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Energy transfer through large disordered antenna networks in photosynthetic organisms can occur
with a quantum efficiency of nearly 100%. This energy transfer is facilitated by the electronic
structure of the photosynthetic antennae as well as interactions between electronic states and the
surrounding environment. Coherences in time-domain spectroscopy provide a fine probe of how
a system interacts with its surroundings. In two-dimensional electronic spectroscopy, coherences
can appear on both the ground and excited state surfaces revealing detailed information regarding
electronic structure, system-bath coupling, energy transfer, and energetic coupling in complex chem-
ical systems. Numerous studies have revealed coherences in isolated photosynthetic pigment-protein
complexes, but these coherences have not been observed in vivo due to the small amplitude of these
signals and the intense scatter from whole cells. Here, we present data acquired using ultrafast
video-acquisition gradient-assisted photon echo spectroscopy to observe quantum beating signals
from coherences in vivo. Experiments were conducted on isolated light harvesting complex II (LH2)
from Rhodobacter sphaeroides, whole cells of R. sphaeroides, and whole cells of R. sphaeroides
grown in 30% deuterated media. A vibronic coherence was observed following laser excitation at
ambient temperature between the B850 and the B850* states of LH2 in each of the 3 samples with a

lifetime of ~40-60 fs. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4930539]

Photosynthetic organisms utilize large arrays of light
harvesting antenna to maximize their absorption cross section
and to improve their solar harvesting capabilities. The very
first events after absorption of a photon in photosynthesis
involve the transfer of excitation through these large antenna
networks to the reaction center where the bound electron-hole
pair is separated. The energy transfer process through the
antenna network can be nearly 100% quantum efficient.!?
Given the noisy, disordered environment within membranes
of living cells, this high quantum efficiency is surprising. Many
theories and experiments have been developed and performed
to understand how photosynthetic organisms obtain such
quantum-efficient energy transfer.>* In 2007, two-dimensional
electronic spectroscopy (2DES) showed long-lived coherences
within the Fenna-Mathews-Olson (FMO) complex, a pigment-
protein complex found in green sulfur bacteria; these
coherences were attributed to excited states.’ Similar work
was conducted on other pigment-protein complexes, finding
that they too exhibited long-lived coherences.®!! Several
models have suggested that long-lived electronic coherences
may help to explain the high quantum efficiencies observed in
photosynthesis.**!? Further experiments show that these long-
lived coherences persist at room temperature, but with reduced
lifetimes.”'3% Currently, the nature of these coherences,
either vibrational, electronic, or some mixture of vibrational
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and electronic (vibronic), is under debate.'*~'® Recent works

have classified many of these coherences as vibronic, with
several recent publications providing experimental evidence
for vibronic coherences as well as several models outlining
their importance in energy transfer and possibly charge
separation.'%!117-20 [t is not the aim of this work to assign the
nature of these coherences or to provide evidence for a given
model, rather this work addresses the debate of the biological
significance of these coherences by observing them in vivo—a
necessary prerequisite for biological significance.

In the discussion surrounding the biological significance
of these coherences, it has always been assumed that the
coherences observed in vitro also occur in vivo. While it
would be surprising if these coherences did not occur in
vivo, it is necessary to confirm this assumption. Beyond mere
existence, there are numerous reasons why the coherences
may be different in vivo and in vitro. The coherences could
differ in spectral location due to coupling to the intact
photosynthetic unit as well as the presence of a large electric
field (~107 V/m) spanning the photosynthetic membrane
known to cause electrochromic shifts.?! The coherences may
also differ in lifetime due to inhomogeneity of the biological
environment. Coherence lifetime measurements in two-
dimensional spectroscopy experiments are sensitive to both
single molecule decoherence and ensemble dephasing.?> Both
effects are due to system-bath interactions and it is unclear
how the complex and crowded environment in vivo will affect
observed lifetimes in these complexes. Crowding in vivo
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could lead to increased disorder in system bath interactions
and therefore shorter lifetimes, or it could be that the higher
viscosity of the lipid bilayer reduces stochastic system-bath
interactions and would increase coherent lifetimes in vivo.
It is also possible that the environments are similar enough
to produce no appreciable changes. These competing effects
of unknown magnitudes make it difficult to predict changes
to the lifetimes of coherences between in vitro and in vivo
preparations, and it is also likely that different systems will
respond differently to the changes in environment.

The technique of 2DES is well suited for the observation
of coherences in biological systems. However, the interferom-
etry can be frustrated by highly scattering systems like whole
cells. Recent developments have focused both on overcom-
ing scatter and decreasing experiment time to allow for trip-
licated results.2*2° Here, we surmount both issues—intense
scattered light and the quantification of errors—using Ultrafast
Video-Acquisition Gradient-Assisted Photon-Echo Spectros-
copy (UVA-GRAPES) to observe coherences in the pigment-
protein complex, light harvesting complex II (LH2), in whole
cells of the purple bacterium, Rhodobacter sphaeroides.

The antenna in R. sphaeroides consists of two pigment-
protein complexes, light harvesting complex I (LH1) and light
harvesting complex IT (LH2).>” LH1 and LH2 are embedded in
invaginations of the cell membrane known as chromatophores.
In vivo, LHI is a core antenna complex that dimerizes and
encircles the reaction centers.?®=° LH2 complexes are peri-
pheral to the LH1 dimers, transferring energy to LH1 on a time
scale of 5-7 ps.3! LHI in turn transfers the excitation to the
special pair in the reaction center on a time scale of 35 ps.’!

LH2 contains two rings of bacteriochlorophyll @ known
as B800 and B850 which predominately absorb at 800 nm
and 850 nm, respectively, see Figure 1.3 The B850 ring
has a higher-lying set of excited states known as the B850*
states that absorb near 800 nm (~770-815 nm), overlapping
with the B800 band.?*-** The B80O ring is composed of nine
weakly coupled (J ~ 20 cm™") bacteriochlorophyll a, whereas
the B850 ring is composed of eighteen strongly coupled
(J = 300 cm™") bacteriochlorophyll a.>' Both rings are red-
shifted compared to free bacteriochlorophyll a; for B80O, this
shift is due to protein—bath interactions,>® while for B850,
the shift arises primarily from chromophore—chromophore
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FIG. 1. The normalized absorption spectrum of isolated LH2 is plotted
(black-green-red solid gradient line) to emphasize the correlation between
the absorption features and the two rings of bacteriochlorophyll a shown
in profile to the right. The laser excitation spectra used to perform 2DES
experiments are shown in shaded gray and are the result of filamentation in
argon gas and pulse shaping with a spatial light modulator.
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interactions.?! The two rings are weakly coupled to each other
(J = 20-50 cm™).3!

Energy transfer from LH2 to LH1 occurs from the B850
states.3!%¢ Several energy transfer pathways exist connecting
the higher-lying excited states in LH2 to the low-lying B850
states: B800 — B850* — B850, B800 — B850, and B850
— B800 — B850.*37 The time scales for energy transfer
along these pathways have been modeled using Redfield
theory and experimentally determined.>®*® Energy transfer
from B800 to B850* occurs with a lifetime of ~500-800 fs
and from B800 to B850 with a lifetime of ~700-1000 fs. The
back-transfer from B850* to B80O is slower (>250 fs) than
the transfer from B850* to B850 (~60-200 fs). Comparable
rates of transfer from B800 to B850* and from B800 to B850
suggest that comparable amounts of energy are transferred
over both pathways. Thus, the B850 states play an important
role in directing energy flow from B800 to B850 and thereby
to LH1.>* Coherent mechanisms may play a crucial role in
the energy transfer from B850* to B850. Room-temperature
coherences between states near 800 nm and states near 850
nm have been observed with a lifetime of ~50-100 fs and were
originally attributed to electronic coherence between B800 and
B850 as well as to electronic coherence between B850* and
B850.445 Recent work on a mutant strain of R. sphaeroides
lacking the B80O chromophore ring found similar coherences,
suggesting that the coherence is not between B800 and B850,
but between B850* and B850.%° Further analysis in the same
work using a coherence specific pulse sequence was able to
quantify the mixing of vibrational and electronic states in the
coherence between B850 and B850* and found a mixing angle
of ~15° and classified the coherence as vibronic.*®

2DES is ideally suited for the study of the initial energy
transfer events and coherent processes in photosynthesis. This
ultrafast technique can measure energy transfer dynamics
on time scales from tens of femtoseconds to hundreds of
picoseconds. Furthermore, the technique separates crowded
linear spectra into two-dimensional correlation maps.*’~>3 The
UVA-GRAPES instrument, used to acquire the 2DES signal
in this study, has been described elsewhere.? Briefly, the
output of a 5 kHz regenerative amplifier (coherent Legend
Elite) is focused into a 2.25 m tube of argon at ~1-2 psi
above atmospheric pressure in order to produce a white-
light continuum through filamentation. The resulting pulse
is shaped and compressed to 15 fs FWHM centered at
~790 nm with ~120 nm of bandwidth using a multiphoton
intrapulse interference phase scan compressor (Biophotonics
Solutions, Inc.). Figure 1 shows a normalized excitation
spectrum as well as a normalized absorbance spectrum of
LH2. Following compression, the pulse is separated into
the four-pulse sequence required for 2DES. The powers for
pulses 1-3 are attenuated to 500 nJ each at the sample. The
UVA-GRAPES apparatus encodes the coherence time, time
between pulses 1 and 2, spatially across the sample and
necessitates focusing to a line (~6 mm by ~60 um) rather
than a spot at the sample. The resulting energy flux is only
137 uJ/cm? per pulse (~5.5 x 10 photons/cm? per pulse),
comparable to numerous other studies and below the threshold
for multi-exciton effects.*%#2435% The local oscillator (LO) is
attenuated an additional two orders of magnitude and adjusted
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to arrive ~3 ps ahead of the other pulses to avoid pump-probe
artifacts. Encoding the coherence time delay spatially across
the sample allows for the completion of a 2DES experiment
with just a single scan of the waiting time, time between
pulses 2 and 3.5 Using a high-speed camera as a detector,
the UVA-GRAPES instrument can record a 2DES spectrum
on every laser shot, reducing the data acquisition time to
just a few seconds.?® The high-speed acquisition permits fine
sampling of the waiting time, approximately every 600 as.
Numerous scatter contributions oscillate in the waiting time
domain at the optical period and this fine sampling permits
their removal in the waiting time frequency domain without
distorting the dynamics of the 2DES signal.?* This approach
allows the UVA-GRAPES instrument to observe 2DES signals
from samples that scatter light intensely, such as the whole
cells of R. sphaeroides presented in this manuscript.

Rhodobacter sphaeroides was cultured aerobically and
in the dark at 28°C. Cells were cultured with either H,O
or 30% D,0. The cells grown in 30% D,O were intended
to help isolate electronic or vibronic coherences from purely
vibrational coherences.>*% Cells for analysis were centrifuged
at 6000 rpm (rotor JLA 8.1) and diluted in a small volume of
their supernatant, maintaining D,O concentrations, to achieve
an ODggp of ~0.07 in a 200 um quartz flow cell (Starna Cells,
Inc.). For isolated LH2 experiments, the complex was isolated
from the H,O cells according to the protocol outlined by
Frank et al.’’ The cells were lysed via sonication and the large
cell fragments were separated by slow centrifugation (12 000
rpm Beckman Coulter, Inc. rotor JA 30.50). The supernatant
was ultra-centrifuged (50 000 rpm Beckman Coulter, Inc.
rotor °Ti). The pellet was re-suspended and run through a
DEAE-Sephacel column twice and eluted with 500-600 mM
NaCl. The sample was buffer-exchanged into 20 mM Tris,
0.06% LDAO at pH 7.5, and concentrated to an ODggyy of
~0.22 in the flow cell described above. The absorption spectra
of the cells grown in H,O and D,O as well as the isolated
LH2 are shown in Figure S1 in the supplementary material®
with Raleigh scatter subtracted.

Figure 2 shows the absolute value 2DES rephasing spectra
for isolated LH2, cells grown in the D,O media, and cells
grown in the H,O media at a waiting time of 50 fs. Within
error, the three plots are consistent and all three show dynamics

Isolated LH2

800

850

Rephasing Wavelength, At (nm)
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and features similar to previously published LH2 spectra. The
rephasing spectra can also be phased in a manner described
by Singh et al. using separately acquired pump-probe data,
see Figure S2 in the supplementary material.”®%* In the phased
data, we see ~100 fs decay of the 850 nm diagonal region. This
decay has previously been attributed to the stochastic hopping
of the exciton around the B850 ring as well as relaxation to
lower energy states within the B850 band.>*#3-3%60 The growth
of a cross peak between the B800 and B850 nm states is on
the order of ~700 fs, and a corresponding decay of the B800
states is also observed and is indicative of energy transfer from
B800 to B850. In addition to these population transfers at early
waiting times, coherent oscillations in the upper and lower
cross-peaks in the region between the B800 and B850 bands
are also observed. Due to slight uncertainties in the phasing and
the possibility of improper phasing introducing modulations
that can be mistaken as coherences, all analyses relating to the
coherences are done with the absolute value data.

Subtracting a bi-exponential from the waiting time domain
and Fourier transforming, the residual from 0 to 200 fs clar-
ifies the coherent oscillations between B850 and B850 in the
absolute value data. The center of the B850* peak occurs at
~795 nm, so a coherence between B850 and B850* should
appear with a beat frequency of approximately 850 cm™! (the
energy difference between the center of the two states). Due to
the short waiting time period considered, the frequency domain
necessarily has widely spaced frequency points, with the two
closest points being 830 and 1000 cm™'. The bottom row of
Figure 3 displays the separately normalized power spectra for
each pixel at 830 cm™!, the same analysis is shown in Figure
S3% for a waiting time frequency of 1000 cm™". The full map of
LH2 shows peaks located at both the upper and the lower cross
peaks between B850 and B850*. The middle row of Figure 3
details the upper cross peak and highlights the similarity in
location and intensity of oscillations between all three samples.
The top row of Figure 3 depicts the phase of the oscillations
over the same region as detailed in the middle row. All three
samples show the same phase and phase roll across the diagonal
of the peak. A phase roll is characteristic of both electronic
and vibrational coherences.%'"%* Figure 4 shows waiting time
traces from the upper cross peak for the isolated LH2, D,0
cells, and H,O cells, again displaying similarities in phase

Cells Cultured in D,0 Cells Cultured in H,0

o
Normalized Magnitude

Coherence Wavelength, At (nm)

FIG. 2. Absolute value 2DES spectra showing the magnitude of the rephasing signal at T =50 fs are shown for isolated LH2 (left), cells grown in 30% D,0O
media (middle), and cells grown in standard H,O media (right). For each data set, the magnitude was separately normalized to the maximum of the entire waiting
time scan. The black diamond indicates the location of the waiting time traces shown in Figure 4.
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FIG. 3. Bottom row: Power spectral density at 830 cm™
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! represented as a percentage of the normalized, integrated power spectrum from the absolute value data.

Middle row: Detail of the power spectrum at the 800-850 nm upper cross peak boxed in the bottom row. Top row: Phase of the 830 cm™! oscillations over the
same region, with the saturation determined by the power spectral density from the middle row.

and amplitude between samples. The 1o standard error on the
mean is displayed as the shaded region and is calculated from
sixteen separate scans performed on each sample. The red lines
indicate the fit of an exponentially damped sine wave to the
residual of the bi-exponential fit. A regression was performed
for each pixel within the region shown in the top and middle
rows of Figure 3. The resulting lifetimes are provided in Figure
S4 in the supplementary material®* and are found to be ~40-60
fs, comparable to coherences previously observed in isolated
LH2. This short lifetime is reflected in the waiting time fre-
quency domain by a broad peak in the power spectra, which
canbe seen in Figure S5.%4 The distinct differences in amplitude
and lifetime between the pure vibrational coherences and the
vibronic coherence can be seen in Figures S6 and $7.%*
Vibronic coherence between B850 and B850%, while
lasting less than 100 fs, has a similar lifetime to that of energy
transfer between these states, ~60-200 fs. The biological
significance of this coherence is unclear, but due to the B850*
states playing an intermediate role in the energy transfer
pathways between the B800 and B850 states, > this coherence
could play a significant role in improving the efficiency of
solar light harvesting in R. sphaeroides. Observation of this
coherence in vivo and its similarity to the coherence observed

in vitro supports the assumption that coherences are robust to
the environmental changes between the native photosynthetic
membrane and detergent micelles. It is possible, however,
that this coherence is uniquely similar in vitro and in vivo
because the coherence is supported by different excited states

— Cells cultured in H,0
— Isolated LH2

— Cells cultured in D,0O
--- Damped Sinusoidal Fits
AN\ /\ =y
2\ /\
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FIG. 4. Waiting time traces from the B850-B850" upper cross peak (A
=795 nm A;=850 nm) for isolated LH2, D,O cells, and H,O cells. The
shaded region is the standard error from 16 separate scans for each data set.
The red lines indicate a fit to an exponentially damped sine wave.
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on the same ring of chromophores, making it more robust
to changes in environment. Future work must be done to
determine whether other photosynthetic coherences exhibit
this robustness and whether these coherences are dependent
upon growth conditions. Further work will also examine
whether coherences change in response to external stimuli
such as intense light or the addition of oxygen, which are
known to induce photoprotective mechanisms.
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