Proc. Natl. Acad. Sci. USA
Vol. 87, pp. 215-219, January 1990
Biophysics

Femtosecond dynamics of energy transfer in B800-850
light-harvesting complexes of Rhodobacter sphaeroides

(carotenoid / bacteriochlorophyil)

J. K. TRAUTMAN*, A. P. SHREVE*, C. A. VIOLETTE!, HARRY A. FrRaNKT, T. G. OWENSsH,

AND A. C. ALBRECHT*

Department of *Chemistry and Section of Plant Biology, Cornell University, Ithaca, NY 14853; and TDepartment of Chemistry, University of Connecticut,

Storrs, CT 06269
Communicated by Robin M. Hochstrasser, October 13, 1989

ABSTRACT We report femtosecond transient absorption
studies of energy transfer dynamics in the B800-850 light-
harvesting complex (LHC) of Rhodobacter sphaeroides 2.4.1.
For complexes solubilized in lauryldimethylamine-N-oxide
(LDAOQ), the carotenoid to bacteriochlorophyll (Bchl) B800 and
carotenoid to Bchl B850 energy transfer times are 0.34 and 0.20
ps, respectively. The B800 to B850 energy transfer time is 2.5
ps. For complexes treated with lithium dodecyl sulfate (LDS),
a carotenoid to B850 energy transfer time of <0.2 ps is seen,
and a portion of the total carotenoid population is decoupled
from Bchl. In both LDAO-solubilized and LDS-treated com-
plexes an intensity-dependent picosecond decay component of
the excited B850 population is ascribed to excitation annihila-
tion within minimal units of the LHC.

The B800-850 light-harvesting complex (LHC) serves as the
principal antenna complex in many purple photosynthetic
bacteria (1) and has been extensively studied in Rhodobacter
sphaeroides and related genera (1-12). The B800-850 LHC
contains bacteriochlorophyll (Bchl) and carotenoid pigments
in a ratio of 2:1 (2, 3). The Bchl is partitioned between two
binding sites; the Q, absorption of B800 is near 800 nm, that
of B850 is near 850 nm. In B800-850 solubilized in lauryldi-
methylamine-N-oxide (LDAO), referred to as B800-850/
LDAO, both absorptions are present; in B800-850 treated
with lithium dodecyl sulfate (LDS), referred to as B800-
850/LDS, the 800-nm absorption is absent (4, 5). Models for
the structure of the B800-850 complex suppose the complex
to be composed of replications of a minimal pigment—
polypeptide unit (6, 7). The minimal unit of ref. 6 contains
four B850, two B800, and three carotenoid molecules. Two of
the carotenoids are coupled only to B850 molecules and the
third carotenoid is coupled only to B800 molecules.
Previous work has provided some understanding of singlet
energy transfer processes in B800-850 LHCs. In B800-
850/LDAO isolated from Rb. sphaeroides 2.4.1, total caro-
tenoid to B850 energy transfer efficiency is 95% + 5% (4, 6).
At 4 K, 15-25% of the carotenoid excitations are transferred
to B800 with subsequent, nearly 100% efficient, B800 to B850
energy transfer; the remaining carotenoid excitations are
transferred directly to B850 (8). Measurements of the B800 to
B850 transfer have put the time at (i) 1-2 ps at 77 K and <1
ps at 295 K as determined by picosecond transient absorption
spectroscopy (9) and (i) =3.3 ps at 4 K as calculated from
B800 fluorescence emission measurements (8). For B800-
850/L.DS the total carotenoid to B850 energy transfer effi-
ciency is only 72% * 3% (4, 6). The dynamics of carotenoid
to Bchl energy transfer have been studied by picosecond
transient absorption in two strains of Rhodopseudomonas
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acidophila revealing carotenoid to Bchl transfer times of =5
ps (10) and =3 ps (11). The mechanism of carotenoid to Bchl
singlet energy transfer is thought to be exchange coupling (13)
with transfer occurring from an energetically low-lying car-
otenoid electronic state analogous to the 2 ‘Ag state of Cyy,
polyenes (14). The state seen in absorption spectra of caro-
tenoids is likely S;, analogous to the 1 !B, state of Cy,
polyenes (15). The S, — S; internal conversion occurs within

100 fs (16).

MATERIALS AND METHODS

Our femtosecond laser system is similar to that of Gauduel e?
al. (17) and consists of a colliding-pulse modelocked laser
(18), a four-stage dye amplifier (19), continuum generation,
and a single-stage continuum amplifier. In the present work,
the pump pulse was an amplified continuum pulse with
~10-nm bandwidth centered at 510 nm. Its energy was
adjusted between =0.1 uJ and 1 uJ by use of neutral density
filters. The probe pulse was an unamplified continuum pulse.
The probe wavelength was selected by a monochromator
positioned after the sample cell. The partially focused spot
sizes of the beams were =1 mm. The excitation photon flux
(<10% photons/cm? per pulse) was sufficiently low that
nonlinear excitation did not contribute to the signals. Pump-
probe cross-correlations were typically 240 fs (full width half
maximum). Scans were taken with pump and probe polar-
izations parallel, perpendicular, and at magic angle. Signal
amplitudes were polarization dependent even at the highest
excitation energies, indicating that the polarization aniso-
tropy created by excitation photoselection was not saturated.
In contrast, the energy transfer rates were not polarization
dependent; all data reported were taken with parallel polar-
ization. Samples were circulated through a flow system; the
sample reservoir was maintained at a temperature of 5-10°C
by an ice bath. The concentration of the solutions was
adjusted to obtain an optical density of =0.3 for a 2-mm path
length at 510 nm. B800-850/LDAO and B800-850/LDS
were prepared from chromatophores of Rb. sphaeroides
2.4.1 according to established procedures (4). Energy trans-
fer time constants were determined by fitting the data with a
nonlinear least-squares routine to a function given by the
convolution of the cross-correlation with the signal expected
from a postulated kinetic model.

RESULTS AND DISCUSSION

Our experiments consist of exciting the carotenoid popula-
tion at time zero and then, using various probe wavelengths,
monitoring the time evolution of excited state populations of

Abbreviations: LHC, light-harvesting complex; Bchl, bacteriochlo-
rophyll; LDAO, lauryldimethylamine-N-oxide; LDS, lithium dode-
cyl sulfate.
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B800, B850, and carotenoid molecules. Experimental results
with brief discussions are presented according to the prepa-
ration (LDS or LDAO) and according to the excited state
species probed after carotenoid excitation.

B800 Kinetics in B800-850/LDAO. The transient absorp-
tion kinetics of the B800—-850/LDAO complex at 800 nm after
excitation at 510 nm are shown in Fig. 1. The induced
transmission increases quickly and then decays in picosec-
onds into a small induced absorption, which itself decays on
a nanosecond time scale. Our data are well fit to a model
consisting of carotenoid to B800 transfer followed by B800 to
B850 transfer with contributions to the signal coming from
both B800 and B850; at this probe wavelength, the excitation
of B800 results in a bleach, the excitation of B850 gives an
induced absorption. The induced absorption is attributed to
a B850 S; — S, transition because the B850 S; is the only
species created within picoseconds that still exists after
hundreds of picoseconds. This is in agreement with a previ-
ous assignment (9) in which an induced absorption was found
within picoseconds at 800 nm after excitation at 800 nm. A
direct fit of the data requires knowing the equation of motion
of the excited B850 population. An alternative approach is to
‘“‘correct’’ the data by subtracting the B850 contribution using
the appropriately scaled transient absorption curve obtained
under identical experimental conditions but with the probe
wavelength tuned to 850 nm. The response to an 850-nm
probe is taken to be a direct measure of the B850 population.
Due to the rather complicated B850 kinetics, this procedure,
which uses a simple fit function, is preferred. The fit para-
meters thus obtained are 0.34 ps and 2.5 ps for the carotenoid
to B800 and B800 to B850 transfer times, respectively. Their
uncertainty is estimated to be approximately +10%.

B850 Kinetics in B800-850/LDAO. Curves for the induced
transmission at 850 nm after 510-nm excitation at three
different intensities are shown in Fig. 2. Given the results of
the 800-nm probe scans and the known carotenoid to B850
and carotenoid to B800 transfer efficiencies (8), a two-
component rise in the induced transmission is expected. At
the lowest pump intensities used, this is seen. At higher pump
intensities, a picosecond absorption recovery component
becomes significant. We ascribe this to B850-B850 singlet—
singlet annihilation.

A definitive treatment of the picosecond absorption recov-
ery at 850 nm requires precise knowledge of the excitation
flux, secure determination of the long time decays, and scans
at pump intensities lower than those used here. Nevertheless,
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Fi1G.1. Induced transmission at 800 nm after excitation at 510 nm
in B800-850/LDAO. The lower curve shows the raw data. The upper
curve is corrected for B850 S; absorption at 800 nm as described in
the text. The line through the corrected data is a fit with a rise time
of 0.34 ps and a fall time of 2.5 ps.
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F1G.2. Induced transmission at 850 nm after excitation at 510 nm
in B800-850/LDAO. Fits (—) to the decays are overlaid. The
relative excitation intensities for the three curves were 5:2.5:1. The
annihilation parameters (see ref. 20) are chosen to fit the highest
excitation intensity data for which the average number of excitations
per domain z = 0.9, the annihilation rate constant y/2 = 0.125 ps~!,
and the monomolecular decay rate constant k = 0.001 ps~?. For the
lower two curves, z is scaled according to the relative excitation
intensities; y/2 and k are unchanged.

the data can be fit, as shown in Fig. 2, with the standard
annihilation theory of Paillotin er al. (20). The values of z, the
average number of excitations per domain, and the value of
v/2, the annihilation rate constant, required to fit our data are
very different from those previously determined for the
B800-850 complexes of Rb. sphaeroides (12). However, this
is not necessarily a contradiction. Our experiments were
performed at the high end of the excitation intensity range
used in ref. 12. At these intensities, the probability, P, that a
given molecule will be excited by the pump pulse is signifi-
cant (P > 0.1). The values of z from our data, taken with the
estimated value of P, imply a domain size on the order of only
a few molecules—that is, a domain comparable to the min-
imal unit of ref. 6. Then a scheme that explains both the
present results and those of ref. 12 is the following. For P <<
1, annihilation must occur by excitation transfer between
B850s in different minimal units. In this case, the annihilation
rate is relatively slow. But, as P is made larger, the proba-
bility that the pump pulse creates more than one excitation in
a given minimal unit is not negligible. The excitations within
a minimal unit are very mobile (hopping times <1 ps) and,
consequently, the annihilation time constant that dominates
the early time dynamics is on the order of picoseconds. Thus,
the low and high excitation intensity experiments explore two
different domains. To properly fit long time scans taken with
high excitation intensity and ultrafast time resolution, a
solution to the master equation is needed that takes account
of both annihilation channels. The time range of the present
experiments is sufficiently short for the slower component
not to interfere significantly with the fit of the fast annihila-
tion.

At the lower pump intensity, the data are fit with a
two-channel model consisting of the direct carotenoid to
B850 transfer and the indirect carotenoid to B800 to B850
transfer. The carotenoid to B800 and B800 to B850 transfer
times from the fit to the 800-nm probe data (see B800 Kinetics
in B800-850/LDAO) are used in the fit of the 850-nm probe
scans. A direct carotenoid to B850 transfer time of 0.20 ps is
determined. For the fit shown in Fig. 3, the ratio of the
amplitudes of the direct channel to the indirect channel is 4:1.
This ratio was chosen to match (within experimental uncer-
tainty) that determined from measurements of the excitation
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FiG.3. Induced transmission at 850 nm after excitation at 510 nm
in B800-850/LDAO. These are the lowest excitation intensity data
taken. The fit (—) is for a two-channel model: a direct channel
(carotenoid — B850) with a transfer time of 0.20 ps and an indirect
channel (carotenoid — B800 — B850) with transfer times of 0.34 ps
and 2.5 ps. The relative amplitudes of the channels are 4:1.

profiles of B800) and B850 fluorescence (8). An independent
measure of the ratio is possible from transient absorption
data, but the presence of aunihilation complicates its deter-
mination in this work. If, in the fitting procedure, the ratio is
allowed to vary, its value is found to be strongly coupled to
the B800 to B850 energy transfer time and both are sensitive
to the presence of annihilation. Even though the annihilation
model predicts that the maximum signal in the 850-nm data of
Fig. 3 is suppressed only slightly (<5%) relative to the
hypothetical intraminimal unit annihilation-free result, we
are unable to independently determine both the ratio and the
B800 to B850 energy transfer time from the 850-nm probe
data. However, as shown in Fig. 3, the data are well fit using
the B800 to B850 transfer time determined from the 800-nm
probe data and a ratio fixed at 4:1. The 0.2-ps carotenoid to
B850 energy transfer time is insensitive to the presence of
annihilation; an uncertainty of =50 fs is estimated.

Carotenoid Kinetics in B800-850/LDAO. From the 800-
and 850-nm probe data (see B80O Kinetics in BS0O0-B850/
LDAO and B850 Kinetics in B800-850/LDAO) and the near
100% carotenoid to Bchl transfer efficiency, one expects that
when both the pump and the probe are tuned to the caro-
tenoid absorption region an initial response, indicative of
carotenoid excitation and subsequent S, to S; internal con-
version, should be observed. This response should decay in
=250 fs with two components, one for transfer to B850 and
one for transfer to B800, but these may not be separately
resolvable. This conjecture is not borne out in the data shown
in Fig. 4 where the pump wavelength is 510 nm, as before, and
the probe wavelength is 520 nm. Instead, the recovery is fit
to an a — b — ¢ scheme in which the a to b transfer time is
0.25 ps and the b to c transfer time is 1.4 ps. Both a and b
contribute to the bleach with relative amplitudes of 3.5:1. The
initial state, a, is assumed to be created instantaneously. This
results in a slight discrepancy between the data and the fit on
the rise but doesn’t affect the fit of the decay. There is no
evidence in the 800- or 850-nm probe data (see B800 Kinetics
in B800-850/LDAO and B850 Kinetics in B800—-850/LDAO)
for a carotenoid to Bchl transfer of 1.4 ps. Furthermore, the
efficiency of carotenoid to Bchl transfer in B800-850/LDAO
complexes is =~95%, so the picosecond component of the
recovery of the 520-nm bleach cannot be assigned to a subset
of uncoupled carotenoids.

One interpretation is as follows. The fast a to b process is
transfer from electronically excited carotenoids to B800 and
B850, with the two components not separately resolved. The
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F1G. 4. Induced transmission at 520 nm after excitation at 510 nm
in B800-850/LDAO. The fit (—) is for an a = b — ¢ model
representing carotenoid S; — Sg— Sy as described in the text. The
transfer time, a— b, is 0.25 ps and the vibrational cooling time, b —
¢, is 1.4 ps. The relative contributions of S; and S; to the response

are 3.5:1.

carotenoids are left in their electronic ground states with
distribution of excess vibrational energy that will be narrowly
distributed around ~8000 cm™! if the transfer is directly to S;
of B850. The b to c process represents the equilibration of
these *‘hot’’ carotenoids with their environment—that is, the
vibrational cooling of the carotenoids to their thermalized
ground state, c. The cooling rate depends on the internal
temperature (21) and the strength of the coupling to the
““solvent;’ 8000 cm™! of excess vibrational energy in a
molecule with 300 normal modes will raise the temperature
by perhaps 100 K. A cooling time constant of 1.4 ps is
reasonable based on previous studies of large molecules
(21-23).

In general, as the vibrational temperature of a molecule
increases, the absorption spectrum broadens and flattens (the
area being conserved). Near the peak absorption the *‘hot”’
— “‘cold”’ difference spectrum will be negative, while to the
red of the transition origin the difference spectrum will be
positive. The data presented in Fig. 4 are for a probe
wavelength of 520 nm. A scan with a probe wavelength of 480
nm displays identical kinetics but the relative amplitude of
the slow component is approximately twice that of the
520-nm scan (data not shown). The 480-nm light probes near
the peak of the Sy — S, absorption where the hot — cold
difference spectrum will be the most negative while a 520-nm
probe wavelength is likely near the difference spectrum zero
crossing. A study of the evolution of the entire carotenoid
spectrum should test this interpretation.

B850 Kinetics in B800-850/LDS. When the B800-
850/LDS complex is pumped at 510 nm and probed at 800 nm,
a small induced absorption is observed (data not shown). The
kinetics of the response are identical to those of the 850-nm
probe scan of this complex; the magnitude of the response is
comparable to the induced absorption found at long time in
the 800-nm probe scan of the B800-850/LDAO complex. The
transient signal at 800 nm is thus attributed to B850 S; — S,
absorption.

Data from 850-nm probe scans taken over a range of
excitation intensities are presented in Fig. 5. As in the
B800-850/LDAO data, a fast absorption recovery compo-
nent is found at higher pump intensities. The values of z from
the annihilation analysis of this recovery are listed in the
figure legend and are comparable to those required to fit
B800-850/LDAO data (see B850 Kinetics in B800-850/
LDAO). However, the annihilation rate constant itself is =5
times faster in the LDS-treated complexes. The annihilation
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F1G.5. Induced transmission at 850 nm after excitation at 510 nm
in B800-850/LDS. Fits to the decays are overlaid (——). The
relative excitation intensities for the three curves were 4:2:1. For the
highest excitation intensity data, z = 0.7, y/2 = 0.75 ps~1, and k =
0.001 ps~L. For the lower two curves z is scaled according to the
relative excitation intensities while y/2 and k are unchanged. See Fig.
2 for details.

model suggests that the increased annihilation rate is due to
an increased excitation hopping rate among B850s within the
minimal unit (assuming the probability of annihilation upon
encounter is unchanged).

In B800-850/LDS, the carotenoid to B850 transfer time
cannot be accurately determined, first, because the transfer
rate is fast—i.e., less than the cross-correlation width—and,
second, because at the lowest pump intensities used where
the fast annihilation interference is reduced to a few percent,
the data are quite noisy. The best estimate for the carotenoid
to B850 energy transfer time is <200 fs. Finally, no evidence
for a slower component is seen.

Carotenoid Kinetics in B800-850/LDS. The LDS-induced
decrease in the carotenoid to B850 energy transfer efficiency
(4, 6) can be interpreted in two ways: the transfer rate is
slowed sufficiently to cause the overall efficiency to drop by
~25% or =1/4 of the carotenoids are decoupled from Bchl
while the remaining 3/4 transfer with nearly 100% efficiency.
The extremely fast increase in the 850-nm probe data is
consistent with the latter explanation. So, when the probe
wavelength is tuned to the carotenoid absorption, one ought
to find a two-component bleach recovery. The faster com-
ponent should have an =200-fs decay, corresponding to
energy transfer to B850, the slower component should have
the in vivo lifetime of the uncoupled carotenoid S; state. Their
relative amplitudes should be =3:1. Furthermore, in accord
with the B800-850/LDAO 520-nm probe data (see Caro-
tenoid Kinetics in B800-850 LDAO), each of these decays
should exhibit two components: one for the transition to the
hot electronic ground state and one for the subsequent
vibrational cooling. Finally, after S; — Sy internal conversion
an uncoupled carotenoid ought to be hotter, and therefore
cool more slowly, than a carotenoid that has transferred
electronic energy to a B850.

It is unrealistic to attempt to fit our data to this model
containing seven parameters. Instead, reasonable parame-
ters are used (chosen, when possible, to match values deter-
mined above). Specifically, the coupled carotenoids are
assigned a transfer time of 0.2 ps and a cooling time of 1.3 ps;
the uncoupled carotenoids are assigned an internal conver-
sion time of 4 ps and a 2-ps cooling time. The relative
amplitudes of the two channels are taken to be 3:1. The
populations of S; and of hot S are taken to contribute to the
transient absorption response in a ratio of 2:1 for both
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FiG. 6. Induced transmission at 480 nm after excitation at 510 nm
in B800-850/LDS. The fit is described in the text.

coupled and uncoupled carotenoids. The data for a probe
wavelength of 480 nm, with a fit, are shown in Fig. 6. Of
course, the good fit achieved using these parameters does not
demonstrate their uniqueness.

CONCLUSIONS

In summary, we report several energy transfer times in LHCs
of Rb. sphaeroides 2.4.1. In B800-850/LDAO complexes,
the carotenoid to B850 transfer time is 0.20 ps, the carotenoid
to B800 transfer time is 0.34 ps, and the B800 to B850 transfer
time is 2.5 ps. In the B800-850/LDS complexes, the caro-
tenoid to B850 transfer time is <0.2 ps.

The similarity of carotenoid to B850 energy transfer times
in B800-850/LDS and B800-850/LDAO together with the
existence of a subpopulation of carotenoids having a longer-
lived excited state in the LDS-treated complexes make
evident that the overall decrease in carotenoid to B850 energy
transfer efficiency in the LDS-treated complexes (4, 6) is a
result of the decoupling of a subpopulation of the carotenoids
from Bchl. These likely are those carotenoids that are cou-
pled to B800 in B800-850/LDAO. Although the ratio of
carotenoids that are directly coupled to B850 to those cou-
pled to B800 isn’t independently determined in this work, our
data are more consistent with previous fluorescence quantum
yield results (4, 6) than with the 2:1 ratio used in the model
of Kramer et al. (6).

The principal objective of this work has been to determine
the carotenoid to Bchl energy transfer times in these LHCs.
However, interesting annihilation effects have also been
discovered on a heretofore unexplored time scale, possibly
involving annihilation within the minimal unit. Further anni-
hilation experiments on an ultrafast time scale ought to
provide detailed information concerning the coupling within
the B800-850 minimal unit. At the very least, such studies
should be able to determine the number of coupled chro-
mophores in such a structure.
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