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Article
Absence of far-red emission band in aggregated
core antenna complexes
Anjue Mane Ara,1,2 Mohammad Kawsar Ahmed,2 Sandrine D’Haene,1 Henny van Roon,1 Cristian Ilioaia,3

Rienk van Grondelle,1 and Md. Wahadoszamen1,4,*
1Biophysics of Photosynthesis, Department of Physics and Astronomy, Faculty of Sciences, VU University Amsterdam, Amsterdam, the
Netherlands; 2Department of Physics, Jagannath University, Dhaka, Bangladesh; 3Institute for Integrative Biology of the Cell, CEA, CNRS,
Universit�e Paris-Saclay, Gif-sur-Yvette, France; and 4Department of Physics, University of Dhaka, Dhaka, Bangladesh
ABSTRACT Reported herein is a Stark fluorescence spectroscopy study performed on photosystem II core antenna com-
plexes CP43 and CP47 in their native and aggregated states. The systematic mathematical modeling of the Stark fluorescence
spectra with the aid of conventional Liptay formalism revealed that induction of aggregation in both the core antenna complexes
via detergent removal results in a single quenched species characterized by a remarkably broad and inhomogenously broad-
ened emission lineshape peaking around 700 nm. The quenched species possesses a fairly large magnitude of charge-transfer
character. From the analogy with the results from aggregated peripheral antenna complexes, the quenched species is thought to
originate from the enhanced chlorophyll-chlorophyll interaction due to aggregation. However, in contrast, aggregation of both
core antenna complexes did not produce a far-red emission band at �730 nm, which was identified in most of the aggregated
peripheral antenna complexes. The 730-nm emission band of the aggregated peripheral antenna complexes was attributed to
the enhanced chlorophyll-carotenoid (lutein1) interaction in the terminal emitter locus. Therefore, it is very likely that the no
occurrence of the far-red band in the aggregated core antenna complexes is directly related to the absence of lutein1 in their
structures. The absence of the far-red band also suggests the possibility that aggregation-induced conformational change of
the core antenna complexes does not yield a chlorophyll-carotenoid interaction associated energy dissipation channel.
SIGNIFICANCE To cope with the deleterious effects of excess light, photosynthetic organisms developed protective
mechanisms that allow the dissipation of the excess energy safely by several physiological mechanisms. Photoinduced
rearrangement of protein conformation simultaneously at different sites of photosystem II is one such mechanisms. The
peripheral antenna complexes have been considered to be the active sites of conformational rearrangement associated
with energy dissipation. The conformational rearrangement of core antenna complexes is also believed to confer essential
functions for circumventing the yield of photodegraded photosystem II proteins generated under extreme light stress. This
study helps to understand whether and how the aggregation-induced conformational changes of core antenna complexes
differ, spectroscopically and in terms of physical properties, from the peripheral antenna complexes.
INTRODUCTION

Photosynthesis is the process of conversion of solar energy
into storable chemical energy. In this process, solar photons
are absorbed and transferred to photochemical reaction cen-
ters (RCs) on an ultrafast timescale and with a very high ef-
ficiency (90% or higher). In these special complexes,
photochemical charge separation and subsequent secondary
transmembrane electron transport take place. To harvest
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solar energy in a specific spectral window, photosynthetic
organisms contain light-harvesting antenna complexes
(LHCs) comprising a highly packed and conserved array
of chlorophylls (Chls) and carotenoids (Cars) pigments
bound to the protein scaffold. Photosystem II (PSII) of green
plants contains three types of LHCs: peripheral antenna
comprising the major light-harvesting antenna complexes
II (LHCII), minor antenna complexes (CP24, CP26, and
CP29) and the core antenna complexes (CP43 and CP47)
(1). Note that all the LHCs bind different types of Chls
and Cars to harvest and process solar energy; each periph-
eral antenna complex binds two types of Chls (Chl a and
Chl b) and three different types of Cars (luteins, neoxanthin,
and xanthophyll cycle carotenoids) (2), whereas both core
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Absence of far-red emission in CP43/CP47
antenna complexes have a single type of Chl (Chl a) and Car
(b-carotene) (3,4). Elemental events of photosynthesis are
predominantly initiated by peripheral antenna complexes,
in which both Chls and Cars harvest the available solar pho-
tons and subsequently transfer those to the RC for ensuing
chemistry (5).

The primary function of the core antenna complexes is to
provide an efficient conduit for shuttling solar photons ab-
sorbed by the peripheral antenna complexes to the RC of
PSII (6). In addition, they fulfill a number of vital functions
in the photosynthetic machinery. As active light harvesters,
they also absorb light energy (via Chl a and b-carotene co-
factors) and subsequently transfer the energy to the RC (7).
They have some structural functions as well; they stabilize
the oxygen-evolving site (8–11), provide a binding site for
the Mn-stabilizing 33-kDa protein (12), and facilitate the
light-induced formation of a tyrosine radical in the reaction
center (13). The two Chl-binding proteins CP43 and CP47
are structurally similar and thought to have evolved from
a common ancestor (14); however, several differences
were found, including in their spectroscopic properties
(15) and structural and functional roles in PSII (7).

Although light is the most essential ingredient of the
photosynthetic reaction, when in excess, this can be harmful
to the photosynthetic machinery (16). An excess amount of
light harvested by photosynthetic antenna pigments is
believed to assist the formation of highly toxic chemical by-
products that can potentially damage (photodamage) the
photosynthetic apparatus.

Photosynthetic organisms have the inbuilt ability to avoid
deleterious effects of excess sunlight by employing a series
of strategies (5,17–23). Change of protein conformation
occurring/exiting on a timescale of minutes simultaneously
at different sites of PSII is one such protocols (18,22,24–26).
It is suggested that conformational change of protein can
modulate delicately pigment-pigment and/or pigment-pro-
tein interactions (22,24,25,27), induce aggregation and/or
cross-linking (19,20,28), and thereby open up pathways to
dissipate excess absorbed excitation energy or dictate the
pertinent pigment-protein complexes to trigger necessary
protective functions. To this end, conformational change
of peripheral antenna complexes is believed to play a central
role in dissipating the excess absorbed excitation energy
before it assists the formation of toxic byproducts
(22,24,25). The conformational change of core antenna
complexes, on the other hand, are believed to confer essen-
tial functions, by themselves or in association with other
neighboring polypeptides, to diminish the yield of photode-
graded proteins generated under extreme light stress
(19,20). It is also predicted in some studies that, like periph-
eral antenna complexes, the core antenna complexes may
also participate in photoprotective excitation energy
quenching (29,30).

Artificial aggregation upon detergent removal is consid-
ered to be a simple but efficient means to induce conforma-
tional change to light-harvesting antennas of photosynthetic
organisms; thus, it is often regarded to be a model method to
mimic photoprotective energy dissipation brought about via
excess light-induced conformational change (5,22,24,25).
The artificially aggregated major antenna complex (LHCII)
was first used in the early 1990s to mimic conformational
change-induced excess energy dissipation in vivo (31).
From the observed drastic modification of spectroscopic
behavior and remarkably low light-harvesting efficiency, it
was hypothesized that aggregation of LHCII leads to the
prompt dissipation of absorbed energy into heat. Similar
spectroscopic features were found when the aggregated
complexes were compared with energy dissipation in vivo
(32,33). Recently, by using series of freeze-fracture electron
microscopy studies, it was shown that LHCII antenna aggre-
gation takes place in vivo when excess energy dissipation is
established (26). This technique, combined with computer
image analysis, established that, in the energy-dissipating
state, the intertrimer distances became shorter, implying
the formation of protein clusters resembling the LHCII ag-
gregates in vitro (26).

To characterize aggregated photosynthetic pigment-pro-
tein complexes with a view to better understand the confor-
mational change-induced energy dissipation mechanism,
over the last couple of years, we have been applying Stark
fluorescence (SF) spectroscopy to the native and aggregated
peripheral antenna complexes of different organisms (34–
37). The systematic and comprehensive analyses of SF
spectra revealed that the aggregation of all of these
pigment-protein complexes results in the formation of mul-
tiple spectrally overlapping emissive species. Among them,
an emissive species giving a very broad emission at around
700 nm was present ubiquitously in all the aggregated an-
tenna complexes (34–36). From the magnitude of the phys-
ical parameters estimated from the analyses of SF spectra,
we ascribed the 700-nm broad emission band to arise
from the enhanced Chl-Chl interaction, in agreement with
other reports present in the literature (38,39). In addition,
an emissive species displaying an emission feature with
very weak intensity (relative to the 700-nm band) in the
720- to 740-nm spectral region was found to be common
in the dissipative states of most of the antenna complexes.
From its very feeble intensity and extraordinarily large elec-
tric field effect, we hypothesized that the far-red species is
generated mainly from the enhanced Chl-Car interaction
arising from the aggregation-induced conformation change
in and around the terminal emitter domain (34–37).
Comprehensive and systematic analyses of the SF spectra
uncovered the exceptionally large magnitude of the
charge-transfer (CT) character of the far-red species, which
further strengthens our proposition that Car is involved in its
formation.

Under extreme light stress, when unwanted photoinhibi-
tion of PSII tends to be predominant, different core antenna
proteins undergo rapid turnover. One of the mechanisms by
Biophysical Journal 120, 1680–1691, May 4, 2021 1681
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which such a turnover was found to occur, both in vivo and
in vitro, is the photoinduced noncovalent aggregation of
different core antenna proteins with RC-binding D1 protein
(20). It has been hypothesized that such aggregated adducts
are produced mostly by the local change in protein confor-
mation, which eventually imposes a strong barrier to the
conversion of PSII proteins to photodamaged products. It
was also observed that high light-induced protein oxidation
triggers aggregation to core antenna proteins as one of the
protective strategies (19). Because it is supposed to be acti-
vated by the local change of protein conformation, one can
expect that the aggregation event of the two pigment-bind-
ing core antenna proteins (CP43 and CP47) would be
accompanied by tangible modifications on their pigment-
pigment and/or pigment-protein interactions. If it were,
the aggregated pigment-binding core antenna proteins
would give very different spectroscopic signatures as
compared with their native proteins. However, detailed
knowledge about the spectroscopic nature and the underly-
ing physical properties of the aggregated pigment-binding
core antenna protein is lacking so far. To uncover the spec-
troscopic and physical properties, we have applied SF spec-
troscopy on both aggregated and native CP43 and CP47 core
complexes. Aggregated CP43 and CP47 complexes were
obtained by removing the detergent from their isolated pro-
teins. The key motivation of this work stemmed from the
simple assumption that, like for peripheral antenna com-
plexes, the aggregated core antenna complexes display
some emission species different from the ones of their iso-
lated forms. In this case, SF spectroscopy is the suited
experimental tool for unraveling their physical properties
and hence offers the unique opportunity to make a qualita-
tive comparison with the SF results obtained for peripheral
antenna complexes (34,35). Such comparison would help
one to understand how the energy dissipation induced by
the alteration of pigment-pigment interaction upon aggrega-
tion in core antenna complexes differs from the peripheral
antenna complexes. Additionally, the spectroscopic charac-
terization of the aggregated pigment-binding core antenna
proteins would also provide insights into how pigment-
pigment interaction in core antenna proteins is modulated.
MATERIALS AND METHODS

Isolation of PSII core antenna complexes

Core antenna CP43 and CP47were prepared from PSII core complexes from

spinach, as described byGhanothakis et al. (40), whichwere solubilizedwith

n-dodecyl-b,D-maltoside (b-DM) and purified by ion exchange chromatog-

raphy, according to the protocol of Dekker et al. (41) withmodifications as in

Groot et al. (42) for CP43 and as in Groot et al. (43) for CP47.
Pigment analysis

Total pigments were extracted in 80% ice-cold acetone and centrifuged for

5 min at maximal speed on a bench centrifuge. Total Chl concentration and
1682 Biophysical Journal 120, 1680–1691, May 4, 2021
Chl a/b ratios were calculated using the extinction coefficient of Porra et al.

(44) from absorption at 750, 663.6, and 646.6 nm. Xanthophyll composition

was determined by reversed-phase high-performance liquid chromatog-

raphy according to the method of Gilmore et al. (45). Resolution of lutein

and zeaxanthin was achieved using a non-endcapped, lightly carbon-loaded

C18 high-performance liquid-chromatographic column (45) using a Li-

Chrosorb C18, 10-mm, 250 � 4.6-mm column connected with an on-line

diode array detector (SPD-M10Avp; Shimadzu, Kyoto, Japan), which al-

lows pigment identification and quantification by the absorption spectra.
Stark spectroscopy

The aggregated CP43/CP47 sample was obtained by incubation of the iso-

lated detergent-containing complex with 50 mg of SM-2 Absorbent (Bio-

Rad Laboratories, Hercules CA), allowing a 10-fold decrease of the fluores-

cence (F) intensity (i.e., the F intensity was reduced by �90%). Native

CP43/CP47 was prepared by suspending the isolated core complexes in a

buffer containing 20 mM Hepes (pH-7.5), 20 mM NaCl, 10 mM MgCl2,

and 0.06% b-DM. The CP43/CP47 sample was then diluted with 60%

(v/v) glycerol for producing a transparent glass at 77 K. The aggregated

CP43/CP47 was similarly prepared, except the buffer contained no deter-

gent (e.g., b-DM). SF spectroscopy was performed on the transparent

frozen glasses of native and aggregated antennas at 77 K in a cell prepared

by gluing two quartz slides, having inner surfaces coated with thin trans-

parent layers of indium tin oxide, with double-sided sticky tape (Sellotape,

Winsford, UK). The optical path length of the constructed cell was esti-

mated by comparing absorption spectra of the sample measured through

the cell and through a cell of known path length of 1 mm to be 100 mm

with standard error of 53 mm. The SF experiment was carried out on a

custom-built setup, as described previously (34–37,46–48). In this setup,

the light of a Xenon lamp (Oriel, Newport, UK) is passed through a mono-

chromator (1200 gmm�1 grating blazed at 350 nm) for producing the

desired excitation wavelength. The excitation beam, after being horizontal-

ly polarized through a Glan-Taylor Polarizer, impinges on the Stark cell

containing the sample under an angle of 45�. The Stark cell is immersed

into the liquid N2 chamber of an Oxford cryostat (DN1704; Oxford Instru-

ments, Abingdon, UK) which has strain-free transparent quartz optical win-

dows. A sinusoidal AC voltage of minimal distortion synthesized in the

lock-in amplifier (SR850) with a modulation frequency of u (¼80 Hz)

was applied to the sample after desired amplification through a high-voltage

generator. Both the F and SF signals were, after being detected by a photo-

multiplier tube, recorded simultaneously by the lock-in amplifier at the sec-

ond harmonics 2u of the modulation frequency. The details about the

theoretical modeling of experimentally obtained SF data can be found else-

where in the literature (34,48–52). Briefly, the SF spectrum of homoge-

neously distributed and spatially fixed chromophores in a solid matrix

(having negligible interchromophore interaction) can fairly be approxi-

mated as the weighted superposition of the zeroth-, first-, and second-order

derivatives of the (field-free) F spectrum expressed by the following

equation:

2
ffiffiffi
2

p
DFðnÞ

Fmax

¼ ðfFextÞ2
�
AcFðnÞþBcn

3d½FðnÞ=n3�
dn

þCcn
3d

2½FðnÞ=n3�
dn2

�
;

(1)

where Fmax is the F intensity at the maximum, Fext is the magnitude of the

electric field applied externally during the course of experiment, n is the en-

ergy in wavenumber, c is the experimental angle between the direction of

Fext 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), Fint via the relation Fint ¼ fFext. The

coefficient Ac (denoted hereafter as zeroth derivative contribution (ZDC))
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reflects the field-induced change in emission intensity arising mostly from

field-induced modulation of the rates of nonradiative deactivations

competing with the F process (48,49,53). In addition, the coefficients Bc

and Cc are associated with the electro-optic parameters, more specifically,

changes in molecular polarizability (Da) and molecular dipole moment

(Dm) between the ground and excited states connected by the optical tran-

sition, respectively (48,49,53). At the magic angle (c ¼ 54.7�) the mathe-

matical expressions of Bc and Cc are greatly simplified and can be

expressed as:

B54:7� ¼ Da

2hc
(2)

and

C54:7� ¼ ðDmÞ2
6h2c2

: (3)

Therefore, upon reproducing the SF spectrum by a weighted super-

position of the derivatives of the corresponding F spectrum and computing

the coefficients of the first- and second-order derivatives, one can extract the

values of Da and Dm from the above two equations. Because the value of

the local field correction f is not known, the values of Da and Dm in this

study are expressed in terms of f. All the SF spectral fitting protocols of

this study were performed using the commercially available Igor (Wave-

Metrics, Portland, OR) software routine.
RESULTS

Fig. 1 displays F (top) and SF (bottom) spectra of native and
aggregated CP43 (left) and CP47 (right). Here and hereafter,
the native/aggregated samples of CP43 and CP47 are de-
noted, respectively, as NCP43/ACP43 and NCP47/ACP47.
Both F and SF spectra are recorded simultaneously with
excitation at 444 nm for CP43 and 443 nm for CP47, where,
FIGURE 1 F (top) and SF (bottom) spectra of native (green curves) and

10-fold aggregated (red curves) CP43 (left panel) and CP47 (right panel)

measured simultaneously at 77 K with excitation wavelengths of 444 and

443 nm, respectively. The F spectra are normalized to unity at their peaks,

whereas the SF spectra are normalized to the intensity of the corresponding

F peaks and to the field strength of 1 MVcm�1. For all the complexes, the

SF spectrum is seemingly identical in shape to the respective F spectrum,

demonstrating that the SF spectrum has a significant zeroth-order derivative

(of the F spectrum) contribution. To see this figure in color, go online.
because of overlapping contributions of Stark absorption
(SA) signals that cancel each other, the net electric field-
induced change in extinction is negligible (see Fig. S1).
Among the several zero-crossings available in the SA spec-
trum, we used the zero-crossing wavelength 444/443-nm as
the excitation wavelength for SF measurements of CP43/
CP47 because the wavelength resides around its (CP43/
CP47) blue absorption maximum peaking around 438 nm
(see Fig. S1). This was done to record the optimum F inten-
sity and, hence, the better signal-to-noise (S/N) ratio in SF
measurement. In fact, both F and SF spectra for each sample
were measured at different field strengths within the range
0.3–0.5 MVcm�1, then the average SF signal was calculated
upon normalizing the SF spectra to the field strength of 1
MVcm�1 and to the peak intensity of the F spectrum. This
type of SF protocol offers one the unique opportunity to
check the quadratic field dependence of the SF signal and
thereby, at the same time, to have better S/N upon averaging.
Note that the coefficient of the zeroth-order derivative (of F
spectrum) was found to be negligibly affected by such
normalization protocol. The F spectra of native CP43 and
CP47 show a sharp excitonic band of Chl a with a peak at
around 683 and 688 nm, respectively. Both F spectra are
accompanied by a broad vibrational satellite, with very
weak intensity peaking at around 742 nm in CP43 and
747 nm in CP47. The characteristic sharp excitonic band
of Chl a with vibrational tail is a typical emission feature
observed in the light-harvesting state in all native photosyn-
thetic pigment-protein complexes of photosynthetic organ-
isms (33–35,54). The F spectrum of both aggregated
complexes is apparently a juxtaposition of two bands. For
ACP43, the two bands are clearly resolved and peak at
688 and 702 nm. The 688-nm band is, to some extent, sharp
and structurally resembles the excitonic emission lineshape
of the native CP43 available in the aggregated sample. On
the other hand, 702 nm is characterized by a strikingly
broader lineshape, with a long tail extending up to the end
of the spectral window. The broader 702-nm band gives a
dominant appearance in the overall emission spectrum and
is considered to be the emission signature of the quenched
species. The F spectrum of ACP47 is also characterized
by the presence of two closely lying bands; however, in
this case, the overall shape of the spectrum is dominated
by the excitonic-like emission lineshape (with a peak at
697 nm), whose red tail is adorned with the shallow pres-
ence of a broader emission lineshape (with a peak at around
705 nm) of the quenched species. Note that such a broad and
diffused fluorescence spectral feature was found to be com-
mon to almost all aggregated antenna complexes and is thus
considered as the spectral signatures of some quenching
species (34–36,38).

Both aggregated and native CP43 and CP47 yielded SF
spectra characterized by negative amplitudes with shapes
merely identical to the corresponding F spectra. However,
the SF amplitudes of aggregated and native samples are
Biophysical Journal 120, 1680–1691, May 4, 2021 1683
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found to be notably different. ACP43 and ACP47 complexes
yielded �six- and �four-fold more negative SF intensity
compared with their native counterparts, respectively.
Similar field-induced spectroscopic features were also
observed for all the (native and aggregated) antenna com-
plexes studied so far with SF spectroscopy (34–36). The
broad negative SF bands of ACP43 and ACP47 peak at
705 and 702 nm, respectively, which are 3 and 5 nm red
shifted with respect to the peaks of the corresponding F
bands. The overall large negative amplitudes, together
with the larger red-shifted peaks, indicate that the observed
SF lineshapes of aggregated complexes received fairly large
contributions from both electric field-induced reduction of F
yield and field-induced spectral shift.
FIGURE 2 F spectrum (green solid line, top), SF spectrum (green dotted

line, bottom), and the fit of SF spectrum (blue solid line) of NCP43 (left

panel) and NCP47 (right panel). The fit of the SF spectrum was obtained

by the weighted superposition of the zeroth-, first-, and second-order deriv-

atives of the F spectrum without deconvolution. To see this figure in color,

go online.
SF analysis

Standard Liptay formalism is the mathematical basis
routinely used to analyze the SF spectra of photoactive chro-
mophores, including the ones of photosynthetic pigment-
protein complexes (34,36,46–48,55). The standard Liptay
formalism-associated protocol is the simplest approach to-
ward analyzing Stark results of photosynthetic pigment-pro-
tein complexes, which is guided by an assumption that there
exists negligible excitonic interaction among the emitting
pigments, although in reality, tangible intrapigments exci-
tonic interaction is believed to be the common incidence
for such complexes (54,56,57). Despite this, the standard
Liptay formalism has been proven to be a suitable mathe-
matical tool for producing acceptable modeling of SF
spectra of a variety of (both native and aggregated) photo-
synthetic antenna complexes (34–36,46,47).

According to the Liptay formalism, if the F (and hence
the SF) signal around a certain wavelength window is orig-
inated from a single type of noninteracting emissive species,
the weighted sum of the derivatives of the F spectrum can
yield a plausible and realistic fit of the SF spectrum. How-
ever, this theoretical prescription does not apply when
both signals originate from multiple distinct spectral spe-
cies. Owing to their intrinsic different physical origin, the
multiple species may have distinct electrostatic properties
and, hence, exhibit different responses to the electric field
and yield different amplitudes and shapes of the SF signals.
In such a case, the linear superposition of the derivatives of
the observed F spectrum cannot synthesize a plausible fit of
the SF spectrum throughout the wavelength window but
often yields a nonnegligible margin of disagreement in
some wavelength regions (34–36,46,47). To circumvent
such pitfalls, the observed F spectrum needs to be deconvo-
luted into a set of bands representing the emission signatures
of the available multiple species. The weighted sum of the
derivatives of the deconvoluted bands can then be used to
obtain a satisfactory fit of the SF spectrum.

The SF spectrum of both native antenna complexes could
be well reproduced by the weighted superposition of the de-
1684 Biophysical Journal 120, 1680–1691, May 4, 2021
rivatives of the corresponding (field-free) F spectrum
without deconvolution with a dominant contribution of the
(negative) zeroth-order derivative and negligible contribu-
tions of first- and second-order derivatives (Fig. 2). This is
expected because the shapes of the SF spectra are virtually
identical to the shapes of the corresponding F spectra, and
here, we found only weak field-induced peak shifts and
modification of bandwidths and no field-induced distortion
in the band shapes. Altogether, these findings suggest that,
as with other native photosynthetic antenna complexes,
the F spectra of each native complex originate from a single
excited electronic state that corresponds to the lowest
exciton state. The satisfactory fit of the SF spectrum by a
weighted superposition of the derivatives of the observed
F spectrum further substantiates the fact that, albeit imple-
mented with the assumption that there exists non-negligible
intrapigment interaction, the standard Liptay formalism is
capable enough to produce realistic modeling of the Stark
results of photosynthetic pigment-protein complexes.

On the other hand, the failure to reproduce the SF spec-
trum for both ACP43 and ACP47 by a weighted super-
position of the derivatives of the corresponding field-free
F spectra without deconvolution has provided us with
the rational ground to perform deconvolution-associated
modeling (data not shown). We then attempted to model
the F spectrum of ACP43/ACP47 upon deconvoluting its
F spectrum into three constituent bands denoted as b1/b01,
b2/b02, and b3/b03 (Fig. 3, left/right panel). In this protocol,
the b1/b01 band, a single symmetric Gaussian with peak at
670 nm, is necessary to address the F signal around the
shorter wavelength tail and considered to be the spectral
signature of free Chls present in the ACP43/ACP47 prepara-
tion. Some free Chls are often present both in aggregated



FIGURE 3 (Top) F spectrum (red solid line) of ACP43 (left panel)/

ACP47 (right panel) and the corresponding fit (red dashed line) obtained

with a linear combination of a supposed emission lineshape of free Chls,

an excitonic-like band (produced by 3/5-nm red shifting of the F lineshape

of native CP43/CP47), and a broad inhomogeneously broadened lineshape

synthesized by a linear combination of 3/3 symmetric Gaussian functions

shown by three broken lines within its envelope. (Bottom) SF spectrum

and the corresponding fit (blue solid line) obtained with the weighted super-

position of the zeroth-, first-, and second-order derivatives of the deconvo-

luted bands. To see this figure in color, go online.

TABLE 1 Estimated molecular parameters within 10% of

standard deviation

Sample Band lmax (nm) ZDC*(at 1 MVcm�1) Da[Å3/f2] Dm[D/f]

NCP43 Single 683 �0.012 3.58 0.46

ACP43 b2 686 �0.050 �17.90 0.46

b3 704 �0.050 �143.17 3.09

NCP47 single 688 �0.021 �3.58 0.46

ACP47 b02 693 �0.010 �35.79 0.65

b03 706 �0.046 17.90 3.09

*zeroth derivative contribution.
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and native photosynthetic antenna complexes, and it is
assumed that they neither involve in excitonic interactions
nor have a significant effect on the overall physical proper-
ties (42,58). It is impossible, however, to estimate the exact
number of such Chls belonging to this group. The b2/b02 is
the weighted contribution of the 3/5-nm red-shifted native
CP43/CP47 F lineshape and is considered as the contribu-
tion of the excitonic emission of bound Chl a. The use of
the shape of the emission of the native CP43/CP47 in the de-
convolution protocol is guided by the assumption that the
aggregated CP43/CP47 still has some considerable amount
of the native complex. To this end, from its rather sharp
and structured appearance in the emission spectrum of the
aggregated complex (ACP43/ACP47), we assumed that,
despite residing in a somewhat conformationally distorted
environment, the unaggregated CP43/CP47 fraction retains
the emission shape identical to that of native CP43/CP47.
In such a line of thinking, the use of the emission lineshape
of the native CP43/CP47 in the deconvolution protocol
helped us to produce both the sharp excitonic band and
the vibrational satellite of the emission of the unaggregated
fraction with a fairly small margin of ambiguity. On the
other hand, the b3/b03 band, which peaks at 704/706 nm,
is considerably broad and structureless and was synthesized
by a linear combination of three/three symmetric Gaussians
of varying widths and is considered as the spectral signature
of the quenched species in ACP43/ACP47. The SF spectrum
of ACP43/ACP47 could then be fairly well reproduced by
the linear superposition of the zeroth-, first-, and second-or-
der derivatives of the three deconvoluted bands. Because
free Chls have no significant effects on the overall physical
properties and are not of interest here, we will not discuss
the fitting results of free Chls.

Table 1 compiles the values of the molecular parameters
extracted from the SF analyses. In native CP43/CP47, the
analysis yields negative ZDC (�0.012/�0.021 at a field
strength of 1 MV cm�1) and negligible Da- and Dm-values.
As expected, the obtained negligible magnitude of Dm indi-
cates that the F state of both native antennas is characterized
by negligible CT character, and the moderate magnitude of
negative ZDC indicates that the rates of nonradiative deac-
tivation associated with this state are moderately accelerated
by the applied external electric field. For a photoactive chro-
mophore under SF investigation, negative ZDC can result
from electric field-induced acceleration of the rates of
different nonradiative deactivations (such as internal con-
version, intersystem crossing, excited-state isomerization,
and deactivation to CT state etc.) competing simultaneously
with its F transition. However, the rates of the most of the
nonradiative deactivations, except deactivation to CT
state(s), were found to be weakly affected by the external
electric field (53,59). Therefore, the observed moderate
magnitude of negative ZDC of native CP43/CP47 is likely
to result largely from electric field-induced acceleration of
the rates of nonradiative deactivation to nearby CT state.
If a CT state lies in the close neighborhood of an F state,
it is quite reasonable to expect that an external electric field
greatly enhances the rates of the nonradiative decay to this
state.

From the results presented in the table, we can also notice
that, for the unaggregated excitonic-like band b2/b02, the SF
analysis yielded a slightly more negative value of Da

(�17.9/�35.79 [Å3/f2]), almost the same values of Dm,
and a five times larger/two times-smaller value of ZDC
(�0.050/�0.01 at a field strength of 1 MV cm�1) compared
with the excitonic band of native CP43/CP47 (Table 1). The
obtained variation in the magnitudes of Da and ZDC are
likely to result from the fact that the excitonically coupled
unaggregated Chls fraction is nestled in a somewhat altered
protein microenvironment in aggregated complexes. On the
other hand, the identical Dm-values indicate that the modi-
fied protein microenvironment does not induce measurable
modification on the CT character of the excitonically
coupled bound Chls.
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In the case of the third band, b3/b03, our analysis yielded
the same magnitude of the ZDC (�0.050/�0.046 at the field
strength of 1 MV cm�1) for both complexes but yielded sig-
nificant variation in the magnitudes of Da (�143.17/17.9
[Å3/f2]). Interestingly, the analysis shows a markedly large
magnitude of Dm (3.09/3.09 [D/f]) for this band, which is
almost five to seven times larger than the one of b2/b02
band, even larger than those obtained for analogous bands
of the aggregated peripheral (major and minor) antenna
complexes (34,35). This indicates that relaxed F states asso-
ciated with these bands possess considerably large magni-
tude of CT character.
DISCUSSION

For photoactive pigments embedded in membrane proteins,
fluorescence spectra often provide a sensitive means of char-
acterizing the conformation and function of proteins. CP43
and CP47 are two types of pigment-binding membrane pro-
teins, which after selective excitation can give a number of
fluorescence signals, including fluorescence of aromatic
amino acids and pigments (60). To this end, upon UV exci-
tation (at 280 nm), the emission spectra of CP43 and CP47
mainly reflect the presence of aromatic the amino acids tryp-
tophan and tyrosine (61), and the emission is known as UV
emission of CP43 and CP47. On the other hand, upon exci-
tation around 430- and 480-nm, the emission spectra of
CP43 and CP47 show the characteristic excitonic emission
of Chl a (62,63), for which cases 430- and 480-nm radiation
is absorbed mostly by b-carotene and subsequently trans-
ferred to the Chl a to produce the F signal. In our present
work, we use the excitonic emission of Chl a upon excita-
tion at 444- and 443-nm of native CP43 and CP47 antennas,
respectively, where the available carotenoid (b-carotene)
absorbs. This indicates that the photon energy absorbed by
b-carotene could be effectively transferred to Chl a, and
the integrity of the CP43 and CP47 preparation is main-
tained to facilitate this energy transfer.

To better understand the molecular mechanism(s) of en-
ergy dissipation, over last few years, we have been applying
SF spectroscopy to the aggregated states of different antenna
complexes of higher plants (i.e., LHCII, CP24, CP26, and
CP29), diatoms (FCP, fucoxanthin chlorophyll a/c binding
protein), and the cyanobacterial iron stress-inducible
pigment-protein complex IsiA (34–37). A common phenom-
enon that was often observed in these antennas (especially of
higher plants and diatoms) is that induction of aggregation
via detergent removal always results in a significantly broad-
ened F spectrum, which often contains the signature of the
lowest excitonic band of bound Chls as well. From the sys-
tematic and comprehensive analyses of SF spectra, we re-
vealed the spectral signature of two distinct emitting
pigment species associated with the aggregated states. Of
the two emissive species, the first one was clearly resolved
and characterized with remarkably broadened lineshape
1686 Biophysical Journal 120, 1680–1691, May 4, 2021
with a peak�700 nm. Considering it as a potential candidate
for the regulative energy dissipation and, hence, to plausibly
infer its molecular identity, the �700-nm F state of aggre-
gated peripheral antenna complexes has been studied exten-
sively over the past few decades (25,38,39,64–66). Based on
its observation through single-molecule spectroscopy in
native LHCII complex and in the arrangements that prevent
LHCII aggregation, it has also been proposed that the F state
corresponding to�700-nm F is an intrinsic feature of LHCII
trimer (25,66,67). In keeping with a good analogy with most
of the previous studies (38,39,64,65,67), we attributed the
�700-nm F lineshape of aggregated peripheral antenna com-
plexes to origination from enhancedChl-Chl interactions due
to conformational modulation. From the pronounced broad-
ening, large stokes shift, very small hole-burning efficiency
around the 700-nm region (68) and the requirement of the
presence of special state in explaining red-shifted single-
molecule spectrum (69), it has been proposed that the emit-
ting state of the�700-nmF is aCT statewith strong excitonic
character. From the detailed analysis of time-resolved F
spectra and quantum chemical computation, the emitting
state of the �700-nm F has been hypothesized to be a Chl-
Chl CT state that lies energetically in the close vicinity of
Chl-Chl exciton state and, hence, is capable of borrowing a
significant amount of F from it to produce a well-defined
emission feature (64). Our SF analysis yielded a smaller
magnitude of Dm (within 1 to 2.5 [D/f]) for this band, indi-
cating that the corresponding F state possesses rather weak
CT character. The revealed smallerCT character, in fact, sub-
stantiateswell the assignment that the emitting state of�700-
nm F is originated from Chl-Chl interaction. If it were gener-
ated from Chl-Car interaction, one would expect a larger
magnitude of CT character of the resulting emitting state
because Car has a strong intramolecular CT state in its
excited manifold mixed with the S1 state (70).

On the other hand, the second F band is a spectrally very
weak far-red band peaking at around 730 nm (34–36). The
contribution of such a far-red band was also found in the
SF spectrum of IsiA of cyanobacteria (37). From its very
weak emission feature, coupled with the remarkable
response to the electric field and exceptionally large magni-
tude of Dm-value, we hypothesized that Chl-Car interaction
is involved in the formation of the far-red emission band
(34–36), although some studies proposed a different origin
(38,64). To this end, for the aggregated LHCII, FCP, and cy-
anobacterial IsiA, the far-red band was assumed to originate
from the enhanced interaction of Chls with the carotenoid
lutein 1, fucoxanthin, and echinenone, respectively, in the
terminal emitter locus. Because the minor antenna com-
plexes (CP24, CP26, and CP29) display a very good
sequence homology with major antenna complexes LHCII,
we proposed a similar origin for far-red bands observed in
their aggregated states (34). Therefore, like for the 700-
nm emission bands of the aggregated major and minor an-
tenna complexes, we can attribute the broader emission
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band b2/b02 of the aggregated CP43/CP47 to originate pre-
dominantly from the Chl-Chl interaction at the terminal
emitter locus. However, the SF analysis of this band yielded
a larger magnitude of Dm compared with the analogous
bands of (aggregated) major and minor antenna complexes,
indicating that the F state of the aggregated species has
larger CT character.

The marked difference in magnitude of the CT character
may result from the different protein microenvironments
and conformation of the core antenna complexes that
confer favorable position, vicinity, and orientation of
Chls for inducing a larger magnitude of intra-Chls interac-
tion after aggregation and, hence, the larger extent of
charge dislocation in the resulting aggregated species.
Obviously, the molecular structure of Chl a is not changed
because of aggregation; however, the distance and orienta-
tion of the pigments may be tuned as a consequence of the
structural modification of protein (6,71). Core antenna
complexes are different from the peripheral ones in terms
of the amount of lipid, number and type of pigments, and
membrane structure. In particular, the extramembrane
domains of CP43 and CP47 possesses a certain degree of
secondary and tertiary structure (not a complete random
coil conformation) and it has been found that the changes
in energy transfer from b-carotene to Chl a is directly
related to the changes in the tertiary structure of protein
(63). CP47 protein binds a total of 16 Chl a molecules,
whereas CP43 protein binds a total of 13 Chl a molecules.
Under the pseudo-C2 symmetry of the PSII core complex,
13 of the 16 Chls of CP47 have a symmetry partner in
CP43. The three additional pigments of CP47, Chls
612(11), 613(12), and 617(16), which have no analog in
CP43, lie in the main luminal domain (4). Each Chl mole-
cule is located in a unique binding site in its protein, and
the pigment-protein interactions at these binding sites
dictate the transition energy or site energy of each pigment
(4). Therefore, the integrity in structure, pigmentation, and
interior polarity (that depends on the amount of lipid) may
lead the core antenna complexes to produce, upon aggrega-
tion, very distinct spectral species characterized by a larger
magnitude of CT character.

Both core antenna complexes are characterized with
distinct lowest-energy states (the terminal emitters). To
this end, Chls 634(43), 636(45), and 631(37) have been
commonly assigned as the three low-energy pigments avail-
able in CP43 (30,72). The two among the three suggested
low-energy pigments, Chls 634(43) and 636(45), are
embedded within large exciton domains, each consisting
of six strongly coupled Chls (30). The Chl 631(37) is a bit
isolated and forms a dimeric exciton domain with Chl
629(34) (see Fig. 4). From the theoretical modeling of
different experimental data, either Chl 634(43) or Chl
636(45) has been assigned as the most probable candidate
for the lowest-energy pigment in CP43 (29,74). In contrast,
definitive identification of the low-energy pigment of CP47
is complicated and still remains elusive. Yet, Chls 612(11),
622(24), 624(26), and 627(29) have been suggested to be the
possible low-energy pigments in CP47 (30,75). The Chls
612(11), 622(24), and 624(26) are parts of large domains,
each consisting of seven strongly interacting Chls, whereas
Chl 627(29) resides in the peripheral location and forms a
very weakly coupled localized exciton domain with the
limited number of Chls available around its neighborhood
(30) (see Fig. 4). From site-directed mutagenesis (76),
low-temperature SA and circular dichroism (77), low-tem-
perature time-resolved fluorescence (29), Chl 627(29) has
been assigned as the most probable candidate for the
lowest-energy Chl in CP47, although some studies proposed
Chl 612(11) or Chl 624(26) (75,78). It is likely that our
experimental findings are in a good compliance with the
abovementioned assignments (i.e., either Chl 634(43) or
Chl 636(45) is the low-energy pigment of CP43 and Chl
627(29) is the lowest-energy pigment of CP47). Because
the lowest-energy Chl of CP43 is excitonically coupled
with a larger number of Chls, it has been suggested to
have larger oscillator strength compared with the one of
CP47, which maintains a loose excitonic interaction with
the neighboring Chls (30). The observed well-defined F
lineshape of the aggregated species in CP43 presented in
this study is most likely to result from a conformational re-
arrangement that induces clustering of the lowest-energy
Chls (which themselves have larger oscillator strength)
with a number of strongly coupled neighboring Chls. On
the other hand, the observed relatively weak F of aggregated
species in CP47 is likely to be originated from a conforma-
tion rearrangement-clustering of Chls 627 (28) with its
loosely coupled neighboring Chls that are available in a
small number.

Interestingly, the analyses of the SF spectra of aggregated
CP43 and CP47 described in this work could not reveal
the presence of a far-red band located around 730-nm
wavelength region. This finding suggests that carotenoids
(b-carotene) available in the core antenna complexes cannot
produce such a far-red band in their aggregated states. It can
also be that the aggregation of the core antenna complexes
does not confer suitable avenues for enhanced Chl-Car
interaction, which would lead to the formation of a such a
far-red band. The absence of the far-red band in the aggre-
gated core antenna complexes substantiates well our earlier
proposition that the carotenoid lutein 1 in the terminal
emitter domain is involved in the formation of the far-red
band in the peripheral (major and minor) antenna complexes
(34,35). By yielding the far-red emission band upon aggre-
gation, lutein 1 is suggested to form energy-dissipating
channels in both major and minor light-harvesting antennas
(LHCII, CP24, and CP26) (34,35). Therefore, the absence of
far-red emission band in the core antenna aggregates points
strongly to the possibility that these complexes (CP43 and
CP47) are not involved in Chl-Car CT state-associated
quenching.
Biophysical Journal 120, 1680–1691, May 4, 2021 1687



FIGURE 4 Views of pigments from the crystal

structure of PSII of Chlamydomonas reihardtii

(73). Above is the top view from cytoplasm toward

the membrane of PSII, showing CP43 and CP47

Chl inside the circles; (A) CP43, top view from

cytoplasm; (B) CP43, side view oriented with the

lumen below; the Chls are suggested to have low

energy in CP43 are 634(43) in blue, 636(45) in

dark blue (other 4 Chl of the exciton domain are

in light blue) and 631(37) in pink, forming an

exciton domain with 629(34) in light pink; (C)

CP47, top view from cytoplasm; (D) CP47, side

view, with lumen below; in CP47, suggested low

energy level Chls 612(11) are in pink (613, 614,

616, and 617 are in light pink), 622(24) is in

blue, 624(26) is in dark blue (619, 620, 621, 623

and 625 is in light blue), 615(14) and 618(17) are

in green, 626(28) is in gray, and 627(29) is in black.

Images were generated using Pymol software

(structure from Protein Data Bank, PDB: 6KAD).

To see this figure in color, go online.
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CONCLUSIONS

Stark spectroscopy is a very powerful experimental tool for
resolving overlapping spectral species of excitonically
coupled photosynthetic pigment-protein complexes and, at
the same time, revealing their underlying physical proper-
ties and excited-state dynamics. To uncover the nature and
physical properties of the produced spectra, SF spectros-
copy was applied to the core antenna complexes CP43
and CP47 in their aggregated states obtained via detergent
removal. Although the aggregated core antenna complexes
resemble apparently similar spectral profiles of peripheral
antenna complexes (of higher plants and diatoms) (34–
36), the systematic mathematical modeling of the SF spectra
1688 Biophysical Journal 120, 1680–1691, May 4, 2021
with the aid of conventional Liptay formalism revealed that,
in terms of the number of spectral constituents, they are
different. In contrast to the peripheral antenna complexes,
the aggregated state of both core antenna complexes is char-
acterized by a single quenched species featured with notice-
ably broad and inhomogenously broadened emission
lineshape, peaking around the 700-nm region. From the
comparison with the results of aggregated peripheral an-
tenna complexes, we attribute the only quenched species
of core antenna complexes to originate from the enhanced
Chl-Chl interaction due to aggregation. One of the inter-
esting findings of this study is that the broad spectral species
around 730 nm present in aggregated peripheral antenna
complexes is absent in aggregates of core antenna
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complexes. The 730-nm emission species of the aggregated
peripheral antenna complexes was attributed to originate
from the enhanced Chl-Car (lutein 1) interaction associated
with the formation of an energy dissipation channel. There-
fore, from the absence of the 730 nm band, it can thus be
concluded that conformational change of core antenna com-
plexes after aggregation does not yield enhanced Chl-Car
interaction associated with the energy dissipation channel.
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