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The optical difference spectrum of the excited primary electron donor, P*, m Rb. capsulatus reaction centers has been 
measured 600 fs after a 350-fs flash at 870 nm. The spectrum is characterized by bleaching in the ground state absorption 
bands at 855 and 600 nm, and a weak featureless transient absorption in between. The lack of significant (if any) bleaching 
at 800 nm indicates that P does not contribute appreciable oscillator strength to the 800-nm ground state absorption 
band. The conversion of P* to P+BPh; is accompanied by isosbestic points in the transient difference spectra at 765 
and 798 nm. The existence of the longer-wavelength isosbestic point, occurring essentially at the near-infrared absorbance 
maximum of the accessory BChls, provides compelling evidence that if state P*BChl, forms, its transient concentration 
is exceedingly small. At certain wavelengths in the near-infrared the absorption changes develop somewhat more slowly 
than the rate at which P* decays, a finding that may reflect a contribution from readjustments in the pigment-protein 

complex in response to electron transfer. 

Reaction center; Electron transfer; Photosynthesis; Femtosecond spectroscopy 

1. INTRODUCTION 

The primary electron donor in bacterial 
photosynthetic reaction centers (RCs) is a dimer of 
bacteriochlorophyll (BChl) molecules, usually 
referred to as P. The photoexcited dimer (P*) 
disappears with a time constant of 3-4 ps follow- 
ing excitation, with the concomitant reduction of 
BPhL, the bacteriopheophytin molecule associated 
with the L polypeptide. In a slower step requiring 
about 200 ps an electron from BPhi is transferred 
to the primary quinone (QA), achieving charge 
separation in the form of state P+QA with a unity 
quantum yield (see [l] for a recent review). 

Although the overall scheme of charge separa- 
tion is fairly clear, there are many unresolved 
issues concerning this process and the fundamental 
electronic and optical properties of the RC. A key 
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issue is whether electronic coupling among the six 
chromophores is sufficiently strong so as to be a 
principal determinant of the ground state and tran- 
sient state spectra. The role of the accessory pig- 
ment BChlL in the initial photochemistry also is 
somewhat controversial; arguments both for [2,3] 
and against [4-81 P+BChli being a resolved in- 
termediate state between P* and P+BPhL have 
been presented from recent subpicosecond 
measurements. In order to address these issues, we 
have examined the initial electron transfer reaction 
in Rb. capsulatus RCs, using 350-fs 870-nm excita- 
tion flashes. The results yield important new infor- 
mation concerning the optical properties of P and 
the mechanism of charge separation. 

2. EXPERIMENTAL 

Rb. capsulatus wild-type strain U43 (pU2922) was provided 
by Dr D. Youvan. Cells were grown non-photosynthetically and 
RCs isolated as described elsewhere [9]. RCs in 10 mM 
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potassium phosphate buffer (pH 7.4)/0.05% LDAO were 
maintained at 10°C and flowed through a 2 or 3 mm pathlength 

optical cell during experiments. Transient absorption spec- 
troscopy using 350-fs 870~nm excitation flashes, broad-band 
probe flashes, and dual-beam detection was performed as 
described elsewhere [IO]. The 870-nm excitation flashes were 
polarized at 45” with respect to the probe flashes to avoid 
dichroism of the absorption changes, and were attenuated to 
produce -30% bleaching in the 855-nm band of P. 

3. RESULTS 

Fig. 1 shows absorption difference spectra 
measured 600 fs (solid) and 16.8 ps (dashed) after 
excitation of Rb. capsulatus RCs with a 350-fs 
flash at 870 nm. The 600-fs spectrum, which we 
assign to P*, contains bleaching of the 855nm 
band of P, a weak featureless transient absorption 
between 810 and 610 nm, and bleaching of the 
600-nm QX band of the dimer. A flat absorption 
across the visible and near-infrared, broken only 
by bleaching of the ground state absorption bands, 
is characteristic of the difference spectra of the 
‘(K,T*) and 3(jlr,7r*) excited states of BChl and BPh 
in vitro [ 11,121, and of the excited triplet state of 
P [ 131. Although the 600-fs spectrum certainly is 
consistent with it being due to a ‘(~,a*) excited 
state of P, it cannot be deduced from this spectrum 
alone whether P* is a pure neutral exciton state or 
if in addition it contains some intra-dimer charge 
transfer character. 

P* decays with a time constant of 3.4 + 0.5 ps, 
as monitored by disappearance of the stimulated 
emission to the red of the 855-nm P-band 
bleaching [10,14]. Concomitant with this decay is 
the development of bleaching in the Qx and Qv 
bands of BPhr near 542 and 755 nm, respectively, 
resulting from P’BPhL formation. The 16.8-ps 
P+BPhL spectrum is further characterized by the 
broad BPhr anion band centered near 665 nm, 
whose peak intensity is about 35% greater than the 
amplitude of the flat absorption due to P* present 
at earlier times (fig.1). The formation of P+BPhL 
also is accompanied by an absorption decrease 
near 815 nm and an increase near 785 nm that 
together have the appearance of a band shift 
towards the blue. However, as discussed further 
below, the absorption changes in the 775- to 
825-nm region are complex. As an example of this, 
we have found in this region that the absorption 
changes do not develop uniformly at all 
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Fig. 1. Absorption difference spectra measured 600 fs (solid) 
and 16.8 ps (dashed) after excitation of Rb. cupsulutus RCs 

with a 350-fs 870~nm flash. Each spectrum represents the 
average of data acquired using -1500 excitation flashes, and 
the absorption changes typically have a standard deviation in 

AA of & 0.005. 

wavelengths with the same rate at which P* decays. 
A time constant of 3.6 f 0.5 ps is measured from 
803 to 823 nm (in the absorption decrease), while 
a somewhat longer time constant of 7.6 f 1.3 ps is 
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Fig.2. Kinetics for development of the absorption decrease 
centered near 810 nm, produced by excitation with an 870-nm 
flash. The solid curve is a fit of the kinetics of the absorption 
changes averaged between 808 and 816 nm to a constant plus an 
exponential, giving a 3.8 f 0.6 ps time constant. Several 
measurements throughout the 803-823 nm region yield an 

average time constant of 3.6 t 0.5 ps. 

212 



Volume 239, number 2 FEBS LETTERS November 1988 

found f rom 782 to 790 nm, the peak of the absorp- 
tion increase. Typical results are shown in figs 2 
and 3. These same results are obtained when weak 
582-nm excitation flashes are employed (not 
shown). 

Fig.4 shows a closer examination of  how the 
near-infrared absorption changes evolve as P* 
gives way to P+BPh~. The series of  spectra span- 
ning 600 fs to 16.8 ps (including numerous addi- 
tional spectra taken during this interval) have the 
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Fig.3. Kinetics o f  the absorption changes averaged between 782 
and  790 nm produced by excitation with an 870-nm flash. The 
two panels show results from experiments on two different RC 
preparations.  Data in each case are fitted to a constant  plus an 
exponential (solid curves), giving the time constants  shown. 
Several measurements  in this region (the peak of the absorption 

increase) give an average time constant  of  7.6 +_ 1.3 ps. 
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Fig.4. Time evolution of  the near-infrared absorption changes 
accompanying conversion of  P* to P+BPh~ produced by a 
350-fs 870-nm excitation flash. The spectra were measured after 
600 fs (solid), 1.6 ps (dashed), 3.2 ps (solid), 6.0 ps (dashed), 
and 16.8 ps (solid). The arrows mark how the absorption 
changes vary with increasing time. Other conditions as in fig.l .  

same AA values at both 765 and 798 nm. These 
isosbestic points would be consistent with the 
buildup of  P+BChI~ only if this state has the same 
differential extinction coefficients as P* and 
P+BPh~ at 765 and 798 nm. In view of the fact 
that 798 nm is nearly the peak of  the strong Qv ab- 
sorption of  the accessory BChls, and this ground 
state band should bleach if BChlt  is reduced, the 
concentration of  P+BChI~ present throughout the 
time P* decays and P+BPh?~ forms must be ex- 
ceedingly small. 

4. DISCUSSION 

4.1. Absorption spectrum of  P 
The P* (600-fs) absorption difference spectrum 

of  fig.1 provides insights into the contribution of  
P to the ground state absorption spectrum of  the 
RC. This is so because P*, like the (7r,~r*) excited 
states of  BChl and BPh in vitro, provides an essen- 
tially flat transient absorption that serves as a 
baseline (albeit non-zero) for bleachings of  the 
ground state absorption bands. Clearly seen in the 
600 fs spectrum in fig. 1 is bleaching of the 855-nm 
band of P, and of  its weaker Qx band near 
600 nm. Obviously absent is any significant loss of  
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absorbance near 800 nm. I f  P were to contribute to 
the strong 800-rim ground state absorption band 
because of  electronic coupling with the two ac- 
cessory BChls, as suggested f rom several of  the re- 
cent simulations of  the absorption spectrum of  Rb. 
sphaeroides RCs [15,16] (and of  the related Rps. 
viridis RCs [17,18]), then one would expect that 
removal  of  P f rom the ground state would cause a 
bleaching near 800 nm in proport ion to the 
amount  of  oscillator strength derived f rom the 
dimer. In the 600-fs spectrum there is only a hint 
of  a dip at 800 nm in the otherwise featureless ab- 
sorption increase. If  one takes the entire dip to 
represent a true bleaching of  P, then the loss of  ab- 
sorbance at 800 nm is at most 1/25 the amplitude 
of  the bleaching at 855 nm. This indicates that P 
does not contribute significantly to the ground 
state absorption at 800 nm via electronic coupling 
between the dimer and the monomeric  BChls. This 
point of  view is supported by work on Rb. 
sphaeroides and Rps. viridis, including other re- 
cent spectral simulations [19,20], linear dichroism 
measurements [21] and the effects of  temperature 
[22] and NaBH4 treatment [23] on the ground state 
absorpt ion spectrum. 

Other interpretations for the small dip at 800 nm 
(if not simply noise) are possible. It could be due 
to the higher-energy exciton component  of  P, 
which is not expected to carry much oscillator 
strength because of the geometry of  the dimer, 
assuming P in Rb. capsulatus is arranged as is P in 
Rps. viridis and Rb. sphaeroides [24-26]. (Alter- 
natively, bleaching of this component  could be 
buried under the blue edge of  the 855-nm band 
bleaching.) Another  possibility for the feature is 
the presence of some reduced BChlL, either in the 
form of state P+BChlF_ or a P+BChl~ charge 
transfer  contribution to P*. Or, the small dip 
could simply represent the beginning of  the ab- 
sorption changes due to the format ion of  P+BPhF~. 
A contribution from one  or more of  these other 
sources further limits the extent to which P, via 
electronic coupling with the BChls, contributes to 
the small dip at 800 nm in the 600-fs spectrum, and 
thus to the 800-nm ground state absorption band. 

4.2. Mechanism o f  the initial electron transfer 
reaction 

Our observation that conversion of  P* to 
P+BPhF~ is accompanied by isosbestic points at 765 

and 798 nm severely constrains the amount  of  
P+BChl-  that forms, if this state forms at all. 
Previous arguments against the transient reduction 
of  BChl in Rb. sphaeroides and Rps. viridis RCs 
have been based largely on the finding of  identical 
kinetics for the decay of  P* and the formation of  
P+BPhF~ [4-8]. Our spectral data provide a new 
measure of  the extent to which the conversion of  
P* to P+BPhF~ may involve an intermediate state. 
Our results would allow a significant population of 
P+BChlE during the lifetime of P* only if 
P+BChlf. fortuitously has exactly the same ae as 
P* and P+BPhF~ at 765 and 798 rim. That this 
should be so is particularly unlikely at 798 nm, 
since BChlL has its main absorption band near 
800 nm, and this band necessarily would bleach if 
BChlL is reduced. (It is important  to note that we 
observe isosbestic behavior, and the same kinetics 
of  the electron transfer reactions, when weak 
582-nm excitation is employed [10].) 

Our combined spectral and kinetic data restrict 
the participation of  BChlL in the initial photoact to 
a role that requires no more than an extremely low 
concentration of  the reduced pigment to be present 
at any time. A number  of  mechanisms have been 
proposed for the initial stage of  charge separation 
[27-34]. Perhaps the simplest mechanism is a two- 
step process involving electron transfer f rom P* to 
BChlL followed by electron transfer from BChff to 
BPhL, with the second step much faster than the 
first (i.e. k2 ~ kl in eqn 1). 

kl k2 
P* ' P+BChlF_ ~ P+BPh~ (1) 

It has been estimated recently from analysis of  
the absorption changes and kinetics in the vicinity 
of  833 nm in Rps. viridis at low temperature that, 
with regard to the two-step model, k2 - 70 kl [35]. 
To calculate this ratio, values for a number of  
spectral parameters of  the three states in eqn 1 had 
to be assumed. Our observation of  isosbestic 
points in the transient spectra as P* converts to 
P+BPhF~ provides for a more straightforward 
quantitative evaluation of the relative magnitudes 
of  the two rates in the two-step model. This 
derives, again, f rom the fact that one of the 
isosbestic points is at 798 nm (fig.4), essentially at 
the peak of  the BChlL ground state absorption. 
Hence, the maximum concentration of  P+BChlf_ 
that our data will tolerate during the entire time for 
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conversion of  P* to P÷BPh• is related simply to 
our ability to determine the 798-nm isosbestic 
point.  Thirty-two spectra measured between 600 fs 
and 16.8 ps give an average AA at 798 nm of 0.025 
+ 0.005. The error in this measurement,  i.e. AA = 
0.005, reflects the limitations of  detectability of  
BChI~ in this experiment. Another  measurement 
of  the maximum extent of  BChlL reduction is pro- 
vided by the possible bleaching at 800 nm. The 
small dip at 800 nm in the 600-fs spectrum (fig. 1) 
has zaA = - 0 . 0 0 6  (referenced to the positive 
background absorption).  One can construct an 
argument  giving the maximum concentration of  
P÷BChI~ on the basis of  either the error in the 
isosbestic point, or the magnitude of the potential 
bleaching near 800 nm. Since essentially the same 
value is obtained f rom either assay, we take 

- 0.006 with confidence as the maximum potential 
bleaching of  BChlL contributing to the transient 
spectra at 798 nm. 

The ratio of  the maximum concentration of 
P+BChI~ to the initial concentration of  P* is given 
by 

[P+BChl~]max/[P*]0 = X 1 / ( l - X )  (2) 

where X is the rate ratio kl/k2 [29]. The initial con- 
centration of  P* is proport ional  to the magnitude 
of  the bleaching in the 855-nm band in the 600-fs 
spectrum, which is zaA = - 0 . 1 5  (figs 1 and 4). To 
use eqn 2 we must additionally convert the AA = 
- 0.006 maximum BChlL bleaching to a concentra- 
t ion of  P+BChI~ relative to [P*]o. In view of  our 
discussion of  the P* spectrum given above, we 
assume that about  50°70 of  the 800-nm ground state 
absorpt ion band is derived f rom BChlL. Since the 
ratio of  the 800- and 855-nm ground state bands is 
approximately 2/1, this means that BChlL and P 
have roughly the same near-infrared peak extinc- 
tion coefficient. Thus, an upper limit to the left 
side of  eqn 2 is given simply by the ratio of  the 
max imum bleaching at 800 nm to the bleaching at 
8 5 5 n m ,  or ( - 0 . 0 0 6 ) / ( - 0 . 1 5 )  = 0.040. This 
means that X < 0.047, or that  k2 > 21 k~. Based 
on this result, it is easy to show that P+BChl~_ 
should reach its maximum concentration (<4070 
that  of  [P*]o) prior to 520 fs and should decay 
essentially with the 3.4-ps lifetime of  P*. 

The finding of at least a twenty-fold difference 
between the two rates provides essential informa- 
tion needed for the further evaluation of  the two- 

LETTERS November 1988 

step model.  In particular, the results imply a very 
large difference in the electronic and /o r  Franck- 
Condon factors for the two steps in eqn 1. A 
number  of  calculations [28,29,32] have indicated 
that the second step in eqn 1 would have an elec- 
tronic factor about  3 times that of  the first. 
Assuming that the Franck-Condon factors for the 
two steps are roughly the same (and recalling that 
the rate of  electron transfer is proport ional  to the 
square of  the electronic factor), one estimates that 
k2 - 9 k~, and that P÷BChl-  should reach a con- 
centration of about  0.1 [P*]0. This would translate 
into a zlA of about  - 0.015 under the experimental 
conditions of  figs 1 and 4. A bleaching of  this size 
would have been observable in our data. Another  
calculation gives an electronic factor ratio of  about  
6 [33], implying that k2 could be 36 times greater 
than kl.  In this case P+BChff_ would remain at a 
low enough concentration that we would not have 
detected its presence. Thus, this analysis of  our 
results implies either that the two-step model is not 
a viable mechanism, or that the larger ratio of  elec- 
tronic factors is more correct. (Similarly, although 
we have not considered it explicitly, the model in- 
volving the transient format ion of BChI~_BPh[ 
[28,31] is subject to restrictions at least as severe as 
those our experiments have placed on the forma-  
tion of  P+BChff_.) 

Additional considerations also imply that the 
two-step model may not be wholly appropriate.  If  
k2 > 21 k~ then the rate of  the second step must be 
exceedingly fast: k2 > (160 fs) -1, using kl = 
(3.4 ps) -~. Therefore,  our results, and those ob- 
tained recently for Rps. virid& at low temperature 
[35], indicate that electron transfer f rom BChI~_ to 
BPhL probably would have to compete with vibra- 
tional equilibration of P+BChl~. I f  so, then 
P+BChI~ probably should not be treated as a true 
chemical intermediate. Perhaps more appropriate  
in this regard, then, is the model in which electron 
transfer  f rom P* to BChlL is nonadiabatic,  while 
electron transfer f rom BChI~_ to BPhL is adiabatic 
[30]. P+BChI~ would not be considered a 
thermally-equilibrated intermediate, and the 
BChlL ground-state depletion would not be suffi- 
cient for its observation. Like the two-step model, 
this mechanism requires that the electronic coupl- 
ing between BChlL and BPhL be much larger than 
that between BChlL and P. Whether the actual dif- 
ference in the couplings is large enough for 
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adiabatic/nonadiabatic mechanism to be viable is 
not yet clear. 

In the superexchange model, P+BChl; lies 
above P* in energy, but couples P* and P+BPhL 
[27,33,34]. There is some debate as to whether the 
superexchange electronic couplings are large 
enough to account for the rapid (-3 ps) time con- 
stant for electron transfer 127-341. The superex- 
change model is certainly compatible with our 
results, since it does not require the formation of 
P+BChlL as an intermediate state. This model has 
received support from recent measurements of the 
Stark effect on the fluorescence from Rb. 
sphaeroides RCs [36]. Superexchange is clearly 
consistent with the now seemingly overwhelming 
experimental evidence that if BChlr participates in 
the initial stage of charge separation, it must do so 
via a mechanism that tolerates the absence of a 
significant transient concentration of the reduced 
chromophore. 

An additional finding that may have important 
mechanistic implications is that the kinetics 
observed in conjunction with the initial 
photochemistry in Rb. capsulatus do not appear to 
be uniformly the same at all wavelengths. We have 
measured a time constant of about 3.5 ps for decay 
of P* stimulated emission (860-920 nm) [10,14], 
for development of bleaching of the 755nm BPhr 
QY band [lo], and for appearance of the 8 IO-nm 
absorption decrease (fig.2). However, we measure 
a somewhat longer time constant of 7-8 ps at the 
peak of the 785nm absorption increase (fig.3). 
This result was reproducibly obtained in six dif- 
ferent measurements on Rb. capsulatus RCs. We 
also have found the same phenomena manifest in 
Rb. sphaeroides RCs (a time constant of 3 ps for 
both decay of stimulated emission and for develop- 
ment of the 810-nm bleaching, but a value of 
5-6 ps at the peak of the 785-nm absorption in- 
crease: Kirmaier, C. and Holten, D., un- 
published). 

The absorption changes between 775 and 
825 nm are quite complex and resistant to simple 
interpretations. It is well known that this region of 
the transient state spectra in Rb. sphaeroides, for 
example, cannot be ascribed solely to a simple blue 
shift of a single pigment’s absorption band 
[37-411. Our data are consistent with this view, 
because we measure different kinetics at the ex- 
tremes (i.e. the top and the bottom) of the ap- 
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parent blue shift. There are certainly a number of 
ways in which our data on Rb. capsulatus can be 
visualized. Perhaps the simplest is the development 
of a blue shift with a 3.5 ps time constant, together 
with a slower component whose predominant con- 
tribution is near the peak of the 785 nm absorption 
increase. If the lifetime of the second component 
is not substantially longer than 3.5 ps (e.g. 
lo-15 ps), then the two components would not be 
easily separable and single exponential kinetics 
with an intermediate lifetime would be observed at 
wavelengths where they both contribute. Since the 
isosbestic behavior is maintained during the 3.5-ps 
lifetime of P*, the slow component either does not 
contribute to the absorption changes at 765 and 
798 nm, or its contribution in the vicinity of these 
isosbestic points (particularly at early times) is too 
small to be manifest in the spectra. In this regard, 
it is important to note that the slower (-7.5 ps) 
time constant is measured near 786 nm, which is 
more than 10 nm removed from the 798 nm 
isosbestic point, and some 20 nm from the one at 
765 nm. 

A blue shift of the SOO-nm BChl absorption with 
a 3.5-ps time constant undoubtedly reflects in part 
the changing charge distribution that BChlt. ex- 
periences in its surroundings as an electron moves 
from P* to BPhr. The slower phase contributing 
predominantly only to the absorption increase 
might involve, for example, a further alteration in 
the shifted absorption due to subsequent readjust- 
ment of the protein (e.g. breaking/forming 
hydrogen bonds), or readjustments of the 
pigments themselves (e.g. ring puckering or flat- 
tening). The absolute rate of this additional con- 
tribution may not be limited solely by the rate of 
charge separation, but by slow, low-frequency mo- 
tions of the protein. One must also consider that 
the QY absorption band of BChlM probably also 
blue shifts in response to the oxidation of P, and 
that P’ itself may contribute to the absorption in- 
crease near 785 nm [37-411. The situation 
becomes even more complex if there is a distribu- 
tion of pigment-protein conformations prior to ex- 
citation which differ in their spectra and kinetics. 

The finding that the kinetics which otherwise 
would be associated with a simple electron transfer 
process in the RC are not uniformly the same at all 
wavelengths is not without precedent. In reaction 
centers from several bacterial species we have 
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p r e v i o u s l y  o b s e r v e d  a d e t e c t i o n - w a v e l e n g t h  

d e p e n d e n c e  o f  t he  - 2 0 0  ps k ine t ics  a s s o c i a t e d  wi th  
t he  P+BPh~_ , P+QT, r e a c t i o n  [1 ,39,42,43] .  T h e  

t w o  poss ib le  c o n t r i b u t i o n s  t h a t  we h a v e  c o n s i d e r e d  
to  e x p l a i n  these  ear l ie r  o b s e r v a t i o n s ,  a n d  t h o s e  o f  

t h e  p r e s e n t  s tudy ,  a re  s u p p o r t e d  by  the  resul ts  o f  

o t h e r  m e a s u r e m e n t s .  N a m e l y ,  t he re  m a y  be  s t ruc-  
t u r a l  changes  in r e s p o n s e  to  t he  n e w  c h a r g e  

d i s t r i b u t i o n  resu l t ing  f r o m  e l e c t r o n  t r a n s f e r  

[ 4 4 - 4 6 ] ,  a n d / o r  t h a t  t he r e  m a y  be  a d i s t r i b u t i o n  o f  
p r o t e i n  c o n f o r m a t i o n s  [47,48].  B o t h  c o n c e p t s  a re  
phys i ca l l y  r e a s o n a b l e ,  a n d  b o t h  m a y  be  m a n i f e s t  in 

v a r i o u s  ways  in t he  o b s e r v e d  p h o t o c h e m i s t r y .  

W h i c h ,  i f  e i the r ,  o f  t hese  poss ib i l i t i es  is r e s p o n s i b l e  
f o r  o u r  o b s e r v a t i o n s  is as yet  n o t  c lear .  L o w  

t e m p e r a t u r e  m e a s u r e m e n t s  o n  R C s  f r o m  severa l  
o r g a n i s m s  a re  u n d e r w a y  to  he lp  d e t e r m i n e  w h e t h e r  

t he  t i m e - e v o l u t i o n  o f  t he  a b s o r p t i o n  changes  at  

s o m e  w a v e l e n g t h s  m a y  be  a s s o c i a t e d  in pa r t  w i th  

d y n a m i c  p rocesses  in t he  p i g m e n t - p r o t e i n  c o m p l e x  
t h a t  a re  t r i g g e r e d  by  e l e c t r o n  t r a n s f e r .  
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