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Ultrafast singlet excited state energy transfer occurs from the monomeric bacteriopheophytin (H) and
bacteriochlorophyll (B) chromophores to the primary electron donor or special pair (P) in bacterial
photosynthetic reaction centers. Because of rapid quenching of the singlet excited state of B by energy transfer
to P, 1B emission has not previously been observed in functional reaction centers. Using fluorescence
upconversion, spontaneous fluorescence associated with the monomeric bacteriochlorophylls is observed for
excitation of the monomeric bacteriochlorophylls and bacteriopheophytins at 85 K. The decay kinetics of the
fluorescence match the kinetics of the rise of emission from1P, the ultimate acceptor of singlet energy.
Together with measurements of the time-resolved fluorescence anisotropy, the data suggest that1B is populated
in the energy transfer pathway from1H to P. By exciting H in wild-type and in the reaction center mutant
M182HL, where contributions from the chromophores in the B sites on the L and M sides are spectrally
resolved, the amplitudes of the kinetic traces at several wavelengths between 790 and 825 nm can be used to
construct the time-resolved emission spectrum of1B. The Stokes shift of the accessory bacteriochlorophylls
in wild-type on the femtosecond time scale is close to zero, while for the monomeric bacteriopheophytin in
the BM binding site in the M182HL mutant, the Stokes shift is less than 100 cm-1. These results have significant
implications for the mechanism of ultrafast energy transfer in the reaction center.

The bacterial photosynthetic reaction center (RC) is respon-
sible for the initial light-driven charge separation events in
photosynthesis. Light energy absorbed by antenna complexes
is funneled to the special pair in the RC, and1P transfers an
electron to an electron acceptor, rapidly trapping the excitation
energy in a transient charge-separated species. In isolated RCs,
excitation of the special pair can be achieved by rapid singlet
excited state energy transfer from the monomeric bacteriopheo-
phytins and bacteriochlorophylls.1-3 A schematic diagram
illustrating the arrangement of the chromophores that are
relevant to both the energy and electron-transfer processes is
shown in Figure 1 (top panel) based on the X-ray structure,4

and a putative singlet excitation energy transfer scheme paral-
leling the structure is shown in Figure 1 (bottom panel). The
chromophores labeled BL and BM are monomeric bacteriochlo-
rophylls on the functional and nonfunctional sides, respectively,
of the RC; the chromophores labeled HL and HM are monomeric
bacteriopheophytins on the functional and nonfunctional sides,
respectively. Functional is used here to denote the electron-
transfer process1P f P+HL

- which is found to occur almost
exclusively in wild-type RCs at all temperatures, despite the
structural symmetry of the RC that suggests that1P f P+HM

-

might be equally likely to occur.
It is possible to study the rate of singlet energy transfer from

the B and H chromophores to P by femtosecond transient
absorption spectroscopy or by measuring the rise of1P
fluorescence using fluorescence upconversion. In earlier work,
our group and others showed that energy transfer from1B f P
and from 1H f P is very fast.1-3,5 By using the mutant
M214LH6,7 (the â mutant, where a bacteriochlorophyll,âL,
replaces HL), in which selective excitation ofâL or HM is possible, we showed that the rates of energy transfer to P along

the L and M branches are comparable.5 We also demonstrated
that upon removing the central Mg2+ ion from one of the* Corresponding author. Phone: (650) 723-4482; Sboxer@Stanford.edu.

Figure 1. (Top panel) schematic diagram of the chromophores involved
in the energy and electron-transfer processes of isolatedRb. sphaeroides
photosynthetic reaction centers taken from the X-ray structure.4 (Bottom
panel) schematic energy level diagram taken from the absorption
spectrum at 77 K illustrating possible energy transfer pathways
paralleling the structure in the top panel.
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bacteriochlorophylls of the special pair dimer in the heterodimer
mutant, M202HL, energy transfer from1BL f P is slowed
relative to1BM f P.8,9

Singlet energy transfer from the monomeric bacteriopheo-
phytins to the special pair in wild-type RCs requires more time
than from the monomeric bacteriochlorophylls.5 This is not
surprising since HL and HM are considerably further from P than
BL and BM (center-to-center distances∼17 Å for H vs∼10 Å
for B). The greater distance, along with the presumed negligible
spectral overlap between1H emission and P absorption, makes
direct energy transfer between1H and P on this time scale
unlikely. A more reasonable model is that energy transfer occurs
sequentially, first from1H to B and then from1B to P. Given
the independently measured rate constants from1H f P and
from 1B f P, the rate constant from1H f B should be
comparable to that from1B f P (see Appendix).5 If 1B is a
real intermediate in the energy transfer pathway, then a
detectable transient excited state population of1B would be
present about 100 fs after excitation of H. Alternatively,1H f
P energy transfer could involve1B as a virtual intermediate;
that is, energy transfer could occur by a superexchange
mechanism. In this case, it would not be possible to directly
detect the1B population. In the following, we use fluorescence
upconversion to measure the excited state dynamics of1B
following excitation of the H or B chromophores inRhodobacter
sphaeroidesRCs. In addition, the time-resolved emission
spectrum of1B is obtained following excitation of H, giving
information on the Stokes shift of the monomeric bacteriochlo-
rophylls in situ. This is relevant to the underlying mechanism
of ultrafast 1B f P energy transfer and our hypothesis that
comparison of the rates of1BL f P vs1BM f P energy transfer
may probe differences in the electronic interactions on the L vs
M sides of the RC that are relevant to unidirectional electron
transfer.

Experimental Section

The low-temperature fluorescence upconversion spectrometer
has been described in detail previously, along with methods for
measuring fluorescence anisotropies and analyzing the data.10

Briefly, samples were excited using a mode-locked Ti:sapphire
laser (Spectra Physics Tsunami) pumped by 6-10 W (all lines)
from an argon-ion laser (Spectra Physics model 2080). For
experiments exciting at 804.5 nm, the pulse widths were∼80
fs with a time-bandwidth product typically less than 0.43. The
maximum pulse width used in these experiments was∼110 fs
when exciting at 760 nm. Samples were excited at the magic
angle with respect to the gate beam used for fluorescence
upconversion with<250 pJ of energy per pulse. Decays were
obtained with a delay line step size of 21 fs/point. Low
temperature was achieved by using a miniature Joule-Thompson
refrigerator (MMR Technologies, Mountain View, CA) and a
very thin sample geometry. For wild-type RCs, fluorescence
rise and decay curves were measured at 800, 804.9, 807.4, 810,
812.4, 814.9, 820.3, and 825 nm for excitation at 760 nm on
the same sample under the same conditions (same excitation
power and same monochromator slit width). For the M182HL
mutant, fluorescence rise and decay curves were measured at
789.8, 794.8, 797.3, 799.9, 802.4, 804.8, 807.2, 809.8, 814.8,
and 819.9 nm for excitation at 750 nm. Each scan required
approximately 10 min, after which the monochromator detection
wavelength was changed, the phase-matching angle of the BBO
crystal was adjusted (by no more than 3˚ over the wavelength
ranges above), and the interference filter in front of the
monochromator was angle-tuned for maximum throughput of

the detection wavelength. The same interference filter was used
for all detection wavelengths. The initial amplitudes (or the
integrated intensities) of the fluorescence decay curves were
multiplied by a correction factor to account for the relative
transmittance of the interference filter at different detection
wavelengths, which was measured separately in a spectropho-
tometer. The range of angles over which the interference filter
was rotated was small enough that refraction of the beam
resulted in a less than 1% change in transmittance, which is
small enough to be neglected. Over the wavelength range of
these experiments, the fluorescence upconversion efficiency of
the nonlinear crystal changes by no more than 3%, which is
small enough to be neglected. The corrected initial amplitudes
were then plotted versus wavelength to map out the time-
resolved fluorescence spectra.

Poly-His tagged wild-type11 (WT) and M182HL mutantRb.
sphaeroidescells were grown semi-aerobically, the RCs were
isolated, and the detergent was exchanged for Triton X-100.
The gene coding for the M182HL mutation was generously
provided by Professor Neal Woodbury; this was then ligated
into the poly-His background for ease of isolation.11 His182 is
the ligand for the central Mg2+ ion in the bacteriochlorophyll
that occupies the BM binding site. By replacing this His with a
nonligating Leu residue, the Mg2+ ion is lost, and a bacterio-
pheophytina is found to occupy the BM binding site,12 as is
readily seen in the absorption spectrum (Figure 2B); this
chromophore is denotedθΜ. The M182HL and WT RCs contain
carotenoid, which is important for experiments using relatively
high repetition rate excitation.13 All samples were dissolved in
1/1 (v/v) glycerol/buffer (10 mM Tris, 0.1% Triton X-100, pH
8.0) solution, and quinone QA was reduced using sodium
dithionite. The RCs were concentrated in order to achieve a
sufficient optical density in the 25-50 µm path length cell,
typically 0.1-0.2 at 800 nm.

Results

Time-Resolved Fluorescence from1B. For WT RCs at 85
K, the time-resolved fluorescence at 850 nm for excitation at

Figure 2. Absorption spectra (solid) and fluorescence spectrum
(dashed) in the Qy region at 77 K for Q-reducedRb. sphaeroideswild-
type (A) and mutant M182HL in which a bacteriopheophytina, labeled
θM, replaces a bacteriochlorophyll in the BM binding site (B). The
vertical arrows illustrate wavelengths used for excitation and the
horizontal bars indicate the excitation widths.
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804.5 nm (both B chromophores) and at 815 nm for excitation
at 760 nm (both H chromophores) are shown in Figure 3. The
time-resolved anisotropy for these wavelength pairs is shown
in Figure 4. For excitation at 804.5 nm, it is difficult to detect
nearer to the excitation wavelength than 850 nm due to the
background produced by the frequency-doubled gate beam at
shorter detection wavelengths. For the same reason, 800 nm is
our limit of detection for excitation at 760 nm. When H is
excited at 760 nm, a negative amplitude component is necessary
to fit the rise at 815 nm, indicative of energy transfer to the
emitting state. The lifetime of the rise is 85( 17 fs, shorter
than the 150 fs cross correlation. The decay of the emission
between 800 and 825 nm is essentially monoexponential with
a lifetime of 199( 16 fs associated with 99% of the amplitude
and a minor component with about 1% of the amplitude whose
lifetime is several picoseconds. The time-resolved emission
anisotropy decays initially and stabilizes after∼200 fs at a value
of 0.102 ( 0.022, corresponding to an angle of 44.8( 1.9°
between the H absorption transition dipole moment and the
emission transition dipole moment of the emitting species. For
excitation at 804.5 nm and emission at 850 nm, the fit requires
two exponential components for the decay (no rise component
is necessary), the lifetimes (and amplitudes) of which are 160
( 12 fs (89( 2%) and 2.8( 0.2 ps (11( 2%). The latter
component is most likely a small contribution from1P emission.
The anisotropy of the major component is 0.350( 0.014,
corresponding to an angle of 16.8( 2.0°. These results are
summarized in Table 1.

Emission around the B band is also observed for excitation
of the monomeric bacteriopheophytins at 760 nm in the
M182HL mutant (data not shown). The kinetics are similar to
those for WT; the lifetime of the major decay component in
the mutant is 227( 22 fs (see Table 1).

Time-Resolved Emission Spectrum of1B. The corrected
relative amplitudes of the fluorescence decay curves (see
Experimental Section) measured at wavelengths between 800
and 825 nm for excitation of WT RCs at 760 nm (85 K) are
shown in Figure 5A. This time-resolved emission spectrum is
the average of three data sets from two samples. Comparison
of data points taken in 2.5 nm steps around the peak of the B
band with the absorption spectrum, whose maximum is at 804.5
nm at 77 K, indicates that the emission Stokes shift on the
femtosecond time scale is close to 0 cm-1 assuming the emission
is from 1B (see below). For 750 nm excitation of M182HL RCs
at 85 K, the corrected relative amplitudes of the fluorescence
decay curves at wavelengths between 790 and 820 nm are shown
in Figure 5B. The results are the average of five data sets from
two samples. The emission is relatively flat between 792 and

Figure 3. Spontaneous fluorescence (circles) at 85 K from wild-type
RCs in the B band region. Panel A shows the emission measured at
850 nm following excitation in the B band at 804.5 nm. Panel B shows
the emission measured at 815 nm following excitation in the H band
at 760 nm. Fits to the data are shown (solid line, see Table 1 for
lifetimes) and the cross correlations (dashed) are overlaid. The residuals
of the fits are displayed below the data.

Figure 4. Fluorescence decays for parallel (solid lines) and perpen-
dicular (dashed lines) polarized excitation and associated anisotropy,
r(t), of wild-type RCs at 85 K for excitation at 804.5 nm and emission
at 850 nm (A) and for excitation at 760 nm and emission at 815 nm
(B).

TABLE 1: Rise and Decay Times for the Major
Components of the Spontaneous Fluorescence from1B and
1P in Wild Type and M182HL Mutant Reaction Centers for
Excitation at 760 nm and at 804 nm at 85 K

reaction
center

λexc

(nm)
λem

(nm) τrise (fs) τdecay(fs) anisotropyr

wild type 804.5 850 prompta 160( 12 0.350( 0.014
940 163( 54b 1130( 40 0.241( 0.003

760 815 85( 17 199( 16 0.102( 0.022
920c 178( 38 97( 43 -0.015b

1210( 47
M182HL 804 920 145(11 1300( 106

760 815 93( 25 227( 22
920c 157( 16 112( 26

1220( 90

a Faster than can be resolved with the 120 fs (fwhm) cross correlation.
b Value from Stanley et al.5 c The two femtosecond components reflect
the two energy transfer steps1H f B (appears in the decay) and1B f
P (appears in the rise), while the picosecond decay component is the
same one observed for direct excitation of P. See Appendix for further
discussion.
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800 nm and peaks at 805 nm. The corresponding Stokes shifts
relative to the absorption peak positions of BL andθM are∼35
and 70-100 cm-1, respectively. For both WT and M182HL,
the decay lifetimes are the same within experimental error at
all of the emission wavelengths used to construct the time-
resolved emission spectra (data not shown).

Time-Resolved Emission from1P. The lifetimes of the rise
of emission from1P in WT and the M182HL mutant are
summarized in Table 1. For the M182HL mutant (data not
shown), the lifetimes of the rise of emission from1P measured
at 920 nm for excitation of B or H are comparable to the values
we have previously reported for WT. Figure 6A shows the rise
and initial decay of1P emission for excitation of H in WT along
with fits using three and four exponential components. Fitting
the data with four exponential components yields a rise lifetime
(and amplitude) of 178( 38 fs (-98 ( 2%) and decay

components with lifetimes (and amplitudes) of 97( 43 fs (59
( 34%), 1.21( 0.04 ps (39( 32%), and 14( 2 ps (3(
2%).14 The latter two decay times and their relative amplitudes
agree with the values for1P decay when P is excited directly.10

In previous work,5 spontaneous fluorescence signals were fit
to a sum of three exponentials, one having a negative amplitude
to account for energy transfer and two having a positive
amplitude to account for the excited state decay. For energy
transfer from1B to P, both a reducedø2 value typically less
than 1.2 and unstructured residuals [(fit- data)/xfit)] indicate
that the model accounts for the data. For energy transfer from
1H to P, which involves two-step energy transfer1H f B
followed by 1B f P, fitting the data with three exponential
components is expected and found to be inadequate. With a
three-component fit, the reducedø2 value is typically greater
than 1.4 and the residuals are structured around the rise and
peak of the fluorescence signal (Figure 6B). As discussed in
detail in the Appendix, in the two-step energy transfer mech-
anism, the rate constants forboth energy transfer components
should appear in the dynamics of1P. This and the high signal-
to-noise of the data justify the addition of one more exponential
component to the fit. Unstructured residuals are obtained when
a sum of four exponential components is used (Figure 6C and
Appendix).

Discussion

Energy Transfer from 1H and 1B to P and 1B Emission.
The observation of fluorescence between 800 and 850 nm in
functional RCs is a significant result, as it has not been
previously observed, in either steady state or time-resolved
spectra. Using fluorescence upconversion, emission is observed
at 850 nm for excitation in the B band at 804.5 nm in WT RCs
at 85 K (Figure 3A); the lifetime of the dominant component
of the decay is 160( 12 fs. Energy transfer from1B to P as
measured by the rise of emission from1P at 940 nm for 804
nm excitation is 163( 54 fs.5 That the decay of emission at
850 nm matches the rise of emission from1P suggests that the
excited state probed at 850 nm transfers energy to P.15 Emission
between 800 and 850 nm is observed for excitation in the H
band at 760 nm in WT RCs at 85 K (Figure 3B shows emission
at 815 nm). The emitting state is populated with a lifetime of
85 ( 17 fs (1H f B) and decays with a lifetime of 199( 16
fs (1B f P). These energy transfer components appear in the
dynamics of1P measured at 920 nm (see Appendix), giving
rise and decay lifetimes of 178( 38 and 97 ( 43 fs,
respectively, in addition to the 1.2 and 14 ps components
associated with electron transfer from1P (the picosecond
components are the same as those observed for direct excitation
of P). In the two-step energy transfer mechanism, the rate
constants for each energy transfer step should appear in the
kinetics of both the intermediate and final states, providing an
internal check on the mechanism. That the kinetic components
of the excited state probed between 800 and 850 nm for
excitation of HL,M are also observed in the rise and decay of
emission from1P suggests that the excited state transfers energy
to P. Together with the time-resolved anisotropy discussed
below, the kinetics support the assignment of fluorescence
between 800 and 850 nm to1B.

The measured anisotropy exciting B at 804.5 nm and detecting
emission at 850 nm is 0.350( 0.014 (Figure 4A). An anisotropy
of 0.326 is observed in the steady state for bacteriochlorophyll
a monomers in castor oil at room temperature.16 The agreement
between these measurements is consistent with excitation and
emission from the same chromophore and suggests that the

Figure 5. Absorption in the Qy region (solid, 77 K) and time-resolved
emission (dashed, 85 K) spectra of the B band for Q-reduced wild-
type (A) and M182HL (B) RCs. The excitation wavelengths for the
time-resolved emission spectra were 760 nm in wild-type and 750 nm
in the M182HL mutant. The time-resolved emission spectra were
constructed from corrected amplitudes of the fluorescence decays
collected at 85 K. The error bars show the standard deviation of three
data sets for WT and five data sets for the M182HL mutant.

Figure 6. Spontaneous fluorescence from1P at 920 nm in wild-type
RCs following excitation at 760 nm (A). Two fits are shown: a three-
component fit (dashed) and four-component fit (solid). The residuals
of the three-component fit (B) and four-component fit (C) are shown
in the lower panels (see text and Appendix).
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excited state probed at 850 nm is1B. For excitation of H at
760 nm and emission at 815 nm, the time-resolved anisotropy
is 0.102( 0.022, corresponding to an angle of 44.8( 1.9°
between the H absorption and the emission transition dipole
moment(s) of the emitting species. Using the atomic coordinates
from the RC crystal structure4 and assuming that the QY

transition dipoles are aligned along the nitrogens of ring I and
III in the bacteriochlorophyll and bacteriopheophytin monomers,
the angle between the QY transitions of HL and BL is ∼56°,
and the angle between the QY transitions of HM and BM is ∼60°.
Since the emission dipole of B upon direct excitation is rotated
∼17° from the absorption dipole moment, the anisotropy we
measure is within the range consistent with energy transfer from
1H to B followed by emission from1B. We conclude that the
identity of the emitting state probed at 815 and 850 nm is1B
and that the kinetics reflect the excited state dynamics of1B.

Time-Resolved1B Fluorescence Spectrum.Observations
of 1B bear on potential excited state pathways as well as on the
mechanism of energy transfer in RCs. Jean et al. calculated that
the rate constant of energy transfer from1B to P, according to
the Förster mechanism, should be an order of magnitude slower
than what is observed.17 The rate constant for energy transfer
between two pigments is proportional to the spectral overlap
between donor emission and the acceptor absorption. Since the
position of the1B emission band in the RC had not been
measured, Jean et al. used the 190 cm-1 Stokes shift of isolated
bacteriochlorophylla in ether solution at room temperature,18

placing the emission maximum at 815 nm. To reconcile the
observed ultrafast kinetics and the small spectral overlap
between1B emission and the dominant absorption of P ascribed
to its lower exciton band (P-), energy transfer to the upper exci-
ton state of P (P+) followed by fast (∼100 fs) internal conversion
to P- was proposed. Jean et al. placed the peak of the absorption
of the upper exciton state at 815 nm, thereby maximizing overlap
with the estimated1B emission, and the oscillator strength of
P+ was assumed to be one-fourth that of P- .

The corrected amplitudes (see Experimental Section) of the
time-resolved fluorescence between 800 and 825 nm following
excitation of WT RCs at 760 nm are shown in Figure 5A. The
emission is peaked at 805 nm. These results indicate that the
Stokes shift of1B emission on the 100 fs time scale and at 85
K is nearly zero in WT RCs, substantially less than the values
for monomer bacteriochlorophylla in liquid18 and frozen
solutions.19 In RCs that fold without incorporating the special
pair, steady state fluorescence from1B exhibits a Stokes shift
of ∼80 cm-1 at room temperature.20,21 The lack of any
appreciable Stokes shift in the WT protein indicates that energy
transfer from1B to P happens before significant relaxation of
the excited state of B. If the overlap of1B emission with the
ground state to P+ absorption is a significant factor in determin-
ing the rate of energy transfer from1B to P-, as in the
calculations of Jean et al., then the time-resolved fluorescence
spectrum reported here indicates that the maximum rate of
singlet energy transfer would be achieved only if the ground
state to P+ absorption occurs at 805 nm, not 815 nm.

The location of the absorption of the upper exciton state of
the special pair in WT RCs has been the subject of much
debate.22-24 It is generally thought to overlap with the low
energy shoulder of the B band. Most data in the literature are
consistent with BL absorption at higher energy and BM at lower
energy, with the latter contributing most of the intensity to the
shoulder around 810 nm.22,25-28 This partitioning of intensity
in the 800 nm band is strongly supported by the absorption
changes in the M182HL mutant where the low energy shoulder

is absent and a new, reasonably well-resolved band appears on
the high energy side29 (Figure 2). Furthermore, in the M182HL
mutant, the low energy side of the B band is unstructured,
providing no evidence for an absorption feature that might be
assigned to P+. Photochemical hole burning studies on WT at
4.2 K,30,31 photon echo excitation spectra of R26 RCs at 77
K,32 and linear dichroism measurements on WT at 10 K27 show
features centered at 811, 813, and 810 nm, respectively, which
have been assigned to P+. On the basis of these assignments,
one would expect to see a structured absorption band in this
region of the spectrum in the M182HL mutant, but no such
feature is apparent. Therefore, if there is a ground state to P+
absorption band in this region of the spectrum with appreciable
oscillator strength, then it must be under BL and peaked close
to 805 nm. Such a peak position would maximize overlap with
1B emission, thereby maximizing the rate of energy transfer from
1B to P+, as mentioned above.

Recent work from Scherer and co-workers24 has addressed
the mechanism of energy transfer in R26 RCs at room
temperature. Their pump-probe data identify an absorption
feature centered at 825 nm and show rapid spectral changes
around 800 nm that are interpreted as a 260 cm-1 red shift of
1B over 20 fs. The 825 nm band is assigned to P+ and, as for
Jean et al.,17 the red shift of1B is necessary to achieve sufficient
spectral overlap with a ground state to P+ absorption. The
spectral shift they observe contrasts with the time-resolved
emission spectrum presented here for WT RCs at 85 K, which
shows essentially no Stokes shift on the 100 fs time scale. If
1B f P+ energy transfer is important in feeding energy to P-,
the diminished spectral overlap between1B emission and a
ground state to P+ absorption centered at 825 nm would result
in a slower energy transfer lifetime than is observed. It is
possible that a Fo¨rster-type mechanism is inadequate to describe
energy transfer from1B to P+, that Scherer and co-workers
misinterpreted the rapid spectral changes in the B band region,
or both. Data from the M182HL mutant presented below sup-
port the hypothesis that a Fo¨rster-type mechanism is insuffi-
cient.

Energy Transfer Kinetics in the M182HL Mutant Com-
pared to WT. In WT, the BL and BM bands are not well
resolved, making independent measurement of the singlet
excited state lifetimes of1BL and 1BM difficult. Presumably,
the fluorescence at all wavelengths between 800 and 850 nm
has contributions from both1BL and1BM, since the BL and BM

absorption bands overlap significantly and the emission spectrum
(Figure 5A) is similarly unresolved. Because the decay kinetics
at all wavelengths are the same and are essentially monoexpo-
nential, within experimental error, it appears that the excited
state dynamics of1BL and1BM are similar, if not the same. The
separation of the BL andθM absorption bands in the M182HL
mutant RC (Figure 2B) provides an opportunity to probe the
excited state dynamics of the individual accessory chromophores
in the B binding sites. Again the decay kinetics at all
wavelengths between 790 and 820 nm for excitation at 750 nm
are the same and are essentially monoexponential, within
experimental error. This suggests that the decay of the singlet
excited state of the monomer bacteriopheophytin,1θM, is similar
to that of the monomer bacteriochlorophyll,1BL. Furthermore,
for excitation in the H band, the M182HL mutant exhibits
similar energy transfer kinetics, measured both for the emission
near the B band and for the rise of emission of1P at 920 nm,
as for WT RCs.

Measurements of1B lifetimes may be useful for studying
alternate charge separation pathways such as1BL f BL

+HL
-
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or 1BL f P+BL
-. There is no consensus on the rate constants

of these events. Using resonance higher-order Stark spectros-
copy, we have measured a several ps or longer time constant
for 1BL f BL

+HL
- in WT33,34 and in the M182HL mutant.35

Van Brederode et al. interpret their transient absorption results
in WT as1BL f P+BL

- competing with1BL f P, each with a
360 fs lifetime.36 Free of the complications associated with
transient absorption measurements in the RC, such as overlap-
ping absorption bands and transient electrochromic bandshifts,
fluorescence lifetime measurements probe the excited state
dynamics directly. In the M182HL mutant, one can observe the
dynamics of1BL or 1θM independently. If the scheme proposed
by van Brederode et al. were correct, one would expect to
measure decay lifetimes of 360 fs for1θM and 180 fs for1BL;
however, we see no differences in the lifetimes along the L
and M branches in this mutant or in WT, where wavelength-
independent kinetics are observed. Further discrepancies will
be discussed in part 4 of this series.9

Time-Resolved Emission Spectrum of the M182HL Mu-
tant Compared to WT. The corrected amplitudes of the time-
resolved fluorescence decays between 790 and 820 nm are
shown in Figure 5B for the M182HL mutant. The time-resolved
emission spectrum is considerably broader than for WT with a
peak at 805 nm and a noticeable shoulder around 797 nm. To
avoid overwhelming background problems, the sample must be
excited at 750 nm in order to observe emission at 790 nm (see
Experimental Section). HM is excited relatively more than HL
at 750 nm, so one might expect to see more emission at 797
nm than at 805 nm; however, the relative amplitudes are about
the same. This can be rationalized by the greater oscillator
strength of BL (compared withθM) giving rise to more emission
from 1BL than from1θM. The results suggest that the Stokes
shift for θM is 70-100 cm-1 and for BL is ∼35 cm-1. The
Stokes shift for monomer bacteriopheophytina in the BM

binding site is close to the value of 120 cm-1 measured at 77
K in (2-methyl)THF for isolated bacteriopheophytin.19 It is
interesting that the rate of energy transfer from1θM to P is the
same in this mutant as1BL,M to P in WT. Even with the 70-
100 cm-1 Stokes shift forθM emission, one would expect
substantially different spectral overlap with whatever feature
of the P band absorption is responsible for energy transfer in a
Förster-type analysis. In this case, the observed energy transfer
lifetime for 1θM f P would be different from1BL f P in this
mutant and from1BL,M f P in WT, but it is not. This result is
reminiscent of what was observed in theâ mutant, M214LH,
where replacement of the monomer bacteriopheophytin, HL,
with bacteriochlorophyll has little effect on the energy transfer
rate constant measured by the rise of1P emission despite a
substantial shift in absorption.5 This further supports the
hypothesis that singlet energy transfer is not predominantly
occurring by a Fo¨rster dipole-dipole mechanism.37 If the
relative electronic interactions for energy transfer along the
functional and nonfunctional sides is proportional to that for
electron transfer between the same chromophores, then observa-
tions of energy transfer may be relevant to electron-transfer
asymmetry.

In conclusion, the rise of spontaneous fluorescence peaked
near the absorption maximum of the accessory bacteriochloro-
phylls is observed within 100 fs of excitation of the monomeric
bacteriopheophytins. The time-resolved fluorescence anisotropy
and kinetics suggest that the population is1B. This is the first
report of1B emission in functional RCs and indicates that the
mechanism of energy transfer from1H to P involves1B as a
real intermediate. That is, the initially excited monomer bac-

teriopheophytins,1HL,M, transfer energy first to the accessory
bacteriochlorophylls, creating1BL,M, which in turn transfer
energy to the special pair. Furthermore, the time-resolved
emission spectrum of the monomer bacteriochlorophylls shows
that the Stokes shift is∼0 cm-1, which has implications for
the position of the upper exciton band of P in singlet energy
transfer models where P+ facilitates fast energy transfer from
1B to P-.
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Appendix

Data Analysis for Sequential Energy Transfer.If energy
transfer1H f B occurs with rate constantk1, 1B f P occurs
with rate constantk2, and1P undergoes electron transfer with
rate constantk3:

then the excited state dynamics of1P are described by

or as the more general model function used in fitting:

Thus, in general, the rate constantsk1, k2, andk3 appear in either
the rise or decay of1P and must be accounted for in the fit to
the data. In the RC the two energy transfer steps are roughly
an order of magnitude faster than electron transfer, thereforek3

< k1 andk2. Note that ifk1 > k2, 1P is expected to rise withk2

and decay withk1 andk3, whereas ifk1 < k2, 1P is expected to
rise with k1 and decay withk2 and k3. Within the range of
reasonable rate constants for the RC, the amplitudes of all three
components are expected to be significant.

Figure 7 shows simulated data with Poisson-distributed noise
fit to model functions with two and three exponential com-
ponents along with the corresponding residuals. The rate con-
stants used for1B f P, (160 fs)-1, and the decay of1P, (1.2
ps)-1, were measured independently by exciting B and moni-
toring the rise and decay of emission from1P.5 In each
simulation, the rate constant of1H f B was varied. A Gaussian
cross correlation with fwhm of 150 fs (as in our experiments)
was used for convolution with the model function (A2). The
residuals of the two-component fit exhibit structure characteristic
of an inaccurate fit of the rise and peak of the fluorescence. It
is seen that only when the lifetime of1H f B becomes
significantly less than the fwhm of the cross correlation, does
the need for adding a third component diminish due to poor
resolution.

Since 1P decay exhibits heterogeneous kinetics,38-40 the
experimental data require a fourth component with a lifetime
of many picoseconds whose amplitude is small (a few percent)
compared to the other components. A typical data set for WT
RCs exciting at 760 nm and monitoring emission at 920 is

1H 98
k1 1B 98

k2 1P98
k3

P+H-

[1P] )
k1k2

k2 - k1[ 1
k3 - k1

e-k1t - 1
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( 1
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- 1
k3 - k1
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[1P] ) A1e
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shown in Figure 6 along with fits using both three and four
exponential components. The need for a fourth component is
evident from the structured residuals of the three-component
fit.

The 280 fs lifetime of the rise in the two-component fit to
the simulated data in panel B of Figure 7 (Table 2) matches
the rise time of1P emission when only three components are
used to fit the experimental data. It was based upon this exact
analysis, varying the rate constant of energy transfer from1H
to B, that Stanley et al. arrived at the (160 fs)-1 rate constant
for singlet energy transfer from1H to B. The residuals from
this analysis showed the characteristic pattern associated with
fitting simulations for a three state model with only two
components. A more accurate fit of both the simulations and
the experimental data is obtained with an additional component,
the justification for which is manifest in the equation describing
the excited state dynamics of P (A1). Inclusion of this
component permits us to more accurately determine the rate
constant of1H to B, and comparison of the experimental data
with the simulation fit values in Table 2 indicate that the lifetime
is between 80 and 160 fs.
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