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We report a study of the allophycocyanin trimer (APC), a light-harvesting protein complex from cyanobacteria,
by room-temperature single-molecule measurements of fluorescence spectra, lifetimes, intensity trajectories,
and polarization modulation. Emission spectra of individual APC trimers are found to be homogeneous on
the time scale of seconds. In contrast, their emission lifetimes are found to be widely distributed because of
generation of long-lived exciton traps during the course of measurements. The intensity trajectories and
polarization modulation experiments indicate reversible exciton trap formation within the three quasi-
independent pairs of strong interacting4 and$84 chromophores in APC, as well as photobleaching of
individual chromophores. Comparison experiments under continuous-wave and pulsed excitation reveal a
two-photon mechanism for generating exciton traps and/or photobleaching, which involves ergitdon
annihilation. These single-molecule experiments provide new insights into the spectroscopy, exciton dynamics,
and photochemistry of light-harvesting complexes.

Introduction between on and off states by the formation of exciton traps,
Recent advances in fluorescence microscopy and spectroscopi’i_" hich q_uel_nch the_fluorescenc_e during the emission Off.'“”.‘e-
he emission on-times were linearly dependent on excitation

at room temperature have made it possible not only to detect,, . . hotoinduced hanism for th
image and conduct spectroscopic studies of single fluorophores,'mens'ty' suggesting a photoinduced mechanism for the genera-

but also to monitor the dynamic processes of individual 1O Of exciton traps. The off-imes were independent of
biological macromoleculés: 2 While conventional experiments ~ €Xcitation intensity, suggesting a spontaneous recovery. The
probe the averaged behavior of large ensembles of molecules®*@ct chemical nature and mechanism of formation for the
single-molecule measurements allow distribution of molecular €Xciton traps are not yet known. In the case of light-harvesting
properties to be determined. Moreover, real-time measurementscOmplex LH2, it was suggested that radical cations of bacterio-
of single-molecule trajectories allow dynamic information to Cchlorophylia are formed via photoinduced electron transfer.
be interrogated at a level of great detail. Single-molecule studiesHere we report a series of single-molecule experiments done
have been carried out for both spontaneous and photoinduced®n allophycocyanin (APC), a simpler and well-characterized
dynamical processes. We will mostly focus on the photoinduced Mmolecular aggregate. The motivation of this work is to reveal
phenomena in this work. the underlying mechanisms for the photochemistry and photo-

One of the interesting applications of single-molecule spec- pPhysics of single APC trimers.
troscopy is the study of the exciton dynamics of molecular  Allophycocyanin is located at the core of the phycobilisome,
aggregates, which have been explored by a few grétifis!® a light-harvesting apparatus in cyanobactétiiogether with
Weiss and co-workers demonstrated the fluorescence measuresther phycobiliproteins, such as phycocyanin and phycoerythrin,
ment of a single doneracceptor pair separated by a DNA APC is responsible for efficient capturing and funneling
duplex!? Sequential photobleaching of the donor and acceptor electronic excitation to the membrane-bound photosynthetic
were experimentally observed. In a flow cytometry experiment, reaction centers (PS Il) where fast electron transfer occurs with
Wu et al. made an interesting observation on B-phycoerythrin, high efficiency, converting solar energy to chemical energy. The
a light-harvesting phycobiliprotein containing a cluster of 34 crystal structure of the APC trimer froBpirulina platensi$as
bilin chromophored? They found that the photobleaching of a peen solved recently by Huber and co-work&ra. schematic
single B-phycoerythrin molecule occurs in a single step. With representation of the structure is shown in Figure 1A. Three
confocal minOSCOpy, two detailed studies of the Single I|ght- aﬂ monomers are arranged around a 3-fold Symmetry axis to
harvesting complex LH2 frorRhodopseudomonas acidophila  form a trimer 3); which has a diameter of approximately 11
and single conjugated polymers have been carried out recentlynm a thickness of 3 nm, and a central channel 3.5 nm in
by Hochstrasser and co-workéfsand by Barbara and co-  giameter. In each monomer, anor a3 polypeptide chain
workers;2%respectively. Both groups showed that, in addition coyalently binds a phycocyanobilin (open-chain tetrapyrrole)
to one-step bleaching, single aggregate emission can be SW'tChe‘éhromophore through a cystein residug4 or 84. Upon
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Peking University, Beijing 100871, P.R. China. is brought close to thg384 chromophore in an adjacent
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fluctuations slower than milliseconds. For single-dye molecules
in polymers, spectral heterogeneity and spectral diffusion on
the second time scale have been studied at room tempetéture.
The phenomenon was otherwise hidden in ensemble-average
results. It is intriguing to probe spectral heterogeneity and
fluctuations, if any, of a multichromophore system within a
protein with the single-molecule experiments.

From a practical perspective, allophycocyanin is used as a
fluorescent marker in immunoassay, flow cytometry, and
fluorescence microscopy because of its large absorption coef-
ficient, 7.0 x 10° cm™! M~1, and high quantum yield, 0.68-
(31). In these applications, an intense focused laser beam is
usually used to excite the fluorophores; the photophysical
changes and photochemical damage are one of the important
yet least understood aspects in the use of fluorescent labeling
in life science researci.In demonstrating near-field fluores-

B cence imaging of single protein molecufésye found single

- APC trimers are more prone to photodamage than single
chromophores under the high excitation intensity used. The
. experiments presented in this work shed light on various
mechanisms for blinking and bleaching of multichromophore
7 systems.

Here we report a series of single-molecule experiments on
APC. Trajectories of the fluorescent intensity, spectra, and
lifetimes have been recorded. While polarization modulation
has provided valuable information on single molecule orientation
and rotational motioA;343°>we take advantage of the 3-fold
symmetry of the APC trimer and use polarization modulation
Figure 1. (A) Schematic representation of aIIo_phycocyanin trimer g probe the trap formation within the complex. Comparison of
based on the X-ray crystal structure determined by Huber and g, heriments under continuous-wave and pulsed excitation was
co-workers?? The a84 andf$84 phycocyanobilin choromophores are . . .
shown. (B) Absorption (left) and emission (right) spectra of cross-linked /S0 done to provide clues for the mechanisms of trap formation.
allophycocyanin trimers in pH 7.4 buffer solution. The combination of single-molecule experiments led to new

insights into exciton dynamics in the light-harvesting complex.
center distance of 2 nm. The absorption spectrum of APC trimer

is significantly different from that of the monomer, with a red- EXxperimental Section
shifted sharp peak at 654 nm (Figure 1B). Sample Preparation.Crossed-linked allophycocyanin trimers
There are two limiting cases of excitonic interaction for a from Anabaenavariabilis were supplied by Molecular Probes
donor and acceptor pair. In the strong coupling limit, the strong (Cat No. A-819). APC trimers were dialyzed in 0.1 M sodium
dipole—dipole interaction results in a visible splitting in the phosphate buffer at pH 7.4 aP&. Unlike normal APC trimers,
absorption spectrum and the two excitonic states are delocalizeccross-linked APC can exist in very dilute solution without
within the entire molecular complé®.In the weak coupling disrupting the trimer structurf€. The concentration of dialyzed
limit, the dipole—dipole interaction between the chromophores solution was 1 mM, determined by its absorption spectrum. The
does not significantly alter the absorption spectrum and incoher- sample was stored at®€ for daily use. This solution was further
ent energy transfer is adequately described tngteo theory?* diluted by a factor of 1Owith 0.1 M buffer prior to immobiliza-
The interaction between84 and84 within a pair falls in the tion. We used two different approaches for immobilization. The
intermediate-to-strong coupling range. Steady-state spectroscopidirst was agarose gel. One percent agarose (Sigma, Type VII)
measurement of APC, circular dichroism in partic#fad as in 0.1 M phosphate buffer was kept above the geling temperature
well as recent femtosecond pumprobe measuremeftg8have (40°C) in a water bath. Two glass cover slips (Fisher Scientific)
indicated that the 654 nm peak is the lower excitonic band and were first spin-coated with a very thin film {22 um) of the
623 nm peak is the higher excitonic band. On the other hand, agarose gel. One microliter of the diluted APC solution was
interactions between chromophores in different pairs fall in the mixed with 20uL of gel solution. The two coated glass cover
weak coupling limit. There have been extensive time-resolved slips were used to sandwich a drop of the solution. After gelling
studies characterizing excitonic interactions within the pairs of in a few minutes, APC trimers were immobilized in the polymer
strongly interactinga84 and 384 chromophores, as well as  matrix. The typical thickness of the gel was between 5 and 20
energy transfer between the weakly interacting p#if8 The um. Single-molecule emission spectra indicated that the integrity
fact that the APC trimer has both strong and weak coupling in of the APC trimers was maintained. Polarization modulation
the multichromophore system makes it particularly suitable for experiments (see below) indicated that most of the APC trimers
single-molecule spectroscopic studies of exciton dynamics. did not undergo rotational diffusion in the gel. The second
A central issue in the spectroscopy of biological systems is method for immobilization was by electrostatic interaction
spectral heterogeneity, which arises from different local envi- between the APC trimer and the charged glass surface. After
ronments of chromophores. The fluctuation of the local environ- incubation with a 5Q:L. APC buffer solution for a few minutes,
ment takes place on a time scale ranging from femtoseconds tothe glass cover slip was rinsed with buffer solution. The optical
seconds. The time resolution of single-molecule trajectory measurements were then conducted under the buffer solution.
measurements is on the order of a millisecond. Single-molecule Both atomic force microscopy images and polarization measure-
experiments are capable of probing static heterogeneity andments indicated that most of the disklike APC trimers were laid-
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Figure 3. Comparison of the fluorescence spectrum of a single
allophycocyanin trimer with the ensemble spectrum:)(Single
molecule spectrum;—) ensemble-averaged spectrum. Most single-
molecule spectra are the same as ensemble spectra within the
experimental error. The excitation wavelength was 568 nm, and
excitation power at the sample was 700 nW.

Figure 2. Fluorescence image of single allophycocyanin trimers taken
ina 5um x 5 um field. The molecules were immobilized on cover
glass surface immersed under 0.1 M sodium phosphate buffer. The
excitation wavelength was 568 nm, and laser irradiation power at the
sample was 500 nW. Each peak is attributed to a single APC trimer.

down flat on the glass surface. We found no difference in the Results
fluorescence spectra and lifetimes of the single trimers with these  Fluorescence Spectra.Figure 3 shows the fluorescence
two kinds of sample preparations. This indicated that im- spectrum of a single APC trimer that is identical to the ensemble
mobilization on the glass substrate does not perturb the spectrum. The data collection time was 1 s. Among the 200
spectroscopy of APC trimers. Most of the data presented below molecules we studied, 98% gave identical spectra within
were taken in this manner. experimental error. The shape and peak positions for most
Single-Molecule Fluorescence Measurement3.he spec- molecules did not change with time before photobleaching, even
troscopic measurement was performed using a modified invertedthough the intensity of the spectra varied substantially are on
fluorescence microscope (Nikon Diaph#tf>The sample could off blinking was observed (see below). This result indicates that
be raster scanned or moved to a particular position usiryan  the single APC trimer spectrum is homogeneous on the time
stage (Queensgate). The excitation laser beam was intensityscale of the measurements.
stabilized by a laser stabilization accessory (Liconix 50SA) and  The fluorescence peaks of 30% of the molecules changed
was attenuated to 26700 nW. The excitation light was  from 659 to 640 nm just before photobleaching. The emission
focused by a 60x oil immersion objective (Nikon, numeric ~ maximum of the APC monomer is at 640 R#fWe attribute
aperture 1.4), and the emission was collected by the samethe blue-shifted emission to the last unbleaclo& or 584
objective. The excitation light was blocked by a dichroic mirror chromophore. There is a significant intensity reduction (down
and colored glass filters; fluorescence was detected by ato 10%) associated with the spectral blue shift. Unfortunately,
photocounting avalanche photodiode (EG&G Canada, SPCM- measurements on single APC monomers prepared from dilute
200) at the focal plane of the camera port. Figure 2 shows a 5 solution of non-cross-linked APC trimers are generally difficult
um x 5 um fluorescence image of APC trimers adsorbed on a because the monomers undergo very fast photobleaching.
glass surface and immersed under a buffer solution. Each peak For APC trimers dried on glass surfaces and APC trimers
is attributed to a single APC trimer. imbedded in poly(methyl methacrylate) film, a broad distribution
For measurements of single-molecule spectra, the 568 nmof spectral means as well as spectral fluctuations were observed,
line from an Ar=Kr ion laser (Melles Griot, 643-AP-A01) was  similar to dye molecules in a polymer matfikThe aqueous
used as the excitation source. Fluorescence spectra of singleenvironment sped up the fluctuations.
APC trimers were measured by a combination of spectrograph Fluorescence Intensity TrajectoriesFluorescence intensity
(Acton 150 with 300 g/mm grating) and back-illuminated CCD trajectories of single APC trimers were measured at different
cameras (Princeton Instruments, LN 130). excitation conditions with CW circular polarized light. Figure
For fluorescence lifetime measurements, a cavity-dumped dye4a shows the fluorescence trajectory of an APC trimer taken
laser (Coherent 700) operating with Rhodamine 6G pumped by with 250 nW of excitation power at 594 nm. Three intensity
a mode-locked YAG:Nd laser (Coherent Antares) was used. Thelevels can be clearly identified. Figure 4b shows another
output of the dye laser was at 592 nm with a 10 ps pulse width trajectory taken with 500 nW excitation light at 568 nm. It is
and 5.4 MHz repetition rate. A fraction of the laser power was noteworthy that reversible jumps occur between different
delivered through a single-mode optical fiber to the single- intensity levels before the final photobleaching. Considering that
molecule imaging system. Single-molecule fluorescence life- there is no spectral fluctuation at the same time scale, we
times were measured by time-correlated photon counting with attribute the highest intensity level to three emitting pairs of

an instrumental response time of 180'ps. strongly coupledx84 andf384, the intermediate intensity level
Fluorescence intensity trajectories were recorded with con- to two emitting pairs, and the lowest intensity level to only one
tinuous-wave (CW) excitation at 594 nm by a heligtmeon emitting pair. Photoinduced effects create exciton traps within

laser (Research Electrooptics), as well as at 568 nm by the Krthe strongly coupled84 and$84 pairs, which substantially

line and at 592 nm by the pulsed dye laser. Polarization quench the emission within a pair so that the total emission
modulation experiments were done by continuously rotating a vanishes in pairs. This assignment will be further proved by a
half-wave plate in the excitation beam at a rate of 20 Hz. polarization modulation experiment described below. We found
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Figure 5. (A) Fluorescence decay of a single allophycocyanin trimer
1200 - C immobilized on cover glass. The solid line is a single-exponential fit
s (t = 1.24 nsy? = 0.98) with the instrumental response function (fwhm
1000 - 180 ps). (B) Histogram of fluorescence lifetimes for 75 individual
o Ol _ molecules.
Q -
g 800 - o .
E such as the relative orientation of an APC trimer to the surface.
g 600 We note that not every molecule undergoes the sequential
o intensity jumps. For instance, in Figure 4B, intensity can jump
400 = (at the 19th second) from the three-pair level to the one-pair
200 level due to insufficient time resolution, but the probability of
|" this kind of jump is relatively small.
0 | : i | - | Fluorescence Lifetimes.Figure 5a shows the fluorescence

0 20 40 60 80 100 120 140 decay of a single APC trimer lifetime fitted by a single
Normalized counts exponential decay. In contrast to the homogeneous spectra, an
Figure 4. (A) Fluorescence intensity trajectory of a single allophy- _extremely broqd lifetime distribution for individual APC_ trimers
cocyanin trimer showing the sequential bleaching of the three chro- 1S Observed with an average value around 1 ns (Figure Sb).
mophore pairs. The time bin was 125 ms. (B) Another fluorescence Ensemble-averaged measurements, on the other hand, showed
intensity trajectory with excitation wavelength at 594 nm and time bin a double-exponential decay. One time constant is 1.51 ns with
of 125 ms. (C) Combined intensity histogram of 41 individual g weight of 68%, and the other is 0.63 ns with a weight of
T o e e e 32%. L 15 SUpISing ha he Ifeimes measured n single
fluorescence from one. two. and three pairs. molecule experiments are often shorter _than the_en_semble-
T averaged lifetime. This is caused by the higher excitation rate
90% of the molecules show similar multistep behavior. Fol- @ssociated with the single-molecule measurements, which results

lowing ref 18, we show a normalized intensity histogram (Figure N €Xciton traps quenching the emission.

4¢) for 41 individual molecules. In addition to the weakest peak ~ We also measured the fluorescence lifetimes of single APC
corresponding to the background signal, there are three distinctmonomers prepared from a dilute solution of non-cross-linked
intensity levels. The ratio of the three peak intensities (back- APC trimers. APC monomers have significantly shorter lifetimes
ground-subtracted) in the histogram are 6:3:1 (instead of 3:2: than APC trimers, as well as a broader distribution of lifetimes,
1) because of quenching of the fluorescence by the excitonwhich can be attributable to the flexible tetrapyrrole chains after
trap(s) in the adjacent pair(s), as evidenced by the lifetime the disruption of the trimer structure.

measurements described below. The spreads of the three peaks Figure 6 shows simultaneous lifetime and intensity trajectories
in the histogram are due to heterogeneity of APC properties, for two APC trimers. The time bin was 0.5 s, and the lifetime
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Figure 6. Fluorescence lifetime (A) and intensity (B) trajectories for
two APC molecules with binning time of 0.5 s. Lifetimes were obtained
fitting with a single exponential. &) Lifetime and intensity of a
molecule are uncorrelated, indicating photobleaching of independent
pair(s). @) Lifetime and intensity of another molecule are correlated,
indicating the existence of an exciton trap.

Polarization Degree

Figure 7. (A) Calculated polarization modulation traces for one, two,
and three pairs. The disk-like APC trimer is assumed to be laid-down
flat on a flat sample surface. The polarization direction of the excitation
light is rotated within the sample plane. (B) Calculated polarization
modulation traces for two pairs plus a single unpaired chromorphore

. . . . . with the transition dipole at various angles.
trajectories were recorded with no deadtime. The data fitting

was done by convoluting a single exponential with an instru- trimer is laid-down flat on the glass surface, fluorescence
mental response (full width of half-maximum of 180 ps). intensity induced by excitation to the higher exciton band can
Because of the low number of counts per time bin, we did not pe written as

attempt to fit the data with double-exponential decays. The

objective was not to obtain accurate lifetimes for the single

molecules, but to evaluate the correlation between lifetime and
intensity variations.

Both correlated and uncorrelated behaviors were observed.
For moleculel (dotted curves), the lifetime (Figure 6A) was
unchanged as the intensity was reduced from the three- to onewhere P is the laser power densityj:, o2, and o3 are the
pair level, indicating quasi-independent pairs. In contrast, as absorption cross-sections of the lower exciton band at the
the intensity of molecule 2 changed from the level of two pairs excitation wavelengthy, 7., and s are the fluorescence
to one pair, the lifetime shortened, indicating additional quench- quantum yields of the three pairg) is the frequency of
ing by the extinguished pair. The two behaviors arise from two polarization modulation; an@ is the initial phase. Figure 7a
distinctly different mechanisms, photobleaching and trap forma- shows a calculation of the emission intensity influenced by
tion, respectively. polarization modulation for an APC trimer laid-down flat on

We found that single APC trimers bleach much faster with a substrate. For three identical pairs (inset of Figure 7a),
pulsed excitation than with CW excitation, so all the single- o1= 02, = 03= o andy. =12 =n3 =17, eq 1 can be simplified
molecule lifetimes were measured at a lower excitation power as
of 200 nW.

Polarization Modulation. Polarization modulation of the
excitation light can yield detailed information on the orienta-
tion of the transition dipoles. According to th& symmetry
of the trimer?2 the fluorescence intensity can be regarded as  Therefore, no modulation of the fluorescence intensity should
the incoherent summation of emission from three quasi- be seen (solid line in Figure 7A). After the formation of an
independent chromophore pairs. Assuming the disklike APC exciton trap in one of the three pairgs(= 0, for example), a

| = Poyy, cof(wt + 6) + Poi, cos?(wt +0+ %n) +

Poi, CO§(a)t +6+ gﬂ) (1)

| = Pon(co(wt + 0) + cof(wt + 0 + 2/37) + cog(wt +
6 + 4/37)) = 1.5Pon (2)
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Figure 8. Experimentally measured polarization modulation trace. The zoomed-in portions show that the three pairs are all emitfir@ <p.0
initially, then two pairs emitting (13:615.0 s), and finally only one pair emitting (19:Q0.0 s), similar to the calculated traces in Figure 7A. The
portion between 5.5 and 7.5 s indicates two pairs plus a single unpaired chromorphore emitting, similar to the calculation in Figure 7B.

moderate modulation should be seen (dotted line in Figure 7A, is a reasonable assumption based on the absorption cross sections
assuming the trap does not quench the emission of the adjacenof o84 (384) and the two excitonic states. A significant
pairs, i.e.,n1 = 172 = n). When emission from two pairs are modulation is present in Figure 7B, unless the transition dipole
gone because of either trap formation or photobleaching, of a84 (or/384) is parallel with that of the higher exciton band
emission from the remaining pair results in a 100% modulation (240° case).
(dashed line in Figure 7A). An experimentally measured polarization modulation trace

It is important to distinguish trap formation from photo- is shown in Figure 8. The zoomed-in figures for time periods
bleaching. Trap formation results in the one-step disappearanced—1.0, 13.0-15.0, and 19.620.0 s correspond to three-pair,
of emission within a pair caused by formation of an absorbing two-pair, and one-pair states, respectively, with their averaged
radical cation, which substantially (but not completely) quenches level and modulation depth consistent to the simulations in
the emission of the other chromophore in the pair. Photobleach-Figure 7A. The time period between 5.5 and 7.5 s corresponds
ing is caused by irreversible excited-state photochemical reac-to reversible bleaching @i84 (or84) within a pair, similar to
tions, such as photooxidation or hydrogen abstractidn, the simulations in Figure 7B.
generating nonabsorbing species. Two-step sequential photo- Figure 9 shows another interesting polarization modulation
bleaching has been observed in a relatively weakly coupled trace. Photodamage to the trimer is already apparent at the onset
donor-acceptor syster? As will be seen below, we observed  of the trajectory recording. The modulation curves are fit by a
that two-step photobleaching still occurs in the strongly coupled sine wave. The two bright states<{Q.0 and 2.43.1 s) have
o84 andp84 pairs in APC trimers, although it is dominated by the same phases, indicating the same emitting species, possibly
the one-step trap formation. The trap formation is approximately the two emitting pair (dotted line Figure 7A) or two emitting
three times more probable than the bleaching. pair plus an unbleachea84 (or 584) (Figure 7B) states. The

In contrast to the pairwise extinction due to the trap formation, two dim states (1.22.3 and 3.4-3.6 s) have 100% modulation,
Figure 7B shows the simulation of a polarization modulation corresponding to emission from single emitting pairs (dashed
trace for an APC trimer with only aa84 (or384) within one line Figure 7A). The phase difference between them i 128
of the three pairs photobleached. Even with the crystal structure,10°, close to 120, indicating an alternation between two
it is difficult to determine the angle of the transition dipole emitting single pairs for the two dim states, which is consistent
moments ofo84 (or584). A variety of angles with respect to  with the C; symmetry of APC trimer.
the higher energy exciton dipole are simulated. We assume that Comparison of CW Excitation with Pulsed Excitation.
the absorption cross section for th84 (or384) chromophore Figure 10 shows the intensity trajectories of two APC trimers
is the same as the higher energy exciton band of the pair, whichtaken with continuous excitation (panel A) and a picosecond
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Figure 9. Another experimental modulation trace showing the formation of exciton traps. The two bright states have the same phase, indicating
the same emitting species (two pairs). The two dim states correspond to two single emitting pairs. The second dim state has a phasé shift of 128
(close to 120) to the first dim state, indicating a switching between the emitting pairs.

pulse train (panel B) with identical average power, at essentially measurement. It is important to note that the time scale of the
the same wavelengths, 592 and 594 nm, respectively. Thedynamics that single-molecule experiments can probe is rather
significantly shorter trajectory with the picosecond pulse excita- long (>milliseconds). Of course, spectral homogeneity is

tion is evident, indicating a multiphoton mechanism for pho- dependent on the time scale. Three-pulse photon-echo peak-
tobleaching. shift measurements on a light-harvesting complex, B820 subunit

Figure 11A,B shows the Corresponding histograms of the of LH1 of RhOdOSpiri”Uﬂ rubrumhave clearly shown Spectral
emitted photon numbers and dwell time (insets) of the first bright diffusion on the femtosecond time scale, as well as spectral
state for 56 molecules. From exponential fits to these distribu- heterogeneity being “static” on the femtosecond time stale.
tions, the average survival times for the initial bright state are Recently a similar experiment has been carried out on APC
derived to be 10.4 and 0.66 s for the CW and pulsed excitation, trimers, indicating that spectral diffusion occurs on the 50 fs
respectively, with corresponding averaged emitted photons of time scale and is essentially complete within 1*pghich is
7.2 x 10P and 3.5x 10, respectively. Figure 12A,B shows the ~ consistent with our single-molecule result.
histograms of total emitted photon numbers before photobleach- The distribution of fluorescence lifetimes has been determined
ing of the entire APC trimer. The average total number of by single-molecule measurements for a few systems. The
emitted photons are 2.6 10° and 1.2x 1(° for the CW and lifetime distribution can either be statfcor dynamict=43 In

pulsed excitation, respectively. particular, conformational changes of the protein can vary the
environment of a chromophore and thus its lifetifée!3 Our
Discussion examination of the APC monomers shows a broader distribution

of lifetimes with an average of 0.9 ns, shorter than those of the
Homogeneity of Emission Spectra and Heterogeneity of  trimers. This can be attributed to the fact that the chromophores
Lifetimes. It has been established that emission spectra of single-become more flexible when exposed to the solvent. The APC
dye molecules immobilized on dry surfaces or in polymer trimer, on the other hand, has a relatively rigid structure that
matrixes fluctuate at a rather long time scale under ambient fixes the chromphores in place. Therefore, our observation of
conditions!434.38 For sulforhodamine 101 there are two com- the broad distribution of APC trimers cannot be attributed to
ponents in the autocorrelation function of the spectral mean, conformational variations. The shorter average lifetime of the
with time constants of subsecond and tens of seconds, respecAPC trimers, compared to the ensemble sample, can be
tively.14 The faster fluctuation is caused by spontaneous spectralexplained by formation of long-lived exciton traps that quench
diffusion, while the slow fluctuation is predominantly the result the fluorescence. The broad distribution of lifetimes can arise
of photodriven effects through excited-state relaxation. The from different types of traps. For example, iff84 forms a
emission spectrum of single APC trimer under buffer solution radical cation trap, it can quench the emission from adjacent
is the same as that of the ensemble sample, indicating that thepairs more efficiently than am84 trap because @84’s vicinity
dynamics occur on a faster time scale than the time scale of theto the pair (Figure 1A). On the other hand, a photobleached
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Figure 10. Comparison of emission intensity trajectories taken with

(A) CW excitation at 594 nm, 250 nW average power, and 250 ms
time bin and (B) picosecond pulse train at 592 nm, 5.4 MHz repetition

rate, 250 nW average power, and 62.5 ms time bin.

Ying and Xie

Assuming that the transition dipole moments 84 and
384 have the same amplitude, the interaction en¥ftgy= 220
cm! and the angle between the transition dipole$ &mpli-
tudes of the two exciton bands can be calculated with the
standard exciton theory. The two excitonic bands should have
their transition dipoles perpendicular to each other (vector sum
and vector difference of the84 and$84 transition dipoles).
The absorption spectrum (Figure 1B) of allophycocyanin trimer
can be deconvoluted by upper and lower exciton states with
center wavelengths of approximately 623 and 654 nm, respec-
tively; the lower state has a width of 470 ckwhile the upper
state has a width of 1700 crh?? According to the excitonic
picture, light at 568 and 592 nm used in our experiments should
mainly excite the upper exciton state. The radiationless relax-
ation down to the lower exciton state occurs on the subpico-
second time scal®, thus, the emission is primarily from the
lower exciton state. The polarization modulation traces are
consistent with the picture of trap formation within the strongly
coupled pairs. In contrast, 84 and$84 are weakly coupled
and have two individual absorption band at 623 and 654 nm,
excitation of the high-energy chromophore in our experiments
will lead to fast Foster transfer to the lower energy band. The
lower energy chromophore tends to be bleached first. Bleaching
of the lower energy chromophore should not affect the excitation
polarization of the higher energy chromophore. Assuming
individual o84 and$84 have the same fluorescence quantum
yield, the polarization modulation trace (Figure 8) would be
unaffected, similar to the simulated situation of 24fat) in
Figure 7B. Instead, we observed a dramatic modulation upon
photobleaching of eithex84 or 84, for 5.5-7.5 s in the trace
in Figure 8. In other words, a significant change of transition
dipole orientation at the excitation wavelength occurred within
a single pair. This cannot be readily accounted for by the weakly
interactinga.84 or 584, but can be attributed to the transition
dipole rotating from the orientation of the higher energy exciton

o84 or 884 does not quench the emission and thus does notPand to the unbleached chromophore. Our results are consistent

alter the other’s lifetimes.

Strong Excitonic Coupling Within Pairs. An estimation of
the interaction energy of am84 and g584 pair in APC trimer
gave values of about 110 crh judging from the circular
dichroism spectré®#4 Therefore, the interaction should be put

with the fact that allophycocyanin trimer can be regarded as
three strongly excitonically coupled pairs with weak coupling
among the pairs.

Weak Coupling Among Pairs. Excitonic coupling between
two chromophores in different pairs of an APC trimer falls in

into the intermediate-to-strong coupling range. Recent experi- the weak coupling regime. On the basis of the crystal structure,
ments done by Beck and co-workers have provided some proofthe Faster energy-transfer rate betweena¥ and 584 in

for the strong exciton coupling in the chromophore pai:4>
However, the red shift of the absorption maximum of allophy-
cocyanif®46 might also result from significant changes in the
local environment 0684 or 384 chromophores upon aggrega-
tion of three monomer& In this case, the apparent spectral
splitting is due to the different spectra of two weakly coupled
chromophores.

different pairs is estimated to be 1.1 Asind between tw84

in different pairs 0.8 nsl.?22 Therefore, significant energy
transfer among the three pairs occurs through the incoherent
mechanism within the fluorescence lifetime. If a84 (or a
84) is photobleached, the84 (or thea84) within the same
pair has a spectrum blue-shifted with respect to the low-energy
exciton band. Consequently, the energy-transfer rate between

our single-molecule experiments lend support to the strongly the/#84 (or thea84) and another pair is reduced. If a84 (or
coupled exciton picture. There are three supporting evidences.2/84) becomes a radical cation quenching/iBé (or thea84)
First, exciton traps can be the most efficient traps when they Within the same pair, energy transfer to this pair will lead to a
form within strongly coupled chromophores. The distinct three- Shorter fluorescence lifetime of the complex, which we observed
rather than six-step bleaching is indicative of a strongly coupled €xperimentally. The rate of Fster energy transfer to the

system. Second, when bleachinga#4 or 384 chromophore
occurs (with a low probability) within the last pair, the emission

trapping pair is determined by the absorption spectrum of the
radical cation trap and the blue-shiftg84 (or thea84) and is

shifts from 659 to 640 nm. 640 nm is the emission maximum €xpected to be smaller than that among undamaged pairs. This

of the APC monomer, and the maximum for th84 or 384
chromophore in an isolatedor 5 chain?! If local environments
induced spectral shifts of the84 ands84 chromophores upon

explains the small reduction in the fluorescence lifetime and
intensity of the entire complex upon trap formation.

Photochemistry. The repetitive excitation in a single-

aggregation of three monomers, we would observe a different molecule experiment results in photodamage. Single-chro-
spectrum for the last unbleached chromophore. The third mophore experiments usually involve two mechanisms. First,
evidence is a polarization argument that we elaborate as follows.a chromophore in the long-lived triplet state reacts with triplet
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molecular oxygen generating highly reactive singlet oxytfen. 40
hy 302 1 A %
S— S —T,— S+ O, bleached 3) g 20
30 E 15 —
Second, triplettriplet absorption, which results in a highly 8 g 10+
reactive excited state, has been proposed in explaining single- § © 59
molecule experiments with two-photon excitatigr? 5 207 0 =TT T 1
8 0 -5 10 15 20 25
S, v, S—T, LA T,— bleached 4) ° 10 v \‘\ Tme®
A major objective of this work is to elucidate mechanisms for N
photodamage of multichromophore systems. The dramatic —
difference in photostability for CW and pulse excitation at the 0 B .
identical wavelength and average power level indicates a 0 1 L2 3 4x10
multiphoton effect. Emitted photons
We propose a multiphoton mechanism involving singlet 0
singlet exciton annihilation for the trap formation and photo- B
bleaching, which is operative under picosecond pulse excitation. 80 ]
[}
S S %07 ]
e 3 404
hv hv % é 10 J
5 20 R B e e B
S, + S, —>S, —— bleached or trap formed (5) 8 0.0 05 1.0 15 20 25
o Time (s)
Singlet-singlet exciton annihilation is commonly seen in 10 -
photosynthetic light-harvesting systems excited with highly \
intense laser pulseé8.Previous ensemble-averaged measure- P~
ments showed that the fluorescence lifetime of allophycocyanin 0 7 ¢
trimers is reduced by singlesinglet annihilation at intensities 0 5 10 15 20x10
close to 1% photons pulse' cm™2.5° The 250 nW excitation Emitted photons
power used in our experiment corresponds to the laser influencerigre 11. Histograms of the emitted photons from the first bright
of about 2x 10*3 photons pulse* cm 2, well below the singlet state of APC trimers under CW (A) and pulsed excitation (B). The

singlet annihilation threshold, and the probability of a double insets show histograms of the survival time for the first bright state.
excitation within one pulse is 2 10°2. Therefore, on average, = The numbers for detected photons were converted to the numbers of
500 pulses are needed for a single molecule to get doub|yemitted photons by assuming a total detection efficiency of 7%. The

; istributions were fitted by single-exponential decays. The average
excitated. An even 'arr].gef numbgr of pulsﬁs are nk:eeded FO deteCEo;mitted photons for the CW and the pulsed excitation arex7 &P
an event via €q 5 T IS 1S Cons_lstent with our observations. and 3.5x 10% respectively. The average survival time for the first
For CW excitation, it is possible that the processes proceed pyight state is 10.4 and 0.66 s for CW and the pulsed excitation,
predominately through a linear mechanism (e.g., photoinduced respectively.

electron transfer) as suggested by other workers for other

systemsg:’.18 (Figure 10). The fact that the CW damage rate is only slower
than the pulsed damage rate by a factor of 10 suggests that the
Soﬂ, S, — bleached or trap formed (6) damage occurs via a different mechanism. We, therefore,

propose a multiphoton mechanism involving the singteplet

However, we have made an observation indicating a mul- exciton annihilatiorf
tiphoton mechanism, even in the case of CW excitation.

Comparing the average number of photons emitted prior to the So

extinction of the firstu84 and384 pair (7.2x 10°, Figure 11A) th

and that prior to the complete photobleaching of all three pairs

(2.6 x 10, Figure 12A), we found their ratio is 1:(3:6 0.5) S, S,

rather than 1:3. One would expect a 1:3 ratio based on the linear

mechanism (eq 6). Note that the 1:3 ratio is expected even when J hv

the trap in the first extinguished pair can quench the emission

from the other pairs. This is because the number of photons T, + S,——T,— bleached ortrap formed @)

detected prior to photobleaching is only determined by the ratio
of the radiative rate and the bleaching/trap formation rate. In The mechanism can operate under CW excitation conditions
contrast to the expectation from a linear mechanism, our datafor the trap formation and photobleaching in addition to the
showed that the larger the number of chromophores, the soonelinear mechanism. This mechanism arises from the frequent
the photodamage happens. This size-dependent bleachingisits to the triplet state in the single-molecule measurement.
lifetime indicates an excitonexciton annihilation mechanism While the singlet-triplet exciton annihilation mechanism is
under CW excitation. likely to operate for the CW case, it cannot solely account for
If the trap formation and/or bleaching occurred via the the experiment with picosecond pulse excitation because there
singlet-singlet annihilation mechanism (eq 5), the photodamage are many laser pulses (5 MHz repetition rate) during the triplet
of CW excitation would be much slower than we observed lifetime. Singlet-singlet annihilation is still needed to explain
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50 photosynthetic condition. Trap formation and bleaching dynam-
A ics studied here are most relevant to the single-molecule
40 CW excitation measurements. Ngverthelgss, these ex.periments are infqrmative
about the excitonic coupling and excited-state dynamics. In
250 nW particular, these transient spieces were extremely hard to capture
30 1 with ensemble-averaged measurements because of their ex-
tremely low quantum efficiency of formation. Perhaps the most
20 - interesting and surprising observation from the single-molecule
\\ measurements is that the photochemically generated species,

Occurrence

especially the exciton traps, can live for as long as seconds and
can spontaneously convert back in the dark. While the implica-
Q‘h__‘s tion of this to photosynthesis, if any, is yet to be explored, the
0 | e generation of photochemical pieces in this manner might be
0.0 3.0 6.0 9.0 12.0x10 © useful from both fundamental and practical standpoints.

Total emitted photons

Conclusions

50
B Individual APC trimers under ambient conditions have been

investigated with fluorescence spectra, lifetimes, intensity
40 1 Picosecond excitation trajectories, and polarization modulation. Our results support
250 nW the picture that an APC trimer can be regarded as three pairs of
30 - two excitonic states of the strongly coupled®4 and 84
chromophores with much weaker interactions among the pairs.
The fluorescence spectra of individual APC trimers are identical

to the ensemble-averaged spectrum and are homogeneous on
N ) o

the time scale of seconds. The fluorescence lifetimes, on the
\ other hand, are found to be widely distributed and are shorter
\ than the ensemble-averaged lifetime because of formation of
0 i% Iong-lived exciton traps. The e_xciton traps, most likely radical
00 10 20 30 40 50 ' 7.0x10 ° cations, ab_SO(b but do not emit, a_tlmost completely quench the

Total emitted photons emission within ara84 qndﬂ84 pair, and partially que_nch the
emission from other pairs. In addition to trap formation, there

for APC trimers under CW (A) and the pulsed excitation (B). The eXItStS phOtObIeaChmg of IndIVIdU.&_B4 Orﬁ84 chromophores,
average numbers of total enSitt)ed photong for the CW and t(hg pulsedWhICh occurs at a Iowe_r prOb_ab'“ty' The tre_lps _and bleaCh_ed
excitation are 2.6< 10 and 1.2x 1CF, respectively. chromophores can be distinguished by polarization modulation
the dramatic difference between trajectories with CW and traces a_nd the 3|mult_aneous quoreS(_:ence lifetime and Intensity
picosecond excitation. In other words, bleaching or blinking in F@/€ctories. The exciton trap formation and/or photobleaching

the case of pulsed excitation is predominantly due to sirglet of an individual APC trimer is over an order of magnitude faster
singlet annihilation for pulse than for CW excitation, indicating nonlinear mecha-

We note that previous single-molecule studies of molecular nisms _for excito_n trap fo_rmation _and/or photot_)lea_ching. Sin-
aggregaté<-® have shown linear intensity dependence of the glet-singlet annihilation is most likely the dominating mech-
blinking and bleaching times for both Cvand picosecond ~ &M'S™M under pulsed excitation. The excit@xciton ann|h|Iat|on_
pulse excitatiort? In particular, picosecond excitation was used exists even unde.r cw excitation, as ewdenqed .by a size-
to study LH2 light-harvesting complexes from photosynthetic qlependent ble_ach!ng rate. Sm_g{ﬂuplet ann|h|Iat|on IS most
bacteria. However, the signal-to-noise ratio of the data might Ik€y the dominating mechanism under CW excitation. The

not be high enough to exclude quadratic intensity dependénce. exciton traps are Iong-lived and ;pontaneously rt_averlsi.ble. Such
Comparison of CW and pulse excitation as well as the size- photochemistry of light-harvesting complexes is difficult to

dependent photobleaching lifetime for the APC trimer system |nvest||ga|1te with ensembllée-iver?]gedhexpehrlme_ntT due_to ex-
suggests that involvement of exciteaxciton annihilationina  trémely low quantum yields for the photochemical species.

single-molecule experiment on molecular aggregates cannot be
underestimated.

20 -

Occurrence

10

Figure 12. Histograms of total emitted photons before photobleaching
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