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This document comprises the following three sestion

1. Supplemental materials and methods, describingl-ltgation chromatogramthe
experimental setup, and calculation of spectraperies;

2. Calculation of the expected fluorescence, and theuat of energy absorption by
the local environment;

3. Supplemental results, where some control experisnecwmparison with the
ensemble spectrum, and additional modeling reauétslescribed,;

4. References



1. SUPPLEMENTAL MATERIALSAND METHODS
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FIGURE S1 Gelfiltration chromatogram after firsted) and secondb{ack purifications,
recorded at 630 nm, and inverted second derivafigecond purificationdashedl. The flow rate
was 25 mL/h. The peaks at ~23.5 min, ~25.5 min, #88 and ~32 min correspond to
contaminants (C), LHCII trimers (T), monomers (Mjdafree pigments (FP), respectively. The
fraction collected after 25 min of the second peaiion was typically used.

Experimental setup

A commercial, inverted, wide-field microscope (Ppsk TE300; Nikon, Tokyo,
Japan) was amended into a confocal microscope thypge 100um diameter pinhole in
the fluorescence beam path. A tunable, mode-lodk&hpphire laser system (Mira 900,
76 MHz; Coherent, Santa Clara, CA), coupled to amical parametric oscillator
(Coherent) or BBO crystal (Casix, Fujian, China)aleled excitation in essentially the
entire visible and near-UV region as well as inbe NIR regime. Excitation pulses
peaking at 630 nm were typically used. This allowbdervation of large fluorescence
spectral shifts to the blue and non-selective akiom of Chla and b. The planar
polarization of the light was changed into a neerutar state by a Berek polarization
compensator (5540M; New Focus, Santa Clara, CA),the beam was directed through
a 100x magnification PlanFluor objective lens (NA, oil immersion, Nikon). The
Berek compensator could at best achieve an ebip&ccentricity of ~0.87 (i.e., an



ellipticity of 2). In addition, the objective added 0% to the ellipticity (equivalently ~3%
to the eccentricity) of the polarization, suppogedhused by the CaFcoating of its
lenses. The non-planar polarization ensured a neitnorientation dependence of the
complexes. Operating the microscope in an epi-iscence configuration, the objective
served to both focus the light tightly to a nedfrdction limit onto the complex-substrate
interface and to efficiently collect the fluorescerfrom the same complex. In addition, a
dichroic beam splitter (Z633RDC; Chroma Technol@prp., Rockingham, VT) served
to separate the excitation and fluorescence beaths~89% efficiency. The fraction of
excitation light that was reflected and scattergdhe coverslip and sample holder and
traversing the dichroic was either blocked by tbefocal pinhole holder or absorbed by
a fluorescence filter (HQ645Ilp; Chroma Technology ). The fluorescence light was
focused either onto a point detector or disperseid @ charge-coupled device (CCD)
chip. These two highly sensitive detection devieese respectively a silicon avalanche
photodiode (APD) single-photon counting module (SPE8QR-16; Perkin-Elmer
Optoelectronics, Waltham, MA) and a liquid-nitrogenoled, back-illuminated CCD
camera (Specl0O: 100BR; Princeton Instruments, R&ueentific B.V., Vianen, The
Netherlands). For efficient dispersion, either @sk grating (HR830/800nm; Optometrics
LLC, Ayer, MA) or Shamrock 163i spectrograph (Andicegchnology, Belfast, Northern
Ireland), equipped with the grating SR1-GRT-0606@7Avas employed.

The sample was inserted into a home-designed, lieaitg closed sample cell,
equipped with a unit to stabilize the temperatura ixed value between approximately
—20°C and >100°C (1). A temperature of 5°C wasdaty used, which considerably
prolonged the survival time of individual complexapon continuous irradiation as
compared to room-temperature conditions. Under ethdgermal and oxygen-free
conditions, complexes in the dark remained staliaf least 1-2 days, as determined by
their relative fluorescence intensity and survitiaie upon continuous irradiation. A
typical excitation power of 0.9-1j0W (focal irradiance of 225-250 Wéthensured an
optimal signal-to-noise ratio (SNR), with relatiyellittle photodamaging before
irreversible photobleaching, as established bystheility of the emission properties or
the reversibility of fluorescence fluctuations. 880 nm, an excitation irradiance of
~240 Went focused an average of ~4.5 photons per pulse oncomlex, which
yielded a detection rate of ~6000 and ~5000 countss@eond (cps) by the APD and
CCD camera, respectively. Under these conditiomsireeric complex typically absorbed
(1.0+ 0.3) x 10° photons in 1-2 minutes before being photodamadée. excitation
intensity and ambient conditions remained consdaning a measurement. A closed-loop
two-dimensional piezo stage (P-713.8C; Physik ums@nte, Karlsruhe, Germany)
controlled the position of the sample stage abbeeobjective to subnanometer precision.
Longitudinal drift of the focus was continually cected by monitoring the reflected
excitation light onto a monochrome video camera.
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FIGURE S2 Simplified schematic of experimental setup, displgyts main optical components

Calculation of spectral properties

The fluorescence spectral profiles are reminiscgnd Gaussian shape with an
enhanced wing and tail, typically to the red, arel @ccordingly well characterized by a
skewed Gaussian function. Considering a skewrgspeak amplitudeA and peak
wavelengthiy, the following function was typically used (2):

—lnfz[l+2b/1_/1mr
f(A)=Ae L &1

where the widthAZ is related to the full width at half maximum (FWHMy
FWHM =AAsinhb/b . An alternative function, which generally producedslaghtly
improved fit, describes the spectral values on side of the maximum bw normal

Gaussian function and on the other side with a skie@aussian:
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The FWHM is accordingly given by

A o2
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where the two terms stem from the skewed and nor@alissian contributions,
respectively.

The exact peak position was determined by fittingiraple Gaussian function
within the FWHM window. A double skewed Gaussiandiion was used to fit double-
band spectra where, particularly for the case d@rlapping bands, the skewness and
FWHM were restricted to correspond reasonably weth the values of single-band
spectra. Fitting algorithms were based on the Nel@ad or Levenberg-Marquardt
algorithm in a least-mean-square optimization.



2. SUPPLEMENTAL CALCULATIONS

In this section, a humber of calculations are pentxl to show that the measured
complex is most likely a trimer. In addition, thesrtperature increase due to the absorbed
radiation by the aqueous environment of the com@ealculated.

Expected fluorescencefrom LHCI| trimers

The fluorescence flux emanating from a fluoressgstem is related to the incident
radiant fluxd, (also called the radiant power) as follows:

P, =, 0, (1_I7q)' (1)

where 19 represents the effective ground state absorptioyssesection,q; the
fluorescence quantum vyield, amng, the quenching efficiency which denotes the
probability that the excitation is lost due to nptibton quenching processes. Note that
intensity-independent quenching processes aredadlun the value of, whereasyq
describes intensity-dependent quenching. Defirfvegaptical collection efficiency,, the
number of detected fluorescence photons can belatdd by expressing Eq. 1 in terms
of photon flux (counts per seconds):

N :#0—10¢fl7c (1_I7q)’ (2)

wherel refers to the incident irradiation (often calladténsity”) andhv the energy of a
photon. Each parameter in Eq. 2 will be consideegghrately for an LHCII trimer.

(a) The photon flux densityl(/hv ) is approximated by considering a spatially Gaarssi
beam profile with an infinitely narrow spectral whd Consider such a beam
propagating into the direction and focused unto an LHCII trimer, withettrimer
located in the center of the focuszat 0. Let the beam waist (i.e., the focal beam
radius) be defined byp. The radial intensity distribution at= 0 is given by

2|:)o e—2r2/w§
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wherePy is the total incident power, ands the radial distance measured from z. It
can readily be shown that the peak intendgyrelates to the beam power as

I, =2P,/mwZ (i.e., twice the average intensity withip) and the power through an

aperture of radius and centered at=0 is given byP(r) = R, (1— e_zrz/wg) .



Considering that an immobilized LHCII trimer is mdi&ely oriented such that
the incident beam is approximately perpendiculatht® plane of the trimer, we can
approximate the cross-sectional area of an LH@1ér by the surface area of a circle
with diameter 7.3 nm (3), i.ex,= 3.65 nm. The beam waist is determined by means
of a raster scan, considering that the much smeatlerplex can be regarded as a point
source, so that scanning across a complex is ésbert measure of the excitation
point spread function (PSF). The diameter of thet fobe of the PSF, known as the
Airy disk for a diffraction-limited focus, correspds to the spot diameter and was
measured to be ~Im, i.e.,wp ~ 500 nm. (The discrepancy with the theoreticabfo
radius of1.224 /NA for an excitation wavelength may be ascribed to the paraxial
approximation in combination with chromatic abdoat that results from the
excitation and fluorescence wavelength differentethie high numerical-aperture
objective.) A 630-nm beam that focuses 085 onto a trimer corresponds to an
excitation intensity of 240 Wm? averaged over the area of a trimer (peak intensity
242 Wcem®) and a photon flux density of 7.7 x?2@&* cm. This is equivalent to a
photon flux of 3.2« 10° s* complex® or 4.5 photonpulse’ at a pulse repetition rate
of 76 MHz. [The corresponding photon density of ¥1photonscm? pulse® is
equivalent to typical pulse densities used in efdemeasurements (4, 5).]

(b) The absorption cross-section of LHGH,was determined by means of two distinct
semi-empirical methods, viz. (i) from the Ghlandb absorption spectra in an 80%-
acetonic solution; and (ii) from the bulk trimekiElCll absorption spectrum. The two
methods give remarkably similar results. The effgicthe polarization state of the
incident light is first investigated.

The interaction Hamiltonian resulting from the étecdipole moment operator
d of the excited pigment and the positive frequepast of the electric field operator
E*at the position of the pigment is given Bym = —a(t) [E*(t). In the utilized steady
state, the time dependence falls away. Definirend & as the angles of the electric
dipole vector relative to the propagation directiand the electric field vector,

respectively,I:| is proportional tocosé sing in the presence of planar polarized

int
light. Since the electric field is always orientpdrpendicularly to the propagation
direction, different polarization modes of the ohent light only affect the lateral
componentf (8). For elliptically polarized light, the fraction absorbed light in the

lateral plane is proportional to the generic fumati

£(6) = %[1+ (m-1)cos] 4)



wherem s the ratio between the semimajor and -minor axeéke ellipse. Obviously,

for circular polarizationm=oc, andH._ is a maximum. In our setup, we could at

int
best achievan=2 with the Berek compensator. The objective addsac@ditional
estimated 10% to the ellipticity, yieldingn = 2.1. Accordingly, for a large set of
randomly oriented pigments, an excitation efficken€ ~81% compared to circularly
or randomly polarized light is achieved. Randomueal of 9 add an additional
reduction of ~36% (i.e., yielding ~64% of the mawim) for any type of excitation
source. At 630 nm, primarily th@,-transition dipole moment of Cla and theQy-
transition dipole moment of Clu are excited. Linear dichroism measurements have
indicated that the distribution of these dipole neoits of the pigments in LHCII can
be considered random at this wavelength (6). Furtbee, empirical calculations of
the absorption cross-section of the pigments in LH{e generally based on the
absorption efficiency of an ensemble of randomligrted complexes irradiated by an
incandescent lamp. The polarization dependenceuch @n excitation source is
negligible (7). Calculations of the absorption @#ncy of LHCII therefore need to
consider only reduction due the absolute polawratif the incident light.

(i) We use the Chh andb molar extinction coefficients given by ref. 8. 880 nm,
Ecna = Ecnp =12 mM*enit. Considering a positive spectral shift of ~6.5 nm

when projecting the values to a protein environm@)t and estimating an
additional absolute absorption decrease of ~0.887His solvent replacement
(11), the Chla and b extinction coefficients at this wavelength in aotein
environment are 11.2 and 9.7 ritbin?, respectively. Including the decrease due
to the utilized elliptically polarized light, the afar extinction coefficient of the
full trimer at 630 nm is 358 mNVtm*, which is equivalent to an absorption cross-

section ofg,, =1.37x 10" cni= 13.7 A.

(ii) For the bulk LHCII absorption, we employed the eswiven in ref. 2yiz,, total
Chl concentration of 0.2 mg/mL, average Chl mas30&f g/mol, beam pathlength
of 1 mm, and OD of 0.44 at 645 nm. Considering CD(&m):OD(645 nm}
0.54, the average absorption cross-section of diénGhe trimer in the presence
of randomly-polarized light at 630 nm is 4x110%" cn?. Accordingly, the
absorption cross-section of the full trimer irraddh with 630-nm elliptically-

polarized light, isg,, =1.39x 10° cni= 13.9 A,

(c) To estimate the fluorescence quantum yigldve propose that the significant dwell
time of a complex in low-emission states may givee rto detection of short
fluorescence lifetime components in ensemble measemts. We associate the
longest lifetime components with the fully-emittistate, which is considered in this



calculation. Based on a number of literature vali€s-16), we assume an average of
4 ns for the excited state lifetime of this state. Decay of this state is therefore

proportional toe VL. The decay rate, defined by =17_", is the sum of the radiative

rate k) and all nonradiative rates. The nonradiative gsses can be classified into
intersystem crossing (ISC), internal conversion) (@d (residual) quenching, with
decay rates denoted Kc, kic andky, respectively. Thus,

kp =k +Ksc + ke + k- (5)
The quantum yield related to each of these deaiantahannelsi, is defined by
o, :E_" (6)
L

In ref. 16, the valu& + kisc = (5.5 ns)' was estimated for a long excited-state
lifetime component with an average lifetime of 8. Assumingky = O for this
component, from Eq. 5 followkc = 4 x 10 s*. Note at this point that the fully-
emitting state defined from the SMS measurements ifact a time average of
emissive properties on shorter timescales, i.eortstiwell times in low-emission
states reduce the effective brightness of the eda@lystem. For many systems, low-
emission dwell times down to ~1&- timescales have been observed (e.g., refs. 17—
19), and even shorter dwell times may exist. Intgrgne traces of trimeric LHCII
show that this complex spends ~20% of its time liomaemission state. We therefore
estimated, ~ 0.2. Assumindk_ = (4 ns)', from Eq. 6 follows thak, = 5.0 x 10 s™.
Using these values fdg andk,;, combined with the estimated valuekf calculated
above andisc = 8.3 x 10 s* according to (20), Eq. 5 givés = 7.7 x 18 s*. The
corresponding fluorescence and triplet yield is10&nhd 0.33, respectively. As
expected, the triplet yield is substantially smraltean that of free chlorophyll (~0.64,
ref. 21). In contrast, the fluorescence vyield imikir to that of free chlorophylls in
guenching-free conditions (22, 23). Furthermorés thalue corresponds reasonably
well with the value of 0.26 obtained by Duffy et &4) for trimeric LHCII, although
it is still smaller than their overestimated mopeddiction of 0.38.

(d) A detection efficiency of ~8% of the full detectigmathway into the APD was
determined semi-empirically.

(e) The fluorescence saturation curve (Fig. S3) indgdhat at least one source of
intensity-dependent quenching exists for LHCIl. Vpeesume that excitation
annihilation is the predominant source of saturatio high light. In particular,
singlet-triplet (ST) annihilation is the dominantrghilation process in the relevant
intensity window. The small photon absorption ptauby (~0.015 per pulse at 240



W cm®) clearly results in negligible single-singlet anitation. However, using the
triplet yield in (c), on average one triplet isrited every ~3s at 240 Wem®. Such a
Chl triplet is rapidly quenched by a Car triplet5)2 the latter which has a
characteristic lifetime of 9-1@s in oxygen-free solutions. Furthermore, since the
inter-monomeric and inter-trimeric energy transfémescales in LHCII are
considerably shorter than the Car triplet decagt{26), the presence of one triplet in
the excited system inevitably leads to ST annilofatupon absorption of all
subsequent photons. Evidently, ST annihilationhis thajor quenching mechanism
responsible for saturation in high light. To quinthis saturation, we notice that, on
average, ~10 photons are absorbed before a Céettdpcays. Since a triplet is
formed with a ~0.33 probability upon photon absomt we can estimate that
approximately two-thirds of the total number of atted photons are annihilated by
ST annihilation, yielding a quenching efficiengyof ~0.67. [This value corresponds
well with the expected fluorescence decrease whemean number oz = 3
simultaneous excitations are used in a stronglyplesl system where the total

fluorescence vyield scales &-¢e*)/z (27, 28). This function fits well to the
experimental fluorescence saturation curve (Fig.]S3
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FIGURE S3 Saturation curve of the fluorescence (expressedumts per second) as function of
the excitation intensity and estimated number dfitdtations, the latter which is predominantly
responsible for saturation in high light. Error are the standard deviations of the calculated

values. A fit of the functiol—€e*)/ z is shown $olid line).



From Eqg. 2 it follows that the APD measures ~87p8 when an LHCII trimer is
irradiated with 240 Wem®. This value is consistent with the measured valu@900 +
1000 cps, confirming that the fluorescing unit isiaer.

Ener gy absor ption by the solvent

It was shown before that local heating in an LH(iher is negligible under the
conditions employed in this experiment (29). Thuedl heating was mainly attributed to
exciton-exciton annihilation. It is simple to shdwat the solvent in the close vicinity of a
trimer absorbs a negligible amount of laser energy.

Consider a focal volume defined by z = 10 nm in the center of the beam focus
consisting of pure water molecules. In this volume may assume a constant cross-
sectional area and intensity of the beam. The palserease of the incident light as the
result of absorption along the lengthis then given bylP(z) = o Aa dz with « denoting
the absorption coefficient of the medium, and tfamgverse cross-sectional area of the

beam approximated b= mAé Usinga = 0.33 n1 for water at 630 nm and 5°C (30),
the total power absorbed in this focal region an®un 6.6 x 13° W. Taking the
specific heat capacity of water at 5°C to be 4.284' mL™, the equivalent temperature

increase is 2.6 nK per pulse, which is clearly mggglle, considering that this heat is
rapidly removed by the connected bath of 5°C.



3. SUPPLEMENTAL RESULTS
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FIGURE $4 Examples of time-correlated\(B) and -uncorrelatedd) fluctuations of double-
band spectra. Correlated fluctuations occurred nfi@mguently. Fluorescence was measured in
counts per second (cps). The legends indicateditesponding spectral peak values.

Control experiments

Apart from a number of controls mentioned in theirtext, the effect of a
different substrate and varying excitation rates @aigo investigated.

Replacement of the substrate with aminopropyltarysilane (APTES) revealed
no apparent difference in the spectral shape aall mavelength distribution (data not
shown). Although both substrates adhere to the tmogredominantly electrostatically
by means of their positively-charged terminal amgroups, the interaction with the
complex is expected to be different for each sabstrThis accordingly affects the
mobility of the complex and the static disordertloé pigments to different extents. We
conclude that the small difference in static disordegligibly affects the total static
disorder of the system.

The very low photon absorption probability per ulg-0.015) resulted in a
negligible contribution of singlet-singlet annititzn (see Supplemental Calculations).
Accordingly, reduction of the repetition rate by ane of a photoacoustic single pulse
selector (APE GmbH) did not yield any noticeablgiovements in the signal-to-noise
ratio or in the photostability of the complex; dmetcontrary, maintaining the time-
averaged fluorescence intensity demanded a higtetagon energy density per pulse,
which resulted in increased levels of photodamagewever, a continuous-wave
excitation source apparently slightly prolonged sievival time before photobleaching,
whereas the fluorescence spectral activity was sienjlar to that of pulsed excitation.



Comparison with the ensemble spectrum

The steady-state ensemble spectrum of ~20,000 exegplcompares well with the
time and population average of a similar numbemdfvidually acquired spectra from
single complexes (Fig. S5). The ensemble spectauslightly broader than the mean
single-molecule spectrum. The discrepancy in thes ldnd red wings probably stems
from slight differences in focusing onto the CCDpcfrom measurements performed on
different days. The spectra of low-emitting statee included in the mean single-
molecule spectrum, but elimination of these spedidanot notably affect the spectral
shape. The similarity of the two spectral shapescates that the number of deviating
states is independent of the excitation rate pemptex and the illumination time; a larger
access rate to deviating states is expected talbnote single-molecule spectrum (1). A
similar overlap between the bulk and mean singléemde spectrum was found for other
systems (31).
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FIGURE S5 Bulk spectrumgolid) and time and population average of 400 compléxes60-
second continuous illuminatiordgshed, measured under similar conditions. The ensemble
spectrum was acquired upon 10-ms excitation ofu8V1 whereas 1-second excitation ofv

was used for every single-molecule (SM) spectrum.



Additional modeling results
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Fluorescence, a.u.
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FIGURE S6 Steady-state bulk absorption and fluorescence rspawtasured for trimeric LHCII
at room temperaturg@inty and calculated using modified Redfield thedtyiak lineg. In the
calculation we used the structural data of refaB@8 our original exciton model of LHCII (33).
Calculated spectra are shown together with conidbs from the 14 individual exciton
componentsthin lineg. See main text for more details.
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FIGURE S7 Comparison of selected modelddug) and measureddd) fluorescence spectral
profiles, for normal static disorder (90 ¢m(A—F) and increased disorder (140 &m(G-N).
Insets (blue histograms) denote the calculatedrthdy averaged participation ratio (PR) of the
different pigments to the lowest exciton state. €heilibrium reference spectrum is depicted in
black Ghort, dashed lineand all spectra are normalized. Measured spectaaverages of
spectral profiles with similar shapes, and caladaspectra are averaged over a number of

realizations.



From the 2000 calculated realizationsAnrF, 26 spectra had an enhanced width,
comprising 10 with a peak position near the bulkximaim and 16 with a red-shifted
peak.E andF are averages of these 10 and 16 realizationsgctgely. No realizations
with a distinct double-peak shape were found antbege 2000 realizations. Calculated
spectra in paneld—D were averaged over 328, 976, 464, and 12 reamatpeaking
within 683.5-684.5, 685—686.5, 689—-692, and 693-@97 respectively. Note that the
individual realizations in each group have esséntihe same characteristic line shape as
the averaged spectrum for this group, with onlyiaamdeviation in the peak position
and width. Delocalization degrees for the 6 groapsealizations are described by the
inverse participation ratio I/PR,, with values 1.6807, 1.6102, 1.5123, 1.4039, 18361
and 1.5006 for Panels—F, respectively. The inverse participation ratiotio¢ steady-
state density matrix (defined as in ref. 34) cqyoesling to each spectrum is given by
1.4219, 1.3933, 1.3127, 1.2404, 1.0611, and 1.328pectively.

Increase of the disordeG{N) gave rise to larger inhomogeneous broadening and
the presence of a few double-band spectra. Deiatadn degrees for the 8 groups of
realizations are 1.6334, 1.5765, 1.4809, 1.3932893, 1.3013, 1.3191, and 1.4481 for
panels G-N, respectively, and the respective participatiotiosaof the steady-state
density matrix are 1.3887, 1.3604, 1.2914, 1.1808334, 1.1139, 1.0332, and 1.3058.
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FIGURE S8 Distribution of fluorescence peak positions of 2@@0culated realizations of the
static disorder, for disorder of 90 ¢nA) and 140 cm (B). Calculated spectra averaged over the
2000 realizations are depicted in blue and compavigd the time and population averaged
measured spectrumef, dashed lings

Evidently, in our model the averaged spectrum iem@ned primarily by non-
shifted realizations peaking at 682 + 3 nm, wite&ml shapes very similar to the bulk
spectral profile. Spectral shapes with contribwgi@hifted more than ~3 nm from the
average position occur infrequently and therefoce robt result in any significant
broadening of the calculated averaged spectrumnegect to the bulk.
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FIGURE S9 Participation ratio (PR) of theth pigment in theé-th exciton state, averaged over
disorder. The lowesk = 1 state corresponds to excitation of #@&l0-a611-a612 cluster.
Delocalization within this cluster is not uniforfaut predominant localization is a610. The
delocalization within the other clusters can bel@red similarly.
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