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ABSTRACT: We have investigated the energy landscape of the bacterial photosynthetic peripheral light-
harvesting complex LH2 of purple bacterilRihodopseudomonas acidophlig monitoring sequences of
fluorescence spectra of single LH2 assemblies, at room temperature, with different excitation intensities
as well as at elevated temperatures, utilizing a confocal microscope. The fluorescence peak wavelength
of individual LH2 complexes was found to abruptly move between quasi-stable levels differing by up to

30 nm. These spectral shifts either to the blue or to the red were accompanied by a broadening and
decrease of the intensity of the fluorescence spectrum. The frequency and size of these fluorescence peak
movements were found to increase linearly with excitation intensity. Using the modified Redfield theory,
changes in the realization of the static disorder accounted for the observed changes in spectral shape and
intensity. Long lifetimes of the quasi-stable states suggest large free energy barriers between the different
realizations.

Photosynthetic pigmentprotein complexes play a decisive of LH2 at 850 nm (B850 ring). A second ring of nine weakly
role in the collection of solar energy and the transfer of interacting BChls is located in the polar region of the protein
electronic excitation energy to the photosynthetic reaction and is largely responsible for the absorption around 800 nm
center, where a charge separation is initiate®). Since a (B80O ring).

high-resolution structure of the peripheral Iight-harvesting From the detailed Study of the Spectroscopic and energy
complex (LH2} of the photosynthetic bacteriulRhodo-  transfer properties of LH2, a consistent physical picture of
pseudomonas acidophilaas become available,(4), the the complex has emerge@-13). All basic spectroscopic
molecule has played a key role in aiding our current features can be understood on the basis of a model that
understanding of photosynthetic light harvestifigg). LH2 includes both intrinsic disorder and excitonic coupling
of Rps. acidophilais a highly symmetric ring of nine  petween the pigments-@00 cnr? for neighboring BChls
protein-pigment subunits, each containing two helical inthe B850 ring and-30 cnt? for adjacent pigments in the
transmembrane polypeptides, tgolypeptide on the inner  B800 ring). Via introduction of relaxation between the
and theg-polypeptide on the outer side of the ring. The elements of the so-called density matrix, the dynamics of
hydrophobic terminal of the protein binds a ring of 18 tightly vibrational and electronic coherence and excitation energy
coupled bacteriochlorophyll (BChl) molecules with a center  transfer have been described in great detail.

center distance of less than 1 nm between neighboring o, the basis of room- and low-temperature single-
pigments. This ring is responsible for the intense absorption ,51ecule experiments, it has been proposed that the LH2

. o wed b the Netherlands Oraanization f ring can deviate from the ideally circular structug-{17).
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elliptical deformation {4—16). Spectral diffusion of the

B800 band of LH2, observed in the low-temperature experi-

ments, was also attributed to structural alteratid@. (These
spectral fluctuations of different magnitudes occurring on

different time scales were associated with the hierarchical

structure of the protein conformational landscafde).(
Smaller ellipticities of 0.950.91 were found in AFM
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The sample cell was mounted on a closed loop two-
dimensional piezo stage (Physik Instrumente, P-731.8C)
controlled by a digital four-channel controller (Physik
Instrumente, E-710.4LC).

To obtain images, emission was detected with a Si
avalanche photodiode single photon-counting module (SPCM-
AQR-16, Perkin-Elmer Optoelectronics) and counter timer

measurements of loosely packed LH2s in membrane, andboard (National Instruments, PCI-6602). Spectra were ac-
were probably partly due to an interplay of the disrupting quired by dispersing the fluorescence onto a liquid nitrogen-
tip and stabilizing lipid environment effect®@). On the other ~ cooled back-illuminated charge-coupled device (CCD) cam-
hand, isolated LH2s in the scaffold of detergent molecules era chip (Princeton Instruments, Roper Scientific, Spec10:
clearly deviated from a ringlike shap2l). In general, the 100BR). CCD pixels were binned along the spectroscopic
observed variation of the spectral and functional properties axis to yield a resolution ok1 nm. Fluorescence detection
of LH2 suggests that the complex can undergo a variety of in both image and spectral acquisition modes was indis-
deformations. It is reasonable to assume that such dynamiccriminate of signal polarization. The polarization sensitivity
structural alterations also underlie the pattern of the static of the detection due to the dispersing element was not
disorder of pigment site energies that play a key role in explicitly taken into account. However, because of a wide
understanding the spectroscopic and energy transfer properangle of acceptance of the high-numerical aperture objective,
ties of LH2. we expect the effect of polarization sensitivity to be small.
In the work presented here, we investigate these dynamic Images and Spectrd FL image is acquired by continu-
fluctuations under physiological conditions, as manifested ously sweeping the piezo stage over the laser focus with a
by the time evolution of the FL spectrum. To do so, we have frequency of 3 Hz while its position in the perpendicular
acquired series of FL spectra of single LH2 complexes at direction is changed by 100 nm for each line; the FL signal
room temperature and elevated temperatures with variousis concomitantly detected with an APD. Images are then
excitation intensities. constructed by associating the piezo stage coordinate with

the corresponding intensity. The scanning covers a0
MATERIALS AND METHODS

x 10 um area. After the coordinates of bright particles are
Sample Preparation and Immobilizatiotsolated LH2 determined, the piezo stage is positioned to bring the particle

complexes were immobilized on a standard microscope into the focus of the objective, and after the mode is switched
coverslip treated with a 0.01% polylysine (PLL, Sigma) to a spectroscopic one, a series of FL spectra is collected
solution. The coverslip was used as a base for a home-for 2 min with an integration time (0:52 s) that is dependent
designed, hermetic, temperature-controlled sample cell.  on the excitation power and the sample temperature. At
Purified LH2 complexes oRps. acidophilavere prepared  higher excitation intensities and lower temperatures, shorter
as described previousl2?2, 23). The sample stock solution integration times are sufficient for the collection of the
of 0.62uM LH2 in buffer [20 mM Tris-HCI (pH 8.0) and  spectra with a satisfactory signal-to-noise ratio. The excitation
0.1% lauryldimethylamine oxide (LDAO)] was kept-a80 intensity and the ambient conditions remain unchanged
°C prior to being thawed. It was diluted in the same buffer during the acquisition.
in two steps by a factor of Z 10*. A 20 uL drop of a 33 Data Analysis For a quantitative analysis, the acquired
pM LH2 solution was placed on the coverslip, and the sample spectra are fitted with a skewed Gaussian function, using a
cell was assembled. After a few minutes, the cell volume nonlinear LevenbergMarquardt fitting method. The expres-
was washed with deoxygenated, 0.1% LDAO-containing sion for the skewed Gaussian function is
buffer, thus removing the access sample and submerging the
immobilized single molecules in an oxygen-free environment.
Oxygen was thoroughly removed from the buffer by flowing , )
gaseous nitrogen and by agitating the buffer with a magnetic WhereA is the offsetA the amplitude/r the fluorescence
spinner to a level that cannot be detected with an electrolytic Peak (FLP) wavelengthi/ the width, andb the skewness.
oxygen meter. The fwhm of the spectrum is calcula_te_d from the width
Experimental SetufFL images and spectra were acquired and the skewness. Consequently, by fitting each spectrum
with a confocal microscope based on a commercial inverted Tom @ series, we obtain the time traces of the amplitude,
microscope (Nikon, Eclipse TE300). The excitation source the fwhm, and the FLP with the corresponding confidence
was a Ti:sapphire laser system (Coherent, Mira 900) produc-margins.
ing 3 ps, 800 nm pulses with a repetition rate of 76 MHz. A RESULTS

dichroic beam splitter (Chroma Technology Corp., 815dclp)
reflected the laser beam into the objective lens (Nikon, Plan  The primary objective of this study was to investigate if
we could observe fluctuations of peak position, width, and

Fluor 100x, 1.3 NA, oil immersion), focusing the excitation

light onto the glasswater interface in the sample cell to a intensity of emission spectrum of single LH2 complexes as

diffraction-limited spot (fwhm of~600 nm). The intensities  a measure of structural dynamics, which can occur in this

used in the experiments (from 0.13 to 1.6 kWfcior complex. This was achieved by collecting series of single-

equivalently 500 nW to /W) represent the values at this molecule FL spectra at RT and variable excitation intensity

interface. The emission was filtered with a 10® pinhole as well as at elevated temperatures. In total, close to 1000
and single 130 nm interference filter (Chroma Technology molecules were studied under various ambient conditions.
Corp., HQ885/130m). Intrinsic (i.e., measured with a low excitation power)

F(1) = A + Aexp{—In(2)/b* In[1 + 2b(A — 4, )/AA]}?
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Ficure 1: FL image of single LH2 complexes. 2 250 Tgq0 860 880

fluctuations proved to be insignificant on the time scale of A (nm)
our experiment (2 min). However, increasing the excitation FIGURE 2: Series of FL spectra of single LH2.
power introduced prominent spectral jumps and changes in
the spectral shape and intensity of the emission. To a smallerto the blue; both parameters recover at the end of the series.
extent, the same effect could be detected in experiments afNotably, the width of a single complex FL spectrum is
elevated temperatures (28 and ¥5), though the stability =~ comparable with that of the bulk spectrum (data not shown).
of the LH2 complexes was decreased significantly. FLP Traces FLP time traces of four individual particles
Earlier experimentsi(7) have shown that the survival time  are shown in Figure 3. The spectrum integration time is 0.5
of the illuminated LH2 complexes strongly depends on the s, and the excitation intensity at 800 nm ig/%/. Though
presence of oxygen in the environment. We observed thatacquired with the same excitation intensity and ambient
irreversible photobleaching of an oxygen-containing sample conditions, the traces are qualitatively different. The FLP
took place over the course of seconds or tens of secondsfluctuates weakly in Figure 3A, while panels B and C of
and even when kept in the dark, the oxygen-containing Figure 3 demonstrate notable spectral jumps to the blue and
preparation degraded in a few hours at RT. On the otherto the red relative to the initial FLP value, respectively.
hand, careful removal of oxygen from the ambient sample Interestingly, the FLP abruptly jumps between the various
prolonged the bright state of single LH2s to minutes or even levels of almost constant magnitude, and even more remark-
tens of minutes in some cases, and the sample remainedbly, it regains a value close to the initial one before the
suitable for measurements for 2 days. For the reasons giverend of the trace. Unexpectedly, the complex spends a number
above, all the single-molecule measurements presented irpf seconds in each of the stable states before it moves to a
this work were carried out on oxygen-free samples. different state. Figure 3D shows spectral diffusion in both
Images An example of a raw FL image of LH2 assemblies directions. The spectrum of a single particle first drifts to
immobilized on a PLL-treated coverslip is shown in Figure longer wavelengths, then abruptly jumps to the blue, and
1. Each image is 100 pixels 100 pixels (0.1«m per pixel). finally settles at a FLP that is shifted to the blue4b$5 nm
The pixel integration time is 3 ms. The excitation intensity relative to the initial FLP, preventing the unambiguous
at 800 nm is 3.5W. The background ix 10 counts/pixel, classification of this particle as one that performs a spectral
and the maximum intensity is 87 counts/pixel. Although jump in one direction. We note that these conspicuous
particles appear to be similar in integral intensity, in reality spectral jumps are in many cases reversible, and the initial
they are distributed over a range of 13500 counts, which ~ FLP value (or a value close to it) is regained (Figure 3B,C).
is probably partly due to the polarization effects of the For other particles, the initial FLP is not recovered before
excitation absorption and emission (since single complexesphotobleaching occurs (Figure 3D) (or rather an apparent
are immobilized on an atomically nonflat glass surface) and photobleaching; we have observed the recovery of the
partly to the tendency of the emission intensity to fluctuate. emission of some complexes after dark periods of more than
We also do not exclude the possibility of observing ag- 2 min, data not shown). From Figure 3C, it appears that the
gregated complexes or adjacent complexes appearing as oneH2 bleaching does not occur as a single event; after the
particle. To make sure that we monitor only single LH2s, complex enters a dark state for a few seconds, its emission
excessively bright particles are discarded and spectralreappears with a different FLP position. On the other hand,
measurements are carried out on molecules constituting thethe spectral diffusion can occur without the temporary loss
bulk of the intensity distribution. of the radiative power, as shown in the Figure 3B. From all
FL SpectraA typical series of FL spectra of a single LH2 the particles measured with the excitation intensities in the
enabling the observation of the spectral diffusion is presentedrange from 1.5 to 6uW, ~10% exhibited the steplike
in Figure 2. It results from a sequence of 240 single LH2 character of the FLP position traces.
spectra via summation of each 10 consecutive spectra for Light-Induced Spectral Fluctuationdn this work, we
clarity. The spectrum integration time is 0.5 s, and the confine ourselves to a qualitative description of the spectral
excitation intensity at 800 nm is #W. In this experiment, properties of the strongly fluctuating particles. A detailed
the FL amplitude and the FLP diffuse dramatically. Spectra account of the relevant statistics will be presented elsewhere
at the beginning of the series have a relatively high amplitude (D. Rutkauskast al., manuscript in preparation). In sum-
and an intermediate FLP, whereas in the course of themary, we observed that few spectral jumps of the single LH2
measurement, the amplitude subsides with the FLP shifting occur at low excitation intensity and RT, but the frequency



4434 Biochemistry, Vol. 43, No. 15, 2004 Accelerated Publications

90 | — 1 T T T T ] undergo an increase in FLP (red shift) that is connected with

A an increment of the fwhm (positive correlation). Overall, we
observe that if a particle undergoes significant spectral
diffusion, accompanied by the correlated evolution of two

880 - or all three spectral fit parameters, then an FLP increase or
Bttt e SRNREE reduction is associated with a spectral broadening and a
i 1 decrease of radiative power.

840 k- _ In summary, the main observations made in our experi-

N BRI BRI B B ment are that abrupt light-induced jumps of FLP occur
— 1 r T r T ' T 7 between levels distinctly different in magnitude, a complex

920 - B 7 dwells for a relatively long time in one of the quasi-stable
i J states, and FLP jumps are accompanied by spectral broaden-
ing and a decrease in amplitude.
880 |- —
R R Ry DISCUSSION
- LN
= crete . -

Excitation Dynamics After the B800 ring in the LH2

840 — complex absorbs a photon, energy is transferred to the B850
BChl molecules in~1 ps @4, 25) with a very high efficiency
since the competing processes of FL and nonradiative decay
are 3 orders of magnitude slow@€j. Subsequently, exciton

- i # . relaxation and excitation hopping will occur in the B850 ring,
880 , with a certain probability leading to FL.

e w oo gt oty gt * When one considers that the molar absorption coefficient

R oy ¥ of LH2 at 800 nm is 2.3x 10° M~* cm™ (10), a single
complex will absorb 8.6x 10 photons/s, if positioned in
840 |- - the center of the Gaussian laser beam, deliveripg\Lof
e————————— CW excitation at 800 nm. The Bchl triplet with a lifetime
ook " bt T of 70 us (27) is formed with a 2-15% yield @7, 28) and is
D efficiently transferred to the carotenoid which has a triplet
- : lifetime of ~10 us (29). This triplet is a very efficient trap
. of the singlet Bchl excitations due to-g annihilation. In
880 |- e e Ty 0T 7 the triplet-free state, the FL quantum efficiency is 1@®6)(

. From the simple calculation with the above parameters, it

4 w"’”"’ﬂ follows that in the presence of the carotenoid triplet, the FL
840 | + - yield decreases by a factor of 200. The frequency of triplet
e ——— formation is dependent on the triplet yield and excitation
0 50 100 150 200 intensity. Thus, the resulting fluorescence yield considering
the presence of the triplet is dependent on the same
) o ) parameters. The observed average FL count rate8800
FicURe 3: FLP time traces of four individual LH2s. Various spectral 5\ nts/s at an excitation intensity of 500 NW. With the

diffusion scenarios: (A) relatively constant FLP, (B) spectral jumps . . . .
to the blue, (C) spec(trazl jump toythe red, and (Dg s)pee:tral jqupspto estimated signal collection efficiency of 8%, we would expect

both the red and blue. Only every third data point is presented for to achieve this level of signal with a 9% (in the middle of
clarity. the range of values; see above) triplet formation yield which

corresponds to the resulting FL quantum efficiency of 2.5%.

of their occurrence increases with an increase in excitation ~ This analysis implies that only a fraction of the absorbed
intensity and to a much lesser extent with temperature €xcitation photons is re-emitted as FL. The remaining
elevation. Thus, spectral diffusion in our experiment is mostly excitations either decay radiationlessly directly to the ground
light induced. However, since the observed spectral jumps State, form a triplet, or are quenched by triplets. In either
are reversible (Figure 3), we conclude that even with the case, the absorbed excitation energy is eventually dissipated
highest excitation intensity used here, the LH2 complex is as heat, which leads to a temperature increase of the pigment
not driven into conformational states from which it can no surroundings. However, despite the large number of excita-
longer escape. Instead, stronger excitation or an elevatedions produced in the system, we only seldom observe
temperature enables an exploration of a broader range ofspectral changes. The complex appears to dwell for a
states in a finite span of the experimental time. relatively long time in one of the quasi-stable states,
Some of the strongly fluctuating LH2 assemblies exhibited characterized by a specific peak position, shape, and intensity
a strong correlation between the temporal changes of the FLPOf emission. We thus conclude that the free energy barriers
and the amplitude and/or between the FLP and the fwhm. separating those quasi-stable states must be large.
We observed that these correlations might be either positive Local temperature increase is a plausible cause of the
or negative; for example, some single LH2s display a structural alterations that we will associate with a change in
negative jump of the FLP (blue shift) with a concomitant the realization of the static disorder of the electronic transition
increase of the fwhm (negative correlation), and others energies in the system that is in turn connected to particular

920 |- .
C

FLP (nm)

# spectrum



Accelerated Publications Biochemistry, Vol. 43, No. 15, 20041435

spectral properties. Below, we develop a model that accounts
for the observed changes in the spectral profile and position
as a result of the spectral jumping.

A Quantitatve Description of Single-Molecule Emission
Spectra In our model of the B850 ring, we utilize the
modified Redfield approach that incorporates excitonic
interactions, static disorder of the electronic transition
energies of the pigments, and strong coupling of the
electronic transitions to nuclear motions (phonons). The s 50

coupling to the fast nuclear motions determines the optical %

line shape in both conventionaB@ and single-molecule %r \ 1000
spectroscopy31). Slow nuclear motions result in different 2 150 g 80 900 930
equilibrium positions of the nuclear coordinates, i.e., are 2 A (nm)

associated with the evolution of the pigmemptotein con-
formations on a microsecond to second time scale, and
produce different realizations of the static disorder of the
electronic transition energie8%). They are the cause of the adjusted from the fit of the bulk absorption and FL spectra.
inhomogeneous broadening of the bulk spectrum. Particular The model also regards the relaxation-induced broadening;
nuclear coordinates result in states of a single complex, i.e., we suppose an additional homogeneous broadening of
characterized by a certain FLP and a line shape. Thermallythe exciton states given by their inverse lifetimég; =
activated slow nuclear motions lead to the transitions between—73 «Rewi, WhereRekik is the rate of thek — k' transition
these states, observed as abrupt jumps in the FLP tracegalculated 83) in terms ofgy functions.
(Figure 3). Here we will not consider the dynamics of such ~ The RT bulk absorption and FL spectra of the B850 ring
transitions, but restrict ourselves to the modeling of the FL can be reproduced with the following parameter values:
line shapes for different realizations of the disorder. = 370 cm, 1 = 220 cml, andt = 70 fs. Introducing
The energies of the exciton levels are calculated by higher static and dynamic disorder values, ives 450 cnit
constructing and diagonalizing the one-exciton Hamiltonian. andA = 370 cn1?, improved even further a fit of the single-
B850 BChls in the dimeric subunit of LH2 are assumed to molecule FL spectra profiles.
have unperturbed transition energies of 12 415 and 12 215 Single LH2 FL profiles calculated for 150 realizations of
cm! that were adjusted from a fit of a bulk spectrum. The the static disorder at RT are shown in Figure 4. The FLP
nearest neighbor interaction energies inside the protein dimerpositions are distributed over a range of values similar to
and between pigments of adjacent dimers were taken to bethe experimental data. However, since we do not have an
291 and 273 cmmt, respectively ). The static disorder of  explicit model to describe the dynamics of spectral jumping,
the transition energies was taken into account by introducingthe collection of calculated FLPs (Figure 4) does not
uncorrelated variations randomly taken from a Gaussian represent temporal evolution of the spectrum.
distribution with a fwhm ofs. The numerical diagonalization Figure 5A-C contains three experimental profiles that are
of the Hamiltonian (for each realization of the disorder) gives averages of all single-molecule FL spectra measured with
the energies of the exciton stateg, and the wave function  an excitation intensity of 3.2W and peaking in intervals
amplitudescy¥, (participation of thenth pigment site in the  of 859-861, 869-871, and 889891 nm. These average
kth exciton state). spectra have fwhm values of 53, 48, and 67 nm, respectively.
The absorption and FL line shapes of the exciton states The red-shifted spectrum (Figure 5C) is significantly broad-
are calculated assuming strong excitgnonon coupling ened and has a pronounced short-wavelength wing. Spectra
(33). The homogeneous absorption line shape for ke with the blue-shifted and intermediate FLP positions (panels
exciton state is expressed in terms of the line broadeningA and B of Figure 5, respectively) feature a regular FL profile
function, g. The steady state Stokes shift of the emission asymmetry, i.e., a broader long-wavelength tail. Notably, the
maximum of thekth state is given by 4, where/ is the blue- and red-shifted spectra are broader than that with an
reorganization energy. Botbc and A« are related to the intermediate FLP position. For comparison, a number of
spectral density,Ci(w), in the exciton basis, which is calculated FL profiles corresponding to different realizations
connected with the spectral density in the site representation,of the static disorder have been collected into three groups
Cn(w), through the fourth power of the wave function with their peak positions belonging to narrow intervals of
amplitudes; i.e.,Cw) = Sn(c)*Cn(w). Here we have  859-862, 871873, and 886:892 nm around the corre-
assumed that the phonon-induced modulation of the elec-sponding experimentally determined values. The average
tronic transition is described by an uncorrelated diagonal calculated FL profile has a maximum near 870 nm. Realiza-
disorder (not to be confused with static disorder). The tions with the FLP near this wavelength occur with the
S n(c¥)* factor is also known as the participation ratio (PR), highest probability. Overlaying of experimental and simu-
or inverse delocalization length of thth exciton state. Thus,  lated curves in Figure 5AC shows that the model satis-
the phonon-induced broadening and the Stokes shift of thefactorily reproduces all the features of the experimental

Ficure 4: FL profiles calculated for 150 realizations of the disorder
for a single LH2 complex at RT.

exciton level are dependent on the PR of that level. spectra.

The spectral densit€,(w) is assumed to have the form The FL line shapes and their peak positions are determined
of an overdamped Brownian oscillatoBQ; 33) with a by a specific realization of the static disorder, which is related
coupling parametet and a relaxation time. In our model, to a particular excitonic energy level structure. Typical

A andrt (as well aso) are site-independent free parameters patterns of such structure corresponding to the three experi-
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Ficure 5: Experimental (points connected with the thick solid line) and calculated (solid thin line) FL profiles: (A) blue-shifted, (B)
intermediate, and (C) red-shifted. {IF-) Three typical realizations of disorder resulting in FL profiles with different FLP positions, shown
together with contributions from the three lowest exciton states (dashed lines). The spectra are not normalized for the comparison of their
relative amplitudes (parameters of these three realizations are also given in Table 1).

Table 1: Positions of FLP and FL Amplitudes of the Three FL consequently must be associated with small contributions

Profiles Shown in Panels BF of Figure 5, Together with the from specific sites, thus implying that the excitation is

Corresponding PRs for the Lowest Exciton Componekits 0, —1, delocalized over different sites. Consequently, an excitonic

and 1) structure of these levels is not destroyed by the disorder.
FLP of 859 nm FLPof871nm FLPof888nm  The lowest state is only weakly allowed (the corresponding

FL amplitude 0.077 0.094 0.070 band has a small amplitude) so that the RT emission

’ _(égbitrary units) 0.107 0.203 0356 originates mostly from the degenerdte= +1 pair, giving

ke —1 0.098 0.139 0157 rise to a blue-shifted FL.

k=1 0.131 0.087 0.180 Realization of a larger static disorder (Figure 5E and the

second row in Table 1) results in a larger splitting between

mentally measured FLP positions at 859, 871, and 888 nmthek = £1 levels so that the lower = —1 state becomes
(Figure 5A-C) are shown in panels ©F of Figure 5, more populated and more emissive as compared t& the

respectively. The corresponding PRs of the exciton levels, 1 State. However, botk= —1 andk = 1 levels still remain
shown in Figure 5B-F, are listed in Table 1. For a circular ~ delocalized (PR= 0.087-0.139). The lowesk = 0 state
aggregate oN molecules, the PR: 1/N for the lowest and ~ Pecomes more localized (PRO0.2), more radiant, and more
3/(2N) for the higher states in the absence of the disorder. red-shifted. Such an exciton structure is characteristic of the
In the case of the LH2 ringy = 18 and the PR is calculated realizations with the FLP near the maximum of the bulk
to be 0.056 and 0.083, respectively. Including the disorder €mission spectrum.
results in a dramatic increase of the lowest state PR. For Figure 5F shows an example of a red-shifted FL profile.
LH2 with a realistic value for the disorder, the PR0.1— The exciton structure is strongly affected by the disorder,
0.15 for the higher states and 0-16.35 for the lowest state,  which induces a large splitting between the three lowest
with an increasing PR value for the red-shifted level§, ( states. The PR value is relatively large for all the states and
34—36). The phonon-induced broadening is related to a especially for the lowest one. Because of the large splitting
certain PR value; thus, the red-shifted excitonic levels are petween the exciton levels, the FL originates mostly from
additionally broadened by an enhanced phonon coupling. the lowest state. Its localized character (BR0.35) gives
Table 1 and Figure 5D show that the blue-shifted FL rise to an increased phonon coupling, which leads to a
profile corresponds to a relatively delocalized state. Indeed, significant broadening of the= 0 level. Because of a larger
the PRs for all three excitonic levels are relatively small and Stokes shift, the emission is also further red shifted.
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Downhill exciton relaxation with a rate increasing for the
higher levels is an additional line-broadening factor contrib-
uting to the width of the blue-shifted FL spectrum. In our
model, R = 16, 29, 44, and 57 p3 for thek = 0, —1, 1,
and—2 levels, respectively. The more pronounced relaxation
broadening of thé& = 41 levels results in a larger width of
the blue-shifted FL spectra (determined mostly by khe
+1 emission). If the relaxational broadening is disregarded,
a blue shift would always be accompanied by the narrowing
of the FL line. Indeed, th& = +1 levels are narrower than
the k = O levels, since the corresponding PR values, and
consequently the phonon couplings, are smaller.

Calculated amplitudes of FL corresponding to the three
typical realizations of disorder (Table 1) reproduce the
experimentally observed decrease in spectral amplitude upon
spectral jumping.

In summary, we have experimentally observed notable 12-

light-induced jumps in the FLP position between the levels
of distinctly different magnitude. Though spectral fluctuations
were evidently light-induced, they did not signal the dete-
rioration of the assembly, since jumps were reversible. We
conclude that the excitation intensity drives the complex into
conformational states, which are less accessible under dark
conditions, but still intrinsic to the system.

The observed spectral jumps were accompanied by a
broadening of the FL profile and a decrease in amplitude.
We have qualitatively accounted for these effects by model-
ing the FL with different realizations of the static disorder
of pigment transition energies. However, our model does not
encompass the dynamics of the spectral jumps. The observa-
tion that large spectral jumps occur with a very low
probability with respect to the number of excitations received
by the system leads us to conclude that large free energy
barriers separate the states with distinctly different spectral
properties.
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