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Charge Separation in a Reaction Center Incorporating 
Bacteriochlorophyll for Photoaaive Bacteriopheophytin 

Site-directed mutagenic replacement of M subunit Leu214 by His in the photosynthetic 
reaction center (RC) from Rhodobacter sphaeroides results in incorporation of a 
bacteriochlorophyll molecule (BChl) in place of the native bacteriopheophytin (BPh) 
electron acceptor. Evidence supporting this conclusion includes the ground-state 
absorption spectrum of the (M)L214H mutant, pigment and metal analyses, and 
time-resolved optical experiments. The genetically modified RC supports transmem- 
brane charge separation from the photoexcited BChl dimer to the primary quinone 
through the new BChl molecule, but with a reduced quantum yield of 60 percent 
(compared to 100 percent in wild-type RCs). These results have important implica- 
tions for the mechanism of charge separation in the RC, and rationalize the choice of 
(bacterio)pheophytins as electron acceptors in a variety of photosynthetic systems. 

C HARGE SEPARATION IN THE RC 
complex from photosynthetic bacte- 
ria (Fig. 1) involves the reduction of 

the BPh electron acceptor associated with 
the L polypeptide within a few picoseconds 
of excitation of the BChl dimer, P. Subse- 

C. Kirmaier and D. Holten, Department of Chemistry, 
Washin on University, St. Louis, M O  63130. 
D. G a Z R .  DeBey, C.C. Schenck, Deparunent of Bio- 
chemistry, Colorado State University, Fort Collins, CO 
80523. 

quently, the BPh, anion transfers an elec- 
tron in a few hundred picoseconds to the 
primary quinone (Q,), forming In 
this way, charges are stably separated across 
the membrane with unity quantum yield, 
even at cryogenic temperatures ( 1 ) .  The 
crystal structures of RCs from nvo bacterial 
species have revealed this protein complex to 
be highly symmetric: BPh,, the BChlL 
monomer, Q,, and the L polypeptide fold- 
ing pattern obey approximate C2 symmetry 

Fig. 1. Schematic representation of the cofactor 
arrangement in the bacterial reaction center. Sym- 
bols are defined in the text. 

with respect to BPh,, BChl,, Q,, and the 
folding of the M polypeptide (2-4). Both 
BChl, and BChl, are in van der Waals 
contact with a BChl ring of P and -5 A 
from their neighboring BPh, and BPh,, 
respectively. Determination of the role of 
BChl, in the initial reduction of BPh, and 
elucidation of the molecular factors respon- 
sible for the unidirectional asymmetry of 
charge separation to BPh, are critical issues 
in current efforts toward a microscopic un- 
derstanding of light-induced charge separa- 
tion in photosynthetic RCs. 

A His residue is located adjacent to the 
M$+ of each of the four BChls. The crystal 
structures have generally identified these His 
residues to be ligands to the Mg2+ ions, 
although some exceptions to this have been 
reported (3). The BPhs lack a central M$+ 
ion and do not have metal-coordinating 
ligands from the protein over the macrocycle 
centers. A conserved Leu on the M subunit 
(residue 214 in Rb. sphaevoides) is located 
roughly over the center of the BPhL chro- 
mophore (4). We have replaced this Leu 
with the potential metal-coordinating resi- 
due His in a Rb. sphaevoides stain derived 
from wild-type (wt) WS8 ( 5 ) .  

Comparison of the ground-state absorp- 
tion spectrum of RCs isolated from the 
(M)L214H mutant (Fig. 2, dashed) with 
the spectrum of wt RCs (solid) reveals that 
while the 865-nm band of P is unperturbed, 
several other key absorption bands are al- 
tered. In the difference spectrum, 
(M)L214H RCs are distinguished from wt 
by the appearance of a Q, band near 785 
nm, stronger Qx absorption at 600 nm, and 
less absorption in the BPh bands near 760 
and 545 nm. These changes are consistent 
with the replacement of BPh, with BChl. In 
this regard, all available spectroscopic infor- 
mation on tetrapyrroles makes it difficult to 
reconcile the mutation-induced spectral 
changes as representing merely a shift of the 
BPh, Q, band from 545 to 600 nm due to 
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the presence of a histidine over the center of 
the metal-free chromophore (681. 

\ ,  

The results of quantitative assays of the 
pigment content and stoichiometry given in 
Table 1 indicate that the majority of the 
(M)L214H RCs have incorporated a BChl 
molecule, which we designate P,, in place of 
the native BPh, electron carrier. Note that 
the most straightforward assay, the BChU 
BPh pigment ratio, indicates that at least 
85% of the (M)L214H RCs contain five 
BChls and one BPh. Such an altered pigment 
content is consistent with the ground-state 
absorption spectrum and the time-resolved 
absorption measurements described below. 
x-raydiffraction data on single crystals of the 
(M)L214H mutant indicate a significant elec- 
tron density at the center of the tetrapyrrole 
ring at the BPh, site, consistent with the 
presence of a Mg atom (9). Our finding that 
placement of a His over the center of a BPh 
promotes incorporation of BChl is comple- 
mentary to the observation that removal of 
the His associated with the central M$+ of 
either BChl of P results in the incorporation 
of BPh into the appropriate binding site 
(10-12). 

The (M)L214H RC can support the 
overall primary charge-separation process 
yielding P+QA-, in agreement with the 
observation that the mutant grows photo- 
heterotrophically. The transient absorption 

Table 1. RC Content and stoichiometries. The 
(M)L214H RCs used in these assays (as well as 
in the time-resolved experiments) had A,,,/Axo0 
= 1.06. (A, is the absorbance at the peak of the 
bands near 280 and 800 nm.) The results and 
standard deviations from four to six determi- 
nations of each quantity are shown. The numbers 
in square brackets are the known values for the 
pigment content of wt RCs. The numbers in 
parentheses are the values expected if a BPh is 
replaced by BChl in the mutant. 

M$+/ (Pigments)/ BChV 
RC* RC t BPht 

Wild type 3.9 * 0.4 5.6 + 0.4 1.8 * 0.2 
[41 [61 [21 

(M)L214H 4.6 + 0.4 5.6 * 0.4 4.5 * 0.5 

"Determined by inductively coupled plasma atomic 
emission spectroscopy (37) by comparison with standard 
solutions of MgZ+ salts in detergent buffer. The Mg2+ 
stoichiomeuy (requiring knowledge of the RC concen- 
tration of the samples) was based on the protein absorp- 
tion at 280 nm and made use of the extinction coefficient 
for wt RCs (which had A2,,$A8,, = 1.21). +Deter- 
mined by extraction of the lgments into acetone:meth- 
an01 (7:2) (8, 11). The B C ~ R P ~  pigment ratio assay is 
independent of assumptions about extinction coefficients 
in vivo, whereas the pigmentsiRC assay requires knowl- 
edge of the RC concentration (which was determined 
from the absorbance at 865 nm utilizing the 865-nm 
extinction coefficient for wt RCs). The BChliBPh ratio of 
4.5 corresponds to 85% of the (M)L214H RCs contain- 
ing five RChls and one RPh. An upward correction of the 
ratio by 10% (the BChlIRPh ratio for wt RCs is -10% 
low) would indicate that a BChl has replaced a BPh in 
essentially all of the (M)L214H RCs. 

Fig. 2. The upper traces compare the 295-K 
absorption spectra of wt (-) and (M)L214H 
( -  - - -) RCs in 10 mM tris, pH8, 0.05% LDAO 
buffer. The spectra have been normalized at the 
865 nm absorption peak of P. In wt RCs absorp- 
tion bands are assigned basically as follows: 865 
nm, the long-wavelength transition of P; 805 and 
760 nm. the OY bands of the monomeric BChls 

W~ld type --- 
,o\ (M) i214I i  -- - - 

C 
- 

2 I 
4 0.5- 

and ~ ~ h s ,  respectively; 600 nm, the 
tions of all four BChls; 530 and 545 
bands of BPh, and BPh,, respectively, which 
partially overlap at 295 K. (The single carotenoid 400 600 800 1000 

Wavelength (nm) 
also contributes in the 450- to 550-nm region.) 
Subtraction of the wt spectrum from that Gf ( ~ 0 ~ 2 1 4 ~  RCs gives the difference spectrum shown as 
the lower trace, which is indicative of reduced BPh and increased BChl content in the mutant (see text). 

spectrum observed 2 ns after a 150-fs exci- 
tation flash (13) has features expected for 
this state, including bleaching of the 865- 
nm band of P and a bandshift-like feature 
centered near 800 nm (Fig. 3). The P-band 
bleaching decays with a time constant on the 
order of 100 ms, characteristic of the 
PtQA- charge-recombination reaction in 
wt RCs (1 4). The yield of P t G -  is -60%, 
compared to 100% in wt RCs, as indicated 
in Fig. 3 by an initial 40% recovery of the 
865-nm bleaching of P between the two 
early-time spectra (400 fs and 30 ps) and the 
2-11s PtQA- spectrum. The finding that 
charge separation takes place in ( ~ ) ~ 2 1 4 ~  
RCs is remarkable in view of the replace- 
ment of the native BPh, electron carrier 
with BChl, a pigment with significantly dif- 
ferent redox properties in vitro (7, 15). 

A description of the electron transfer 
events in (M)L214H RCs leading to this 
60% yield of PtQA- is obtained from the 
data in Figs. 4 and 5, which compare spectra 
for wt and (M)L214H RCs acquired under 
identical conditions on samples having the 
same concentration. (Note that the ampli- 
tudes of the absorption changes in the &o 
samples thus can be compared to give a 
quantitative assay of the photochemistry in 
(M)L214H RCs.) The spectrum of P* (the 
excited primary electron donor) at 400 fs is 
essentially identical in wt and (M)L214H 
RCs, showing the characteristic flat and 
featureless absorption between 500 and 800 
nm, broken by bleaching of the a, band of 
P near 600 nm (Figs. 4 and 5A). The P* 
spectrum in (M)L214H RCs is further char- 
acterized by bleaching of the 865-nm band 
of P superimposed on the P* stimulated 
emission band between 870 and 1000 nm, 
as shown in the 400-fs spectrum in Fig. 3. 
(An identical P-bleaching and stimulated 
emission spectrum is found for wt RCs.) 
The lifetime of P* in (M)L214H RCs (mea- 
sured by decay of stimulated emission) is 6.4 

0.8 ps, which is about a factor of 2 longer 
than the lifetime of 3.5 + 0.3 ps observed in 
wt RCs and associated with P* -+ 
PtBPhL-. 

-0.2 1 I I I 
800 900 1000 
Wavelength (nm) 

Fig. 3. Transient absorption difference spectra of 
(M)L214H RCs observed 0.4 ps (-), 30 ps 
(- - - -), and 2 ns (-.--) after a 150-fs excitation 
flash at 870 nm. Other condtions as in (13). 

The spectral region between 500 and 700 
nm is particularly useful for identifying the 
transient state formed following P* decay; 
this region encompasses the Qx bands of the 
chromophores (500 to 600 nm) and the 
broad yet pronounced absorption bands of 
both BPh and BChl anions (600 to 700 
nm). The spectrum of PtBPhI,- at 15 ps in 
wt RCs (Fig. 44) shows bleaching of the 
545-nm Qx band of BPh, and the charaaer- 
istic broad 665-nm BPh, anion band. These 
features develop with time constants of -3.5 
ps, in agreement with the P* stimulated 
emission decay time. Bleaching of the a, 
band of P near 600 nm is the same in wt RCs 
for states P* and PtBPhL-, as expected. 

A novel intermediate state forms as P* 
decays in (M)L214H RCs (Fig. 4B). The 
30-ps spectrum in the mutant has a broad 
absorption band centered near 690 nm that 
develops with a time constant (6.5 * 1.5 ps) 
which is the same within experimental error 
as the P* stimulated emission lifetime. Dur- 
ing this time an increase in the bleaching in 
the BChl Qx region near 600 nm develops. 
These spectral features are notably different 
from those due to reduction of BPh,  in wt 
RCs and are consistent with the reduction of 
a BChl. Hence, we believe that P* decays in 
(M)L214H RCs by electron transfer to P, 
to form PtpL-. The formation of a BChl 
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anion is supported by the observation that 
the anion band of BChl in vitro is red- 
shifted from that of BPh (7). Further, one 
expects that the reduction of a BChl would 
give rise to bleaching near 600 nm in addi- 
tion to the bleaching of the Qx band of P. 
State P+P , -  appears to form with the same 
high quantum yield (-1.0) as P+BPhI,- in 
wt RCs. This high yield is determined from 
two observations: (i) there is essentially no 
decay of bleaching in the 865-nm band of P 
(no ground-state recovery) during the P* 
lifetime (compare 400-fs and 30-ps spectra 
in Fig. 3); and (ii) the amplitude of the 
690-nm anion band of PtP,,- in the mutant 
is comparable to that of the 665-nm anion 
band of PtBPhI,- in wt RCs (Fig. 4). The 
anion bands of BChl and BPh in vitro also 
have comparable extinction coefficients (7). 
The second ~ o i n t  also indicates that we are 
witnessing photochemistry in the majority 
(essentially all) of the RCs and not just some 
small subpopulation. 

740 780 820 
Wavelength (nm) 

Fig. 4. Comparison of the visible-region transient 
spectra observed under identical experimental 
conditions on wt (A) and (M)L214H (B) RC 
samples of the same concentration (as judged by 
their 865-nm absorption). In wt RCs the 400-fs 
spectrum (- - - -) and 15-ps spectra (-) are 
associated with P* and P+BPh,-, respectively. In 
(M)L214H RCs an identical P* spectrum is 
observed at 400 fs ( -  - -). The 30-ps spectrum 
(-) for (M)L214H has features that are much 
different and which may be ascribed to reduction 
of a BChl (P,); this spectrum of P + P L  is equiv- 
alent to the 15-ps spectrum of P+BPh,- in wt 
RCs in the sense that both were measured at 
about five P* lifetimes. In (B) a 15-ps spectrum 
(-) is also plotted between 480 and 570 nm 
(essentially coincident with the 400-fs and 30-ps 
spectra); the wt spectra show maximal 540-nm 
bleaching of BPh, at this time. Other conditions 
as in ( 13). 

The spectra of (M)L214H RCs are de- 
void of bleaching in the region between 500 
and 570 nm throughout the time course 
from 400 fs to 2 ns (Fig. 4B). This key result 
first shows that there is no evidence for 
photochemicall~ active BPh,  (the native ac- 
ceptor) in the mutant since there is no 
bleaching near 545 nm (5  10% active BPh, 
present based on the signal-to-noise ratio in 
Fig. 4B). This finding is consistent with the 
ground-state absorption spectrum, pigment 
analysis, and transient absorption data at 
longer wavelengths (see abovi) . The second 
important implication of this result is that 
there is no evidence for electron transfer to 
the symmetry-related BPh, molecule as 
would be evidenced by bleaching of its 
530-nm Q, band. 

The data in Fig. 5 more directly implicate 
PI, as the reduced electron carrier between 
P* and P+QA-. As in the Q, and anion 
regions, the 20-ps spectra between 720 and 
840 nm are very lfferent for PtPL- in 
(M)L214H RCs (Fig. 5B, solid) and 
P+BPh,- in wt RCs (dashed). The differ- 
ence between these two spectra is given as 
spectrum h in Fig. 5C. spectrum a is the 
difference between the two P* spectra in 
part A, while spectra b through g show the 
difference between the mutant and wt tran- 
sient spectra at several intervening times 

Fig. 5. Transient absorption changes in the Q, 
region for wt (- - - -) and (M)L214H (-) RCs. 
(A) Comparison of the 400-fs P* spectra, which 
are the same within experimental error in the two 
RCs. (B) Comparison of the 20-ps spectra of the 
intermediate states between P* and P+&-: 
P+BPh ,  in wt RCs, and the state identified as 
P + P L  in (M)L214H RCs. The difference be- 
tween the spectra in (A) and (B) (the absorbance 
changes for wt RCs subtracted from those for 
(M)L214H RCs) are shown (C) as traces (a) and 
(h), respectively. The other traces in (C) are 
slmllar subtractions of the (M)L214H and wt 

spectraat (b) 1.1, (c) 1.8, (d) 3.3, (e) 4.8, (f)  7.9, 
and (g) 14 ps. Other conditions as in (13). 

spanning the P* lifetime. This series of AAA 
spectra show that a net bleaching near 785 
nm develops as P* decays. The wavelength 
of this net bleaching closely matches the 
position of the new Q, ground-state ab- 
sorption in (M)L214H RCs (Fig. 2) and 
can be associated with reduction of PI,. 
Since BChl, could contribute to the 785-nm 
absorption due to exciton coupling with P,, 
it is possible that some electron density in 
PI,- is shared with BChl,. However, if the 
state present after P* decay were predomi- 
nately P+BChl,- (or P+BChl,-), then we 
would have expected the main bleaching in 
Fig. 5C to occur near 800 to 810 nm. 

It is in subsequent electron transfer, 
PtPI,- -+ P+QA-, and not in the initial 
electron transfer from P*, that the reduction 
in quantum yield is observed. State P + p , -  
has a lifetime of 325 t 25 ps as measured by 
decay of the 690-nm anion band; there is 
good agreement between this value and the 
400 t 75 ps measured for the 40% decay of 
bleaching of the 865-nm band of P (Fig. 3). 
Hence, P t P L  decays 60% by electron 
transfer to QA and 40% by return to the 
ground state during its -350 ps lifetime. 
Reduction of QA (-350 ps10.6 .= 600 ps) is 
about a factor of 3 slower than in wt RCs, 
while competing deactivation of P+P , -  to 
the ground state (-350 ps10.4 = 900 ps) is 
more than a factor of 10 faster than charge 
recombination within PtBPhI,- in wt RCs 
(1 6). Confirming the latter finding, the time 
constant for PtPL- decay to the ground 
state measured under conditions where elec- 
tron transfer to QA is blocked is -850 ps 
(1 7). An enhanced charge-recombination 
pathway competing effectively with electron 
transfer to Q, is thus responsible for the 
reduced P+QA- quantum yield in 
(M)L214H RCs. 

One expects replacement of BPh, with 
BChl (P,) to raise the free energy (AG) of 
the radical pair (PtPI,- versus P+BPh,-) 
with respect to the ground state since BChl 
in vitro is harder to reduce than BPh by 200 
to 300 meV (7, 15). To investigate this, the 
free energy of PtPL- with respect to P* was 
determined from the delayed fluorescence 
from P* at room temperature (18). [Steady- 
state measurements on (M)L214H RCs re- 
veal an emission band centered near 915 nm 
similar to that found in wt RCs and ascribed 
to fluorescence from P*.] It is evident from 
Fig. 6A that a considerable fraction of the 
emission from the (M)L214H mutant is 
delayed compared to emission from wt RCs 
(which approximates the instrument re- 
sponse). The wt signal was used to decon- 
volve prompt from delayed components in 
the fluorescence of the mutant. The results 
(Fig. 6B) give the prompt component, a 
major delayed component (time constant T 
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Fig. 6. (A) Observed time- 
resolved fluorescence at 920 ? 
nm from (M\L214H RCs 

\ ,  

(upper curve) and from wt 
RCs (lower curve), with the 
latter approximating the in- 
strument response to a 6 - 
function excitation. (6) The 
deconvolved components 
(18, 19). A five-parameter fit 
with a prompt component 
(trace 1) and two delayed Wild type 

components (traces 2 and 3) 
was ;equired'to successfull$ C - i - - - 2 5  
model the data, as ascer- 0 5 10 0 5 10 15 
tained by the weighted re- Time (ns) 
siduals [(B), bottom and 
right-hand ordinate; see (19)l. Deconvolution parameters are described in the text. 

= 0.7 ? 0.3 ns), and a minor delayed 
component (7 = 3.2 ? 1.0 ns) in the ratio of 
1.7:4.8:0.6 compared to the integrated in- 
tensity of wt emission. (The minor compo- 
nent may represent trace impurity fluoro- 
phores.) If we use a simple two-state model, 
then the initial amplitude of the major de- 
layed component indicates that P + P , ~  lies 
75 -+ 30 meV in free energy below P* in the 
mutant. This -AGO is considerably smaller 
than the 160-meV gap between P* and 
P t B P h L  in wt RCs (19). The -85-meV 
difference between wt and (M)L214H RCs 
is smaller than expected based on solution 
redox potentials of BPh and BChl. This 
difference could reflect (i) structural or elec- \ ,  

trostatic protein perturbations holding the 
cofactor within a functional redox potential 
range, and (ii) mixing between P t P L  and a 
higher energy state such as P+BChlLP. 

The factor of 1.7 increased yield of the 
prompt fluorescence component in the mu- 
tant correlates well with the increased P* 
lifetime (6.5 versus 3.5 ps) in (M)L214H 
RCs relative to wt. In the simplest model, 
the time course of the delayed components 
should show kinetic equivalence with the 
states measured in absorption. The lifetime 
of the major delayed fluorescence compo- 
nent (0.7 ? 0.3 ns) agrees reasonably well 
with the radical-pair lifetime measured in 
transient absorption (0.35 -+ 0.06 ns). The 
observed time constants in (M)L214H RCs 
vary with detection wavelength in the Qy 
region of the transient absorption spectra. 
(The values measured in the P* stimulated 

may reflect in part differences in the energy 
of the radical-pair state in both wt and 
(M)L214H RCs. Thus a complete descrip- 
tion of the delayed fluorescence may require 
a distribution of states weighted by the 
Boltzmann factor, although this should not 
qualitatively affect our conclusion that 
-AGO in the mutant is substantially smaller 
than in wt RCs. 

A mechanistically important conclusion 
that can be drawn from our results is that the 
rate of electron transfer from P* to BPh,. (or 
PI,) depends rather weakly on the free ener- 
gy gap; this rate changes by only a factor of 
2 despite a large fractional change in -AGO 
from 160 meV in wt to -75 meV in 
(M)L214H RCs. The weak -AGO depen- 
dence of this rate, evident here and in other 
recent work (21, 22), could reflect a shallow 
potential surface for P* with numerous co- 
ordinates available for passage to the radical- 
pair state involving weak coupling to many 
modes of the pigment-protein complex ( 2 s  
25). An additional factor may be a very small 
pigment-protein reorganization energy A, at 
least on the time scale of the initial reaction. 
Such constraints would temper the effect of 
a change in energetics on the Franck-Con- 
don factor and help to explain why even for 
the very small -AGO in the mutant the 
initial reaction does not lie in the activated 
region where -AGO < A (26). The activa- 
tionless nature of this process in (M)L214H 
RCs follows from our observation that the 
P* lifetime at 5 K is -2.5 ps. 

Another consideration in understanding 
emission and 690-nm anion bands are the mechanism of initial electron transfer is 
roughly equal to the mean of a range of the role of the BChl,, monomer. This issue is 
values obtained in the Qy region.) Similar still being debated with respect to wt RCs, 
results for both electron transfer from P* to with two basic ideas receiving the most 
BPh, and from BPh, ,  to Q, have been attention (21, 27-31) : (i) a two-step process, 
recently reported for wt Rb, sphaevoides R26 P* -+ P+BChl, ,  + P+BPh12p, wherein 
RCs and attributed to an inhomogeneous P+BChl, ,  is a true chemical intermediate 
distribution of RCs, with each conformer and the second step is much faster than the 
reacting with slightly different rates (20). first; and (ii) a superexchange mechanism in 
The different rates of electron transfer which PtBChl12- is not discretely populated 
among the members of such a distribution but quantum mechanically mixes with P* 

and P+BPhI.-. A key issue is the energy of 
P+BChlI,-. There is little experimental in- 
formation about the P+BChl,- energy, al- 
though some estimates and constraints have 
been discussed (21, 28-31). If PtBChlI,p 
lies only slightly above P* (within -kT),  
then a combined superexchange/thermally 
activated two-step mechanism could operate 
at 295 K with the former dominant at 
cryogenic temperatures (3 1). In considering 
a two-step mechanism, if P+BChl, ,  lies 
below P* in (M)L214H RCs, then our 
results show that the separation between 
these states must be less than -75 meV. A 
75-meV free energy gap is a very narrow 
window to accommodate two consecutive 
ultrafast activationless electron transfer Dro- 
cesses and hence places even greater con- 
straints on A and the shapes of the relevant 
~otential surfaces than in wt RCs. Addition- 
ally, in order for the two-step mechanism to 
be tenable in (M)L214H RCs, one must 
hypothesize that replacement of BPh, with , 
f3, affects the rate of electron transfer from 
P* to BCh1,-. 

The most dramatic difference in 
(M)L214H RCs is found in the increased 
rate of charge recombination (PtP1,- -+ P) 
and the consequent decrease in the yield of 
P+Q,-. Since it is difficult to see how an 
altered Franck-Condon factor could fully 
account for a greater than tenfold increase in 
the charge recombination rate, it is reason- 
able to propose that the electronic factor for 
this process is increased in the mutant 
through a superexchange mechanism. It has 
been suggested that electronic coupling be- 
tween P+BPh , ,  and the ground state in wt 
RCs can be enhanced by quantum-mechan- 
ical mixing of P+BPhI,- with a virtual state 
such as PtBChl1,  or BChl1,+BPhI, (28). 
Since the mixing between two states de- 
pends inversely on their energy separation, 
the smaller free energy gap between P+PI.p 
and P+BChl, ,  in (M)L214H RCs would 
increase the rate of deactivation to the 
ground state. This interpretation also may 
explain the effect of a transmembrane elec- 
tric field on the delayed fluorescence from 
wt chromatophores .(32). The proposed 
mixing of PipI,- with a state such as 
PtBChl1, is quantum mechanical and not 
thermal in nature, since measurements on 
(M)L214H RCs at 5 K indicate that the 
inherent time constant of P + P ,  charge 
recombination is about the same (- 1 ns) as 
at 295 K (33). An important point is that a 
greater than tenfold increase in the charge 
recombination rate is compatible with a 
much smaller change in the rate of initial 
electron transfer from P* even if both pro- 
cesses are superexchange-mediated by 
P+BChlI,p. This follows because the su- 
perexchange energy denominators for for- 
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ward electron transfer and charge recombi
nation may differ in their sensitivity to AG° 
of P + p L " /P + BPh L " because of differences 
in the shapes and crossing points of the 
relevant potential energy surfaces (34). Ad
ditionally, slow structural reorganizations 
following formation of P+(3L~, as have been 
proposed to occur in P+BPhx ~ in wt RCs 
(19, 30, 35), could uncouple the electronic 
factors for the two processes. 

Our results suggest a reason why the 
native RC may use BPhL instead of BChl 
((3L) as the electron carrier prior to QA . 
Namely, in order to hinder the unwanted 
charge-recombination process from compet
ing effectively with electron transfer to QA , 
the radical-pair state (P+BPhL~ in wt) 
should lie far enough below P+BChlL~ that 
superexchange-mediated coupling to the 
ground state is not too large. Similarly, it 
may be unfavorable for P+BChlj ~ to lie 
below P*, since P+BChl! "-mediated deacti
vation of P+BPhj ~ to the ground state might 
then be enhanced sufficiently to diminish the 
quantum yield of charge separation. 

The high quantum yield of charge separa
tion depends on an effective competition 
between electron transfer and charge recom
bination at each stage of the process. A key 
insight into RC primary photochemistry is 
that an optimized Franck-Condon factor for 
the initial reaction may not simply be asso
ciated only with a fast rate, but also with a 
tolerance toward energetics. Our results also 
show, however, that raising the energy of 
P+BPhL" (or P + P L ^) too much can in
crease the rate of the unwanted charge-
recombination reaction of this state, dimin
ishing the yield of electron transfer to QA . 
Thus, highly exothermic deactivation pro
cesses in the RC may not be inhibited 
effectively, due to poor Franck-Condon fac
tors (the inverted region effect), if the elec
tronic coupling is sufficiently large (12, 24, 
25). These ideas are also exemplified in the 
heterodimer mutants, in which a BChl of P 
is changed to BPh (10-12), where substan
tial BChl+BPh~ intradimer charge-transfer 
character likely provides an enhanced elec
tronic factor for the ultrafast (—30 ps) de
activation to the ground state, diminishing 
the yield of electron transfer to BPhL (11, 
12, 25, 36). Collectively, these observations 
argue that a principle means by which the 
RC achieves a high quantum yield of charge 
separation is to minimize the participation 
of states in which charge is separated be
tween strongly interacting chromophores 
because such states have significant electron
ic coupling to the ground state. 
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Chemical Sensors Based on Controlled-Release 
Polymer Systems 

A novel chemical sensor has been developed in which the polymer ethylene-vinyl 
acetate is used as a controlled-release system to deliver reagents to the sensing region 
of an optical fiber for a homogeneous competitive immunoassay based on fluorescence 
energy transfer. A competition reaction is used to enable continuous measurements of 
the solution antigen concentration. More generally, the technique allows irreversible 
indicating chemistries to be used in the construction of chemical sensors that can 
measure continuously for long periods. Although the sensor configuration has not 
been optimized in all respects, data are presented for a model system in which a 
fluorescein-labeled antibody and Texas Red-labeled immunoglobulin G (IgG) are 
used. 

I N THE LAST DECADE, CHEMICAL SEN- 

sors have emerged as viable alternatives 
to traditional methods of analysis. The 

ideal sensor provides in situ measurements 
continuously, reversibly, and in real time. 
The development of a sensor for a particular 
species depends on the availability of revers- 
ible transduction schemes to detect the ana- 
lyte of interest. Most reversible schemes are 
based on changes that occur when a chemi- 
cal compound or membrane interacts with 
the analyte. The measured properties might 
be optical or electrical signals, depending on 
the type of sensor (1). In the absence of 
reversible schemes, irreversible chemistries 
can be used, such as antibody-based immu- 
noassays, that consume analyte by forming 
very tight binding complexes with the ana- 
lyte. These schemes can be used to perform 
assays or may be used to construct probes, 
which, by definition, are irreversible and 
cannot make continuous measurements. 
However, probes can be adapted to make 
rapid sequential measurements if reagents 
are replenished or regenerated. Such probes 
use pumps to deliver fresh reagent continu- 
ously (2) or chaotropic reagents to regener- 
ate the binding site of an antibody ( 3 ) .  This 
approach solves some of the problems asso- 
ciated with discrete sampling but does not 
allow long-term monitoring or true contin- 
uous measurements. 

To  expand the diversity of chemical sen- 
sors, we have developed a technique that 
circumvents the irreversibility of immunoas- 

says and allows us to exploit the specificity 
and selectivity of antibodies while still pre- 
serving continuous measurement capability. 
To do so, we have adapted a controlled- 
release delivery system, capable of sustaining 
a constant release of fresh immunochemicals 
or any reagent of an irreversible transduc- 
tion scheme, to perform continuous mea- 
surements. Typically, controlled-release sys- 
tems are biocompatible polymers that 
release on contact with an aqueous environ- 
ment by passive diffusion from the polymer 
matrix [such as ethylene vinyl acetate (4)] or 
hydrolytic breakdown of the polymer struc- 
ture [such as poly(g1ycolic acid) (5)]. We 
present preliminary data demonstrating the 
viability of this idea. 

With the advent of hybridoma technology 
( 6 ) ,  it became possible to produce antibod- 
ies to virtually any compound. Although the 
binding between an antibody and antigen is 
reversible and noncovalent, most immuno- 
chemical reactions essentially are irreversible 
because of the large association constants 
(K,), which typically range between lo5 to 
lo9 M- ' (7). The association constants are 
composed of large forward (k,) and small 
reverse (k-,) rates, ranging from lo7 to 10" 
M-' s-' and lo2 to s-', respectively. 
These kinetic parameters make antibodies 
extremely specific and selective for the ana- 
lye of interest. 

Fluoroimmunoassays have been devel- 
oped (8) for various proteins (such as anti- 
bodies and enzymes), hormones (such as 
steroids and thyroxine), and drugs (such as 

Max Tishler Laboratory for Organic Chemistw, Dcpart- 
ment of Chemistry, Tufts University, ~ e d f o r d ,  MA digoxin and gentamicin). Immunoassays 
02155. used clinically fall into two categories. Het- 
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Wavelength (nm) 

Fig. 1. Excitation and emission spectra of F-Ab to 
IgG and Texas Red-labeled IgG antigen, showing 
the overlap of the F-Ab emission spectrum and 
TR-Ag excitation spectrum. 

Wavelength (nm) 

Fig. 2. The dependence of the emission spectra on 
antigen concentration: spectrum I (---) high 
concentration (500 pglml); spectrum 2 (- ) 
low concentration (0 pglml). 

tion and washing, while homogeneous as- 
says need no separation step, being based 
typically on a competition reaction between 
a fluorescently labeled and an unlabeled 
antigen (9) .  

The competitive fluorimmunoassay that 
we adapted to a controlled-release system is 
based on a fluorescence energy-transfer 
mechanism (10). When the immunocom- 
plex (F-Ab:TR-Ag) forms between fluores- 
cein-labeled antibody (F-Ab) and Texas 
Red-labeled IgG (TR-Ag) (Eq. 1) 

F-Ab + TR-Ag -. F-Ab:TR-Ag (1) 

the fluorophors are within the critical dis- 
tance of 10 nm required for nonradiative 
energy transfer to occur (1 1). Upon excita- 
tion, fluorescein molecules transfer their en- 
ergy to Texas Red nonradiatively, thereby 
quenching the fluorescein and enhancing 
the Texas Red intensities. This fluorophor 
combination was chosen because of the 
moderately efficient overlap between the 
emission spectrum of the energy donor, 
fluorescein, and the excitation spectrum of 
the energy acceptor, Texas Red, while allow- 
ing sufficient resolution of the Texas Red 
emission peak (Fig. 1). In addition, the dyes 
are commercially available in reactive forms 
readily conjugated to proteins (Molecular 
Probes, Eugene, OR) and have been used in 
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