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A sensitive method fi~r determining the dcgrcc of  the occupancy of the primary quinouc site in rc:tction centers  o f  pht~to.~ynthctic 
bacteria is described. By measuring the transient absorbance bleaching of  the primary electron donor during the time interval 
1 ns to I ms after an exciting laser pulse, small amounts of  quinonc-deplctcd reaction centers can bc detected with an accuracy 
of  about + 3%. In the case of Rb..~phaeroides, standard preparations typically contain 211(; reaction centers in which the quinonc 
binding site at the active branch is not occupied. 

Introduction 

Heterogeneities may cause considerable obstacles in 
the spectroscopic characterization of complex photo- 
chemical systems, such as photosynthetic reaction cen- 
ters (RCs). in RC preparations a heterogeneity caused 
by partial occupancy of the binding site of the primary 
quinone (QA) cannot be excluded a priori and deserves 
a closer investigation. Apart from possible structural 
effects of an empty binding site on electron transfer 
reactions not directly involving QA, the loss of QA will 
inhibit all electron transfer processes in which QA is 
directly involved. This could give rise to an apparent 
wavelength dependence of the 100 ps electron transfer 
reaction and has serious consequences for quantum 
yield determinations. 

In QA-depleted RCs the forward electron transfer 
from the bacteriopheophytin anion (H-)  to Q,x occur- 
ring on the 100 ps timescale [1-3] is blocked, forcing 
the reoxidation of H to occur via recombination with 
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the cation of the primary donor {P+} on the 10 ns 
timescalc [4,5]. Under certain circumstances, which 
have been explored recently [6], a partial loss of QA 
could lead to an apparent wavelength dcpendcncc of 
the measured rate P~H --, P+QA when fitted mono- 
exponentially. On the other hand, in the presence of 
100%Q A such a wavelength dependence has to bc 
attributed t,~ other hetcrogcneities in the RC prepara- 
tion causing e. distribution of the rate P + H --, P + QA 
[7]. Thus, a sensitive determination of the occupancy of 
the QA site is indispensable for the interpretation of 
wavelength-dependent kinetics. 

A partial loss of QA will also affect the result fi)r the 
quantum yield of charge separation (QY) from i p .  
when determined by the standard method of measuring 
the induction rate of photooxidation of P on the ms 
timescale [8,9]. RCs not containing QA will not con- 
tribute to the bleaching of P on this timescale and lead 
to an underestimation of QY. On the other hand, the 
reported value of 1.02 + 0.04 for the QY in RCs of Rb. 
sphaemides [8] was calculated using the difference ex- 
tinction coefficient A~,  5 = 112 mM -~ cm- ~ for the 
bleaching of P absorbance at 865 nm, as determined in 
an independent measurement [1(}] from the incomplete 
bleaching observed under steady-state illumination. 
The incomplete bleaching could r~,e due to contribu- 
tions of the bacteriochlorophyll (BChl) monomers or 
the dimer cation P+ to the absorbance at 865 nm. 
However, it also could be due to an incomplete occu- 
pancy of the QA site, since RCs depleted of QA re- 



254 

cover completely on the lilt) #s timcsealc and do not 
contribute significantly to the bleaching under steady- 
state illumination. In the latte, case. the above value of 
A~,,~ would bc undcrcstimatc,I, leading I~, an overesti- 
mation o/QY. as discussed in Rcf. S. Indeed. a slightly 
highcr valuc of A¢~,~: 1114 mM i cm i was al~ 
dctcrmincd in Rcf. Ill from the coupling of the bleach- 
ing at 8¢~5 nnl to the oxidation of cylochromc c after 
excitation with a short Ilash. With le~,, 5 = 118 mM i 
cm ' the reported value for the QY in Rb. sphaeroi~h's 
would have to be corrected to tl.qg + 11.(14. These mea- 
surements, in principle, avoid the problem of QA-dc- 
plelcd RCs, but introduce the uncertainty of the differ- 
cncc extinction coefficient for the oxidation of cy- 
tochromc c. Only a highly accurate determination of 
the occupancy of the Q~ site will allow the confirma- 
lion or reliable correction of Ihc value of Jes..~ and, 
lhcrcby, of QY ill /Oh..wltacroides, 

Morctwcr. the knowledge of the occupancy of the 
Ox hinding site is of utmost significance for experi- 
ments on modificd R('s. since the majority of muta- 
genie and chemical modifications have bccn fimnd to 
reduce Ihc OrX binding aMnity considerably. This holds 
for: ( i)  various mutations of neighboring or more re- 
mt~lc amino acid residues in RCs of R. riridis [I I], Rh. 
sphacroides [12] and RI~. c'apsuhmts [13] and for (ii) 
chemical exchange of prosthetic groups as the quinoncs 
[ 14,15] or of pigments, such as thc bactcriochlorophyll 
monomer (A. Struck. personal communication). There- 
forc. in the light of the incrcascd intcrcst in modified 
RCs [1(~]. a scnsitivc determination of the occupancy of 
the QA binding site is bccoming increasingly important. 

A first estimate of the Q,, content is usually achieved 
by measuring the bleaching of the Q, absorption band 
of P around 865 nm under saturating steady-state 
illumination. This determination of the Q~ content 
rests on the knowledge of Aes,,5. the uncertainty of 
which was discussed above. Additionally. data obtained 
at high actinic intcnsitics arc problematic, since the 
possibility of non-reversible ,~r slowly reversible photo- 
chemistry cannot bc rulc out. Indeed, a bleaching of 
the ground-state absorbancc of P after steady-state 
illumination recovering on the timescale of minutes 
( Rb. spluwroides ) or hours ( Chh,roJh;rus aurantiacus ) 
has been observed [17]. 

The determination of the QA content via the obser- 
vation of the oxidation of cytochromc at the beginning 
of continuous illumination [18] or via chemical extrac- 
tion of the quinoncs [15] yields only approximate val- 
ues. This is due to experimental limitations and the 
uncertainty with respect to the presence of secondary 
quinone. 

Morc reliable valucs can be expected from transient 
absorptkm measurements at low excitation conditions. 
However, tor measurements on the ps or ns timescales, 
certain features of the transient difference spectra of 

P" H and P" Q,;, havc Io bc known for estimating the 
Q x content. An unambiguous direct measurement of 
these spectra is difficult on samples which might be 
hctcrogenous with respect to the QA site occupation. 

In principle, there arc several spectral regions well 
suited for the determination of the Q,,, tamtcnt: 

(1) The absorpthm t~md of  t t  at 665 nm. Here the 
amount of Q edeplctcd RCs could be estimated from 
the amount of residual H absorption in the time 
window after P+H ---, P+QA in Q^-containing RCs 
but before P * H - --* PH recombination in Q^-depleted 
RCs. This estimate rests on the assumption that P*QA 
has no contribution to the difference absorbance. 
P~QA/PQA [3,9] and P+/P [19] difference spectra, 
however, show slightly negative difference ab~rbance 
in this spectral region. If this is true, a difference 
ab.,a~rbancc of zero at 665 nm for delay times over 1 ns 
would actually imply a certain number of RCs remain- 
ing in the state P~H- at these delay times. These 
would need to be Qa-deplcted RCs. 

(2) In the Q, ahsorptum hand of  H at 545 ran. In this 
spectral region, the bleaching of the Q, absorption 
band of it is superimposed on a broad spectral feature 
with positive absorption attributed to P+. The attempt 
to deduce the H ~ concentration by distinguishing be- 
twcen both spectral contributions is hampered by su- 
perimposed clectrochromic shifts on the Q, transitions 
of the bactcriopheophytins, as observed in RCs of Rb. 
sphaeroides [31 and (.711oroflexus aurantiacus [2111, and 
by unccrtaintics with respect to the shape of the P+ 
absorption band. 

(31 In the low ener~.~' Q,  transithm o]" P at 865 ran. 
This spectral region is dominated by the P ab~wbance 
and is not expected to show appreciable ab~rbance 
due to one of the transient states under consideration, 
apart from minor contributions discussed later. The 
decay of the various intermediate states in QA-contain- 
ing and Q,x-dcplcted RCs to the ground state P can be 
discerned by thc different life-times of these states. 
The respective amplitudes of the ground-state ab- 
sorbancc recovery in principle allow the determination 
of the relative concentrations of these states. 

In RCs lacking QA, P+H- recombines on the 10 ns 
timcscale, accompanied by a recovery of the bleaching 
of the 865 nm band. in contrast, the bleaching persists 
on this timescale in QA-Containing RCs, due to the 
formation of the long-lived state P+QA. For the neces- 
sary delay times of several tens of nanoseconds, how- 
ever, the standard technique of pump-probe-measure- 
ments with an optical delay between exciting and prob- 
ing pulse suffers from the problem of changing the 
profile of the exciting beam and/or  changing the over- 
lap of the two beams at different delay times. Thus, 
experiments with the necessary precision are very diffi- 
cult. A quantitative determination also must account 
for the fraction of Qa-depleted RCs recombining to 



the triplet state 3P* [4,5], since in those RCs the 
bleaching persists lot microseconds [21]. "1`hcrcfl~rc. an 
independent measurement of the yield of ~P* form;t- 
tion, on RCs dcliberatcly depicted of O.x, is ncccssats. 

Alternatively, one can determine the amount of R('s 
lacking Oa  from the amplitude of the absorption re- 
covery on the tnicrosecond time scale, reflecting the 
decay of 3 p ,  [21]. Again, the relative yield of ~P* 
formation q~r has to be known from independent 
measurements on RCs deliberately depleted of I'~th 
quinones for the quantitative determination of tbe Oa 
content. With a typical value of ~ of  0.3 [4,5], only a 
fraction of the QA-depletcd RCs is observed in a 
measurement on the micro,~cond timescale, thus re- 
ducing the accuracy of the measurement. 

Thus, it seems very difficult to perform a determina- 
tion of the occupancy of the OA site with an accuracy 
of a few percent empk, ying the methods u ~ d  to date. 
It is the goal of this paper to demonstrate that, by the 
simultaneous observation of the P absorbance bleach- 
ing in an expanded time window, ranging from 
nanoseconds to milliseconds, it is possible to measure 
this occupancy with an accuracy of better than 3'~,. The 
expanded time window is achieved in a pump-probe 
experiment using an electronic delay between the exci- 
tation and the probing l a i r  pulses, thus also eliminat- 
ing the problems caused by an optical delay. Further- 
more, no independent determination of recombination 
parameters, especially the triplet yield q~r, in QA-dc- 
pleted RCs is necessary. 

Experimental procedures 

Materials 
Qa-conta in i~  l~,Cs of Rb. sphaeroidt, s R26 in Tris 

buffer (20 mM, pH 8.0) wcre prepared by standard 
methods [5], with cithcr 0.1% Triton X-IIXJ or 0.1)8% 
lauryldimcthylamine oxide (LDAO) as dctcrgcnt. The 
concentration of RCs was adjusted to approx. 211 #M 
to give an absorbance of approx. 0.5 at the probing 
wavelength of approx. 8711 nm (pathlength 2 mm). The 
concentration was not well matched for the different 
samples described below, with the absorbanccs ranging 
from 0.5 to 0.8. For measurements at low temperatures 
a 60% (v/v) glycerol/buffer solution was used. For the 
investigation on the effect of excess quinone, 
ubiquinone~u (Sigma)was dissolved in methanol (spec- 
troscopic grade, Aldrich Chemic) to give a concentra- 
tion of 10 raM, then the appropriate amount of this 
solution was added to the sample to yield a concentra- 
tion of ubiquinonet~ ~ of 100 #M. 

Apparatus 
RCs were excited at 600 nm by a Nd:YAG-laser- 

pumped dye laser (pulse width 1.8 ns) with an energy 
density of 0.5 mJ/cm-', corresponding to approx. 2(1% 
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excited R('s per pulse ~. The I' groundstatc al'~'~;rbancc 

was indeed observed to bleach by appr~x. 2 IF /  i-or 
this h~w cxcitalion probability effects froln multiple 
excitation can bc neglected,  h tdccd ,  in Inc~INHICIlICIIIN 
of Ihe reconll'~inali~n dynalnics in O\-dcplcled R('s of 
Rb. ~7~haeroi&,s, which normally wcrc done ttsing the 
same cxcitation probability, no change in the character- 
istics was flmnd when attenuating the excitation energy 
by a factor of three (Volk, M., tt~ibcrlc, T., Ogrodnik, 
A. and MichcI-Beycrlc, M.E., unpublished results). The 
rate of excitation is chosen to ensure complete rcctw- 
cry of the wholc sample before the next cxcitation 
pulse (e.g. approx. I Hz for RCs of Rb. sphaeroides 
with a lifetime of ' 135 P QA of approx, ms at r ~ m  
temperature). 

Absorption changes in the O, hand of P around 
87ti nm are probed with a second dye laser (pulse 
width 1.5 ns) being pumped by a N, lascr. A sequence 
of probing laser pulses ix generated-after each cxciting 
pulse by repeated triggering of the probing laser with 
the maximum repetition rate of the detecting system of 
16.7 Hz. The dclay between the exciting and the first of 
the probing laser pulscs can bc adjustcd clcctronically 
between I ns and Ill ms (programmable delay genera- 
tor Lc Croy 4222). "Ik~ correct for trigger jitter and 
drifts of the lasers, the actual delay time between the 
actinic and the first probing pulse is monitored with a 
time-to-digital-converter I Lc Croy 42112, re~,olution 150 
psi. Thus, the absorbancc changes in the interval be- 
tween I ns and 10 ms after cxcitation can bc monitored 
by varying the delay time between the exciting pulse 
and the first of the probing pulses, whilst the recom- 
bination of P~OA in thc ilXI ms range is measured 
with the scqucncc of probing pulses gcncratcd aftcr 
cach exciting pulsc. 

Thc probing pulsc energy is measured by intcgrating 
the signal of a diode (Ccntronics OSD 611-3"1", risctimc 
20 ns) during a 100 ns intcrval after the probing laser is 
triggered (integrating analog-to-digital-converter Lc 
Croy 2249W), Excitation light (6IXI nmj is blocked from 
the diode by suitable filters (Schott RG695). Dtte to 
the small fluorcsccncc yield in RCs [23], fluorcsccncc 
from the sample (around 920 nm) can bc cstimatcd to 
be t ~  small to distort the results. To experimentally 
rule out artifacts from scattered excitation or fluores- 
cence light, control mcasurcmcnts arc done at a delay 
time of - I l l  ns, that is with the first probing pulse 

t The energy density of 11.5 mJ/cm ~ actually corresponds to .~tt~ 
excited RCs in the first layer of the sample, lion, ever. due to the 
absorption of the exciting light in the sample the energy density 
decreases in the sample. A numerical simulation shows that. for a 
sample with an absorbance of 11.3 at the cxcitalion wavelength, the 
~werall probability of excitation is reduced hy a factor of 1.5 
compared to that in the first layer [22]. 
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arl-i~ing at the ,,avnr~lc hotore the excitation pulse. 
Ihtdc~ thc~,c condition,, no bleaching c:ttt,,cd b5 the 
c\cilation lighl ,,hould bc ntc,t,,ulcd. ~.t.hil',l scatlcrcd 
c\cilatilm or fhtorc,,¢cncc light detected b~: the diode 
still would bc inlcgratcd and vmuld contribule to the 
,,ignal. Ihw, inducing an apparent bleaching. Similar 
effects v, ottld alir, c fl'onl electronic artifacts. No such 
H'~Uliou~, ";.d'~sorb;lncc ch:lngc' Was obsci~,'cd tit - 10 ns 
in an.~ of the ntca,,ttrcmcnls described bclo~,. 

t~,.~ detecting the I'clati~c energy of each excitation 
pulse, the nlca~,tilcd difference absorb;nice Call bc cor- 
looted for the fluctuating cncrg.~ o1 excitation. After 
;.I~Clitglllg o~.cr lilt) single [llCaMlrefllcnl,,. ;.in acctlracy 
ol  2. Ill ~ ix obtairtcd. A t)pical ntcaM.n-crncnl. SllOV,- 
ing tltc compIclc recovery of the bleaching of P ab- 
'-,orbal/L'c bCD.~,CCII 4 II~, iltld 51"111 Illh. iS sho~,~,n ill Fig. I. 

A magnetic field o[ up to 700 (i  i:", applied to the 
,,alnplc v, ith a pair o1 ttclmht~ltz-coils. 

l)l't('rtni/t(ttion 0/ '{)  t ('ottt('ttt 
l 'hc tintc-tlcpcndctlcc of the P groundstate ab- 

,,Olbancc bleaching A,.l(t) at dchly timc.,, t of nanosec- 
onds or longer after excitation ix given by 

.3.t i l l  : ..L-toe ' ::-, J.-a~rl((l~ (h i l t  ' ~""+'l't e ' ~) 

t l )  

t lerc A..t o and t..1.twt denote the bleaching at t = 0 
duc It) O.~-containing and O~-depletcd RCs. respec- 
tively, r, the recombination lifctimc of P ' Q x  (30-120 
ms [14])and =RI, the recombination lifetime of P ' H  
in Ox-dcplctcd RCs (10-20 ns [4.5]). During this rc- 
combination, part of the RCs lacking Q,~ form 3 p ,  
~ith the yield @,. 31 )* decays to the groundstate with 
at lifetime r~ (50- I'~0 ps  [21]). Eqn. I is valid as long as 

the fot~ard electron transfer Irom tt to O~ is consid- 
crabb la~tcr than rccon.binalion of P ' l t  , as is the 
ca~c in native R('~. 

J.-I o can be obtaincd from the bleaching A,,I in the 
milli~ccottd r:tngc, qncc at this time all O~-depletcd 

R('x ha~c returned to the ground st;lie P, whilst recom- 
bination oI P ' O ~  It;l~ not prtv,:ccded considerably. 
l h c  dcca.~ of P ' O  ~ ~i thin I ms can be accounted for 
b.~ c\trapolat ion to t :- t) wi:h thL., lil~'timc of this state 
obtained in the ,,ame mcasurem~,nt. We have refrained 
Irom analysing the dif ference abm+rbance at delay times 
,,hotter than 4 ns in order to avoid an unreliable 
dcconvolution in the temporal range where exciting 
and probing pulses overlap. Instead, ,.tA+t+.pl can bc 
extral~datcd from A/ I (4  n s ) - A A  o .  i f  the  va lues  o f  

r tw and ,I) t arc kno~n, since r= ix in the microsecond 
range. In case the recombination dynamics in O,x-de- 
pi t ted R('s, characterized by :m, and @,. have not yet 
been determined fl~r the species under investigation, 
AA(0 ns) has to be extrapolated from addit ional mea- 
surements of the time-dependence of ..tA(t) on the 
lintc,,,calc o l  the I )" i f  recombination. Comparison of 
the init ial bleaching of I ) ahsorbancc of O,~-containing 
( t . , I  o) and O ~-depletcd ( l , . I  ,,.i, I) R('s then allows the 
direct determination of the amount of OA depletion 2. 

In Q ~-depletcd RCs the yield o f  " P *  is appreciable 
((1' I = 3W/ ;It 2~XI K in Rh. ,v)ha('nmh'.O and is re- 
duced by a factor of 2 in ;in external magnetic f ield of 
several hundred G [4.5]. A magnetic field-induced 
change of the absorption signal on the 100 ns t i m e , a l e  
is indicatkc of this change in q ) l -  A magnetic field. 
however, should not influence the bleaching at 4 ns, 
~vhcn all excited R('s are observed, or I ms, when only 
Ox-containing R( 's  should contribute to the signal. 
The quantitative consistency of the magnetic field ef- 
fect on A,.l( loll ns) ~'ith the magnetic field dependence 
of (l) I can bc used as an additional check for the 
obtained content of Q,x and provides an additional test 
lor the assumption that the observed nanosecond com- 
ponent of A . . l ( t ~  is indeed due to recombination of 
R('s lacking O,x. 

In order to make meitsurcmcnts on the nanosecond 
and millisecond timcscalcs comparable, rotational de- 
pohtrization of the P bleaching has to be considered. 

Ilcrc it i~+ as+,umcd, that the abm)rbanee change~, around 865 nm of 
holh ~,tates P " It and P" Ox ;tre due only to the bleaching of P. 
lios~escr, the hactcriopheophytin (BPh) anion shows a weak ab- 
• ,orption m thb, spectral rcgmn. The exact value of the extinction 
¢ocffici¢l)t of I1' in the R(" is no~ km~n. From the difference 
~,pectrum ol BPh /BPh in solution [24] it can be estimated to be 
~,n)aller than 15% of the extinction coefficient of P at 1465 nm. 
Thus. the amount of OA-deplctcd R('s is underestimated by at 
most this factor. This leads to an ¢werestimation of the OA content, 
~hich is highest (Ics~, than 5",; absolute} in the case of a OA 
content of 5(IG and amounts to less than 2G (ab,'~lute) for a OA 
content of I(VI or 9Wi. 
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Prcfcrentially. R('s with thc O ,  transition moments of 
P or the bacterie~:hh~n~phyll monomcrs in the direction 
of the excitation r~lar izat ion arc excited at I~IHI nm. 
whilst the measured bleaching of P is duc to R('~ ~ i lh  
the O,  transition moments in the direction of the 
probing polarization. The mcast, rcd ~alt,e of the diltcr- 
ence absorbancc, thcrcforc, depends on the relative 
orientation of cxciting and probing l~flariziflion. For 
the wavelengths -zscd here. the resulting photodichro- 
ism amounts m a difference of 40r'i fl~r the bleaching 
measured with parallel or perpendicular I~flarization 
of exciting and probing light in the case of Rh. 
sphaeroides [25.26]. Due to n~tational diffusion this 
photodichroism decays with time constants of  about qt) 
ns [261 and 3 #s  [22] in buffer .~flution and in a Ollr~ 
Iv/v)  glycerol/buffer .,a~lution. respectively, at n ~ m  
temperature. The difference absorbanee measured be- 
fore and after this rotational dc~flarization cannot bc 
compared directly, except if measurements are done 
with the magic angle of 54.7 dcgrcts  between the 
polarization of the exciting and the probing light, in 
which case no effect ~1' the n~tational dci~larization 
will be observed. Alternaiively, measurements are done 
at lower tempcraturcs, where RCs do not rotatc. 

The probing p u l ~  separation of Oil ms is not enough 
to ensure eompletc recovery of OA-containing R('s 
excited by a probing pulse until the following pulse. 
RCs accumulated in the state P+Q (P+QA or P+Q,~ 
with O a  the ~condary  quinone) by the probing pulses 
preceding an exciting pulsc will not contribute to the 
ob~rved  difference absorbanec. Their number n.,,* 
can be calculated from the number of RCs excited by 
one probing pulse no~,* the recombination lifctimc r, of 
P+Q- and the pulse separation of 60 ms, taking into 
account that RCs excited at the ith preceding probing 
pulse had i ,611 ms to recombine: 

I 
* " = ( 2 )  

t 

The energy density of one probing pulse is less than ! 
/xJ /cm 2, exciting a fraction of less than 0.1~;; of the 
RCs. For r~ = 120 ms a fraction of O.15r/; of the Q~- 
containing RCs will have accumulated in the state 
P + Q -  before an exciting pulse. This is considerably 
smaller than the accuracy of the QA content determi- 
nation described here and will be neglected. Even for 
r~ = 500 ms only a fraction of ().Se,~ of QA-containing 
RCs can be accumulated in the state P+QA which still 
can be neglected. 

RCs in which the rate for the reaction P ' H  --, 
P+Q~ is slow and becomes comparable to the recom- 
bination lifetime of P + H - ,  e.g., RCs depleted of the 
central Fe-'+ ion [27,28], show recombination of P ' H -  
even when containing QA. This will considerably hin- 
der a proper  determination of the QA content. 

R e s u l t s  

The occupant3 ol the 0 \x i tc  x~lx mc:lxtttcd in three 
diffcrcnl ,,arnplcs of R('s ol Rh. Vdlacrotdc~. Ihc  inl]u- 
flll'C O] CXfC%", tlllitlonc. ;1"~ ~cli :l~ Ih¢ it|[hl¢lll.'c ol 
tlillcrcnl tlclcrg¢lll,,. ,~n the O \  I~illtling abilit.~ x~;l~ 
im, cstigatcd. 

Table I(,0 gi','c~ the bleaching of the P ground Male 
absorb;,ncc, n l c a s t l r c d  a t  S ~  t) Flirt o n  a R(" sitmplc with 
Triton X-10{)ils the detergent. Irozcn at t)tl K irl order 
to exclude rotational depolarization. The rccotnbina- 
tion liK'timc r, of I> 'Ox was ti)und to be 29-t: 5 ins. 
Inserting the values for rRi, and t/~, from [5] into Eqn. 
i . .1 ,4  o and .IA,~,.p~ were determined from thc mea- 
sured bleaching at 4 ns and I ms, as described before. 
These values indicate that a portion of (19 +_ 2)t:~ of 
the R('s was depicted of O.x. The uncertainty of this 
value was cstimatcd from the uncertainties of the mea- 
sured bleaching and the recombination parameters 
used fl~r its dedt, ctiou. The bleaching at I00 ns to 51Hi 
ns corrcspond~ exactly to thc value expected with this 
amount of Qx-dcpletcd R('s using Eqn. I and a value 
of q~l = 0.71 [5]. Application of a magnetic field of 7IHI 
(; (data not shown) had no influence on the bleaching 
measured at 4 ns and I ms. but reduced thc bleaching 
ill IINI its tO 5t~l ns in cxact corrcsl~mdencc with the 
reduction of t/~ 1 by a magnctic field [5]. This confirmed 
the notion of Oa-depletcd RCs being responsible for 

TAIiI.i". I 

Bh'aching o f  the P gnmnd state ah~ortnow¢ m Rh .~l~hacnmh'~ R('~ 

{a) 611/'411 {v /x l  gl ' ,ccrot/2{I mM "l'ri,, {pll  8.11). 11.1'~ l ' r i ton X-IlN). 
011 K" {1~) 211 m M  Tris {pll  ~.11), 11.lti Tr i lon X-IIIO. room Icmpcru-  
lure.  v, ilh ~-fldd excess of  ubiquinonc m and: {c) 211 mM Tris (p l l  
S.ll). 11.118r.; L I ) A O .  r~a~m tempera tu re .  Sample  conditions: ~ .4{t) .  
b leaching m e a s u r e d  al dfflcrcnl  delay t imes t bctv, ccn  excitation and 
probing pulse,, (unccr la inty  +il.llllO2): probing v.avelength 889 nm 
(:.t) and 8ht~ nm (b. c): r , .  measu red  rcta~mbinalion lifetime of  P" O..x 
{ + 2ll 'i  ~: rill,, rccombina l ion  lifclimc o t P "  II in Ox-dcp lc l cd  R( ' s  
{ + s ' ;  ',. I rom Rcf. 5: q ~ .  ~,icld ol  ~P~ dur ing  recombinat ion of  
P ' l l  in {)x-depic ted R(' , ,  { + 11.112), f rom Re| .  5; J A  o .  J.4,1,,,t. 
b leaching ill I -  11 duc to O:x-containing and OA-dcple tcd R(' , ,  
{ +11.1102). dc l c rmincd  us descr ibed in the text: td~ol. Iraction of  
O x - d c p l c l c d  R( 's ,  de t e rmined  f rom J , 4  o and .Lqdcpt ( +  3r; (ab- 

,.olulc )). 

Sample (a) (b) {c) 

J ..I( t ) 

4 ns  - 11.15119 - I).(}~117 

I(M) ns  - 11.144(I - 11.I1874 

2fKI ns - ( I .  1437 -- 11.081~ t) 
5lKI ns - ii. 1434 - 11.11867 
I m s  - ( I .  1 1 9 3  - 11.0i'148 

r ,  (ms)  29 135 
rRp (ns) 21.2 13.11 
t/~ i I ) .71 11.311 

. IA¢)  -11.124 -11.1185 

. .1A d¢l~ I - t).1129 - ( I . (N)~ 

c,l~,nt 19 '* i  7e l  ' 

- 0 . 1 5 4 ~  

- O .  1 3 ~ 5  

-ll.1311S 
135 
13.11 
11.311 

-11.132 
- II.112~ 
1817 



25X 

t he  decay  oi l  tile i i , m o s e e o n d  t i mcsea l e .  

"I'o investigate the extent of O x reeonstitution, t h e  

measurements were repealed wilh a saml'~le from the 
same preparation, bul  eonlaining excess quinone. 
Ubiquinone,~ was added to the RC preparation to 
final conecntralions of 211 / aM RC and ill0 a M  
ubiquinone~., as described above. The measurement:, 
were done al roonl lemperattire in buffer sohtlion al a 
probing wavelength of 807 nm. To awfid cffecls from 
rotational dcpolarisation the angle between exciting 
and probing polarization was carefully adjusted to the 
magic angle of 54.7 degrees. Measurements wcrc also 
done at 52.7 and 56.7 degrees (data not shown), show- 
ing the expected increase or decrease of the bleaching 
due to rotational depolarization on the 11111 ns time 
scale. No effects from rotational depolarization were 
sccn when measuring under the magic angle, confirm- 
ing that it had been chosen accurately. 

Table I(b) shows the results of these measurements. 
• r. was found to be approx. 135 ms, the same as for the 
sample of Table I(c) which did not contain excess 
quinonc. The sample with the excess quinonc, how- 
ever. showed a small deviation from a monoexpo- 
ncntial bchaviour (data not shown). A minor compo- 
nent (approx. 211c/) with a time constant of about 51)11 
ms might reflect recombination from partially occupied 
Ql~ sites [18]. Again AA o and AAd¢ol were calculatcd 
from the bleaching at 4 ns and I ms, Table I(b), using 
the valucs of ~'m, and q~r from [5]. Even in the 
presence of excess quinonc, a portion of (7 + 3)% RCs 
wcrc found tO be depicted of QA. Besides the uncer- 
tainties of measurement and recombination parame- 
ters. the uncertainty given here includes an estimation 
of residual effects of rotational depolarization, de- 
duced from the measurements at different angles be- 
tween the exciting ar, d probing polarization. Again the 
bleaching measured at 101) ns to 50(I ns corresponds to 
the values expected tot the determined amount of Q,,x 
depiction. 

Table I(c) and Fig. I show the measurement on a 
sample with LDAO as the detergent at room tempera- 
turc, again measured with exciting and probing polar- 
ization under the magic angle, with no excess quinonc 
added. P~Q,x decaycd monoexponcntially with "r~ = 
135 ms. A portion ((18 _+ 3)c'~) of the RCs were lound 
to have lost QA in this case. 

In the past we had occasionally determined the 
occupancy of the Q,x site with a setup using an optical 
dclay line with a maximum delay time of 92 ns, there- 
fore giving access only to the nanosecond and 100 ms 
ranges [5] and yielding less precise valucs. In agree- 
ment with the results obtained in the imprtwed appara- 
tus described here, all these measurements showed 
that, in our standard preparations of Rb. sphaeroides, 
typically 15-25% RCs are depicted of QA- This holds 
for preparations with Triton X-I(X) as the detergent as 

well as fl~r those with LDAO. In contrast, standard 
preparations of Chloroflerus aurantiacus [28] showed a 
portion of only II)Ci O,x depleted RCs, if LDAO was 
used as the detergent,  but of up to 81)% in the pres- 
ence of Trihm X-III0. 

Conclusion 

By measuring the total recovery dynamics of the 
bleaching of the O~ ground-state absorbance band of P 
in the time-window from nanoseconds to milliseconds 
it is possible to determine the occupancy of  the QA 
binding site with an accuracy of better  than 3%. The 
high precision of this method rests on highly accurate 
measurements of the bleaching (A(AA) = 2. 10 - 4 )  o n  

the nanosecond and millisecond timescale without any 
changes in the optical setup. The extended time-window 
allows us to account for the appearance of 3 p ,  in 
recombination processes, occurring in the fraction of 
RCs that lack the primary quinone. 

First applications of this method indicate that 
preparations of RCs tend to he inhomogenous with 
respect to the occupancy of the primary quinone site. 
RCs of Rb. sp!~aa,;iJes were found to be depleted of 
QA by typically 211%. Reconstitution of QA by adding 
excess quinone does not necessarily lead to a full 
occupation of the QA site. Therefore, transient absorp- 
tion measurements should not be analysed without 
accounting for such losses. 
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