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Aggregation induced conformational change of light harvesting antenna complexes is believed to constitute one
of the pathways through which photosynthetic organisms can safely dissipate the surplus of energy while ex-
posed to saturating light. In this study, Stark fluorescence (SF) spectroscopy is applied to minor antenna com-
plexes (CP24, CP26 and CP29) both in their light-harvesting and energy-dissipating states to trace and
characterize different species generated upon energy dissipation through aggregation (in-vitro) induced confor-
mational change. SF spectroscopy could identify three spectral species in the dissipative state of CP24, two in
CP26 and only one in CP29. The comprehensive analysis of the SF spectra yielded different sets of molecular
parameters for the multiple spectral species identified in CP24 or CP26, indicating the involvement of different
pigments in their formation. Interestingly, a species giving emission around the 730 nm spectral region is
found to form in both CP24 and CP26 following transition to the energy dissipative state, but not in CP29. The
SF analyses revealed that the far red species has exceptionally large charge transfer (CT) character in the excited
state. Moreover, the far red species was found to be formed invariably in both Zeaxanthin (Z)- and Violaxathin
(V)-enriched CP24 and CP26 antennas with identical CT character but with larger emission yield in Z-enriched
ones. This suggests that the carotenoid Z is not directly involved but only confers an allosteric effect on the for-
mation of the far red species. Similar far red species with remarkably large CT character were also observed in
the dissipative state of the major light harvesting antenna (LHCII) of plants [Wahadoszamen et al. PCCP, 2012],
the fucoxanthin-chlorophyll protein (FCP) of brown algae [Wahadoszamen et al. BBA, 2014] and cyanobacterial
[siA [Wahadoszamen et al. BBA, 2015], thus pointing to identical sites and pigments active in the formation of the
far red quenching species in different organisms.
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1. Introduction

Photosynthesis is one of the most important physiological processes
in nature, which enables photoautotrophs like green plants, algae and
cyanobacteria to transform light energy into storable chemical energy.
In doing so, the photosynthetic membrane of every photosynthetic or-
ganism is equipped with a variety of macromolecular protein com-
plexes, specific lipids and highly conserved arrays of protein-bound
chlorophyll (Chl) and carotenoid (Car) pigments [1,2]. The most abun-
dant pigment-proteins in the thylakoid membrane of plants are the
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light-harvesting antenna complexes (LHCs), which attribute a central
role in controlling the overall function of photosynthesis [3]. The key
function of LHCs is to capture the available fraction of solar energy and
transfer it efficiently and on an ultra-fast time scale to the reaction cen-
ter where the solar-excitations are trapped to induce a stable trans-
membrane charge separation that drives the ensuing chemistry [4-6].
LHCs can also dissipate safely the excess photons harvested during
intense sunlight and thereby protect the organisms from excess light in-
duced highly toxic chemical by-products [7]. Therefore, photosynthetic
organisms always encompass with a continuous paradox; in fact while
light is the lifeblood for their growth and productivity, too much of it
can potentially be lethal [8]. In order to cope and thrive with the delete-
rious effects of excess light plants, algae and some photosynthetic bacte-
ria developed photoprotective mechanisms, via a concerted effort of
several physiological processes collectively known as nonphotochemical
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quenching (NPQ), which allow the harmless dissipation of the excess en-
ergy into heat [2,8-15]. Although the biological significance of NPQ is well
established [11,16] the underlying molecular mechanisms associated
with it are not clearly understood to date. In recent years a number of
studies focused on unraveling the physical nature of the nonphoto-
chemical quencher(s) in the light harvesting antenna of plants gave ap-
parently contradictory results [14,15,17-25]. In fact, both Chl-Chl [22,
25] and Chl-Car [17,18,20,26,27] interactions have been proposed to be
responsible for energy dissipation. Yet, many physiological characteristics
of NPQ have been found to be correlated positively with the formation of
CT states in LHCs [17,18,22,25-29]. Although many studies point to the
involvement of CT states (be it Chl-Chl or Chl-Car or both) in the excess
energy dissipation through NPQ, very little is known about the underlying
excited state electronic structures and the associated dynamics, the pre-
cise knowledge of which is essential not only for understanding NPQ on
a molecular scale but also to design and develop robust artificial photo-
synthetic systems for efficient solar energy conversion.

An experimental technique that involves the perturbation of the
molecular energy states by an externally applied electric field and the
subsequent detection of spectral changes is known as the Stark spec-
troscopy. Stark spectroscopy is a very useful technique to trace and ex-
tract the electro-optic parameters such as change in permanent dipole
moment and molecular polarizability associated with optical transitions
of a photoactive species including those of photosynthetic pigment-
protein complexes [30-35]. The determination of these parameters is
central in characterizing the excited state electronic structure of a
photoactive species under investigation. In particular, Stark spectrosco-
py is a very useful technique to trace and characterize mixed exciton-CT
states because CT states are typically associated with a large electric di-
pole moment and thus exhibit a very sensitive response to the external-
ly applied electric fields [32,33,36-39].

The artificial aggregation (quenching in-vitro) of light harvesting an-
tennas of photosynthetic organisms is commonly considered to be the
model system for the mimicry of NPQ as it occurs via excess light-
induced conformational changes in vivo [40-43]. Formation of multiple
emissive species is often found to be the consequence of artificial aggre-
gation of light harvesting antennas [44]. Although, the signatures of
multiple emissive species in an aggregated antenna can be diagnosed
via conventional spectroscopies, but sometimes, because of overlapping
spectral signatures, it is difficult to reveal their underlying excited state
electronic structures and dynamics [35,37,38]. In addition, the efficiency
of conventional spectroscopy is limited in tracing precisely the CT char-
acter of the states formed upon aggregation. The salient versatility of
Stark spectroscopy offers the unique opportunity to resolve multiple
overlapping spectral species and concomitantly reveals the underlying
excited state electronic structure, dynamics, and a precise estimate
about their CT character [35,45-47].

In our recent studies, we applied SF spectroscopy to the dissipative
states of LHCII of higher plants [45], FCP of brown algae [46] and
cyanobacterial IsiA [48]. We observed that the energy dissipation (in-
vitro) in these pigment-proteins results in at least two emitting species,
one of which has exceptionally large CT character. Minor antenna com-
plexes (CP24, CP26 and CP29) are also believed to be directly involved
in the NPQ process of higher plants [17,18,26,28,49-53]. However, it is
not clear so far that, like for the major peripheral antenna LHCII, wheth-
er the energy dissipation in the minor antenna complexes is involved
with the formation of multiple emitting species or not. If formed, what
extent of CT character would they possess? Inter alias, it is suggested
that the energy dissipation through minor antenna complexes is
achieved predominantly via the interplay of CT state(s) [17,18,28,49,
50,52,53]. In this regard, an unequivocal consensus on the carotenoid
that is directly involved in the CT state formation is still lacking. In
many studies, it is pointed out that Z is the carotenoid that forms the
CT state [18,26,50,52,53], whereas, in some others, it is suggested that
not Z but lutein (Lut) is involved in forming the CT state during the
course of energy dissipation in minor antennas [17,28]. In the latter

case, Z is suggested to attribute allosteric effects to the formation of
the CT state. Keeping all the concerns in mind, in the present study,
we applied SF spectroscopy to the minor light harvesting antenna com-
plexes both in their light harvesting and in energy dissipating states to
unravel:

(1) the number of emissive species generated upon formation of the
energy dissipative state in each of these complexes.

(2) the electronic structures and excited state dynamics of all these
species with a precise estimate of the CT character and the asso-
ciated pigment compositions.

(3) how the formation yield of each species and its CT character is af-
fected by the presence of the carotenoid Z (if Z is not directly in-
volved in CT state formation).

2. Materials and methods
2.1. Isolation of PSII minor antenna complexes

Minor antenna complexes were isolated by isoelectric focusing of
solubilized BBY particles prepared from spinach plants according to
[54]. Plants were either dark adapted for 1 h or light treated for
45 min at 500 pmol m~2 s~ ! under 98% N, flow to induce zeaxanthin
formation. During BBY isolation of light-treated samples, a further incu-
bation step of thylakoids with 40 mM ascorbate at pH 5.5 was per-
formed to induce maximum violaxanthin de-epoxidation as described
in [55].

2.2. Pigment analysis

Total pigments were extracted in 80% ice-cold acetone and centri-
fuged 5 min at max speed on a bench centrifuge. Total chlorophyll con-
centration and chlorophyll a/b ratios were calculated according to Porra
et al. [56] from absorption at 646.6, 663.6, and 750 nm. Xanthophyll
composition was determined by reversed-phase high-performance liq-
uid chromatography using a LiChrospher 100 RP-18 column (Merck)
connected with a Dionex Summit chromatography system as previously
described [54].

2.3. Stark spectroscopy

5-fold quenched CP24/CP26/CP29 was obtained by incubation of the
antenna with 50 mg of SM-2 Absorbent (Bio-Rad), allowing a 5-fold de-
crease in the fluorescence (F) intensity (i.e., the F intensity is decreased
to 20%) upon aggregation. The sample for Stark spectroscopy of
unquenched CP24/CP26/CP29 was prepared upon suspending it in a
buffer containing 20 mM Hepes with pH-7.5, 20 mM NacCl, 10 mM
MgCl,, and 0.06% PDM and subsequent dilution with 60% (v/v) of glyc-
erol for producing a transparent glass at 77 K. The preparation of the
sample for Stark spectroscopy of the quenched CP24/CP26/CP29 was
the same as for the unquenched samples, however in this case samples
were devoid of the externally added detergent e.g. 0.06% 3DM. SF spec-
troscopy was performed on the transparent frozen glasses of
unquenched and quenched antennas at 77 K in a cell prepared upon
gluing two glass slides, whose inner surfaces are coated with transpar-
ent layers of Indium Tin Oxide (ITO), with double-sided sticky tape
(Sellotape). The optical path length of the resulting cell was 110 pm.
The SF experiment was carried out on a homebuilt setup, similar to
the one described in [34,45,46,48]. Briefly, the excitation wavelength
was selected by dispersing the white light continuum of a Xenon lamp
(Oriel) through a monochromator (1200 gmm grating blazed at
350 nm). The excitation beam hits the sample under an angle of 45°.
The sample is immersed into the liquid N, chamber of an Oxford cryo-
stat (DN1704) having strain free quartz optical windows. A low distor-
tion sinusoidal AC voltage synthesized in the lock-in amplifier (SR850)
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with modulation frequency of 80 Hz was applied to the sample after de-
sired amplification through the high voltage generator. Both the F and
SF signals were recorded simultaneously by the lock-in amplifier at
the second harmonics of the modulation frequency. The details about
the theoretical modeling of experimentally obtained SF data can be
found elsewhere in the literature [31,34,46,48,57-60]. Briefly, the SF
spectrum of randomly oriented and spatially fixed chromophores in a
solid matrix (having negligible inter-chromophore interaction) can fair-
ly be appreciated as the weighted superposition of the zeroth, first and
second derivatives of the (field-free) F spectrum described by the fol-
lowing equation:
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where Fy,a is the F intensity at the maximum, Fey is the magnitude of
the electric field applied externally during the course of experiment, v
is the energy in wavenumber, y is the experimental angle between
the direction of Fey, and the electric vector of the excitation light, and f
is the local field correction factor used to estimate the magnitude of
the internal electric field experienced by the chromophore(s), Fin¢ Via
the relation Fine = fFex- The coefficient A, (denoted hereafter as zeroth
derivative contribution, ZDC) reflects the field-induced change in emis-
sion intensity arising mostly from field-assisted modulation of the rates
of nonradiative deactivations competing with the F process [34,35,57].
Besides, the coefficients B, and C,, are associated with the electro-
optic parameters, more specifically changes in molecular polarizability
(Aa) and molecular dipole moment (Au) between the ground and ex-
cited states connected by the optical transition, respectively [34,35,
57]. At the magic angle ()} = 54.7°) the coefficients, B, and C, can be
expressed as [34,57]:
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Therefore upon reproducing the SF spectrum by a weighted super-
position of the derivatives of the corresponding F spectrum and com-
puting the coefficients of the first and second derivatives, one can
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extract the values of Aa and Au from the above two equations. As the
value of the local field correction fis not known, the values of Aa and
Auin this study are expressed in terms of f. All the SF spectral fitting pro-
tocols of this study were performed using the commercially available
Igor (WaveMetrics) software routine.

3. Results

Fig. 1 displays F (top) and SF (bottom) spectra of unquenched and
5-fold quenched CP24 (left panel), CP26 (middle panel), and CP29
(right panel) enriched with both V- and Z. Here and hereafter, the
unquenched and 5-fold quenched samples of CP24/CP26/CP29 are de-
noted respectively as UQ-(V/Z)-CP24/UQ-(V/Z)-CP26/UQ-(V/Z)-CP29
and 5Q-(V/Z)-CP24/5Q-(V/Z)-CP26/5Q-(V/Z)-CP29, where V and Z
stand for V- and Z-enriched samples, respectively. Both F and SF spectra
are recorded simultaneously with excitation at 462 nm where the sam-
ples gave a negligible Stark absorption (SA) signal (see Fig. S1). The F
spectra of both unquenched and quenched complexes in the figure are
normalized to unity at their respective peaks, whereas the SF spectra
are normalized to the field strength of 1 MV cm™! and to the intensity
at the peak of the respective F spectra. The F spectrum of all unquenched
complexes is as usual featured by a characteristic sharp excitonic band
with a peak at around 679-680 nm and a broad vibrational satellite
with weak intensity peaking at around 740 nm (not shown here). On
the other hand, the shapes of the F spectra of quenched complexes are
notably different from the ones of the respective unquenched com-
plexes. Distinct features of the F spectrum of a quenched complex in-
clude, among others, a strikingly broader emission lineshape with a
major peak at around 685-695 nm and a broad tail stretching up to
the end of the selected spectral window. In addition, in the case of
quenched CP24 F, one can easily recognize the existence of an additional
band in the 710-760 nm spectral region superimposed on the broad tail,
the peak of which is located at around 730 nm. Interestingly, the far red
band shows a more pronounced appearance with a well resolved
lineshape in 5Q-Z-CP24 as compared with 5Q-V-CP24. On the contrary,
such a far red emission band is not clearly distinguished in the F spec-
trum of the quenched CP26 and CP29 complexes. Indeed, both the
685-695 nm band of all quenched complexes and the 730 nm band of
quenched CP24 originated as a consequence of the aggregation, and
thus can be considered as the spectral signatures of some quenching
species.
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Fig. 1. F (top) and SF (bottom) of unquenched (light/dark green line) and 5-fold quenched (light/dark red line) of V/Z enriched CP24 (left panel), CP26 (middle panel) and CP29 (right
panel) recorded simultaneously at 77 K. All the F spectra were normalized to unity at their maxima. To facilitate the estimation of electro-optic parameters, all the SF spectra are
normalized to a field strength of 1 MV cm ™! and to the intensity at the peak of the respective F spectra.
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Besides, regardless of the physical states of the antenna complexes
(being either unquenched or 5-fold quenched), the SF spectra are char-
acterized by negative amplitudes with shapes seemingly identical to the
corresponding F spectra. The overall negative amplitude of the SF signal
indicates that in all samples the externally applied electric field induces
a fairly large reduction of F yield in combination with other expected
electro-optic effects such as field-induced spectral shift and modifica-
tion of the spectral bandwidth [45]. In addition, one can easily judge
by glance that, albeit having (at least 5-fold) smaller F yield, all the
quenched complexes gave (2-4 fold) larger relative SF intensity com-
pared to their unquenched counterparts. This observation reflects the
greater sensitivity of F states of the quenched antenna complexes to
the external electric field. Furthermore, despite the fact that the signa-
ture of the far red band is weak in the F spectrum, it was prominently
present with a well-defined lineshape in the SF spectrum. The intense
appearance of the far red band in the SF spectrum is accompanied by
a fairly large reduction of the bandwidth and a significant field-
induced peak shift by about 5 nm to the red. It will be shown later
that the reduced bandwidth and the notably large red-shifted peak of
the SF signal of the far red band originate from the massive involvement
of the electro-optic parameters Apand A of the associated species.
Inter alia, although the far red band is barely resolved in the F spectrum
of the quenched CP26, it gave a well resolved contribution to the SF
spectrum especially of 5Q-Z-CP26. Once again, the intense appearance
of 715-760 nm SF band is likely to be accompanied by a remarkably
large magnitude of the field-induced peak shift and with the narrower
bandwidth. However, in contrast to CP24 and CP26, the signature of
such a far red band is neither observed in the F nor in the SF spectrum
of the quenched CP29 complexes. In fact, the SF spectra of the quenched
CP29 complexes seem to be virtually identical to the corresponding F
spectra, whose peak is only shifted to the red by about 2-3 nm. There-
fore it is very likely that a single quenching species is generated in
CP29 following aggregation.

4. SF analyses

The analyses of the SF spectra of both unquenched and quenched
samples of V/Z enriched CP24, CP26 and CP29 are performed by
employing the Standard Liptay formalism as introduced above. In accor-
dance with the Liptay formalism, the SF spectrum around a certain
wavelength region can be reproduced (fitted) plausibly by the weighted
superposition of the derivatives of the F spectrum provided that the F
signal around that specific wavelength region arises from one type of
non-interacting emissive species. Such an analysis would then yield a
single set of molecular parameters (ZDC, Aa and Ap). On the other
hand, if an F envelop contains emission contributions from multiple dis-
tinct species one cannot obtain a satisfactory fit of the corresponding SF
spectrum only by the weighted superposition of the derivatives of the F
spectrum as a whole. In such a case, the observed F spectrum needs to
be deconvoluted into a set of bands representing the emission signa-
tures of the available multiple species. The weighted sum of the deriva-
tives of the deconvoluted bands can then be used to obtain a satisfactory
fit of the SF spectrum. In such a case, one would obtain multiple distinct
sets of molecular parameters associated with the decomposed bands.
Therefore, by utilizing this unique feature of Stark spectroscopy one
can simultaneously identify the number of emissive species present
within the sample under study and compute precisely the correspond-
ing molecular parameters, which in general cannot be done using con-
ventional spectroscopy.

The SF spectrum of all unquenched minor antennas regardless of
their reconstitution with V or Z could be well reproduced by the weight-
ed superposition of the (zeroth, first and second) derivatives of the cor-
responding (field-free) F spectrum without deconvolution (see Fig. S2).
The analysis thus yielded a single set of molecular parameters (ZDC, Ax
and Ay) for all the unquenched complexes (see Table S1). This finding
suggests that the F signal of each unquenched antenna complex arises

from a single electronic state, which is the lowest excitonic state [61].
In addition, the very small magnitude of Ap suggests that the only F
state of each minor antenna complex has a weak CT character as
anticipated.

In contrast to the case of unquenched complexes, the weighted su-
perposition of the derivatives of the observed F spectra of both
quenched CP24 and CP26 could not yield plausible fits of the corre-
sponding SF spectra. In essence, the F spectrum of 5Q-Z-CP24 had to
be deconvoluted into a minimum of three constituent bands peaking
at 684, 707 and 731 nm as shown in Fig. 2a. The lineshape of each
band was synthesized either by a single or a linear combination of
some skewed Gaussians of varying FWHM and skewness. The weighted
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Fig. 2. (a) F (red solid line) spectrum of 5Q-Z-CP24 and the corresponding fit (red dashed
line) obtained with linear superposition of some skewed Gaussians. The F spectrum is then
deconvoluted into three constituent bands of varying skewness and width peaking at 684,
707 and 731 nm. The deconvolution is done in such a manner that they can yield plausible
simultaneous fits of the F and SF spectra. (b) SF (red square-dotted line) spectrum and the
resulting fit (light violet line) obtained with the weighted superposition of the derivatives
of the deconvoluted bands. (c) SF spectrum (red square-dotted line) and the SF
contributions (dashed lines) of the deconvoluted bands.
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superposition of the derivatives of the deconvoluted bands was then
used to reproduce the SF spectrum. Fig. 2b shows the resulting fit
(light violet line) and Fig. 2¢ displays the SF contributions of the
deconvoluted bands (dashed lines) together with the SF spectrum
(red square-dotted lines). One can see (from Fig. 2c) that the SF contri-
butions of the first two bands are seemingly identical in shape to the re-
spective deconvoluted lineshapes and have strikingly large negative
amplitudes. This finding suggests that the F yields of the species giving
the two deconvoluted bands are highly reduced by the external electric
field, thereby yielding the large magnitudes of the field induced reduc-
tion of F intensity (about 5-7% at 1 MV cm ™! field strength) as revealed
by the large (negative) magnitudes of ZDC in modeling (see top part of
Table 1). By applying a similar protocol, the SF spectrum of 5Q-V-CP24
could be fitted plausibly upon deconvoluting the F spectrum into
three constituent bands peaking at 684, 707 and 732 nm (see Fig. S3).
The ZDC and electro-optic parameters extracted from the two analyses
are compiled in Table 1 (top part). One can see from the table that the
analysis yielded very different sets of molecular parameters for each of
the deconvoluted bands, indicating that they originate from emission
of different excited electronic states. Alternatively, it can be said that
the emission lineshapes of the deconvoluted bands are generated
from different F species generated upon induction of quenching by ag-
gregation in CP24. One may notice that the present analysis yielded a
steady increase in Ap values upon going from bluer to redder
deconvoluted bands, indicating that the redder species attains much
CT character compared to the bluer ones. Interestingly, the analysis
yielded an exceptionally large value of Ap for the red-most band of
quenched CP24 that peaks around 730 nm spectral region, suggesting
that the associated F state has a large CT character.

Unlike the case of quenched CP24, deconvolution of the F spectra of
the quenched CP26 complexes into two constituent bands could yield
acceptable simultaneous fits of the F and SF spectra. Fig. 3 illustrates
the SF analysis of 5Q-Z-CP26. In this case, the observed F spectrum is
deconvoluted into two bands of variable widths and skewness peaking
at 690 and 733 nm, the weighted superposition of the derivatives of
which simultaneously yielded a plausible fit (light violet line in
Fig. 3b) of the SF spectrum throughout the wavelength region. Similarly,
the SF spectrum of 5Q-V-CP26 could be fitted satisfactorily by
deconvoluting the F spectrum into two bands (see Fig. S4). Middle
part of Table 1 compiles the molecular parameters extracted from
such analyses. Once again, the analyses yielded large magnitudes for
Apof the far red band.

It is surprising that, unlike for quenched CP24 and CP26 complexes,
the SF spectrum of quenched CP29 (both V and Z enriched) complexes
could be reproduced well by just the weighted superposition of the de-
rivatives of the observed F spectrum without deconvolution. Fig. 4
shows the resulting SF analyses of both 5Q-Z-CP29 (top panel) and
5Q-V-CP29 (bottom panel). The analysis eventually yielded a single
set of molecular parameters (see bottom part of Table 1) for the both,

Table 1
Estimated molecular parameters from SF analyses of quenched samples.
Sample Band ZDC(at1MVem™') Aa[A%/f] Au[D/f]
5Q-Z-CP24 684 —0.047 + 0.0012 —53.69 + 6.11 0.80 + 0.07
707 —0.163 + 0.0032 —429.5 £ 38.20 461 £ 037
731 —0.012 £ 0.0026 —966.38 +36.21 10.31 £ 0.26
5Q-V-CP24 684 —0.04 4 0.0005 —53.69 + 349 1.13 + 0.04
707 —0.065 + 0.0011 —178.96 4+ 1243 461 £ 0.11
732 —0.01 + 0.0004 —608.46 + 16.66 10.31 £ 0.07
5Q-Z-CP26 690 —0.056 + 0.0003 —89.48 + 2.31 1.13 £+ 0.09
733 —0.01 4+ 0.0011 —680.04 + 2545 9.79 + 0.10
5Q-V-CP26 694 —0.065 + 0005 —139.59 4+ 5.70 0.65 4+ 0.12
732 —0.02 4 0.0004 —680.04 +£17.38 9.57 4+ 0.14
5Q-Z-CP29 Single —0.04 4+ 0.0003 —71.58 + 3.52 1.03 + 0.07
5Q-V-CP29 Single —0.022 + 0.0002 —4295 £ 1.50 0
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Fig. 3. (a) F (red solid line) spectrum of 5Q-Z-CP26 and the corresponding fit (red dashed
line) obtained with linear superposition of some skewed Gaussians. The F spectrum is then
deconvoluted into two constituent bands of varying skewness and width peaking at 690
and 733 nm. The deconvolution is done in a similar manner as in Fig. 2. (b) SF (red
square-dotted line) spectrum and the resulting fit (light violet line) obtained with the
weighted superposition of the derivatives of the deconvoluted bands. (c) SF spectrum
(red square-dotted line) and the SF contributions (dashed lines) of the deconvoluted
bands.

indicating that a single F species is generated in CP29 following induc-
tion of artificial quenching. One can easily notice from Table 1 (bottom
part) that the analysis yielded a fairly small magnitude of Au for 5Q-Z-
CP29, zero Ap for 5Q-V-CP29, indicating that the aggregation induced
a single quenching species in CP29 complexes with little CT character
like the unquenched counterparts and like all the 680-690 emissions
of the other quenched complexes.

5. Discussion

By applying SF spectroscopy, we could identify multiple emissive
species in the quenched aggregated CP24 and CP26 minor antennas.
Three species giving emission peaks at around 680, 700 and 730 nm
spectral regions are found to be formed in CP24, whereas two species
giving emission peaks at 690-694 and 730 nm spectral regions are gen-
erated in CP26 following aggregation. The comprehensive modeling of
the SF spectra employing standard Liptay formalism yielded small but
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the Fit (violet line) of SF of 5Q-V-CP29 obtained with the weighted superposition of the
derivatives of the F spectrum without deconvolution.

comparable magnitudes of Ap for the first quenched species (responsi-
ble for the 684 and 690-694 emission bands in CP24 and CP26, respec-
tively) and the respective unquenched counterparts (see Table S1). This
suggests that a relatively small extent of charge separation and/or
charge transfer exists among the excitonically coupled pigments of
both the unquenched and first quenched species in their F states. In
this respect, the comparable magnitude of Ap suggests that the pig-
ments involved with the charge separation and/or charge transfer are
identical in both the unquenched and the first quenched species. There-
fore, keeping a good analogy with unquenched emissive species [61],
the first quenched emissive species of both CP24 and CP26 can be con-
sidered to originate predominantly from Chl-Chl interactions. Yet, the
larger (negative) magnitude of Aot may reflect coarsely the larger extent
of Chl-Chl interactions in this species resulting from the enhanced clus-
tering of Chls pigments [62] within the modified local protein environ-
ment due to aggregation. To this end, the observed low F yield indicates
that the aggregation-induced local protein environment confers a sig-
nificantly large cross-section for nonradiative deactivation to this emis-
sive species. The considerably larger negative ZDC then suggests that
the rate of the nonradiative deactivation associated with the F state of
the first quenched species is significantly enhanced by the externally
applied electric field. Such an enhanced rate of non-radiative deactiva-
tion may occur when the cross-over to a nearby CT state constitutes
one of the nonradiative deactivation pathways for this species. There-
fore, like for the excitonically coupled bacteriochlorophyll dimers with-
in an artificially prepared protein scaffold [57], the large cross-section
for nonradiative deactivation of the first quenched species may result
from the mixing of (Chl-Chl) excitonic state with an energetically near-
by CT state. The extent of such mixing and thereby the rate of the
nonradiative deactivation are highly enhanced by the externally applied
electric field subsequently yielding a large (negative) amplitude of ZDC

for this species. Due the involvement of a CT state in the nonradiative
deactivation, clustering the Chls due to such aggregation induced mod-
ified local protein environment may potentially dissipate a large
amount of excitation energy via a mechanism like concentration
quenching [63,64] or open up a quenching channel to the Car [27], as ag-
gregation is supposed to move the carotenoid (especially Lut) closer to
the Chla cluster (and vice versa) within the terminal emitter domain.
Similarly, by comparing the values of ZDC, Aot and Apwith those obtain-
ed for the first quenched complexes of CP24 and CP26, we can assume
that the only quenched emissive species of CP29 is generated from the
enhanced Chl-Chl interaction upon aggregation. However, the SF analy-
sis yielded nonzero magnitude of Ap (1.03 [D]) for 5Q-Z-CP29 together
with almost two times larger negative ZDC and A compared to 5Q-V-
CP29 (which gave a zero Ap). The larger magnitudes of the ZDC and
electro-optic parameters may reflect the direct the involvement of Z in
energy dissipation process in CP29.

The modeling of SF spectra yielded an extraordinarily large magni-
tude of Apfor the 730 bands of both the quenched CP24 and CP26 com-
plexes, indicating that the corresponding F states have exceptionally
large CT character. Interestingly, not the extent of the CT character but
the Fyield of the associated species is found to be enhanced by the pres-
ence of the specific carotenoid Z. This suggests that, regardless of their
xanthophyll composition, with either V or Z, a far red F species of iden-
tical CT character is formed in the aggregated CP24 and CP26: Z only
gives allosteric effect to its emission yield. This also suggests that neither
V nor Z is directly involved in the formation of the far red emissive spe-
cies. Furthermore, the far red species of both the quenched complexes
are very similar in terms of all the estimated molecular parameters
(ZDC, Aa and Ap), indicating that they are generated from the involve-
ment of identical pigments interacting within similar sites surrounded
by similar local protein environments in the two complexes. To
this end, the strikingly large magnitude of Ap indicates that the
interacting pigments, among which the charge separation and/or
charge dislocation exists, associated with the far red species are very dif-
ferent from those of the first quenched species. It is very likely that some
Cars are involved along with Chls in yielding such an extraordinarily
large magnitude of A in the far red species. Note that Cars have a
very large conjugated m skeleton characterized by a very strong excited
intramolecular CT state [65]. Therefore, we can assume that the far red
emissive species originates mainly from a closer Chl-Car interaction in
the aggregated CP24 and CP26. It could also be possible that the aggre-
gation induced far red band (of CP24/CP26) has the same origin as the
730 nm emission of native Lhca4, which is ascribed to a CT state origi-
nating from Chl-Chl interaction [39,66]. Note that the presence of an
excitonically coupled Chl-Chl dimer is the characteristic feature of
Lhca4. The dimer absorbs around 710 nm and subsequently gives the
broad F band around 730 nm [67]. On the other hand, one can easily no-
tice from Fig. S1 that both the unquenched and quenched complexes of
all minor antenna gave identical SA lineshapes. This finding suggests
that aggregation of any of the minor antenna complexes did not yield
a Chl-Chl dimer (like for native Lhca4) or other ground state absorbing
species by whose contribution the shape of SA spectrum would be mod-
ified. In this line of thinking, it is likely that the aggregation induced
730 nm band (of CP24/CP26) has an origin different from the far red
bad of Lhca4. Inter alia, the appearance of the far red band is more no-
ticeable in CP24 than in CP26, indicating that CP24 strongly favors the
formation of the associated species. On the other hand, in sheer contrast
to the cases of CP24 and CP26, such a far red emissive species is not
formed in CP29 following artificial aggregation. Furthermore, the addi-
tional aggregation-induced species of CP24 that gives an emission
peak at 707 nm gave several times larger/smaller Aa and Ap values
compared to the 684/730 species, indicating that the CT character of
the corresponding F state is intermediate between the 685 and 730
states. However, from the fairly larger magnitude of Ayt we can assume
that, like for the 730 species, Car interaction may also be associated with
the formation of the 707 emissive species.
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We could also identify multiple emissive species in the aggregated
LHCII of higher plants [45], FCP of brown algae [46] and cyanobacterial
IsiA [48]. In all the antennas, the artificial aggregation resulted in the for-
mation of at least two emissive species associated with their quenched
states, one gave an emission peak at around 690-695 nm region where-
as the other gave the emission signature in the 730 nm region. From the
comprehensive analyses of SF spectra, the 690-695 and 730 nm species
of the aggregated LHCII, FCP and cyanobacterial IsiA were attributed to
originate from Chl-Chl and Chl-Car interactions, respectively. However,
due to having extremely low emission intensity, the signature of the far
red band was not clearly resolved in the F spectrum of all the aggregated
(LHCII, FCP, and cyanobacterial IsiA) samples. Therefore, the isolation of
the far red emissive band (with appropriate width and position) was
obtained from a number of simplifying assumptions and approxima-
tions. However, one can easily notice that the far red emission species
of aggregated minor antenna complexes (especially of 5Q-Z-CP24)
gives a clearly resolved and distinct bandshape with a peak around
730 nm. This in turn gives a good support that the peak selection of
the far red band of aggregated LHCII and FCP was rather appropriate al-
beit done with some simplifying assumptions. The far red emission
bands of the aggregated LHCII, FCP and cyanobacterial IsiA were as-
sumed to originate from the interaction of Chls with Lut1, fucoxanthin,
and echinenone in the terminal emitter locus, respectively. From the
very good sequence homology with LHCII, we can also infer that the
far red emissive species of the CP24 and CP26 originate from the inter-
action of Chls and Lut 1 in the terminal emitter domain. Luteins are sug-
gested to form quenching channels in both major and minor light
harvesting antennas [17,27]. From the transient absorbance analysis,
Avenson et al. [17] proposed that two CT quenching channels constitut-
ed by Lut 1 and Z are present in CP26. The yield of CT quenching via the
evolvement of Lut 1 was found to be enhanced considerably by the pres-
ence of Z in the L2 site. However, CT quenching through the involve-
ment of Lut 1 was suggested to be absent in CP24 and CP29, where Z
was considered to constitute the main CT quenching channel. Therefore,
the absence of the far red emission band in CP29 is a direct manifesta-
tion that Lut 1 induced CT quenching is absent in this antenna in agree-
ment with the proposal of Avenson et al. In contrast the presence of the
far red emission band in CP24 is likely to be in contradiction with their
proposal. Interestingly, SF analysis of all the minor antenna complexes
(be they unquenched or quenched) yielded negative values of A,
which were in particular strikingly large for the far red emissive species
of aggregated CP24 and CP26. Note that A« estimated from SF spectros-
copy reflects the difference in polarizability between the relaxed fluo-
rescence (excited) state and the corresponding ground state. Then the
observed negative values of Aa suggest that the fluorescence state has
less polarizability than the ground state, which is apparently an unusual
expectation. However, for photosynthetic pigment-proteins, Ao ex-
tracted from SF spectroscopy may result from the complexity of the ex-
cited states involved. For instance, the relaxed F state can be quantum
mechanically (QM) mixed with nearby CT state(s) (a common scenario
for photosynthetic pigment-proteins) thereby generating a dense and
hybrid excited manifold [68]. Therefore, once a photoactive pigment is
placed to the hybrid excited manifold, there is a finite possibility that
the polarizability of the photoactive pigment is distributed over the
available states that are QM-mixed. Moreover, the QM mixing may
allow the CT state to borrow a significant amount of polarizability
from the relaxed F state of the pigment as a CT state has essentially no
polarizability. If this is the case, obtaining a negative value of Aa from
SF measurement would not be very unusual. The QM mixing may also
allow the F state to gain larger CT character from the CT state and in
such a case a larger value of Aptwould be obtained from SF measure-
ment. In the ideal case, the loss of polarizability and gain of CT character
of the state can mutually be correlated; the larger the extent of mixing,
the bigger the negative value of Aa and the bigger the magnitude of Ap
[68]. In this line of thinking, the negative value of Aa extracted from SF
measurement can also be used as a marker that can assess the extent of

the CT character of the associated F state. Then the large negative value
of Aa for the far red species of both aggregated CP24 and CP26
strengthens the conclusion that their F states have stronger CT charac-
ter. Interestingly, SF spectroscopy gave a negative polarizability change
not only for most of the natural photosynthetic pigment- protein com-
plexes we have studied so far [45,46,48] (in ref. 45 the absolute values
of Ao were reported although they had negative sign) but also for the
artificial photosynthetic pigment-protein complex [57], which we take
as a strong indication for the mixing of CT states with the lowest exciton
states in all these systems [68]. Finally, as the degree of CT character of a
state is commonly inferred from the magnitude of Ay, a general conclu-
sion can be drawn from the strikingly large magnitude of Ap of the far
red band that artificial aggregation generates a non-neutral longer
wavelength state in most of the photosynthetic antenna complexes.
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