

T h e  carhonyl oryeen 0 4  forms a sin& 
hydrogen hond lvitli the  anlide l~ackhone k)t 
IleL224, in  a manner silllilar to that de- 
scribed (8). This is in  contrast \\.it11 room 
temL~erature FTIR (Fourier transforill infl-a- 
red) data \vhich sug~ebted that the  tn.o 
carbony1 oxyeens forin xeak  and equi1-alent 
hydroeen lioniis (23) .  T h e  i~h i~ lu inone  r i n ~  
stacks ilirectly- o n  the conserveil PhrL'!" in 
a parallel lnaniler (Fig 3B),  suggehtiny that 
this interaction contributes to  the binding 
atfinitv of the uhiyuinone. Further experi- 
lnental support for this interaction coines 

tion. (i i)  T h e  position of u1~iiluinone in the  
(5, pocket has heen inore clifficult t o  estab- 
lish because of the  l o ~ r e r  occupancy at the  
Q, p c k e t  and tlie lower resolution of pre- 
vious structure determinations. iiii) Vari- 
ability in  sanlple preparations, specifically 
in regard to  the  detergent, has been shown 
to i n f l ~ ~ e n c e  the  b ~ n d i n g  of ubiquinone in 
the  Q, pocket (25) .  (11.) Electrons created 
hy the  x-ray lrradiatlon iiur~ng data collec- 
tion may reduce ul~iil i~inone in the  (5, 
pocket. A t  rooin temperature, the reiluceii 
L l ~ ~ i n o n e  can move to the QBl pos~t ion,  
whereas at 9 3  K it relnaills frozen in the  QBl 

froin a herb~ciiie resistant mutant of the  
Rbs .  ~'iridis R C ,  in  which PheL"" 1s reulaced 
\\.it11 serine. resulting 111 a n  R C  n.ith re- 
i i ~ ~ c e d  affinity (hi? phi versus 4.5 phi for 
~ ~ l l i i  type) for ubiLluinone (24) .  T h e  atomic 
iiisplacement factor of Q, is ereater than 

Table 1. Data collection and refinement statistcs. Data \were collected at beamine 7-1 of the Stanfora 
Synchrotron Radation Laboratory (X = 1.08 A3 w th  a 30-cm MAR Research lnaging plate system. The 
resourion of the darkstate crystal ivas m t e d  to 2.2 A by the detector settng. Data were orocessed wrh 
the DENZOIHKL package (43) and merged and scaled \filth Rotavata-Agrovata of :he CCP4 prograr*. 
sute (443. Molecular replacement ivas performed \wth MERLOT (453. The ~r,olecular repacelnent 
souton w~thout ubiqunones was used to calculate Henarckson-Lattn-an coeffcents 146) w t h  PHAS- 
ES (47) usng Sm 's  weghtng. These staring phase p robab tes  ivere ut111zed In a seres of solvent 
flattering and twofold averagng cycles as mpIer*.ented In SOLOMON (48). The SOLOMON electron 
densty maps were of excellent overall quaty  an3 alowea straghtforward rebucng  of the s ta~ lng  
lr,odel i v th  TOM/FRODO ana O 149), terat\/e cycles of mode bu131ng. X-PLOR refnernenr (SO), wthout 
NCS twofold restrctons an3 nspectlon of 2F, - F: and F, - F, electron densty lnaps lead to 
the present ~ n o a e s .  The f n a  modes contan two RCs, four uoqunones, eght bacter~ochlorophylls, 
four bacter~opheopliyt~ns. tivo Irons, and four LDAO molecules for a total of 13929 proten atoms 
The dark-adapted structure contans 188 \waters and the ght-adapted structure contans 60 waters. 
Resacla e ecrron densty that has not yet been lr,odeled In the present strc~crures I S  r idcatve of 
a d d t o n a  detergent ~r~olecules surroundng the RCs, as w e  as a large number of unmodeea waters. 
Molecular representalons ivere prepared i v th  the progralr SETOR (57). 

DQ,Q, state idark) D-Q;Q, state i gh t )  
l / [ l ight intensity (Vd/crn2)] 

Data collect~on 
Resolution range (A) 
O b s e ~ ~ a t ~ o n s  (un~que) 
Average Pa (last she )  
RSi,. (last s h e i  1%) 
Completeness ( 4 ~ )  
Redundancy 

Refner*.ent 
Resolut~on (A) 
Reflect~ons 

Fig. 1. Dependence of the extent of charge sep- 
araton i ivh~ch 1s proportonal to the absorbance 
change AA,,,,) on Ight ntenslty In a snge.  0.2- 
nilr,-thck crystal of RCs frolr Rb. sphaeroides at 
295 K. The eft oranate I S  the recproca of the 
optical absorbance change; the Intercept glves 
AA,,, for 100 '~  charge separat~on. The rlght or- 
dlnate shows the percentage charge separatlon. 
A Ight ntens~ty of 0 5 W!cm2 (see arro\fl) was 
use3 for the crystals nvestgated by x-ray dffrac- 
tlon, whch corresponds to 92% charge separa- 
tlon A tungsten projector lamp ?;,/as used iv~ th  
band Dass f ters frolr 550 :o 900 nlr,. 

R,,,. ('01 

Rf (pa3 

rlr,s bond dstance de\/aton (A) 
rlns bond angle de\/atlon ('1 
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A Dark structure 

SarLPZJ 

pocket with the surface of the protein are 
shown in Fig. 5. P1 is essentially identical to 
the water chain reported earlier (8). 

The structure of the charge separated 
D+QAQB- state (light structure) is approxi- 
mately the same as that of the DQAQB (dark) 
structure. The 0 4  carbonyl of the QB 
semiquinone hydrogen bonds to HisLlgO and 
the 0 1  carbonyl hydrogen bonds to the back- 
bone amide nitrogen of IleLZz4 (Figs. 2B and 
3). This binding site is similar to the partially 
occupied QB2 site postulated for the dark 
structure. The refined atomic displacement 
parameters for Q,- are similar to those of Q,, 
indicative of a nearly fully occupied ubiqui- 
none at this site. In addition to the L224 
amide nitrogen, SefZz3 and othe backbone 
amide of L225 are both -3.1 A from the 0 1  
carbonyl of the ubiquinone and may form a 
second set of hydrogen bonds (albeit longer) 
to the ubisemiquinone anion. The presence of 
these three hydrogen bonds to the 0 1  carbon- 

@ yl of the ubisemiquinone at the QB2 site, 
PC especially the longer interactions with SefZz3 

and L225 amide, are consistent with ENDOR 
studies on native and Sef  223 + Ala mutant 
RCs (26). 

~ a p  L213 AT 1213 The most striking observation in the 

Fig. 2. (A) Dark structures. Stereoview of the final 2F0 - Fc omit, refined electron density at the light-adapted structure is a 4.5 A (center to 

Q, binding pocket in the DQAQ, (dark) state, contoured at lo. The ubiquinone is bound center distance) movement of the ubisemi- 
in the position referred to as the Q,, site. The electron density between the Q,, site and GIuWl2 quinone mward the c ~ t o ~ l a s ~  with an ac- 
and HisLqgo is postulated to be due to partial occupancy of ubiquinone at the second site Q,,. Side companying 180' propeller twist about the 
chain residues from the dark RC structure are indicated. (B) Light structures. Stereoview of the isoprene tail (Fig. 3). There are fewer well- 
final 2F0 - Fc omit refined electron density at the Q, binding pocket in the D+Q,Q,- (light) state, ordered water molecules than in the 
contoured at 1 a. The ubiquinone is now in a position referred to as the Q,, site, which is -4.5 A DQAQB structure. Particularly striking is 
removed from the Q,, site shown in (A). In addition, the ubiquinone has undergone a 180" propeller the observation that GlUH173, located along 
twist with respect to the Q,, site observed in the dark structure. Side chain residues from the the p2 water channel, is disordered 
light RC structure are indicated. Oxygen, nitrogen, and carbon atoms are colored red, blue, and gray, pared to either G1U~173 in the dark strut- respectively. 

ture or to the surrounding residues in the 
light structure. This suggests movement of 

position. This could explain why the posi- The higher resolution of this work en- water (protons) within the P1 and P2 chan- 
tion of QB in several of the room tempera- abled us to determine the location of water nels that is concomitant with formation of 
ture structures are closer to that observed in molecules. In particular, two distinct water the D+QAQB- state. 
the charge separated state discussed below. channels, P1 and P2, that connect the QB A model of the electron transfer mech- 

Fig. 3. Comparison of the 
dark (DQAQA and the light 
(D+Q,Q,-) RC structures in 
the Q, binding pocket. The 
dark and light RC structures 
are colored red and blue, re- 
spectively. Hydrogen bonds 
are indicated with dotted lines, 
where bond distances of less 
than and greater than 2.9 A 
are indicated by large and 
small dots, respectively. In the 
light RC structure, the ubiqui- 
none has moved -4.5 A and 
undergone a 180" propeller 
twist. Side chain residues 
from the light RC structure are 
indicated. Oxygen, nitrogen, 
and carbon atoms are colored Ghn U12 
red, blue, and gray, respec- 
tively. Orthogonal views of this region are provided in panels A and B. 
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anism from QA-QB to QAQB- needs to 
explain the observation that at low temper- 
atures (-90°K) the electron transfer from 
QA-QB to QAQB- is completely blocked in 
RCs cooled in the dark, whereas the elec- 
tron transfer proceeds readily when RCs are 
frozen under illumination (1 1 ). The differ- 
ences between the light and dark structures 
of the RCs offer a straightforward and sim- 
ple explanation of these observations. We 
postulate a model in which the ubiquinone 
can assume two positions; in one, electron 
transfer from QA- is inhibited, in the other 
it is not. In the dark-adapted RCs, the 
position QB1 (Figs. 2 and 3) is thermody- 
namically favored. In this position, the dis- 
tance between the carbonyl oxygen 0 1  of 
QB and N6 of HisL'% is 7.2 A. It is, there- 
fore, disconnected from the most direct 
pathway for electron transfer from QA- and 
hence, electron transfer from QA-QB to 
QAQBP is inhibited. However, a fraction of 
RCs exist in an activated state QB2 corre- 
sponding to a quinone position that is -5 A 
removed from QB1. In this position, the 
ubiquinone is hydrogen-bonded to HisL1% 
and electron transfer from QA- can readily 
proceed. This position corresponds to the 
residual patch of electron density of the dark 
structure (Fig. 2A). We propose that the 
movement of the quinone from QB1 to the 
QB2 position is a necessary prerequisite for 
electron transfer from QAPQB to QAQB-. 

The observed activation energy (27) repre- 
sents the barrier between these two states. 
The main contribution to the activation 
energy is probably the breaking of the 
hydrogen bond from 0 1  to the backbone 
amide of IleL224 (Figs. 2 and 3) and the 
energy associated with the 180" propeller 
twist. The above model is also consistent 
with the observation that the measured 
electron transfer rate from QA-QB to 
QAQB- is independent of the redox po- 
tential (that is, the driving force) of dif- 
ferent ubiquinones substituted in the QA 
site, demonstrating that the rate-limiting 
step is not electron transfer (28). 

In the light-adapted structure of the RC, 
the ubiquinone forms a hydrogen bond with 
HisLlgO, thereby favoring the QB2 site (Figs. 
2B and 3). In this ~osition. electron transfer 
can readily take place, as experimentally 
observed. The ground state (dark) x-ray ctys- 
tal structure that has been universally report- 
ed is not the kinetically active structure for 
electron transfer. Contributions from possi- 
ble light-induced structural changes upon 
fonning D+QAPQB (29) to the electron 

transfer from D+QA-QB to D+QAQB- re- 
quire further study. 

After the one-electron reduction of QB 
discussed above, a second electron is 
transferred to QB-. The doubly reduced 
ubiquinone is protonated to form the 
ubiquinol (QBH2), which leaves the RC 
(30), initiating the formation of the pro- 
ton gradient across the plasma membrane 
that drives ATP synthesis (31 ). Thus, the 
protonation of QB and the release of qui- 
no1 are two fundamentally important pro- 
cesses. The main question associated with 
the protonation concerns the mechanism 
by which protons are transferred from the 
outside, aqueous phase, to the QB site 
which is buried inside the RC (32). The 
generally accepted view is that protons 
move along a chain of proton donor and 
acceptor groups. These groups could be 
either side chains of  roto on at able amino 
acids or water molecules. Several of the 
amino acids in the chain have been iden- 
tified in Rb. sphaeroldes by site-directed 
mutagenesis (33-38). The role of the wa- 
ter molecules has been less well estab- 

Fig. 4. Superposition of previously reported posi- 
tions of ubiquinone in the Q, binding pocket [see 
also (411. PDB (Protein Data Bank, Brookhaven) 
entries and color code: lPCR, Ermler et a/. (a, 
yellow; PRCR, Chang eta/. (6), dark blue; IYST, 
Arnoux et a/. (7), green; 4RCR, Allen eta/. (5), red; 
present model of the dark structure, light blue. 
Superposition was performed by the method of 
Kabsch (52). Side chain residues from the current 
dark structure are indicated. Oxygen, nitrogen, 
and carbon atoms are colored red, blue, and gray, 
respectively. 

Fia. 5. Water channels P1 and 
P? observed in the dark RC 
structure leading from the Q, 
pocket to the surface of the pro- 
tein on the cytoplasmic side of 
the RC. The coloring scheme is: 
H subunit (green), Lsubunit (yel- 
low), M subunit (blue), water 
molecules (red), bacteriochloro- 
phylls (green), and bacterio- 
pheophytin (purple). Q, and 0, 
are colored orange-red, while 
the nonheme iron is rust-col- 
ored. The positions of the qui- 
none tails past carbon C16 are 
less well defined because of 
poor electron density. The ap- 
~roximate location of the mem- 
brane is indicated by the shad- 
ed region. The details of the PI 
and P2 pathways are shown in Fig. 6, A and B. 
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lished. In one of the Rb, sphaeroides RC 
structures, the positions of water mole- 
cules have been described (8); the loca- 
tions of water molecules were also inferred 
by a computational approach (39). 

The higher resolution of this work 
made it possible to determine the posi- 
tions of a large number of water molecules, 
giving rise to several possible water chan- 
nels (proton paths) connecting QB to the 
aqueous phase. Two of these are indicated 
as P1 and P2 (Fig.m5). Pathway P1 (Fig. 
6A) proceeds -23 A from the QB site via 
GluLZIZ through the H subunit to the cy- 
toplasm. This pathway is approximately 
normal to the membrane surface and is 
similar to the one previously described 
(8). The second pathway, P2, which had 
been previously proposed (32) has now 
been identified (Fig. 6B). It leads from 
SerLZZ' to AspL2" via the interface be- 
tween the H and M subunits, parallel to 
the membrane surface at approximately 
the depth of the nonheme iron. This path- 
way traverses a number of residues that 
have been identified by mutational studies 
to be involved in proton uptake by QB. 

These include SerLZz3 (33), AspLZi3 (34, 
35), and (36, 37). The terminus 
of this pathway is near the surface of the 
negatively charged membrane (40) where 
the proton concentration is expected to be 
substantially greater than that in bulk wa- 
ter (41). 

For the release of quinol and its re- 
placement by ubiquinone, the binding af- 
finities of the three species QBHZ, QBp, 
and QB must meet certain criteria for 
proper function. The affinity for Q,- must 
be greater than that for QBH2 and QB to 
prevent the loss of the functionally impor- 
tant QB- intermediate and to avoid po- 
tentially detrimental release of the chem- 
ically reactive ubisemiquinone radical an- 
ion. The affinity of the RC for QB should 
be greater than for QBHZ to thermody- 
namically favor the replacement of the 
quinol with ubiquinone. This ensures the 
presence of an electron acceptor for con- 
tinuing ubiquinone reduction. Indeed, the 
observed binding affinities correspond to 
these expectations (19, 30, 42), that is, 
the affinities decrease in the order QBp > 
Q, > QBHZ. These results are readily 
explained by the current structures. As 
discussed above, both carbonyl o$ygens of 
QBp form multiple close (<2.9 A)  hydro- 
gen bonds, whereas in the dark-adapted 
structure, only one of the hydrogen bonds 
to QB (NH of IleLZZ4) is present (Figs. 2 
and 3). For ubiquinol, both carbonyl oxy- 
gens are protonated, resulting in weaker 
binding. The release of ubiquinol may be 
further facilitated by the presence of the 
water channels. 

By cooling crystals of the RC to low 
temperature under illumination, we have 
determined the structural changes around 
the Q B  site accompanying light-induced 
charge separation in bacterial RCs. These 
changes provide an explanation for the 
observed temperature dependence of the 
electron transfer kinetics from QAPQB to 
Q,Q,-. In addition, these results account 
for the relative binding affinities of the 
different ubiquinone species in the QB 
binding pocket and identify several proton 
transfer pathways to the QB pocket that 
are critical for efficient function of the RC 
in photosynthesis. 
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