
Dissecting pigment architecture of individual
photosynthetic antenna complexes in solution
Quan Wang and W. E. Moerner1

Department of Chemistry, Stanford University, Stanford, CA 94305

Edited by Attila Szabo, National Institutes of Health, Bethesda, MD, and approved September 15, 2015 (received for review July 16, 2015)

Oligomerization plays a critical role in shaping the light-harvesting
properties of many photosynthetic pigment−protein complexes, but
a detailed understanding of this process at the level of individual
pigments is still lacking. To study the effects of oligomerization,
we designed a single-molecule approach to probe the photophysical
properties of individual pigment sites as a function of protein assem-
bly state. Our method, based on the principles of anti-Brownian
electrokinetic trapping of single fluorescent proteins, step-wise pho-
tobleaching, and multiparameter spectroscopy, allows pigment-specific
spectroscopic information on single multipigment antennae to be
recorded in a nonperturbative aqueous environment with unprece-
dented detail. We focus on the monomer-to-trimer transformation
of allophycocyanin (APC), an important antenna protein in cyano-
bacteria. Our data reveal that the two chemically identical pigments
in APC have different roles. One (α) is the functional pigment that
red-shifts its spectral properties upon trimer formation, whereas the
other (β) is a “protective” pigment that persistently quenches the
excited state of α in the prefunctional, monomer state of the pro-
tein. These results show how subtleties in pigment organization
give rise to functionally important aspects of energy transfer and
photoprotection in antenna complexes. Themethod developed here
should find immediate application in understanding the emergent
properties of other natural and artificial light-harvesting systems.
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The first step in photosynthesis is the capture of solar radiation
by light-harvesting antenna complexes (1). In these complexes,

pigments are three-dimensionally organized in a protein scaffold
with specific positions, orientations, densities, and chemistry. The
organizing principles (2) of these pigments are evolutionarily re-
fined to achieve wide spectral coverage, efficient energy transport
over long distances (3) and even a degree of quantum coherence
(4). For example, the phycobiliproteins (5) fulfill their roles as light
harvesters and energy transfer chains in cyanobacteria, by covalently
binding multiple open-chain tetrapyrrole molecules (bilins), shaping
the photophysical and photochemical properties of these otherwise
flexible and photolabile pigments via pigment−protein interactions
and forming quaternary structures that provide an extra level of
pigment distance and orientation control (6).
A deep understanding of the physicochemical principles of pigment

organization in antenna proteins not only sheds light on the funda-
mentals of the light-harvesting process but can also provide guidance
to the design and optimization of artificial systems (7). Critical to
elucidation of these principles are the properties of the individual
pigments in their native biological environment (“site properties”).
However, characterization of site properties in a multipigment an-
tenna has been difficult because the contribution of a single pigment
is often obscured by signals from other pigments on the same
protein. Although single-pigment variants can be prepared by de-
naturation (8) or mutagenesis (9), the perturbation imposed by these
methods might be undesirable. Single-molecule fluorescence (10–15)
can provide subcomplex information, but the common practice of
immobilization might perturb the delicate integrity of these highly
optimized antenna complexes. Moreover, previous studies lack suf-
ficient spectroscopic resolution to resolve individual pigments.

Here, to overcome these limitations, we conduct nonpertur-
bative measurements on fully rotationally mobile single pigment−
protein complexes in aqueous solution using an Anti-Brownian
ELectrokinetic (ABEL) trap. Furthermore, we use step-wise
photobleaching and polarization-resolved multiparameter fluo-
rescence spectroscopy to identify and characterize individual
pigment sites. We focus on the pigment organization principles
of a key antenna protein allophycocyanin (APC), which is im-
portant in light harvesting, energy transfer (16), and photopro-
tection (17) in cyanobacteria. Its monomer form (Fig. 1A), which
binds two (α and β) phycocyanobilin (PCB) pigments in similar
but nonidentical protein environments, self-associates to form a
trimer (Fig. 1A). This trimerization process reorganizes the pig-
ments to generate a ∼30-nm red shift in absorption, which is
critical for APC’s function. To trace this reorganization process
to its molecular origin, we first present a detailed optical study
of the individual α- and β-pigments on the monomer and char-
acterize their photophysical properties. A previously unknown
photochemical form of the β-pigment is discovered. We then use
the monomer information to unravel the photodynamics of the
trimers with single-pigment resolution, and we discuss a model of
pigment organization based on these measurements.

Results
Measurement Strategy. To interrogate the photophysical states
of APC in a nonperturbative solution environment, we use the
ABEL trap (18, 19), which integrates high-speed fluorescence
tracking, feedback control, and microfluidics to counteract
Brownian motion in aqueous solution. The ABEL trap enables
>1,000 times longer observation time (approximately seconds) of
single biomolecules in solution (20) compared with diffusion-based
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modalities, during which multiparameter interrogation of both
spectroscopic and transport properties (21) can be performed.
We investigated both the monomers and trimers (SI Appendix,

SI Materials and Methods) of APC. Single proteins were probed in
the ABEL trap for durations limited by complete photobleaching
of the whole complex (Fig. 2). Monomers were typically observed
for ∼0.5 s with clear step-wise digital switching in brightness (Fig. 2
A and B). This observation contrasts with previous unsuccessful
attempts to observe single monomers with surface immobilization
(11), highlighting the importance of using a nonperturbative
ABEL trap to study APC photophysics. Trimers (crosslinked to
prevent dissociation, SI Appendix, Fig. S3), on the other hand,
were observed to show longer trapping times and more complex
stepping behavior in fluorescence brightness, similar to previous
work (11, 13, 22).
To better characterize the photophysics of these brightness

levels, we measured multiple fluorescence parameters from trapped
single proteins (Fig. 1B). In particular, we monitored fluorescence
emission spectra (23), which report the electronic and vibronic
energy landscape of the pigments in their protein environments,
and excited-state lifetime, which provides signatures of fluorescence
quenching and energy transfer. In this work, we also introduced
single-molecule fluorescence polarization (FPol) measurements in
the ABEL trap, which is the single-molecule analog of fluorescence
anisotropy (24). Fundamentally, the emission FPol is determined by
the degree of dipole reorientation between absorption and fluo-
rescence emission. In the case of a single solution-phase antenna
complex containing multiple pigments, FPol is most sensitive
to the directions of energy transfer pathways within the complex
(SI Appendix, SI Materials and Methods). Although single-molecule
FPol measurements in solution have been performed in the past
(25, 26), they have been limited by molecular diffusion to provide
only snapshots of FPol states with large uncertainties. Here,
combining the long observation times enabled by the ABEL
trap with FPol, we observed, for the first time, to our knowledge,
dynamic transitions between distinct FPol levels of the same
protein, as shown in Fig. 2 C and D. Moreover, brightness, FPol
and emission spectra of a single APC were recorded simultaneously,
as correlated dynamics across multiple parameters offer additional
insights in defining and characterizing the emission states of the
system (23, 27, 28).

Emission States of the Monomer. In monomers (Fig. 2 A and B),
step-wise decreases in fluorescence brightness are accompanied by
small changes in FPol and spectra. We first mapped each level’s
average brightness, FPol, and spectral center of mass (CM) as a
single point in a 3D parameter space (Fig. 3A) and then aggregated
data acquired from 1941 monomers to create a scatter plot.

Further, we measured brightness−lifetime distributions in a sepa-
rate experiment using pulsed excitation (Fig. 3A, Bottom).
This analysis revealed four states in the multidimensional pa-

rameter space. These states separate mainly by brightness and
lifetime, and show small but distinctive differences in emission
spectra and FPol. We interpret these states as follows. First, we
assign the most luminous state (brightness, 28 counts per 5 ms;
FPol, 0.36; spectrum, 647.6 nm; lifetime, 1.3 ns) to be the “pristine”
monomer containing intact α- and β-pigments (α+β). Indeed, the
majority (∼60%) of the single molecules entered the trap with this
state. Interestingly, this state has a slightly lower FPol (∼0.36)
compared with the other three (Fig. 3B), which we interpret as
resulting from energy transfer between the two nonparallel pigment
dipoles (to be analyzed in Coupling Between the Two Pigments on the
Monomer). The three less-luminous states all have FPol values
corresponding to the theoretical maximum of a single, rotationally
mobile dipole emitter in our setup (∼0.40, SI Appendix, SI
Materials and Methods and Fig. S2), which suggests that each
represents a state with only one remaining emissive pigment, as
a result of light-driven dynamics.
We next assign the second brightest state (∼22 counts per 5 ms) to

be the monomer with only the α-pigment emitting and the dimmest
state (∼12 counts per 5 ms) to be the monomer with only the
β-pigment emitting. Previous spectroscopic data on biochemi-
cally purified α- and β-subunits (29, 30) established that the α-pig-
ment is twice as bright as the β-pigment in APC from a variety of
strains. Interestingly, between the α-only and β-only populations,
there exists another state with near-identical FPol and spectral CM
compared with the α-pigment, but reduced excited-state lifetime
(∼1.3 ns). We identify this to be the α-pigment in a quenched form

Fig. 1. Experimental scheme. (A) Crystal structure of the model antenna
protein used in this study: APC (PDB ID code 1ALL) is a trimer with C3 sym-
metry. Each constituent monomer (circled in dashed lines) binds two hetero-
geneous PCB pigments (α, blue; β, cyan). In the trimer, a β-pigment is brought
to close proximity to the α-pigment of a neighboring monomer. (B) A single-
molecule fluorescence assay to probe the photodynamics of individual APCs
in solution. Molecules are held in an anti-Brownian ELectrokinetic trap and
interrogated by polarization-resolved multiparameter fluorescence spectroscopy.

Fig. 2. Simultaneously recorded brightness−FPol−spectrum dynamics of
individual APC proteins in solution. (A and B) Two example molecules of the
monomer. (C and D) Two example molecules of the trimer. Solid black lines
indicate the mean parameter value of an identified brightness level. Error
bars indicate 68% confidence intervals and are defined in SI Appendix, SI
Materials and Methods. In the FPol channel, blue circles indicate FPol values
calculated from every 250 total photons. In the spectral channel, purple
squares indicate spectral CM of each 50-ms frame. (Inset) Full emission
spectra (dashed, raw data; solid, double-Gaussian fits) of molecule C’s last
two emission levels (stars).
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(αQ). Moreover, this αQ-state is a single-step photoproduct of the
intact monomer, as 72% of this state results from direct transitions
originating from the α+β state. We subsequently attribute the source
of quenching to be the photoproduct(s) of the β-pigment acting as a
nonemissive Fӧrster resonance energy transfer (FRET) acceptor.

Multiparameter Fluorescence Dynamics of Trimers. Compared with
the monomers, trimers showed more complicated dynamics
in the simultaneously recorded single-molecule brightness,
FPol, and spectrum traces. This is exemplified by multiple in-
termediate states and frequent digital jumps in all three pa-
rameters (Fig. 2 C and D and SI Appendix, Fig. S8). Both
correlated and uncorrelated transitions between the different
parameters were frequently observed. To understand this com-
plex data set, we first extract some common features of the data.
Trimers typically start with a homogeneous state with 3 times the
monomer brightness and a mean FPol centered around 0.025, a
value much lower than the monomer FPol of 0.36 and consistent
with ensemble measurements (31). The mean spectral CM of this
state (658 nm) is ∼10 nm red-shifted from the monomer and
agrees with the bulk spectra. We thus assign this homogenous
state to be the pristine APC trimer with six intact pigments.
In the spectral channel, about 25% (215/847) of the molecules

showed a prominent (∼10 nm) spectral blue shift near the end of
the trapping event. Most of these shifts (>90%) were permanent
before trap exit (Fig. 2 C and D), but reversible shifts were also
observed (SI Appendix, Fig. S8 C and D). Blue-shifting of the last
unbleached step was previously reported on surface-immobilized
APC trimers (11, 13). In addition to the major blue shift, small
spectral fluctuations (∼1–5 nm) were also observed in many

single-molecule traces (Fig. 2D). In the polarization channel,
FPol generally increased as the complex bleached down, but
there was a high degree of molecule-to-molecule heterogeneity.
In some cases, switches in brightness were accompanied by dis-
crete steps in FPol (Fig. 2C, ∼1.4 s). In others, FPol remained
the same regardless of the brightness changes (Fig. 2D, ∼2.3 s).
Spectral and FPol dynamics within a single brightness level were
rare, but were clearly identified in ∼3% of the observed traces
(SI Appendix, Fig. S8 F and G).
When projecting all brightness levels measured from 847 tri-

mers onto a multiparameter map (Fig. 4A), we observed a dis-
tribution that can be best described as a few well-defined clusters
plus continua with reproducible density variations. Clearly, after
the homogeneous high-brightness initial state, there exists a
significant amount of heterogeneity in the emission states of the
trimers. We examine the origin of the intermediate states below.

Discussion
Our single-molecule method uses step-wise photobleaching to
sequentially eliminate the spectroscopic contribution from indi-
vidual pigments within a complex until a single emitting site is
exposed. This unique aspect, together with information along
multiple fluorescence dimensions in a nonperturbative ABEL
trap environment, enables us to carefully examine the emissive
properties and photophysics of the individual sites and sub-
sequently provides a “bottom-up” route to understanding the
collective and synergistic behaviors of the protein complex at
different aggregation stages.

Pigment-Specific Spectroscopic Properties of the Monomer. The
ability to separate, localize and isolate the single-pigment (α, β,
and αQ) states allows us to examine the site properties of the
monomer in great detail. By pooling the spectra from their re-
spective clusters, we obtained the full emission spectra of the
individual α- and β-pigments (Fig. 3D). Although the overall
shapes of the two spectra are similar, β is red-shifted by ∼4 nm in
peak position and serves as the lower-energy site on the mono-
mer. Moreover, the β-pigment features shortened excited-state
lifetime (∼1.1 ns, Fig. 3E) and more heterogeneity in the

Fig. 3. Pigment-specific dissection of the emission states of the monomer.
(A) Multiparameter mapping of all emissive levels observed in APC monomers.
Dashed lines are guides to the eye for alignment. State identifications are il-
lustrated at the bottom; see Emission States of the Monomer for details. (B–F)
Emissive properties of the states. The legends apply to all panels. (B) Distri-
bution of FPol in the intact monomer (α+β, black) and the β-only state (red). (C)
Estimation of the angular separation (Θα-β) between the α- and β-pigment
dipoles on the monomer by a FRET model. Solid gray, expected FPol of the α+β
state as a function of Θα-β; solid black, experimentally observed FPol and its
corresponding Θα-β. Dashed lines indicate 95% confidence interval. (D, Top)
Emission spectra of the individual α- and β-pigment sites. (Bottom) Difference
spectrum (blue) between the two pigments. Dashed line denotes difference
spectrum between two randomly picked subsets of the β-only state. (E)
Decomposed excited-state lifetime distributions of the individual pigments
and the intact monomer. (F) Power dependence of the photodegradation
rates with fits to a power law.

Fig. 4. Dissecting pigment organization in APC trimers. (A) Multiparameter
(brightness, FPol, and emission spectrum) mapping of all emissive levels
observed in APC trimers. Dashed lines are guides to the eye for alignment.
(B) Distribution of the spectral CM of levels showing a high degree of FPol.
(C) Decomposed pigment-specific optical properties of the trimer. The two
emission spectra were estimated by pooling the full spectra from each
population in B separately. The absorption spectrum of β was approximated
by one-half of that of the monomer. The absorption spectrum of αR was
estimated by subtracting the three β-pigments’ contribution from the ab-
sorption spectrum of the trimer (SI Appendix, Fig. S4).
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brightness−lifetime map (i.e., slight correlation in the β-only and
α+β clusters) compared with the α-pigment (∼1.8 ns). It is well
established that photoexcited PCB pigments in solution undergo
fast internal relaxation and photochemistry (<40 ps) that out-
competes fluorescence (32). A protein environment generally
rigidifies the pigment, leading to suppressed nonradiative decay
and restricted photochemical pathways. In cyanobacteria, this
process is tuned by pigment−protein interactions to favor either
excited-state longevity (as in biliproteins) or photochemistry [as
in phytochromes (33)]. Here, our measurements reveal the dif-
ferent degrees of flexibility of the two pigments: Although both
pigments are optimized for radiative decay, the β-pigment is less
so and retains more conformational and photochemical flexi-
bility. One of the β-photoproducts is directly visualized as a dark
quencher to the remaining α-pigment (the αQ-form).
To investigate the photodegradation mechanism of the indi-

vidual sites, we measured photodegradation rates (from fits to
survival time distributions, SI Appendix, Fig. S5) of the α+β and
the α-only states as a function of excitation intensity (Fig. 3F).
Interestingly, the photodegradation rate of the intact monomer
shows a nonlinear dependence (an exponent of ∼1.5) on excitation
power, whereas the α-only state shows a much more linear de-
pendence (an exponent of ∼1.1). Pulsed excitation sped up pho-
todegradation (11, 22), but more so for the α+β state (2.3-fold
increase) than the α-only state (1.5-fold increase, SI Appendix, Fig.
S5). Based on those observations and the fact that pump−probe
experiments (34, 35) revealed large excited-state (S1) absorption
cross-sections in the 580- to 650-nm spectral window, we propose
that absorption from S1 (or an S1-mediated photoproduct) is in-
volved in photodegradation. On an intact monomer, this process
happens more often at the β-site. Further evidence of S1 absorp-
tion is provided by fluorescence antibunching experiments (36),
which revealed efficient singlet−singlet annihilation processes
between the two pigments on the monomer (SI Appendix, SI Re-
sults and Discussion and Fig. S7).

Coupling Between the Two Pigments on the Monomer. The “state-
purified” pigment-specific information allows us to construct a
detailed model of the coupling between the α- and β-pigments on
the monomer, which we build up in Fig. 5. Given the ∼5-nm
spatial separation between the two pigments, FRET is expected to
be the dominant coupling mechanism. Although our multipa-
rameter characterization directly provides emission parameters of
the individual pigments as needed for a Fӧrster equation analysis,
direct calculation of the energy transfer rates is hampered by in-
sufficient knowledge regarding the absorption profiles of the two
pigments. On the other hand, we can take advantage of the
measured properties of the intact monomer. For example, the
brightness of the intact monomer is only 83% of the sum of its
constituent pigments (α-state + β-state), which indicates energy
redistribution toward the dimmer β-pigment site. We thus sought
a FRET model that is most consistent with the collective behavior
of the α+β state. Toward this end, we treated the ratio of energy
transfer rates (kα→β/kβ→α) and absorption probability (Aβ/Aα)
as free parameters and calculated the expected brightness and
excited-state lifetime of the α+β state as the two parameters were
varied (SI Appendix, Fig. S6). We found that best agreement with
experimental data occurred when the α-to-β transfer rate is about 2
times faster than the β-to-α rate on the APC monomer (kα→β/kβ→α ≈
2) and the β-pigment has a slightly lower absorption probability
(Aβ/Aα ≈ 0.9). The large asymmetry in the bidirectional energy
transfer rates is consistent with a direct Fӧrster equation calcu-
lation (kα→β = 5.4 ns−1, kβ→α = 3.0 ns−1, and a ratio of 1.8), in
which we assumed the absorption lineshapes of the individual
pigments to be identical to that of the monomer (SI Appendix, Fig.
S4) with a peak absorbance ratio given by Aβ/Aα. We subsequently
used these rates for further modeling.

Using the measured FPol and the quantitative FRET model, we
estimated the angular separation between the α- and β-pigments
on the monomer. This is based on the interpretation that the
modest depolarization of the α+β state (FPol ∼0.36) originates
from bidirectional energy exchange between the nonparallel α- and
β-pigment dipoles. In Fig. 3C, we calculated the expected (relative)
FPol of the monomer as a function of the angular separation
between the two pigment dipoles. Using this approach, our mea-
sured FPol corresponds to an angle of 29.5 ± 1.5° between the
α- and β-pigment dipoles. We note that our optical estimate for
the monomer is different from previous estimates from the crystal
structure of the trimer (ref. 37, ∼0°), perhaps due to changes in the
protein nanoenvironment and the precise electronic conformation
of the chromophore during trimer formation.

The α-Pigment Is Actively Quenched in the Monomer. Because the
α-to-β energy transfer pathway is more efficient, the α-pigment in
the intact monomer is effectively quenched. Using the quantitative
FRET model, we calculated that the emission rate of the α-site
on the monomer is reduced by ∼43% in the presence of the
β-pigment. Intriguingly, our study revealed a previously un-
known state (αQ) of the APC monomer, in which the α-pigment
is observed in a quenched form.We hypothesize that this quenched
α-state is produced by the β-pigment entering into a nonemissive
but still absorptive state, likely a photoproduct of the PCB pigment
(Fig. 5). The αQ-state is fairly common, as quenching was observed
in ∼55% of the cases where β emission terminates. In this quenched
state, the brightness of the α-pigment is reduced by ∼25%. From
the reduction of the excited-state lifetime (αQ compared with α),
we extracted a quenching rate of 0.2 ns−1. The finding that the
α-pigment is actively quenched in an intact monomer, even after
partial photodegradation of the β-pigment, is interesting and could
have functional implications (discussed in Pigment Organization
Principles in APC). On the other hand, our data do not show a
quenched β-state, suggesting that the photoproduct of the
α-pigment does not act as a quencher.

The α-Pigment Is the Site of 657-nm Emission in the Trimer. When
three monomers form a trimer, the pigments reorganize to

Fig. 5. A model of pigment organization in APC.
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generate a new absorption band at 650 nm. To trace the molecular
origin of this spectral red shift, we first overlaid the emission
characteristics of the α- and β-pigments in the monomer (α1 and
β1), on top of the trimer map (Fig. 4A, “+” signs). Intriguingly,
although the β features (β1) are preserved in the trimer map, the
α-features (α1) mostly disappeared. This observation suggests that
the β-pigment retains its emission characteristics after trimer as-
sembly and is a common intermediate along the photodegradation
pathway of the trimer while the α-pigment, on the other hand, ei-
ther could not be observed emitting by itself (e.g., quenched) or has
altered emission characteristics in the trimer following assembly. To
test these hypotheses, we selected levels with a high emission FPol
(>0.3) and analyzed their associated emission spectra (Fig. 4 B and
C). These levels most likely represent trimers with only one (or two
on the same constituent monomer) remaining emitter, because all
other configurations activate energy transfer pathways across
neighboring monomers, which, due to the geometry of the pigments
in the trimer (37), would significantly lower FPol. Strikingly, we
found two spectral populations in these levels. One population
retains the emission spectrum of the β-pigment on the monomer
(648-nm spectral CM) whereas the second population has a red-
shifted spectrum centered at ∼657 nm that we label αR. Aver-
aged full spectra of the two populations are shown in Fig. 4C
(with absorption spectra explained in the legend). This red-
shifted high FPol population is found only in the trimer. Taken
together, we assign the origin of the 657-nm population to the
spectrally altered α-pigment in the trimer, which shifted to the
red upon trimer formation (Fig. 5).
Our model that assigns α as the site of the 657-nm emission is

supported by resonance-enhanced coherent anti-Stokes Raman
spectroscopy (38) and is consistent with spectral−structural
analysis of APC trimers with a linker peptide (39), where struc-
tural perturbation of the β-pigment caused suppression of only the
620-nm bands but not the 650-nm band or the emission spectrum.
Moreover, a recent structural study of a red-shifted APC variant
(APC-B) (40) is also consistent with our model. There, the red-
shifted, trimer-only band at ∼670 nm correlated well with an al-
tered and more planer geometry of the α-pigment.
Our data disfavor the model that the bathochromic shift is the

result of exciton band formation by the strongly coupled, near-
degenerate α/β-pigment dimers at the monomer−monomer in-
terface (16), because, if this were the case, the spectral content of the
high FPol levels would have been identical to that of the monomer
(Fig. 3). Recently, Womick and Moran (41, 42) proposed a vibronic-
enhanced exciton model that interprets the strong ultrafast exciton
signature of APC trimers (41, 43) on the basis of a strongly coupled
dimer consisting of two highly nondegenerate (∼750 cm−1 gap in site
energy) α- and β-pigments. Our model is fully consistent with their
view. Still, the physicochemical nature of this trimerization-induced
spectral red shift of the α-pigment remains to be fully elucidated. In
addition to an increased coplanarity of the α-pigment, other factors,
including hydrophobicity (44) or an altered hydrogen-bonding net-
work of the D ring (40) induced by the contact of the neighboring
monomer, have also been suggested to play a role. Interestingly, the
spectral characteristics of ApcE (45), which is similar to the
red-shifted α-pigment here, have been elucidated to originate
from pigment conformation rather than excitonic splitting (46).
A comparative structural analysis of ApcE with APC could
potentially provide key molecular insights into the spectral shift
of the α-pigment.

Emission Model of the Trimer. Next, we examine the molecular
origin behind the numerous intermediate states observed in
the trimer photodynamics (Fig. 4A). We start by constructing a
spectroscopic model based on the single-molecule data, bulk ab-
sorption profiles, and the crystal structure, with the following as-
sumptions: (i) The β-pigment maintains the same spectroscopic
properties after trimerization, including the propensity to

photoconvert into a nonemissive quencher. (ii) The α-pigment is
red-shifted in the trimer (subsequently referred to as αR) and acts
as the major emissive species on a pristine trimer. We estimated
the absorption profile of αR by subtracting one-half of the
monomer absorption profile (SI Appendix, Fig. S4) (normalized to
absorbance at 280 nm) from that of the trimer (Fig. 4C). (iii)
Pigment dipoles are oriented according to the crystal structure
(37). (iv) Pigments are coupled thorough a FRET mechanism. We
then enumerated all possible photophysical configurations, taking
into account that β can be either “on”, “bleached” or “a
quencher” and αR can be either “on” or “bleached.” Specifi-
cally, there are 23, 31, and 13 unique configurations for zero,
one, and two β-quenchers (a total of 67 configurations). For each
configuration, we calculated the expected brightness, FPol, emis-
sion spectrum, and excited-state lifetime by solving a multipigment
FRET network model using the site properties (SI Appendix, SI
Materials and Methods and Fig. S9). Repeated interaction with the
excitation laser gradually transitions the protein from one con-
figuration to another.
This simple model captures many essential features of the trimer

data. First, the FPol value of the intact trimer is correctly predicted.
Our model interprets the emission from the intact APC (SI Ap-
pendix, Table S1) as originating from direct excitation of αR, effi-
cient β-to-αR energy transfer within the closely spaced αR/β-pairs
and energy equilibration between the three identical αR/β-pairs.
Second, the model successfully predicts the overall shape of
the multiparameter map. Initially, β efficiently transfers to αR of
the αR/β-pair due to proximity and large spectral overlap. Once the
acceptor photobleaches, β turns to αR on the same monomer
as the FRET acceptor and subsequently to αR at the distal end. As a
result, the emission spectrum of the trimer is resistant to photo-
damage until all three αR-pigments on the complex photobleach.
Meanwhile, the switching of FRET pathways is sensed as changes
in FPol. The large heterogeneity in FPol (at low brightness) reflects
the multitude of energy flow pathways on the partially bleached
complexes, sampled by stochastic photobleaching. Third, some
trimers display large, sudden decreases in fluorescent brightness
similar to that previously observed (11, 13, 22) (SI Appendix, Fig.
S8F). This behavior is understood in our model as the generation
of nonemissive quenchers localized at the β-sites, analogous to the
αQ-state in the monomers. We calculated that a single β-quencher
can reduce the brightness of the whole complex by 80% (SI Ap-
pendix, Fig. S9, configuration A′), which is consistent with experi-
mental observations. Nevertheless, our simple model cannot
explain the slight blue shift (∼1 nm) of spectral CM observed at
intermediate brightness levels. It is possible that light-induced
conformational changes (22) play a role in these cases.

Pigment Organization Principles in APC. In cyanobacteria and red
algae, APC resides in the core of a multiprotein antenna complex
called the phycobilisome. It has two major functions: harvesting
sunlight in the red spectral window and funneling excitation energy
to the chlorophylls in the reaction center (47). The ∼30-nm red shift
in absorption (∼20-nm red shift in emission) upon trimer formation
gives APC its unique optical properties and is thus of critical im-
portance to the protein’s function. Our data corroborate the view
that this emergent property originates from a site-specific confor-
mational alteration of the PCB pigment. Moreover, we pinpoint the
spectral change to the three α-sites. These results might also be
important in understanding the orange carotenoid protein-mediated
nonphotochemical quenching pathway (48) in cyanobacteria, in
which APC was recently found to be the quenching site of the
phycobilisome (17) (SI Appendix, SI Results and Discussion).
Given that the α-pigment defines the spectral signature as well

as the function of APC, it is intriguing to discover here, for the first
time, that the β-pigment, either itself or in a photoactivated form,
acts as a quencher to the α-pigment in the preassembly, monomer
form of the protein. We propose here that β serves a protective
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role that reduces α’s exposure in the excited state, from which
premature photodamage could occur. This mechanism is likely
more important in the early stages of the APC maturation process
(49, 50): i.e., after monomer formation but before full integration
of the trimeric APC into the phycobilisome.

Conclusion
A fascinating feature of antenna complexes is that nature uses
seemingly uniform building blocks and reorganizes them to pro-
duce synergistic and diverse functions. Unraveling these prin-
ciples requires nonperturbative investigation of the individual
components and tracking of their properties during reorganiza-
tion. We have shown here that a single-molecule, multiparameter
fluorescence spectroscopy approach combined with anti-Brownian
trapping achieves a bottom-up dissection of the previously un-
known (to our knowledge) functional roles of the individual
pigments in APC. This methodology should be broadly applicable

for interrogating other naturally existing or artificial multi-
chromophore systems.

Materials and Methods
A detailed description of the materials and methods is given in SI Appendix, SI
Materials and Methods. Briefly, the ABEL trap was implemented as previously
described (23), with the addition of polarization sensitive optics to measure
FPol (SI Appendix, Fig. S1). APC from Spirulina sp. was purchased from Pro-
zyme. A pure monomer population was prepared by the spontaneous disso-
ciation of the wild-type protein at 1 nM concentration for >15 h (SI Appendix,
Fig. S3). Measurements on a pure trimer population utilized cross-linked APCs
to prevent dissociation at single-molecule concentrations.
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