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Abstract

Photosynthetic light harvesting can occur with a remarkable near-unity quantum ef-
ficiency. The B800-850 complex, also known as light-harvesting complex 2 (LH2), is the
primary light-harvesting complex in purple bacteria and has been extensively studied
as a model system. The bacteriochlorophyll of the B800-850 complex are organized into
two concentric rings, known as the B800 and B850 rings. However, depending on the
species and growth conditions, the number of constituent subunits, the pigment geom-

etry, and the absorption energies vary. While the dynamics of some B800-850 variants
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have been exhaustively characterized, others have not been measured. Furthermore,
a direct and simultaneous comparison of how both structural and spectral differences
between variants affect these dynamics has not been performed. In this work, we uti-
lize ultrafast transient absorption measurements to compare the B800 to B850 energy
transfer rates in the B800-850 complex as a function of number of subunits, geometry,
and absorption energies. The nonameric B800-850 complex from Rhodobacter (Rb.)
sphaeroides is 40% faster than the octameric B800-850 complex from Rhodospirillum
(Rs.) molischianum, consistent with structure-based predictions. In contrast, the blue-
shifted B800-820 complex from Rs. molischianum is only 20% faster than the B800-850
complex from Rs. molischianum despite an increase in spectral overlap between the
rings that would be expected to produce a larger increase in the energy transfer rate.
These measurements support current models that contain dark, higher-lying excitonic
states to bridge the energy gap between rings, thereby maintaining similar energy trans-
fer dynamics. Overall, these results demonstrate that energy transfer dynamics in the
B800-850 complex are robust to the spectral and structural variations between species

used to optimize energy capture and flow in purple bacteria.

Introduction

Photosynthetic purple bacteria convert light energy into chemical energy via a cyclic electron
transport mechanism with >90% quantum efficiency.’ Antenna complexes absorb energy
from light and funnel it to the reaction center, after which it is used to power the electron
transport chain and synthesize ATP. In purple bacteria, one of the fascinating features of the
antenna complexes is that high quantum efficiency is always maintained across species and
growth conditions. Perhaps as a key to achieving this efficiency, major differences emerge
in the spectral and structural properties of the primary antenna complex, the B800-850
complex (also known as light-harvesting complex 2, LH2). While much research has been

done to characterize the energy transfer dynamics within certain B800-850 variants,*'? the



dynamics of others have been much less studied.'®1® Furthermore, there has been little
direct comparison of the ultrafast dynamics in these variants under the same experimental
conditions. 1722

The B800-850 complex (Figure 1A) is an oligomer of heterodimers, which consists of
two peptides known as the a and 3 proteins.?® Each a8 dimer (Figure 1B) contains three
bacteriochlorophyll a (BChla) that are collectively organized into two concentric rings. One
BChla per dimer is part of the B800 ring, which absorbs light with maxima centered at
800 nm. The other two BChla per dimer are part of the B850 ring, which absorbs light
with maxima centered at 850 nm. The BChla in the B850 ring are held closer together and
thus are more strongly coupled than those in the B800 ring. Collectively, the BChla are
responsible for absorption of sunlight and energy transfer. One carotenoid per a3 dimer is
also present and both aids in broadening the spectral window for light energy collection and
serves in a photoprotective role. 2425

In the B800-850 complex, the number of constituent subunits (primarily eight or nine),
the pigment geometry, and the absorption energies vary depending on the species and growth
conditions.?® The most widely studied variants of the B800-850 complex are from Rhodobac-
ter (Rb.) sphaeroides and Rhodopseudomonas (Rps.) acidophila and have been extensively
measured and modeled. 14 10:20:26733 Although a high resolution structure of the B800-850
complex from Rb. sphaeroides is not available, projection structures have determined that
it resembles the B800-850 complex from Rps. acidophila.?* Both of these B800-850 variants
are nonameric with a high sequence percent identity of 45% and 66% between the o and
3 subunits, respectively.?® A direct comparison of the energy transfer dynamics among the
BChla of these two species has been performed, and similar B800 to B850 energy trans-
fer times of 700-900 fs at room temperature were found.'''*® Based on the structural and
spectroscopic similarities, the structure of the B800-850 complex from Rps. acidophila has

been widely used as a model for the B800-850 complex from Rb. sphaeroides, which we

follow here.?6740 In contrast to Rps. acidophila, Rb. sphaeroides does not produce B800-820



complexes and thus guarantees a clean standard to benchmark dynamics within B800-850
complexes. Therefore, we focus on the B800-850 complex from Rb. sphaeroides as a repre-
sentative nonameric variant.

Excitation energy transfer occurs throughout the B800-850 complex, including within
the B800 ring, from the B800 to B850 ring, and within the B850 ring. In the B850 ring, the
BChla are strongly coupled (J = ~300 cm™!) to each other,?® and so energy rapidly relaxes
around the B850 ring on a sub-100 fs timescale.?>* In the B800 ring, the BChla are weakly
coupled (J = ~25 cm™!) to each other and to the BChla of the B850 ring (J = ~30 cm™1).%6
Energy transfer can occur around the B800 ring or directly to the B850 ring.!®4%43 In the
B800-850 complex from Rb. sphaeroides, energy transfer around the ring has a wavelength-
dependent timescale of 300 to 600 fs.?%4 B800 to B850 energy transfer occurs through two
pathways: direct energy transfer and energy transfer mediated by a higher lying set of dark
B850 excited states, known as B850*, whose absorption overlaps with the B800 (~770-815
nm).% In the B800-850 complex from Rb. sphaeroides, the overall timescale of B80O to
B850 energy transfer is 700-900 fs for detergent-solubilized complexes,?"241:4548 although
the timescale is 30% faster in the membrane environment.*!

The B800-850 complex from Rps. acidophila, and the homologous Rb. sphaeroides,
represent only one type of structural and spectral variant of the B800-850 complex. To
probe a larger range of structural variation, the B800-850 complex from Rhodospirillum (Rs.)
molischianum was selected as a representative octameric variant as it is the only octameric
variant with a structural model from x-ray crystallography.® We note that while the most
current scientific names for Rs. molischianum and Rps. acidophila are Phaeospirillum
molischianum and Rhodoblastus acidophilus, in this work, we use the former terms to remain
consistent with the wealth of previous literature.

Sequence comparison of Rs. molischianum and Rb. sphaeroides shows that they have
much lower sequence percent identity of 30% and 40% between the o and /3 subunits, respec-

tively. This results in several structural differences between Rs. molischianum compared



B850

Figure 1: Structural differences between the B800-850 complex from Rb.
sphaeroides and Rs. molischianum. A: Structural model of the B800-850 complex
from Rps. acidophila, homologous with Rb. sphaeroides, showing the organization of BChla
into rings (B800, top, blue, B850, bottom, blue) and carotenoids (orange). B: o subunit of
the B800-850 complex. C: Overlay of the B800 BChla (top) and B850 BChla (bottom) from
Rps. acidophila (blue) and Rs. molischianum (purple) showing the tilt of the B800 ring. D:
Flattened schematic (top view) of B800 BChlas showing changes in the direction of the Q,
transition dipole moments.

to Rb. sphaeroides. First, the B800-850 complex from Rb. sphaeroides is a nonamer of af
heterodimers, whereas the B800-850 complex from Rs. molischianum is an octamer, provid-
ing a platform to compare oligomeric state. Due to the decreased number of subunits, the
B800 pigments in Rs. molischianum are tilted 20° in comparison to those of Rb. sphaeroides
shown in Figure 1C (based on the model from Rps. acidophila as described above).*? Fur-
thermore, the distances between BChla generally increase in the B800-850 complex from Rs.

49,50 and there are differences in the BChla phytyl chain positions.*® Finally,

molischianum
the Mg atoms are ligated differently between the two species, and the B800 BChlas of Rs.
molischianum are rotated 90° (Figure 1D), better aligning their Q, transition dipoles with

those of the BChlas in the B850 ring.*® These changes in protein sequence and structure can

vary the local electrostatic environments and the intermolecular interactions, both of which



can affect energy transfer timescales. However, these timescales have only been compared
through hole-burning experiments performed under cryogenic conditions.

Some species of purple bacteria produce spectral variations of the B800-850 antennae
under “stressed” conditions, such as low light and low temperature.?>5152 These spectral
variants have a blue-shifted B850 ring, the most common of which absorbs at 820 nm (B820
ring), called the B800-820 complex. The B800-820 complex is also known as light-harvesting
complex 3 (LH3). These variants in vivo are thought to broaden the spectral range over
which light is absorbed. In addition, they can increase the efficiency of energy transfer
by expanding the energy gap between the peripheral antennae and the B875 complex, also
known as light-harvesting complex 1 (LH1), which encircles the reaction center and mediates

transfer from the B800-850 complex. The increased energy gap leads to an increase in overall

efficiency by decreasing back transfer from the B875 complex to the B800-850 complex under

33,53

low light conditions when most reaction centers are in an open state.

Figure 2: Restructuring of the hydrogen bonding network in B820. A) Crystal
structures of alpha subunits of the B800-850 complex from Rps. acidophila (dark blue, PDB
code 1NKZ), the B800-850 complex from Rs. molischianum (purple, PDB code 1LGH), and
the B800-820 complex from Rps. acidophila (light blue, PDB code 11JD) are superimposed
together with a homology model of the B800-820 complex from Rs. molischianum (light
pink, BChla are not included). Only B800-850 BChlas show hydrogen bonding with the
nearby aTrp45 (which is aLeud5 for the B800-820 complex of Rps. acidophila and aPhedb
for the B800-820 complex of Rs. molischianum), stabilizing the carbonyl in the BChla
macrocycle plane. B) Comparison of the B800-850 complex to the B800-820 complex shows
rotation induced at the Csz-acetyl bond due to the loss of hydrogen bonding with a nearby
Trp.

As no crystal structure is available for the B800-820 complex from Rs. molischianum, we



generated a homology model, shown in Figure 2, of the protein to structurally rationalize the
spectroscopic effects upon conversion from B800-850 to B800-820. High resolution crystal

structures are known for the B800-850 and B800-820 complexes from Rps. acidophila®®3 a

S
well as for the B800-850 complex from Rs. molischianum.*® Examination of the structures
(Figure 2A) shows that the major difference between the B800-850 and B800-820 complexes is
shared across both species. For Rps. acidophila, aTrp4b of B800-850 is changed to aLeudb
in the B800-820 complex. This change in amino acid restructures the hydrogen bonding
network between the protein and the BChlas and results in a rotation of the Cs-acetyl chain
of a BChla pigment out of the plane of the macrocycle, reducing the number of conjugated
bonds (Figure 2B). These changes result in the blue-shifted absorption from 850 nm for
the B800-850 complex to 820 nm for the B800-820 complex. 5355 Furthermore, the BChla
within the B820 ring are thought to be approximately two-fold more weakly-coupled than the
BChla in the B850 ring due to this restructuring.3? For Rs. molischianum, comparison of the
structural models for the B800-850 and B800-820 complexes shows that the aTrp45 is again
changed to a non-hydrogen bonding residue, aPhe45. The absence of this hydrogen bond
would be expected to result in a similar change in hydrogen bonding network, blue-shifting
the absorption energy and weakening the coupling.

While these changes in hydrogen bonding contribute to the blue-shift, recent work has
shown that the effect is insufficient to reproduce the experimentally-measured spectrum.
Instead, a reduction of the coupling between the excitonic states and the charge-transfer
states is required to quantitatively model the blue-shift.

Along with structural studies, the excited states and energy transfer dynamics have
been characterized for the B800-820 complex from Rps. acidophila. CD spectra provide a
sensitive reporter of the electronic structure and are almost identical between the B800-850
and B800-820 complexes, except for the shift of the low-energy peak from 850 in the B800-
850 complex to 820 nm in the B800-820 complex.®” However, single-molecule fluorescence

studies have shown additional heterogeneity in the B820 ring of the B800-820 complex over



that of the B800-850 complex. This increase in heterogeneity was ascribed to an increase
in conformational flexibility in the B820 ring due to the change in hydrogen bonding and
rotation of the Cs-acetyl bond.%® Despite the significantly blue-shifted B820 ring, the energy
transfer dynamics of the B800-820 complex are very similar to the B800-850 complex.!?
However, there is a red-shift of the dark upper excitonic energy level of the B850 or B820
ring from 755 nm in the B800-850 complex to 790 nm in the B800-820 complex, which is
attributed to an ~two-fold decrease in B820 intra-pigment coupling.®? Because of this shift
and the spectral overlap of the B800 and B820 states, the B800 to B820 energy transfer is
insensitive to choice of pump wavelength, in contrast to the B800-850 complex.3? In addition,
high light and low light adapted variants from Rhodopseudomonas (Rps.) palustris, which
contain a light-dependent mixture of B800-820 and B800-850 subunits, maintained similar
inter-band energy transfer rates.?> While these studies have been insightful, the complex
from Rps. acidophila is the only variant of the B800-820 complex that has been isolated
and extensively measured with ultrafast spectroscopy. As a result, it is not clear whether
the dynamics observed in the B800-850 complex are universally conserved upon conversion
to low light variants.

In this work, we compare the excited state dynamics of the B800 and B850 bands for three
variants of the B800-850 complex, including energy transfer within the B800 band, within the
B850/B820 band, and from the B800 to the B850/B820 bands. We present the first room-
temperature, time-domain direct comparison of the ultrafast dynamics in octameric and
nonameric forms of the B800-850 complex, the two primary oligomerization states, as well
as the first time-resolved measurements of the B800-820 complex from Rs. molischianum.
The B800 to B850 energy transfer timescale is particularly insightful because it depends
on the excited-state manifold associated with both rings as well as the distance between
them, and thus we focus on this timescale here. These experiments reveal slower energy
transfer between the B800 and B850 bands in the B800-850 complex from Rs. molischianum

as compared to the B800-850 complex from Rb. sphaeroides, which calculations show is



likely due to the increased distance between pigments. Because only the B800-820 complex
from Rps. acidophila had been studied, we also measure the energy transfer timescales for
the B800-820 complex from Rs. molischianum. We find energy transfer timescales similar
to those of the B800-850 complex, consistent with models that dark states of the B850 or
B820 ring mediate energy transfer as has been proposed for Rps. acidophila.'® These results
suggest that the dynamics at the level of individual antenna complexes are conserved across

growth conditions regardless of species.

Experimental

Purple Bacteria Growth

Wild type Rs. molischianum DSM120 was provided by the Sturgis lab and grown in Hutner’s
broth under anaerobic conditions. 500-mL of broth was bubbled with nitrogen for 1 hr in a
1-L bottle, sealed with an open cap and silicone septa, and then autoclaved for 20 minutes.
Media was allowed to cool to room temperature and was inoculated with a live growing
bacterial culture. For bacteria producing B800-850, the flask was placed 15 centimeters from
a 70 W Tungsten lamp to allow for high light and warm temperature (30° C) conditions.
For bacteria producing B800-820, the flask was placed 1 meter away from the lamp with a
white paper napkin covering the flask to allow for low light and low temperature (23° C)
conditions. Several rounds (/6-8) of inoculating new culture was necessary for conversion
from B800-850 to B800-820 production. It was important to allow complete conversion, as it
has been shown that there can be proteins containing a mixture of peptides from the B800-
850 and B800-820 gene operons with intermediate spectral and electrostatic properties.??

Rb. sphaeroides was grown as described previously. 4!



Lysis and Purification of B800-850 and B800-820

Rs. molischianum cells were pelleted by centrifugation at 7500 rpm for 1 hour. Supernatant
was discarded and pellets were resuspended in 20-mL of 20 mM Tris, 100 mM NaCl, 1 mM
magnesium chloride, pH 7.5. Lysozyme was added to the solution to a final concentration
of 100 pg/mL and allowed to stir at room temperature for 3 hours to remove the outer
membrane and increase yield. The cells were lysed using a 5 min 30 s on - 30 s off probe
sonication cycle with the sample in an ice bath. The remaining purification was done ac-
cording to previous protocols?! using n-Dodecyl B-D-maltoside (DDM) as the detergent.
B800-850 from Rb. sphaeroides was purified according to previous protocols using DDM as

the detergent.*!

Linear Absorption and Fluorescence Measurements

Room temperature linear absorption measurements before transient absorption (TA) mea-
surements were taken on an Epoch microplate spectrophotometer (BioTek).

The low temperature linear absorption measurements were performed by drying each
sample in a sugar matrix overnight in a quartz cuvette. The samples were placed in a
cryostat that was depressurized and cooled down to 80 K using liquid nitrogen. A room
temperature linear absorption spectrum of each sample was taken before each low tempera-
ture measurement on the same spectrometer for comparison. The absorbance spectra were
recorded using a Cary 5000 UV-vis-NIR spectrophotometer.

The steady-state fluorescence measurements were taken using a homebuilt fluorescence
setup with 532 nm excitation, an 800 nm 150 g/mm grating, and a PIXIS CCD camera
(Princeton Instruments).

The time-correlated single-photon counting (TCSPC) fluorescence lifetime measurements
were performed and fit as described previously.®® The excitation wavelength was selected
with a 780 nm 10-nm bandpass filter (FB780-10, Thorlabs). The emission wavelength was

selected with an 850 nm longpass filter (FEL0850, Thorlabs). The excitation density was 10
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pW /em?. The instrument response function (IRF) was 38 ps.

Sample Preparation for Ultrafast Spectroscopy

After purification, the B800-850 variants were diluted to ~3 OD at a 1 cm path length
at 850 nm for B800-850 from Rb. sphaeroides and Rs. molischianum and at 820 nm for
B800-820 from Rs. molischianum in 20 mM Tris, 150 mM NaCl, pH 7.4, 0.1% DDM. This
OD corresponds to a concentration of ~1 pM. While it is possible to have energy transfer
between B800-850 complexes in solution, the distance between B800-850 complexes at this
concentration is approximately 118 nm.% This is too far for energy transfer on the picosecond
timescale, as even Forster-type energy transfer only takes place at distances up to 10 nm.
Therefore, this type of process can be excluded from further analysis. Furthermore, power
dependence was previously performed to confirm all experiments were conducted in the linear
regime. !

A peristaltic pump flowed the sample being interrogated through a 1 mm path length flow
cell (Starna) at > 4 mL /s, which ensures a new sample of protein for every laser shot. During
data acquisition, the sample reservoir was cooled with a homebuilt water jacket cooling
system. Linear absorbance spectra of all samples were acquired pre and post-acquisition to

monitor for degradation.

Transient Absorption and Anisotropy Measurements

The energy transfer dynamics of all three samples were measured using TA spectroscopy by
exciting the sample with near-Gaussian pulses centered at 800 nm and probing the evolved
signal with pulses centered at 800 nm, 830 nm, and 850 nm. The TA setup and analysis of
the data is described in detail in the SI. Briefly, the output of a 5 kHz regenerative amplifier
was focused through a tube of argon gas to generate a white light-continuum?' that was
compressed and spectrally-filtered in a prism compressor. The 830 and 850 nm pulses were

selected using 10-nm bandpass filters (FB840-10 and FB850-10 respectively, Thorlabs). The
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800 nm pulse was taken directly from the output of the regenerative amplifier and spectrally-
narrowed using a 10-nm bandpass filter (FB800-10, Thorlabs). The cross correlation was
100-120 fs depending on the wavelength conditions used (Figure S4). The spot size at the
sample position was 300 um. The pump and probe polarizations were set at the magic angle
(54.7°) relative to each other. The pump power was set to 6 nJ per pulse and the probe
power to 0.8 nJ per pulse using neutral density filters. The data was globally fit between all
three pump-probe wavelength conditions to a sum of two exponential decays convolved with
the pulse, with the time constants as shared fitting parameters.

For the 800 nm pump - 800 nm probe and 850 nm pump - 850 nm probe anisotropy mea-
surements, the probe was set to 45° relative to the pump and then was split after the sample
into parallel and perpendicular components (with respect to the pump polarization) using
a polarizing beamsplitter. The individual components were detected separately and simul-

taneously using two photodiodes and two lock-in amplifiers. The anisotropy was calculated

by

ity = Dpara(t) = Ayer ()
Al yura(£) + 28 Apery (1)

where 7(t) is the anisotropy at delay time ¢, AA,q4(t) is the transient absorption signal
of the parallel component at delay time ¢, and AA,,,,(t) is the transient absorption signal of
the perpendicular component at delay time ¢. The anisotropy was fit to a mono-exponential

decay.
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Results and Discussion

Absorption and fluorescence measurements

A C
]
215 2 .
© c S
2 g RS
8 1.0 o N
< 3
g E ‘\‘
N 05 g \
E S
€ z
o 0
=z 0 750 800 850 900 800 850 900 0 1 2 3 4 5
Wavelength (nm) Wavelength (nm) Time (ns)

Figure 3: Linear absorption and fluorescence measurements of B800-850 variants.
B800-850 from Rb. sphaeroides is shown in blue, B800-850 from Rs. molischianum is shown
in purple, and B800-820 from Rs. molischianum is shown in green. A) Room temperature
linear absorption spectra normalized to unity at 800 nm. B) Fluorescence emission spectra
normalized to the emission maximum. C) Fluorescence lifetime measurements normalized
to the maximum number of counts and fitted with a mono-exponential decay (dash-dotted
lines). The IRF is shown in gray.

Table 1: Fluorescence decay rate (71) for each variant of B800-850 complex. The data was
fit to a mono-exponential decay.

71 (ns)

B800-850 Rb. sphaeroides 1.14 ns £+ 0.12 ns
B800-850 Rs. molischianum | 1.34 ns £+ 0.08 ns
B800-820 Rs. molischianum | 1.45 ns & 0.09 ns

Figure 3 presents linear absorption and fluorescence spectra of the B800-850 complex from
Rs. molischianum and Rb. sphaeroides and the low-light variant B800-820 from Rs. molis-
chianum. The absorption spectra (Figure 3A) from both variants of B800-850 show the
expected peaks at 800 nm and 850 nm, corresponding to the BSOO and B850 bands respec-
tively. In the B800-820 complex, the 850 nm peak blue-shifts to 820 nm, corresponding to
the B820 band. The fluorescence spectra (Figure 3B) show a peak at 860 nm for B800-850
and a blue-shifted peak at 853 nm for B800-820, consistent with the absorption spectra.

A comparison of the B850 absorption peak shows that it broadens from a width of 390
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em ™! for the B800-850 complex from Rb. sphaeroides to 494 em ™" for the B800-850 complex
from Rs. molischianum. Similarly, the fluorescence peak broadens from 360 em~! in B800-
850 from Rb. sphaeroides to 405 cm ™! in B800-850 from Rs. molischianum. The broadened
peak for Rs. molischianum indicates a difference in excitonic structure between the B850
rings of the two species. The most likely explanation would be an increase in inhomogeneous
broadening. However, the absorption spectra show temperature dependence (Figure S2),
indicating this may not be the molecular origin of the difference. The broadening could also

d32,61,62

arise from changes in either the exciton manifol or charge transfer states, which have

been shown to be present in LH2 variants and complicate the assignment of the molecular
origin of linewidths, 766364

Fluorescence lifetime traces for all three variants of B800-850 are shown in Figure 3C.
The data was fitted to a mono-exponential decay, and the lifetimes are shown in Table 1. The
lifetime of the B800-850 complex from Rb. sphaeroides is shorter than that of the B800-850
complex from Rs. molischianum, consistent with weaker coupling in the B850 ring. The

B800-850 complex is known to exhibit superradiant emission,% which would decrease as the

coupling decreases, increasing the lifetime.

Transient absorption (TA) spectroscopy

The B800 to B850 energy transfer rates in B800-850 from Rs. molischianum and Rb.
sphaeroides and the B800 to B820 rate in B800-B820 from Rs. molischianum were di-
rectly compared with TA spectroscopy. Figure 4 presents TA traces for all three samples
excited at 800 nm and probed at three different probe wavelengths. Figure 4A shows 800 nm
probe data that reports on the decay in population of states at 800 nm (in the B800 ring)
after its initial excitation. The initially negative TA signal is due to ground state bleach
and stimulated emission from the 800 nm band, which decays on the short timescale due to
energy transfer from B800 to the B850. The signal becomes positive due to excited state

absorption contributions predominantly from the B800 band after energy transfer from the
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B800 to the B850 ring. The signal decays on a long (nanoseconds) timescale due to relax-
ation back to the ground state. Figure 4B shows 850 nm probe data that directly probes
the time evolution of the population of states at 850 nm (in the B850 ring) after initial
excitation of states at 800 nm (in the B800 ring). The negative signal is due to stimulated
emission at 850 nm, which grows in due to B800 to B850 energy transfer. Figure 4C shows
830 nm probe data. For the B800-850 complex, this is the region between the 800 nm and
850 nm peaks, and is dominated by excited state absorption likely in both the B800 and
B850 bands and therefore is positive. For the B800-820 complex, however, this probe wave-
length directly probes the time evolution of the population of states at 820 nm (in the B820
ring) after initial excitation of states at 800 nm (in the B800 ring), similar to the 850 nm
probe experiments for the B800-850 complex in 4B. As a result, the negative signal is due
to stimulated emission from the B820 band due to B800 to B820 energy transfer.

The three spectra for each sample are globally fit to a sum of two exponentials as described
in the Supporting Information, the results of which are shown in Table 2. The first decay is
assigned to energy transfer from B800 to B850 (or B820). The second decay is assigned to
relaxation back to the ground state, and is near-constant on the timescale investigated. It
is fixed to the value of the fluorescence lifetime from Table 1. The differences in structure
between the B800-850 variants contribute to differences in energy transfer rate, which appear

as differences in the first decay (7 in Table 2).
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Figure 4: TA traces of B800-850 from Rb. sphaeroides (blue), B800-850 from Rs. molischi-
anum (purple), and B800-820 from Rs. molischianum (green) with 800 nm pump and A)
800 nm probe, B) 850 nm probe, and C) 830 nm probe. The data was globally fit to two
exponentials with the second exponential fixed to its fluorescence lifetime value from Table
1. Data is shown as points and the exponential fits are overlaid as lines.
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Table 2: Time constants for all three samples from globally fitting the three TA experiments.
Each set of spectra were fit to a sum of two exponential decays fixing the second time constant
to its fluorescence lifetime value from Table 1.

71 T2

B800-850 Rb. sphaeroides 630 fs £ 17 fs | 1.14 ns

B800-850 Rs. molischianum | 1086 fs + 37 fs | 1.34 ns

B800-820 Rs. molischianum 839 fs +=301fs | 1.45 ns

The B800 to B850 energy transfer timescale is 630 fs in B800-850 from Rb. sphaeroides
as compared to 1086 fs in B800-850 from Rs. molischianum (Table 2). In previous reports,
the room temperature B800 to B850 energy transfer timescale was ~ 700 fs for B800-850
from Rb. sphaeroides®?%272%48 and ~ 700 —1200 fs for B800-850 from Rs. molischianum, 5
consistent with our results. The direct comparison performed here shows that energy transfer
from the center of the B800 band to the B850 band is approximately 40% faster in B800-850
from Rb. sphaeroides than in B800-850 from Rs. molischianum. Generalized Forster the-
ory describes energy transfer between delocalized excited states, and has been extensively
applied to model the dynamics of the B800-850 complex.356770 We calculate the relative
energy transfer timescales for B800-850 from Rb. sphaeroides and for B800-850 from Rs.
molischianum as described in the SI. Based on the large degree of overlap of the linear ab-
sorption spectra, as shown in Figure 3A, we assume the same spectral profiles and under this
assumption generalized Forster theory reduces to Forster theory. The calculations find an
energy transfer timescale approximately 25.2% faster in Rb. sphaeroides, which is qualita-
tively in agreement with the experimental results in Table 2. These results come from both
the closer distances between BChla in the B800-850 complex from Rb. sphaeroides and the
increased number of subunits.

Although generalized Forster theory has been widely used to quantitatively describe the
dynamics of the B800-850 complex and captures the trend observed here,?:67 7 the strong

coupling and complex electronic structure of the B800-850 complex are not fully described
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by this model. For B800-850, the presence of strong coupling means that alternatives that
include the effects of strong coupling, such as Redfield theory or modified Redfield theory,
have been applied. %4277 Other approaches, such as reduced hierarchy equations of motion,
have emerged as tools to describe both the strong and weak coupling regimes. ™57 Recent
evidence also suggests the presence of charge transfer character in the electronic excited
states, which can alter the oscillator strength and further change the associated dynam-

.%6:63.64 Tnclusions of these effects in the calculations would likely improve the quantitative

ics
agreement with the measured timescales.

The B800 to B820 energy transfer timescale is 839 fs in B800-820 from Rs. molischianum
as compared to the B800 to B850 timescale of 1086 fs in B800-850 from Rs. molischianum,
and thus the inter-band energy transfer is approximately 20% faster in B800-820 (Table
2). The greater spectral overlap of the B820 band with the B800 band in the B800-820
complex would be expected to increase the energy transfer rate by about 80% (SI), which is
much more than the 20% difference observed. B800 to B850 energy transfer in the B800-850
complex is thought to partially occur through a higher energy set of optically dark B850
excited states, known as B850*.542444% Due to the head-to-tail organization of the BChla
in the B850 ring, the oscillator strength redistributes into the lower exciton states, which
appear as the B850 band. The B850* states are the higher exciton states, which are nearly
dark (<3% of the total oscillator strength),?™ and give rise to very weak absorption that
overlaps with the B800 band. Similar to calculations on the B800-850 complex, theoretical
calculations of B800-820 in Rps. acidophila predict that the upper excitonic states of the
B820 band overlap with and, in fact, are hidden under the B800 band.?? Thus, the effective
energy gap in these variants is potentially much less than that observed in the absorption
spectrum, where energy partially transfers from the B800 band via the near-resonant B850*
or B820*. The similarity in the measured energy transfer timescales between B800-850 and
B800-820 supports this model, and points to these dark states playing a significant and

general role in mediating energy transfer between the two rings of BChla across variants of
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B800-850.
While the presence of these states may complicate the interpretation and modeling of
energy transfer timescales, it is clear that despite the structural and spectroscopic differences

between these variants, the energy transfer timescale between the bands remains similar.

Transient absorption anisotropy
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Figure 5: Anisotropy traces of the B800-850 complex from Rb. sphaeroides (blue), B800-850
complex from Rs. molischianum (purple), and B800-820 complex from Rs. molischianum
(green) with A) 800 nm pump - 800 nm probe and B) 850 nm pump - 850 nm probe. The
data was fit to a mono-exponential decay. Data is shown as points and the exponential fits
are overlaid as lines.

Table 3: Time constants for 800 pump - 800 probe and 850 pump - 850 probe anisotropy
experiments for all three samples. The anisotropy was fit to a mono-exponential decay.

800 nm pump - 800 nm probe | 850 nm pump - 850 nm probe
B800-850 Rb. sphaeroides 510 fs £ 5 fs 106 fs + 12 fs
B800-850 Rs. molischianum 610 fs + 7 fs 96 fs £ 10 fs
B800-820 Rs. molischianum - 132 fs £ 19 fs

The energy transfer rates within the B800 and B850/B820 bands were directly compared
using TA anisotropy measurements. Figure 5 shows 800 nm - 800 nm (A) and 850 nm - 850
nm (B) anisotropy experiments for all three samples along with their single exponential decay

fits in Table 3. The anisotropy decay measures energy transfer within each band. For the

18



B800-850 complex from Rb. sphaeroides, B80O intra-band energy transfer occurs in 510 fs,
in close agreement with previous reports for this wavelength range.2%-2%41:76 Measured B800
intra-band energy transfer is considered as an average over the pairwise energy hopping
between the BChla. FEnergy-dependent timescales have been measured for the B800-850
complex from Rb. sphaeroides ranging from 300 to 600 fs over the blue to red wavelengths
of the B800 absorption.?® For the B800-850 complex from Rs. molischianum, B800 intra-
band energy transfer occurs on a slower timescale of 610 fs, also in agreement with previous
measurements (300-900 fs).!"4® For the B800-820 complex from Rs. molischianum, B800
intra-band energy transfer is expected to occur on a timescale similar to that in the B800-
850 complex from Rs. molischianum, as both are thought to share a structurally-identical
B800 ring. However, the spectral congestion between the B800 stimulated emission (SE) and
B820 excited state absorption (ESA) signals masks the anisotropy effects of the B800 band,
preventing a direct comparison of the variants. The slower timescale for B80O intra-band
energy transfer in Rs. molischianum is likely due to weaker coupling. The difference is much
less dramatic than calculations from generalized Forster theory, which predict a two-fold
increase in timescale (see Supporting Information).2®

While previous results similarly found a slower timescale for B80O intra-band energy
transfer in Rs. molischianum than calculated,?® here we performed a direct experimental
comparison of the timescale in the B800-850 complex from the two species, finding a 20%
difference. The discrepancy between the calculated and measured timescales may arise from
the breakdown of generalized Forster theory when describing energy transfer around the B800
ring due to the small energy gap between the excitonic states.*? These results suggest that
more sophisticated calculations or a more complex model is needed, potentially including
B850* or additional states, such as charge transfer states, within the BChla of the B80O ring.

Based on the close packing within the B850 ring, the BChla are strongly coupled (~ 300
cm™!) and B850 intra-band energy transfer occurs on a much faster timescale compared to

BS800 intra-band transfer.?32¢ For the B800-850 complex from Rb. sphaeroides, B850 intra-
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band energy transfer occurs in ~ 100 fs, consistent with previous results that found 60 fs to
200 fs timescales from blue to red wavelengths, respectively.

For B800-850 and B800-820 complexes from Rs. molischianum, the B850 intra-band
energy transfer timescales are similar, within the error of the timescales of B800-850 from
Rb. sphaeroides.

The similarity in energy transfer timescales also suggests that energy capture and/or
efficiency within the overall photosynthetic unit are the primary reasons for B800-820 pro-
duction, as opposed to changing the dynamics at the level of the individual antenna complex.
In B800-820 from Rps. acidophila, along with the increased spectral coverage associated with
the B820 band, the carotenoid has a red-shifted absorption that better fills the gap between
the carotenoid and BChla Q bands. The spectral shift is produced through a modified
carotenoid with a 7 conjugation length increased by one. Thus, the structural changes in
B800-820 are likely motivated by improved energy capture. Furthermore, overall efficiency is
determined by the rate-limiting step, which is energy transfer from the B875 complex to the
reaction center for purple bacteria.®™® The increased energy gap between the B800-820 and
B875 complexes over that of the B800-850 and B875 complexes decreases the efficiency of
back transfer, thereby allowing more time for energy transfer from the B875 complex to the
reaction center and increasing the overall efficiency of this rate-limiting step. Increasing the
rate of upstream steps, i.e., energy transfer within B800-820, would only create a bottleneck
at the reaction center that could even induce photodamage upon a return to high light con-
ditions. However, the enhanced trapping with B800-820 is a low light adaptation that takes
many generations to establish, which buffers against fluctuating solar intensity. Thus, in-
creased photodamage is perhaps not biologically pertinent except following a violent change
in environmental conditions from low to high light. Interestingly, while Rb. sphaeroides does
not contain gene sets for spectral variants of B800-850, i.e. B800-820, it has a unique double
B&75-reaction center complex resembling a figure eight shape. ™ Perhaps, there is an alterna-

tive mechanism for low-light adaptation in Rb. sphaeroides that involves this B875-reaction
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center complex, which is yet to be discovered.

Conclusions

By directly comparing the excited-state dynamics of light-harvesting complexes from purple
bacteria, we observed that the B800 to B850 energy transfer rate for the nonameric B800-
850 complex from Rb. sphaeroides is 40% faster than for the octameric B800-850 complex
from Rs. molischianum, which could be largely explained through structural changes. In
contrast, similar rates were observed for the B800-850 and B800-820 complexes from Rs.
molischianum, as seen previously for Rps. acidophila.'® Although many species of purple
non-sulfur bacteria co-exist in similar habitats, they have each developed unique strategies
for light harvesting including mechanisms to overcome the environmental pressures on their

34,49.80 1) oot

survival. Along with the variable oligomeric states of the B800-850 complex,
species have multiple gene sets that allow a variety of a8 subunits to be mixed together,
thereby creating spectral variants that broaden the window for light absorption®' and likely
even increase the efficiency of energy transfer from the B875 complex to the reaction center.
Thus, flexibility of B800-850 is a particularly prevalent adaptation strategy, appearing across
species. Our results demonstrate that the excited-state manifold of B800-850 is robust to
variation in spectra, structure, and size. Therefore, these variations can alter the absorption,

membrane organization, and energy transfer pathways through the photosynthetic unit while

maintaining rapid and efficient energy transfer at the level of the individual antenna complex.
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