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Low-temperature subpicosecond measurements on heterodimer-containing reaction centers from the HisM?* — Leu
mutant of Rhodobacter capsulatus are reported. As at room temperature, primary electron transfer is initiated from a
state of the bacteriochlorophyll (BChl) /bacteriopheophytin (BPh) heterodimer with substantial [BChl *BPh™] in-
tradimer charge transfer character. The electronic composition of this transient state is discussed in terms of mixing of
the exciton and charge resonance states of the BChl / BPh dimer and compared with the nature of the excited states of

the BChl / BChl dimer in wild-type reaction centers.

Introduction

Much recent work on bacterial photosynthetic reac-
tion centers (RCs) has focused on a detailed description
of the electronic nature of the excited primary electron
donor (P*), and consequent influences on both the
optical properties of P and the rapid, unidirectional
electron transfer from P* to the L-side bacteriopheo-
phytin molecule (BPh,). (P is a dimer of bacteriochlo-
rophyll (BChl) molecules. The L and M subscripts refer
to the polypeptide with which the cofactor is most
closely associated [1-3].) Widespread attention has been
given to the idea that P* derives charge transfer (CT)
character via coupling between the (BChl), exciton states
and internal (intradimer) CT states (e.g., [BChl{p
BChlyp]). CT character in P* is thought to be im-
portant in determining the position and width of the
long-wavelength ground state absorption band of P
[4-6], the hole-burning [7-10] and Stark effect [11-13]
spectra of this band, the magnetic properties of the
dimer triplet state [14-16], and the directionality and
mechanism of the initial electron transfer reaction
[4,6,17-20]. One difficulty in evaluating these proposals
is a lack of direct information on the energies of the
intradimer CT states and how they couple with each
other and the exciton states of P.
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RCs from the HisM?® — Leu mutant of Rhodobacter
(Rb.) capsulatus have provided an important vehicle for
examining the photophysical behavior of intradimer CT
states [21-25]. This mutant contains a BChl, ,/BPh,
heterodimer (which has been called D, for donor) in
place of the BChl, ,/BChlyp dimeric primary donor in
wild-type RCs [21]. Recent room-temperature subpico-
second transient absorption studies on this mutant have
revealed an anion band centered near 650 nm in the 0.6
ps spectrum; no such feature is seen in the P* spectrum
of wild-type RCs. On the basis of this spectrum, photo-
dichroism measurements, and energetic considerations,
it was suggested that the state observed immediately
(< 350 fs) after excitation of the heterodimer is basi-
cally the intradimer CT state [BChl],BPhy,p] [23]. This
initially observed transient state was found to have a
lifetime of about 15 ps at room temperature and to
decay via two pathways: electron transfer to the normal
BPh; acceptor and rapid internal conversion (charge
recombination) to the ground state, both with a yield of
about 50% [22,23]). (By comparison, the P* lifetime in
wild-type RCs is about 3 ps and the yield of electron
transfer to BPh, is near unity [26].) We report here that
this anion-bearing transient state is also the initially
observed state in HisM? — Leu RCs at 77 K. The
results on the mutant permit us to estimate the energy
of the state in wild-type RCs from which P* derives its
CT character and to discuss the electronic composition
of the excited primary donor in both wild-type and
heterodimer-containing RCs.

0005-2728 /90/303.50 © 1990 Elsevier Science Publishers B.V. (Biomedical Division)
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Experimental

Wild-type RCs from Rb. capsularus U43(L228Bam-
HI) [21] and HisM* — Leu RCs were prepared as
described [27], except that the chromatophores were
diluted to Ag;5 = 24 (1 cm pathlength) before the deter-
gent extraction. The RCs were studied in either
poly(vinyl alcohol) films or 60% glycerol /buffer glasses.
Samples typically had ground state absorptions of A,q
= 4.0 (mutant) and Ay, = 2.6 (wild-type) at room tem-
perature. Subpicosecond transient absorption measure-
ments were performed as previously described, and
utilized either 15 pJ 150 fs 870 nm or 50 pJ 350 fs 582
nm excitation flashes polarized at 45° with respect to
the white-light probe pulses [22,23]. The excitation
flashes were focused to 1-2 mm at the sample and
typically excited 20-40% of the RCs. Temperature con-
trol was provided by an Oxford Instruments DN1704
optical cryostat system. Each spectrum shown in Figs. 1
and 4 are the average of about 300 spectra and have a
typical standard deviation in A4 of 0.005.

Results

Fig. 1 shows the transient absorption spectrum ob-
served immediately after subpicosecond excitation of
HisM?® — Leu RCs at 77 K (solid spectrum at 0.3 ps).
Characteristic features of this spectrum include bleach-
ing of the long-wavelength (840-920 nm) absorption of
the heterodimer (inset), bleaching in the BPh Qy region
at 548 nm, and a broad absorption band having a peak
near 650 nm. This spectrum is essentially the same as
previously reported at 285 K and can be assigned to a
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Fig. 1. Low-temperature (77 K) absorption difference spectra of
HisM?% — 1 eu RCs at ( )03 ps,(—— —)46ps,and (------ )
2 ns after excitation with a 150 fs 870 nm flash. The inset shows the
bleaching of the near-infrared absorption of D at 2.3 ps ( ), 71
ps(———)at095ns(------ ) after a 582 nm flash.

D BPhQ,

= +
E % D BPhLQA
Lo ~30ps
+

D BPh Q,
. l;lOOps
e D'BPh Q,
b 19

~50% yield

~30ps

DBPh Q,

Fig. 2. Schematic state diagram for the primary photochemistry in Rb.

capsulatus HisM?® — Leu RCs. As discussed in the text, the state

labelled D* has mostly heterodimer exciton character and the state

labelled D* has mainly [BChl{pBPhyp] intradimer CT character.

Both D* and D* may contribute to the long-wavelength region of

the broad near-infrared absorption of the heterodimer, as discussed in
the text.

transient state having mainly [BChl{;BPhy,] in-
tradimer CT character (see below and Ref. 23). The
photochemistry proceeding from this state, which we
denote D ¥, is also largely unchanged at low tempera-
ture, as summarized in the simplified state diagram
shown in Fig. 2. In particular, D* decays with a time
constant of about 20 ps at 77 K. This decay is accompa-
nied by spectral changes in the three key regions shown
in Fig. 1: (i) A portion (50-65%) of the near-infrared
heterodimer bleaching decays with a time constant of
21 + 6 ps (kinetic data not shown), reflecting return of
about half of the RCs to the ground state. (ii) The
initial anion band centered at 650 nm decays with a
time constant of 17 + 5 ps (the first component of the
dual-exponential decay observed in this region, Fig. 3)
and is replaced by an anion band centered at 665 nm
(Fig. 1, dashed), which we can assign to the BPh,
absorption of state D*BPh[ . In keeping with this, the
665 nm anion band has the same peak wavelength as
the BPh, anion in state P*BPh; in wild-type RCs (Fig.
4B, dashed). (iii) The BPh Q. bleaching partially (50—
60%) decays with a time constant of 18 4+ 5 ps (the first
component of the dual exponential decay observed in
this region) as the electron moves to BPh, . These data
combine to demonstrate that at 77 K state D* has a
lifetime of about 20 ps and decays by about half to the
ground state and by about half to state D* BPh; . These
results are essentially the same as those found at 285 K
[22,23]).

Fig. 2 also shows that in a subsequent step an elec-
tron is transferred from BPh; to Q,. This is manifested
by decay of the 665 nm anion band with a time con-
stant of 60 + 12 ps (the second phase of the dual-ex-
ponential decay in this region, Fig. 3). A similar time
constant is obtained for the second component of the



0.04
<
<
0.02
0
0 200 400
Time (ps)

Fig. 3. Decay kinetics of the 660-670 nm transient absorption in
HisM?® - Leu RCs at 77 K following a 150 fs 870 nm excitation
flash. Data points taken between 1 and 2 ns after excitation are not
shown, but were included in the fits (solid line) of the data to a
constant plus two exponentials. The fit yields time constants of
1, =19+ 6 ps for the decay of D* and 7, =67+12 ps for electron
transfer from BPh; to Q,. Averaging all values obtained in the anion
band gives lifetimes of 17+5 ps and 60+ 12 ps. The inset shows an
expanded view of the data at early times.
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Fig. 4. Low-temperature (77 K) transient absorption difference spec-

tra in the BPh anion absorption region acquired at several delay times

after excitation with a 150 fs flash at 870 nm: (A) HisM?® - Leu RCs
and (B) wild-type RCs.
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decay in the BPh Qy region. Comparison of the 71 ps
(dashed) and 0.95 ns (dotted) spectra in the inset to Fig.
1 shows that no decay of the heterodimer bleaching is
observed on this timescale, reflecting the same, about
100%, yield of electron transfer from BPh; to Q, as
found at room temperature in HisM?*® — Leu RCs, and
in wild-type Rb. capsulatus RCs [22,23]. The time con-
stant of about 60 ps for D*BPhy -» D*Qj at 77 K is
slightly faster than the time constant of about 100 ps
observed for this process at 285 K [22]. It is important
to note that no bleaching is observed in the 530 nm
BPh, Qy band at any time from 0.3 ps to 1 ns (Fig. 1).
Preferential electron transfer to BPh is thus preserved
in HisM?® — Leu RCs at low temperature.

The anion band centered near 650 nm in the 0.3 ps
spectrum of His™*® — Leu RCs is the key to our as-
signment of transient state D* as having mainly
[BChl{pBPhyp] intradimer CT character (see Fig. 1 and
expanded view in Fig. 4A). Such an anion band is not
observed in the P* spectrum of wild-type RCs at either
77 K (0.3 ps spectrum in Fig. 4B) or 285 K [23]. Instead,
the P* spectrum is featureless in this region, as ex-
pected for a state which is basically '(#, #*) in char-
acter [28-30]. The only other anion-bearing transient
state which could be associated with the 0.3 ps spectrum
in HisM? — Leu RCs is D*BChl; (or D*BChly);
however, other data are not consistent with formation
of an anion of BChl. As discussed previously [23],
D*BChl] would be expected to give a prominant
bleaching in the 800 nm Qy band of BChl,, which is
not observed. Further evidence against state D*BChl]
comes from the BPh Qy region of the transient absorp-
tion spectra (Fig. 1) and two reasonable postulates: (1)
the Qy bands of the two components of the heterodi-
mer should be only weakly coupled and behave roughly
as monomer-like transitions (as in porphyrin dimers
[31]), and (ii) the hole in D" should be localized prefer-
entially on the BChl half of the heterodimer (since BChl
is easier to oxidize than BPh [32,33]). The absence of
BPh Qy bleaching in the D*Q, spectrum (Fig. 1,
dotted) supports these ideas. Thus, if the initially ob-
served transient state were D*BChl|, then little BPh
Qx bleaching would be expected in the 0.3 ps spectrum,
contrary to observation. On the other hand, such
bleaching is expected for a state with substantial
[BChl{pBPhy,p] intradimer CT character because the
BPhy; component of the heterodimer is removed from
the ground state.

Two independent estimates of the extinction coeffi-
cient of the 650 nm anion band in the 0.3 ps spectrum
of D* indicate that it is comparable to that of the 665
nm band of BPh, . The first estimate comes from com-
parative measurements at 285 K on wild-type and
HisM?® — Leu samples having the same concentration
(based on the absorption band near 800 nm). Such
samples also have the same absorption at 582 nm (see
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Fig. 1 in Ref. 22), and when these matched samples are
studied under identical experimental conditions using
582 nm excitation, the amplitude of the 650 nm anion
band in the subpicosecond spectrum of His™M** — Leu
RCs is about 20% larger than the 665 nm anion band
observed for P*BPh; in wild-type RCs (data not
shown). The second measure of the extinction coeffi-
cient at 650 nm of D* comes from the dual-exponential
fits of the data in the anion region acquired following
870 nm flashes (Fig. 3): The two components due to

* and D*BPh[ decay (15 and 100 ps at 285 K [22]
and 17 and 60 ps at 77 K), are partitioned roughly
60 /40, respectively. Since D* BPh[ has a yield of about
50% based on the decay of the long-wavelength hetero-
dimer bleaching (see Fig. 1 inset), this again indicates
that the subpicosecond anion band in the mutant has an
extinction coefficient comparable to that of the BPh,
anion band. Thus, the shape and amplitude of the
transient absorption in the 620-720 nm region demon-
strate that upon excitation of HisM*® — Leu RCs a
state (D*) with substantial anion, and hence
[BChl[,BPhyp], character is formed in keeping with
our previous analysis {23]. These results do not imply
that D* is a pure intradimer CT state. The oxidized
BChl component of D is expected to contribute some
absorption in this region (but much weaker than the
BPh anion) [32,33]. As discussed below, D* likely has
some heterodimer exciton character which probably
contributes a featureless absorption, as weak as in the
P* spectrum of wild-type RCs.

Discussion

The branching of the HisM?% — Leu photochemistry
at the initially-observed transient state (D *) results in a
2-fold smaller overall yield of electron transfer to Q,
than is observed in wild-type RCs (Fig. 2). The (lack of)
temperature dependence of the rates of both electron
transfer from D* to BPh, and competing deactivation
of D* to the ground state has important mechanistic
implications and will be discussed elsewhere. Here we
focus on (i) a discussion and comparison of the elec-
tronic composition of the excited states of D and P, (ii)
the implications of ordering the (w, #*) exciton-like
state D* at higher energy than the CT-like D * (Fig. 2)
on the interpretation of the near-infrared ground state
absorption of the heterodimer, and (iii) relationships
between the electronic structure of the primary electron
donor and the mechanism of the initial stage(s) of
charge separation in both HisM?® — Leu and wild-type
RCs.

Excited states of the primary donor in wild-type RCs
The lowest electronic states of P in wild-type RCs are

thought to be derived mainly from mixing among four

zeroth-order basis configurations, the two monomer Q.

excited configurations BChl{, and BChl ¥, and the two
intradimer CT configurations [BChl]{,BChiy,] and
[BChl, , BChl};p]. On the basis of solution redox poten-
tials [32,33], one can obtain a rough estimate of 1.5 eV
for the energy of the two intradimer CT configurations,
which places them near the energy of the locally excited
configurations (i.e., in the vicinity of the Q, bands of
the BChl monomers in the RC). Important, and as yet
unresolved, issues are the actual energies of the two CT
configurations and the extent to which they couple with
the two locally excited configurations [4-6,10]. It has
been customary to consider linear combinations of the
two Q. configurations, i.e., consider that they split into
a higher and a lower energy exciton component. Simi-
larly, because of the high (approx. C,) symmetry of the
dimer, the two intradimer CT configurations will mix
substantially and split into higher and lower energy
charge resonance (CR) components. (Charge resonance
states are also believed to be important in determining
the low energy absorption and emission properties of
strongly-coupled porphyrin dimers [35]. See also note
added in proof.) In this basis set it is the CR (not the
CT) configurations that mix with the exciton compo-
nents. If P and the surrounding protein had perfect C,
symmetry (i.e., if the two CT configurations had the
same energy) then the two CR components would be
50/50 mixtures of the two CT configurations, and
mixing of the CR and exciton components would con-
tribute no net CT character to P* (i.e., no net transfer
of charge from one macrocycle of P to the other). Thus,
it is possible for a state to have substantial CR char-
acter with little CT character.

Recent Stark measurements on the long-wavelength
band of P have provided evidence that P* in wild-type
RCs has a small net CT character. The difference in the
dipole moment between P* and the ground state is
found to be about 7 debye, somewhat larger than the
value of about 3 D for both monomeric BChl and BPh,
but much smaller than the estimated difference dipole
of about 35 D for a pure intradimer CT state
[11,12,20,25,36]. These measurements indicate that in-
herent asymmetries in the structure of P and in the
surrounding protein residues result in the intradimer CT
states [BChl{,BChlyp] and [BChl{,BChly,;] having
slightly different energies and contributions to P*
(5,6,11,12,19,20,25,36]. (Some calculations suggest that
[BChl{BChly,] may have a slightly lower energy [6,19],
although the opposite viewpoint has also been expressed
[5]) In other words, because of the different energies of
the two opposing CT configurations, mixing of the
lowest CR and exciton states will give P* net CT
character. Our description of the corresponding upper
excited states of P as being basically CR (not CT) states
with little oscillator strength also provides an explana-
tion for the observation that there are no prominent
higher-energy Stark features [11,12,25]. That these up-



per states are largely CR (and not CT) states is a more
fundamental explanation for the absence of higher en-
ergy Stark features than the previous suggestion that
they may be too broad to be detected [5].

The conclusion from the Stark data that P* has only
small intradimer CT character can be compared for
consistency with the known spectrum of this state. A
large body of work on porphyrins, chlorins and
bacteriochlorins has shown that '(#, 7 *) excited states
of these molecules contain no distinct absorption bands,
except in the vicinity of the ground state near-ultra-
violet Soret band. At wavelengths longer than 600 nm
the spectra are uniformly characterized by a weak flat
featureless absorption [28-30]. As can be seen in Fig.
4B (0.3 ps spectrum), this description accurately applies
to the P* spectrum in the key region between 620 and
720 nm, and is fully in keeping with P* having only
small intradimer CT character.

M200 _, T o1

Excited states of the primary donor in His
RCs

The heterodimer obviously has much larger inherent
electronic asymmetry than P. BPh is both easier to
reduce and harder to oxidize than BChl by about 300
mV in vitro [32,33], meaning that the two intradimer CT
configurations could be split by as much as 0.6 eV.
Again, using solution redox potentials one can estimate
[BChl{,BPhy] to have an energy of 1.2 eV and
[BChl{pBPhyp] an energy of 1.8 eV. The two monomer
Q. configurations BChl{, and BPh%;; at 1.5-1.6 eV
will lie in between. These rough estimates show that one
expects substantially larger energy differences among
the four basis configurations in the mutant than in
wild-type RCs, particularly with respect to the CT con-
figurations. In contrast to the case for P, the two CR
states of D will largely retain their original CT paren-
tage. (The mixing of the two CT configurations of the
heterodimer will be small due to the substantial energy
gap which separates them.) Furthermore, the lowest
exciton component of the heterodimer should lie at
higher energy than for P in wild-type RCs [22]. From
this analysis, the lowest excited state of D can naturally
be expected to have more net CT character than the
lowest excited state of P. In particular, this CT char-
acter would, of course, come from [BChl{,BPhy]. As
in our previous discussions [22,23], we believe that the
shift to lower energy of this CT configuration, altering
(but not eliminating) the mixing of the CT and locally
excited configurations, is the key to simultaneously ex-
plaining the perturbed long-wavelength absorption of

¥ The primary photochemistry of the Rb. sphaeroides HisM?%? — Leu

mutant is very similar to that of Rb. capsulatus HisM?*® — Leu RCs;
McDowell, L.M., Gaul, D., Kirmaier, C., Holten, D. and Schenck,
C.C., unpublished results.
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the primary donor and the perturbed primary photo-
chemistry in HisM2® — Leu RCs compared to wild-type
RCs.

Recent low-temperature Stark measurements on Rb.
capsulatus HisM?® — Leu RCs [25] and Rb. sphaeroides
HisM?2 - Leu RCs [36] T have resolved two Stark fea-
tures in the region of the weak near-infrared absorption
(840-940 nm) of D. The lower energy feature is ob-
served on the red edge of this band (and in the case of
the Rb. sphaeroides mutant corresponds to a resolved
feature in the low-temperature absorption spectrum).
The second Stark feature is found about 1000 cm ™! to
higher energy. The difference dipole corresponding to
the lower Stark feature is found to be in the range
14-43 D for Rb. capsulatus [25] and 13-17 D for Rb.
sphaeroides [36]. The finding of larger values compared
to wild-type RCs has led both groups to suggest that the
state responsible for the lower Stark feature has more
CT character than P*. In agreement with our previous
analysis, this has been attributed to a shift to lower
energy of the [BChl{pBPhy,,] intradimer CT configura-
tion in the heterodimer mutant compared to the in-
tradimer CT configurations in wild-type RCs.

The ground state, Stark and transient absorption
spectra need to be united in a common framework. An
important issue is whether the state we see immediately
after a 150 fs flash is the same state that is responsible
for the long-wavelength Stark feature. To address this
question, we need to know the energy ordering of the
lowest excited states of D. Again, these eigenstates are
mixtures of the intradimer CT and locally excited con-
figurations of the heterodimer. Hammes et al. [36] have
proposed that the lower Stark feature is a state with
mostly exciton character (D* in our notation) and place
the state with mostly CT character (our D ¥) at higher
energy. This proposed ordering of states is the same as
is thought to be appropriate for the related excited
states of P in wild-type RCs and is the opposite of the
ordering we have proposed for the heterodimer mutant
(Fig. 2). The proposal by Hammes et al. that D* lies
above D* means that the lowest excited state of the
heterodimer has at most 50% [BChl{,BPhy;] in-
tradimer CT character. However, since we observe a
transient with prominent anion absorption character
immediately following excitation even at 77 K, it seems
clear that D %, which we believe has more than 50% (but
less than 100%) intradimer CT character, must lie below
D*,

Our ordering of the heterodimer excited states is
equally consistent with either of two possible interpreta-
tions of the Stark measurements: (1) The long-wave-
length Stark feature corresponds to D* with the lower
energy D * excited state not being resolved in the Stark
measurements, due to low oscillator strength and/or
being very broad. (The upper Stark feature could then
represent vibrational structure in D* [36].) (2) The



244

lower Stark feature corresponds to D*, as suggested by
DiMagno et al. [25], with the upper Stark feature being
due to D*. The ranges of values for the difference
dipole and the uncertainty in correlating them with net
CT character do not allow conclusive assignment of the
lower Stark feature to D* or D*. Thus, the extent to
which D* (the initially observed transient state) con-
tributes to the near-infrared absorption of the heterodi-
mer remains experimentally undetermined. However,
the second interpretation is the simplest explanation for
all of the available data.

The position of the long-wavelength Stark feature
thus places an upper limit of about 1.35 eV on the
energy of state D*. Our measurements show that state
D*BPh[ lies below DZ*, since the former forms from
the latter even at 77 K (see Fig. 2). Since D should be
easier to oxidize than P, the free energy of D*BPh[ in
HisM?® — Leu RCs is probably somewhat higher than
the approx. 1.2 eV free energy of P*BPh, in wild-type
RCs [37-39] *. Thus, our measurements show that D *
must lie about 1.3 eV above the ground state. This
analysis allows us to estimate the free energy of the
state in wild-type RCs from which P* derives its CT
character. As described above, this should be a CR state
containing substantial contributions from the two in-
tradimer CT configurations of P, whereas D* in
HisM?»* — Leu RCs has mainly [BChl;,BPhyp] char-
acter. Since the two CR states in wild-type RCs will be
split in energy from the two intradimer CT configura-
tions, the lower CR component should lie less than 300
meV (the difference in the reduction potential of BChl
and BPh in vitro {32,33]) above D* in HisM?% — Leu
RCs. Therefore, the relevant CR state in wild-type RCs
should have an energy of about 1.6 eV or lower, which
places it in the vicinity of or lower in energy than the

* The oxidation potential of the heterodimer should be higher than
that of P in wild-type because BPh is harder to oxidize than BChl
[32,33]. The potential appears to be at least 50 mV higher than that
of P (Bylina, E.J., Tiede, D.M. and Youvan, D.C., personal com-
munication), but is probably not 200 mV higher, since the potential
would then reach that of monomeric BChl (assuming similar poten-
tials for BChl in vivo and in vitro) and would imply no interaction
between the orbitals of the two dimer subunits. (The oxidation
potential of strongly-coupled porphyrin dimers is routinely less than
the most easily oxidized monomeric subunit {40,54].) In estimating
the energy of D* BPhy , the possibility must be considered that the
redox potential of BPh, may be slightly different in HisM?®  Leu
RCs than in wild-type, resulting from a secondary change in the RC
as a result of the mutation near the dimer. We consider this
possibility because of two observations: (i) The time constant for
electron transfer from BPh to Q, at room temperature is about
100 ps in the mutant compared to about 200 ps in wild-type RCs
[22], and (ii) the BPh; Qx bleaching in state D* BPh[ (Fig. 1) does
not sharpen at 77 K as it does in wild-type RCs. Alternatively, these
differences could also reflect an alteration in the distribution of
reaction center conformers suggested to be present from recent
studies on wild-type Rb. sphaeroides RCs [47].

Q. states of the monomeric BPhs and BChls and within
about 0.2 eV of P*. Won and Friesner [4,10] and
DiMagno et al. [25] also suggest that P* derives its CT
character from state that does not lie substantially higher
in energy.

Implications of a dimeric primary donor on charge sep-
aration

To understand fully the optical and dynamical prop-
erties of the heterodimer, vibrational and structural
relaxations following excitation also need to be consid-
ered. Friesner and Won [4] have suggested that the
upper vibrational levels of the intradimer CT state
[BChl] ,BPhy,p] are coupled to the lowest exciton state
of D, giving rise to the red-most absorption of D. This
implies a fast vibrational relaxation to the zero-point
level of D* following excitation. It is also very likely
that a structural change occurs following excitation of
the heterodimer and of P in wild-type RCs. In a strong
orbital overlap model, the dimer HOMO is the anti-
bonding combination of the monomer HOMOs and the
dimer LUMO is bonding. Thus, excitation should in-
crease the net 7—« interaction between the two rings of
the dimer, causing them to move closer together [40,41].
(Structural changes within the dimer or the surrounding
protein following excitation have been suggested to
explain a variety of photophysical properties of P in
wild-type RCs [6,8-10,20,40-47].) A decrease in the
inter-ring separation would increase the splitting of the
two CR states, increasing the net CT character of P* in
wild-type RCs and D * in HisM?® — Leu RCs. Interest-
ingly, the decreased distance of charge displacement
counterbalances a larger permanent dipole expected
from the increased net CT character in the relaxed form
of the excited dimer compared to the initially prepared
Franck-Condon level. This may explain the observation
by Lockhart and Boxer from Stark measurements on
wild-type Rb. sphaeroides RCs that the difference dipole
measured in emission may be slightly smaller than that
measured in absorption [48]. A subsequent partial re-
laxation of the dimer structure may be expected to
occur upon electron transfer to BPh; (wherein an elec-
tron is removed from the bonding dimer LUMO but a
hole remains in the antibonding HOMO).

Net CT character has consequences not only for the
optical properties of the primary electron donor, but for
its dynamic behavior and thus the quantum yield of
charge separation as well. Our results on His™*® — Leu
RCs at both 285 and 77 K indicate that D * has a rapid
(about 30 ps) internal conversion (charge recombina-
tion) route leading to ground state recovery. Although
the CT character of P* in wild-type RCs is less than
that of D* in the mutant, it still may be sufficient to
endow P* with an inherent time constant for internal
conversion shorter than that of monomeric BChl in
solution. (For monomeric BChl the yields of fluores-



cence, intersystem crossing and internal conversion are
roughly 20%, 30% and 50%, respectively, and the singlet
lifetime is about 3 ns [49].) At room temperature the
quantum yield of P*Q, (and thus P*BPhy) is 1.02 +
0.04 [50]; the average P* lifetime is about 3 ps [26,47];
and the fluorescence yield from P* is very low (about
107* [51]). If one takes 0.98 as the quantum yield of
P*Q, (and P*BPhy) formation, then the lifetime of
P* in the absence of electron transfer would be about
150 ps. This rough calculation shows that it is easily
possible for the internal conversion rate of P* to be an
order of magnitude faster than for monomeric BChl and
still allow for a near-unity quantum yield of charge
separation. Interestingly, the lifetime of P* observed
when electron transfer to BPh; is blocked (by pre-re-
ducing it along with Q, ) has been found to be about 20
ps in Rhodopseudomonas viridis [52] and about 340 ps in
Rb. sphaeroides [53). Despite problems with these mea-
surements (possible reduction of BPh,, and electrochro-
mic effects), the values are of the same order as the
estimate just given. Again, this rapid internal conver-
sion rate for P* is likely to be associated with its
intradimer CT character.

Although it has been proposed that this CT character
may be important in the directionality of electron trans-
fer [6,11,19,20], it is clear from the properties of D * in
HisM?® — Leu RCs that CT character has the disad-
vantage of providing an enhanced decay pathway that
can compete with charge separation. Some CT character
in P* may be an unavoidable consequence of overlap-
ping the 7 systems of two macrocycles to make a dimer
for other purposes, such as making the primary donor
easier to oxidize and shifting the lowest excited state to
lower energy to make the RC an effective trap for the
excitation in the antenna system. Thus, given a need for
a dimeric primary electron donor, the RC may have
evolved with a basically symmetrical dimer to limit the
net CT character in P* and thus minimize the un-
wanted internal conversion pathway which degrades the
quantum yield of charge separation.

Summary

We have found that the primary photochemistry in
the His™?® — Leu RC of Rb. capsulatus is essentially
the same at 77 and at 285 K. The transient state
observed immediately after a near-infrared subpicosec-
ond excitation flash at both temperatures displays a
prominant anion band not seen in the P* spectrum of
wild-type RCs. We have argued that this transient state
(D *) has mainly [BChl{BPhy;p] intradimer CT char-
acter. The model we have discussed, with the more
exciton-like state D* higher in energy than the more
CT-like state D *, remains the best explanation for all
of the available data. This model provides a framework
which unifies the redox potentials of the parent mole-
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cules of the heterodimer, the Staik spectrum of the
long-wavelength ground state absorption, and the tran-
sient absorption spectrum observed shortly after excita-
tion. Our results and analysis suggest that P* in wild-
type RCs draws its net CT character from a CR state of
the BChl dimer. This CR state lies at higher energy than
P* by no more than about 0.2 eV. We also conclude
that substantial net CT character in the lowest excited
state of the primary donor can significantly reduce the
yield of charge separation.
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Note added in proof (Received 1 October 1990)

Recently, the results of detailed INDO/S calcula-
tions for bacteriochlorin dimers as models for the
primary donor P in wild-type RCs have been reported
[55]. The authors have stressed the importance of CR
states in determining the optical properties of the di-
mers and how the electronic states will be modified by
perturbations such as electric fields. ESR and ENDOR
studies on heterodimer mutants have shown that in the
oxidized heterodimer the hole is localized primarily on
the BChl moiety [56,57].
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