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Ke5 "o, ords l~mg-~.a,~clength antenna: Anlcnna: Baclcriochhm~ph~.lk Entree, trdnqcr. (har~c -cp,~rallon; 
I.o'~, tcmperalurt elticienc~,: ( t /  ~ hb)rttm, blp~ t tr!dt~ ) 

Charge separation was studied in membranes  o[ R h o d o p ~ e t , h , n o n a s  i trtdt~ and t t e h o b a c t e r m m  ~hhmon upon flush excitation in 
the bactcriochlomphyll (BChll O,  band. In the first organism the maximum of the O, ab,,orption of the antenna B('hl is situated 
at significantl~ tongcr wavelength than that of the primar2, electron donor. ~hercas  in I t  c h l o r u m  the same applit.,, to the 
long-wavelength absorbing form B('hl g-8118. In both species the photochemical clficicnc~ v.as indcpcndcm ol the ~a~clcngth of 
excitation throughout the Q,  absorption region, both at 31111 K and 6 K. Upon e~u~ling to 6 K the ab,,olutc clticicncy decreased b~ 
29 +_ 4';k in H.  c h l o n m ~  and by 55 ± 5";,: in Rps.  ciridi.~. The fluorescence excitation spectrum ol Rp~. ~ trt&~ membrane,, at 6 K 
shov.cd virtually no contribution by reaction center  pigments This indicates thai the cflicienc~, tor back tran,,tcr ol energy trom 
the excited reaction center  to the antenna was at most a tc~. percent and ma~ bc explained b5 a ,,|rang competition by the much 
faster rate of charge separation. In the absence ot  back Iranster our results alMv.cd an cstinlation ol |he rate constant, ik~r energy 
transfer from neighboring antenna BChls to the reaction center  at 6 K. ~hich ~erc  fimnd to be {4411 psl ~ for t t .  c h h , r u m  and 
11.3 nst ] for R p v  t i r i d i s .  It is shown that these rates are not incompatible w.ith the Fiirstet mechanism of energy, transler i[ it is 
assumed that the anlcnna and reaction center  bands arc essent ia lb  homog,'acousl~ broadened.  Application of the Fiirslcr 
equation yielded an estimated value of I.g nm lor the distance bctv.ccn the nrimaD electron donor P-79~ and l'lChl j4-N(I~ ill I t  

c h l o n m ~ .  

Introduction 

] ' h e  antenna sys tem of p h o t o s y n t h e t i c  o r g a n i s m s  
s e r i e s  to  a b s o r b  l ight e n e r g y  a n d  to t r a n s f e r  th is  enerb3'  
to  t he  r eac t ion  cen t e r .  T h e  t r a n s f e r  o f  e n e r ~  b e t w e e n  
a n t e n n a  ( b a c t e r i o k h l o r o p h y l l s  is t hough t  to  (v,:cur by 
m e a n s  o f  i n d u c e d  r e s o n a n c e  [I,2]. A c c o r d i n g  to the  
w e l l - k n o w n  F 6 r s t e r  e q u a t i o n  the  ra te  o f  ene rb~  t rans -  
fer  is p r o p o r t i o n a l  to. a m o n g s t  o t h e r  th ings ,  the  over-  
hip in tegra l  b e t w e e n  the  emi s s ion  s p e c t r u m  o f  t he  
d o n o r  a n d  t h e  a b s o r p t i o n  s p e c t r u m  o f  the  a e c c p t o r  
mo lecu le .  Because  o f  t he  S t o k e s  shif t  o f  the  f luores -  
c e n c e  s p e c t r u m  wi th  r e spec t  to  t he  a b s o r p t i o n  spec-  
t rum.  t he  h ighes t  ra te  o f  e n e r g y  t r a n s f e r  will ~ . 'cur  

Abbrc*.iatmn~: B('hl. Ilaclcrit:vhh,tt~ph.~ll P-Tqx. ptlma~ +lcclron 
donor ol I I  +hlor++m: P-gf~IL ptimar~ L'leldlfOll dont~r of Rp~ i trtdt+: 
PMS. N-mt-lh~lf~ht'n;~/onlum mctho~ulphale 

('orrcsl~mdcncc: F.A.M. Klcmhcrcnh~,~,. Dcparlmunl ot Bu~- 
ph}Mc',, llu~cns l.ab~,ramn. ~lale t.!111~.¢I~.I|~ t.c:dcn, PO l~'~ 
~;51,4.23a0 RA L,.;d.,i. N~i,",~l.nd. 

~hen the acccptor moh.'cule ahsorb,, at somewhat 
longer wavelength than the donor. This means that 
encrg~ transfer ,~ill usually go "dog, n-hil l", and that 
the excitations in the antenna ~i l l  tend to accumulate 
a~ the pigment molecules with the Io,,~'est excitation 
energy. In agreement with this, it has been obscrxed in 
various antenna systems that most o l  the fluorescence 
is emitted from the Iong-v, avelcngth absorbing chloro- 
phy!ls or bacteri¢~hlorophylls [1-3]. 

In a number ot cases, the Iong-ma,,elength absorbing 
pigments appear to absorb at significantly kruger wave- 
length than the priman' electron donor in the reaction 
center. A clear example is the B('hl h-eontainin+ pur- 
ple bacterium Rhodop~eudomona~ riridis, whele at 3(1tl 
K the maximum antenna absorption in the (2~ region is 
at 1015 nm. whereas the maximum bkaching of the 
priman' electron donor upon oxidation v,,as observed at 
9~5 nm [4]. At l iquid helium temperature the maximum 
a n t e n n a  a b s o r p t i o n  is sh i l i ed  to  1035 nm (see  below).  
~ ' he reas  t he  m a x i m u m  b leach ing  in the  t r i p l c t -minus -  
s inglet  d i f f e r e n c e  s p e c t r u m  (7t the  reac t ion  c e n t e r  i~ 
'-itU?HC(! : , to!rod ]11~t om !g] /~ ~,in'filar pht,nom~.q~m, i~. 
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ohscncd in the rccunll~ ttinco~crcd. B(ht ; -contamm; 
hcliobaclcri;L In thc~c ,,pccic~ a c~m,,itlcrablc traction 
O[ the :lnlClllUI .~lbsol['~liOll ill l}lc ( )  region Lit l-OOnl 
temperature is localcd al hmgcl ~axclengths than the 
primal '  donor, P-79S [3J~]. At Io~ temperature a hmg 
wavelength absorbing antenna component. B('hl g-b~l)b;, 
can bc resolved in the absorption spectrum [3.7.S]. 
whereas the p r i m a l  thmor is though;, to absorb at 794 
nm [8.9]. 

it thus appears likely that not only in Rps. riridis. 
but also in hcliobactcria a considerable gap exists b,'- 
tween the energies of the excited states in the antenna 
and of the primary, electron donor, Such a gap may be 
expected to reduce the efficiency of cncrgy transfer to 
the reaction center, which seems to contradict the 
~enerally held opinion that in the course of cwflution 
energy transfer to the reaction center has been opti- 
mized. "lk~ help understand the effects of the presence 
of long-wavelength antenna components, we have per- 
formed experiments imolsing charge separation in 
membrane fragments of Rps. riridis and th'liobac- 
teritlm chh)rllm upon excitation at selected wavelengths 
as a function of temperature. It will be shown that for 
these species the cfficiency of charge separation is 
considerable even at 6 K. and that the efficiency is 
constant for cxcitatkm throughout the Q, region of 
antenna absorption at room temperature as well as at 
low temperature. The results will bc interpreted in 
terms of the F6rster mechanism for energy transfer 
from the antenna to the reaction center. 

M a t e r i a l s  a n d  M e t h o d s  

th'liobacterium chlormn w a s  grown and membrane 
fragments were prepared as described in Ref. 7. They 
~cre suspended in a buffer containing 10 mM Tris (pH 
8.(I) and 10 mM ascorbate. For room-temperature mea- 
surements 40 ~tM PMS was present in the sample. 
RhodopsetMomonas ciridis was grown according to Ref. 
IlL Membrane fragments wcrc suspended in a butfer 
containing 20 mM Tris (pH 8.0) and mixed with 50c; 
glycerol iv/v) to prevent freezing when stored at 
- 20oc. 

Flash induced z~bsorbancc dilfcrcncc spectra wcrc 
measured with a single beam spectn~photomctcr [6]. 
For measurements at a fixed wavelength the measuring 
light was provided by a 250 W tungsten halogen lamp 
and interference filters were placed behind the light 
source and in front of the photomultiplier in order to 
select a suitable wavelength (bandwidth 10 nm). Detec- 
tion and registration of the signals was performed as 
described in Ref. 6. 

Saturating excitation flashes were provided by the 
frequent3' doubled output (532 nm) of a Q-switched 
Nd-Y, kG laser (15 ns FWHMk Non-saturating flashes 
of sclectcd "xavclcngth,,, ~crc obtained by passing the 

t~ulpttl o l  a xenon ll:lshlamp (15/.ts FWt |M) through a 
monochromator. Suitable color fillers were used I t )  

block light ot higher order. The sample was contained 
in a 1 mm culotte I:,laecd at all angle of 45 ° with both 
the measuring light and the excitation light. For mea- 
surements at low temperature the cuvctte was placed 
in a helium flow cryostat, and the sample contained 
6¢¢; ( v / v )  glycerol to prevent ct3'stallization, l 'he tem- 
perature of the samplc was checked by monitoring thc 
resistance of a silicon diode placed in the sample [11]. 
Control experiments where the intensity of the measur- 
ing light was reduced by a factor of 10 showed that the 
absorbance changes were not affected by heating o f  the 
sample by the measuring beam. 

The spectral output of the xenon lamp was mea- 
sured by means of the monochromator and a calibrated 
photodiode (750-850 am)or  PbSe-cell (950-1100 nm). 
Excitation spectra wcrc calculated by dividing the am- 
plitude of the absorbancc changes by the number of 
incident photons at each wavelength. 

Fluorescence excitation spectra were measured as 
described in Ref. 12. 

R e s u l t s  

tteliobacwrium d~hmon 
Membrane fragments of 11. chlonon were excited 

~ith short flashes at selected wavelengths. Figs. IA and 
B show the kinetics of absorbance changes at 465 nm 
induced by a saturating laser flash at 532 nm. At this 
wavelength the initial absorbancc increase is caused by 
the formation of a charge separated state in the reac- 
tion center [6,8]. At room temperature the absorbance 
increase !s f311owed by a decay with a time constant of 
6 ms; at 6 K a decay of the initial absorbance increase 
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Fig. 2. (A) Absorption 11 - T )  spectrum of It. Hfforum membranes 
(solid hne) and excitation spectrum of charge ,,,eparation. measured 
at 465 nm (open circles) at 31XI K. (B) Same as (A). measured at 6 K. 
For both spectra the spectral resolution was 5 nm. Further condi- 

lions as in Fig. I. 

with a t ime constant of  2.3 ms is obscrved. At 6 K the 
decay is caused by a back reaction of  P-798 ~ with a 
reduced secondary, electron acceptor  [8,9], whereas  at 
room tempera ture  it reflects mainly a rereduet ion of  
P-798 + by rcduced PMS [6]. Thc  samc kinetics, but 
with a strongly reduced ampli tude were obtained with 
weak, monochromat ic  xenon flashes at 790 nm {Figs. 
IC and D). The  fraction of  reaction centers in which 
charge separat ion was induced by the xenon flashes 
could be calculated by compar ing the ampli tude of  the 
absorbance change with the maximum value induced 
by a saturating flash. At  room temperature ,  4.9 _+ (I.3% 
of the reaction centers showed charge separation, at 6 
K this value was 3.6 +_ 0.4ok. After  correction for the 
slightly different absorbances at 790 nm at the t~'o 
temperatures ,  this yielded a decrease in quantum effi- 
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cicncy by 2t.l ± 4 r ;  upon tholing l tom 3(t0 K to I~ K at 
this wavelength. 

The amplitude of t h e  absorbancc change induced b~ 
a xenon flash was measured like~isc tk~r different exci- 
tation wavelengths in the Ogabsorp t ion  region. Excita- 
tion spectra for charge separation at 30(t K and 6 K arc 
shown in Fig. 2 (circles). Fig. 2 also shows the absorp- 
tion (1 - T) spectra of the samples, measured with thc 
same optical arrangement.  Within the error of mea- 
surement,  the excitation spectra are identical to the 
absorption spectra after normalization at their maxima, 
both at 30(I K and 6 K. It is of special interest to note 
that there is no decrease in the photochcmical  cffi- 
ciency for the red shoulder of thc Q;  region at 6 K, 
which shoulder was attributed to BChl g-8118 [3,8]. This 
indicates that the efficiency for excitation transfer from 
the antenna BChls to the reaction center  is essentially 
the same for all spectral species. BChl g-778, BChl 
g-704 and BChl g-8(18, even at 6 K, in agreement  with 
earl ier  measurements  with considerably louver spectral 
resolution [8]. 

Rhodopseudomonas viridis 
Absorbance difference spectra of membranes  of Rps. 

t'iridis, induced by saturating laser flashes arc shown in 
Fig. 3. The spectrum obtained at room temperature  
(open circles) resemNcs that obtained by Holt and 
Clayton [4] upon illumination with continuous light, 
except that the main bleaching, due to the oxidation of 
the primary electron donor  (usually called P-9601, is 
located at 980 rim, rather than at 985 nm. At 6 K, this 
bleaching was shifted to I I ) l O  nm (solid circles). Both 
spectra showed several bands between 750 and 9IX) nm, 
associated with the charge separation in the reaction 
center.  They have been interpreted as clectrochromic 
shifts of reaction center  pigments, the appearance of a 
monomeric  absorption band of one of the special pair 
BChls, and a bleaching of an exciton band of the 
pr imaD donor  [13-15]. The difference spectra arc simi- 
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Fig. 3. Spect rum ot ab,,orbance changer, in membrane,,  ol  Rpv  t t,Mts upon ~ ~,alurating la,,er l]a~h at 3(NI K (open circlc~. Ic t l  hand ~cah:) and 6 K 

(,,olid circle~, r ight  hand -calet:  A : < :  = 1t45 at r*n~m l~:mpcralurc.  
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I ; i r  t() lhoxc  ~ 4 ~ l a i n c d  v, il]l i ',,O];llCd l'C;ICti()ll con |e l  ~, i l l  

this region, hut the main hleachmg band ol the prhnary 
e lec t ron  d o n o r  i l l  r cac l i on  ccntcr.~ i~, h)catcd at sh , ) r tc r  

wavelengths (961) nm at 3011 K and 99(1 nm at 10 K 
[14-16]). We conclude that. ahhough P-gh0 absorbs at 
longer wavelengths in membranes than in isolated re- 
action centers, the v, avelcngth of  maximum absorption 
(9811 nm and 1010 nm at 300 K and h K. respectively) ix 
still significantly below that of the maximum antenna 
absorption in the near-infrared, which is at 1015 nm 
and 11)35 nm. respectively (Rcf. 4: scc also Fig. 5). 

The low temperature  difference spectrum showed a 
small positive band at 1040 nm. Wc ascribe this band 
to a small ehangc in antcnna absorption caused by an 
clcctrochromic effect of thc charge separation. A simi- 
lar feature is also observed in the low tcmpt.ralure 
difference spectrum of It. chh;rum membrancs  [8 t~]. 

l h c  relative cfficicnc.~ of the charge separation at 6 
K was measured in a similar way as for !t. chlor, m; 
membranes (see abo~c). Fig. 4 sho~ss the kinetics of the 
absorbancc changes at 81)7 nm at room temperature  
and at 6 K induced by either a saturating laser flash or 
a weak xenon flash. The s~a~clcngth of the latter flash 
~as  10211 nm. where thc absorption of the sample is 
approximately the same at both temperatures.  The  
kinetics of the absorbanee changes were the same for 
both flashes. At 3111) K the initial abt,orbance incrcasc 
~as  followed by a decay of several hundreds of mil- 
liseconds; at 6 K the decay had a monocxponcntial  
time constant of 6 ms, prcsumabIy duc to a back 
reaction of P-96() ~ with Q.x- the reduccd secondary 
acccptor [17]. Comparison of the ampli tudes of the 
absorbancc changes with saturating and non-saturating 
flashes yielded a relative cfficicnc.~ ol 45 = 5el at 6 K 
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Fig. 5. (A)  Ab ' ,orpt ion ( 1 -  T )  spec t rum of  Rp.s. tiridi.s m e m b , a n e s  

( ,~lid line} and exci tat ion spec t rum of cha rge  separa t ion ,  m e a s u r e d  
al ,~07 nm. (open circle,,) at 3011 K. (B)  S a m e  as (A).  m e a s u r e d  at 6 K. 

For both spcctI;~ the  speclral  resolut ion v,'a~, 5 nm.  

for excitation at 102t) nm, as compared  to the efficiency 
at 3(1[) K. 

Excitation spectra for the photochemical  efficiency 
in the Q,  region of BChl b are shown in Fig. 5. The  
spectra ~e rc  obtained in the same way as described for 
tt. chlorum. After  normalization in the maximum the 
excitation spectra were essentially the same as the I - T  
spectra, both at 300 K and at 6 K. This means that at 
bolh temperatures  the efficiency of charge separat ion 
ix constant for lhe entire Q~ absorption region, as in 
!1. chlorum. 

A drop by about 55cA in the quantum efficiency 
upon cooling to 6 K was also observed upon excitation 
with 10t4 nm laser flashes, although the uncertainty in 
tile measured values of the absorbance at this wave- 
length is rather large. 

In Fig. 6 the f luorescence excitation spectrum of 
Rps. tiridis membranes  is compared  to the absorption 
spectrum in the region between 55(1 nm and 900 nm at 
6 K. It is evident that essentially no f luorescence is 
emit ted by the antenna upon excitation of  the reaction 
center  pigments absorbing at 7811-8611 nm. whereas  the 
Q ,  band of antenna BChl b around I~(10 nm is clearly 
seen in the excitation spectrum. Wc conclude that 
there is virtually no chance for an excitation to return 
to the antenna upon excitation of  the reaction center.  

Discussion 

The yieM o f  photochemis¢o" 
The results presented in this paper  show that energy 

translcr lrom antenna BChl to the reaction center  in 
tt. chlorum and Rp.~. ciridi.s occtu~ with surprising 
cfficienc3.' even at 6 K. In H. chlorum the efficiency. 
decreased by only about 30c~ upon cooling from 3110 K 



to 6 K; in Rp.s. t'iridis the decrease amounted to 55%. 
A similar decreasc had earlicr been observcd in Rho- 
dospirillum rubrum by Rijgersberg ct al. [18], who at- 
tributed the decrease to a lowcrcd efficiency of energy 
transfer between antenna BChls. However, the obser- 
vation that in H. chlontm even at 6 K enelgy h, , ,sfci  
from the short-wavelength absorbing BChls to BChl 
g-808 is quite rapid [11,19], indicates that, at least in 
this species, the effect must be due to a lowering of the 
efficiency of energy transfer from the antenna to the 
reaction center, and we shall assume that this is also 
the case in Rps. Hridis. For both species the action 
spectrum for charge separation was found to match the 
absorption spectrum closely, at 300 K as well as at 6 K 
For H. chlorum this strongly indicates that all excita- 
tions that eventually reach the reaction center have to 
pass via the long-wavelength absorbing BChl g-808. 
independent of the energy of the absorbed photons. 

At 6 K the fluorescence spectrum of H. chlorum 
shows a maximum near 817 nm [3.211]. whereas the 
primary electron donor absorbs maximally near 794 nm 
[8,9]. For Rps. riridis these numbers are 11160 nm [5] 
and 1010 nm, respectively, in view of the correspond- 
ingly small values for the F6rster overlap integrals, the 
efficiency of charge separation would appear to be 
surprisingly high in both species at low tcmpcraturc. 
However, it should be noted that a low rate of cner~ '  
transfer does not neccesarily imply a very low effi- 
ciency. The quantum efficiency of photochemical trap- 
ping upon excitation of the antenna. ,b. can be written 
as  [2]: 

da = k l i / ( k  o + k i ) ,  { 1 ) 

where k0 is the average rate constant of the de-excita- 
tion in the antenna due to photochemical trapping in 
the reaction center and k~ the rate constant of excita- 

17~, ~ 

l i o n  d e c a y  in  the  absence  o f  rL 'ac t ion  c e n t e r s ,  d e t e r -  

mined by ~,arious loss pmces,ex, including fhlol-CS- 
eencc. For isolated antenna-reaction cerlter complexes, 
of heliobaeteria a value of 25 ps has been reported for 
the lifetime of excitations in the antenna tit room 
temperature [21]. A simil;,r sah,c appears to appl,, to 
membranes (Van Noort, P, pcr-,onal communication). 
Assuming / , . = (25  ps)-I and k I= 1 n~, t. the same 
value as obtained for isolated antenna complexes of 
Rb. sphaeroides [22], Eqn. 1 yields a value of 97.M,: fl)r 
the absolute quantum yield of excitation transfer to the 
reaction center at room temperature. Using this value 
for the quantum yield at 300 K our results give a yield 
of 69'3~ at 6 K. Again assuming ki = In s  ~. this gives a 
value of (44(I p s i  ~ fl)r k.  at this temperature. By the 
same reasoni ag, the fluorescence yield with open reac- 
tion centers should incre tse by a factor of about 13 
upon cooling, in reasonable agreement with experi- 
mental observations [3]. At 10 K a component of about 
200 ps was observed in tht dcca} of excited BChl g-8(18 
[11,19] under conditions xshere all or nearly all of the 
reaction centers contained P-798 in the oxidized state. 
In view of the obse~'ation that P-798 is approximately 
twice as efficient a quencher lor antenna fluorescence 
in the oxidized than in he reduced state [20], these 
observations appear to fit well ~ith our calculation. On 
the other hand. the rapid photooxidation of P-798 
( < 20 ps) at 15 K observed upon flash excitation at 532 
nm [! 1.19] would not appear to agree with a low rate of 
energy' transfer to the refection center. However. these 
experiments were perfl~rmed wifla relativel~ strong 
flashes. For a valid con'parison subsalurating flashes 
should be used. especially since quanta at 532 nm arc 
directly absorbed b} BChl g [23] and therefore at high 
flash intensity direct e~,citation of the reaction center 
ma~ pla~ a significant v,~le in P-79g oxidation. 

For Rp.~. riridis k,~ v. as reported to be (45 ps) i [24] 
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*)r!¢~l)ps) J ( \ a n  (;rondc[Ic. R.. pcrson;d c(mmmnica- 
tionk Appl}iT~g these "mmbcrs tt~ [iqn. I and aga in  
asstinling /x I I i1'~ i. illdcpcndcn[ ol tcnlpcrdtur.2. 
this gives ,itJallltlnl cllJci~.nc~ h)r charge scparaiicm of 
94-96~;.  m good agreement  ~itt~, the xaluc ot  ¢)7 * 7 ' ;  
reported h~ Trissl c t a l .  [24]. A decrease ol  this yicld to 
43(,: at 6 K then gi~c~ k , , : ( l . 3  ns) ~. Olson and 
Clayton [25] had earlier c(mcludcd, m~m action spcctra 
of c~tochromc and P-9(~() oxida:~on, that the quantum 
}ield of charge separation at room temperature  would 
be less than 7(V; upon excitation in the antenna. This 
number seems unlikely, since it would imply a fluores- 
cence lifetime of > 400 ps. No experimental  data on 
the lifetime of excited antenna BChl h at liquid helium 
temperature have been reported so far. It may bc 
no~ed lhal an increase of the fluorescence yicld h} a 
factor of onl)  2 ~as  obscrvcd upon cooling to 6 K [26]. 
~hcreas  one would expect the decrease in photo- 
chemical cfficicncy to hc reflcctcd b v a  much stronger 
t]uorcsccnce increase. 

Rales ~{l eneLkq ttan~fi'r twtwcen atlt('nna and reaction 
CCIZlFE 

Even if ',',e assume that. at Iov, temperature ,  the rate 
of energy transfcr from neighboring antenna BChls to 
the reaction center, k u( - is much smaller than that fi~r 
energy transfer between antenna BChls, k h, thc a~er- 
age rate constant k .  ix still in principle a function not 
only of kRc. but also of the rate constant tor photo- 
chemical trapping in the reaction center  and of the 
rate constant fl)r energy transfer from the reaction 
center to neighboring antenna BChls, k Re. However.  
reaction center  bands in the region 780-860 nm are 
virtually absent in the excitation spectrum for BChl b 
fluorescence (Fig. 6). A relativcl~ low efficiency of 
fluorescence at room temperature  upon cxcitation of  
the reaction ccnter  at 830 nm was already observed by 
Olson et al. [25,27]. and similar observations have been 
reported for other  purple bacteria [2g.29] and for (Tdo- 
rolh'xu~ uurantiucus [30]. Therc  is evidence thal energy 
transter from accesso~' BChls to the p r i m a l '  electron 
donor is quite efficient, even at low temperature  [18.31]. 
Thus. our measurements  indicate that the efficiency of 
energy transfer lrom the reaction center to the antenna 
is, at least in R/n-. riridt.~ at 6 K. at most  a, tc~ perccnt. 
It is clear that this p rmides  optimal conditions for 
efficient photochemistry, even if k u( is low. For tt. 
chlorum too. a low fluorescence efficiency has been 
obscr'~cd at 6 K upon excitation in the reaction center  
band at 670 nm [7]. 

With kRc << k h and in the absence of back transfer 
from the reaction center, kRc ~ k, ,  We tried to esti- 
mate whether  the value c,f (4411 psl ~ for k ,¢  in tL 
chlonon at 6 K would be compatible with the F6rster 
mechanism. In the absence of evidcncc to the con t r au .  

xsc assume that the absorption spectrum of P-798 and 
th,. f luorescence spectrum of BChl ~-808 arc cssen- 
t i a t l ~ ,  mlogeneously broadened.  Since the absorption 
ditlcrcnc~ spectrum of P-798 oxidation was not suit- 
able because , ~ an unknown contribution by the band 
shift on the long-,,, :,velength side of the bleaching band 
at low temperature .  , 'e used the triplet-minus-singlet 
difference spectrum [9] . obtain a minimum est imate 
for the overlap integral with 'he f luorescence spectrum 
[3.20] at 6 K. Applying the [:6L ',.~r equat ion,  assuming 
the orientat ion factor K = 1 and ,he refractive index 
n - - 1 . 5  [32], this yielded a value to- R, the donor-  
acceptor  distance, of 1.8 nm. This valm_ is presumably 
a weighted average, depending (,~ the , ' r rangement  
and orientation of  the BChl g-8118 molecu',es in the 
vicinity of the reaction center.  It is significantly ~maller 
than tile est imated value of about 3 nm found f ~  the 
purple bacterium Rhodobacter ~phaeroides [32]. ;.ut 
this may be related to the fact that in heliobaetcria th,: 
antenna and reaction center  pigments are thought to 
bc bound to the same protein [7,21]. At  ?00 K the 
overlap between antenna emission and primaD, donor  
absorption was larger by a factor of about 150. but the 
contribution b~ B('hl g-808 to the emission spectrum is 
not known. We conclude that a significant efficiency 
for charge separation at 6 K may be explained by the 
FSrster mechanism, if it is assumed that the bands of  
tne pigments involved are homogeneously broadened.  
For Rps. viridi.~ the overlap integral at 6 K may be of  
the same order  of magni tude as for H. chlorum, as 
judged from the spectra of Den Blanken et al. [5], but 
c~en a rough estimate of the overlap integral was not 
possible in this case. 

it may be noted that for an energy difference of  
about 200 cm " I. as calculated from the corresponding 
absorption maxima, thc Boltzmann equil ibrium would 
predict an extremely low rptio R)r the rate constants of  
mr~'ard and backward energy transfer between an- 
tenna and reaction center,  t towe~m, the assumption of 
hom{)geneouh broadening of antenna and reaction cen- 
ter bands implies a FOrster rc~:anance in the region 
v~hcre they have similar energies. Since detailed knowl- 
edge of  the electronic band structures is lacking, a 
simple application of the Boltzmann equil ibrium equa- 
lion is therefore not possible. 

FinallL the question arises if tile rate of  charge 
separation, which is (0.7 ps) ~ in isolated reaction 
centers of Rps. viri&s at 8 K [33] is high enough to 
explain the ~irtual absence of energy transfer (=< 2 q )  
from the excited p r i m a u  electron donor  to the an- 
tenna. The rate constant for back transfer from the 
reaction center  to the antenna,  k- .R, ,  is obviously 
much larger than R r the reverse process, because ol  
the much larger F6rster overlap integral, if  we assume 
that the weighted distance betwcen the neighboring 
antenna B('hl(s) and P-960 is 3 nm. as was est imated 



h}r Rb. ,~phaeroi&'.s [32] ,  k r { ,  = ( I . 3  n s )  ~ w { m l d  y i e l d  a 

c r i t i c a l  d i s t : . m c c  R .  = 4 . 6  n m  f o r  e n c r g y  t r a n s t c r  t{~ t h e  

r e a c t i o n  c e n t e r .  W i t h  R, ,  = 9 ilfll for t h e  r c v c r s e  p r o -  

c e s s .  c o r r e s p o n d i n g  t o  a 6 0 - f o l d  l a r g e r  { w e r l a p  i n t c g r a l  

f o r  b a c k  l r a n s f e r ,  w e  o b t a i n  a m o d c s t  v a l u e  o f  (25  

p s )  ~ f o r  k r e .  T h i s  m e a n s  t h a t  it m a y  n o t  b c  n e c e s -  

s a D '  to a s s u m e  that  the  primaD" c h a r g e  s e p a r a t i { m  is 

p r e c e d e d  b y  a n  e v e n  f a s t e r  r e l a x a t i o n  p r o c e s s  [2~L3-11 t o  

p r e v e n t  " w a s t e f u l "  l o s s  o f  e n e r g y  b y  b a c k  t r a n s f e r  t o  t h e  

a n t e n n a .  
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