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Abstract

Light-harvesting antennas in photosynthesis capture light energy and transfer it to the reaction centers (RCs) where photochemistry takes
place. The sustainable growth of the reef-building corals relies on a constant supply of the photosynthates produced by the endosymbiotic
dinoflagellate, belonging to the family of Symbiodiniaceae. The antenna system in this group consists of the water-soluble peridinin-chlorophy 1l
a-protein (PCP) and the intrinsic membrane chlorophy1l a-chlorophyl ¢,-peridinin protein complex (acpPC). In this report, a nonameric
acpPC is reported in a dinoflagellate, Fugasium kawagutii (formerly Symbiodinium kawagutii sp. CS-156). We found that extensive biochemical
purification altered the oligomerization states of the initially isolated nonameric acpPC. The excitation energy transfer pathways in the acpPC
nonamer and its variants were studied using time-resolved fluorescence and time-resolved absorption spectroscopic techniques at 77 K.
Compared to the well-characterized trimeric acpPC, the nonameric acpPC contains an 11 nm red-shifted terminal energy emitter and the
substantially altered excited state lifetimes of Chl a. The observed energetic overlaps of the fluorescence terminal energy emitters with the RCs’
absorption are hypothesized to enable efficient downhill excitation energy transfer. Additionally, the shortened Chl a fluorescence decay
lifetimes in the oligomeric acpPC indicate a protective self-relaxation strategy. We propose that the highly oligomerized acpPC nonamer
represents an intact functional unit in the Symbiodiniaceae thylakoid membrane. They perform efficient excitation energy transfer (to RCs), and
are under manageable regulations in favor of photoprotection.
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Abstract

Light-harvesting antennas in photosynthesis capture light energy and transfer it to the reaction centers (RCs) where photo-
chemistry takes place. The sustainable growth of the reef-building corals relies on a constant supply of the photosynthates
produced by the endosymbiotic dinoflagellate, belonging to the family of Symbiodiniaceae. The antenna system in this group
consists of the water-soluble peridinin-chlorophyll a-protein (PCP) and the intrinsic membrane chlorophyll a-chlorophyll
¢,-peridinin protein complex (acpPC). In this report, a nonameric acpPC is reported in a dinoflagellate, Fugasium kawagutii
(formerly Symbiodinium kawagutii sp. CS-156). We found that extensive biochemical purification altered the oligomeriza-
tion states of the initially isolated nonameric acpPC. The excitation energy transfer pathways in the acpPC nonamer and
its variants were studied using time-resolved fluorescence and time-resolved absorption spectroscopic techniques at 77 K.
Compared to the well-characterized trimeric acpPC, the nonameric acpPC contains an 11 nm red-shifted terminal energy

emitter and the substantially altered excited state lifetimes of Chl a. The observed energetic overlaps of the ﬂuorescencei

terminal energy emitters with the RCs” absorption ) are hypothesized to enable efficient downhill excitation energy transfer.
Additionally, the shortened Chl a fluorescence decay lifetimes in the oligomeric acpPC indicate a protective self-relaxation
strategy. We propose that the highlonligomerized acpPC nonamer represents an intact functional unit in the Symbiodiniaceae
thylakoid membrane. They perform efficient excitation energy transfer (to RCs), and are under manageable regulations in
favor of photoprotection.

Keywords LHC - Symbiodiniaceae - acpPC - Oligomer - Transient absorption - Time-resolved fluorescence

Introduction light capture and photochemical conversion, are accom-
plished by two types of pigmented-protein complexes
Photosynthesis is a process in which light energy is har-  (PPCs): light-harvesting antenna complexes (LHCs), which
vested and converted to chemical energy to sustain life and  are responsible for photon absorption and transfer of the
evolution. Two of the early events in photosynthesis, i.e., excitation energy, and the reaction centers (RCs), where
primary photochemistry occurs. Compared to the relatively
conserved RCs, a variety of light-harvesting complexes has
evolved to match the photosynthetic organisms’ eco-physi-
ological niche (Blankenship 2002).
Dinoflagellates in the family of Symbiodiniaceae are impor-
tant photosynthetic symbionts in cnidarians (such as corals)
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2010). PCP is a water-soluble complex residing in the thyla-
koid lumen. PCP contains peridinin, a structurally complex
carotenoid, as a primary photosynthetic pigment, which, upon
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excitation, transfers the energy to chlorophyll a (Chl a). Struc-
tural and spectroscopic studies of PCP have greatly advanced
our understanding of this antenna complex (Hofmann et al.
1996; Zigmantas et al. 2002; Ilagan et al. 2006; Schulte et al.
2009a, b; van Stokkum et al. 2009; Niedzwiedzki et al. 2013).
However, it remains unclear how the membrane extrinsic PCP
interacts with the thylakoid membrane and what the route is of
the excitation energy migration from PCP to the RCs (Reyn-
olds et al. 2008; Kanazawa et al. 2014).

AcpPC in Symbiodiniaceae is an intrinsic membrane
protein complex, belonging to the LHC protein superfamily
(Durnford et al. 1999). In comparison to PCP, acpPC has much
higher abundance in the algal cells (I-g-lesiaspn:i@tiet al. 1991).
It was revealed that acpPC consists of a group of polypeptides
with molecular weight (MW) of 18-20 kDa. Spectroscopic
studies indicated that both peridinin and Chl ¢, pigments trans-
fer excitations to Chl a. It was postulated that the excitation

energy transfer pathways involve the peridinin S, electronic

65
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excited state and S;/ICT (intramolecular charge-transfer)
states. The inter-pigment energy transfer yields are high,
close to unity. The role of another carotenoid, diadinoxanthin,

found in the antenna complex, is still unclear (Polivka et al.
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2006, Di Valentin et al. 2010; Slouf et al. 2013; Niedzwiedzki
etal. 2014). As aforementioned, acpPC has been the subject of
research using various molecular spectroscopic techniques, thi

investigations on the possible oligomerization states and their
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relationships to the pigments’ energetic landscape in acpPC,
however, are scarce. Our previous study provided the first evi-
dence that the functional state of acpPC is a trimer (Jiang et al.
2014), in analogy to other LHC superfamily proteins from
photosynthetic eukaryotes (Liu et al. 2004; Buchel 2015). It
remains unclear, however, if there e*isiany higher order oli-
gomerization states of acpPClif yes, how they are functionally

and structurally different than the well-characterized trimeric
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acpPC.

In this study, we report two acpPC samples with appar-
ently different highe&order oligomeric organizations and
their subsequent spectroscopic characterizations. This study
also showcases that the oligomerization states of the acpPC
complex can be altered, and the pigment content decreases
upon further biochemical processing. Through the applica-
tions of time-resolved absorption and fluorescence emission
spectroscopies performed at 77 K, we have studied whether
alterations of the oligomerization states of acpPC affect exci-
tation energy transfer.

Materials and methods
Algal culture and isolation of acpPC protein

Fugacium kawagutii (formerly Symbiodinium kawagutii sp.
CS-156 cells) cells were cultured in f/2 media under diurnal

@ Springer

cycle (14 h:10 h of light: dark) at 25 °C. Briefly, Guillard’s
(f/2) marine water enrichment solution (Sigma-Aldrich,
St. Louis, MO) was diluted in filtered, sterile seawater to
achieve the reconstituted growth media. Illumination was
provided by an array of white colored fluorescent lamps at
an intensity of 50 umol photons-m~2 s~!. The culture in late
exponential growth phase (after 3-4 weeks) was harvested
by centrifugation at 6000 rpm using Sorvall SLC-6000
centrifuge bottles at 4 °C. Cell pellets were resuspended in
MMB buffer containing 20 mM 2-morpholinoethanesulfonic
acid (MES) at pH 6.3, 5 mM MgCl,, and 1 M betaine, and
saved in — 80 °C until ready to use. Subsequently, cells were
disrupted by passing twice through French press, with the
French press cell prechilled at 4 °C, at 8 x 10’ Pa, and a pro-
tease inhibitor cocktail (A32965, Pierce, Thermo-Fisher Sci-
entific, Waltham, MA) and deoxyribonuclease (DN25-1G,
Sigma-Aldrich, St. Louis, MO) added and completely dis-
solved. The cell lysate was centrifuged at 2000xg for 5 min
to dispose the unbroken cells, and the supernatant was then
centrifuged at 100,000xg for 30 min to collect the thylakoid
membrane particles. The pellet was then resuspended and
homogenized with a paintbrush in MBNC buffer contain-
ing 20 mM MES at pH 6.3, 1 M betaine, 10 mM NaCl, and
5 mM CaCl, to a Chl a concentration of 1.0 mg/mL. The
membranes were then solubilized to a 1% (v/v) n-dodecyl-f-
D-maltopyranoside (f-DDM) final concentration, for 15 min
in the dark with gentle stirring. In the next step, the sam-
ple was centrifuged at 30,000xg for 20 min to remove the
insoluble debris, and the supernatant was then loaded onto
the sucrose density step gradient (SDG) ultracentrifugation
tubes containing 0.1, 0.4, 0.7, 1.0, 1.3 M sucrose in 25 mM
HEPES buffer (pH 7.0, 1 M betaine, 0.04% p-DDM). After
centrifugation at 160,000xg for 18 h, the bands containing
the acpPC fraction (SDG-acpPC) were collected for purity
and spectroscopic analysis. Collected SDG-acpPC sample
was further purified using ion exchange chromatography
(IEC) (HiTrap Q HP column, Sigma-Aldrich, St. Louis, MO)
with BioLogic DuoFlow Medium-Pressure Chromatography
Systems (Bio-Rad, Hercules, CA). Linear gradient of NaCl
from 15 to 200 mM in MBNC buffer was used to elute the
sample. Protein samples were desalted and concentrated
using 100 kDa MWCO Amicon Ultra-15 centrifugal filters
(Millipore-Sigma, St. Louis, MO). The flow-through was
further desalted and concentrated using Ultra-15 centrifugal
filters (30 kDa MWCO, Millipore-Sigma, St. Louis, MO)
and was named SDG-IECF. Determination of acpPC protein
oligomerization states in SDG, SDG-IEC and SDG-IECFT
preparations was performed using blue native gel (Schagger
and von Jagow 1991).
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Pigment analysis of acpPC

The pigment composition of the initial complex (SDG-
acpPC) was determined using high performance liquid
chromatography (HPLC, Agilent, Santa Clara, CA). Pig-
ments were extracted from an aliquot (~25 uL) of the band
collected after SDG ultracentrifugation (Fig. 1a) by mix-
ing the sample with methanol. The mixture was vortexed
for a few seconds, followed by centrifugation at 9400xg
for 1 min. The supernatant was carefully collected and
dried under N, air on ice and dim light. The dried extract
was then resuspended with 100 pL of aee&eni&pili(70:30
v/v), filtered and injected into an Agilent HPLC Series
1100 equipped with a Zorbax Eclipse XDB C18 column.
The flow rate of the mobile phase was set to 1 mL/min,
starting with an isocratic flow of 99% Solvent A (87:10:3
v/v/v acetonitrile/methanol/water) and 1% Solvent B
(100% ethyl acetate) for 15 min, followed by a linear gra-
dient to 40 min to a solvent composition of 60% Solvent
A and 40% Solvent B. Data were collected and analyzed
using Agilent Openlab CDS Chemstation software.

$ 9
O
a b o s L 8 &£ C<§9 ¢
N >N A &>
e £ F ¥ S L P ¥ 95
N Mw MW
Sucrose. (kDa) (kDa) b o
o) J—
______
0.1 [— 720 70 -
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0.7 35 .o
""" 25 ”
1.0 146 .
__________ — 66
13 -
— =
Blue Native Page SDS-Page

Fig. 1 Separation and biochemical characterizations of oligomeric
form of acpPC antenna from Fugacium kawagutii. a SDG separa-
tion of solubilized thylakoid membrane. Sucrose concentration (M)
of each step is labelled. Red square (dashed line) indicated sample is
subjected for analysis. b Blue native page analysis of the most intense
band loaded directly after centrifugation (SDG, left panel) or after
additional purification with ion exchange chromatography and sub-
sequent concentration using 100 kDa (MWCO) filtration (SDG-IEC,
right panel). The flowthrough (FT) from 100 kDa ultrafiltration was
further concentrated using 30 kDa (MWCO) filtration, the retentate
is denoted as SDG-IEF'™, but not subjected for further analysis. SDG
reveals single band with MW of ~170 kDa. Further processing of
the band through IEC/ultrafiltration altered the original oligomeric
state resulting several oligomeric forms as indicated by, ladder-like
band pattern. (c) SDS-PAGE analysis of SDG- and SDG-IEC-acpPC.
PSII—photosystem II from a cyanobacterium, Synechocystis sp. PCC
6803, PSI-T—photosystem I trimer from Synechocystis sp. PCC
6803, MW—molecular weight, SDG—sucrose density gradient,
SDS—sodium dodecyl sulfate

Femtosecond time-resolved transient absorption
spectroscopy

Time-resolved pump-probe Labsorption (TA) experiments were
carried out using Helios, a femtosecond i i

spectrometer (Ultrafast Systems, Sarasota, FL) coupled to
a femtosecond laser system previously described in detail
(Niedzwiedzki et al. 2011). The acpPC sample was excited at
540 nm, preferentially corresponding to the peridinin absorp-
tion. The energy of the pump beam was set to 200 nJ in a spot
size of 1 mm diameter corresponding to a laser flux of ~ 10'*

2

photons s cm™

Time-resolved fluorescence spectroscopy

Time-resolved fluorescence (TRF) experiments were carried
out using a Hamamatsu universal streak camera consisting of
a cooled N51716-04 streak tube, C5680 blanking unit, digital
CCD camera (Orca2), slow speed M5677 unit, C10647 and
C1097-05 delay generators and an A6365-01 spectrograph
from Bruker. Excitation pulses at 540 nm were produced by an
ultrafast optical parametric oscillator (OPO) Inspire100 (Spec-
tra-Physics, Milpitas, CA) pumped with a Mai-Tai ultrafast
Ti:Sapphire laser (Spectra-Physics, Milpitas, CA), generat-
ing ~90 fs laser pulses at 820 nm with a frequency of 80 MHz.
After OPO, the frequency of excitation beam was lowered
to 4 MHz (250 ns between subsequent excitations) by 3980
Pulse Selector equipped with 3986 controller (Spectra-Physics,
Milpitas, CA). Excitation beam with power of ~10 mW was
focused on the sample in a circular spot of 2 mm diameter
which corresponds to~ 10'” photons-cm ™.

Spectroscopic data processing and global analysis

Surface Xplorer 4 (Ultrafast Systems, Sarasota, FL) was
used to correct Lthe dispersion present in the T‘& Global fit-
ting of TRF and TA datasets was performed using Carpet-
View (Light Conversion, Vilnius, Lithuania) with so-called
target modeling that uses anticipated kinetic models (van
Stokkum et al. 2004), The fitting included convolution of the
data with Gaussian-like instrument response function hav-
ing a full width at alf maximum of ~ 200 fs for Helios
(TA) and ~0.35 ns for streak camera setup (TRF). All plots
were done in Origin 2021b (Origin Lab Corp., Northampton,
MA).

Results
Oligomeric states of acpPC

The isolated acpPC complex from Fugacium kawagutii is
evidently different than the one previously reported (Polivka

@ Springer
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et al. 2006, Slouf et al. 2013; Jiang et al. 2014). For the
current preparation, the thylakoid membranes were initially
solubilized by p-DDM in the presence of 1 M betaine and
then subjected to SDG ultracentrifugation, resulting in three
major bands (Fig. 1a). We proceeded with the most abundant
fraction (marked with a red rectangle) for further analysis.
The functional acpPC has been previously identified as a
trimer with molecular weight (MW) of 66.5 kDa and the
apo-peptide subunit of 18.3 kDa (Jiang et al. 2014). Our cur-
rent preparation, however, represents a novel oligomeriza-
tion state of acpPC, with MW of 170-180 kDa as estimated
using Blue Native gel (BN-gel) analysis (Fig. 1b, SDG). The
BN-gel is usually employed to estimate MW and the oli-
gomerization states of the native protein complexes provided
the MW of the base subunit is known (Schagger and von
Jagow 1991). Note that there is no indication of any pres-
ence of photosystems (PSI, PSII) associated with this band.
The SDS-PAGE analysis of the acpPC complex (Fig. 1c)
indicates the MW of the major band as 18 kDa with some
microheterogeneity, which seems consistent with our previ-
ous report on the same species (Jiang et al. 2014). There-
fore, the SDG-acpPC sample was assigned to be a nonamer,
most likely a trimer of the previously characterized trimeric
acpPC (acpPC3><3 Vs acpPC3) (Jiang et al. 2014). Interest-
ingly, BN-gel analysis on the sample SDG-E-I-GL—acpPC,
Fig. 1b right panel) reveals that the nonamer may have bro-
ken down and then reaggregated (reassembled), forming a
ladder-like appearance of multiple bands with MW consist-
ing of subunit multiples (Fig. la, b, SDG vs. SDG-IEC vs.
SDG-IECH). Protein subunit analysis (SDS-PAGE) on the
SDG-acpPC and SDG-IEC-acpPC did not detect any com-
positional difference. Apparently, further purification of the
SDG-acpPC using IEC and subsequent ultrafiltration altered

the nonameric state of the SDG-acpPC and triggered the
formation of a mixture of numerous oligomers (Fig. 1b).
The 100-kDa filter (MWCO) flowthrough of the SDG-IEC
sample was collected and further concentrated using 30 kDa
filter. The oligomerization states of the sample were ana-
lyzed (Fig. 1b, SDG-IECFT), but was not subjected for fur-
ther spectroscopic analysis.

Steady-state absorption and fluorescence emission

To address whether the disassembly and then reassembly
(reaggregation) of acpPC (Fig. 1b, right panel) is associated
with any loss of the pigments, the pigment compositions of
SDG-acpPC and SDG-IEC-acpPC were compared. Firstly,
the pigment content was determined using HPLC equipped
with photodiode array (Fig. S1). This analysis showed that
the pigment contents remai&unchanged compared to those
of the trimeric acpPC. Note, pigments> identification was
done according to their elution times and absorption spectra,
which seems, respectively, consistent with our previous stud-
ies (Niedzwiedzki et al. 2014). Subsequently, to find out if
any pigments are lost during i'n SDG-acpPC and SDG-IEC-
acpPC, a basic spectral analysis of absorption spectra of both
preparations was performed. This subject was better evalu-
ated by taking absorption spectra at 77 K, since cryogenic
temperature enhances spectral differences. The spectra are
shown in Fig. 2a. The black spectrum corresponds to the oli-
gomeric (nonamer) acpPC complex, and the blue spectrum
corresponds to the same batch sample which was addition-
ally purified using IEC and then concentrated (SDG-IEC-
acpPC). The spectral normalization at 590 nm was under
the assumption that sample absorbance at this wavelength
should be least affected by further acpPC purification. The

Fig.2 a 77 K steady-state
absorption (Abs) and fluores-
cence emission (Fluo) spectra
of trimeric and oligomeric
forms (SDG-acpPC, SDG-EI%

104 4
77 K

acpPC) of the acpPC complex 8

from Fugacium kawagutii. The %
absorption spectra are normal- 2

ized at 590 nm upon assump- 8

tion that Chl ¢, content will be %
minimally affected by post-SDG D5
purification/processing. Differ- ,q\" ’
ence spectrum (=< dash-dot, e
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band around 590 nm is mostly associated with absorption
of Chl ¢, and therefore, we tentatively assumed that stoichi-
ometry of this pigment does not change between prepara-
tions. Such expectation originates from the fact that pigment
arrangements in the structure of the monomeric acpPC of
this species could be similar to the one recently revealed in
the FCP complex from the diatom Phaeodactylum tricor-
nutum (Wang et al. 2019). The FCP complex shows signifi-
cantly high similarity in its pigment content to the acpPC,
however, instead of peridinin it binds the carotenoid fucox-
anthin. The structure of FCP monomer shows two molecules
of Chl ¢, centrally bound in the complex, surrounded by a
layer of multiple Chl a and fucoxanthin and one peripherallyL
bound diadinoxanthin. If such Chl ¢, binding chemistry is
conserved and maintained in acpPC, we might expect that
the disassembly occurring during IEC processing should
have minimal stripping effects on the central Chl c¢,. The Chl
a and diadinoxanthin molecules located on the peripheral
regions of acpPC and thus on the interfaces between acpPC
subunits of an oligomeric acpPC, however, tend to be easily
lost. Indeed, the difference spectrum (Fig. 2a, black dash-
dot) could be very well mimicked by a sum of the individual
77 K absorption spectra of Chl a (green) and diadinoxanthin
(orange) recorded in 2-MTHF, adequately shifted to match
their peak positions. It confirms that upon further purifi-
cation and subsequent concentration of oligomeric acpPC,
some fractions of peripherallyLbound Chl a and diadinox-
anthin were permanently lost from the protein structure.
For reference, the 77 K absorption spectrum of a previously
studied acpPC trimer was also added for comparison (Jiang
et al. 2014; Niedzwiedzki et al. 2014). This spectrum was
intuitively normalized with that of the SDG-IEC-acpPC
at 510 nm, upon a;iassumption that absorbance of the lat-
ter should not overpass the former at any wavelength. The
spectral shape clearly reveals that the trimeric acpPC lacks
a substantial pool of Chls a and carotenoids from its struc-
ture compared to the nonameric acpPC (Fig. 2b, green line
and orange line). Consequently, even at this point, we might
hypothesize that migration of the excitation energy within
the nonamer and previously purified acpPC trimer could be
substantially altered.

Although the absorption spectra of all the acpPC com-
plexes show the Q, band of Chl a at 671 nm, major dif-
ferences between the trimeric acpPC and SDG- and SDG-
IEC-acpPC are clearly observed in the fluorescence emission
spectra (Fig. 2b). Note, these spectra, normalized for better
comparability, were obtained by time-integration of time-
resolved fluorescence profiles, which are provided in the
next section. The spectra show that partial loss of Chl a
and diadinoxanthin in SDG-IEF-acpPC does not cause
substantial alterations of the emission band with respect to
SDG-acpPC, probably because Fajor population of Chls a
associated with emission still remains intact. Althougllsome

peak shifting/narrowing in the SDG-IEC-acpPC profile is
noticeable (Fig. 2b). The differences between these two
acpPC complexes and the trimeric acpPC are substantial.
The fluorescence emission spectrum of the trimeric acpPC
is narrower and its maximum is shifted to shorter wavelength
(from 685 to 688 nm—676 nm).

Spectral reconstruction of absorption spectrum
and determination of pigment stoichiometry

The absorption difference profile (Fig. 2a) can be adequately
mimicked by the sum of the individual 77 K absorption
spectra of Chl a and diadinoxanthin. This makes the spectral
reconstruction of the main absorption band (400—600 nm)
of the SDG-acpPC absorption spectrum feasible—those
will be approximated positions of the absorption spectra of
two classes of pigments bound to the complex. The attempt
is demonstrated in Fig. 3a. The absorption spectra of each
individual pigments recorded at 77 K in 2-MTHF were used,
with their spectra shifted to optimal positions and adjusted in
amplitudes for the best agreement. Note that in all cases, two
different spectral forms were necessary for proper spectral
modelling. The reconstructed vs. the experimental spectra
do match well except in the 400-430 nm spectral range,
suggesting that the amplitudes of the B bands in the Chl a
absorption spectrum can be elevated if the pigment is bur-
ied into the complex. In addition, a small energetic spacing
between the absorption spectra of diadinoxanthin may sug-
gest that in acpPC, the carotenoid is represented by just one
spectral form with broader vibronic bands, possibly due to
the protein-driven geometric distortion of the conjugated
part of the molecule, which, however, is not the case in the
2-MTHF glass.

The pigment stoichiometry in the SDG-acpPC was cal-
culated based on the spectral reconstruction of the metha-
nol extracts of the complex using the absorption spectra of
each individual pigments recorded in methanol (Fig. 3b).
The detailed procedure is provided in the Supplementary
Information and in Fig S2. Our estimate gives Chl a:Chl
¢,:Per:Diad pigment stoichiometry of 8:6:11:3. It is informa-
tive to put it in the context of the pigment contents of the
light-harvesting complexes (monomers) for which the crys-
tal structures are known. Therefore, for FCP from diatom
Chl a:Chl ¢,:Cars is 7:2:7 and for major LHCII from plants,
Chl a:Chl b:Cars is 8:6:4 (Cars — collective carotenoids)
(Liu et al. 2004; Wang et al. 2019). If the theme of 7-8 Chl
a per complex monomer is consistent across the whole pro-
tein superfamily, we might hypothesize that the fully intact
acpPC will bind 8 Chl a, 6 Chl c,, 11 Per and 3 Diad. On
the other hand, considering that the overall number of carot-
enoids bound to antenna ranges from 4 to 7, the estimate
provided above should be divided b)lfactor of 2 to give a
better agreement. Considering the difference in absorption
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Fig.3 Spectral reconstruc-

tion of the absorption spectra 1 a 0.3 b —— SDG-acpPC extract
of SDG-acpPC and its solvent i ) - = Spectral reconstruction
extract. a Spectral recon- Abs (77 K) in MeOH g:: i

struction of 77 K absorption ——SDG-acpPC Per ’

spectrum of the SDG-acpPC Chl a (433,440) Diad

with the absorption spectra

of each individual pigment
taken at 77 K in 2-MTHF and
adequately shifted. For Chls,
position of the Soret band and
for carotenoids, position of the
(0-0) vibronic band is provided.
b Spectral reconstruction of
absorption spectrum of metha-
nol extract of SDG-acpPC with
absorption spectra of individual
pigments taken in methanol.
This analysis provides the esti-

Normalized absorbance

—— Chl ¢, (453,470)

Diad (491,497) o 021 Estimated stochiometry
Per (524,545) e Chl a:Chl ¢c,:Per:Diad
-+ =+ Reconstruction g 8:6:11:3

1<}

%)

Qo

<

0.1

mated pigment stoichiometry in
the complex. For more details
on the procedure refer to SI

spectra of SDG- and SDG—EI-GL—acpPC complexes (Fig. 2a)
and spectrum reconstruction of SDG-acpPC (Fig. 3a), it
seems that further purification and processing of the com-
plex causes 15-20% losses of Chl a and diadinoxanthin.

Time-resolved fluorescence imaging

The temporal characteristics of the fluorescence emission
decay of Chl a in both SDG-acpPC and SDG-IEC-acpPC
were investigated at 77 K. Previous 77 K time-resolved
fluorescence analysis on the trimeric acpPC from the same
organism demonstrated that, upon excitation of the carot-
enoid band, the excitation energy is promptly transferred
to Chls and subsequently emitted as Chl a fluorescence. It
is characterized by a single exponential component decay
with a lifetime of 5.8 ns. No other kinetic components were
revealed in the fluorescence decay profile (Niedzwiedzki
et al. 2014). However, a very different scenario was observed
in both SDG- and SDG-IEC-acpPC. Figure 4 presents the
time-resolved fluorescence (TRF) imaging and subsequent
spectro-temporal global analysis. The TRF images were
recorded using very low excitation intensity at 540 nm,
the spectral range that mostly coincides with the absorp-
tion band of acpPC-bound peridinin (Polivka et al. 2006,
Niedzwiedzki et al. 2014). It is known that upon direct
excitation of peridinin in acpPC, the excitation is promptly
and efficiently transferred to Chl a. Therefore, this selec-
tion of excitation wavelength warrants that the entire Chl a
fluorescence emission is associated with the protein-bound
Chls a. The TRF decay images of the SDG-acpPC and SDG-
IEC-acpPC (Fig. 4a, b) clearly reveal more complex fea-
tures than those previously reported for the trimeric acpPC,
but subtle differences also exist between | two preparations

@ Springer
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(SDG-acpPC and SDG-IEC-acpPC). Detailed information
on the fluorescence emission dynamics can be achieved by
performing global analysis of the TRF datasets (van Stok-
kum et al. 2004). The outcomes of our fitting are provided
in Fig. 4c, d. The data modelling was done according to the
kinetic schemes provided in the figure insets. Hypothetically,
the model should account for the fact that upon excitation
at 540 nm (peridinin), excitation energy is transferred to
Chl a collectively from the carotenoid singlet excited S,
and S, states. This process corresponds to the rise of Chl a
fluorescence emission. However, as such process occurs in
an ultrafast time regime (a few picoseconds) (Polivka et al.
2006, Niedzwiedzki et al. 2014), the spectra cannot be tem-
porally resolved due to the TRF technical setup limitations.
Therefore, an applied fitting model to the experimental data
must assume that the excitation directly populates/excites
the first spectro-temporal fluorescence component detect-
able in the data, which is already associated with Chl a.
Overall, three spectro-temporal components were required
to successfully model the TRF decay images in both cases.
Because the data modelling was based on anticipated or so-
called target model, the results were called species associ-
ated fluorescence spectra (SAFS) and were denoted as F682,
F687 and F695/698, based on approximate positions of their
maxima expressed in nanometers. The first two SAFS also
have competing intrinsic decays to the ground state fixed at
5.8 ns, which corresponds to the intrinsic decay of excited
monomeric Chl g in the trimeric acpPC (Niedzwiedzki et al.
2014; Vinklarek et al. 2018). It could be interpreted that it is
as if the oligomer falls apart into trimers, such that the vari-
ous spectral species of Chl a will be reduced to one with a
fluorescence lifetime of 5.8 ns (at 77 K).
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Fig.4 77 K time-resolved fluo- N
rescence (TRF) decay imaging SDG_anPC C QWFGBZ om2me |
of oligomeric acpPC after SDG 60 4 eld / \,;687 }
and SDG-IEC, respectively. . é ‘81 i5gns |58 ns/¥ ans |
The samples were excited at = g g i / FB95 |
540 nm (Per—peridinin). a, b = Q i F s i
2D pseudo-color TRF profiles g § S i _s_o_ e
in which colors represent emis- Z £ 30 Chla
sion intensities (photon counts, 5 £
ph. c.). ¢, d Global analysis of o < SAFS
fluorescence emission decay
profiles. Refer to the main text
for more details. The profiles 0 . . . : .
yvere smoothed fpr better'clar- 680 700 720 740 760 780 680 700 720 740 760 780
ity. SAFS—species associated
fluorescence spectra (smoothed
for clarity), nr—not resolved,
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2 OE w‘ : / F698 !
g § s s
= =1 e LT
E %_ 60 Chl a
3 &
SAFS
0 : T T : :
680 700 720 740 760 780 680 700 720 740 760 780

The SAFS were also corrected for their time dependent
concentration in the TRF profile by multiplying the ampli-
tude profiles by the maximum of time dependent concentra-
tion, C,,,.(?) (van Stokkum et al. 2004). This product more
intuitively highlights the possible relative contributions of
the components in the TRF data. The fitting demonstrates
that there are three distinct Chl a spectral forms (Fig. 4c,
d). Once the excitation enters the Chl a network, it is very
quickly transferred to the more red-emissive pigments and
ultimately trapped in the Chl a pool with fluorescence
emission maximum at~700 nm, which finally decays to the
ground state. The dynamics of this process is very similar
in both oligomeric forms of acpPC (SDG and SDG-IEC)
though it is evident that the SDG sample has noticeably
larger contributions of the energetically lowest (most red-
shifted) fluorescence component. It strongly suggests that
the further purification step performed after SDG alters the
energetic landscape of the protein-bound Chls or it might
be correlated with the observed ~ 10% loss of Chl a during
post-SDG purification. Since SDG-IEC-acpPC is an ensem-
ble with a large range of oligomerization extent (Fig. 1b),
the numerical treatment of it is basically averaged. Another
note is that even though fluorescence decay shows different
spectral species, these spectral forms of Chl a are not clearly
manifested in the absorption spectrum in both samples.

Wavelength (nm)

Transient absorption

Time-resolved fluorescence imaging data provide useful
information of Chl a fluorescence dynamics. This method,
however, does not resolve early events after excitation due
to its low temporal resolution. Since TRF measurement only
monitors light emission, it cannot characterize possible non-
emitting states, which may concurrently form during the
excitation migration within the acpPC oligomeric assembly.
To address this issue, both SDG- and SDG-IEC-acpPC were
subjected to further study gflfemtosecond time-resolved
transient absorption spectroscopy. The data were collected
at both room temperature (RT) and 77 K, upon excitation
at 540 nm (comparable to TRF). Considering the spectral
reconstruction of the absorption spectrum of SDG -acpPC
shown in Fig. 3a, that wavelength should essentially exclu-
sively excite peridinin and the spectral evolution observed
in the TA profile is associated with excitation energy migra-
tion from peridinin excited states (S, and S,) to Chls. The
data modeling is shown in Fig. 5 (for exemplary raw TA
spectra refer to Fig. S3), and assumes that peridinin (Per)
is excited to S, state. The intrinsic lifetime of carotenoid
S, state ranges between 100 and 300 fs (Polivka and Sund-
strom 2004). For simplicity, we used the low-end value for
peridinin. If the carotenoid is not energetically coupled to
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its neighboring Chl a or Chl =~ molecules, the excited S,
state will internally convert tc S, state that subsequently
will intrinsically decay to the ground state with a lifetime of
11 ps (peridinin, average S, state lifetime in polar solvent)
(Bautista et al. 1999; Zigmantas et al. 2001; Zigmantas et al.
2003). Again, for simplicity, it was assumed that peridinin S,
and S, states lifetimes are also temperature independent. TA
data modeling assumes that the S, state will be efficiently
transferring excitation to both types of Chls. However, the
carotenoid S, state is more fit to transfer excitation energy
to Chl a due to a better overlap of peridinin fluorescence
emission and Q, absorption band of Chl a. Because we can-
not temporally resolve excitation transfer from peridinin S,
state to both Chl ¢ and a, we assumed that the time constants
are 100 fs, comparable to the state lifetime. The time con-
stant for the S, state-related excitation migration route was
then estimated at 0.9 ps. Modeling demonstrated that Chl
¢, efficiently transfer excitation to Chl a with a time con-
stant of 5.4 ps. As Liin this case, a customized fitting model
is applied to TA datasets, Lthe fitting results are commonly

Fig.5 Global analysis of TA

datasets of a, b SDG-acpPC and

¢, d SDG-IEC-acpPC prepara-

tions performed according to *
anticipated models of excitation

migration pathways presented
in the above graphs. It was |
assumed that excitation at !
540 nm will initially promote '
peridinin (Per)AS2 excited singlet Per
state. Subsequently, excitation

exc 540 nm
_g)
'

SDG-acpPC

Chla=""

called species associated difference spectra (SADS) (van
Stokkum et al. 2004). If a model sufficiently mimics the
realistic pathways of the excitation migration/decay, SADS
should very closely correspond to the spectral features
(ground state absorption bleaching (GSB) with accompanied
excited state absorption band (ESA)*of individual pigments.

Closer inspection of SADS shows that the profiles fulfill
thc = criteria particularly for RT TA data. The green SADS,
associated with the S, state of peridinin, clearly consists
of bleaching of the ground state absorption accompanied
with a positive band which, based on the previous stud-
ies of a few variants of acpPC complex or peridinin-only
PCP, corresponds to peridinin S, — S, ESA band. The red
SADS corresponds to the S, state of peridinin and consists
of bleaching of steady-state absorption and adjacent S, — S,
ESA (Ilagan et al. 2006, Polivka et al. 2006, Schulte et al.
2009a, b, van Stokkum et al. 2009, Niedzwiedzki et al.
2013, Slouf et al. 2013, Niedzwiedzki et al. 2014). The
black SADS is associated with Chl c¢,. The negative part
very adequately corresponds to the bleaching of the Soret

SDG-E'“-acpPC

84 ps 4 113 ps
« (10 ps) ) (10 ps)
=™ Chl a*
(95 ps) .7 ! _
P '.' 625 ps L
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< 1130 ps
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energy quickly funnels to Chls a
directly or via Chl ¢,. Model-
ling demonstrated that the last
stage of the excitation migration
pathway alternates at cryogenic 4]
temperature. Refer to the main

text for more details. Time 84
constants in parentheses (and
associated routes) are for 77 K.
SADS—species associated
decay spectrum, Car—carot-
enoid (peridinin and/or diadi-

124

L
o
1

Amplitude x103<C, .

noxanthin), *—excited states 400 500 700 800 400 500 600 700 800
0 -;f*hn M,P*? P
-4
sl b SADS 77K sl d SADS | 77K

400 500 700 800 400 500 600 700 800
Wavelength (nm)
@ Springer
| Journal : Large 11120 Article No : 951 Pages : 12 MS Code : 951 Dispatch : 2-9-2022

509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528


Nikki
Sticky Note
italics

Nikki
Cross-Out

Nikki
Inserted Text
c2

Nikki
Cross-Out

Nikki
Inserted Text
is

Nikki
Inserted Text
and 

Nikki
Inserted Text
)

Nikki
Sticky Note
Same paragraph as before so should not be indented.

Nikki
Inserted Text
to its 

Nikki
Sticky Note
IEC


529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
5563
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581

Photosynthesis Research

band and is accompanied by the broad positive ESA, which
surpasses the expected bleaching of the Q band at~650 nm
(Niedzwiedzki et al. 2014). The blue SADS is associated
with a pool of excited Chls a populated via excitation energy
transfer from peridinin and Chl c,. This SADS, associated
with excited Chls a, quickly evolves with a time constant
of 84-113 ps to another Chl a-related component (brown
SADS). At RT, these two SADS are essentially identical in
shapes, but the latter has a substantially smaller contribution
in the TA datasets (SADS were corrected for their maximal
time dependent concentration). Instead of Lassociated with
the energetic equilibration of the excited pigment (other-
wise, SADS amplitudes should not change but rather shift in
position), the 84—113 ps time constant is associated with the
depletion of the TA signal, most likely due to singlet—singlet
annihilation.

A final pool of the excited Chls (brown SADS) decays
with an observed lifetime of 625-1130 ps. These time con-
stants are substantially shorter than the Chl a fluorescence
lifetime recorded for the trimeric acpPC (Chl ¢ monomers),
which strongly supports the idea of an oligomerization-
driven singlet—singlet annihilation. The elongated Chl
a fluorescence dynamics in SDG-IEC-acpPC in regard
to SDG-acpPC and the same elongated time constants in
SDG-IEC-acpPC indicates that additional sample process-
ing progressively disrupts the native oligomerization state
of the complex and consequently reduces the probability
of the annihilation process occurring between the excited
Chls, which are most likely located somewhere at stitching
interfaces between each individual trimers in the oligomer.
Efficient singlet—singlet annihilation of the excited Chl a
observed even at low excitation intensities (shortening of
the Chl a fluorescence lifetime) can maximally reduce the
chance of formation of Chl « triplets and subsequent sensiti-
zation of carotenoid (peridinin/diadinoxanthin) triplets. This
is clearly demonstrated for the SDG-acpPC sample, where
the combined signals with Chl a and carotenoid triplets were
barely seen (magenta SADS). However, once the aggrega-
tion level of acpPC changes and the lifetime of the longer-
lived Chl a subsequently elongates, the population of Chl a/
carotenoid triplets grows (compare magenta SADS in Fig. 5a
and c). Notable difference induced at 77 K is that the acpPC
oligomers do not reveal any detectable accumulation of Chl
a/peridinin triplets (no magenta SADS). The dynamics of
the excited singlet state of Chl a is also altered. Overall, it is
substantially faster and reduces formation of Chl a triplets.

At this point, the TRF and TA analysis have given some
complementary characteristics of the excited Chls a at 77 K.
In summary, for the SDG-acpPC sample, both TA and TRF
fitting data have revealed that there are three spectro-kinetic
components associated with Chl a. Considering that the TA
lifetime results support that the excited Chls may be addi-
tionally affected by excitation annihilation, the following

conclusions can be reached. The F682 SAFS component
parallels the blue SADS with the observed bleaching of
the Q, band at 676 nm. The F687 SAFS corresponds to the
brown SADS with the observed bleaching of the Q, band
at 681 nm, and the F695 SAFS would correspond to the
orange SADS with the observed bleaching of the Q, band
at 684 nm. Note that it is still misleading to directly match
the SAFS to the SADS components in terms of the positions
of their fluorescence maxima and bleaching minima (e.g.,
F682 SAFS and 681 nm SADS) a. In the TA spectrum, the
observed “bleaching” of the Chl a Q, band corresponds to a
collective signals of the real bleaching of the Q, absorption
band and the probe-driven stimulated emission (fluorescence
emission). Since the detector unfortunately deesniihave the
resolution of discriminating between them (due to the nature
of the instrumental setting), the recorded “bleaching” band
simply represents a combination of both, and a collective
peak is detected, with a minima located around halfway
between the maxima of the absorption band and the fluo-
rescence emission.

Discussion

Our purification and biochemical characterizations of the
acpPC complexes from iiinoﬂagellate Fugacium kawagutii
in this study illustrates that higheiorder structuriorgani—
zations of the acpPC antenna complex can be kept intact
and isolated if appropriate buffers and purification protocols
are followed. All these rely on the use of high molarity of
betaine in the preparation buffers, which has been success-
fully used for reaction centers isolation in multiple organ-
isms. It should be noted that the higher jorder oligomeric
structure of acpPC can be disrupted and reassembled in vétre,
experiments, resulting in a heterogenous mixture (SDG-IEC)
(Fig. 1b, right panel). Spectroscopically, they are not exactly
the same as the original nonameric form (SDG). It seems
that the single-step ient ultracentrifuga-
tion (without extensive chromatography) represents a much
milder isolation strategy that keeps the protein complex
in its native-like state and relatively high purity (Fig. 1c).
The pigment composition analysis of SDG-acpPC of SDG-
IEC-acpPC indicates that further biochemical processing
(adsorption to the chromatography resin and washing in the
presence of detergents that have to be included in the rea-
gent buffers) tends to reduce the pigment content. At present
timelthere are no 3-D structural smdieifrom either protein
X-ray crystallography or cryo-EM, we do not know where
and how the (stripped) pigments i with
the apo-protein in nonameric acpPC or with the other cofac-
tors in the complex. Hydrophobic interactions in LHC are
usually the major force stabilizing the pigments and their
associated binding partners, such as membrane lipids. The
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more native lipids the protein samples retain, the more pig-
ments are found stabilized in the biochemical preparations
(Buchel 2003; Beer et al. 2006; Lepetit et al. 2010). Appar-
ently, extensive exposure of the solubilized samples to the
detergents which are necessarily used in the biochemical
buffers during IEC will inevitably strip off those looselyL
bound pigments. Those pigments may be located either on
the surface of the acpPC nonamer or the interfaces between
each subunit in the oligomer. Previously, it has been reported
that in the FMO antenna complex containing bacteriochloro-
phyll a (BChl a), the eighth BChl a pigment, located in the
interface of trimeric FMO, can be easily lost during purifica-
tion owing to surface exposure (Wen et al. 2011)-and-(Wen
et-al-2011). Here, we could reasonably suspect a similar
situation could occur for the nonameric acpPC. Please note,
the eighth pigment discovery in FMO haia huge impact on
the excitation energy research in the research community.
We highly recommend our SDG method for future acpPC

! . Based on findings presented in this
study, the overall picture is that the native acpPC is pre-
dominantly clustered to larger acpPC oligomers, most likely
trimer of trimers (nonamer), acpPC(3 X3,

Previous time-resolved fluorescence analysis on oligom-
ers of the major LHC in higher plants indicated that the
oligomerized LHC trimers tend to form a weakl&coupled
inter-trimer Chl a-Chl a excitation state. They are character-
ized by a strongly far-red enhanced fluorescence spectrum,
strikingly similar to the fluorescence component observed in
intact leaves when NPQ is induced (Miloslavina et al. 2008).
Our time-resolved spectroscopic studies on the oligomeric
acpPC in this research show similar Chl a fluorescence
characteristics as observed in higher plants. A very inter-
esting question that immediately arises is how this acpPC
oligomer interacts with RCs, such as photosystem II (PSII).
Unfortunately, the modified purification protocol is still
not adequate for successful separation of PSII, most likely
because the photosystems are extremely fragile and fall apart

Euring ever-known gentle detergent treatment of the thy-

lakoid membrane. Another interesting aspect is how such
oligomeric representation of acpPC (nonamer) is natively
preferred. Uncoincidentally, recent structural determinations
on more intact algal PSII-LHCII supercomplex showed that
the major LHC complex forms closely associated trimer of
LHCII trimers, i.e., nonamer, which is then coupled to the
photosystem core complex via minor light-harvesting CP29
complex (Burton-Smith et al. 2019; Shen et al. 2019).
Spectroscopically, the nonameric acpPC is substantially
different than its trimeric counterpart. The differences are
readily seen in steady-state absorption and fluorescence
emission spectra at 77 K. The most interesting findings,
however, come from the completely different dynamics of
the excited states of the acpPC-bound Chls @ among the oli-
gomeric and trimeric acpPC. Previous work showed that in

@ Springer

acpPC trimer, the excited Chl a is uniform and has one spec-
tral form with a mono-exponential component decay with
a lifetime of ~5.8 ns (at 77 K) (Niedzwiedzki et al. 2014).
Those studies showed that the acpPC trimer is spectroscopi-
cally very homogenous without any spectral heterogeneity
that could benefit the excitation migration downhill to a spe-
cific site in the trimer assembly. This picture is completely
altered in the more native oligomeric assembly studied in
this work. The fluorescence components with red-shifted
emission peaks may represent a characteristic marker for
NPQ condition in Symbiodiniaceae cells under photopro-
tection model. The & and transient

ion studies also demonstrated the presence of three
spectrally and dynamically different forms of excited Chl
a. Excitation dynamics of these pigments show that excita-
tion very likely spatially migrates within the oligomer to a
specific site due to unidirectional energetic funneling from
the energetically highest to lowest Chls. Hypothetically, it
is possible that this mechanism somehow maneuvers exci-
tations from photons absorbed in random places within the
oligomeric assembly into a specific location that could ulti-
mately transfer it to the adjacent PSII access point or to a
non-photochemical quenching center if hopping of excita-
tion to PSII is not possible (or a closed PSII). Research on
the NPQ candidate proteins in this species is underway.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11120-022-00951-6.
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