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ABSTRACT: Cyanobacterial phycobilisome complexes absorb visible
sunlight and funnel photogenerated excitons to the photosystems where
charge separation occurs. In the phycobilisome complex of Synechococcus
elongatus PCC 7942, phycocyanin protein rods that absorb bluer
wavelengths are assembled on allophycocyanin cores that absorb redder
wavelengths. This arrangement creates a natural energy gradient toward
the reaction centers of the photosystems. Here, we employ broadband
pump−probe spectroscopy to observe the fate of excess excitations in the
phycobilisome complex of this organism. We show that excess excitons
are quenched through exciton−exciton annihilation along the phycocya-
nin rods prior to transfer to the allophycocyanin cores. Our observations
are especially relevant in comparison to other antenna proteins, where
exciton annihilation primarily occurs in the lowest-energy chlorophylls.
The observed effect could play a limited photoprotective role in physiological light fluences. The exciton decay dynamics is faster in
the intact phycobilisome than in isolated C-phycocyanin trimers studied in earlier work, confirming that this effect is an emergent
property of the complex assembly. Using the obtained annihilation data, we calculate exciton hopping times of 2.2−6.4 ps in the
phycocyanin rods. This value agrees with earlier FRET calculations of exciton hopping times along phycocyanin hexamers by Sauer
and Scheer.

■ INTRODUCTION

Cyanobacteria carry out nitrogen fixation, methanogenesis, and
oxygenic photosynthesis in the biosphere.1 The efficiency with
which a photogenerated exciton reaches the reaction center, or
the transfer-to-trap quantum efficiency, is remarkably high in
these organisms, with values reported in the range of 80−
95%.2,3 An energetic funnel in which photogenerated excitons
move downhill from light-harvesting antennae to the reaction
center is responsible for this high transfer-to-trap efficiency.3,4

The antenna complexes of cyanobacterial photosynthesis
strongly absorb all visible wavelengths shorter than 700 nm.
Light between 550 and 700 nm is absorbed by tetrapyrrole-
based phycobilin (PB) chromophores which are found in the
antenna complex assembly known as the phycobilisome (PBS).
The PBS complex attaches to the stromal side of the
membrane and funnels photogenerated excitons to both
Photosystem I (PSI) and Photosystem II (PSII).5

In the PBS complex, phycobilin chromophores are
covalently bound to the water-soluble phycobiliproteins.6−8

The PBS structure of S. elongatus PCC 7942 is shown in Figure
1 along with its absorption spectrum. This PBS complex is
made of six rods that are attached to a core. Each rod consists
of three hexamers of the phycocyanin (PC) protein. Each PC

monomer binds three phycocyanobilin molecules,9−11 and the
core consists of two tetramers of four trimers of allophyco-
cyanin (APC). The rods are connected to the core by linker
proteins. Phycocyanobilin is the only phycobilin chromophore
found in S. elongatus PCC 7942. Previous studies have shown
that interchromophore delocalization of excitations is seen on
the subpicosecond time scales in APC but not in PC.12−15

Chromophore protein environments combined with chromo-
phore−chromophore interactions in APC tune the absorption
of PC to ∼620 nm and that of APC to ∼650 nm to maintain
the energetic funnel.11 On the picosecond−nanosecond time
scale, FRET hopping can be used to accurately describe
exciton transport in the phycobilisome.16

The redox chemistry of the PSI and PSII reaction centers
(RCs) is typically slower than the photon absorption rate of
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the antennas under high solar-fluence conditions.4,17 In clear
water under sunny conditions, caustics can form which
strongly focus sunlight, creating millisecond transients in
shallow water. These transients can momentarily create solar
fluxes 5−10 times the typical intensity at the surface of the
water, also contributing to the large imbalance between the
photon absorption rate and the reaction center turnover
rate.18,19 In such scenarios, numerous photoprotective
strategies are employed to dissipate excess excitations and
avoid stressing the RC or the production of singlet oxygen
species. For example, PSI RCs are surrounded by red
chlorophylls, which absorb wavelengths redder than 700 nm
and hold funneled excitons to slow the exciton trapping
process in the reaction center, suggesting a photoprotective
role of these chlorophylls.20 In numerous antenna complexes,
notably LH2 and LHCII, exciton annihilation also occurs
predominantly in the lowest-energy chromophores before
excitations are passed on toward the antenna.2,21,22 This
phenomenon could play a photoprotective role. In Synecho-
cystis sp. PCC 6803, a small light-activated protein called the
orange carotenoid protein (OCP) binds to the PBS complex to
drive the nonphotochemical quenching of excess excita-
tions11,23−25 prior to reaching the reaction center. Intrinsic
light-activated dissipation has also been shown in this
species.26 In S. elongatus, the formation of IsiA-PSI super-
complexes provides photoprotection to the PSI reaction center
by channeling excitations to the IsiA protein where they are
dissipated.27−30 However, the OCP is not found in S. elongatus
PCC 7942, and the fate of excess excitations in this PBS
complex is not as well-understood.
To uncover exciton quenching time scales in the PBS of S.

elongatus PCC 7942 and pinpoint the sites of excess exciton
quenching, we perform fluence-dependent ultrafast broadband
pump−probe spectroscopy on this protein complex. This
method has been used in the past to observe FRET frustration
in Cy5 dyes on DNA31 and exciton−exciton annihilation in
monolayer MoS2

32 and to decode exciton equilibration time
scales in LHCII33 trimers and LH2 membranes.34 We employ
pump fluences corresponding to 1.3, 3.5, 6.1, and 13.6
excitations per phycocyanin rod of the phycobilisome.
We find that excess excitations created in the phycocyanin

rods of the complex are annihilated before they transfer to the
allophycocyanin core. This finding is unexpected in the context

of previous work on LHCII and LH2 that has shown that
exciton−exciton annihilation occurs primarily in the lowest-
energy chromophores in these antenna complexes.21,22 This
effect likely occurs because the core has fewer chromophores
than the rods.9−11,35−37

Our transient differential transmission data for the different
pump fluences fits well to a simple second-order annihilation
model,6,33 and we recover exciton hopping times between bilin
chromophores on adjacent stacked phycocyanin trimers from
the model.6,33 Our recovered hopping times are in excellent
agreement with earlier theoretical hopping time calculations
and experiments.16,38,39

■ METHODS

Phycobilisome Isolation. Phycobilisome complexes are
isolated from wild-type S. elongatus PCC 7942. Cells are grown
in BG-11 medium under white room lights at room
temperature. The isolation is adapted from the procedure of
Kirilovsky and co-workers.40 Cells are pelleted for 40 min at
4000 rpm. The pelleted cells are resuspended in 1 M
potassium phosphate buffer and washed at 4000 rpm for 40
min multiple times to remove the BG-11 medium before the
final resuspension in the 1 M phosphate buffer. Visible
impurities are removed after every wash. Resuspended cells are
vortex mixed with glass beads in a 1:1 volume ratio of beads
and suspension three times for 1 min. To avoid local heating,
the suspensions are placed on ice for 1 min after every vortex
cycle. The lysed cells are incubated for 30 min with Triton X-
100 (2% v/v) at 28 °C in the dark. The phycobilisome
supernatant is separated from cell and glass debris by
centrifugation at 20 000 rpm for 20 min. This procedure is
repeated several times to maximize the phycobilisome yield.
The recovered supernatant is loaded on a discontinuous
sucrose gradient of 1.5, 0.75, 0.5, and 0.25 M sucrose in 1 M
potassium phosphate buffer (Figure 1a). The gradients are
ultracentrifuged overnight at 24 000 rpm. The deep-blue 1.5 M
sucrose band is isolated and stored in −71 °C for subsequent
spectroscopic measurements. Phycobilisome integrity is
confirmed with gel chromatography (Figure S1 and Table S1
in the Supporting Information), fluorescence spectroscopy,
and circular dichroism (CD) spectroscopy (Figure S2 in the
Supporting Information). Our gel shows a prominent PC band

Figure 1. (a) Phycobilisome isolated in the 1.5 M sucrose layer of the sucrose gradient and the structure of the Synechococcus el. PCC 7942
phycobilisome. The phycocyanin rods are shown in blue, and the allophycocyanin core is shown in red. (The image contrast of the centrifuge tube
photograph has been adjusted for clarity; the raw image is included in Supporting Information Figure 7 for reference). Linker proteins are shown in
green and gray. (b) Absorption spectrum of the phycobilisome and the laser spectrum used in this study.
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at ∼20 kDa, confirming that the PC complexes make it to the
heaviest sucrose fraction as intact phycobilisomes.41

Absorption, Circular Dichroism Spectroscopy, and
Fluorescence Spectroscopy. The absorption spectrum of
the phycobilisome is obtained in a 1 mm path length cuvette in
an Agilent Cary 5000 spectrometer. Two-dimensional
fluorescence spectra are obtained in a 1 cm cuvette with
0.05 OD sample in a Horiba Jobin Yvon Fluorolog-3
spectrophotometer. CD spectra are obtained in a 1 mm
cuvette on a 1.0 OD sample in a Jasco J-1500 CD
spectrometer.
Ultrafast Broadband Pump−Probe Spectroscopy.

Sub-40-fs pulses centered at ∼800 nm with an average
power of 2.7 W and a repetition rate of 5 kHz are generated
in a Ti:sapphire Coherent Legend Elite regenerative amplifier
seeded by a Coherent Micra Ti:sapphire oscillator. The laser
beam is focused in argon gas at 18 psi. A portion of the
resulting white-light supercontinuum is compressed to ∼10 fs
using an SLM-based pulse shaper (Biophotonic Solutions Inc.
MIIPSBOX640). A representative laser spectrum is shown in
Figure 1c. The compressed pulse is split into pump and probe
beams with a 90/10 beam splitter. The pump beam is passed
through a mechanical delay stage (Aerotech) and chopped at
2.5 kHz (Newport Corp.). The pump and probe are focused
into a 200 μm sample cuvette, and the beam size is
characterized to be ∼290 μm. The pump and probe
polarization are kept identical. The probe is then aligned
with a Shamrock spectrometer and resolved at a Teledyne
Dalsa Spyder 3 CCD camera. The pump energies are
attenuated to 14, 35, 61, and 146 nJ per pulse using neutral
density filters for the annihilation measurements, and the
probe intensity is attenuated by 2 orders of magnitude.

■ RESULTS AND DISCUSSION

Transient differential transmission data for isolated PBS
complexes is shown in Figure 2. Two main spectroscopic
features are observed in the transient transmission data (Figure
2a) for all fluences: a decaying positive feature between 560
and 620 nm, peaking at 605 nm, and a decaying negative
feature red of 625 nm, peaking at 632 nm. Here, positive
features correspond to the ground-state bleach, and stimulated
emission signals and negative features correspond to the
photoinduced absorption signal. A strong fluence dependence
of the differential transmission signal decay is seen throughout
the positive feature on the 50 ps time scale (Figure 2b,c) across
the four fluences. A weaker fluence dependence is seen in the

negative feature and cannot be deconvolved from the standard
error of our measurements. The weak fluence dependence is
likely seen due to spectral congestion among APC, PC bleach,
and electrochromic signals in this wavelength region.
Pump−probe and time-resolved fluorescence studies have

uncovered exciton dynamics in phycobilisome complexes of
many cyanobacterial species. Earlier transient absorption
studies also show a prominent ground-state bleach and
photoinduced absorption signals in the phycobilisomes of T.
vulcanus,42 Synechocystis sp. PCC 6803,11 and A. platensis43 in
the same spectral region. The positive feature seen in our data
has been previously attributed to the ground-state bleaching of
the PC and APC phycocyanobilin chromophores.43,44 Previous
studies suggest that the red negative signature observed in the
transient transmission plot is not caused by the excited-state
absorption of excited phycobilin molecules but is due to an
electrochromic shift of phycobilin chromophores that are
neighbors of excited chromophores.43,44 We see the same
fluence dependence trend in this feature (Figure S4 in the
Supporting Information), but we do not analyze it further due
to the significant spectral congestion in this region and the
measurements falling within the error of our experiments.
Largely overlapping absorption spectra of phycocyanin and

allophycocyanin chromophores lead to spectral congestion and
confound the deconvolution of allophycocyanin specific
dynamics in this PBS complex.45,46 The WT S. elongatus
phycobilisome contains 324 phycocyanin chromophores as
opposed to 48 allophycocyanin chromophores, thus adding to
the difficulty of separating the core-specific signal or rod to
core-transfer dynamics. Mutants with truncated rods or no
rods have been designed to study these dynamics specifically.11

However, to selectively observe exciton−exciton annihilation
and decay dynamics in the phycocyanin rods, we look at the
blue side of the feature near 568 nm where allophycocyanin
absorption is minimal:43 a previous pump−probe study on A.
variabilis allophycocyanin trimers showed an undetectable
ground-state bleach signal blue of 620 nm.47 Fluence-
dependent transient differential transmission plots at 568 nm
for the different light fluences used in our experiment are
shown in Figure 2b. The dynamics show a clear fluence
dependence, with higher fluences leading to faster signal
decays. This fluence dependence is also seen through the entire
positive feature, but we restrict our discussion to the bluest
signal region to prevent the convolution of PC rod dynamics
with APC core dynamics which are also excited in our
broadband experiments. A biexponential fit (Figure S4 in the

Figure 2. (a) Averaged transient differential transmission map for the 46 μJ/cm2 pump fluence. The ground-state bleach is positive, and the
photoinduced absorption is negative. (b, c) Differential transmission as a function of the pump−probe delay at 568 and 605 nm for 10, 26, 46, and
110 μJ/cm2 pump fluences normalized to 50 ps. Error bars show the standard error.
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Supporting Information) for these curves yields a 7−10 ps
component (Table S3 in the Supporting Information) that
remains relatively unchanged with fluence and a second time
constant that decreases from ∼150 to ∼50 ps as the fluence
increases. Previous studies have attributed a 150−200 ps time
constant to exciton transfer from PC to APC,43 and the sub-
10-ps time constant can be attributed to intrahexamer exciton
relaxation within phycocyanins from the work of Kirilovsky
and co-workers.24 The changing longer time constant suggests
that multiexciton events occur as the fluence increases in the
PC rods of this PBS.
To determine if the fluence dependence arises from

exciton−exciton annihilation, we first calculate the number of
excitations on each rod for the four different light
fluences.31,45,48 We obtain values of 1.3, 3.1, 6.5, and 14.6
initial excitations per rod, defined as N(0), for the 10, 26, 46,
and 110 μJ/cm2

fluences, respectively. The calculation of the
number of excitations is detailed in the Supporting
Information. We model the exciton−exciton annihilation
process after a simple second-order differential equation32

N t
t

N t
d ( )

d
( )a

2γ= −
(1)

where N(t) is the number of excitations per rod at a given time
t and γa is the rate constant for exciton−exciton annihilation.
Solving for N(t) gives

N t
N

N t
( )

(0)
1 (0)aγ

=
+ (2)

We fit the obtained transient differential transmission data for
all fluences to this equation and the calculated N(0) values to
this equation. The fits of our data and the calculated initial
number of excitations are shown in Figure 3a. The annihilation
rate is obtained through our fits for the different fluences. The
annihilation rates are reported in Table S2 in the Supporting
Information. A wide range of FRET hopping rates (500 fs to
50 ps) have been calculated for different chromophore pairs in
the PC rods,16 and annihilation likely occurs through a
combination of these hops with a large contribution from

annihilation of between α84 and β84 chromophores on adjacent
trimers in addition to the closest α84 and β155 within a trimer.
Using the obtained exciton−exciton annihilation rate, we

calculate the mean exciton hopping time for the four fluences
using the formula6,33

f0.5a
1

d hopγ η τ=−
(3)

where η is the total number of chromophores involved in the
hopping process (54 per rod), fd is the fractal dimension of the
lattice on which exciton hopping occurs, and τhop is the
unknown parameter, which is the mean exciton hopping time.
The chromophore lattice of phycocyanin rods is not ordered,
and its fractal dimension has not been reported to our
knowledge. Therefore, we assume fd to be 1 for the
phycocyanin rods because this value has not been calculated
but ranges from 0.7 to 1 for most photosynthetic
complexes.6,32−34 We note that using fd = 0.7 will still yield
good agreement with the calculated FRET hopping rate
between the α84 and β84 chromophores on adjacent trimers
(Figure 3c). We obtain a τhop value range of 2.2−6.4 ps using
eq 3. The hopping time obtained through our annihilation
measurements is likely a weighted average of FRET hopping
times between different chromophore pairs that have been
previously calculated and reported. However, it matches
calculated FRET hopping times between α84

1 and α84
4

chromophores and β155
1 and β155

6 chromophores on adjacent
stacked trimers.16 It is likely that the calculated hopping time
increases with fluence due to a higher probability of
simultaneously exciting the β155

1 and α84
1 chromophores

between which the hopping is slower.16 Previous studies
have shown that transfer between the most closely spaced α84

1

and β84
1 occurs on the subpicosecond time scale.38,42,46,49 The

predicted longer hopping times16 between the farther apart α84
1

and β155
1 have also been experimentally observed before.37,49−53

A recent time-resolved fluorescence study observed a 4 nm
FRET distance and a 90% transfer quantum yield between
nearest chromophores of PC and photosystem I in rod-only
PBS complexes.54 Here, we experimentally determine the
hopping time along a phycobilisome rod between isoenergetic

Figure 3. (a) Second-order fits for the transient differential transmission signal at 568 nm for the different number of excitations per rod calculated
for our fluences. (b) Recovered hopping times of ∼2.5 ps correspond to exciton hops between α84

1 and α84
1 (shown in pink and blue, respectively)

chromophores of adjacent monomers within a PC trimer. (c) Side view of the two stacked trimers.
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α84 and β84 chromophores of adjacent PC trimers using our
annihilation measurements. Our fits coupled with the ∼140 ps
time constant of PC to APC hops confirm that the difference
in fluence-dependent dynamics at 568 nm is seen due to
exciton−exciton annihilation within PC rods and before
transfer to APC cores.
In summary, we have shown that excess excitons created in

the highest-energy phycobilin chromophores in the phycobi-
lisome complex of cyanobacteria S. elongatus PCC 7942 can
quench through an exciton−exciton annihilation mechanism
within the PC rods before they hop downhill to the APC.
While a single rod would receive two excitations together
approximately only once in 2 days when the peak solar
intensity is 1000 W/m2, fast annihilation within phycocyanin
rods could prevent the formation of triplet excitons in the
photosystems which are also sites of multiple exciton
generation in high fluences. Our observations could explain
in part the fluorescence quenching observed in an earlier
single-molecule fluorescence study on the Synechocystis
phycobilisome that was excited monochromatically at 590
nm.26 While our study uses higher than physiological
fluences26,55,56 to elucidate exciton−exciton annihilation in
phycocyanin rods, this mechanism could operate a few times in
every rod in a phycobilisome complex over a cell’s lifetime.
This finding is especially relevant in the scenario when other
rapid internal conversion pathways of exciton decay in the
phycobilisome, including OCP binding , are absent. A previous
study showed intra- and interdisk annihilation in the
allophycocyanin core of the Synechocystis phycobilisome but
did not explore annihilation in the C-phycocyanin rods.11

Annihilation in C-phycocyanin trimers has been shown to be
far less efficient than in allophycocyanin in previous
studies,37,57 and our obtained biexponential fits show a much
faster ∼10 ps time constant that is absent in these trimers,
suggesting that the formation of hexamers opens faster decay
and transfer channels. Our calculations also show that this
effect would occur in individual phycobilisome rods several
times over a cellular lifetime. In conjunction with the
comparison to other antenna complexes, we show that the
annihilation seen in phycocyanin rods is physiologically
relevant, an emergent property of the complex assembly and
different from annihilation seen in LHCII in which the fluence
dependence is seen only in the reddest wavelength region.22

Finally, our findings experimentally recover FRET-predicted
exciton hopping times of 2.2−6.5 ps between chromophores
on adjacent PC trimers in the PBS rods. The obtained time
constant complements previous seminal fluorescence and time-
resolved anisotropy studies that aim to make a structural model
of the cyanobacterial light-harvesting antenna.58
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