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ABSTRACT: We studied the time-resolved fluorescence of
isolated RC-LH1 complexes from Rhodopseudomonas palustris
as a function of the photon fluence and the repetition rate of
the excitation laser. Both parameters were varied systematically
over 3 orders of magnitude. On the basis of a microstate
description we developed a quantitative model for RC-LH1
and obtained very good agreement between experiments and
elaborate simulations based on a global master equation
approach. The model allows us to predict the relative
population of RC-LH1 complexes with the special pair in the
neutral state or in the oxidized state P™ and those complexes
that lack a reaction center.

B INTRODUCTION

Photosynthetic purple bacteria have evolved a wonderful
modular principle for the light-harvesting (LH) apparatus
that captures the solar radiation. These modules consist of pairs
of hydrophobic, low molecular weight polypeptides that
noncovalently bind a small number of bacteriochlorophyll
(Bchl a) and carotenoid (Car) molecules and that self-assemble
to produce the native pigment—protein complexes.'~® Most
purple bacteria have two main types of complexes, the core
complex, RC-LH1, and the peripheral complex, LH2. In the
photosynthetic membrane the LH2 complexes are arranged in a
two-dimensional network around the perimeter of the RC-LH1
complexes and the light energy absorbed by LH2 is transferred
via LH1 to the reaction center (RC) where it is used to separate
charge across the membrane.” For many years, high-resolution
structural information has been available for the RC,*™! and
the peripheral light-harvesting complexes' ™ for a couple of
species, whereas the first higher-resolution X-ray structure for a
RC-LH1 complex has been determined only recently.’® The
current view is that there are at least two distinct classes of RC-
LH1 complexes: Those that are monomeric, i.e., consisting of
one RC surrounded by one LH1 complex, and those that are
dimeric.'">"* For RC-LHI from Rps. palustris exists a low-
resolution X-ray structure.* Accordingly, the RC is enclosed by
an overall elliptically shaped LH1 consisting of 15 af-subunits
that feature a gap, which is also consistent with data from
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optical single-molecule experiments."*"> Each subunit accom-
modates two light harvesting BChl a molecules giving rise to an
absorption band at 875 nm. The reaction center complex
accommodates a BChl a dimer (special pair, primary donor, P),
two accessory BChl a molecules (B,, Bg), two bacteriopheo-
phytin a (BPheo a) molecules (H,, Hg), and two ubiquinones
(Qy, Qg) bound to two protein subunits denoted L and M. The
cofactors are arranged in two nearly identical branches, called A
and B, which share the primary donor, P.”>'"'%'” In particular
the RC from Rhodobacter (Rb.) sphaeroides has served as a
cornerstone for elucidating structure—function relationships
employing a large variety of spin resonance'® > and optical
spectroscopies.”* ! From these studies it is well established
that in the RC the absorbed photon-energy is used to drive a
series of electron transfer reactions until the secondary
ub3i2q31;inone (Qg) has been fully reduced to QgH,; see Figure
1.~

The dynamics of the energy transfer between the LH1 and
the RC has been the subject of countless studies, and the
characteristic time constants that have been found range from
several picoseconds up to a few nanoseconds.’** In some
studies the fluorescent transients were described by up to five

Received: October 28, 2014
Revised:  December 17, 2014
Published: December 19, 2014

DOI:10.1021/jp510822k
J. Phys. Chem. B 2015, 119, 1362—1373


pubs.acs.org/JPCB
http://dx.doi.org/10.1021/jp510822k

The Journal of Physical Chemistry B

N
@}0.9 ps

O

Figure 1. Sketch of the cofactor arrangement in the reaction centers of
purple bacteria. The pigments in the two branches A and B are
represented as diamonds and denote P (special pair), accessory BChl a
molecules (B), BPheo a (H), and ubiquinone (Q), whereas the protein
backbone is indicated by the gray line. The arrows indicate the
electron transfer pathway between the cofactors. The time constants
for these processes have been taken from ref 32 and are valid for Rb.
sphaeroides.

decay times that could not always be attributed to distinct
processes. The general picture that has emerged from these
studies can be summarized as follows. Time constants up to 10
ps are associated with the detrapping, i.e., energy transfer from
an excited special pair back to the LHI1 ring.%_50 Energy
transfer from the LHI1 ring to the neutral special gair takes
place with time constants around 30—70 ps,***'™> whereas
time constants between 200 and 300 ps were attributed to
energy transfer from LHI1 to the reduced special pair in the
RC.>'™° Decay times between 500 ps and 1 ns have been
attributed to the decay of excitations on the LH1 1‘ing,56_58 and
decay times longer than that were sometimes interpreted as a
charge recombination in the RC which results in delayed
fluorescence.***®® In order to assess these data one has to
consider that, due to the lack of isolated, purified RC-LHI1
complexes at that time, many of these studies have been carried
out on whole chromatophores from purple bacteria. Hence,
either some of these samples contained also an unknown
fraction of LH2 complexes, or species were used that did not
produce peripheral antenna complexes. In any case intercom-
plex energy transfer between the LH1 and/or LH2 complexes
and the influence of concomitant singlet—singlet annihilation
on the observed dynamics could not be controlled. To the best
of our knowledge, exploiting the benefits of isolation and
purification protocols for RC-LHI1 has led only to one time-
resolved pump—probe experiment to date.’!

Recently, we have investigated systematically the dynamics of
isolated LH2 complexes as a function of the excitation
conditions. Combining the experimental results with dynamic
Monte Carlo simulations we obtained a quantitative under-
standing of the fluorescence quenching mechanisms in LH2
without the need for any free parameter.62 Moreover, using
these results as input for the interpretation of the transients
obtained on reconstituted homo-arrays of LH2 complexes, i.e.,
model membranes of well-defined composition, we revealed a
clear influence of the size and the geometry of the LH2 clusters
on the fluorescence transients.*®

Here we present a study on the time-resolved emission from
isolated RC-LH1 complexes from the species Rps. palustris,
where we have systematically varied the photon fluence, the
repetition rate of the excitation laser, and the concentrations of
a reducing and an oxidizing agent. The data obtained serve as
input for a model that allows us to predict quantitatively the
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time-resolved fluorescence response of isolated RC-LHI1
complexes from Rps. palustris over a wide range of the above-
mentioned parameters.

B MATERIALS AND METHODS

Samples. RC-LH1 complexes from Rfs. palustris were
isolated and purified as described previously.” After purification,
the RC-LH1 complexes were transferred to a buffer containing
20 mM Tris (tris-hydroxymethylaminomethane, Sigma-Aldrich,
St. Louis, U.S.A.) at pH 8 and 0.02% DDM (n-Dodecyl 5-D-
moltoside, Roth, Karlsruhe, Germany). In order to avoid
multiple thaw—freeze cycles the material was aliquoted in small
amounts and stored at —80 °C until used. For the optical
experiments this solution was further diluted with buffer to
yield an optical density of 0.1 cm™" at 879 nm. All preparations
were made under minimal illumination conditions, and the
measurements started immediately after the preparation.

Chemical Manipulation. For reference purposes we
conducted experiments where the time-resolved fluorescence
response of RC-LH1 complexes was investigated as a function
of the concentration of either a reducing or an oxidizing agent.
For the reduction of the RC we used 2,3,5,6-tetramethyl-p-
phenylenediamine (DAD; Sigma-Aldrich, St. Louis, U.S.A.) as
reducing agent. A stock solution of 100 mM DAD in ethanol
(Sigma-Aldrich, St. Louis, U.S.A.) was added to the RC-LH1
solution until the desired final concentration in the sample was
achieved. Oxidation of the RC was accomplished by using
potassium hexacyanoferrate(III) (Sigma-Aldrich, St. Louis,
U.S.A.) as an oxidant. A stock solution of 100 mM oxidant in
100 mM Tris at pH 8 was added to the RC-LHI1 solution until
the desired final concentration in the sample was achieved.

Optical Setup. For time-resolved measurements, the
samples were illuminated with a pulsed titanium:sapphire
laser (Tsunami, Spectra Physics) that was pumped with a
frequency doubled Nd:YVO, laser (Millenia Xs, Spectra
Physics). The pulse duration was about 2 ps (full width at
half-maximum, fwhm), and the repetition rate of 81 MHz of the
excitation pulses could be decreased with a pulse picker unit
(3980, Spectra Physics). In order to ensure homogeneous
illumination conditions, we took care that the 1/e*radius of the
focused excitation light increased less than 2% over a region of
+1 mm along the optical axis, which defined the focal volume
for our experiments. Irreversible photobleaching was prevented
by using a home-built rotating cuvette with an arm length of 9.5
mm that was spun at a frequency of 48 Hz, thereby ensuring a
constant flux of fresh RC-LH1 complexes. Fluorescence from
the sample was collected under right angle geometry and
spectrally filtered with a dielectric band-pass centered around
925 nm with a bandwidth of 40 nm (BP 925/40, AHF
analysentechnik AG, Tiibingen, Germany). The fluorescence
emerging from the focal volume was imaged onto a streak
camera system in combination with a CCD camera (C5680 and
Orca-ER C4752, Hamamatsu Photonics). Due to the low
quantum efficiency of the detector in the spectral region of the
RC-LH1 emission, the data were not spectrally dispersed but
reflected toward the detector via a mirror in the imaging
spectrograph (250 IS, Bruker) that was installed in front of the
streak system. Delay times introduced by the propagation of
light along different paths from the sample toward the detector
were corrected for using home-written software. For all
experiments the detector system was operated in single sweep
mode covering a time range of 2 ns resulting in an instrument
response time of around 50 ps (fwhm). In order to control the
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Figure 2. Pictorial representation of one revolution of the rotating cuvette for the example of a repetition rate of 81 kHz. The laser focus is indicated
by the red shaded area, and the purple ellipses refer to the RC-LH1 complexes (not to scale). The complexes can be excited by multiple laser pulses
during the rotation of the cuvette through the focus (here at #, and/or t,) and evolve between the laser pulses as well as between transitions through
the focus (here from t; until t,,). The decay of the excited states during the rotation of the cuvette is indicated by the fading color of the RC-LH1

complexes.

integrity of the RC-LH1 samples we recorded an absorption
spectrum before and after the streak experiment using a
commercial UV—vis spectrometer (Lambda 750, PerkinElmer).
For none of the excitation conditions did we find significant
bleaching or irreversible damage of the sample.

Experimental Protocol. The time-resolved fluorescence
from RC-LH1 was recorded upon excitation at 879 nm as a
function of the photon fluence (number of photons per pulse
per area) using repetition rates of 81 MHz, 8.1 MHz, 810 kHz,
and 81 kHz, respectively. For each repetition rate the photon
fluence was varied in steps of \/ 10 between 10" (81 and 8.1
MHz), 10" (810 kHz), or 10'* (81 kHz) photons/(pulse-cm?),
respectively, as lower limits and 10'* photons/(pulse-cm?®) for
all repetition rates as the upper limit. These limits were
determined either by the constraint to limit the integration time
of the signal to less than 4 h or in order to stay just below the
threshold where statistically more than one photon per pulse is
absorbed by one RC-LH1 complex (given an absorption cross
section of 1.43 X 107" cm? at 879 nm®"). For the ease of
comparison all transients are presented on a normalized scale
such that 1 corresponds to the maximum of the respective
transient and O to the averaged background level.

Computational Setup. For the simulation of the energy
and electron transfer in isolated RC-LH1 complexes, we used a
microstate description.’® We define a microstate as the tuple of
a LH state and a RC state. For an empty LHI ring the
respective LH state alone corresponds to a microstate. More
details will be outlined in the description of the model (see
section Simulations). A master equation approach was chosen
to compute the relative population of each individual
microstate as a function of time.*®

In order to mimic the rotating cuvette used in the
experiments, the simulation was split into a part outside and
a part inside the laser focus (see Figure 2).

Inside the laser focus, the excitation probability during each
laser pulse was set to the product of the absorption cross-
section (143 X 107 cm? at 879 nm®) and the excitation
fluence. As we exclude the possibility of multiple excitations on
one LHI ring (see Model section for details), excitation
probabilities exceeding one were set to unity. In accordance
with the experimental conditions, the system was exposed to 2,
21, 208, and 2080 consecutive pulses for repetition rates of 81
kHz, 810 kHz, 8.1 MHz, and 81 MHz, respectively (for further
details see Supporting Information). After excitation, each
energy and electron transfer step was described by a transition
between the respective microstates. Outside the laser focus,
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where no excitation occurs, the time evolution of the system
was calculated by solving the master equation.

To obtain simulated fluorescence transients, we recorded the
photon count rate as a function of time for all those states that
contain a deexcitation from [2;) to I1;5) or a deexcitation
from 14,;;) to 13,;;) (vide infra). We obtained the total photon
count rate ng,, by summing the products of the occupation
probability P,(t) of the corresponding fluorescent microstates
with the respective fluorescence rate k, (eq 1).

Aa(t) = D kB(E)

v=1

(1)

To avoid an artifact caused by the initial phase of the
simulations, we monitored the populations of the microstates of
the system at the end of each revolution of the rotating cuvette.
In the initial phase of the simulation, these populations vary
strongly as a function of the number of revolutions that have
already passed, while in a later phase these populations
converge toward fixed values (see Supporting Information
Figure S2). For the reported simulated fluorescence transients,
we only considered the revolution after convergence of the
populations and discarded those from the initial phase.

B RESULTS AND DISCUSSION

The fluorescence decays of isolated RC-LH1 complexes were
registered as a function of both the photon fluence and the
repetition rate of the laser. The observed transients are
displayed in Figure 3 (black dots) together with the results
from master equation simulations that will be discussed later.
The data in each column of the figure correspond to a distinct
repetition rate that decreases from left to right. Within each
column the photon fluence (given in units of photons/(pulse-
cm?)) increases from top to bottom. The transients are
arranged such that within each row the continuous wave (cw)
equivalent of the excitation intensity (number of photons/
(time-area)) is constant; i.e., the product of the photon fluence
and the repetition rate is the same along a row.

As a starting point the transients were fitted as a
superposition of three exponential decays. For a fixed repetition
rate the decay times were treated as global parameters, and only
the amplitudes of the three contributions were allowed to vary.
The general picture that emerges from this approach is as
follows: At low fluences the transients can be described as
biexponentials (40 ps, 600 ps), at intermediate fluences as
triexponentials (40 ps, 200 ps, 600 ps), and at high fluences
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Figure 3. Normalized fluorescence decays (black dots) of isolated RC-LH1 complexes in detergent solution as a function of the repetition rate
(columns) and the photon fluence (rows) of the excitation together with simulated fluorescence decays (red lines). The repetition rate decreases
from left to right, and the photon fluence which is given in units of photons/(pulse-cm?®) within each graph increases from top to bottom. Within
each row the cw equivalent excitation intensity is constant. The colored boxes indicate the range of excitation parameters for which we find from the
simulations that the majority of RC-LH1 complexes is in an open state (more than 81% open RCs, blue box), where RCs in the open and closed
state coexist (20—80% open RCs, green box) and where RCs in the closed state dominate (below 20% open RCs, orange box).

again as biexponentials (200 ps, 600 ps). Thereby, the
amplitude of the 200 ps component grows for increasing
fluences, whereas that of the 40 ps component decreases at the
same time, until it becomes undetectably small at the highest
fluence applied. The amplitude of the slow component does
not depend significantly on the fluence. It is interesting to note
that within experimental error the transients that were
measured with the same equivalent cw excitation intensity
yield identical results with the fits. Deviations of the amplitudes
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from this schedule are only observable for the highest repetition
rate of 81 MHz. At that rate we find for both, the lowest and
the highest fluence, that the amplitude of the slowest decay
component is enhanced with respect to what has been found at
the other repetition rates.

Upon electronic excitation of the special pair a sequence of
electron transfers is initiated leaving behind a positively charged
special pair P*. For excitation rates that are higher than the
inverse of the recovery time of the RC, which amounts to about
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100 ms, it is known that the sample accumulates a mixture of
RC-LH1 complexes with open (P) and closed (P*) RCs after a
few excitation cycles.>> %7 Therefore, we tentatively
attribute the 40 and 200 ps components to reflect the fractions
of RCs in the open and closed state, respectively, which is in
qualitative agreement with the changes of the corresponding
amplitudes as a function of the excitation rate. Moreover, since
the amplitude of the slow component does not depend
significantly on the excitation rate, it is possible to associate the
600 ps component with a residual population of “empty” LH1
rings that might reflect a consequence of the extraction
procedure. This conjecture is in line with the fact that the
observed lifetime is in close agreement with the 650 ps decay
time that has been found for chromatophores of a mutant
without RCs.>’

In order to test the influence of the redox state of the RC on
the dynamics of the fluorescence decays we performed two
control experiments. For the first one the RC was chemically
reduced to shift the steady-state population of the RCs to the
open state P. This experiment had to be conducted on a newly
prepared batch of RC-LH1 complexes that were grown and
purified following the same protocol as before. For these
complexes the fraction of the long-lived component was
enhanced with respect to the previous sample. The general
variation of the populations as a function of the excitation
conditions, however, was the same as described above. This
sample was illuminated with a fluence of 10'* photons/(pulse-
cm?) at a repetition rate of 810 kHz, while the reducing agent
DAD was added to the sample up to a final concentration of 1
mM. Examples of the corresponding fluorescence decays are
shown in Figure 4 for DAD concentrations of 0 yM (orange
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b 1 uM
g ——100 pM
2 10°1 t )

J |
0 500 1000 1500 2000
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Figure 4. Normalized fluorescence decays of isolated RC-LHI
complexes in detergent solution for a repetition rate of 810 kHz and
a fluence of 10" photons/(pulse-cm®) as a function of the
diaminodurene (DAD) concentration (colored curves). The black
curve refers to the instrument response and has a width of 50 ps

(fwhm).

line), 1 M (green line), and 100 zM (blue line). The transient
recorded in the absence of any reducing agent shows a
biexponential decay with time constants of 200 and 600 ps
(Figure 4 orange line). Upon increasing the concentration of
DAD a further decay component with a time constant of 40 ps
grows in, whereas at the same time the amplitude of the 200 ps
component decreases and finally vanishes at a DAD
concentration of 100 yM. For even higher DAD concentrations
no further changes of the transients could be detected. During
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the whole sequence of experiments the amplitude of the 600 ps
component did not change significantly.

For the second control experiment the RC was chemically
oxidized and the steady-state population of the RCs was shifted
toward the closed state P*. The sample was illuminated with a
fluence of 3.2 X 10" photons/(pulse-cm®) at a repetition rate
of 8.1 MHz, while the oxidizing agent K;Fe(CN)4 was added to
the sample up to a final concentration of 1 mM. Examples of
the corresponding fluorescence decays are shown in Figure 5

10° L
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2 100 uM
g 1074 ’
? | '
2 b bl ’l
g ’ 1 1\ Ay W
2 w0l i ‘ k M
1’ Jl il
0 500 1000 1500 2000
Time / ps

Figure S. Normalized fluorescence decays of isolated RC-LHI
complexes in detergent solution for a repetition rate of 8.1 MHz
and a fluence of 3.2 X 10" photons/(pulse-cm?) as a function of the
potassium hexacyanoferrate(III) (K;Fe(CN)g) concentration (colored
curves). The black curve refers to the instrument response and has a

width of 50 ps (fwhm).

for oxidant concentrations of 0 uM (blue line), 1 uM (green
line), and 100 M (orange line). The transient recorded in the
absence of the oxidizing agent (Figure S, blue line) shows a
triexponential decay with time constants of 40 ps, 200 ps, and
600 ps, where the amplitude of the 200 ps component is very
small. Adding the oxidant results in an increase of the
amplitude of the 200 ps component at the expense of the
amplitude of the 40 ps component (Figure S, green line) until
the latter becomes undetectable at a concentration of 100 M.
As before the amplitude of the 600 ps component does not
change significantly as a function of the K Fe(CN)g
concentration. We note that we observe a strong quenching
of the RC-LH1 fluorescence as well as a bleaching of the B875
absorption band for K;Fe(CN)¢ concentrations above 100 uM,
which is likely to be caused by an oxidation and concomitant
destruction of the LHI ring as has been found before.®®

Apparently, the increase of the concentration of the reducing
agent, i.e., shifting the steady state population of the RCs to the
neutral state P (RC open), has qualitatively the same effect
(increase of the 40 ps component; decrease of the 200 ps
component) as decreasing the excitation rate for an
unmanipulated sample. Vice versa, increasing the concentration
of the oxidant, ie., shifting the steady-state populations of the
special pairs toward the P* state (RC closed), has the same
effect (decrease of the 40 ps component; increase of the 200 ps
component) as increasing the excitation rate for an
unmanipulated sample. These similarities support the associa-
tion of the three observed decay components with pigment—
protein complexes that have the RC in the open state (40 ps)
or in the closed state (200 ps) and those that feature an
“empty” LH1I ring (600 ps).
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Simulations. Model. The DDM concentration in our
samples is about 0.4 mM, which is above the critical micellar
concentration of 0.17 mM at 25 °C for this detergent.
Therefore, we consider the sample to consist of nonaggregated
RC-LH1 complexes that do not interact with each other, and
we exclude intercomplex energy transfer. In order to obtain a
more quantitative understanding of the processes that take
place in the RC-LH1 complexes upon photoexcitation we
performed simulations based on a master equation approach.
The computational details are explained in the Materials and
Methods section.

Empty LH1. As a starting point for the modeling, we resort
to the same concept that has been used to obtain a quantitative
description of the dynamics of the photophysical processes in
nonaggregated LH2 complexes.”” The basic idea of this
approach was to treat the LH2 as a multichromophoric system
that can carry more than one electronic excitation at the same
time. Because there was no need to specify the exact size of the
assembly, we will use an equivalent approach for modeling the
fraction of “empty” LHI rings.

In Figure 6, we use a pictorial representation of the electronic
states of a nonaggregated LH1 ring that has been proven to be

f{;{»‘r’x
§

e,

)

2T
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W 3
o .X Li1

|2LH)=| 'B875*% Car)  |4Lp)=]| 'B875* *Car*)

ka3 :
k‘lZ kZ‘l kS/A k43 : kS'I‘/\
\

X=X X

13LH)=] 'B875, *Car*)

k1
-«

|1L1)=| 'B875, 'Car) |5L,H)=]| *Car*, *Car*)

Figure 6. Pictorial representation of the transitions between the
electronic states of an isolated LH1 ring without RC. The colored
spheres represent the B875 pigment pool of LHI1 in different
electronic states, where ellipses correspond to singlet excitations and
crosses to triplet excitations. Singlet—triplet annihilation (STA) is
taken into account. For more details see text.

very useful in the past.*>®> The LH1 ring in the various states is
represented by colored spheres that are connected by
transitions that have specific rates k;. A LHI1 ring in the
electronic ground state is represented by a green sphere. For
brevity, we refer to this state as |1;,;) = I'B875, 'Car). Upon
excitation into the B875 band, there will be a fast equilibration
within the exciton states, which is beyond the time resolution of
our experiment, and we therefore treat the 'B875* excited state
as an effective level. In Figure 6 this state is visualized by a red
sphere with an ellipse and is referred to as 12;) = I'B875%,
'Car). Under high-illumination conditions, it becomes possible
to create two excited 'B875* states in the same RC-LHI
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complex, giving rise to singlet—singlet annihilation (SSA). In
earlier studies on RC-LHIl-only chromatophores or LH2
samples of mM concentrations, it has been found that fluences
above 3 X 10'* photons/(pulse-cm?) are required to have more
than one singlet state on an individual light-harvesting
complex.?”’® However, in those samples the possible
intercomplex energy transfer increases the probability by orders
of magnitude so that a LH complex receives a second
excitation.” Although the highest fluence used in our work is
close to the threshold given above, we rule out the possibility
for SSA, because we work at nM concentrations, which
excludes populating the 12;;;) state by intercomplex energy
transfer. From the [2;;;) state the system can decay back to the
ground state or cross over within 10 ns to the triplet state
I*B875%, 'Car) which is quenched by the carotenoids with a
rate of (10 ns) ™' 7! resulting in the state 13 ;) = I'B875, 3Car*).
This state is displayed in Figure 6 as a yellow sphere with a
cross that symbolizes a LHI ring that carries a triplet state on
one of the carotenoids. In what follows the transition from
12, ) to 135 will be described by an effective rate that amounts
to (20 ns)~". In RC-LH1 complexes that contain spirilloxanthin
as carotenoids the subsequent decay of the carotenoid triplet
state occurs with a time constant between 1.6 and 2.9 us.”>”?
Singlet—triplet annihilation (STA) becomes possible if a LH1
ring that still carries a triplet state (cross) gets excited again to
the 'B875* state (ellipse). This situation is depicted by a circle
with both a cross and an ellipse and will be referred to as 14, ;)
= |'B875%*, 3Car*), Figure 6, blue sphere. However, since LH1
is a multichromophoric system, it is also possible that a LH1
ring that is in state 14, ;) decays with a rate ks to a state IS, ;) =
*Car*, 3Car*) having two triplet states on different
carotenoids. Since it is known from ESR experiments that the
triplet states on the carotenoids are immobile’* and because
triplet—triplet energy transfer is mediated by the short-range
exchange interaction, we neglect triplet—triplet annihilation in
our analysis. However, for state |4;;) we do take into account
the additional decay channel to state 1S;y). The numerical
values for the rates that are required for a quantitative modeling
have been taken from the literature, the current study, or the
previous study on LH2 and are summarized in Table 1 together
with the corresponding references.

Table 1. Input Parameters for the Simulations That Are
Associated with LH1

LH1
parameter type value reference
Opg7s absorption cross section 143 X 107 cm® 64
'B87S
ki, excitation rate 'B875 OpgrsJex
ks, singlet decay 'B875* (600 ps)™* this work
ks intersystem crossing to 3Car* (20 ns)™" 71
ks, triplet decay 3Car* (1.6 us)™! 72
ks, excitation rate 'B875 =k,
kys singlet decay 'B875* =ky, this work
ksra singlet triplet annihilation (5.56 ns)™! 62
(9% triplet decay 3Car* = ky
kys intersystem crossing to 3Car* = ky;
kss triplet decay *Car* = 2-ky;
Kopen transfer 'B875% to P (40 ps)™* this work
Kiack transfer P* to 'B875 (8 ps)™ 54
kgosea  transfer 'B875* to P* (300 ps)~" this work
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Figure 7. Pictorial representation of the energy and electron transfer dynamics in RC-LH1 complexes with open (A) or closed (B) RCs. The top
boxes refer to the description of empty LH1 rings as in Figure 6. The lower boxes refer to the description of the RCs. In the RC, the cofactors are
shown as diamonds for one branch only. An electronic excitation is indicated by a colored halo, and oxidized (reduced) states are represented by an

open (closed) dot.

Open RC. For modeling the RC-LH1 complexes that contain
a RC we start the description with those complexes that feature
an open RC. In addition to the processes that occur within the
LH1 ring and which have been described above, we have to
take into account the photophysical and photochemical
processes that take place in the RC after the photoexcitation.
In order to avoid confusion, electronic states that are associated
with the LH1 ring are indexed as “LH”, whereas those that are
associated with the RC are indexed as “RC”. For the sake of
brevity, the RC is depicted at the bottom of Figure 7 with the
pigments of the A-branch (diamonds), only. We do not
consider direct excitation of the special pair by the laser because
of its low absorption cross section with respect to that of the
B875 pigment pool at the wavelength used. In our
nomenclature, transfer of excitation energy from the LHI
ring to the RC can occur from the states 12;) and 14;4). The
time constant for this processes is 40 ps and induces the
transition of the RC from the ground state |1zc) = IP, By, Hy,
Q,) to a state with the special pair in the excited state 12;c) =
IP*, By, Hy, Q4) (see Figure 7A, blue box). Back transfer from
state 12zc) to the LHI has been observed and occurs with a
time constant of 8 ps.**** Alternatively, the excitation of the
special pair initiates an electron transfer chain via the accessory

BChl B, (13g¢c) = IP*, By, Hy, Qu); 3 ps) and the BPhe H,
(l4gc) = IP*, B, Hy, Qu); 0.9 ps) to a ubiquinone molecule Q,
(I5gc) = IP*, By, HA, Q,); 200 ps), where the charge-separated
state is stabilized.>* In vivo the char e stabilized on Q, would
be transferred within about 100 us’> to a second ubiquinone
molecule Qg. This molecule is loosely bound to the RC protein
matrix and often lost during the purification process. From test
simulations we learned that the presence (or lack) of Qg in the
RCs has only a minor influence on the fluorescence transients
(see Supporting Information, Figure S3) and was therefore
neglected in this study. Relaxation from the states [2z¢), 13zc),
l4gc), and ISgc) to the ground state 1zc) occurs with time
constants of 180 ps, 200 ps, 10 ns, and 100 ms,
respectively.”®”’® The rates of the transitions between the
five states associated with the RC are denoted with k;’ in the
blue box in Figure 7A and are summarized in Table 2. We have
also neglected the transition of the radical pair '(P*, Hy) to the
triplet state *(P*, Hj), because this conversion occurs only in
RCs without Q, and at very high illumination intensities, which
are both not the case here.

Closed RC. First off, it is important to note that the
definition of a closed RC is not uniform in the literature. Here,
we refer to the RC as being in the closed state if the special pair
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Table 2. Input Parameters for the Simulations That Are
Associated with the RC

RC
parameter type value reference
k' singlet decay P* (180 ps)™* 77
kyy' charge separation to (P*, By) 3 ps)™ 32
ks’ charge recombination to P (200 ps)~! 78
ks’ charge separation to (P*, Hy) (0.9 ps)™! 32
ky' charge recombination to P (10 ns)™! 76
kys' charge separation to (P*, Q}) (200 ps)™* 32
ks, charge recombination to P (100 ms)™* 76
kes' singlet decay P** © see text
ko, singlet decay P** © see text
ks’ singlet decay P** 0 see text

is in the oxidized state P*. As has been demonstrated before,
the P* state can still act as an acceptor for the excitation energy
from LH1, yet at a reduced energy transfer rate.**>>’® For the
description of RC-LH1 complexes with a closed RC, we resort
to the details described above and extend the RC model by
three states. These correspond to a situation where P is
oxidized but resides in an excited state P**, and either By, H,,
or Q, is in the reduced state. These states are denoted as |65.)
= [P™*, By, Hy, Qu), I7rc) = IP™, By, Hy, Qu) and I8g¢) = IP™,
B, H, Qi) (see Figure 7B, orange box), and the
corresponding energy transfer rates from [2;5) or l4;y) to
either of these states are referred to as k o.4- A numerical value
for this rate can be obtained from the measured decay time of
200 ps for this case. Using kpeos = (200 ps) ™" = ky; + kuosea + ka3
+ kSTA ~ k21 + kdosed and k21 = (600 PS)_I yields kclosed = (300
ps)~". Unfortunately, little is known about the exact decay
process of the P** state, yet it is conceivable that the relaxation
from P™ to the P" ground state is beyond the temporal
resolution of our experiment.79 Therefore, we have modeled
the transitions from 16x¢) to 3zc), from 17x¢) to l45c), and from
I8rc) to ISgc) as instantaneous and do not consider back
transfer of the excitation to the LH1 ring from these states. The
rates used for the simulations for a closed RC are also
summarized in Table 2.

Further Parameters. In addition to the parameters
summarized in the tables, we have to specify the fraction of
pigment—protein complexes that carry no RC, as well as the
fraction of RC-LH1 complexes that freshly enter the laser focus
during the revolution of the rotating cuvette that contains the
sample. The first parameter can be estimated from the relative
amplitude of the slow decay component, and we find
satisfactory agreement between the simulations and the whole
data set of 30 transients only if this value is kept in a range of (3
+ 2)% (see Supporting Information Figure S4). The fraction of
fresh sample that enters the focus was estimated to be 25%.
This parameter can be varied between 25% and 50% yielding
minor but visible deviations between the measured and
simulated decay curves (see Supporting Information Figure
SS). The remaining fraction of RC-LH1 complexes was treated
as having been already exposed to the laser during the previous
passage. All transients were then simulated simultaneously
using a Master equation approach (see also Materials and
Methods section).

Results of the Simulations. The simulated curves that were
obtained using the formalism described above are shown in
Figure 3 as red lines. The overall agreement between the
measured and the simulated transients is striking, in particular,
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because no free parameters for fitting of individual decays have
been used. Rather we applied one global model to describe all
the curves simultaneously. For the lowest three repetition rates,
81 kHz, 810 kHz, and 8.1 MHz, there is only a small but
observable deviation of the simulated decay from the
experimentally observed one for the lowest fluence at 8.1
MHz. For this parameter setting, the photon counting rate (and
concomitantly the signal-to-noise ratio) is rather low, which
might cause an artifact when the transient is normalized for
comparison. At the highest repetition rate of 81 MHz a very
good agreement between simulation and experiment can be
found but only for fluences between 10" photons/(pulse-cm?)
and 3.2 X 10" photons/(pulse-:cm®). For the two lowest
fluences, the simulated transients show a significantly faster
decay than the experimentally observed ones, and also for the
highest fluence, an observable albeit not dramatic difference
between simulation and experiment is apparent at longer times.
These discrepancies reflect a stronger contribution of the
fraction of LH1 without RC at the lowest and highest fluences,
when the time interval between two succeeding laser pulses
decreases from about 120 to 12 ns. On first sight this
observation seems to indicate the involvement of long-lived
triplet states and concomitant STA. However, this process is
already included in the simulations, and we find a nearly perfect
match between experiment and simulation at the other
repetition rates where STA is also relevant. In order to find
another explanation for the deviations between the simulated
and experimentally observed transients at 81 MHz, we
performed further test simulations. First we adjusted the
fraction of complexes without RC such that simulation and
experiment matched for 10'° photons/(pulse-cm”) at 81 MHz.
However, this resulted in a strong mismatch between the
calculated and observed transients at all other repetition rates.
Second we considered the possibility of SSA, which was not
taken into account for the simulations. Since for the highest
repetition rate of 81 MHz the temporal separation between two
consecutive laser pulses already exceeds the fluorescence
lifetime by more than a factor of 10 this requires the creation
of two 'B875* excitations within a single laser pulse. This effect
then should solely depend on the fluence and not on the
applied repetition rate. However, such a deviation between
experiment and simulation is not observable at the highest
fluences at repetition rates other than 81 MHz, which excludes
this option as well. Nevertheless, for most of the combinations
of fluence and repetition rate the model used for the
simulations predicts the dynamics of RC-LH1 that are in
excellent agreement with the experiments. Therefore, we used
this model to extract the relative number of LH1 complexes
that carry a triplet state as well as the fraction of RC-LH1
complexes with a closed RC as a function of the excitation
parameters.

The relative steady-state triplet population (the relative
number of RC-LH1 complexes that carry at least one triplet
state) is shown in Figure 8A as a function of the fluence for the
applied repetition rates. Expectedly, this fraction is zero for all
fluences at the repetition rate of 81 kHz as the time delay
between two successive pulses of about 12 us exceeds the
lifetime of the triplet state by at least a factor of 5. For the other
three repetition rates the fraction of RC-LH1 complexes that
carry *Car* states on the LH1 ring increases by several orders
of magnitude with increasing fluence; see Figure B8A.
Representing the same data as a function of the repetition
rate for the cw equivalent excitation intensities, Figure 8B,
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Figure 8. Simulated fraction of RC-LH1 complexes that carry at least
one triplet excitation on the LHI ring (*Car*) (A) as a function of the
fluence and (B) as a function of the repetition rate. The lines serve as a
guide for the eye and connect data points of equal repetition rate (A)
or equal cw equivalent excitation intensity (B), given in photons/(s-
cm?). Conversions into other dimensions are provided in the
Supporting Information, Table S2.

reveals for all intensities an increase of the triplet population for
rising the repetition rate from 810 kHz to 8.1 MHz, which
levels off for a further increase of the repetition to 81 MHz.
Apparently the pulse separation at 8.1 MHz of 120 ns is already
so much faster than the triplet decay time of a few
microseconds that a further increase of the repetition rate has
only a negligible influence on the steady-state triplet
population; see also Table S1 in the Supporting Information.
The calculated steady-state fraction of RC-LH1 complexes
with a closed RC, i.e,, an RC with a P* state, is shown in Figure
9A as a function of the fluence for the four repetition rates. For
the three smaller repetition rates the fraction of closed RCs is
about 6% at low fluence and rises toward 97% at higher
fluences (in our model this corresponds to all complexes that
carry an RC). Yet, the onset of this rise occurs the earlier the
higher the repetition rate, and in particular at 81 MHz the
fraction of closed RCs is already about 40% at the lowest
fluence applied before it converges toward 97% at increasing
fluences. Plotting the same data as a function of the repetition
rate for the cw equivalent excitation intensities, Figure 9B,
allows us to identify three ranges. (i) For cw equivalent
excitation intensities of 8.1 X 10" photons/(s-cm*) and below,
the fraction of RC-LH1 complexes with a special pair in the P*
state does not depend on the repetition rate. (ii) At cw
equivalent excitation intensities between 2.6 X 10'® and 8.1 X
10" photons/(s-cm®) we find a slight decrease of the P*
population for an increase of the repetition from 81 kHz to
810 kHz leveling oft for a further increase of the repetition rate.
(iii) At the highest shown cw equivalent excitation intensity of
2.6 X 10" photons/(s-cm?), all RC-LH1 complexes have their
special pair in the P* state irrespective of the repetition rate.
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S2.

The relative decrease of the P* population between 81 kHz
and 810 kHz at elevated cw equivalent excitation intensities can
be rationalized as follows. Only at repetition rates higher than
810 kHz do we find a significant steady-state triplet population.
If for these rates the excitation intensity is sufficiently large to
have a singlet and a triplet state on the same LHI1 ring, STA
occurs. As a consequence the number of excitations that can be
transferred to the RC is reduced, which in turn also reduces the
population of closed RCs. The threshold for the onset of this
effect can be deduced from Figure 9B. For excitation intensities
up to 8.1 X 10'7 photons/(s-cm?) the relative triplet population
is about 107* (see Figure 8A and Table S1, Supporting
Information), which is too small to make a significant impact
via STA on the P* population. On the other hand, for cw
excitation intensities above 8.1 X 10'® photons/(s-cm?), STA
cannot outcompete the rapid buildup of the P* population, so
that the latter one saturates. Hence the influence of STA on the
P* population is only significant for cw excitation intensities
between 8.1 X 10'7 photons/(s-cm?) and 8.1 X 10" photons/
(s-cm?). Interestingly, this corresponds to a relative triplet
population in the order of 10°—107* per LH1 ring (see Figure
8A and Table S1, Supporting Information), which already
makes a detectable impact on the fluorescence decay of isolated
RC-LH1 complexes.

H CONCLUSION

We have described a study that deals with the fluorescence
decay of isolated RC-LH1 complexes from Rhodopseudomonas
palustris on a picosecond time scale. The fluorescence transients
were recorded as a function of the photon fluence and the
repetition rate of the excitation laser, both of which have been
varied over several orders of magnitude. This allowed us to
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identify the simultaneous presence of RC-LH1 complexes in
our sample that have an open RC (special pair in the neutral
state P), those that have a closed RC (special pair in the
oxidized state P*), and those that completely lack a reaction
center, featuring characteristic fluorescence lifetimes of 40, 200,
and 600 ps, respectively. These findings were corroborated by
control experiments with reducing or oxidizing agents. For a
quantitative analysis of the data we performed elaborate
simulations using a global master equation approach based on
a microstate description of RC-LH1 and achieved very good
agreement between the simulated and the measured transients.
This model allows us to predict the relative population triplet
states on LH1 (3Car*) as well as the fraction of closed RCs
(P*) as functions of the photon fluence and the repetition rate
of the excitation.

B ASSOCIATED CONTENT

© Supporting Information

Relation between repetition rate and consecutive pulses
exciting the sample, data on the convergence of the simulations,
the influence of Qg being absent, the variation of the fraction of
RC-less LH1, the variation of the fraction of fresh RC-LH]1,
numerical input for Figures 7b and 8b, and a conversion table
for fluences at different repetition rates into different measures
of cw excitation intensity. This material is available free of
charge via the Internet at http://pubs.acs.org.
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