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ABSTRACT: We have investigated the primary charge separation processes inRb. capsulatusreaction centers
(RCs) bearing the mutations Phe(L181)f Tyr, Tyr(M208) f Phe, and Leu(M212)f His. In the YFH
mutant, decay of the excited primary electron donor P* occurs with an 11( 2 ps time constant and is
trifurcated to give (1) internal conversion to the ground state (∼10% yield), (2) charge separation to the
L side of the RC (∼60% yield), and (3) electron transfer to the M-side bacteriopheophytin BPhM (∼30%
yield). These results relate previous work in which the ionizable residues Lys (at L178) and Asp (at
M201) have been used to facilitate charge separation to the M side of the RC, and the widely studied
L181 and M208 mutants. One conclusion that comes from this work is that the Tyr (M208)f Phe and
Gly(M201)f Asp mutations near the L-side bacteriochlorophyll (BChlL) raise the free energy of P+BChlL-

by comparable amounts. The results also suggest that the free energy of P+BChlM- is lowered more
substantially by a Tyr at L181 than a Lys at L178. The results on the YFH mutant further demonstrate
that the free energy differences between the L- and M-side charge-separated states play a significant role
in the directionality of charge separation in the wild-type RC, and place limits on the contributing role of
differential electronic matrix elements on the two sides of the RC.

The bacterial photosynthetic reaction center (RC)1 has a
macroscopicC2 symmetry arrangement of the bacteriochlo-
rophyll (BChl), bacteriopheophytin (BPh), and quinone (Q)
cofactors (Figure 1). Excitation of the primary electron donor
(P), a dimer of BChls, to its lowest excited singlet state (P*)
initiates charge separation exclusively down the L side of
the RC. Using BChlL in parallel mechanisms as a discrete
and virtual intermediate, an electron from P* arrives on BPhL

in ∼3 ps and then moves to QA in ∼200 ps with an overall
quantum yield of∼1 (Figure 2A).

The Tyr residue at M208 conserved inRb. capsulatus, Rb.
Viridis, and Rps. sphaeroides(where it is M210) was
identified early-on as one of the potentially key symmetry-
breaking residues in the RC (1-4). Electrostatic calculations
by Parson et al. indicated that the phenolic OH dipole of
this residue significantly stabilizes BChlL

- and hence is likely
to contribute significantly to the mechanism, rate, and
directionality of charge separation to the L branch (5). On
the M side, theC2 symmetry analogue of M208 is a
conserved Phe at L181. The effects of Tyr M208 on L-side
electron transfer have been explored experimentally in a wide
variety of RCs that have mutations at M208 and L181
(6-17). Significantly longer P* lifetimes, ranging from∼10
ps to as much as∼40 ps at room temperature, are found in

mutants with Tyr M208 changed to Phe, Thr, Ile, or Trp
(compared to 3-4 ps in wild-type RCs).

M208 and L181 are both sufficiently close to P to have
an effect on its oxidation potential, a point first made by
Chan et al. (8). In the Y(M208)F mutant, for example, the
oxidation potential of P is 513 meV inRb. capsulatusand
530 meV inRb. sphaeroides, compared to∼500 meV in
both wild-type RCs. Recent molecular-dynamics simulations
by Alden et al. indicate that replacing Tyr M210 inRb.
sphaeroideswith Phe, Ile, or Trp increases the free energy
of P+BChlL- by ∼200 meV, of which 40-70 meV is due
to an increase in the P/P+ potential (18). Similarly, electro-
static calculations by Gunner et al. indicate that Tyr M208
has a substantially larger effect on the redox properties of
BChlL than P (19).
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FIGURE 1: Arrangement of the RC cofactors as determined by X-ray
structures of RCs fromRb. Viridis andRb. sphaeroides(1-4).
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A working model for the RC in which P+BChlL- is below
P* by 50-100 meV and P+BChlM- is above P*, but probably
by no more than∼250 meV, is largely accepted (Figure 2A)
(5, 18-28). It also seems clear that Tyr M208 and Phe L181
play significant roles in the relative free energies of these
states. In the M208 mutants for which calculations place
P+BChlL- above P*, the P* lifetimes are longer than in wild-
type RCs and increase at low temperature (7, 10, 11, 18).
This is in contrast to wild-type RCs where the P* lifetime
decreases at low temperature (29, 30).

M208 is not the only residue that has a demonstrated effect
on the free energy of P+BChlL-. We have reported an∼15%
yield of electron transfer to BPhM in theRb. capsulatusDH
mutant, G(M201)D/L(M212)H (31). We have suggested this
results from a 100-150 meV destabilization of P+BChlL-

by the presence of the Asp at M201 near BChlL. This would
put P+BChlL- very close to and likely slightly above P*.
This strategy was taken one step further in the KDH mutant,
S(L178)K/G(M201)D/L(M212)H, which has an∼23% yield
of P+BPhM

- formation (23). We ascribed this increase to
the added effect of lowering the free energy of P+BChlM-

by Lys L178 near BChlM.2

In this work, we set out to probe electron transfer to the
M side in the triple mutant F(L181)Y/Y(M208)F/L(M212)H,
denoted YFH. This mutant was judiciously chosen for the
following reasons. First, Jia et al. have shown that changing
F toY at L181 and Y to F at M208 inRb. capsulatusnegate
each other’s effects on the oxidation potential of P (10), as
was subsequently found in calculations (18). Jia et al.
reported 497( 5 and 502( 5 meV for the P/P+ potential
in YF and wild-type RCs, respectively [where YF denotes
the F(L181)Y/Y(M208)F mutant] (10). This result, when
combined with the expected effects on the BChl-/BChl
potentials, indicates that in swapping the F/Y residues at
L181/M208, the only charge-separated states whose free
energies will be significantly affected are P+BChlL- and
P+BChlM-sthe former raised and, by analogy, the latter

lowered.3 In the most simple analysis, in mutants having the
L181/M208 swap of F/Y to Y/F, one would expect to find
a slower rate of electron transfer to the L side and
simultaneously a faster rate of electron transfer to the M side.

A second design element of YFH is the use of the
L(M212)H mutation, which results in incorporation of a BChl
(denotedâ) in place of BPhL (31, 33-35). The “H” (or
“beta”) mutation affords the ability to probe cleanly for
electron transfer to the M side via bleaching of the∼530
nm QX band of BPhM, since the partially overlapping
transient bleaching due to electron transfer down the L branch
is moved from∼545 nm (BPhL) to ∼600 nm (â/BChlL).
Previous work on L181 and M208 mutations was carried
out on RCs having the native pigment content of four BChls
and two BPhs. This necessarily makes probing for electron
transfer to BPhM very challenging, and electron transfer to
the M side has not been reported in any of the time-resolved
absorption studies done to date on L181/M208 RCs. In
principle, in the mutants where the P* lifetime is very long,
20 ps or more, electron transfer to P+BPhM

- might be
expected to occur to the extent of a few percent at least. But
again, such low yields would be difficult to detect in the
dominating presence of P+BPhL

- formed by parallel electron
transfer down the L side. Also, the M208 single mutants
that increase the oxidation potential of P are disadvantaged
in terms of M-side electron transfer because P+BChlM- will
be moved further above P*. Here again we return to the
strategy of simultaneously swapping F to Y at L181 and Y
to F at M208 so that the oxidation potential of P is
unchanged.

With these considerations in mind, we expected that the
overall primary photochemistry of the YFH and KDH
mutants might be very similar. This has been borne out by
the present work. We report here that in fact the YFH mutant
is even more successful in supporting electron transfer to
the M side, giving an∼30% yield of P+BPhM

- formation.
These results give insights into the effects of polar or
ionizable residues near BChlL and BChlM on the free energies
of P+BChlL- and P+BChlM-, and allow us to further address
the origins of directionality in the native RC.

EXPERIMENTAL PROCEDURES

A phenylalanine was introduced at M208 using the
“QuikChange” site-directed mutagenesis kit from Strategene
with the M-gene DNA containing our previously constructed
L(M212)H mutation serving as the template. The mutagenic
primers changed the TAC codon for Tyr at M208 to TTC
for Phe and also changed the bases coding for Ser M210
(TCG to AGC). This silent mutation resulted in creation of
a BssHII restriction-enzyme site that was used for screening
of candidate mutants. Similarly, a tyrosine was introduced
into the wild-type L-gene template at L181, changing the
TTC codon for Phe to TAC for Tyr. Again, we also
introduced a silent mutation that yielded aBstXI site used
for screening purposes at Leu L175 (CTG to CTT). Suc-
cessful mutagenesis was verified by DNA sequencing
utilizing Perkin-Elmer’s “Big-Dye” kit. The mutagenized L-

2 M201 and L178 are sufficiently far from P that one does not expect
mutations at these sites to significantly affect the P/P+ potential. This
point had been confirmed by redox titrations of P in the G(M201)D
Rb. capsulatusmutant (31) and the G(M203)DRb. sphaeroidesmutant
(32).

3 The changes of F to Y at L181 and Y to F at M208 are expected
to have minimal effects (e15 meV) on the BPhM-/BPhM and the
BPhL

-/BPhL potentials, respectively, based on calculations and experi-
ments onRb. sphaeroidesM210 mutants (7, 18).

FIGURE 2: Schematic energy level diagrams for (A) wild type and
(B) the YFH and KDH mutants. In the mutants, P+BChlL- is higher
and P+BChlM- lower in free energy than in wild type, and the
double-headed arrows reflect uncertainty as to whether these states
are slightly above or slightly below P*. The rate constantskPL, kPM,
andkGS are used in a simplified kinetic analysis discussed in the
text.

M-Side Electron Transfer in Reaction Centers Biochemistry, Vol. 40, No. 40, 200112133



and M-gene fragments were then both cloned into polyHis-
pU2924. PolyHis-pU2924 is a derivative of the expression
vector pU2924 originally devised by Bylina and Youvan (36)
that contains seven sequential His residues added im-
mediately before the stop codon at the end of the M gene.
The polyHis-pU2924 vector was constructed and generously
provided to us by Drs. D. K. Hanson and P. D. Laible (37).

RCs were isolated via a procedure modified slightly from
the standard ammonium sulfate precipitation and DEAE
chromatography methods to take advantage of the presence
of the poly-His tag on the protein (37, 63). Following LDAO
solubilization of the RCs, Qiagen Ni-NTA resin was added
to the raw LDAO/RC/chromatophore solution and the
mixture slowly agitated on ice for 90 min. The slurry was
then poured into a column to collect the RC-bound resin.
The resin was washed with buffer 1 (10 mM Tris, pH 7.8/
0.05% LDAO) until the eluent hadA < 0.05 between 280
and 900 nm. The RCs were eluted with buffer containing
40 mM imidazole and dialyzed overnight in buffer 1. The
YFH mutant gave yields of RCs similar to wild-type,∼50
ODVs (at 800 nm) per liter of cells. The occupancy of the
secondary quinone (QB) was found to be<2% in the YFH
samples. This was determined by monitoring P+Q- charge-
recombination on the millisecond-seconds time scale, using
excitation with a saturating 3 ns, 532 nm flash and probing
the P-bleaching recovery kinetics at 850 nm. It was found
that >98% of the decay occurred with a time constant of
∼200 ms, which can be ascribed to P+QA

- charge recom-
bination.

The time-resolved absorption spectrometer is based on an
Ar+-pumped regeneratively amplified Ti:sapphire OPA
system operated at 10 Hz. The RCs were excited with∼130
fs pulses at 850 or 760 nm and probed with∼130 fs “white-
light” flashes. The excitation pulses were defocused and/or
attenuated such that∼30% of the RCs were excited on a
single flash. Further details of the apparatus, data acquisition,
and data analysis methods have been described elsewhere
(38, 39). All studies were carried out on flowed samples at
∼285 K.

As a baseline for comparisons to the his-tagged YFH
protein, we have carried out extensive subpicosecond time-
resolved absorption experiments on a number of his-tagged
RC proteins (wild-type and mutants) during the course of
the last 2 years (ref63 and unpublished results). In no case
have we found a significant difference in any of the spectral
or kinetic data from those reported previously on the non-
polyHis analogue. However, since we wish to make quan-
titative comparisons of the yields of M-side electron transfer,
we have repeated here (and quantitatively reproduced) our
previous P+BPhM

- yield measurements in the QX and anion
regions on his-tagged H≡ L(M212)H and DH≡ G(M201)D/
L(M212)H RCs, along with similar measurements on his-
tagged wild-type RCs.

RESULTS

The ground-state spectrum of YFH RCs is shown in Figure
3 and is essentially identical to that of the H single mutant,
L(M212)H. Excitation of YFH RCs with a near-infrared flash
initially produces the excited primary donor P*. The transient
absorption difference spectrum of P* is dominated by
bleaching of the 850 nm ground-state absorption band of P

and concomitant stimulated emission (∼850-950 nm) from
P* (0.3 ps spectrum in Figure 4, inset). Fits of the stimulated
emission decay data between 890 and 920 nm to a single-
exponential plus a constant give a P* lifetime of 11( 2 ps
(Figure 4). In wild-type RCs, the magnitude of P bleaching
remains constant as P* decays and to many nanoseconds after
excitation, signaling the formation of P+QA

- from P* with
essentially unity yield. However, in the YFH mutant the
amplitude of P bleaching following P* decay (45 ps
spectrum) is reduced by∼10%, and at 3 ns is reduced to
∼60% of its initial magnitude (Figure 4, inset). As we shall
describe below, the latter value reflects the yield of P+QA

-.

P-bleaching decay, which directly reflects return of RCs
to the ground state, is best monitored at 830-840 nm (on
the blue side of the P absorption band), where the contribu-
tion of P*-stimulated emission to the absorption difference
spectrum is minimal or absent. The P-bleaching decay in
this region can be fit to two exponentials plus a constant
(data not shown). The two time constants are 14( 5 ps and
∼1 ns. The shorter component has an amplitude of 10(
3% of the initial magnitude of P bleaching, and a time
constant (14 ps) that is in good agreement with the P*
lifetime obtained from decay of stimulated emission. These
data thus indicate that P* decay is accompanied by∼10%
return to the ground state. The slower component, corre-

FIGURE 3: Room-temperature ground-state absorption spectrum of
His-tagged RCs from the YFH mutant.

FIGURE 4: Stimulated emission decay for the YFH mutant between
900 and 910 nm (circles) and a fit to the instrument function plus
a single-exponential plus a constant. The inset shows transient
absorption difference spectra acquired using a 130 fs, 750 nm
excitation flash in the P bleaching region.
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sponding to the∼30% further recovery of P bleaching
between 45 ps and 3 ns in Figure 4 (inset), is assigned to
charge recombination (to the ground state) of the M-side state
P+BPhM

-.4 The initial formation of P+BPhM
- from P* is

based on spectral data in the QX and anion regions, to which
we now turn.

Absorption difference spectra spanning 480-710 nm are
shown in Figure 5. The spectrum taken 0.8 ps after excitation,
with its featureless absorption broken by bleaching of the
QX band of P at∼600 nm, is characteristic of P*. The
spectrum at 43 ps has a pronounced bleaching at∼527 nm,
which we assign to bleaching of the ground-state QX

absorption band of BPhM. This spectrum also has a distinct
absorption band at∼645 nm that is characteristic of the BPhM

anion in state P+BPhM
-. Both of these assignments are the

same as in the DH, KDH, and related mutants (23, 24, 31).
The time-evolution of the absorbance changes across the
anion region (620-700 nm) was analyzed using data from
∼40 ps to∼3.8 ns. This follows the procedure that we have
used previously, where time points before and during the
excitation flash and during the P* lifetime were removed
from the kinetic data set in order to reduce the number of
parameters in the fits. As is seen in Figure 6, the time
evolution of∆A between 640 and 650 nm in the YFH mutant
clearly is not single-exponential and requires a fit to the sum
of two exponentials plus a constant (solid line). The same is
true of the data throughout the entire region between 620
and 700 nm, with average fitted time constants of 160( 30
ps and 1.0( 0.3 ns. Because the data extend to only 3.8 ns
and this at best is about four 1/e times of the slower
component, the error in the associated time constant is much
larger than indicated by a simple best fit. [This discussion
also applies to the∼1 ns component of the P-bleaching
decay.] Holding the slow component fixed at 1.5, 2.0, 2.5,
or 3.0 ns also give good fits with the value of the faster
time constant only marginally changed. The use of time
constants longer than about 4 ns for the slow component
gives poorer fits and unreasonable spectra at the asymptote
of the decay. These considerations suggest that the time

constant of the slower component is in the 1-4 ns range.
Essentially the same results and conclusions were obtained
previously for the DH and KDH mutants.

The inset to Figure 6 gives a plot of the preexponential
values from the dual-exponential fits to the anion-region data.
These amplitude spectra were generated from fits in which
the value of the longer component was held fixed at 2 ns.
(Varying this time constant between 1 and 3 ns does not
appreciably affect the spectra that result.) The spectrum of
the 160 ps component (triangles) shows a broad absorption
covering the entire region with two apparent maxima at∼640
and∼690 nm. In keeping with the analysis given previously
for KDH RCs (23), the faster anion-region decay component
in the YFH mutant is assigned to decay of the L-side charge-
separated intermediate, generically denoted P+I-. As is
indicated in Figure 2B, in YFH (and DH and KDH) RCs
we expect that this L-side transient is largely P+â-, with
perhaps some mixing with P+BChlL- depending on how
close these two states are in (free) energy.5 The ∼160 ps
kinetic component reflects P+I- f P+QA

- electron transfer
(with perhaps a few percent concomitant P+I- f ground
state). The preexponential factor spectrum of the longer-lived
component (circles in Figure 6 inset) has a distinct maximum
at∼645 nm. As discussed above, this absorption is consistent
with the BPhM anion. Thus, we assign the 1-4 ns kinetic
component observed in the anion region and in the P
bleaching data to the decay of P+BPhM

- via charge recom-
bination to the ground state. (Recall that QB is absent.)

Figure 7 compares the magnitudes of QX BPh bleaching
in RCs from wild-type and the H, DH, and YFH mutants
acquired using 850 nm excitation. For each RC, the spectrum
shown was taken at a delay time that corresponds to about

4 We cannot rule out the presence of a third, small-amplitude
component (several percent) in the P bleaching decay kinetics that might
reflect some charge-recombination of the L-side intermediate to the
ground-state competing with P+QA

- formation.

5 The nature of the L-side intermediate P+I- differs depending on
the (free) energy gaps between the L-side states and thus the quantum/
thermal mixing between them. From this and previous work, it can be
concluded that P+I- is P+BPhL

- in the wild-type RC, is largely P+â-

(perhaps with minor contribution from P+BChlL-) in the YFH and DH
and KDH RCs, and is a substantial mixture of P+â- and P+BChlL- in
the H mutant (23, 24, 31, 33-35).

FIGURE 5: Transient absorption difference spectra taken in the QX
and anion region acquired at the time shown following excitation
with 130 fs flashes at 850 nm.

FIGURE 6: Kinetic data for the transient absorption changes between
640 and 650 nm acquired using 130 fs flashes at 850 nm (circles).
The solid line is a fit to the sum of two exponentials plus a constant.
Data acquired before and during the flash and during the P* lifetime
have been omitted as described in the text. The inset shows the
values of the preexponential factors of the dual exponentials fits
across the entire anion absorption region. The triangles correspond
to the∼160 ps component, and the circles correspond to the 1-4
ns component.
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four P* lifetimes and thus reflects the maximal QX bleaching
observed. The spectra have been normalized slightly, by
factors that ranged between 1 and 1.2, to account for slight
differences in concentration and/or laser conditions. In each
case, the factor applied was determined by normalizing the
0.3 ps P* spectra so that the initial magnitude of bleaching
of the∼600 nm QX (and 850 nm QY) band of P was identical
in all four samples (data not shown). Comparing the
integrated magnitudes of the 527 nm bleaching in the H,
DH, and YFH mutants with that of the 542 nm BPhL

bleaching in wild-type RCs, we calculate that the yields of
P+BPhM

- formation are 7%, 15%, and 30%, respectively,
in the three mutants compared to the 100% yield of P+BPhL

-

in wild-type RCs. The underlying assumption is that the QX

bands of BPhL and BPhM have the same oscillator strength
(23, 31). The yields obtained here for his-tagged H and DH
compared to his-tagged wild-type are identical to the yields
obtained previously for the non-His-tagged versions of these
mutants compared to non-His-tagged wild-type. These
results, along with those for the KDH mutant (not repeated
here), are collected in Table 1.

DISCUSSION

Swapping the native Phe L181 and Tyr M208 residues
near BChlM and BChlL, respectively, in conjunction with the

“beta” mutation at M212, clearly has resulted in a significant
yield of electron transfer to the M-side BPh in the YFH
mutant. This result links together numerous studies on the
L181 and M208 mutants and the DH and KDH mutants
where we introduced ionizable residues at L178 (near BChlM)
and M201 (near BChlL). Based on previous work, one would
have predicted that the YFH and KDH mutants would have
a similar propensity for electron transfer to the M side of
the RC, and this has been demonstrated here. A commonality
between these mutants is found in a simple raising of the
free energy of P+BChlL-, thus slowing electron transfer to
the L side, and a simultaneous lowering of the free energy
of P+BChlM-, thus increasing the rate of electron transfer to
the M side. In the one case (KDH) this has been done by
addition of ionizable Asp and Lys residues and in the other
(YFH) by adding/removing polar Tyr residues. Of course
there are differences in detail to which we now turn in a
closer examination of the relative free energies of P+BChlL-,
P+BChlM-, and P*, and the relative rates and contributions
to directionality of electron transfer to the L and M sides.

Starting with the DH mutant, we adopt a simple branching
scheme shown in Figure 2B, with effective rate constants
kPM, kPL, andkPG for P* f P+BPhM

-, P* f P+I-, and P*f
ground state (where P+I- is the L-side charge-separated
intermediate5). The ∼15 ps P* lifetime and yields of
P+BPhM

- (15%), P+BPhL
- (70%), and internal conversion

to the ground state (15%) yield the rate constants shown in
the last three columns of Table 1. Let us suppose that placing
an Asp at M201 and removing Tyr at M208 have about the
same effect on the free energy of P+BChlL- and ask what
one would predict for the YFH mutant. Given the assump-
tion, kPL would be the same in the YFH and DH mutants.
Holding kPL ) (21ps)-1 and kPG ) (100 ps)-1 (both from
the DH mutant), one can ask what the predicted P* lifetime
would be in the YFH mutant, where a 30% yield of P+BPhM

-

is obtained. The answer is 12 ps (or 13 ps using the values
from the KDH mutant), which is the same within error as
the P* lifetime we have measured here for the YFH mutant.

One can also approach this argument using the YFH data
alone. Using the measured 11 ps P* lifetime and yields of
return to the ground state (10%) and charge separation to
the L side (30%) and M side (60%), the rate constants given
in Table 1 are calculated. The calculatedkPG of (110 ps)-1

for the YFH mutant is in very good agreement with the (100
ps)-1 rate constant obtained previously for the DH and KDH
mutants, consistent with the expectation that P* internal
conversion should not be radically different in these mutants.
In the YFH mutant,kPL is calculated to be (18 ps)-1,
compared to (21 ps)-1 and (24 ps)-1 in the DH and KDH
mutants, respectively. Given the similar rates of charge
separation to the L side, we infer that the free energy of
P+BChlL- is comparable in the YFH, DH, and KDH mutants.

Alden et al. have calculated that changing Tyr at M208
to Phe destabilizes P+BChlL- as much as∼200 meV
(depending on orientation of the Tyr M208 OH dipole), of
which some 40 meV is due to an increase in P’s oxidation
potential (18). Based on these calculations, P+BChlL- could
be destabilized by up to∼160 meV in the YFH mutant,
where the effect on the oxidation potential of P is negated
by the L181/M208 swap of F/Y to Y/F. Gunner et al. also
have calculated a significant (but perhaps somewhat smaller)
effect on the BChlL potential (19). Our experimental results

FIGURE 7: Comparison of the QX and anion region transient
absorption spectra in H, DH, YFH, and wild-type RCs acquired
using 130 fs flashes at 850 nm, normalized to the same initial P*
concentration. The spectra were acquired at about four P* lifetimes
for each RC, namely, at 35, 60, 45, and 15 ps, respectively.

Table 1: P* Lifetimes, Decay Products, and Associated Rate
Constantsa

RC

P*
lifetime

(ps)

% yield
ground
state

%
yield
P+I-b

%
yield

P+BPhM
-

kPG

(ps-1)
kPL

(ps-1)
kPM

(ps-1)

wt 4.3( 0.3 ndc 100 nd - 4.2 -
H 8.5( 0.8 nd 93 7 - 8.6 114
DH 15 ( 2 15 70 15 100 21 100
KDH 15 ( 2 15 62 23 100 24 65
YFH 11 ( 2 10 60 30 110 18 37

a All data were taken at∼285 K. The measured yields of the states
have an error of∼5%. The results for wild-type, H, and DH found
here reproduce those reported in (23, 31). The data for the KDH mutant
are taken from ref23. b P+I- denotes the L-side intermediate, which is
P+BPhL

- in wild-type RCs. P+I- is a quantum/thermal admixture of
P+BChlL- and P+â- in the other mutants, more heavily weighted to
the latter in DH, KDH, and YFH RCs.5 c Not detected.
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suggest that an Asp at M201 raises the free energy of
P+BChlL- by 100-150 meV (23, 31). Collectively, these
free energy estimates are consistent with our conclusion,
based on finding similar rate constants for L-side charge
separation, that the free energy destabilization of P+BChlL-

is comparable in the YFH, KDH, and DH mutants.6 Assum-
ing that P+BChlL- is 50-100 meV below P* in the wild-
type RC (5, 18-24, 28), these considerations support a
working model in which P+BChlL- is near and probably
slightly above P* in these mutants. A slowing of the rate
constant for L-side charge separation [e.g.,∼(20 ps)-1 in
the YFH mutant compared to∼(8 ps)-1 in the H mutant]
would follow, regardless of the relative contributions of the
parallel two-step chemical intermediate (P*f P+BChlL- f
P+BPhL

-) and one-step superexchange (P*f P+BPhL
-)

roles of BChlL. Similar arguments, along with the temper-
ature dependence of the P* lifetime, have been offered
previously in discussing that P+BChlL- may be isoenergetic
or above P* in a number of the M208 single mutants and
the DH and KDH RCs (6-13, 23, 24, 31).

Much less is known about the free energies of the M-side
charge-separated states, but it is thought that both P+BChlM-

and P+BPhM
- are at higher free energy than their L-side

counterparts (5, 18, 19, 41-43). Calculations place P+BPhM
-

at least 130 meV above P+BPhL
- (18, 19), the latter being

below P* by ∼250 meV when relaxed (21, 25-28). The
hydrogen bond between Glu L104 and the ring-V keto group
of BPhL and the absence of an analogous hydrogen bond to
BPhM almost certainly contribute significantly to the relative
stabilization of P+BPhL

-. Calculations place P+BChlM-

above P+BChlL- by 150-350 meV (5, 18, 19, 41-43), or
above P* by<250 meV (18). Katilius et al. recently reported
a key experimental result that helps bracket the free energy
gap between P+BPhM

- and P+BChlM- (44). By removing
the His ligand to BChlM in the Rb. sphaeroidesH(M182)L
mutant, they have replaced BChlM with a BPh, denotedφM.
Charge separation occurs in this mutant to give P+φM

- in
∼35% yield with no apparent further electron transfer onto
BPhM, indicating that P+φM

- is lower in free energy than
P+BPhM

-. Other things being equal, this result indicates that
the free energy gap between P+BPhM

- and P+BChlM- can
be no larger than the difference in the reduction potentials
of BChl and BPh. In solution, this difference ranges between
180 and 300 mV (45-48); values near the lower end of this
range are indicated in situ upon replacing BPhL with a BChl
(â) in the L(M212)H mutants (24). These considerations yield
a working model that has P+BChlM- above P* and P+BPhM

-

below P* with a free energy gap between the two charge-
separated states no larger than∼250 meV.

What are the implications for the YFH mutant? Our
finding that P+BPhM

- forms and lives 1-4 ns shows that
P+BPhM

- is below P* and that P+BChlM- is not below
P+BPhM

- in this mutant (or DH or KDH). Thus, the YFH
mutant has not reached the extreme set by the H(M182)L
mutant (44). Calculations indicate that a Tyr at L181 would
significantly stabilize P+BChlM-, though perhaps not quite
as much as Tyr M208 stabilizes P+BChlL- (18). Thus, the
maximum stabilization of P+BChlM- in the YFH mutant
should be∼150 meV (give or take 50 meV), which is a
large portion of the total available gap between P+BChlM-

and P+BPhM
-. Concerning a lower limit to the amount that

P+BChlM- has been stabilized, our results indicate that it is
not zero, and is greater than that afforded by placing a Lys
at L178 in the KDH mutant.

Regardless of whether P+BChlM- is above or below P*
in the YFH mutant, some interesting discussion follows
regarding the contributions of energetics and electronic
matrix elements to the directionality of charge separation to
the L versus M sides of the RC. Let us first consider the
case where Tyr L181 has lowered the free energy of
P+BChlM- sufficiently that it is below P* in the YFH mutant.
This will make the M side of the YFH RC essentially
identical to the L side of one of the first RC mutants made,
namely, theRb. capsulatusGlu (L104) f Leu mutant. In
both cases, P* is highest in free energy, followed at lower
free energy by the P+BChl- charge-separated state and below
that a P+BPh- state that is at somewhat higher free energy
than in wild-type. The higher placement of P+BPh- owes,
again, in both cases to the absence of the hydrogen bond to
the ring-V keto group of the BPh macrocycle. Thus, we have
a direct comparison of L and M chromophore chains as
identical in both composition and the free energies of the
states as one might hope to achieve throughminimal
manipulation of the RC, even including in both cases the
Tyr between P and BChl. Regardless of whether the true
mechanism of electron transfer is one step or two steps or a
combination, since the two chains are “matched” we can
assume the mechanism will be the same.7 Thus, we can make
a direct comparison of the effective rate constants, and from
there the effective electronic matrix elements, for charge
separation to the L and M sides of the RC. In the YFH
mutant, we have measured here an M-side rate constantkPM

∼ (37 ps)-1. In the E(L104)V mutant, the P* lifetime is 5.5
ps with essentially 100% electron transfer to the L side,
giving kPL ∼ (5.5 ps)-1. Taking the square root of the ratio
of these rate constants yields a 2.6-fold difference in the
effective electronic matrix elements favoring the L side over
the M side (i.e.,VL/VM ) 2.6). What if P+BChlM- is not
below P* in free energy in the YFH mutant? One can
anticipate that pushing this state below P* to achieve the
“matched” situation would result in a faster (or at worst
unchanged) rate of electron transfer to the M side, making
the ratio of electronic matrix elements even smaller than 2.6.

Other comparisons also give a modest ratio of the L/M
electronic matrix elements. For example, it is highly plausible

6 In the YFH mutant, the higher free energy of P+BChlL- and lower
free energy of P+BChlM- result from a respective loss and gain of an
effect of the OH dipole of Tyr on the BChl-/BChl potentials. In the
DH and KDH mutants, the analogous effects derive from the addition
of ionizable Lys and Asp near the BChls. The free energy and redox
shifts do not require Lys or Asp to be ionized and could result from
the effects of dipoles of the neutral forms of the residues. Resonance
Raman experiments on the G(M201)D mutant are consistent with Asp
M201 being ionized, at least at room temperature (40). Whether Tyr
M208 or Asp M201 has the larger effect on BChlL depends on many
factors (ionization state, dielectric screening, and distance/orientation/
position of the groups with respect to the cofactors, etc.). The results
for the YFH, KDH, and DH mutants indicate that Asp M201 and Tyr
M208 shift the free energy of P+BChlL- by comparable amounts.

7 One can anticipate some mismatch between the free energies of
P+BPhL

- and P+BPhM
- (and P+BChlL- and P+BChlM-), as well as the

reorganization energies for formation of these states, in this “near
perfect” scenario. However, these mismatches should give only modest
perturbations to the arguments presented here and not substantively
alter the conclusions.
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that both P+BChlM- and P+BChlL- are slightly above P* in
the YFH and KDH mutants. In support of this idea, Stark
effect spectra (49, 50) and resonance Raman measurements
(51) indicate that the L-side cofactors may experience an
effective larger dielectric constant than those on the M side,
and calculations indicate a related gradient of electrostatic
potential across the RC (19). Thus, equivalent amino acid
changes could well result in a smaller effect on the free
energy of a charge-separated state on the M side than on
the L side. It follows that P+BChlL- could be destabilized
more than P+BChlM- is stabilized upon loss of Tyr M208
and gain of Tyr L181, respectively. Calculations are con-
sistent with this possibility, although the difference is not
large (18). If indeed both P+BChlM- and P+BChlL- are
slightly above P* in the YFH mutant, then we compare (18
ps)-1 for L-side charge separation with (37 ps)-1 for M-side
charge separation (Table 1).8 This comparison yields a value
of only 1.4 for the ratioVL/VM of the L- and M-side electronic
matrix elements.

This analysis, which encompasses the cases that P+BChlM-

is above P* or below it in the YFH mutant, yields a range
of 2-7 (1.42 to 2.62) for the contribution of the electronic
factor to theoVerall 30-fold (or larger) difference in the
rates of charge separation to the L and M sides in the wild-
type RC (31, 52, 53). Other things being equal (e.g.,
reorganization energies), these values imply that the contri-
bution of the relative electronic matrix elements to the
inherent L-side directionality of electron transfer may be as
large as about 60% or at the other extreme about 10%, with
balance of course derived from energetic considerations.9 The
results on theRb. sphaeroidesH(M182)L mutant imply
similar conclusions (44). The finding of comparable rates
of energy transfer from the two sides of the RC to P (if
occurring by the Dexter exchange mechanism) also may limit
the importance of the relative electronic matrix elements for
unidirectional charge separation (54). Although there is

general agreement that the effective L-side electronic matrix
element is larger than that on the M side, some calculations
predict a modest contribution of the asymmetry of electronic
matrix elements to directionality, while others suggest this
may be the preponderant effect (20, 55-61). The idea that
the relative free energies of P+BChlL- and P+BChlM- with
respect to P* and the consequent effects on the associated
mechanisms and rates play a substantial role in directionality
was raised in early calculations (5). A handful of recent
experimental studies, including the studies reported here,
leave no doubt that the free energies of these states and the
energetics in general make a substantial contribution to
directionality (23, 24, 31, 44). The results reported here
provide relatively straightforward experimental findings that
suggest that the contribution of electronic matrix elements
is at most comparable to role of energetics, but is not
overwhelmingly dominant.

The results we have presented here also have implications
for the previously studied L181 and M208 mutants. Specif-
ically, we can make the some predictions for the YF mutant
in Rb. capsulatusvia the following simplified, but useful,
exercise.10 First we setkPM ) (36 ps)-1 andkPG ) (100 ps)-1

based on the results on the YFH, DH, and KDH mutants. A
reasonable estimate of (8 ps)-1 for the value ofkPL is obtained
as follows. Since the∼(18 ps)-1 value of kPL in the YFH
mutant is 2-fold larger than that of∼(9 ps)-1 in the H mutant,
we will setkPL in the YF mutant a factor of 2 larger than the
rate constant of∼(4 ps)-1 in wild-type. Using these values,
one calculates the following yields of the decay products of
P* in the YF mutant: 6% ground-state recovery, 17%
P+BPhM

- formation, and 77% P+BPhL
-. One might be able

to discern some spectral evidence in the QX region for
P+BPhM

- if the yield is this high, though arriving at an
accurate value for the yield would be difficult. In the anion
region, one should more clearly observe biexponential decay
kinetics reflecting the lifetimes of P+BPhL

- and P+BPhM
-.

P bleaching should decay with biexponential kinetics also,
reflecting the lifetimes of P* and P+BPhM

-, both of which
involve decay to the ground state (the latter in the absence
of QB). Finally, a P bleaching at long times (several
nanoseconds) that is reduced to∼77% of its initial magnitude
should be readily detected. This analysis also predicts a P*
lifetime of ∼6 ps. Interestingly, Jia et al. found a P* lifetime
in the Rb. capsulatusYF mutant that, while apparently
multiexponential, had an “average” value of∼9 ps (10). Most
of the previous time-resolved studies on theRb. capsulatus
M208 and Rb. sphaeroidesM210 single mutants have
focused on the P* lifetimes and attendant issues regarding
the mechanism (one versus two steps) of electron transfer
to the L side. Some 10 years have passed since this
pioneering work on the M208/M210 mutants was first
reported. With the advantage of hindsight from today’s
perspective, it would be interesting to reinvestigate some of
these mutants, and also those L181 mutants that stabilize
P+BChlM-, with an eye toward the possibility that electron
transfer to the M side may occur. Also, renewed studies on
the heterodimer mutants might be informative.
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