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ABSTRACT: The phycobilisome is the primary light-harvesting 2.5 ps 2.5 ps A
antenna in cyanobacterial and red algal oxygenic photosynthesis. It PTTI pTTTY
I | I

maintains near-unity efficiency of energy transfer to reaction centers
despite relying on slow exciton hopping along a relatively sparse
network of highly fluorescent phycobilin chromophores. How the
complex maintains this high efficiency remains unexplained. Using a
two-dimensional electronic spectroscopy polarization scheme that
enhances energy transfer features, we directly watch energy flow in \

the phycobilisome complex of Synechocystis sp. PCC 6803 from the —
outer phycocyanin rods to the allophycocyanin core. The observed A

downbhill flow of energy, previously hidden within congested spectra, -mmm““ps "“mll””mlll“ll“»
is faster than timescales predicted by Forster hopping along single rod y
chromophores. We attribute the fast, 8 ps energy transfer to

interactions between rod-core linker proteins and terminal rod chromophores, which facilitate unidirectionally downhill energy flow
to the core. This mechanism drives the high energy transfer efficiency in the phycobilisome and suggests that linker protein—
chromophore interactions have likely evolved to shape its energetic landscape.

N

Energy

B INTRODUCTION

Despite seemingly deleterious slow exciton hopping over the

. . o . sparse arrangement of highly fluorescent chromophores, the
Cyanobacteria are oxygenic photosynthetic microorganisms. o= . ) ; &7
Thev produce about 40% of the world's oxveen and were complex maintains near-unity exciton transfer efficiency.”’ As

0
Y P ) . e -3 detailed in numerous studies, the mechanisms yielding this
responsible for the Great Oxygenation Event of our planet. high transfer efficiency are not well known**13 Electron
Dlurmg olxygemc photlj)syrll)th;si ml cyanobacterll(a, P iants, and microscopy (EM) advances in recent years have elucidated the
agae, solar energy absorbed Dby large netw‘or‘ s of antenna detailed structure of these megacomplexes and provided many
pigments migrates to reaction centers, where it is converted to clues about the underlying mech anisms 3121417 However,
a charge separation. For example, excitons created in the

progress in resolving energy transfer dynamics using time-
C,S;M,—LHCII complex of plants rapidly transfer to the

resolved spectroscopy has been slower owing to massive
. . 4,5 .
reaction centers in photosystem II (PSII).”” In cyanobacteria,

the ca. 5—8 MDa phycobilisome complex composed of
multiple phycocyanin (PC) and allophycocyanin (APC)
protein subunits serves as the primary light-harvesting antenna.
It supplies excitations to both photosystems with near-unity
efficiency.”” The phycobilisome complex from the model
cyanobacterium Synechocystis sp. PCC 6803 consists of six PC
hexamer rods attached by a linker protein onto a core made of
three lateral APC hexamer assemblies (Figure 1a). The core
sits atop the photosystems and funnels excitations to them.’
The colorless linker proteins do not participate in light
harvesting but provide structural integrity to this megacomplex
by connecting the rods to the core.”® ™15 In high light fluences,
the orange carotenoid protein (OCP) attaches to the
phycobilisome core to efficiently quench excitations before
they reach the photosystems.'”

© 2023 The Authors. Published by
American Chemical Society
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spectral congestion from hundreds of phycobilisome pig-
ments."*7>° Small energetic separations in the donor and
acceptor chromophores in the network confound isolation of
signal kinetics from individual pigments or complexes, hiding
the principles driving high transfer efficiencies that operate on
the supercomplex or quaternary level. An alternative to using
spectral resolution to reveal excitonic pathways is to use the
different dipole directions of the linear phycocyanobilin

chromophores in the complex through polarization-dependent
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Figure 1. (a) Cryo-electron microscopy structure of the Synechocystis
sp. PCC 6803 phycobilisome rendered using coordinates from
Kerfeld and co-workers:" six hexameric C-phycocyanin rods (blue)
are assembled on the three lateral allophycocyanin cores (red). (b)
Arrangement of phycocyanobilin chromophores in the phycobilisome
(blue) with terminal rod chromophores (gold) strongly associated
with the CpcG rod-core linker protein, and core allophycocyanin
chromophores (red). (c) Absorption (black) and fluorescence (red)
spectra overlaid with the laser spectrum (gray) used in our broadband
two-dimensional spectroscopy experiments.

spectroscopy. Conveniently, the bilins in the core proximal to
the rods sit at about 60° to those in the rods.

To selectively obtain signals associated with energy transfer
along the chromophore network, we perform polarization-
controlled broadband two-dimensional electronic spectroscopy
(2DES) on the cyanobacterial phycobilisome complex. Using a
previously reported polarization sequence’”** in 2DES, we
suppress signals from interactions with parallel transition
dipole moments removing the spectral congestion, dynamic

Stokes shift of chromophores, and excited state absorption in
this antenna. The suppression allows us to watch energy
transfer selectively and directly from the rods of the
phycobilisome to the inner core. We find that downhill energy
transfer along the complex occurs on a much faster timescale
(~8 ps) than suggested by previous time-resolved experiments
and Forster calculations. We attribute the fast energy transfer
to key interactions between chromophores and the aromatic
residues of the CpcG linker protein that connects PC rods to
the lateral APC core. These interactions lower the energy of
chromophores that form the rod-to-core connection in the
excitonic pathway. This redshift has been characterized
extensively with fluorescence measurements by Sauer and
Pizarro.”” They observe an emission redshift of about 150
cm™" from the terminal phycocyanobilin chromophores in PC
rods.”” Multiple cryo-EM structures show that interactions
between terminal chromophores and linker proteins are
conserved across phycobilisomes of cyanobacterial and red
algal species.”'>'*~"” This redshift of the terminal chromo-
phore promotes unidirectional downhill energy flow and
minimizes exciton random walk along isoenergetic chromo-
phores, in turn minimizing the probability of fluorescence and
trapping. These results unearth a previously hidden photo-
synthetic design principle operating on the quaternary or
supercomplex level that supports robust near-unity exciton
transfer efficiency in oxygenic photosynthesis. We also find that
upon reaching the core, the excitations remain in the higher-
energy core proteins for at least 800 ps, which is the majority
of the phycobilisome fluorescence lifetime. Recent photo-
protected cryo-EM structures show that these 1proteins are sites
of photoprotection through OCP attachment.'> The structures
suggest that our observed long stay of excitons in the higher-
energy core proteins provides robust photoprotection oppor-
tunities to the antenna.

Phycobilisome absorption is tuned to 600—660 nm, which is
outside of the main chlorophyll absorption bands (Figure 1c).
Enhanced absorption in this region of the solar spectrum has in
part driven cyanobacteria to become prolific and widespread
photosynthesizers in marine and terrestrial habitats.’*™>>
Unlike most other light-harvesting antennas, the spatial
arrangement of about 300—400 chromophores in this complex
is relatively sparse (Figure 1b) with the average distance
between neighboring chromophores exceeding 2.5 nm.”®’
Therefore, incoherent Forster-type excitation energy transfer
(FRET) is the dominant energy transfer mechanism between
pigments.'”**™*° The primary light-absorbing pigments in
phycobilisomes are derivatives of open-chain tetrapyrrole
molecules bound covalently to the protein backbone. These
chromophores have a significantly higher fluorescence
quantum yield in vitro than chlorophyll derivatives found in
other antennas. In coherent time-resolved spectra, the
phycobilisome shows a broad photoinduced absorption
(PIA) feature suggested to arise from an electrochromic shift
coupling””*”** of excited- and ground-state chromophores,
which masks the red-most absorption and complete emission
profile."*"*” Previous time-resolved studies have suggested
that excitations created in the rods travel downhill to the
higher-energy ApcA and ApcB (hereafter called APCqy for
their emission maxima) core proteins on the 30—50 ps
timescale and from APCg, to the core terminal emitters bound
to ApcD, ApcE, and ApcF (hereafter called APCgyg) proteins,
on the 100 ps timescale before ﬂuorescin(g with ca. 1-2 ns
lifetime in detached complexes.'”*"***® APCgy, terminal
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Figure 2. (a) Purely absorptive real-valued two-dimensional electronic spectra of the phycobilisome at 0.2, 2, 20, and 200 ps in the {0, 0, 0, 0°}, or
all-parallel pulse sequence. Spectra are frame-normalized. The positive features represent ground-state bleach and stimulated emission, and negative
features represent photoinduced absorption. (b) Cross section of the two-dimensional spectra at various waiting times at A, = 630 nm. (c)
Multiexponential fit for the off-diagonal point, 4., = 635 nm, A4, = 660 nm.

emitters transfer excitations to the photosystems that lie
beneath the phycobilisomes.””*" A new study by Beck and co-
workers uses global analysis of 2DES data and suggests that
excitons travel to the core in 13 ps.”” The exact timescale of
rod-to-core transfer remains a topic of debate and differs in
different global analyses. Many of the FRET steps along the
way to the allophycocyanin core have time constants longer
than 10 ps.*> A bottleneck is predicted at the rod-to-core
transfer step due to the large interchromophore distance,
which makes backward hopping into the rod more favorable'
and confounds our understanding of the high transfer
efficiency of the complex. Here, we investigate the basis for
high energy transfer efficiency in the phycobilisome by directly
monitoring energy flow in the phycobilisome complex of
Synechocystis sp. PCC 6803 using polarization-controlled
2DES.

B RESULTS

Two-Dimensional Electronic Spectroscopy with Iden-
tically Polarized Pulses. Two-dimensional spectra of the
phycobilisome obtained with identically linearly polarized
pulses at 0.2, 2, 20, and 200 ps (Figure 2a) show dynamics in
agreement with past measurements and significant spectral
congestion.'*™** The elongated positive feature along the
diagonal from 590 to 670 nm in these spectra at early times
corresponds to ground-state bleach and stimulated emission of
all chromophores. Phycocyanobilin, the only bilin type in the
Synechocystis sp. PCC 6803 phycobilisome, has different
spectral properties in different protein environments, which
gives rise to a broad and elongated lineshape along the
diagonal. Each phycocyanin rod hexamer contains six /3,55 bilin

chromophores in the # subunit that absorb maximally at 594
nm and six pairs of g, and ag, chromophores arranged in close
proximity that absorb at 625 and 618 nm, respectively."”*’
Each allophycocyanin trimer in the core also contains three
Pss—Qss chromophore pairs absorbing maximally at 651 nm.”'
The maximal emission of the rods is at 645 nm,** and the
entire phycobilisome complex emits at ~665 nm. These
features cannot be deconvolved at room temperature because
of the broad lineshapes, as seen with other large photosynthetic
proteins.*”*® Low-temperature studies of the phycobilisome
are challenging because of the propensity of the complex to
disassemble,” and only a few fluorescence studies have been
reported.” " Similar diagonal elongation in 2D spectra is also
observed in other liéght-harvesting antennae like PSI* and
LHCII-CP29-CP24.” The negative feature seen below the
diagonal at detection wavelengths (4,) between 660 and 680
nm has previously been attributed to an electrochromic shift of
the excited states of neighboring chromophores, which induces
a PIA feature.”" A rounding out and downward movement in
the 610—630 nm excitation region is seen in the positive
feature at later times.

Downbhill energy transfer from phycocyanin to allophyco-
cyanin should appear as a cross-peak centered at excitation
wavelength 4., = 618—635 nm and A4, = 658 nm, based on
chromophore excitation and emission energies. We cannot
isolate the rise of this cross-peak because this region is also
congested with the decaying PIA feature,”" a dynamic Stokes
shift in the phycocyanin and allophycocyanin pigments,”’ and
the dynamics of the broad diagonal peak. Figure 2b shows a
cross section at A, = 630 nm to illustrate this point. Three
rising exponentials are needed to accurately fit this region

https://doi.org/10.1021/jacs.3c01799
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Figure 3. (a) Diagonal suppressed two-dimensional electronic spectra ({90, 60, 120, 0°} pulse sequence) of the phycobilisome at 0.2, 2, 20, and
200 ps. Spectra are normalized to the maximum of the entire data cube. (b) Cross section of the two-dimensional spectra at various waiting times at
Aex = 630 nm. (c) Multiexponential fit for the off-diagonal point, A, = 635 nm, 44, = 660 nm. Representative two-dimensional spectra for the {60,

120, 0, 0°} are shown in Supporting Figure 4.

(Figure 2c). The salient isosbestic point at A4, ~ 647 nm,
observed in the cross section in Figure 2b, strongly suggests
that a decaying spectral signature is giving rise to a new
spectral signature. In previous studies, an ~50 ps time constant
has been attributed to the downward flow of energy from the
rods to the core,"””' but this time constant could easily arise
from differences between the kinetics of the three processes
described above. The first time constant, 2.89 ps, has been
attributed to energy transfer along phycocyanin hexamers'**!
but could also arise from the large dynamic Stokes shift of 30
nm in phycocyanin rods.”’ The longest time constant, 850 ps,
has been attributed to the fluorescence lifetime and the decay
of the PIA feature.”’ However, spectral congestion from
numerous spectroscopic signals prohibits us from attributing
these time constants to specific processes.
Two-Dimensional Electronic Spectroscopy in the
Diagonal-Suppressing Pulse Polarization Sequence.
Previous studies have used different methods to deconvolve
2DES dynamics in spectrally congested systems including
global analysis,” lifetime density analysis,”* and cross-peak
enhancing pulse sequences.”” Polarization control has also
been leveraged in many 2DES and 2D infrared spectroscopy
studies to extract chiral,>> coherence-specific’®>> and cross-
peak-specific””****"® dynamics. To suppress spectral con-
gestion and selectively watch energy transfer dynamics within
the phycobilisome, we used a 2DES pulse sequence that
suppresses signals arising from four interactions with parallel
transition dipole moments. The suppression is achieved by
independently controlling the polarization of all pulses.’” The
diagonal-suppressing sequence is encoded into the beam
polarizations as {90, 60, 120, 0°}*”** or {60, 120, 0, 0°},°>*°

where the first two pulses are pump pulses, the third is the
probe, and the fourth is the local oscillator pulse. Suppressed
signals include diagonal signals as well as off-diagonal signals
arising from Stokes shifts and ultrafast solvation, as these
processes typically do not strongly reorient the transition
dipole. Similarly, for linear molecules, ESA signals from the
same chromophore are strongly suppressed. We perform 2DES
on the phycobilisome complex with both diagonal-suppressing
pulse sequences and obtain identical dynamics, which we
attribute to energy transfer in the complex. Throughout this
work, we refer to diagonal peaks as peaks arising from the same
dipole moments as the excitation and cross-peaks as peaks
arising from interactions with dipole moments with orienta-
tions that differ from those originally excited. Both polarization
combinations show identical dynamics because they report on
energy transfer between nonparallel stationary dipoles
occurring over time.

Figure 3a shows two-dimensional spectra in the {90, 60, 120,
0°} pulse sequence at 0.2, 2, 20, and 200 ps. As expected, no
signal is seen at early times because of diagonal suppression. At
later times, a cross-peak centered at A, = ~631 nm and A4, =
~657 nm (Figure 3b) rises on the ~8 ps timescale (Figure 3c).
The feature remains stationary and does not arise from
reorientation during a dynamics Stokes shift. We attribute this
feature to downhill energy transfer from the phycocyanin rods
to the allophycocyanin core. The signal decays with a few ns
time constant when data is collected up to 800 ps, verifying
this assignment. (Supporting Figure 1). This decay is in
excellent agreement with the known fluorescence lifetime of
the phycobilisome core.””***® Qur observed timescale of ~8
ps is closer to the 13 ps timescale suggested by the global
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analysis of 2DES data by Beck and co-workers’’ but much
faster than timescales obtained from other similar compart-
mental models.'”?"***® Moreover, Moran and co-workers do
not see a signal redder than Ag, = ~645 nm along the
detection axis in photon echo peak shift spectra of C-
phycocyanin.*® The phycocyanin emission maximum is also at
645 nm.** The signal extends to the blue side of 600 nm in the
excitation domain, which is outside of the allophycocyanin
absorption, confirming that excitation primarily occurs in the
rods. The emission maximum of the peak lies on the emission
maximum of the allophycocyanin proteins, ApcA and ApcB.
No dynamic Stokes shift is seen even at the earliest times,”"*'
which would be the case if the signal were due to transfer
between C-phycocyanin trimers. Such a signal, which would
peak at 645 nm, is clearly seen in the study by Moran and co-
workers to occur on the 120 fs timescale.”® Finally, our
phycobilisome samgle emits at A,,, = 664 nm in accordance
with the literature.®” The cross-peak has a A,,,, of ~657 nm on
the detection axis, which corresponds to emission from the
upper rods of the core, in accordance with the emission profile
of the quenched phycobilisome in the same work,”” further
confirming that the primary signal we isolate arises from energy
transfer from rods to the first sites in the core. We do not see
the small, few nm dynamic Stokes shift of allophycocyanin
because this process is fast compared to excitations moving to
the core, nor do we see a shifting peak from phycocyanin
relaxation because the direction of the dipole moment does not
change during this process.

We do not observe signal at early and zero times at the
spectral position of the negative signal seen in the all-parallel
polarized spectra (Figure 2). We attribute the lack of T = 0
signal, which would be indicative of direct coupling between
transitions, to two factors: the sparse arrangement of the
chromophores leading to relatively localized states and the
small fraction of rod chromophores that are coupled to the
core. The signal at longer times is effectively amplified because
energy absorbed into any rod chromophore eventually
traverses from rod to core giving rise to the energy transfer
signal. Therefore, the negative signal observed in pump-probe
spectra and parallel 2DES is attributed to ESA from S, — S,
which must have a transition dipole moment nearly parallel to
the S, — S, transition. This assumption is reasonable because
phycocyanobilin is an approximately linear molecule. It has
been recently shown by Beck and co-workers™” that excitations
in phycocyanin hexamers remain delocalized over the ag,—fg,
chromophore pair. The canceling of the ESA feature in our
data suggests that in these nearly linear molecules, transition
dipoles from singly excited states to higher-lying states are
nearly parallel to the transition dipoles from the ground to
singly excited states. If the PIA signal were a photoinduced
absorption from an electric field-induced shift on a neighboring
molecule, this signal would appear from T = 0 in the diagonal-
suppressing sequence as well. Tensor component analysis by
Mukamel and co-workers®® confirms that a signal from a
nonparallel dipole would not be canceled by our pulse
sequence. A similar red ESA feature is observed in an earlier
transient absorption study with parallel polarized pump and
probe pulses on free phycocyanobilin in solution, which also
supports our ESA assignment.64 Our data are further
supported by a cross-peak observed at A, = ~600 nm and
Aget = ~635 nm, corresponding to energy transfer from the 35
chromophore to the g, chromophore and calculated to be 25
ps by Sauer and Scheer (Supporting Figure 2a).”” We see a rise

of 17 ps (Supporting Figure 2b) and attribute the discrepancy
to inter-rod pathways near the core ends® of the rods where
Piss chromophores are proximal to fg, chromophores from
other rods. We note that minor contributions from spectral
congestion from the broad signal of the main cross-peak likely
also influence the time constant.

To confirm that the observed cross-peak, rising on the ~8 ps
timescale, signifies energy transfer from the rods to the core,
we revisit the isosbestic point in the fully absorptive, all-parallel
polarization sequence 2DES spectra (Figure 2b). Specifically,
we look at slices along the detection axis for 4., = 630 nm. The
isosbestic point in these spectra arises from a decay in the
spectral signature of the rods and a concomitant rise in the
cross-peak of energy transfer from rods to the core. We assume
that a dynamic Stokes shift in C-phycocyanin has occurred by
200 fs. At 200 fs, the spectrum is composed entirely of the first
spectral signature, the excited state spectrum of the rods and
the core. By 600 ps, the spectrum is composed almost entirely
of the second component, the cross-peak of rod-to-core energy
transfer. Therefore, we fit the spectrum at every time point
between 200 fs and 600 ps to a weighted sum of the spectra of
the 200 fs signature and the 600 ps signature. These isosbestic
fits are found to accurately replicate spectra of all waiting times.
We subtract the contribution of the early time spectrum from
all time points and plot the resulting spectra. These spectra
resemble the cross-sections at 4., = 630 nm of the cross-peak
specific spectra (Supporting Figure 3a,b) and multiexponential
fitting of the resulting spectra yields a rise time constant of 7.5
ps (Supporting Figure 3c). This analysis suggests that the
rising cross-peak is mostly, if not completely, positive in sign
and is hidden below the diagonal and ESA features in the all-
parallel data. A rising positive cross-peak is consistent with
stimulated emission from the upper core proteins, ApcA and
ApcB, after energy transfer from the rods. Singular value
decomposition of the purely absorptive parallel polarized
2DES data also yields a cross-peak component that rises with a
6.2 ps time constant (see Supporting Figure 10).

Suppressing the diagonal peaks isolates the intercomplex
energy transfer signals from rods to cores and allows us to
attribute a timescale to this process. Previous studies have
attributed a timescale of 50 ps for downhill energy flow or rod-
core equilibration using decay-associated spectra of pump-
probe measurements.'>'”*' However, we observe a signifi-
cantly faster rise time of the cross-peak and steady intensity up
to ~150 ps, after which the signal starts to decay. Our obtained
dynamics in the all-parallel data acquisition sequence match
earlier reports and compartmental models yielding a sub-5 ps
component, an ~50 ps component and an ~1 ns component.
Similar dynamics have been observed in many stud-
ies'¥1¥723252¢ by fitting transient absorption and time-
resolved emission decay traces. Our cross-peak specific spectra
show distinctly different dynamics from these reports and our
own all-parallel 2DES because the pulse sequence selects the
cross-peak signal, or the stimulated emission from energy
transfer, while suppressing the highly wavelength-dependent
dynamics of the other three signatures. In all-paralle]l 2DES and
transient absorption, the time-dependent change of signal
intensity is a convolution of the different dynamics of all of
these processes making the selective isolation of energy
transfer unreliable. The large background of the diagonal
signal overwhelms the dynamic response in transient
absorption and all-parallel 2DES.
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B DISCUSSION

Based on the Forster calculations of Sauer and Scheer,* energy
flow along rods of phycocyanin hexamers should occur
primarily through intertrimer exciton hopping between
adjacent fg,' and fg,* rod chromophores. This hop occurs
with a FRET rate of 1/(2.5 ps)."®” To rationalize the fast
downhill energy transfer rate, we initially used a random
hopping model of excitons along four isoenergetic f, sites
with a wall on one end and an allophycocyanin sink on the
other. Four sites are used based on the negative staining EM
images of Gao and co-workers’ and other TEM and theoretical
studies of phycocyanin assembly and rod-length as functions of
light intensity used for cellular growth, which also suggest that
two hexamers or four trimers are most commonly found in
intact phycobilisome structures.”>®” Considering the allophy-
cocyanin as a sink is not easily justified because many studies
suggest that the bottleneck for excitation transfer in the
phycobilisome is from the rod to the core because of the large
interchromophore distance.”’> However, even assuming an
allophycocyanin sink, we retrieve only a mean phycocyanin to
allophycocyanin transfer time of 16 ps (see the Supporting
Information), which does not agree with our measurements.
Next, we consider a model in which the last fq,
chromophore closest to the allophycocyanin core, or the
core-proximal ffg, chromophore, is of lower energy and, as
such, an intermediate trap state. Further, the allophycocyanin
core is placed at an energy lower than this terminal fg,
chromophore. In this case, a random walk is allowed between
the two most distant chromophores, but excitons effectively
move unidirectionally to the core-proximal chromophore from
the third chromophore and from this core-proximal fg,
chromophore to the allophycocyanin core. With this model,
we obtain a rod-to-core transfer time of 8.8 ps, in excellent
agreement with our measured time constant of 7.9 ps
(Supporting Figure 3c). Figure 4 shows a cartoon schematic
of this model, which is based on numerous spectroscopic and
structural studies: recent cryo-EM structures suggest that
aromatic and charged residues of the CpcG rod-core linker
protein form a pocket around core-proximal fg, chromo-
phores, lowering their energy and forming a conduit through
which energy is funneled to the core (Figure 4).”"® Sui and co-
workers have previously suggested that this feature is
conserved across phycobilisome complexes of cyanobacteria
and red algae, and it is also consistent with the spectroscopic
characterization of the CpcG-C-phycocyanin linker protein
complex.”'” Pertinently, Sauer and Pizarro”” and Glazer and
co-workers®® have characterized the CpcG-phycocyanin
complex spectroscopically and a redshift of 12 and 6 nm is
seen in the absorption and emission profiles, respectively, of
the C-phycocyanin trimer upon CpcG binding. Based on the
relative intensity weights of fluorescence peaks, fluorescence
spectra of the CpcG-C-phycocyanin complex” suggest that
two of the three terminal chromophores red-shift due to
interactions with CpcG. The recent cryo-EM structures of the
megacomplex suggest that these two chromophores are also
the closest contacts to the allophycocyanin core although
systematic electronic structure calculations will be needed to
obtain the spectra of each chromophore.”'> We also modify
our model to incorporate FRET rates based on the absorption
and emission spectra of the isolated CpcG-C-phycocyanin
complex.”” We note however that these spectra contain
emission from both red-shifted and non-red-shifted chromo-

2.5 ps 2.5 ps A

»
I I

Energy

Figure 4. Phycocyanobilin rod chromophores in a single phycobili-
some rod (blue) and the nearest allophycocyanin core chromophores
(red). Chromophores shown in bold transfer energy directly to the
core-proximal chromophores (gold). CpcG, the rod-core linker
protein is shown in gray, and its aromatic and charged residues
(shown in dark gray) surround the core-proximal rod chromophores
(gold). All structures are rendered using coordinates from Kerfeld and
co-workers."> Chromophore—residue interactions lower the energy of
the core-proximal chromophores by ~250 cm™ to facilitate
unidirectional flow from the rod to the core.””

phores, which increases back-hopping rates in our calculations
and yields an energy transfer time constant of 9.6 ps. Our
model incorporates the known redshift of the terminal C-
phycocyanin in the FRET rates but is otherwise a simplified
FRET model similar to the recent work of Kerfeld and co-
workers."> Single-molecule fluorescence studies on this
complex may isolate emission from the red-shifted chromo-
phores.”” Beck and co-workers have recently shown that
excitons hopping along phycocyanin rods are delocalized over
the tightly coupled ag,—fs, chromophore gair and that
intertrimer transfer predominates localization.”” In the case
of the core-proximal ffy, chromophore, the lower energy would
likely suppress the superposition of the ag,—fq, states and
localize the excitation on the fg, chromophore, creating an
even more unidirectional flow of energy along the rod.

On average, two fg, chromophores of the core-proximal
trimer are within 4 nm of the core chromophores. Energy
transfer between fg, chromophores in the same trimer is slow
(1/(25 ps)).”* Therefore, an explanation is needed for fast
transfer from the third chain of fg, chromophores. A few
possibilities arise: recent theoretical studies'"®® strongly
suggest that inter-rod transfer pathways play a dominant role
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in funneling excitations to the core. Most importantly, the
recent down—down and up-down TEM and cryo-EM
structures seen by Kerfeld and co-workers' reveal these
dominant inter-rod exciton hopping pathways and strongly
suggest that excitons are not limited to FRET hopping within
single phycocyanin hexamers and rods. From their cryo-EM
structures, they calculate that about 70% of phycobilisome
complexes have at least one rod in the down conformation.
FRET calculations in the same work indicate prominent inter-
rod energy transfer pathways. The work by Kerfeld and co-
workers'” does not suggest that inter-rod transfer significantly
speeds up energy transfer to the core because they do not
incorporate red-shifted core-proximal chromophores in their
modeling. However, up to 10% exciton transfer to each rod
from the down-shifted rod is suggested in their calculations.'
Another cryo-EM'® structure suggests that linker protein
interactions laterally shift phycocyanin hexamers with respect
to each other along the rod axis. This shift could also lead to
more favorable FRET rates.

Finally, the detection maximum of the signal in the cross-
peak-specific spectra remains 657 nm until at least 800 ps
(Supporting Figure 1). This observation suggests that over the
bulk of the exciton lifetime, excitations stay in the APCgg
pigments. Global analysis on time-resolved fluorescence
spectra of the same phycobilisome complex by van Amerongen
and co-workers suggests that APCgg is reached in 43 ps in rod-
less CK phycobilisomes, but this movement was not clearly
resolved in wild-type phycobilisomes.”* We find that in our
wild-type phycobilisomes, bulk excitons from APCgg, reach the
terminal emitters on a much slower timescale. Our observation
of the long lifetime of the APCg, is also consistent with the
study of Beck and co-workers, who suggest that exciton
localization may occur in the upper chromophores of the
core.”” It has been previously shown that the APCgg, proteins
are not involved in OCP-based photogrotection.48 The cryo-
EM structures of this phycobilisome'” show that four OCPs
bind to the sides of the core and are suitably placed to quench
the majority of the APCgg subunits. These observations
together suggest that the long staying time of the excitations in
the APCgq, subunits serves as a design strategy to allow
efficient OCP-based quenching.

B CONCLUSIONS

The phycobilisome antenna differs from the LHCII and LH2
complexes found in plants, algae, and purple phototrophs in
that the arrangement of chromophores in the rods and cores is
sparse and the chromophores themselves are more fluorescent
than chlorophyll derivatives. Unlike other complexes, the
phycobilisome does not exploit dense packing of chromo-
phores and quantum mechanical delocalization of excitonic
states.” The near-unity efficiency of energy transfer along the
phycobilisome is therefore remarkable. What the phycobilin
chromophores lack in energy absorption and retention
capabilities in comparison to chlorophyll derivatives, they
make up for with facile absorption and emission wavelength
tunability through their local protein environment, variable
conjugation length, and tunable charge-separated states. The
known red-shifted core-proximal chromophores increase the
probability of excitation energy transfer to the core,
reminiscent of similarly placed red chromophores in other
systems such as the red chlorophylls in PSI and bacterio-
chlorophylls in LH1 in purple bacteria.”””" However, in this
case, the known red-shifted chromophores are energetic

intermediates in relation to the phycobilisome rod and
allophycocyanin core chromophores (Figure 4),” so rather
than retarding exciton transfer to the next component they
improve spectral overlap and speed up energy transfer.

While multiple time-resolved spectroscopic studies have
tried to observe site-specific excitation transfer in large and
physiologically important light-harvesting antennas, spectral
congestion of several antenna components obscures the
dynamics. In this study, we suppress diagonal features in
2DES to directly watch exciton flow across tens of nanometers
between the components of the phycobilisome megacomplex.
The diagonal suppressing pulse sequence suppresses both
strong diagonal signal and PIA near the cross-peak, isolating
off-diagonal cross-peaks indicative of energy transfer.

Our results show that, despite slow FRET rates within
phycocyanin trimers on the order of 10—30 ps and large
interchromophore distances, most rod excitations reach the
core of the phycobilisome with an ~8 ps time constant before
decaying with a few ns decay constant matching the
fluorescence lifetime of the core. Previous studies have pointed
out that the rod-to-core transfer is the biggest bottleneck in
downhill energy movement in the phycobilisome,"”* but
cross-peak specific spectra suggest that this bottleneck is
averted by limiting the active random walk region available to
the excitation in a rod and by facilitating spectral overlap with
the core. Because random walk time scales as N? for N sites in
one-dimension (higher for larger dimensions) as assumed for a
rod, the rate of transfer doubles when the spectroscopically
characterized red-shifted core-proximal chromophore holds
excitations to prevent them from escaping back into the
random walk region. Reducing the random walk time
minimizes the probability of trapping, fluorescence, and
exciton annihilation'®'” and increases the efficiency of the
excitation transfer process. In other words, creating a
continuous or fine-tuned spatioenergetic funnel allows largely
unidirectional energy flow and enhanced transfer efficiencies.
Moreover, inter-rod energy transfer between closely situated
chromophores in different rods further lowers reliance on the
slow FRET rates within a phycocyanin trimer. Recently
observed down—down phycobilisome structures may play a
significant role in enhancing this effect.'> These interactions
are conserved across red algal and cyanobacterial phycobili-
somes,” suggesting that they are an evolutionary design feature
that drives unidirectional and near-unity efficient energy
transfer from phycobilisome rods to cores. Finally, while
energy transfers swiftly from rods to the core, transfer from
APCgy, core proteins to the terminal emitters in APCgq
(ApcD, ApcE, ApcF) is slow and likely allows efficient OCP-
based photoprotection. Therefore, the bottleneck in the
exciton transfer through the phycobilisome is not the rod-to-
core transfer but transfer to the APCgq, terminal emitters from
APCgg chromophores. Recent cryo-EM structures of OCP-
attached phycobilisome cores from Kerfeld and co-workers'™
and our observation that excitons spend the bulk of their
lifetime in the APCgy, pigments strongly suggest that the
bottleneck of energy transfer to the terminal emitters is not an
inefficiency, but a design principle that provides robust and
self-contained photoprotection to any protein that should
receive excitations from the phycobilisome.
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