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The seconda~'  electron transfer from reduced bacteriopheophytin (BPh,~) to the first acceptor quinonc (Q,,)  in variously 
modified reaction centers  from Rho~h,hacter .~phaerokh'~ was studied by transient absorption spectroscopy and compared with 
nati~,e reaction centers. In intact reaction centers, nei ther  substitution t~l the native QA. uhiquinone-10 (UOl . ) .  with menaquinone 
(MK), nor shortening of the isoprene tail of ubiquinonc (UQ) down to 4 and that of MK down to 2 isoprene units changed the 
rate of electron transfer to QA" However. in Fe-" ~-dcpleted reaction centers the electron transfer rate decreased by a factor of 5 
upon MK-reeonstitution and by a factor of 2(I-50 upon non-native UO-reeonstitution. in the latter particles, the electron 
transfer rate dccrcased with decreasing tail length of UQ, suggesting that the displacement of UO within the O \  pocket as 
proposed in previous work (Liu B.-L.. Van Kan P.J.M. and lloff A.J. 11991) FEBS Left. 289. 23-28), is tail-length-dependent. 

Introduction 

The reaction centers (RC) of the purple bacteria 
Rhodopseudomonas riridis and Rhodobacter sphaeroMe.~ 
have been crystallized and thcir structure has been 
determined by X-ray diffraction experiments to a reso- 
lution of < 3 ,~ [1-4]. In spite of the tremendous gain 
in structural knowledge, understanding of electron 
transfer between the cofactors is still far from com- 
plete. In this report we address the influence of the 
iron-ion and the H-subunit on electron transfer be- 
tween reduced bacteriopheophytin, BPh A ( I ) ,  and the 
primary quinone electron acceptor (QA)" and the rela- 
tion between quinone structure and isoprene tail length 
on this process. 

The reaction center of Rb. ~sphaeroides R-26 consists 
of three protein subunits: L, M and H. The cofactors in 
this RC are 4 bactcriochlorophyll (BChl) a molcculcs. 
2 bacteriopheophytin (BPh) a molecules, 2 quinones 
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(OA and Ol~) and a non-hemc high-spin Fe 2+ ion [5]. 
The organic cofactors are arrangcd in two chains of 
approximate C,  symmetry, A and B, of which only 
chain A is photoactive. The L- and M-subunits both 
bind 2 BChls, I BPh and I quinonc (OA to the M-, O ,  
to the L-subunit). OA in the native RC is ubiquinone-10 
(UO, , ) ,  the isoprene tail of which is directed ;owards 
and well beyond BPh A (bound to the L-subunit), the 
distance from OA to BPh A being 3 to 4 isoprene units: 
Ol~ is also a UOl,, molecule. Both quinoncs arc mag- 
netically coupled to the iron ion, which is situated 
between O x and O , ,  somewhat closer to the latter [3]. 
Two BChls, one of the L-subunit and one of the 
M-subunit, fi~rm a dimer, called the special pair or the 
primary donor (P). Upon excitation by light P is con- 
vcrtcd to its lowest excited singlet state, P*. Due to 
this excitation P loses an electron and the radical pair 
statc P~ BPh A ( P ~ I )  is crcatcd within about 3 ps 
[63]. The exact pathway of this primary charge separa- 
tion is still a subject of discussion, In approx. 2(X1 ps (a 
characteristic first order time-constant) the electron is 
transferred from 1 to QA [7-9], and in about 15(1 #s  
from OA tO O~ [7.10]. If OA is prereduced or absent, 
p - t  recombines to form either the singlet grou.td or 
the triplet state of P in about 10-12 ns [7,1 I]. 

Secondary electron transfer from i to OA has been 
the subject of many investigations [7,11-20]. The influ- 
ence of the H-subunil and ,ff the OA and Fe 3. cofac- 
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t~l~, on tlli~ cleelnm l r ; inslcr  ha', I~ccn inxc..tigalcd in 
t l iffcrcnl I;thor:Horic~, x~illl Ct~lltl;.Itlich~rx rc,,tlll,, [7.12. 

131. 
l h c  eflcel of tt-~ulvmit dcplcti~n ol the R( '  on the 

functioning of the I~.(.' ~a~, examined bx I)cl~us 5! al. 
[13]. Thc~ observed nt~ change in photochemical acliv- 
its. i.e.. 1115 formation of P Q x- up!v1 the removal of 
the I I-suhunit. Thc.~ ab, o conch, clod that the l l-st,l~uni! 
has lilllc or no effect on the binding site of Ox. 
l-~xpcrimcnts I~x I.iu cl ~tl. II21 confirmed the conclu- 
sions of l)5bus cl al. about Ihc primaD' pllotochcmical 
activity, ttox~cvcr. Ihey obsc,'vcd in adtlilion thz, t in 
RC's without l:c'-', which wcr5 llOl investigated by 
I)5bus 51 al.. 1h5 presence of the l l-~ubunil does affect 
sccontlarv clcclron transfer. 

Much ~,Olk has also bcfn !lone on the characlcriza- 
!ion of electron transfer in R('s that had bccn dcplclcd 
of Ihc n a f i x 5 0 x  and ,5constitutcd wilh different 
tluinon5 species, [ 1 1.14- led. Picosecond mcasurcn15nls 
t~l the dcca.x of the al+st,rption of I showed th+,t 
tltlintmcs xxith in silu redo\  l~.otcnti,ds (/-,,,) different of 
thai of Ih5 n~,tivc L)x cxhihit a sh+x~cr electron transfer 
1"1"O111 I | o  {..)\ lhall  llatix5 R('~,..:.g. for an lh raq t l inon5  
(.'\O) 1/-,,, IL lt~ \") and mcthylhcnxt~quino,~5 ( I:,,, = 
+11.117 V) the t,ansfcr times arc ~ l ns [I 1.14] and 4110 

ps [111. respectively. For R('s rcconstittJted with AO 
dcriv;,tivc~, ;l~c quanltlnl 5i51d of the P '  Q \  formation 
was less th;.tn unity, implying that forward 5lcch'on 
tr;.Insfsl WilS so slow !hal recombination processes  can 
ct+mpctc with it [15]. (}!tuner ct al. [16] concluded fronl 
quantuna ~icid r~casurcmcnts of P" O \  formation that 
the length t;f lhc isoprene tail ol UO has no cffccl on 
the sccondar', 5!sellon transfer. They also reported a 
dcpcndcl]C5 of ,;cconda~' clcclron transfer on II15 frcc 
energy difference (-..IG'~). which is ~, measure for the 
rcdox potential in situ. hct~ccn the sl;.itc.'-; I ) ' 1 0 x  
and P" IO \ .  They observed that lhc quanlunl yield of 
P ' Q  \ formation was at least t131 for R('s rcconstilutcd 
xsith tluintmss that had a --.11;" between -1511 nlcV 
alld 511 nlcV rslativ5 1o the native UQ. Lowering -..11; ~ 
t~ more than - 1511 mcV relative lo UQ. the tltmnlum 
yield of P ' Q x  form~,tion dropped significantly. This 
suggs~,ls that in the latter case charg5 recombination 
eonlpSlCS with secondal '~ c l sc l ron  Ir;.insfcr. 

lmestigations by Blanksnship and Parson [17] and 
Agalidis ct al. [1S] showsd that Fc:" dcplction of the 
RC did not chang5 the rate of electron transfer from 
I Io Qx- The former authors probably also removed 
the tt subunit from the R(" as discussed by Liu c t a l .  
[12]. Kirmaicr c t a l .  [Iq], howcvcr, reported that I:c:" 
depiction of the RC slowed down the decay of the 
radical pair state P" I by a factor of ~ 211 to 4.2 + 11.3 
ns. and lhal the quantum yield of P ' O A  formation 
dropped from 1.0 to I).-17. They concluded thai the iron 
does play a significanl role in the electron transfcr 
fronl I to O \ .  

Recently. I.iu ct al. [12.211] reported similar results 
a~, found h~ Kirmaic, el al. In addition, they found that 
1115 l ime  cot ls tanl  of the sccontlat3.' electron transfer in 
R('s depicted of the tl-subunit and in RCs depicted of 
Ix~th F c : '  and the l t-sul~tHlit was ~ 2011 ps. i.e.. essen- 
tially the s~,m5 as in native RCs. They concluded that 
holh Fee" and the H-subt, nit play an important role in 
Ih5 ,~scondaD' electron transfer and a model was pro- 
i')oscd in ~hich Ox c:,n occupy two sites in the RC. the 
possibility ol  two binding sites for QA in the RC of Rb. 
.whacrohh's being indicated by Allen ct al. [4]. Liu ct al. 
[12] suggested that in F c : ' - d c p l c t c d  RCs the less fa- 
vorable of these two sites is occupied by QA and that 
this cat, sos .'t less efficient electron transfer from ! to 
O~.  

SOIllC of  the conc lus ions  al'~otlt the electron transfer 
l ime  n15nliollCd zlbove arc  based on m e a s u r e m e n t s  of 
the qt, antt, m .yield of P" O x formation. This technique. 
however, is not informative fl~r quantum yields close to 
ttnity ( > ll.q), i.e.. when lhc rate of electron transfer to 
L) x is much larger than the rate of the recombination 
reactions of the radical pair P '  I . In this case direct 
mc,tsurcnlcnt of the I absorption decay kinetics is a 
more sensitive method to discriminate between the 
effects of modifications of the RC on the electron 
transfcr time ;,nd will therefore provide a better  insight 
in lhc transfer mechanism. 

In this work wc present mcasurcmcnts of the kinet- 
ics of electron transfcr from BPh a ( ! )  to Q,x in 
various modified RCs. Preparations were used with the 
f~;llowing RC compositions: intact RCs. LM-complcxes 
t IM) .  Fc3"-dcplctcd RCs ( R C / d F c )  and Fe-'*-de - 
plctcd LM-complcxcs (LM/dFc) .  Thcsc (modified) 
R('s wcrc reconstituted with ubiquinones (UQ) or 
mcnaquinoncs (MK) of which the length of the iso- 
prene tail was wlricd fronl 2 up to I11 isoprene units. 
This is the first time the interrelation of the influence 
of the Ox and Fc-'" cofactors and the H-subunit on 
the sccondaD' electron transfer rate is examined sys- 
tematically. 

Wc found that electron transfer in the MK-rccon- 
stitutcd RCs was as fast as in the UQ-rcconstituted 
RCs. Only a small cffcct of the length of the isoprene 
tail on the electron transfer is observed in intact RCs. 
in R C / d F c  complcxcs reconstituted with UQs wc ob- 
serve a strong dcpendence of the electron transfer rate 
on the length of the isoprene tail of UQ. The kinetics 
of the RC/dFc  preparations aic in agreement with 
both Kirmaicr ct al. [It)] and Liu ct al. [12] and our 
rcsults support the model proposed by the latter. 

Materials and Methods 

LDAO was purchased from Fluka Chemical Corpo- 
ration: UQtl ~, UQ,,. UQ 7. UQ~,, UQ 4. BSA and ol-di-  
thiothreitol wcrc from Sigma: MKs, MK~,. MK.~, MK 4. 
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MK 3 and MK,  were generous gifts from Hoffmann l.a 
Roche. Switzerland: sodium cholatc, sodium dcoxy- 
cholate, EDTA. KSCN and 1,10-o-phcnanthrolinc 
monohydrate were from Merck: DE52 was t rom What- 
man Biosystems Ltd.: LiCIO 4 was from BI)H C h c m i  
cals Ltd., 

Q.t-reconstituthm sohaion. All quinoncs were used 
for rcconstitution without further purifica'ion. They 
were dissolved in a sodium dcoxycholatc solution by 
the procedure previously described [20]. 

Q4-depleted reaction centem. Native reaction centers 
from Rb. sphaeroides R-26, prepared as described else- 
where [12], were depleted up to 96% of both QA and 
QH and subsequently reconstituted with various 
quinones (OAt by the method of Liu et al. [20]. For a 
few RC preparations QA removal and reconstitution 
was done according to Ref. 21. 

Q4-depleted. Fe-depleted and Q,t-reconstituted reac- 
tion centers. The removal of Fc :+ and the reconstitu- 
tion of the quinonc was performed in a single step as 
described in Ref. 21), except that other quinones in- 
stead of UO.b were used for reconstitution and a 
modified procedure of Tiedc and Dutton [22] instead 
of the procedure of Debus et al. [13] was followed for 
the removal of the Fc-" .  Thus, in a typical procedure, 
QA-depleted reaction centers in 10 mM Tris-HCI, 
0.05% LDAO (pH 8.111 mixed with the QA-reconstitu- 
tion solution were dialyzed against 1 M KSCN, Ill mM 
Tris-HCI, 0.(15% LDAO, pH 8.0 at room temperature 
for ! - 2  h and then dialyzed at 4°C for 20 h against 10 
mM Tris-HCI, 0.05% LDAO, 0.1 mM EDTA, pH 8.0, 
followed by purification on a column of DE52. They 
were subsequently cluted with 11.5 M NaCI in !0 mM 
Tris-HCI, I).1)5% LDAO (pH 8.(I) and finally dialyzed 
against 10 mM Tris-HCI, (1.1~ sodium cholatc, 0.1 mM 
EDTA (pH 7.7) at 4°C for 1 day. 

Fee +-depleted, H-deph'ted and Q.4-recon~tituted reac- 
tion centers. LM-complex without Fe -'+ ( L M / d F c ) w a s  
prepared as previously described [12], except that other 
quinones instead of UQ.~ were used fi)r the rcconstitu- 
tion of quinone. LM complex with Fc z* (LM) was 
similarly prepared,  except that no o-phcnanthrolinc 
was added to the dialysis solution. 

Q.4 content after reconstitution. The QA content of 
all preparations was determined by measuring the 
photochemical activity as described elsewhere [211]. 

Fe: ÷ content o f  LM / dFes and RC / dFes. The Fe-'" 
content of the L M / d F e s  and the R C / d F e s  was meas- 
ured by means of atomic absorption spectroscopy as 
previously described [20]. Both types of preparation 
contained < 15% Fe z+ with respect to native RCs. 

Decal' kinetics of  P *! -. Absorbance differences due 
to the BPhX anion were measured at 668 nm using a 
pump-probe method. For excitation we used the fre- 
quency-doubled 532 nm pulse of a passively mode- 
locked N d : Y A G  laser (JK Lasers). The duration of 

!' I Q x  

k ~ p + I - Q A  k l  

P I Q , - ~  

3p IQ.~ 

P + I Q ~  

Fig. I. Possible electron t ranslcr  pathways within the first 5 ns after  
excitation of the bacterial reaction center.  

the excitation pulse was - 25 ps. A weak probe pulse 
was generated by passing the remaining !1164 nm fun- 
damental pulse through a cuvette filled with an 
H z O / D z O  mixture. From the resulting continuum 
pulse the desired probe pulse was extracted by means 
of a small monochromator with a bandwidth of about 1 
nm. The instrumental response, resulting from the 
cross-correlation of pump and probe pulses, was ap- 
proximated by a gaussian of 35 ps fwhm. Fits to the 
measured kinetics wcrc convolutions of exponential 
dccays with this instrument response function. The 
experimental error was estimated from the results for 
several preparations measured under various condi- 
tions. The error in picosecond decay times was 10 ps, 
in - 1 ns decay times 0.1 ns, and in nanoseconds decay 
times 11.5 ns. The samples were measured in a cuvctte 
of I mm pathlength and had an A~,5 of about 20 cm - 
During the experiments the samples were cooled to a 
temperature between 0 and 2°C. 

Results 

The electron transfer reactions that take place in 
the bacterial RC on the time scale of our measure- 
merits ((J-5 ns) are shown in Fig. 1. The excitation of P 
and subsequent charge separation with rate constant 
k~ = 3.6- 1() ~ s t is too fast to be observable with our 
equipment. The secondary electron transfer rate con- 
slant, k o. can be determined accurately by measuring 
the decay of the absorption of I at 668 nm, which 
reflects the depopulation of the state P +I-OA by re- 
combination to the singlet ground or triplet state irate 
constants k s and k- t, respectively) and forward elec- 
tron transfer from l -  to QA- These are three compet- 
ing decay channels and the analysis of the I ab.,a)rp- 
lion decay will therefore give a rate constant k given 
by: 

k = k o + k , ,  ` ( I )  
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where lhe reconlbinalion rate /,,~., = k s + k ~. The re- 
COlllbillalion processes, o f  P ' l  are goverlled t~ Ihe 
radical pair mechanisnL which is ;.1 coherent process 
11ol easily described by a simple rat,: constant. Schenck 
et al. [23] and ('hidsey et al. [241 dclermincd lhc rate of 
decay of P ' I  in R('s where Ox had been removed. 
They found that, despite of the complexity of the 
reaction pathway, the overall decay could be described 
by a single exponential rate constant, although this is 
nloM likely not the case for the individual processes 
leading to the fi~rmation of the singlct and triplet state. 
respectively. For the work prcscntcd here this rate 
constant, k,,:,, will bc set equal to l0 s s ~ as reported 
by Logunov ct al. [I I]. The value of k,~.~, will affect the 
results obtained for k o when k u is of the same order 
of qlagnitude as o r  smaller than k,~,., but in general we 
f o u n d  1hal k O "> k ,co { i h h '  i , f h t ) .  " l ' he rc fo re ,  the e r r o r  

i m r o d u c c d  wi l l  be smal l  and  u n i d i r e c t i o n a l ,  and  w i l l  

nol inllucncc 1he qualitative conclusions of this work. 
In lhe quinonc-reconstitutcd RCs. LM complexes 

and I M / d F c  complexes only a fast single exponential 
deca~ was observed with a relatively small ¢onslanl 
component. In these cases the lime constant f o u n d  f o r  

the decay is taken 1o be the reciprocal of the lorward 
electron transfer rate k U, since it is much shorter than 
that associated with charge recombination. A typical 
result including a fit is given in Fig. 2. which shows the 
I absorption decay of a RC reconstituted with UQ,.  

The time constants of the I absorption recovery 
found in intact RCs reconstituted with a series of UQs 
and MKs are summarized in the second column of 
Table !. It is seen that in RCs reconstituted with UOs 
we find time constants of electron transfer from BPh A 
to Qa ranging from 160 to 20tl ps. whereas in intact 
RCs reconsti,.utcd with MKs these time constants vary 
from 150 to 1811 ps. For a few samples it was checked 
that the two different preparatkm methods mentioned 

in Materials and Methods yielded the same decay 
limes within the experimental error. We observe no 
dramatic changes in the electron transfer rate as a 
function of the length of the isoprene tail with respect 
Io the native RC: just a small decrease in electron 
transfer rate is observed with increasing tail length. 
()ur measurements show no significant difference in 
electron transfer rates in RCs with UQ or MK acting 
a s  O . . x .  

The measurements performed on L M / d F e  com- 
plexes reconstituted with UQs and MKs show the same 
kinetics of the ! absorption as in quinone-recon- 
stituted RCs. Fig. 3 shows the data and fit for an 
LM/dFe  complex reconstituted with UQ,~; a time con- 
stant of 160 ps was found for this preparation. The 
results for the other LM/dFe  preparations are listed 
in the third column of Table 1. The time constants o f  

forward electron transfer in these preparations differ 
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Fig. 3. The decay of I ahsorption measured at 668 nm of LM/dFe-  
complexes reconsthulcd with UQ,, Conditions were as in Fig. 2 
cxccpl thal lh¢ Cxcitalion energy was (I.5 mJ/cm z and .4~,j= (1.9 
mm i. A singlc-o-poncnlial fit to the decay cun, e yielded a decay 

time of 163+_ 10 ps. 



only slightly front the time constants observed in intact 
RCs: they vary from 16(I to 240 ps upon UQ rcconstitu- 
tion and from 14(I to 190 ps upon MK rcconstitution. 

In order to check the dependence of electron trans- 
fer from ! to QA on the removal of the H subunit wc 
investigated two LM preparations, one of which had 
been reconstituted with UQ,  and the othcr with UQt..  
For these preparations we observed the same kinetics 
of the ! absorption decay as in RCs and LM/dFc  
complexes. The time constants for forward electron 
transfer were determined to be 16(1 and 220 ps in LM 
complexes reconstituted with UQ6 and UQH, respec- 
tively. These results are very similar to those obtained 
for intact RCs and LM/dFe  complexes. 

Analysis of the data obtained from !-  absorption 
decay mcasuremcnts in R C / d F e  complexes is some- 
what more complicated than with the other prepara- 
tions. First of all, there turned out to bc competition 
between the back reaction and forward electron trans- 
port, and the absorbance does not completely rec~wer 
due to population of the triplet state, which has some 
absorption at 668 nm. This effect is taken into account 
by the addition of a second term in the analysis given 
by: 

. I A T (  1 - exp( - kt )).  (2)  

where A A  T represents the triplet absorption, and k is 
the rate constant for the decay of the i -  absorption. 
Secondly, a correction had to be made for the fraction 
of RCs that had retained Fe z+. These should give rise 
to a rapid decay occurring in 15% of the RCs. The 
time constants of this rapid decay were taken from the 
second column of Table I. 

in R C / d F e  complexes reconstituted with UQs and 
MKs we observed a slower decay of the ! - absorption 
than in intact RCs and LM/dFe  complexes. The trans- 
fer rate decreased by a factor ~ 5 and 20-50 upon 
reconstitution with MK and UQ, respectively. The time 
constants of forward electron transfer in RC/dFe  com- 
plexes reconstituted with UQs and MKs were calcu- 
lated by means of Eqn. 1 and are given in the fourth 
column of Table 1. Fig. 4 shows the 1- absorption 
decay of a R C / d F e  preparation reconstituted with 
UQ,.  In RC/dFe  complexes containing UQ=, ~ we found 
a decay time of the ! -  absorption of ~ 2,6 ns. some- 
what lower than the values reported by Liu et al. [12] 
and Kirmaier et al. [19], who found ~ 5 ns and 4.2 ns, 
respectively. The reason for this difference is not 
known. 

Considering the possibility of an irreversible change 
of the protein structure upon extraction and reconsti- 
tution, we note that the rates of electron transfer in 
QA-reconstituted RCs, LM- and LM/dFe  complexes 
do not significantly differ from the rate of electron 
transfer in the native RC. Furthermore, experiments by 
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Fig. 4. The dcca.~ o f  I ahsorpt ion measured at fi68 nm of  R ( ' / d F c -  
complexes  reconst i tu ted with UQ~,. Condi t ions  were  as in Fig. 2 
except  that the excitation energy was 0.4 m J / c m "  and .4~,qN,= 1.5 
m m  t. The  dcc:ly of  the absorpt ion v, as f i l led with I~,'o eomr~ment~,: 
a fast componen t  with a lifetime o f  192 ps and a relative ampl i tude  
of  I).15. and a slo~' componen t ,  v, hich reflects the '~um of the rates of  
charge  rccombinaf ion  :rod e lect ron transfer ,  with a lifetime of  3.1 _+_ 
11.5 n... With / , , ,  = IO ~ s i this yields a l ifetime fl~r electron t ransfer  

o[  4.4+11.5 vs. 

Liu ct al. [12] and Kirmaier et al. [19] demonstrated 
that rcconstitution of Fe-~+-depletcd RCs with Zn -'~ 
almost fully restored the electron transfer. Therefore, 
we conclude that the observed changes in electron 
transfer are not caused by irreversible change of the 
protein structure upon extraction and reconstitution. 

Surprisingly, the RC/dFe  complexes reconstituted 
with UQ show a fairly strong dependence of the for- 
ward electron transfer on the length of the isoprene 
tail. which was opposite to that observed in intact RCs. 
In RC/dFe  complexes reconstituted with MKs this 
feature was rot observed and the forward electron 
transfer was much faster than in UQ-reconstituted 
RC/dFe  complexes. 

Discussion 

The influence of" the H-subunit and the Fe 2 - cofactor 
In this discussion the term electron transfer will 

refer to the forward electron transfer from BPh~ to 
QA unless stated otherwise. The measurements of elec- 
tron transfer rate in RCs which have been selectively 
depleted of the H-subunit, the Fe 2. ion, or both of 
these, show that only in RC/dFe  complexes is the 
electron transfer drastically affected. In these com- 
plexes we observe a decrease of the electron transfer 
rate by a factor of 5 upon MK reconstitution and a 
factor of 20-5{) upon UQ reconstitution. These mea- 
surements are in agreement with earlier observations 
[12,1o,], so far as UQ,~ reconstituted RC/dFe  com- 
plexes are concerned. Kirmaier et al. [19] concluded 
that the Fe 2+ ion plays an important role in the 
secondary electron transfer. Liu et al. [12], however, 
reported that in LM and LM/dFe  complexes reconsti- 
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tutcd ~ith I.~Qm the rate ~I sceondar~ electron txansler 
b, the same. ()ur obscrw.tti~m,, on IM and IM/dl-e 

,:omplcxes rceoW,,tiluled 'aith a serie,, ~l I.'O,, and MKs 
::re eonsi:.,tenI vdth the result of I.iu et al. [I2]. and 
strongly support their conclusion, thal the absence of 
FeZ" disrupts electron transfer only the in presence of 
the H-subunit. 

The results obtained for I.M and L M / d F e  com- 
plexes by us and Liu el al. also indicate that the 
H-subunit per se is not essential for fast early electron 
transfer, in agreement with Debus el al. [13]. who 
studied electron transfer in intact RCs and LM-com- 
plexes containing a full complemem of Fe-" ". However. 
tile | i-subunil does affect electron transfer in R('s that 
ha~e no l-e:'. We conclude that it is hazardous to 
dra~ general conclusions on the contribution of [:e:" 
and the H-subunit to the electron transfer, without 
examining the interrelationship of these two cofaetors 

7tze i,lhwm'e oI I/IC Q I cof~iclor; UO t'~. .~!K 
o u r  results show that x~.ithin experimental error the 

electron translcr from BPhx to Q x is the same fl+r 
MK- and UQ-reconstituled RCs. At first sight this is 
rather surprising, as first of all MK has a much lower in 
vitro redox potential than UQ. ,~iz. - 7 1 0  and - 6 1 0  
mV in dimethylfl>rmamidc (DMF). respectively [25]. 
and secondly MK is bulkier than UQ and is expected 
to fit in a different way in the UQ binding pocket. We 
will show below, however, that in actuality the effect 
these differences bet~een the two quinones ma~ have 
on the electron transfer rates is minor. 

The difference in redox potential appears to be 
much less in vivo than in vitro: i l - ,n  =/=,,1~:, - l:t  o l ,  is 
- 2 1 1  mV in situ [15] vs. - 1 0 0  mV in DMF. Since the 

quinonc redox potential is virtually independent of tail 
length provided the tail is at least one isoprene unit 
long [25]. ~se may safely assume that the difference in 
redox potential fl~r ~eeonstituted MK~, compared to 
tile native UQ~. is not more than about - 2 0  mV. The 
influence of this small difference on the electron trans- 
fer rate is negligible, as can be seen from the fi~llowing 
considerations. Taking the transfer rate at room tom- 
permute given by [26] 

I l 2:=, l l ' lr) : I a, * ..l(/"l 

with A(;"  the difference in free energy' of the donor 
and acccptor states. V(r) the distance-dependent cou- 
pling between the donor and aceeptor molecules. A, 
the reorganization energy, h Planck's constant, k~ 
Boltzmann's constant and T the temperature,  we can 
discriminate three plausible cases: 

a) A, does not depend on the type of quinonc, and is 
midway bct,~ccn -A( ; '~  o and -AG'~t  ~. As follows 
from the parabolic relation (3) the rates are then 

precisely the same. This i'a~ssihility, however, is ren- 
dered less likely by the observation of Gunner  el al. 
[It~] that elcctrtm transfer in the native R(" is activa- 
tionless, i.e.. A, = -A(;'~' o. 

b) A, does not depend on the t.vpc ol quinone, and 
equals -..1(;¢(o. For J G ~ o  = - 650 meV and ..I(;~lk 
= - 6 3 0  meV Eqn. 3 then yields k.t. t o = I.I)l k~,t.m~ :- 
This small difference in the rates ( ~ 2 ps) is well within 
the margin of experimental error. 

c) A, depends on the type of  quinone, equals 
-¢1 -(J 

- AGmg RC recon- - . . IG t ~ j  f i ) r  the native RC and f i ) r  

stituted with menaquinone. Then Eqn. 3 yields 

k~, t.o/k~.um~. = l (A'  u~/A,.z.c,)  = 1.006. again t(~0 
small a difference It) be observable. 

The structural difference between the two quinones 
translates in the possible effects on A, discussed aNwe. 
and in effects on the matrix element V(r)  in Eqn. 3. 
w h;ch depends on the distance r as 

I ( r ) -  11, cxp( - ttr)  ( 4 )  

where i,~.o is the maximum electronic coupling and 
~z = - I . 6  A ' [27]. Our  results and those of Ref. 16 
show that the tail of the quinones is unimportant for 
electron transfer (see also below). Therefore, V. must 
result from overlap between the electron clouds of 
BPh a and Q,x. likely v;a superexchange between their 
~-orbitals and the protein medium. The ring system of 
MK being twice the size of that of UQ, has twice as 
many ~-electrons as UQ. Increasing the number of 
~r-elcctrons spreads the relevant molecular orbital 
(MO) out over more atoms. If the two molecules were 
fully overlapped face-to-face, this might have little ef- 
fect on the overall resonance interaction between the 
two electron-transfer states. If the overlap is less exten- 
sive, it could tend to decrease the overall resonance 
interaction, although this will also depend on the signs 
and amplitudes of the MO coefficients fi)r the individ- 
ual atoms. Without detailed structural information 
about the reconstituted RCs wc can not draw firm 
conclusions about the ref inance  interaction. 

The influence of the larger size of MK compared to 
UQ on the distance dependence is difficult to estimate. 
If the protein medium pla~s an important role as 
mediator for superexchange interactions, the larger 
bulk of MK and possibly its somewhat different bind- 
ing contacts with the protein may not have a large 
effect, as the amino acids of the protein and the 
quinones are all in Van der Waals contacts, i.e., r will 
on the average remain the same, and al.~) the number 
of contacts is not expected to change very much. Quite 
likely, there are several pathways for superexchange 
Isee fl)r example [28]) and provided MK does not bind 
t o  a site completely different from that of UQ, the net 
result of MK reconstitution on the electron transfer 
rate will be neutral. 
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The situation is different h~r R('/dt 'c c,,mplcxcs. 
where the transfer rate fl~r UO-reconstitutcd samplc~, 
is 4-10 times slower than fl,r MK-reconstituted mate- 
rial. Using Eqn. 4. the sh,wer ra.,: corresponds to a 
change in distance of 0.7-1.2 ,~. Apparently. one or 
more of the crucial edge-to-edge contacts between UQ 
and the protein are mverely perturbed in the R ( ' / d F e  
complexes. The change in distance corresponds well 
with a displacement of UQ in the RC/dFe  complexes 
from the native binding pocket to the less favorable. 
more distant QA site. [12]. This will be further dis- 
cus~d  in conjunction with the influence of the tail 
length of QA on electron transfer. 

Summarizing. we conclude that for iron-containing 
RCs it is not difficult to rationalize our observation 
that the difference in structure and size of MK and 
UQ is not important for electron transfeh while the 
small difference in their in situ redox potential trans- 
lates in a difference in electron transfer rate that is too 
small to be observable. 

Influence of the lail h'ngth on the eh, ctron tran.~fl'r 
in intact RCs and LM/dFe  complexes reconstituted 

with MK~s and UOs with tail length down to 4 units for 
UO and down to 2 units for MK we obtained similar 
electron transfer rates, independent of the length of 
the isoprcne tail. This agrecs with quantum yicld meas- 
urements by Gunner et al. [16] on intact RCs reconsti- 
tuted with quinones with varying tail length, down to 
UO,.  A l ~  in LM eomplcxes reconstituted with UOs 
with tail lengths down to 6 units and R C / d F e  com- 
plexes reconstituted with MKs the electron transfer 
rate is only slightly affected ~ the tail length. When 
reconstituted with UOs. h i ,  ever. the latter complexes 
do show a rather strong dependence of the electron 
transfer on the tail length. 

Before addressing the question why UQ. but not 
MK, shows a dependence of electron transfer on the 
length of the i~,prcne tail in quinone-reconstituted 
R C / d F e  complexes, we will di.,,,cuss the requirements 
for the binding of a quinone in the Q.~ pocket. The 
properties of  the O A binding sitc have been subject of 
many investigations [29-33] concentrating on the bind- 
ing function of both tail and headgroup of the quinonc. 
It has been shown that only the first two i~prene units 
of the tail contribute to the affinity for the binding site 
and that a rotational freedom is required between 
those two units [29-31]. The headgroup ~ e m s  to be 
the main contributer to the affinity for the binding site. 
The size of the ring system of the quinone may greatly 
influence the affinity: the larger the ring system is. the 
larger the affinity .f,,r toe binding site [~),32.33]. for 
example the affinity for MK. is one order of magni- 
tude larger than that fi)r UQ..  For imprene-tailed 
MKs and UQs. however, no difference was observed in 
affinity for the binding site [31]. From these results we 

conclude that for the quinonc,, th~,t m¢ u,,cd h~r tcom- 
stitution in our experiments there ts no dil+lclcncc in 
affinity fl~r the O~ binding site, 

As befi~rc, k~ can bc m(~lified b.~ a change in rcdox 
potential, in donor-acceptor distance, in a,. or m l~,. 
Liu et al. [ 12] argucd that no change in ,cdox ~)tentiM 
,ff the quinone occurs when Fe:" i,, removed Irom the 
R('. Since intact R('~, do not show a tail-length depen- 
dence of k , .  wc may exclude a change of rcdox potcn- 
tim as the cause of the dependence in RC/dFe  prepa- 
rations. This leaves us with a change in donor-acccptor 
distance for explaining the tail-length dependence of 
the electron transfer in UQ-reconstituted R ( ' / d F c  
complexes. 

As mentioned abtvve, the i~,prene tail seem,, to 
contribute to the stability of  the binding of the quinonc 
in the protein matrix. When the length ol the tail i,, 
decreased, then the position of the quinonc will be- 
come less stable and ;t can be m(,~cd more casil~ from 
its original binding site. We sugge~,t that the ab~nce of 
the Fe:" allows UQ to be m(wed a~av from the Q 
binding site. pr(~ably l~' interaction v.ith the H-subunit 
[12]. and that the tail functions a,, a counterweight for 
this movement. For UQ. ,  the nc~ site could be the 
.~cond O,x site prol~,sed by Allen el al. [4[ For shorter 
tail lengths the displacement is larger, and UQ mo~es 
further away from the native Q x site. 

For MK-rcconstilutcd R C / d F e  the situation is dif- 
ferent. The headgroup of MK is somewhat bulkier than 
that of UQ. ~ that its displacement induced b~ Fe=- 
removal is smaller than for UQ. and its po,,ition much 
less ,,cnsitkc to ~ariations in the tail length. 

( 'onch,dm~ rema., k.~ 
"l'hc results presented in thi~ paper sh~v~ that onh in 

Fe:'-depleted reaction center~ is the electron l~anqcr 
from BPh x to Q~ affected, in agreement ~ith prcxiou,, 
~ork [12]. In intact reaction centers, substitution of the 
native O x with MK does not change the electron 
transfer to Qx. and the i~prene tail of UQ dtmn to 4 
i~nprene units and of MK down to 2 unils i~ ot no 
imporlancc for the electron transfer. Furthermore. in 
Fc"-deple tcd  rcacti()n center.., the electron transfer 
rate decreases v, ith decreasing length of the i~,prene 
tail of UQ. Follov, ing Liu ctal .  [12] ~e believe that this 
decrea~ originates from a di~lacement of UQ ~ithin 
the Q,~ ixlcket, which is caused I%. interaction ~,'ith the 
H-subunit. Apparently. the interaction depends on the 
length of the i~)prenc tail. ~hich functions as a "coun- 
terweight" to the displacement ol UQ. 
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