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Summary 

Picosecond and nanosecond spectroscopic techniques have been used to 
study the primary electron transfer processes in reaction centers isolated from 
the photosynthet ic  bacterium Rhodopseudomonas viridis. Following flash exci- 
tation, the first excited singlet state (P*) of the bacteriochlorophyll complex 
(P) transfers an electron to an intermediate acceptor (I) in less than 20 ps. The 
radical pair state (P+I-) subsequently transfers an electron to another acceptor 
(X) in about 230 ps. There is an additional step of unknown significance 
exhibiting 35 ps kinetics. P÷ subsequently extracts an electron from a cyto- 
chrome, with a time constant of about 270 ns. At low redox potential (X 
reduced before the flash), the state P÷I- {or pF) lives approx. 15 ns. It decays, 
in part, into a longer lived state (pR), which appears to be a triplet state. State 
pR decays with an exponential time of approx. 55 gs. After continuous illumi- 
nation at low redox potential (I and X both reduced), excitation with an 8-ps 
flash produces absorption changes reflecting the formation of the first excited 
singlet state, P*. Most of P* then decays with a time constant of 20 ps. The 
spectra of the absorbance changes associated with the conversion of P to P* or 
P÷ support the view that  P involves two or more interacting bacteriochloro- 
phylls. The absorbance changes associated with the reduction of I to I- suggest 
that  I is a bacteriopheophytin interacting strongly with one or more bacterio- 
chlorophylls in the reaction center. 

* P e r m a n e n t  address:  D e p a r t m e n t  o f  B io logy ,  Univers i ty  o f  California,  Los  Angeles .  Calif. 90024, 
U.S.A. 
Abbrev iat ions :  ESR, electron spin resonance; ENDOR, electron nuclear double resonance .  
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Introduct ion 

Recent studies of photosynthet ic  reaction centers isolated from Rhodopseu- 
domonas sphaeroides indicate that  the primary photochemical reaction occurs 
in several steps. The absorption of a photon by a bacteriochlorophyll complex 
(P) promotes the complex to an excited singlet state (P*) from which an elec- 
tron transfers to an intermediate acceptor (I). Measurements of optical absor- 
bance changes following the excitation of reaction centers with short flashes 
have shown that  the reduction of I occurs in less than 10 ps [1--4]. The 
reduced acceptor (I-) then transfers an electron to another acceptor (X), which 
appears to be a quinone. This step requires about 200 ps [1,2]. If electron 
transfer between I- and X is blocked, either because X is already reduced or 
because the quinone has been extracted from the reaction centers, the radical 
pair P*I- {"state pF,,) survives for about 15 ns before it decays by the return of 
an electron from I- to P÷ [5,6]. In most cases, the return of the electron 
restores P÷ directly to the ground state. However, the 15 ns lifetime of the radi- 
cal pair provides an opportuni ty  for a rephasing of the spins of the unpaired 
electrons on P÷ and I-, so that  the return of an electron to P÷ also can place the 
bacteriochlorophyll complex in a triplet state {"state pR,,) [5--7]. In the pres- 
ence of a magnetic field, state pR is formed with an unusual spin polarization 
that  probably results from an influence of the field on the spin rephasing in 
P÷I- [8--10]. The triplet state has a low quantum yield a~ room temperature, 
and it appears to be a side product,  rather than an intermediate in the normal 
pathway leading to P+X- [15]. 

Reaction centers from Rps. sphaeroides contain four molecules of bacterio- 
chlorophyll and two of bacteriopheophytin [11]. ESR and ENDOR studies 
have shown that  the spin of the unpaired electron on P÷ is delocalized over two 
molecules, suggesting that  P involves two of the four bacteriochlorophylls 
[12--15]. Measurements of the absorbance changes that  accompany the tran- 
sient formation of P÷I- suggest that  I is one of the two bacteriopheophytin 
molecules [ 1--5,15--17 ]. In isolated reaction centers and chromatophores from 
several species of bacteria, it has been possible to trap I in the reduced state for 
long periods, either by direct reduction or by continuous illumination at low 
redox potentials [18--29]. In the latter case, P÷ has a chance to extract an elec- 
tron from a secondary electron donor such as a cytochrome each time the reac- 
tion center is excited into the radical pair state P÷I-. On those occasions when 
P÷ is reduced by the cytochrome rather than by I-, the reaction centers are left 
in the state PI-. The absorbance changes that  occur under these conditions are 
consistent with the view that  I is a bacteriopheophytin.  However, the reduction 
of I also causes major changes in some of the absorption bands that  have been 
attributed to the bacteriochlorophyll of the reaction center, suggesting a close 
interaction between one or more of the bacteriochlorophylls and the bacterio- 
pheophytin [ 19--29]. 

The present paper describes picosecond and nanosecond spectroscopic mea- 
surements on reaction centers from Rhodopseudomonas viridis. This species 
differs from Rps. sphaeroides in that  it contains bacteriochlorophyll b and bac- 
ter iopheophytin b instead of bacteriochlorophyll a and bacteriopheophytin a 
[30]. The absorption bands of reaction centers containing bacteriochlorophyll 
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b and bacter iopheophyt in  b occur at longer wavelengths than do those of reac- 
t ion centers with bacter iochlorophyll  a and bacter iopheophyt in  a. Reaction 
centers f rom Rps. viridis have a major absorption band at 960 nm, and a broad, 
asymmetrical band at 830 nm [24,26,28,31--33] .  At cryogenic temperatures,  
the 830 nm band splits into four overlapping components ,  with maxima near 
7 9 0 , 8 1 5 , 8 3 0 ,  and 850 nm [24,33].  The 790 nm component  probably is due 
to the bac ter iopheophyt in  b of the complex,  and the other  bands to bacterio- 
chlorophyll  b [24,33] .  When the bacter iochlorophyll  b (P) is photooxidized  
to P÷, the 960 nm band and the 850 nm component  of  the 830 nm band 
bleach, the absorbance near 810 nm increases, and the 790 and 830 nm compo- 
nents appear to undergo small shifts in position [24].  When I is reduced to I-, 
there is little change in the 960 nm band, but  bleaching occurs at 790 and 830 
nm, and the strength of  the absorption near 810 nm increases again [25,26,28].  
Some of  these absorbance changes probably result from the disruption of exci- 
tonic interactions between different  bacteriochlorophyll  b molecules of the 
complex,  or between bacter iochlorophyll  b and bacter iopheophyt in  b, when 
one of the molecules is oxidized or reduced [25,33].  However, little is known 
about  how the six pigments are arranged in the reaction center,  or of the inter- 
actions that  occur among them. Kinetic spectroscopic studies of the isolated 
Rps. viridis reaction centers promised to be particularly informative, because 
the resolution of  the 8 1 5 , 8 3 0  and 850 nm absorption bands is greater than the 
resolution that  occurs in reaction centers from species containing bacteriochlo- 
rophyll  a. Reaction centers from Rps. sphaeroides or Rhodospirillum rubrum 
have a broad, asymmetrical  band near 800 nm which probably is homologous 
to the 830 nm band of  Rps. viridis. The 800 nm band appears to include several 
different  electronic transitions [33--37] ,  but the different  components  are not  
well separated. In addition, isolated Rps. viridis reaction centers contain bound 
c-type cytochromes  which make possible the photochemical  trapping of  I-. 
This has enabled us to study the behavior of P* under conditions that  prevent 
the transfer of  an electron to I. 

Materials and Methods 

Picosecond spectroscopic and kinetic measurements were carried out  on the 
apparatus described by Magde and Windsor [38].  The excitat ion flash was at 
530 nm and had a durat ion of  approx.  8 ps. 

Nanosecond spect rophotometr ic  measurements were made as described by 
Parson et al. [5],  with several modifications.  The excitat ion flash had a wave- 
length of  834 nm and generally had a width of about  20 ns at half-maximum 
amplitude. For some of  the kinetic measurements,  the flash width was 
decreased to about  5 ns by the use of a Pockels cell switched by a laser-trig- 
gered spark gap [6]. For  most  of  the measurements,  the photomult ipl ier  and 
preamplifier used previously [5] were replaced by an ITT F4102 photomult i -  
plier, which had a response time of  about  1 ns. The anode of the photomul-  
tiplier was connected directly to the 50 ~2 input  of  the oscilloscope, via RG-8 
cable and General Radio connectors.  A 10 mA bias current  was introduced 
via a General Radio insertion unit  and a T connector ;  the photocur ren t  from 
the anode nulled this current  at the peak of  the flash from the Xe measuring 
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lamp. This equipment increased the signal-to-noise ratio substantially under 
many conditions. It was less susceptible than the earlier equipment to electrical 
noise generated by the Pockels cell. However, it was not  as satisfactory for mea- 
surements at wavelengths shorter than 420 nm or longer than 650 nm, and the 
original equipment  was used for some of these measurements. 

Nanosecond measurements employed samples in 1 cm cells which were 
deoxygenated by bubbling with N2. Picosecond measurements employed sam- 
ples in either 1, 2 or 5 mm cells which were usually not deoxygenated. However, 
for measurements at low redox potential, samples were bubbled with N2 both 
before and after the addition of Na2S204. All of the measurements were made 
at room temperature. 

For some of the experiments described below, reaction center preparations 
reduced with Na2S204 were continuously illuminated by white light from either 
a 150 W or 300 W tungsten-halogen lamp. The beam passed through several cm 
of water prior to the sample in order to avoid overheating the samples. 

Rps. viridis NHTC 133 was grown in 30-1 bottles illuminated by two quartz- 
line lamps on a medium described by Eimhjellen et al. [30]. The harvested cells 
were stored at --17°C until required. Reaction centers were isolated using the 
detergent lauryldimethylamine oxide, and a slight modification [26] of the 
procedure described by Pucheu et al. [32]; after chromatography of lauryldi- 
methylamine oxide extracts of the photosynthet ic  lamellae on DEAE-cellulose, 
chromatography on hydroxyapat i te  was used for further purification [26]. The 
resulting preparation was virtually free of the chlorin impurity that  has been a 
problem in many of the previous studies of reaction centers from this species 
[15]. The absorption spectrum of the preparation at room temperature has 
been published elsewhere [26]. At 77°K, the splitting of the 830 nm absorp- 
tion band into four components  occurred essentially as has been described 
[24] for earlier preparations; the 815 nm component  had a well-resolved 
absorption maximum at 817 nm. For some of the experiments (Fig. 4B), the 
lauryldimethylamine oxide in the reaction center preparation was exchanged 
for Triton X-100 by reabsorbing the preparation to DEAE-cellulose equili- 
brated with 50 mM Tris, pH 8.0, and washing the column (8 × 1 cm) with 10 
column volumes of the Tris buffer. Elution with 1% Triton X-100/50 mM Tris, 
pH 8.0, desorbed the complex from the column, and the chromatographing, 
brown fraction was collected. For other experiments (Figs. 2, 6, 7, and 8), Tri- 
ton X-100 was added to a solution of the lauryldimethylamine oxide prepara- 
tion, and the lauryldimethylamine oxide was removed by dialysis. 

The reaction center concentration was estimated by using assumed extinc- 
t ion coefficients of  300 and 100 mM -1 • cm -1 at 830 and 960 nm, respectively 
[24]. 

Results 

Fig. 1 illustrates the absorbance changes that  accompany the conversion 
PX to P*X-, on excitation of isolated reaction centers with 20-ns flashes at 
moderate redox potentials, i.e. with X in its normal unreduced state. The spec- 
trum includes a bleaching in the near ultraviolet (400 nm) and visible (610 nm) 
absorption bands and an absorbance increase at 450 nm. Absorbance changes in 
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Fig.  1. Opt ica l  a b s o r b a n c e  changes  caused  by  e x c i t a t i o n  of  Rps. viridis r e a c t i o n  cen te r s  a t  m o d e r a t e  r edox  
p o t e n t i a l  w i th  f lashes  las t ing  a b o u t  20 ns. The  r e a c t i o n  c e n t e r  c o n c e n t r a t i o n  was  a p p r o x .  1.3 pM in 50 

m M  Tris  • HCI,  pH  8.05,  0 .05% T r i t o n  X-100 ;  the  r e d o x  p o t e n t i a l  was  a p p r o x .  +250  m V ;  the  op t ica l  
p a t h  l eng th  was  1 cm,  The  inse t  s h o w s  t yp i ca l  m e a s u r e m e n t s  at  460  and  4 2 5  n m ;  a d o w n w a r d  de f l e c t i on  

is an a b s o r b a n c e  increase .  T h e  s p e c t r u m  r e p r e s e n t s  the  ini t ia l  a b s o r b a n c e  changes ,  i m m e d i a t e l y  a f t e r  the  
flash.  T h e  f lashes  were  o f  s a t u r a t i n g  i n t ens i t y .  

the visible and near infrared regions have been measured previously, using con- 
t inuous light for  excitat ion [26,28,31--33] ,  but  those in the visible region were 
obscured by absorbance changes due to cy tochrome oxidation. The traces in 
the inset show the kinetics with which the bacter iochlorophyll  b complex 
returns to the reduced state by extracting an electron from the high-potential 
cy tochrome  c-558 [39].  The cy tochrome  oxidation can be measured separately 
at 425 nm; it has a time constant  of about  270 ns. Under the condit ions of 
these measurements,  about  40% of the P that  was oxidized by the flash was 
reduced again rapidly by the cy tochrome;  the remainder was reduced on a 
slower time scale. 

If the redox potential  is lowered so as to reduce X, the 20-ns flash causes a 
different  set of  absorbance changes (Fig. 2). Those measured immediately after 
the flash (filled symbols) are characterized by absorbance decreases at 545 and 
380 nm, increases at 450 and 680 nm and a trough at 610 nm; traces A and B 
in the inset show representative measurements.  The absorbance changes are 
very similar to those associated with the format ion of  state pF in reaction cen- 
ters from Rps. sphaeroides [5] or Rds. rubrum [6],  and we therefore view 
them as reflecting the creation of the radical pair, P÷I-. The bleaching at 380 
and 545 nm and the format ion of  the broad band at 680 nm resemble the absor- 
bance changes that  accompany the reduct ion of  bacter iopheophyt in  b to an 
anionic radical in vitro and are consistent with the view that  I is bacteriopheo- 
phyt in  b [15,16].  The other  features of the spectrum, such as the trough at 
610 nm, fit the assumption that  state pF also contains the bacter iochlorophyll  
b radical cation, P+ [15].  

The decay kinetics of  state pF (P÷I- -~ PI) are shown in trace C of  Fig. 2. The 
exponential  decay time is approx.  15 ns (the decay half-time is approx. 10 ns), 
the same as it is in reaction centers from Rps. sphaeroides. Following the 
decay of  state pF, there remain absorbance changes associated with a second 
transient state, which decay in turn with a time constant  of about  55 ps (trace 



117 

AA 

005 

- 0 . 0 5  

- 0 . 1 0  

- 0 . 1 5  

f i I i i i i 

-/ o~ L ~ A B ~ ..... o2~ L 
I 00  115 450  n m  5 4 5  n m  ~)0 n$ 

0.02 .~.t. "V ~ c  o " t . - ' -  ~°;t. 
20  ns 450  nm 450  nm 40  .ull 

i i i i i i i 

400 500 600 700 
WAVELENGTH ( nm ) 

Fig.  2. A b s o r b a n c e  ch anges  caused  by  e x c i t a t i o n  w i t h  20-ns f lashes,  a f t e r  l ower ing  the  r e d o x  p o t e n t i a l  to 

r educe  X by  the  a d d i t i o n  of  excess  solid N a 2 S 2 0 4  in the  dark .  The  spe c t r a  s h o w  the a b s o r b a n c e  c ha nge s  
m e a s u r e d  i m m e d i a t e l y  a f t e r  the  f lash (f i l led s y m b o l s )  or a p p r o x .  150  ns a f t e r  the  f lash (open  s y m b o l s ) .  

T races  A and  B in the  inse t  s h o w  typ ica l  m e a s u r e m e n t s  at 4 5 0  and  545  rim. F o r  these ,  and  fo r  the  d a t a  

s h o w n  by  circles  in the  spec t r a ,  the  r e a c t i o n  c e n t e r  c o n c e n t r a t i o n  was  a p p r o x .  4 pM in 50 m M  Tr is  • HC1 
( p H  8 . 0 5 ) ] 0 . 0 5 %  T r i t o n  X- IO0 ,  and  the  p a t h  l eng th  was  1 c m ;  the  o rd ina t e  scale for  the  spe c t r a  ~pplies 

to  these  m e a s u r e m e n t s .  D a t a  s h o w n  by  squares  in the  spec t r a  and  t race  D in the  inse t  were  o b t a i n e d  in a 

s epa ra t e  ser ies  of  m e a s u r e m e n t s  w i t h  a p p r o x .  2.4 pM r e a c t i o n  cen te r s ;  fo r  the  spec t ra ,  these  d a t a  were  

n o r m a l i z e d  to  the  o the r s  in  the  r e g i o n  435---470 rim. F o r  T race  C in the  inse t ,  the  c o n d i t i o n s  were  as for  
t r aces  A and  B, b u t  the  f lash w i d t h  was  d e c r e a s e d  to a b o u t  5 ns; this  also dec reased  the  to ta l  s t r e n g t h  

of  the  f lash.  T h e  a m p l i t u d e s  o f  t he  a b s o r b a n c e  changes  s h o w n  in the  spe c t r a  p r o b a b l y  do  no t  r e p r e s e n t  

c o m p l e t e  c o n v e r s i o n  of  the  r e a c t i o n  cen t e r s  in to  s ta te  p F  or  p R  because  s o m e  of  the  r e a c t i o n  cen te r s  
cou ld  have  had  I r e d u c e d  b e f o r e  the  f lash,  as a resul t  o f  p r e v i o u s  exc i t a t i ons .  In  add i t i on ,  the  f lashes  

were  n o t  su f f i c i en t l y  long  to al low e x t e n s i v e  r ecyc l ing  of  r eac t i on  cen te r s  t h a t  d e c a y e d  f r o m  p F  b a c k  to  

the  g r o u n d  s ta te .  W i t h o u t  such  recyc l ing ,  the  c o n v e r s i o n  in to  s ta te  pR  p r o b a b l y  c a n n o t  be c o m p l e t e  

[5]. 

D). The spectrum of the longer-lived absorbance changes is comparatively fea- 
tureless (Fig. 2, open symbols). It includes very broad absorption bands near 
450 and 560 nm and is similar to the spectra associated with state pR in reac- 
t ion centers from Rps. sphaeroides and Rds. rubrum [5,6]. We therefore 
attribute the longer-lived absorbance changes to the triplet state of the reaction 
center bacteriochlorophyll b. ESR studies at low temperatures have shown that  
excitation of Rps. viridis reaction centers at low redox potentials [26,28,29] 
causes the formation of a triplet state with a spin polarization that  is similar to 
the polarization observed in Rps. sphaeroides. As in Rps. sphaeroides reaction 
centers, the quantum yield of the triplet state appeared to be lower than that  
of the radical pair state: the longer-lived absorbance changes decreased in size 
relative to the short-lived ones if the flash intensity or width was decreased. 
However, we did not  investigate this point in detail. 

Fig. 3 shows spectra of the absorbance changes resulting from excitation of 
reaction centers at moderate redox potential with flashes lasting about 8 ps. 
The open circles represent measurements made at 20 ps after the flash; the 
filled circles were measured 1 ns after excitation. The measurements at 1 ns 
show the features characteristic of the formation of P*X- (Fig. 1 and refs. 26, 
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Fig. 3. D i f f e rence  spectra o f  the absorbanee changes f o l l o w i n g  e x c i t a t i o n  w i t h  a_q 8 ps f lash, measured 
a f te r  t i m e  delays o f  20 ps (open  circles) and 1 ns (c losed circles). Measurements  e m p l o y e d  a p p r o x .  52 /~M 
reac t ion  centers in  50 m M  Tr is  • HCI  ( p H  8 .0 ) /0 .1% l a u r y t d i m e t h y l a m i n e  ox i de ;  the pa th  length  was 1 
m m .  Each p o i n t  is the average o f  at ]east three measurements  and t yp i ca l l y  has a s tandard dev ia t i on  o f  
±0.03. 

28,31--33).  In addition to the bleaching around 610 nm, there are larger absor- 
bance decreases around 960 and 850 nm, and a major increase near 820 nm. 

The spectrum measured at 20 ps (open circles in Fig. 3) matches well with 
the spectrum measured immediately after the 20-ns flashes at low potentials 
(filled circles in Fig. 2) in the spectral region that  is common to the two figures 
(550--725 nm). This supports the conclusion that  the radical pair P*I- is an 
intermediate in the transfer of an electron from P to X, in agreement with the 
previous work in Rps. sphaeroides [1--4,16].  The 20 ps spectrum includes a 
trough around 610 nm and a broad (610--780 nm) absorbance increase cen- 
tered at about  680 nm. The absorption band at 960 nm is bleached to the same 
extent  in the 20 ps and 1 ns spectra, while the band at 830 nm shows addi- 
tional bleaching in the 20 ps spectrum. 

If the reaction centers are in the form P*I-X 20 ps after the flash, and P÷IX- 
at 1 ns, subtracting the measurements made at 1 ns from those made at 20 ps 
should give the difference spectrum for ( I - +  X ) -  (I + X-). Fig. 4A shows a 
spectrum calculated in this way. One expects the difference spectrum to be 
dominated by the absorbance changes due to I and I-, because the reduct ion of 
X to X- probably causes only relatively small absorbance changes at these 
wavelengths [40,41].  For  comparison, Fig. 4B shows spectra of the absorbance 
changes that  accompany the reduct ion of  I when the reaction center prepara- 
t ion is illuminated with cont inuous light at low redox potentials; these spectra 
are essentially the same as the ones that  have been repor ted recently elsewhere 
[23--25] .  The spectra in parts A and B of  Fig. 4 are very similar. In addition to 
the features at 545 and 680 nm which are discussed above, they include a 
major bleaching at 830 nm, a smaller bleaching near 790 nm, where the bac- 
te r iopheophyt in  b of  the reaction centers probably absorbs (see Introduct ion) ,  
a broad, relatively weak increase in absorbance near 900 nm, and a small trough 
near 600 nm. The similarities between the spectra support  assignment of  the 
20 ps spectrum to P*I-X and the 1 ns spectrum to P*IX-. There is, however, a 
discrepancy in the region around 810 nm: the difference between the 20 ps and 
1 ns measurements is negative here, whereas the spectrum obtained by con- 
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m a d e  at 1 ns  f r o m  those  m a d e  at  20 ns. (B) D i f f e r e n c e  s p e c t r u m  of  a b s o r b a n c e  c ha nge s  caused  by  con- 

t i n u o u s  i l l u m i n a t i o n  of  r e a c t i o n  cen te r s  a t  low r e d o x  po ten t i a l s .  Sol id curve ,  3.4 pM r e a c t i o n  cen te r s  in  

50 m M  Tr is  • HC1 ( p H  8 .0 ) ]0 .1% l a u r Y l d i m e t h y l a m i n e  ox ide ,  c uve t t e  t h i c k n e s s  1 cm.  D a s h e d  curve ,  3.6 

pM r e a c t i o n  cen t e r s  in 50 m M  Tr is  • HC1 (pH 8 .0 ) ]1 .0% T r i t o n  X-100.  Sol id N a 2 S 2 0 4  was  a d d e d  to  lower  
the  p o t e n t i a l  in b o t h  eases  and  the  s a m p l e s  w e r e  i l l u m i n a t e d  w i t h  w h i t e  l ight .  ( M o n o c h r o m a t i c  i l lumina-  

t i o n  at  7 6 0 , 8 3 6  or  1027  n m  caused  the  s a m e  e f f ec t . )  T h e  s p e c t r a  were  m e a s u r e d  w i t h  a Cary  14 R spec-  

t r o p h o t o m e t e r .  Wi th  the  s a m p l e  in l a u r y l d i m e t h y l a x n i n e  ox ide ,  t he  d i f f e r e n c e  s p e c t r u m  was  m e a s u r e d  
w i t h  the  w h i t e  l ight  on,  because  the  a b s o r b a n c e  changes  s t a r t e d  to  decay  w h e n  ~he l igh t  was  t u r n e d  off .  
Wi th  the  s a m p l e  in  T r i t o n  X-100 ,  the  a b s o r b a n c e  changes  las ted  fo r  m a n y  m i n u t e s  a f t e r  the  l ight  was  

t u r n e d  of f ,  and  the  s p e c t r u m  was  m e a s u r e d  sho r t ly  a f t e r  s t o p p i n g  the  i l l u m i n a t i o n .  

Fig .  5. K i n e t i c s  o f  the  a b s o r b a n c e  changes  f o l l o w i n g  e x c i t a t i o n  o f  r e a c t i o n  c e n t e r s  ( a p p r o x .  65 pM in 50 
m M  Trls  • HC1 ( p H  8 . 0 ) / 0 . 1 %  l a u r y l d i m e t h y l a m i n e  ox ide  w i t h  an  8 ps  f lash.  Pa th  l e ng th s  were  all 1 m m  

e x c e p t  fo r  the  m e a s u r e m e n t s  at  615  n m  where  a 2 m m  cell was  used.  T h e  o r d i n a t e s  p lo t  the  na tu ra l  loga- 

r i t h m  o f  the  d i f f e r e n c e  b e t w e e n  the  a b s o r b a n c e  c h a n g e  m e a s u r e d  at  a g iven t i m e  a f t e r  e x c i t a t i o n  and  the  

a b s o r b a n c e  c h a n g e  m e a s u r e d  at  1--2  ns, at  w h i c h  t i m e  the  a b s o r b a n c e  changes  had  r e a c he d  a c o n s t a n t  
value.  N o t e  the  sh i f t s  in t he  o r d i n a t e  scales for  the  m e a s u r e m e n t s  at  d i f f e r e n t  wave leng ths .  Each  p o i n t  is 
the  average  of  at least  f ive m e a s u r e m e n t s .  

t inuous illumination of  reaction centers at low potentials is positive. 
Fig. 5 shows measurements of the kinetics of  the absorbance changes at five 

different  wavelengths, following excitation of  reaction centers with the 8 ps 
flash at moderate  redox potentials. The initial formation of  P*I-, as measured 
by the increase in absorbance at 670 nm and the decrease at 831 nm, is com- 
plete by the time of  the earliest measurements,  less than 20 ps after the flash. 
This agrees with the finding of Netzel et al. [28] that  the absorbance increase 
at 1310 nm, reflecting the format ion of P*, occurs within 10 ps after the excita- 
tion. 

The transfer of an electron from I- to X, as measured by the decay of  the 
absorption at 670 nm, the decay of  the bleaching at 831 nm, or the appearance 
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of  a ne t  bleaching at 615 nm, occurs  with an exponen t i a l  decay  t ime of  abou t  
230 ps (Fig. 5A). The  measured  decay  t imes are 239 ~ 31 ps at 670 nm,  259 
31 ps at 615  nm,  and 213 _+ 23 ps at  831 nm. Within expe r imen ta l  error ,  these 
are ident ical  with the decay  t imes tha t  have been measured  previously  in reac- 
t ion  centers  fo rm Rps. sphaeroides [1 ,2] .  The  absorbance  changes at 800 nm 
also exhib i t  a step with a t ime of  abou t  230 ps (200 ~ 55 ps), as one  would  
e x p e c t  if t he y  overlap the absorp t ion  band of  the b a c t e r i o p h e o p h y t i n  b at 790 
nm (Fig. 5B). However ,  a small po r t i on  of  the  absorbance  changes decays  with 
substant ia l ly  fas ter  kinet ics  (43 + 14 ps). At  810 nm,  essentially the  ent i re  pro- 
cess occurs  wi th  the  faster  kinetics;  the  t ime  measured  here  is 35 :~ 8 ps. Appar- 
en t ly ,  it is this fast c o m p o n e n t  t ha t  accounts  for  the d iscrepancy  be tween  the  
spect ra  of  Fig. 4 in the region near  810 nm. A similar fast step was de tec t ed  
previously  in the 800  nm abso rp t ion  band o f  reac t ion  centers  f rom Rps. 
sphaeroides, bu t  was no t  so clearly resolved spectral ly  f rom the o the r  com- 
ponen t s  o f  the  800 nm band [1] .  The  fast step represents  an increasing absor- 
bance  in bo th  species. 

We n e x t  invest igated the  response of  the reac t ion  centers  to exc i ta t ion  with 
shor t  flashes u n d e r  condi t ions  tha t  b locked  the t ransfer  of  an e lec t ron  f rom P* 
to  I. When I was conve r t ed  to  its r educed  state  by  con t inuous  i l luminat ion at 
low r e dox  potent ia ls ,  exc i t a t ion  wi th  the 8 ps flash caused the absorbance  
changes tha t  are shown in Fig. 6. The  p r e d o m i n a n t  fea ture  of  the spec t rum is 
a bleaching o f  the  960 nm absorp t ion  band. The  bleaching ex tends  to  shor te r  
wavelengths ,  having a d is t inc t  shoulder  near  850 nm which we take to  ref lect  
the  850 nm c o m p o n e n t  of  the 830 nm absorp t ion  band  (cf. ref.  23);  there  is 
no  absorbance  change at 830 nm.  At  still shor te r  wavelengths,  a very  broad  
absorbance  increase ex tends  in to  the  visible region, b roken  by  a t rough  at  610  
nm. Judging f rom studies on b a c t e r i o p h e o p h y t i n  a and related c o m p o u n d s  in 
v i t ro  [42 ,43 ] ,  the absorbance  changes are cons is ten t  wi th  those tha t  one 
expec t s  to  a c c o m p a n y  the  fo rma t ion  o f  the  exc i ted  singlet state,  P*. Netzel  et 
al. [28]  have f ound  tha t  the  absorbance  increase at 1310 nm which is charac- 
terist ic o f  the  f o r m a t i o n  of  P* does no t  occur  unde r  these condi t ions .  

The  absorbance  changes shown in Fig. 6 decay  a lmost  comple t e ly  by 1 ns 
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F i g .  6 .  D i f f e r e n c e  s p e c t r u m  for  the  absorbance  changes  caused  b y  e x c i t a t i o n  w i t h  8-ps f lashes,  af ter  
r e d u c t i o n  of  I b y  c o n t i n u o u s  i l l u m i n a t i o n  at  l o w  r e d o x  p o t e n t i a l .  R e a c t i o n  c e n t e r s  w e r e  a p p r o x .  8 #M in 
5 0  m M  Tr is  • HC1 ( p H  8 . 0 ) / 0 . 0 5 %  T r i t o n  X-100 .  T h e  p a t h  l e n g t h  w a s  5 ram.  E a c h  p o i n t  re f l ec t s  the  aver- 
age o f  at l eas t  three  m e a s u r e m e n t s .  
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after the flash (filled circle at 960 nm). Most of the decay occurs with an expo- 
nential time of approx. 20 ps, but the decay also includes a slower component  
(or components)  with a time of several hundred ps (Fig. 7). 

Fig. 8 shows the results of excitation with 20-ns flashes when I has been 
reduced previously. Trace A was obtained with isolated reaction centers in 
which X alone was reduced by lowering the redox potential with Na2S204 in 
the dark. The trace shows the formation of  states pF and pR following the flash, 
and is similar to A in Fig. 2. When the reaction centers were then illuminated 
with continuous light, the flash caused the absorbance changes shown in traces 
B and C. B was measured while the reaction centers were illuminated continu- 
ously, and C 2 min after turning the continuous light off. In both cases, the 
flash caused a small absorbance increase that  decayed completely to the base- 
line. Trace D is similar to B, but with expanded vertical and horizontal scales 
to illustrate more clearly the completeness of the decay. Trace E was obtained 
after decreasing the width of the flash to about 5 ns. This affords a more 
reliable measurement of the decay kinetics than do the measurements with 
wider flashes, although the smaller amplitude of the signal reduces the signal- 
to-noise ratio considerably; the time-constant of the decay is approx. 15 ns. 

The lower part of Fig. 8 shows the spectrum of the absorbance changes mea- 
sured as in trace B. The spectrum is featureless except for a trough near 610 
nm, resembling the spectra that  we have attributed to P* (Fig. 6) and the 
triplet state pR (open symbols in Fig. 2). Again, from model studies of bacterio- 
pheophyt in  a and related compounds in vitro, one expects the excited singlet 
and triplet states to have virtually identical absorption spectra [42,43]. We 
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Fig. 7. Kinetics of the decay of the bleaching at 960 nm under conditions as in Fig. 6. Each point is the 
average of at least five measurements. 

Fig. 8. Absorbance changes caused by excitation with 20-ns flashes, after reduction of I by illumination 

at low redox potential. (A) Approx. 4 #M reaction centers in 50 mM Tris • HCI (pH 8.05)/0.05% Triton 

X-100; path length, 1 cm; Na2S204 was added and the sample was allowed to relax in darkness for 4 h. 

A downward deflection is an absorbance increase. (B) Same as A, after turning on continuous white light. 

(C) Same as B, 2 rain after turning off the light. (D) Same as B, but with expanded scales. (E) Same as B, 

but with flash width decreased to 5 ns. The spectrum shows the initial absorbance changes, measured 
as in B. 
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therefore are unable to identify the transient state shown in Fig. 8 unambigu- 
ously. It could be either an unusually short-lived triplet, or a long-lived compo- 
nent  of  the excited singlet state. Although the absorbance changes associated 
with P* appeared to decay completely with faster kinetics {Figs. 6 and 7), the 
absorbance changes measured with the nanosecond apparatus were compara- 
tively small, and they might not  have been detectable in the experiments of 
Figs. 6 and 7. In addition, transient states that  are formed with a low quantum 
yield, such as triplet states, can accumulate as a result of multiple excitation 
during the 20 ns flash but  not  during the 8 ps flash. 

Discussion 

The primary photochemical  reaction in Rps. viridis is remarkably similar to 
that  in Rps. sphaeroides. In reaction centers of  both species, the transfer of an 
electron from P* to I occurs in less than 10 ps, and in both the radical pair P*U 
transfers an electron to X in about  230 ps. If X is already reduced, so that  the 
removal of an electron from P+I- is blocked, the radical pair lives for  about  15 
ns, and the return of  an electron from I- to P÷ can form a long-lived spin-pola- 
rized triplet state. In reaction centers from wild-type strains of  Rps. sphaeroi- 
des and R. rubrum, however, the bacter iochlorophyll  triplet state pR decays in 
10--20 ns by transfering energy to a carotenoid [6,7]. This seems not  to occur 
in Rps. viridis, although reaction centers obtained from this species have been 
found to contain a carotenoid [31].  The 55 ps life-time of  state pR in the iso- 
lated Rps. viridis reaction centers is comparable to the life-times that  have been 
measured in carotenoidless strains of Rps. sphaeroides and Rds. rubrum [5,6].  

One of  our incentives for studying the preparation from Rps. viridis was the 
potential  of  resolving the different  components  in the 830 nm absorption band. 
As In t roduct ion  points out,  the spectral separation of these components  is 
greater than that  of  the homologous components  that  probably underlie the 
800 nm absorption band in the Rps. sphaeroides reaction center. The present 
work has realized this potential  to some degree. The difference spectrum in Fig. 
6 shows that  the 850 nm componen t  of the 830 nm band is bleached along 
with the 960 nm band when P is converted to P*. Previous work [24,25] has 
shown that  the 850 and 960 nm bands also bleach in concert  when P is con- 
verted to P÷, and our measurements agree with this. Out  results therefore  sup- 
port  the conclusion that  the 850 and 960 nm bands result from excitonic inter- 
actions within the same set of bacter iochlorophyll  b molecules. It would be 
these molecules that  are most  directly involved in the lowest excited singlet 
state of the reaction center,  P*, and in the expulsion of an electron to  generate 
P÷. The interactions that  generate the two absorption bands must be disrupted 
as a result of  the removal of an electron from the set. Our observations can be 
accounted for most simply on the assumption that  only two of  the four bac- 
ter iochlorophyll  b molecules are responsible for  the 850 and 960 nm bands, 
although they do not  exclude additional excitonic interactions with one or 
both of the other  two bacter iochlorophyll  b molecules. Shuvalov et al. [25] 
have suggested that  such additional interactions occur. 

As In t roduct ion  mentions,  ESR and ENDOR studies of  reaction centers 
from Rps. sphaeroides have shown that  the unpaired electron in P÷ is deloca- 
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lized over two molecules of bacter iochlorophyll  a [12--15] .  Similar studies of 
reaction centers from Rps. viridis [15,20,44,45]  indicate that  the electron is 
not  shared equally by two identical molecules of  bacter iochlorophyll  b. This 
observation is not  inconsistent with the view that  P consists of two interacting 
molecules of bacter iochlorophyl l  b, but  it suggests that  the environments of  the 
two molecules are significantly different.  

The componen t  of  the 830 nm band that  is centered nearest 830 nm appears 
not  to be altered by the formation of  P* (Fig. 6). It is, however, profoundly  
affected by the conversion of I to I- (Fig. 4). Although the absorbance changes 
that  occur at 545 and 790 nm provide compelling evidence that  I is one of  the 
two bac ter iopheophyt in  b molecules of  the reaction center,  the 830 nm absorp- 
tion hand seems likely to be due to bacter iochlorophyll  b. Our results thus sup- 
port  the conclusion [23,25,26] that  I involves both  bacter iopheophyt in  b and 
bacter iochlorophyll  b, with excitonic interactions occurring between the two, 
and the interactions being disrupted by the reduct ion of one of  the partici- 
pants. ESR and ENDOR measurements indicate that  the unpaired electron on 
I- appears to be restricted to a single molecule [44,45],  and judging from in 
vitro studies [15],  the bac ter iopheophyt in  b molecule would be more likely to 
be reduced than would the bacter iochlorophyll  b. Fur thermore ,  the difference 
spectrum for the reduct ion of bacter iochlorophyll  b in vitro shows a definite 
peak in the region 1000--1100 nm whereas the difference spectrum for  the 
reduct ion of  bacter iopheophyt in  b does not  [15].  The lack of  such an absor- 
bance increase when I is converted to I- (Fig. 4B) lends support  to the postu- 
late that  bac ter iopheophyt in  b and not  bacter iochlorophyll  b is the compo- 
nent  of I which is reduced. 

In the region of  810 nm, one sees an increase in absorbance when P is con- 
verted to P+ (Fig. 3), and also when I is in the I- state (Fig. 4). As Vermeglio 
and Clayton [34] have pointed out,  disrupting the excitonic interactions 
between an interacting pair of  molecules by oxidizing or reducing one mem- 
ber of  the pair should free the other  member  to act essentially as a monomer .  
The increased absorbance near 810 nm could be due to the monomeric  bac- 
ter iochlorophyl l  b that  is liberated from exci ton interaction when P is oxidized 
or when I is reduced. In addition, the format ion of  P÷ or I- could cause elec- 
t rochromic shifts of the absorption bands due to the other  bacter iochtorophyll  
b molecules of  the reaction center. Such shifts could account  for part of  the 
increase in absorbance near 810 nm [26,28],  but  there is no way to  evaluate 
the quantitat ive importance of the latter effect  at present. On either interpreta- 
tion, one would expect  the absorbance increase to occur as rapidly as P is con- 
verted to P÷, or I to I-, and an increase in absorbance at 810 does indeed occur 
within 20 ps after  exci tat ion (Fig. 3). But the initial increase is not  as large as 
one would expect ,  and the absorbance continues to increase after the flash with 
a time constant  of  about  40 ps (Fig. 5B). Similar observations were made pre- 
viously in reaction centers from Rps. sphaeroides [1]. A simple phenomeno-  
logical interpretat ion would be that  the initial absorbance increase is masked by 
the bleaching of  another  absorbance band, and that  the 40 ps step is a reversal 
of  this bleaching. In the Rps. viridis reaction centers, the 830 nm band includes 
a compone n t  with a maximum near 815 nm, and it could be this componen t  
that  is bleached. The finding of a similar step in both Rps. viridis and Rps. 
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sphaeroides suggests that  the absorbance change reflects a significant transfor- 
mation in the reaction center, such as a structural reorganization of some of  the 
components,  but further work will be necessary in order to explore this point. 
It is possible that  bleaching of the 815 nm band reflects the absorption of a 
second photon by the reaction center, following the oxidation of P. 

If I is reduced, so that the removal of an electron from P* is blocked, most 
of the excited singlet state decays in about 20 ps. Radiationless processes must 
be responsible for this rapid decay, because the natural radiative life-time of P* 
calculated from the absorption spectrum is on the order of 10 ns. Fig. 9 out- 
lines some possibilities for these processes: Row A shows the steps that  gene- 
rate P+I- and then PI- during continuous illumination at low redox potentials, 
and B shows the excitation of PI- to form the excited singlet state, P*I. In 
this state, I- has the possibility of transferring an electron to P*, generating P-I. 
Because of the high free energy of P*, this process will almost certainly be 
thermodynamical ly favorable, even though the redox potential of P-/P proba- 
bly is more negative than that  of I- /I  [ 15,26,29]. Whether it is kinetically favor- 
able is not  clear. The great speed of the normal transfer of an electron from P* 
to I implies that  a significant amount  of orbital overlap occurs between the two 
reactants but the back-reaction between P+ and I- is comparatively slow, requir- 
ing about 15 ns. If P-I does form from P ' I - ,  the reaction center should be able 
to relax very rapidly from there back to PI-. This last step is essentially identi- 
cal to the normal transfer of an electron from P* to I (row A), which occurs in 
less than 10 ps. If the conversion of P-I to PI- is rapid, relative to the rate of 
formation of P-I from P ' I ,  our spectrophotometric measurements would not  
be able to detect  the transient formation of P-I. 

In the diagrams of Fig. 9B, the spin of the unpaired electron on I- is opposed 
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to that  of the electron in the lower, half-filled orbital of P*. Because the two 
spins are uncorrelated, this will be the case in approx. 50% of the reaction cen- 
ters. In the other 50% (Fig. 9C), the electron of I- will be forbidden to enter 
the lower orbital on P*, and the decay of P ' I -  must follow a different path. 
One posibility (not shown} is the transfer of an electron from I- to the upper 
half-filled orbital on P*, generating an excited state of P-. Another,  which is 
shown in Fig. 9C, is the transfer of an electron from P* to I-, generating P÷I 2-, 
followed by rapid relaxation to PI-. Again, P÷I 2- would not  be detected spec- 
t rophotometr ical ly if it decayed as rapidly as it formed. These considerations 
could provide an explanation for the multiphasic decay kinetics of P ' I -  (Fig. 
7). 

The scheme of Fig. 9C can be developed further to provide a mechanism for 
generating the triplet state of P, by assuming that  the formation of P+I 2- from 
P ' I -  is reversible. If an electron with spin a moves from P* to I-, and an elec- 
tron with spin/3 returns, the result would be to convert P* from singlet to trip- 
let. This could account for the transient state that  was seen in the nanosecond 
experiments (Fig. 8), although as was pointed out above, we cannot exclude 
the possibility that  the transient state is a very long-lived component  of the 
singlet state. A triplet state that  is formed in this way would not  be expected to 
display the marked electron spin polarization that  is observed in state pa. In 
agreement with this, ESR measurments have shown that  the spin-polarized trip- 
let does not  form when reaction centers are illuminated after the reduction of 
I [19,26,28,29]. 
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