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ABSTRACT: The PSI;—IsiA g supercomplex is one of the largest
and most complicated assemblies in photosynthesis. The IsiA ring,
composed of 18 IsiA monomers (IsiA;5) surrounding the PSI
trimer (PSL;), forms under iron-deficient conditions in cyanobac-
teria and acts as a peripheral antenna. Based on the supercomplex
structure recently determined via cryo-EM imaging, we model
various optical spectra of the IsiA monomers and IsiAg ring.
Comparison of the absorption and emission spectra of the isolated
IsiA monomers and the full ring reveals that about 2.7 chlorophylls
(Chls) are lost in the isolated IsiA monomers. The best fits for
isolated monomers spectra are obtained assuming the absence of

Chl 508 and Chl 517 and 70% loss of Chl S11. The best model
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describing all three hexamers and the entire ring suggests that the lowest energy pigments are Chls 511, 514, and 517. Based on the
modeling results presented in this work, we conclude that there are most likely three entry points for EET from the IsiA4 hexamer to
the PSI core monomer, with two of these entry points likely being located next to each other (i.e., nine entry points from IsiA g to
the PSI; trimer). Finally, we show that excitation energy transfer inside individual monomers is fast (<2 ps at T = S K) and at least

20 times faster than intermonomer energy transfer.

1. INTRODUCTION

Photosynthetic organisms have a remarkable ability to convert
light energy into chemical energy. Two large pigment—protein
complexes called Photosystem I (PSI) and Photosystem II
(PSII) catalyze light-induced charge separation in photo-
synthetic membranes. Subsequent electron transfer reactions
are mediated by cofactors coordinated by both photosystems.”
The PSI complex contains three iron—sulfur clusters as part of
its internal electron transport chain and is therefore one of the
main iron sinks in photosynthetic cells.

Cyanobacteria, present in almost every conceivable environ-
ment, account for more than half of the total photosynthetic
productivity on Earth, including most marine and freshwater
habitats.” ™ One of the main reasons that cyanobacteria have
become so ubiquitous is that their strong and effective
regulatory mechanisms maintain high photosynthetic produc-
tion levels under various conditions of illumination or nutrient
stress.’ Photosynthetic organisms evolved different strategies
to adapt their photosynthetic apparatuses to various con-
ditions. Adaptation to low-iron environments is an important
example as iron is a common limiting factor for the growth of
cyanobacteria and a wide range of adaptation mechanisms
evolved to facilitate iron-limited growth.”*

Under standard laboratory conditions (high concentration
of iron, BG-11 medium) PSI exists as a trimer (PSI;) in the
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thylakoid membranes of cyanobacteria. When cells grow under
iron-deficient conditions, the cyanobacterial phycobiliprotein,
PSI and PSII contents are reduced.” Early studies on the
growth of cyanobacteria in low iron conditions revealed a
remarkable adaptation of the photosynthetic membranes
manifested as the 1nduct10n of a chlorophyll (Chl) containing
membrane antenna,” known also as iron-starvation induced
protein A (IsiA).'"” The highly abundant chlorophyll—protein
complex of iron-deficient Synechococcus sp. PCC7942 (CP43")
is encoded by the IsiA gene.''

Once IsiA is induced in cyanobacteria, it forms a large
supercomplex consisting of the 18mer IsiA ring (IsiAg)
surrounding the PSI trimer.'”~"* The IsiA protein is similar to
PsbC, the CP43 protein of the core of PSII, the water-splitting
and oxygen-evolving enzyme of photosynthesis. Therefore, the
IsiA monomer is often called CP43".'%' "'~

The spectroscopic properties of the isolated (purified) IsiA
complexes are similar to those of the related CP43 complex
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Figure 1. (A) View from the lumen side of the membrane showing the overall structure of the PSI;—IsiAs supercomplex of Synechocystis. The
trimeric PSI; is surrounded by a ring consisting of 18 IsiA monomers (labeled with letters “n”, “0”, .., “h”).'* The PSI subunits are transparent to
clearly show relevant red-absorbing pigments. This figure shows only IsiA Chls in green and the PSI C706 trap in red. C706 is one of the low-
energy traps in each PSI monomer assigned to B31-B32 Chls)*® (B) View on the structure from the membrane plane. (C) Closer view on the IsiA
monomer “W” encircled in dashed line in “A”. Selected Chls of interest to this work are labeled using the nomenclature of ref 12. (D) View from
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the membrane plane on IsiA monomer “W” showing C706 at the luminal side of the complex.
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Figure 2. Structure of the IsiA hexamer. Chls likely contributing to the lowest energy state(s) in IsiA monomers are shown in green. Below the
hexamer, a part of the PSI monomer is shown, emphasizing Chls at the interface between the ring and PSI monomer (in blue). The red Chls
correspond to the B31—32 Chls constituting the C706 low energy trap.*®

from plants (with 13 Chls per complex), except that the The increase in the number of pigments associated with each
characteristic narrow absorption band of CP43 near 683 nm is reaction center allow cells to maintain their photosynthetic
weak'® or missing in isolated IsiA."* This clearly indicates that rates while synthesizing lower amounts of PSI;, thereby
some chlorophylls may be lost during isolation/purification reducing the total cellular iron consumption.'”'”'”*" The
procedures. It was recently determined that each IsiA subunit assembly of PSI;—IsiA 4 supercomplex seems especially robust
in cyanobacteria binds four additional pigments in addition to and can also take place around PSI; mutants and
the 13 Chls observed in CP43 complex of PSIL'* The four monomers.”"”> The Cryo-EM structure of PSI;—IsiAjg
additional Chls contribute to the interfaces between supercomplex of the Synechocystis 6803 was solved at a
neighboring IsiA subunits and the IsiA;s—PSI; interface.'” resolution of 3.3 A."> Recently, Cao et al.*’ solved the single
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particle structure of both PSI;—IsiA;q—Fld (where Fld is
flavodoxin and replaces the iron-containing ferredoxin (Fd) as
the electron receptor of PSI) and PSI;—IsiA,4 supercomplexes
from a mesophilic cyanobacterium Synechococcus sp. PCC 7942
at resolutions of 3.3 and 2.9 A, respectively. The structure of
PSI;—IsiA}g from thermophilic ?anobacterium Thermosyne-
chococcus vulcanus is also known.”

The overall structure of the PSI;—IsiA;s supercomplex is
shown in Figure 1. The configuration of the different IsiA
monomers around PSI; is flexible to some extent, and
therefore, different IsiA subunits relate to each other somewhat
differently across the entire ring.'” In other words, in the first
approximation, the IsiA ring has C; rather than C,g symmetry.

The ring around PSI; acts as a peripheral antenna; in
addition to its function as energy collector, the IsiA; ring may
also act as an energy dissipater that protects photosystems
from being damaged by excess excitation energy””>” and helps
to protect cyanobacterial cells from oxidative damage.”®
Spectroscopic investigations confirmed that the IsiA 3 antenna
in the PSI;—IsiA g supercomplex is tightly coupled to the core
antenna of PSI;.'””” Several groups engaged in studying
energy transfer dynamics in IsiA;g and PSI;—IsiAjg super-
complexes of cyanobacteria.">'”*” These works agree that the
IsiAjg ring effectively transfers energy to the PSI; core,
although an increase of total trapping time (compared to
isolated PSI, cores) was also observed.'”*” Components with
characteristic times from 1.7 to 10 ps observed in the
Synechocystis supercomplexes at room temperature have been
ascribed to the IsiA;3 — PSI; core excitation energy transfer
(EET)."” The 1.7 ps component was assigned to the fastest
EET through closely located chlorophylls at the interface
between the IsiA g and the PSI; core, while the 10 ps process
was assigned to the overall excitation transfer from IsiAg to
PSI; core.'” Earlier analysis of the low-temperature absorption
spectra of PSI;, PSI;—IsiA 4, and IsiA complexes suggested that
there are just 13 chlorophylls (Chls) per IsiA monomer,™ i.e.,
a number that was observed in the CP43 complex of
Photosystem II (PSII).”' This was in contrast with the
modeling studies of Zhang et al,** which suggested that IsiA
likely contains 15 Chls. However, as mentioned above, the
recently solved cryo-EM structures of the complex revealed 17
Chls per IsiA monomer.'”*>** This indicates that some
pigments could be lost during isolation/purification proce-
dures. Figure 2 shows the structure of six neighboring
monomers, t, g, p, 0, n, and h, and labels several pigments
that could contribute to the lowest energy state(s) in each
monomer.

Our previous modeling studies of various optical spectra of
the isolated IsiA, using the uncorrelated EET model,*°
suggested that IsiA monomers (by analogy with the CP43
complexes of PSII core in spinach) possess two quasi-
degenerate low-energy states, A" and B’. In that case, however,
the modeling was based on the available CP43 structure of
PSII core complex,” which has smaller number of Chls.
Nevertheless, it was suggested that pigments mostly con-
tributing to the lowest-energy A’ and B’ states of the PSI;—
IsiA g supercomplex in Synechocystis are likely located on the
side of the IsiA complex facing the PSI; core, a finding that
contradicted the model of Zhang et al,** but was in agreement
with the model suggested by Nield et al.’® Both the latter
model and the one discussed in ref 30 are consistent with the
recent Cryo-EM structure.'> However, identification of
pigments contributing to the lowest energy state(s) of IsiA
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monomers is still controversial, as the spectra reported in the
literature vary from laboratory to laboratory and modeling was
based on the CP43 structure and not the CP43’ (ie., IsiA
complex) one. Below, we discuss various types of new low-
temperature spectra, including hole-burned (HB) spectra,
obtained recently for the PSI;—IsiA g sample and isolated IsiA
monomer (IsiA) complexes of Synechocystis 6803. In this work,
modeling of experimental data is based on the recently
determined cryo-EM supercomplex structure.'” Two hexamer
models (IsiAs) and two matching IsiA monomer models (with
a different pigment composition of the low-energy states) are
discussed in detail, including the excitonic structure and
dynamics. For example, we suggest that isolated IsiA
monomers lost 100% of Chls 501 and 517 and 70% of Chl
511 (in model MA). In the monomer MB model the missing
pigments are assigned to Chls 508 and 517 while Chl 511 is
also lost in 70% of the complexes. In the hexamer models, i.e.
HexA and HexB, all 17 pigments are present in each monomers
of the ring; in these two models, the lowest energy pigments
are assigned to Chls (514, S11, 501) and (514, 511, 517),
respectively. We argue that only model (for monomers), model
HexB (for hexamers) and model HexB for the entire ring IsiA,g
are consistent with experimental data. We also show that
excitation energy transfer within individual IsiA monomers is
fast (less than 2 ps) and faster than intermonomer transfer,
except for intermonomer transfer between Chls 517 and Chls
514 located on adjacent monomers. The intermonomer EET
(between Chls 517 and 514 on neighboring monomers) is
about 0.5 ps, and there are likely three entry points per PSI
core monomer for the ring-core EET in our samples, though
two entry points cannot be entirely excluded.

2. MATERIALS AND METHODS

2.1. Preparation of PSl;—IsiA;3 Supercomplex and
Isolated IsiA Monomer. Synechocystis PCC6803 cyanobac-
teria were cultured in glass bottles in 10-L batches using BG11
medium supplemented with 12 ng/mL ferric ammonium
citrate and S mM glucose in 30 °C and bubbled with air. Light
was supplied from an LED array (Fluence RAY) at very low
intensities (~15 uE). PSIL;—IsiA;3 supercomplexes were
isolated as described in ref 12. Here, 20—40 L of culture was
harvested using centrifugation and washed once with STNI
buffer (30 mM Tricine-NaOH pH 8, 15 mM NaCl, 0.4 M
sucrose). Cells were resuspended in STNI and broken with
two cycles at 30 KPSI in a cell disruptor (Constant Systems
Ltd.). The lysate was cleared by centrifugation in a F20-12X50
LEX rotor for 10 min at 12000 rpm in Sorval LYNX 6000
centrifuge (Thermo Scientific). Membranes in the supernatant
were pelleted using ultracentrifugation (Ti70 rotor, 45000 rpm
for 2 h) and resuspended in STN2 (30 mM Tricine-NaOH
pH-8, 100 mM NaCl, 0.4 M sucrose). After resuspension in
STN2, the membranes were incubated on ice for 30 min, then
collected again (Ti70 rotor, 45000 rpm, 2 h) and resuspended
in STN1. n-Dodecyl f-p-maltoside (DDM, Glycon) was added
to the membranes at a 10:1 DDM to chlorophyll ratio. The
suspension was gently mixed by hand a few times then
incubated on ice for 30 min. After solubilization, the insoluble
material was discarded using ultracentrifugation (Ti70, 45000
rpm, 30 min). The solubilized membranes were loaded onto a
DEAE column (Toyopear]l DEAE-650C). The complexes were
eluted using a linear NaCl gradient (15—500 mM NaCl) in 30
mM Tricine—NaOH pH 8, 0.2% DDM. Dark green fractions
were collected and precipitated using 6% PEG3350 (Hampton

https://doi.org/10.1021/acs.jpcb.2c04829
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Research). After centrifugation in a F20-12X50 LEX rotor for §
min at 5000 rpm, the green precipitate was resuspended in 30
mM Tricine—NaOH pH 8, 75 mM NaCl with 0.05% DM and
loaded onto a 12—60% sucrose density gradient, prepared with
the same buffer. Following centrifugation (Beckman SW40
rotor, 37000 rpm, 16 h) the appropriate green band was
precipitated using 10% PEG3350 (Hampton Research). After
centrifugation in an Eppendorf tabletop for S min at 10000
rpm, the green precipitate was resuspended in 30 mM Tricine-
NaOH pH 8, 75 mM NaCl with 0.05% DM and loaded onto a
12—60% sucrose density gradient, prepared with the same
buffer. Following centrifugation (Beckman SW60 rotor, S6 000
rpm, 4 h) the green band corresponding to the IsiA;3—PSIy
supercomplex was collected and used for subsequent experi-
ments. The upper band corresponding to monomeric IsiA was
isolated from the sucrose gradient and loaded onto DEAE
column and eluted with 30 mM Tricine—NaOH pH 8, 350
mM NaCl, and 0.05% DM. For purification details of the
PSI;—IsiA;; complex and IsiA monomer see Figure S1 in the
Supporting Information. For low-temperature experiments,
samples were diluted with 1:2 (v/v) buffer:cryoprotectant
solution. The glass forming cryoprotectant mixture was 55:45
(v/v) glycerol:ethylene glycol. All complexes studied in this
work were most likely in their oxidized state (see Section 5.2
for more details), so there is no P700* minus P700 signal or
electrochromic shifts that could affect some of the results
discussed in this work.

2.2. Instrumentation. Details about the measurement
setup were described elsewhere.”” Briefly, a Bruker HR12S
Fourier transform spectrometer was used to measure the
absorption and hole-burned (HB) spectra with resolutions of 4
and 0.5—2 cm™, respectively. The 488.0 nm excitation for
nonresonant HB (NRHB) spectra was produced by a
Coherent Innova-90 argon ion laser. Spectral holes (bleaches
produced by resonant excitation, see below) were obtained
with a Coherent CR699 ring dye laser pumped by a Spectra-
Physics Millennia Xs diode laser (532 nm). With laser dye LD
688 (Exciton), the spectral range of 650—720 nm was available
with a line width of 0.07 cm™". Laser power in all experiments
was precisely set by a continuously adjustable neutral density
filter. Low-temperature (4 K) experiments were performed
using an Oxford Instruments Optistat CF2 cryostat with
sample temperature controlled by a Mercury iTC temperature
controller. Fluorescence spectra were collected with a
resolution of 0.1 nm at 4 K by a Princeton Instruments
Acton SP-2300 spectrograph equipped with a back-illuminated
CCD camera (PI ActonSpecl0, 1340 X 400). The excitation
source was 488.0 and/or 496.5 nm laser lines from a Coherent
Innova-90 argon ion laser.

2.3. Spectroscopic Methodologies. Spectral hole
burning relies on differences observed in the absorption
spectrum of a low-temperature system before and after narrow-
band laser excitation. If a pigment molecule (in resonance with
the laser) experiences a photochemical reaction, it ceases to
absorb at its original wavelength/frequency because it is
chemically altered, and one speaks of photochemical HB
(PHB). Both PHB and NPHB may result in the formation of
persistent holes, meaning that holes are preserved for hours or
even days after the initial excitation is turned off, as long as a
low temperature is maintained. In either case, the difference
between the measured absorption spectrum before and after
laser excitation reveals the HB spectrum. In this work, we use
NPHB; in this case, the pigment molecule does not undergo a
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chemical reaction, but its immediate environment experiences
some rearrangement (for more details see refs 34 and 35).
Persistent resonant HB spectra can unmask a zero-phonon
hole (ZPH) at the frequency of the original excitation and
phonon sideband (PSB); the entire shape of ZPH/PSB allows
one to estimate the strength of electron—phonon (el-ph)
coupling (i.e, the Huang—Rhys factor S). Generation of
transient HB spectra requires the presence of a third, relatively
long-lived state. That is, the excited state evolves into a triplet
state or is converted (e.g., by charge transfer) to another long-
lived (us to ms range) product leaving a transient hole in the
absorption spectrum.”**® In this case, the pigment’s ground
state is depopulated for the lifetime of the long-lived state, and
the spectral hole will be observable only for the duration of this
lifetime. The transient holes discussed in the main manuscript
are acquired as the difference between the absorgtion spectra
measured while the excitation is on and off."****” Non-
resonant holes are obtained by excitation of high-energy
pigments or high-energy spectral bands.*® In this case,
radiationless EET takes place from high-energy pigment(s)
to the low-energy pigment(s) or from higher energy states
(excitons) to the lowest energy pigment(s) or state(s). In
general, EET occurs from a manifold of vibrational states,
associated with the excited electronic state of the donor
molecule, into a manifold of vibrational states associated with
the ground state of the acceptor molecule. (For more details
on HB spectroscopy, see refs 34 and 36.)

2.4. Modeling Studies of Various Experimental
Spectra for the 6NWA PDB Structure. In the present
work, measured optical spectra are modeled using a second-
order non-Markovian theory”” with the Nelder—Mead simplex
algorithm for parameter optimization. That is, a multidimen-
sional unconstrained minimization is used to search the
solution space and to minimize the root-mean square deviation
between multiple calculated and measured bulk spectra. A
calculated bulk spectrum is an average of (typically) 20 000
IsiAg hexamers (102 pigments) or 200—500 000 IsiA,
monomer spectra (for a variable number of Chls, ie., 15—
17). In brief, the off-diagonal coupling matrix elements (V)
are calculated using the TrEsp method* based on the
supercomplex structure (6NWA PDB structure)'” with 18
IsiA monomers, each containing 17 chlorophylls. In this work,
the transition charges from electrostatic potentials (TrEsp)
method was used with the equation written as™’

N N og"(1,0)q'(0, 1)
Lyy )
I (1)

4re, I7 —
where f = 1 and g, are screening factor and dielectric constant,
respectively. For actual Chl a atomic charges, we used
TDDFT/B3LYP values (with the constraint that partial
charges for all H atoms are 0) given in Table 1 of the
Supporting Information in ref 40. The excitonic couplings
result from the atomic transition charges g7 (1,0) and gj (0,1);
these charges are determined for pigments m and n using a
time-dependent density functional theory that fits the electro-
static potentials of the transition (or charge) densities to yield
the appropriate vacuum dipole moments.”’** The transition
dipole moments of 4.6 D for all Chls were used in our
calculation. For completeness, we add that our coupling
constants are calculated without hydrogen atoms and using
planar Chl rings. This assumption is appropriate for a low-
resolution (3.3 A) 6NWA structure. As shown in the

an =
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i

https://doi.org/10.1021/acs.jpcb.2c04829
J. Phys. Chem. B 2022, 126, 6891-6910



The Journal of Physical Chemistry B pubs.acs.org/JPCB
721.7 nm 724 nm
B C
T=4K
a: PSI; -IsiA g o
o 0
0 =]
b PSI, g
¢ IsiA g \l
Ay

Absorbance
Absorbance

&
g
[p——

Fluorescence

———

I|IIII|IIII|IIII|

650 675 700 725 650

Wavelength (nm)

675
Wavelength (nm)

IIIIIIlIIIIlIIIII |||||I||||I

700 750
Wavelength (nm)

700 725

Figure 3. (A) Curves a, b, and d show the measured 4 K absorption spectra of PSI;—IsiA 4 supercomplex, the isolated PSI; trimer, and isolated IsiA
monomer, respectively. Absorptions of PSI;—IsiA s supercomplex and the isolated PSI; are area-normalized according to Chl content. Curve ¢
(red) is the difference between spectra a and b (c = a-b). (B) Spectra c’and b’ correspond to corrected (“pure”) contributions assigned to PSI,
trimer and IsiA 4 ring, respectively; see text for details. Curve a is the same as in frame A. (C) Emission spectra of PSI;—IsiA g supercomplex (ag,),
the isolated PSI; trimer (bg,), and isolated IsiA monomer (dg,). Spectra are normalized to emissions maxima.

Supporting Information, a contribution from hydrogens and
possible deviation from planarity of Chls weakly affects the V,,
parameters, and as a result, the site energies were obtained
from simulation of multiple optical spectra. For example,
depending on Chl, the calculated site energies in the presence
of hydrogens and nonplanar Chl rings varied within the 0.23 to
2.9 cm™' range (with the averaged standard deviation of 1.7
cm™'). The average standard deviation for the calculated
inhomogeneous widths was also small (about 2 cm™"). Thus,
below we used V,, parameters obtained directly from the
Cryo-EM structure of PSI;—IsiA s supercomplex solved at a
resolution of 3.3 A.

Chls numbering in the different PDB models is shown in
Table SI in the Supporting Information. Static energy disorder
(inhomogeneous broadening) is introduced into the diagonal
matrix elements by a Monte Carlo approach with normal
pigment Site Distribution Functions (SDF) centered at Ej (n
labeling various pigments, ie., n 1-17) and with fwhm
representing I, which can be site-dependent. EJ values
correspond to the vertical energies rather than the energies of
zero-phonon transitions. Eigen-decomposition of the coupling
matrix provides eigen-coefficients (E}') and eigenvalues (v,).
EY, T, and phonon and vibrational Huang—Rhys factors (S)
can be independent or dependent (e.g., several I';;, can have
the same optimizable value) free (or fixed) parameters; all
independent free parameters are optimized simultaneously
against the experimental spectra. We assume that the phonon
spectral density (weighted phonon profile) can be described by
a continuous function, which is chosen to be a log-normal
distribution used for Chls a in CP29 complex.” In all
simulations, vibrational modes are dynamically localized as in
ref 44. In general, a partially coherent energy relaxation is
expected within IsiA monomers if pigments are strongly
coupled. Our in-house software allows simultaneous calcu-
lation of a dozen different optical spectra, of which absorption,
emission, circular dichroism (CD), and nonresonant HB
(NRHB) spectra are relevant to this work. NRHB spectra are
calculated in two stages: at first, a preburn absorption spectrum
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of a single pigment—protein complex is calculated. Thermally
weighed and quantum-weighed occupation numbers (squared
eigenvector coefficients) of the lowest energy exciton states are
used to determine the most likely pigment to experience
NPHB. The postburn site-energy of the burned pigment is
randomly selected from the original site distribution function,
whereas all other diagonal elements of the Hamiltonian are left
unchanged. The Hamiltonian is again diagonalized, and a
postburn absorption spectrum is calculated. The resulting
single complex NRHB spectrum is calculated as the preburn
absorption subtracted from the postburn absorption spectrum.

The above calculations were performed for all individual IsiA
monomers and all three IsiAg hexamers to consider EET
processes along the ring, as EET times between monomers are
not the same. The EET rates for Chls belonging to different
IsiA monomers (see Section 4.4) were calculated in Forster
approximation; for details see ref 45 Briefly, ZPL-based site
energies of the relevant pigments were obtained by a Monte
Carlo approach, and the dependence of spectral overlap on
donor—acceptor ZPL-ZPL energy gap was used to produce a
distribution of EET rates (or times)."®*” In the current work,
single chromophore Forster resonance energy transfer (FRET)
approach is used; in the future, particularly when higher
resolution structure becomes available, one could apply the
multichromophore FRET approach.**™*° The latter, however,
may ultimately be more relevant to properly describe EET
from the ring to the core, but not so much within the ring, as
discussed below.

3. EXPERIMENTAL RESULTS

3.1. Low-Temperature Absorption and Emission
Spectra. Curves a and b in frame A of Figure 3 correspond
to 4 K absorption spectra of Synechocystis PSI;—IsiA g
supercomplex (591 Chls) and isolated PSI; trimer (285
Chls), respectively, normalized for pigment content. For the
corresponding emission spectra (labeled as ag, and by, and
normalized to emissions maxima), see frame C. The absorption
spectrum of the supercomplex shows three maxima near 670,

https://doi.org/10.1021/acs.jpcb.2c04829
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676, and 682 nm, as well as an additional weak band near 710
nm. Spectrum c (red) in frame A is the difference between
spectra a and b assigned mostly to the absorption of the IsiAq
ring. Note that IsiA;g absorption spectrum (c) contains a
pronounced peak near 683 nm, resembling a similar narrow
peak of CP43 of the PSII core,'™" as well as a weak band at
710 nm. However, the band near 710 nm must belong to the
PSI; trimer. If the 710 nm band in curve ¢ belonged to the ring
absorption, each IsiA monomer would have a red-shifted trap,
which is inconsistent with the significant amount of the ring
emission peaked at 686 nm. A comparison of spectra a, b, and
¢ suggests that PSI; residing within the supercomplex has
somewhat larger oscillator strength of the low energy trap(s).
This may be due to small structural differences between PSI
cores in samples grown under different conditions, leading to a
weaker oscillator strength of the low-energy trap(s), and blue-
shifted and broader PSI; emission (compare the maxima in
spectra ag, and bg, at 721.7 and 724.0 nm, respectively, in
frame C). No effort was made to keep P700 in neutral/reduced
state, and white light of the FTIR spectrometer was on the
sample all the time. Thus, the P700 in our samples was
oxidized.”>* Interestingly, the integrated intensity of curve c
corresponds to about 309 Chls, i.e., 18 IsiA monomers with
about 17.17 Chls per a single IsiA. However, for modeling
study, curve c (red) in frame A must be corrected by removing
the long-wavelength contributions assigned above to PSI;; we
suggest that in good approximation the corrected curve (¢’ in
frame B) can be assigned to the absorption intact IsiAs ring
within the ring-core supercomplex. Thus, it is safe to assume
that our sample contains about 17 Chls per IsiA monomer
within the IsiA,; ring as revealed by structural studies.'>** This
composition is used in our ring modeling studies discussed
below. Note that the absorption spectrum (curve d in frame A;
dashed line) obtained for isolated IsiA monomers, in this case
normalized to the maximum of curve ¢, is similar in shape to
the spectrum ¢, though its lower integrated intensity suggests
that some Chls are likely absent in such population (vide
infra). As a result, the fluorescence spectrum of the isolated
IsiA monomers (dg,) shifts blue to 683.5 nm, in comparison
with the 686.0 nm emission maximum observed for the intact
IsiA g ring of the supercomplex. The blue-shifted emission in
isolated IsiA monomers is also caused by the absence of EET
between IsiA monomers. Note that the integral intensities of
the two components of the supercomplex emission spectrum
ag, scale approximately as 1.0 to 4.8, which corresponds to the
IsiA ring contributing about 17% of the supercomplex
emission.

Regarding spectrum dg,, we note that Andrizhiyevskaya et
al."® observed a fluorescence band near 682 nm in an isolated
IsiA from Synechococcus, while the emission band was shifted to
685 nm in their PSI;—IsiA;3 supercomplex. These authors
attributed the 682 nm — 685 nm shift to EET among the IsiA
monomers, pigment—pigment interactions between the
monomers, and/or interactions between the ring and PSI;
trimer in the supercomplex. However, one cannot exclude that
the observed differences in absorption and emission spectra are
also affected by different number of Chls per monomer, as
some Chls could be lost during isolation/purification
procedures (see modeling data). The latter must lead to a
different pigment composition of the lowest exciton state(s).
Indeed, blue-shifted maxima near 684—685 nm (assigned to
the IsiA g ring) were also observed in ref 18, showing sample
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dependent emission spectra. Spectra shown in Figure 3 are
modeled and discussed in Sections 4.1 and 4.2.

3.2. Do Isolated IsiA Monomers Contain a Smaller
Number of Pigments? Figure 4 shows the difference

Absorbance

660 670 680
Wavelength (nm)

Figure 4. Curve (¢’ - d) is the difference between the absorption
spectra of scaled monomer absorption within the intact IsiA;g ring
(curve ¢’) and a typical absorption of isolated IsiA monomer (curve

d).

between the integrated absorption spectra of IsiAjg ring in
the Q,-spectral region (divided by 18, i.e. assumed to represent
absorption of an intact monomer residing within the ring;
curve ¢’ from Figure 3B) and a scaled absorption of individual
IsiA monomers (curve d from Figure 3A). We assume that
sharp features in ¢’ and the difference between ¢’ and d are
caused by missing pigments. While normalizing curve d, it was
required that the subtracted curve should not contain negative
vibronic absorption and that its sum vibronic Huang—Rhys
factor stays similar. 2.6—2.7 missing pigments appeared to
satisfy these requirements the best. That is, comparison of the
integrated intensities of spectra ¢’ and d (i.e, ¢'—d) revealed
that most likely about 2.6—2.7 Chls have been lost in isolated
IsiA monomers. The latter is tested by the modeling study
discussed below.

3.3. Hole-Burned Spectra. Figure 5A shows four resonant
HB spectra obtained with Ay, = 683.1 nm and 2 cm™" spectral
resolution for the PSI;—IsiA,g supercomplex as a function of
burning fluence. The fluences (from top to bottom in frame A)
are 3.3, 16.5, 29.7, and $6.1 J/cm?, respectively. Recall that the
ZPHs are resolution limited. The inset in Figure SA shows
higher resolution (i.e., 0.5 cm™') ZPH burned at Ay, = 686.0
nm with a fwhm of the ZPH of 1.2 cm™'. The lowest HB
spectrum (red curve in frame A), with a truncated ZPH, is also
shown in frame B as curve b. The latter curve reveals that the
lowest-energy trap formed via EET from IsiA;; — PSI; core
and EET within the PSI; core to the lowest-energy trap is near
709 nm. However, the lowest-energy trap for nonresonant
excitation at 665.0 nm (see top blue curve in frame B) shifts
red to about 712 nm. In the isolated PSI; trimer, this state was
assigned to the so-called C714 trap of the PSI; core.”” The
bleaches near 692.0 and 697.5 nm belong to the PSI; trimer as
revealed by comparison with the HB spectrum obtained at
683.1 nm for the individual IsiA monomers (compare with the
lowest green curve in frame B). This is in agreement with
earlier HB spectra burned in isolated PSI; trimer.”> The bleach

https://doi.org/10.1021/acs.jpcb.2c04829
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near 685.5 nm in curve a (Figure SB) most likely corresponds
to the lowest energy state in the IsiA3 supercomplex. The 686
nm emission (T = 5 K; see curve ag, in frame C of Figure 3)
originates from the 685.5 nm state observed in curve a in
Figure 5B. The origin and composition of the emission spectra
are discussed in Sections 4.1 and 4.2.

Figure 6A compares transient HB spectrum (green curve c)
with persistent holes (curves d—g) obtained with 488.0 nm
excitation for IsiA monomer sample. Absorption and
fluorescence spectra of IsiA monomers (spectra a and b,
respectively) are shown for an easy comparison. Spectra d—g
show clearly developed blue-shifted antiholes, which affect the
high-energy side of the persistent holes. Identical transient HB
spectra were obtained using 665.0 nm excitation; data not
shown for brevity. Curve ¢’ (frame A) is the expanded and
reversed transient hole (c) that illustrates the likely shape of
the lowest energy bleach with a minimum at 683.2 nm (see
curve c). This is consistent with resonant holes burned in IsiA
monomers (see Figure 6B), which show small electron—
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phonon coupling strength (S) for low energy pigments; see the
modeling study section for details. Persistent resonant HB
spectra obtained for A5, = 670.0 nm (blue) and A3, = 683.6 nm
(red), see Figure 6B, were measured using 1 cm™' spectral
resolution. The corresponding (resolution corrected) fwhm of
these ZPHs are 3 and 1.7 cm™, respectively. The inset in
Figure 6B shows the Lorentzian fit (red) of the ZPH burned at
Ay = 670.0 nm. Absorption spectrum (black) is shown for
comparison. Spectra a, b and ¢ in Figure 6A are modeled in
Section 4.1 (see Figure 8).

Frame A in Figure 7 shows four persistent resonant HB
spectra (curves a—d) obtained for the PSI;—IsiA;q super-
complex with Ay of 707.7 nm. Low-energy part of the
absorption spectrum (gray line) is shown for an easy
comparison. Interestingly, in contrast to HB spectra produced
with burning at the same wavelength in the isolated PSI; trimer
of wild-type (WT) PSI, from Synechocystis and Red_a mutant
6803 Synechocystis strain,” in frame A the photoproduct is
shifted to lower energies (see the asterisk in frame A). The inset

https://doi.org/10.1021/acs.jpcb.2c04829
J. Phys. Chem. B 2022, 126, 6891-6910



The Journal of Physical Chemistry B

Aabsorbance

700
707.7 nm

710 720 730

| B

T T T T T T T T T
710 720 730 740

Wavelength (nm)

I T
690 700

750

AAbsorbance

pubs.acs.org/JPCB
D U\} ton B
a
i B, | ¥
J IM»IMW‘N i Wil . it b
i Wi .
*LWWMNW ‘ AN

) "le‘fwﬁ'l\"lm d

| ;=718.3 nm
T T T T T T T T T T T T
690 700 710 720 730 740 750
Wavelength (nm)

Figure 7. Persistent holes in the red state region. (A) Curves a-d were obtained for the PSI;—IsiA ¢ supercomplex with A5 of 707.7 nm. The inset
compares normalized (and scaled) curves a and d at the maximum of the antihole. (B) HB spectra obtained for Az = 718.3 nm. The S K spectra a—
d in both frames A and B were obtained with an increasing burning fluence of 3.6, 10.8, 25.2, and 54.0 J/cm?, respectively. The asterisks indicate

photoproduct location.

Wavelength (nm) Wavelength (nm)
790 6|90 6.80 6.70 6|60 6|50 6?0 790 6|90 6]80 6|70 6|60 6'50 6?0
Emission Absorption Emission Absorption B
14500 15000
Energy (cm™)

Transient hole
CD
T=77K

Transient hole
CD
T=77K

15000 15500

Energy (cm™)

14500

15000 15500

Energy (cm™)

14500

Figure 8. (A) Filled curves are experimental absorption, emission, and transient (nonresonant) HB spectra of IsiA monomers at T = 5 K.
Emission/HB spectrum were obtained for 4., /Ap of 665.0 nm. Solid lines are the best fits to our spectra, obtained for model MA assumin§ the
absence of Chls 517/501 and 70% loss of Chl 511. Filled lower curve and a superimposed solid blue line correspond to the experimental'> and
calculated (this work) CD spectra at 77 K. (B) Filled curves are the same experimental spectra of IsiA monomers as in the left frame. Solid lines are
model curves using model MB. In this case, the best fits are obtained assuming the absence of Chls 508/517 and 70% loss of Chl S11. The
calculated CD spectra, represented by the solid blue and black lines, assume 70% loss and 100% occupation of Chl 511. Inset compares our 5 K
absorption spectrum (black) with the S K spectrum reported in ref 15 (blue line).

compares curves a and d normalized at the maximum of the
antihole. This comparison suggests that at the burn wavelength
of 707.7 nm there are likely two independent bleaches of Chls
with weak and very strong electron—phonon coupling,
respectively, with the latter one showing higher HB yield.
Frame B in Figure 7 shows HB spectra obtained at Ay = 718.3
nm. Spectra a-d in both frames were obtained with an
increasing burning fluence at T = 5 K (i.e., 3.6, 10.8, 25.2, and
54.0 J/cm?); see also Section 5.2.

4. THEORETICAL MODELING OF OPTICAL SPECTRA

4.1. Modeling of Isolated IsiA Monomers. Filled curves
in both frames of Figure 8 show experimental absorption
(purple), emission (pink), and transient HB (green) spectra of
the extracted population of individual IsiA monomers. In
modeling of these spectra, we assume that (i) isolated
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monomers contain equal amounts of IsiA complexes from all
possible locations within the IsiA;g ring and (ii) isolated
monomers maintain their native coupling coefficients (between
pigments present) as their protein scaffolding should remain
unchanged, although some more externally bound Chls could
be lost. As mentioned above, all V,,, parameters for individual
monomers h, n, o, p, q, and r are calculated using Tr-Esp
methodology;*” see Tables S3—S8 in the Supporting
Information. For averaged V,,, values for h—r monomers, see
Table S9 in the Supporting Information. Since the spectra for
each type of monomers (i, h, n, etc.) are not available, the
experimental spectra of isolated IsiA monomers are fitted with
all 18 sets of V,,,, values obtained for individual monomers of
the ring. (The obtained Chl site-energy parameters are
subsequently used in the hexamer calculations, vide infra.)
The standard deviations in V,,, values of equivalent monomers

https://doi.org/10.1021/acs.jpcb.2c04829
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Figure 9. Top three filled curves are S K experimental absorption (purple), emission (pink), and nonresonant hole-burning of the IsiA g ring. Light
blue curves are the 77 K CD spectra obtained for IsiA monomers."> Solid lines represent respective numerical calculation for IsiAg(,.r) hexamer (i.e.,
for monomers: h, n, o, p, g, and r) with 102 Chls total. Fits (solid lines) were obtained for models HexA (A) and HexB (B). The shapes of scaled
experimental and calculated CD spectra are more similar in model HexB.

(due to C3 symmetry of the ring, i.e., W, n, and t in different
hexamers) are smaller than variances in the V,,, values
obtained for monomers in a hexamer (ie., in IsiAgj, ) see
Table S10 in the Supporting Information). In other words, V,,,
values of monomers in equivalent positions within the ring are
more similar than those obtained for different monomers in a
particular hexamer. In fact, we found only five large V,,,, (V,,,, >
10 cm™") in equivalently located monomers (W, n, and t), for
which the standard deviation exceeded 15% of the V,,, value.

The solid lines in Figure 8 are the best fits to the
experimental data. (All external Chls were considered as likely
missing pigments in isolated IsiA monomers). In the left frame,
all solid lines are obtained using coupling constants calculated
for monomer “n”. The best fits of absorption, emission, and
HB spectra were obtained assuming that IsiA monomers do
not possess Chls 501 and 517, while Chl 511 is present only in
30% of IsiA monomers (model MA). Very similar fits were
obtained for other monomers, calculated with corresponding
coupling constants (data not shown). Filled lower curve and a
superimposed solid blue line correspond to the experimental
and calculated 77 K CD spectrum. Note that CD spectrum was
obtained in ref 15 for different sample and was not fitted as
part of the overall fitting procedure reported here. However,
the set of parameters obtained in model MA cannot provide a
good qualitative match to the CD spectrum. The right frame
shows another fit of the same experimental data (model MB),
which can describe the CD spectrum. Here the best fits are
obtained assuming absence of Chls 508 and 517 and 70% loss
of Chl 511. The calculated CD spectrum represented by the
solid blue line assumes that Chl 511 is present in 30% of IsiA,
while the black CD curve assumes 100% presence of Chl 511.
Thus, it appears that sample studied in ref 15 had a full
occupation of Chl S11. None of the other combination of
missing Chls could simultaneously describe our experimental
data. Thus, we conclude that model MB is consistent with the
experimental data. Note that model MB is feasible as the
missing Chls 508/517 are located between ring’s monomers
(see Figure 2) and could be lost in isolated IsiA complexes. All
fits in Figure 8 were obtained with the phonon Huang—Rhys
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factor, S = 0.55 (estimated from HB data) and sum vibrational
Huang—Rhys factors S = 0.29 for absorption and S = 0.3 for
emission. Exciton energies and their standard deviations
averaged over all 18 monomers are shown in Table S11 in
the Supporting Information.

Both experimental and calculated (scaled) CD curves in
Figure 8 were obtained for IsiA monomers. Since the number
of Chls likely differed (vide supra) as reflected by somewhat
different absorption shapes (see inset in Figure 8B) and our
calculated CD curve is based on parameters from fits of S K
data, whereas the experimental CD was measured at 77 K, no
perfect agreement was anticipated. However, the calculated
shape is in better qualitative agreement in model MB.

4.2, Modeling of the IsiA; Hexamers. Below we model
the absorption (curve c’, Figure 3B) and emission spectrum
with a maximum at 686 nm (black curve, Figure 3C), assigned
above to the IsiA;g ring. We concentrate on the exciton
structure and the energy landscape of Chls bound in the ring.
Recall that the emission with a maximum at 724 nm
corresponds to the PSI; trimer residing within the PSI;—
IsiA,g supercomplex. For simplicity, we focus on structure-
spectrum relationship of the six IsiA monomers labeled as h, n,
0, p, ¢ and r, combined into hexamer (IsL‘Xé(h_r); 102 Chls
total), which encompass one PSI monomer of the PSI; trimer
(see Figure 1). Based on the structural data'’ and the
experimental data shown in Figure 3, we assume that each IsiA
(intact) monomer within an intact IsiA,q ring contains all 17
Chls.

The top three filled curves in Figure 9 (in both frames) are S
K experimental absorption (purple), emission (pink), and
nonresonant hole-burning of the IsiAs. The solid cyan spectra
in both frames are the same 77 K CD spectrum adopted from
ref 15 and are shown here only for a comparison. The CD
spectra were not part of the overall fitting procedure. Solid
lines in the left and right frames represent the best fits to the
spectra described above, using the hexamer IsiAy,.,). To obtain
the best fits, all earlier found E; and fwhm values of 6 X 15
pigments (that were present in isolated monomers) were fixed
and it was assumed that all pigments including Chls 501, 511,

https://doi.org/10.1021/acs.jpcb.2c04829
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and 517 (model HexA) or Chls 508, S11, and 517 (model
HexB) are present at 100%. Thus, in this case, the only
optimizable parameters were E, and fwhm values for pigments
501/517 (or 508/517) as the parameters of Chl 511 remained
the same. The best fits for model HexA are obtained using
following E, and fwhm values: for Chl 501, (14851 and 157
cm™'), and for Chl 517, (14992 and 105 cm™'). E_ /fwhm
values in model HexB were for Chls 508 and 517 are 14991/
106 cm ™ 'and 14769/185 cm™', respectively.

Again, Model HexB (Figure 9B) appears to be more
consistent with the experimental data (see Section 5.4 for
discussion). We emphasize that the CD spectra were calculated
after simultaneously fitting absorption, emission, and HB
spectra, clearly indicating that that the agreement for the MB
and HexB models is not forced by the algorithm. Very similar
energy landscapes and fits of spectra shown in Figure 9 were
obtained for two other sets of the ring’s hexamers consisting of
monomers (IsiAgw, x,v, 7, g y) a0d I8iAg( 4 5 w, 5, v))- Averaged
exciton energies (horizontal lines) for models MB (left) and
HexB (right) are shown in Figure S3 in the Supporting
Information. Quite large interpigment distances render
respective couplings weak enough, so that a few percent of
change in coupling strengths does not change spectral shapes
of studied complexes much.

4.3. Modeling of the IsiA;3 Ring. Calculated spectra
(solid lines) for the entire IsiA;s ring (18 monomers) are
shown in Figure 10. The top three filled curves are 5 K
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Figure 10. Top three filled curves are S K experimental absorption
(purple), emission (pink), and nonresonant hole-burning of the IsiA;q
ring (this work). Light blue filled curve is the 77 K IsiA CD spectra
from ref 15. Solid lines represent respective numerical calculation for
the entire IsiAq ring.

experimental absorption (purple), emission (pink), and
nonresonant hole-burning of the IsiA¢ ring (adopted from
Figure 9). The light blue filled curve is the 77 K CD spectra
from ref 15. (We emphasize that the CD spectra will not be
involved in the overall fitting procedures discussed below.)
Exciton energies and their standard deviations averaged over
all monomers within the ring are shown in Table S10 in the
Supporting Information. Exciton states of isolated IsiA
monomers and intact monomers within the supercomplex
ring are also discussed in the Supporting Information.
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Calculations were made for 306 pigments (200k iterations),
using HexB model for all three hexamers.

All hexamer site-energies, inhomogeneities, S-factors, and
spectral densities were included into the model without any
change from the respective three HexB Hamiltonians.
Absorption spectrum and CD spectrum amplitudes are in
the same scale, normalized to unity for absorption. Only
emission calculation differed from the hexamer model, because
the emission spectrum does not scale up if one adds
monomers, and this is why. In a purely excitonic approach,
emission occurs only from the very lowest-energy exciton state,
as it is assumed that relaxation is several orders of magnitude
faster than the emission lifetime. Consequently, such (purely
excitonic) emission spectrum in full IsiA4 ring would be red-
shifted and much narrower than experimentally observed
emission. For IsiAjg ring, the assumption of full excitonic
relaxation to the very lowest state is clearly invalid, as EET may
or may not be possible between the lowest states of the 18 IsiA
monomers. As argued above, EET between monomers is much
slower than intramonomer exciton relaxation; i.e., it occurs via
Forster mechanism and most likely has not more than 2—4
intermonomer crossings. Thus, in terms of Redfield/excitonic
approach, one needs to allow some emission from the lowest
exciton states of various IsiA monomers. The best fit of the
experimental curve was obtained assuming that 27% emission
originates from the lowest exciton state, 37% emission is
monomeric in nature (ie., it comes from the lowest state in
particular monomer, without any EET) and 36% of light comes
from exciton states 2—7 (i.e., after a few steps of intermonomer
EET, but not fully relaxed).

4.4, Averaged Site Energies and Averaged Inhomo-
geneities (I';,,). The local protein environment surrounding
various Chls produces disorder in site energies. At 5 K, slow
thermal motion of the protein is largely frozen, leading to an
inhomogeneous or static disorder (I';,). Figure 11 shows
simulated (averaged) site energies and I';,;, obtained for Model
MB for all IsiA subunits within the ring. Note that all site
energies and I}, that were free parameters in model MB and
were fixed in model HexB. Both site-energies and SDF widths
slightly differ from subunit to subunit, as indicated with red
vertical bars in Figure 11, showing the standard deviation
averaged over all subunits values. One can clearly see in Figure
1 that the ring possesses C3 symmetry. The C3 nature of the
ring creates periodic differences in pigment positions and
orientations, which carries over into (periodic) differences in
coupling energies within and between subunits. Small differ-
ences between monomers are also reflected in estimated site-
energy values for ring subunits. Site-energy values changing
with period 6 can be observed for about half of the Chls (in
both models MA and MB); as an example, the inset of Figure
11 shows fluctuation of site-energy values for Chl 502 and Chl
504. Periodic behavior is much less expressed for I',,. (See
Figure S4 and Table S10 in the Supporting Information for
similar data obtained for models MA and HexA).

4.5. EET around the IsiA;g Ring and from the Ring to
the PSI; Core. Based on the above discussion, model HexB
appears to offer a better fit between the simulations and
experimental results, especially the CD spectra. Therefore, our
analysis of the energy migration around the IsiAg ring and
from the ring to the PSI; core mostly focused on model HexB.
(Some results for model HexA will be shown for comparison.)
Calculations were performed using a simplified model where
intramonomer relaxation is assumed to be fast enough (see

https://doi.org/10.1021/acs.jpcb.2c04829
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Table S14) and only four lowest-energy pigments per IsiA
monomer contribute to the IsiA|g ring emission or transfer
energy to the adjacent IsiA monomers or to the PSI core. In
model HexB, these pigments are 514 (42.8%), 511 (26.4% with
a narrow SDF of 61.2 cm™), and 517 (10.8%), followed by
501 (7.5%); for details, see Table S14. We find that in model
HexB pigments 511 (previously referred to as Chl 44)°° and
514 (aka. Chl 37) are switched compared to our earlier
assignment for CP43 complex with smaller number of Chls.*
The inhomogeneous broadening of Chls S11 and 514 is so
different that in most cases Chl 514 (equivalent to Chl 37 in
CP43) is the largest contributor to the lowest state. As
(intramonomer) couplings between the above four pigments
are relatively weak, in the first approximation we assume that
the lowest-energy state in model HexB is weakly delocalized.
That is, we assume that excitation is localized on one pigment
or another, but which particular pigment it is varies from
monomer to monomer due to different realizations of the static
energy disorder. (This is less true for model HexA where the
lowest state may be delocalized over Chls 501 and 502; data
not shown for brevity.)

In modeling the intermonomer EET processes, we started
from SDF parameters obtained from the fits of various types of
optical spectra as discussed above. These SDF parameters were
determined using the algorithm involving so-called vertical
energies. Therefore, the above SDF were red-shifted by 29
cm™! to arrive at the ZPL-based SDF, as required by the model
developed in ref 35. The shift is based on the electron—phonon
coupling parameters. Next, the distributions of the oscillator
strength of the four Chls with the strongest contribution to the
lowest-energy state were calculated using the Monte Carlo
approach (see Figure 12A). The sum of all 17 such
distributions is equal to the sum of all 17 excitonic states
and can serve as the SDF for the absorption spectrum. Four
distributions in Figure 12A were used as the SDFs for the
subsequent calculations, including for calculating the proba-
bilities of finding the pigments of each type at frequency lower
than the given frequency. It was also verified that the SDF of
the lowest state of the 4-pigment simplified system was a nearly
perfect match to the lowest-energy state of the 17-pigment
model. (Three pigments were not enough from that
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perspective.) Note that all curves in Figure 12A except for
Chl 501 feature a single maximum with the integral intensity
close to that of an isolated Chl, further indicating that
respective states are weakly delocalized.

Figure 12B shows contributions of Chls 511, 514, 517, and
501 to the lowest-energy state of the intact (17-pigment) IsiA
monomer. The red curve in the inset in Figure 12B represents
the wavelength-dependent probability that there will be at least
one lower-energy pigment in the neighboring two IsiA
monomers (eight possibilities total). At the peak of the intact
monomer’s lowest state SDF (black curve in the inset; can be
localized on either 501, 511, 514, or 517; see Table S14), the
probability to have at least one further acceptor within the IsiA
ring is still as high as 0.8. Of course, the lower the energy of the
donor, the smaller is the probability to find any suitable
acceptors. Note that the red curve is obtained under the
assumption that all eight intermonomer EET times are short
and the only condition for EET is the availability of the lower-
energy acceptor(s).

Perfect EET from the IsiAjg ring to the PSI core would
result in no emission at 686 nm, in clear disagreement with the
experiment. Structural data also indicate that Chls of some IsiA
monomers are far from the core Chls (Figure 2). Let us
therefore consider an intact IsiA monomer that is part of the
IsiAg ring (and therefore is not missing any pigments) but
does not directly transfer energy to the PSI core. Let us call it a
type-1 monomer. The emission-origin ZPL-based SDFs of the
lower-energy Chls in the type-1 monomer are shown in Figure
12C. Each of them was obtained via multiplying the respective
SDF in Figure 12B by the sigmoidal curves representing the
probabilities of only the relevant (fast-enough, see below)
acceptors in both neighboring IsiA monomers to be lower in
energy. These sigmoidal curves were based on the respective
full SDFs shown in Figure 12A. The type-1 monomer emission
will be significantly red-shifted with respect to that of the intact
isolated monomer (without missing Chls), by about 21 cm™ or
1 nm (comparing the black curve in the inset of Figure 12B
and the brown curve in Figure 12C). One can estimate the
fractions of energy emitted from type-1 monomer (about 45%)
and transferred to the neighboring monomer(s) (about 55%)

https://doi.org/10.1021/acs.jpcb.2c04829
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Figure 12. Model HexB. (A) Distributions of oscillator strength
belonging to Chls 511 (black), S14 (blue), S17 (red), and 501
(green). Depicted curves represent SDF defined as the probability to
find the ZPL at given frequency (not “vertical energies”). Multipeaked
curves reflect excitonic interactions, e.g, a strong coupling between
Chls 501 and 502. (B) Contributions of the above pigments to the
lowest state of the intact IsiA monomer (no further EET). The insert
depicts the lowest-energy state of such monomer (brown, the sum of
black, blue, red, and green curves from the mainframe B) peaked at
14641 cm™' and the wavelength-dependent probability of having at
least one lower-energy pigment in one of the adjacent monomers
(red). (C) Contributions of the above pigments to the SDF that is the
origin of the emission of the type-1 IsiA monomer, incapable of a
direct EET to the PSI core but capable of EET to adjacent IsiA
monomers (see text for more details). Key: black, Chl 511; blue, Chl
514; red, Chl 517; green, Chl 501; brown, sum, peaked at 14620
cm™". (D) Same as in frame C but for the type-2 monomer, energy
traveling counterclockwise “left” in terms of Figures 1 and 13. The
insert depicts the difference between the brown curve (same as in the
mainframe D) and similar curve for type-2 monomer, but for traveling
“right” (clockwise, CW, magenta) in terms of Figure 1. (E) Same for
type-3 monomer, traveling “left” (counterclockwise, CCW) in terms
of Figure 1. The insert depicts the difference between the brown curve
(same as in the mainframe E) and the similar curve for type-3
monomer, but for traveling “right” (i.e,, CW) in terms of Figure 1,
magenta.

from the ratio of the integrals of the brown curves in Figure 12,
parts C and B.

Average intermonomer EET times were determined using
the Forster approximation as described in ref 47; the results are
summarized in Figure 13. Two parts of this figure depict
average EET times for two pairs of monomers, n—o and h—n

6902

(see Figures 1 and 2). In what followed, we use these EET
times to determine how many potential energy acceptors in the
adjacent IsiA monomers are actually available for each
pigment. We utilized 1.1 ns average EET time (n—o S11—
511 EET time) as a cutoff; i.e.,, slower EET processes were
ignored in these calculations. Although the radiative lifetimes
for the four Chls involved are not known, they are most likely
longer than 1.1 ns. Note that although some EET times
differed by as much as a factor of 20, for example 0514 — nS17
and n514 — hS17; all the fast-enough EET channels were the
same for both IsiA monomer pairs. Next, we adopted the
approach described previously in ref 54 to model the shapes of
the sub-SDF of the four relevant pigments that are
contributing to the ring emission in different scenarios
involving EET around the IsiA; ring and to the PSI; core.
Figure 14A depicts a scenario where three evenly spaced
entry points for IsiA;g;—PSI; EET are present per PSI core
monomer. The monomer that is capable of transferring energy
to the PSI core is labeled as the type-0 monomer. (Numbers in
the rings in Figure 14 indicate monomer types.) Note that due
to the C3 symmetry of the supercomplex, all percentages here
and below are the same for (a) the IsiA; hexamer and PSI core
monomer and (b) the supercomplex containing the IsiA;q ring
and the trimeric PSI; core. In this case, all emission of the
IsiA g ring will be from type-1 monomers, and emission will
account for about 11% of the total supercomplex emission
(ignoring possible differences in fluorescence yields of various
core and IsiA pigments/states). However, the relative intensity
of the IsiA 4 emission observed in our experiments on IsiA g—
PSI, supercomplexes (see Figure 3) is higher than 11%.
Next, we assumed that energy, while potentially capable of
moving from our type-1 monomer in either direction, moved
to the next monomer on the left. (Clockwise, CW, energy
travel is briefly addressed below.) If that IsiA monomer also
cannot transfer energy to the PSI core (we call this kind of
monomer type-2 monomer; in general, the “type-N monomer”
is an IsiA monomer incapable of EET to the PSI core that is
reached from type-1 monomer in N — 1 steps), then the
probability of finding suitable further acceptors in the IsiA ring
will be much lower, for two reasons: first, we are now, on
average, at lower energy than we were in the type-1 monomer;
second, excitations can only move further in one direction.
Excitation cannot return to the type-1 monomer, as in this
model all its pigments are higher in energy. The emission of
the type-2 monomer will be somewhat red-shifted with respect
to the emission of the type-1 monomer, and the probability of
the emission will be much higher (i.e, about 78 or 82%,
depending if excitation moves clockwise (CW) in terms of
Figures 1 and 13 or counterclockwise (CCW) along the ring,
respectively). The brown curve in Figure 12D represents the
ZPL-based SDF serving as the emission origin for type-2
(moving CCW). The magenta curve in the inset of Figure 12D
represents the ZPL-based SDF for the type-2 monomer
(moving CW). Assuming that the type-2 monomer is also
incapable of the EET to the PSI core, we introduce the type-3
monomer. Brown curve in Figure 12E represents the ZPL-
based SDF serving as the emission origin for type-3 monomer
(moving CCW). Magenta curve in the inset of Figure 12E
represents the ZPL-based SDF for type-3 monomer (moving
CW). Emission probabilities at this step are 82 or 87%, for
moving CW or CCW, respectively. Note that the brown and
magenta curves are different, which reflects different numbers
of acceptors that are actually available (taking into account the

https://doi.org/10.1021/acs.jpcb.2c04829
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Figure 13. Average Forster intermonomer EET times for model HexB for monomer pairs n—o (left) and h—n (right). EET times are subject to
distribution due to the distribution of spectral overlaps.***” For the same pair of pigments, differences in average EET times for “left” and “right”
travel are up to 10% and arise from differences in the distribution of spectral overlaps that in turn result from the differences in the SDF parameters
of the four lowest-energy pigments. All arrows are bidirectional because depending on the realizations of disorder any Chl could be at lower energy

(see text for details).

EET times) when traveling along the ring in the opposite
directions. Type-3 monomer SDF is slightly narrower and
more red-shifted in the case of traveling “right” (CW), leading
to better eventual agreement with the experiment. The
respective type-3 monomer emission (not shown) would be
peaked at 686.3 nm for CW travel as opposed to 685.8 nm for
CCW travel. We can now consider a scenario where there is
only one EET entry point between IsiA; hexamer and PSI core
monomer. We illustrate this scenario in Figure 14B. Here, the
IsiA}g ring almost does not transfer energy to the PSI; core
(i, only 23% of the energy absorbed by the ring is
transferred) and the IsiA;g ring emission should account for
over 38% of the total supercomplex emission, clearly a much
larger percentage than observed in our experiments. The final
emission-origin SDF will be the weighted sum of one type-1
monomer SDF, two type-2 monomer SDFs (for moving CCW
and CW) and two type-3 monomer SDFs (for moving CCW
and CW in terms of Figure 1). The respective weights are
given by the red numbers in Figure 14.

Two scenarios involving two well-separated entry points per
PSI core monomer (with one or two IsiA monomers
separating these entry points (Figure 14 , parts C and D)
result in 24.5% of the supercomplex emission originating from
the IsiA g ring. Note that in order to obtain narrower and more
red-shifted emission spectra, one needs to include a significant
contribution from type-3 monomer emission, particularly for
CW travel (see inset of Figure 12E), making scenario D
slightly more likely than scenario C (which does not involve
emission from type-3 monomers). Figure 14E depicts a
scenario with two adjacent IsiA monomers serving as the
only entry points. Here, IsiA ring emission is expected to
contribute over 29% to the whole supercomplex emission.
Finally, in a scenario depicted in Figure 14F, an additional
well-separated entry point is added to the scenario in Figure
14E, resulting in IsiA contributing 16% to the supercomplex
emission, in good agreement with our experimental data shown
in Figure 3. Summarizing, emission probabilities for model
HexB are 45% for type-1 monomer, 78/82% for type-2
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monomer traveling CW/CCW, and 82/87% for type-3
monomer traveling CW/CCW. See Figure S5 in the
Supporting Information, which shows the SDF serving as the
emission origin for the scenario depicted in Figure 14D for
model HexB and preferentially CW (darker colors) and CCW
(lighter colors) travel.

5. DISCUSSION

5.1. Low-Temperature Absorption and Emission
Spectra. Regarding somewhat larger oscillator strength of
the low energy trap(s) of PSI; core residing within the IsiAq
ring of the supercomplex, we hasten to add that small protein
structural differences between PSI; trimer grown under normal
and iron-deficient conditions, leading to a weaker oscillator
strength of the low-energy trap(s) and blue-shifted and
broader PSI; emission, cannot be entirely excluded (compare
the maxima in spectra ag, and by, at 721.7 and 724.0 nm,
respectively, in frame C of Figure 3). We suggest, based on
preliminary calculations (to be discussed elsewhere) that the
emission shift toward the red observed for intact PSI; residing
within the supercomplex is likely caused by interactions
between the IsiA;g ring and the three monomers of PSI;
trimer. However, it is unlikely that PSI core complex is
deformed by the surrounding ring. A more likely scenario is
that the red-most states of the PSI core have a strong CT
character. Such states are sensitive to local environment and
changes in growth conditions could cause noticeable differ-
ences in optical spectra. This is consistent with the broadening
and red-shifting of the fluorescence (with a maximum near 724
nm) and absence of ZPH in the low-fluence resonant hole
burned in the supercomplex with Az = 707.7 nm (see Figure
7). Of course, we cannot entirely exclude that there is a small
oscillator strength redistribution among low-energy Chls of the
PSL,.

5.2. Hole-Burned Spectra. To calculate the nonresonant
HB spectrum, we assumed that each pigment’s pre- and
postburn site-energy distributions are exactly the same—only

https://doi.org/10.1021/acs.jpcb.2c04829
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Figure 14. Possible scenarios for EET between the IsiA monomers within the IsiA s ring and from the IsiA4 ring to the PSI; core. Only six IsiA
monomers (numbered according to the “type”, see text for details) and one PSI core monomer are shown for brevity. It is assumed that each IsiA
monomer absorbs 100 photons while one PSI core monomer absorbs 600 photons (green numbers and arrows). Numbers in yellow arrows
indicate EET between adjacent monomers (or EET into PSI core). Red numbers indicate number of photons emitted from the respective IsiA
monomer due to finite efficiency of EET. Depicted numeric values are calculated for model HexB. In case A, there are three evenly spaced entry
points per PSI core monomer and IsiA,g ring emission is expected to contribute about 11% to the total emission of the PSI;—IsiA g supercomplex.
In case B, there is only one entry point per PSI core monomer, and the IsiA,4 ring is expected to contribute about 38% to the total emission of the
IsiA g—PSI; supercomplex. Cases C and D depict two possible examples with two well-separated entry points per PSI monomer. In cases C and D,
emission of the IsiA 4 ring comprises 24.5% of the supercomplex emission. In the case E, the IsiA hexamer has two adjacent entry and the ring
emission should account for 29% of the total supercomplex emission. In the case F, the IsiA hexamer has two adjacent and one additional entry
points, and the ring emission should account for 16% of the total supercomplex emission.

energy realizations for pre- and postburn differ. That is, the milliseconds.”>*>*® Only the samples that were cooled in the
burning pigment (changing its energy upon tunneling) was dark exhibited significant P700" minus P700 signatures. These
selected according to its probability to contribute to the signatures could be produced by exceedingly weak illumina-
thermally occupied (at S K, mostly the lowest) exciton state. tion, such as exposure to the dimly lit room, several n'W/cm? at
No parameters are further optimized to obtain the NRHB all wavelengths combined. Such intensities do not cause any
spectrum; i.e., we used the same Hamiltonian as that to fit the measurable NPHB. This is expected, since the yield of charge
absorption and emission spectra, as well as to calculate the 77 separation is close to one for excitation wavelengths shorter
K CD spectrum. than 700 nm, while the NPHB yield is on the order of 107*—
It is known that illumination of PSI samples may result in 10~ in chlorophyll—protein complexes.*”*”*° Absorption and
the formation of persistent (at cryogenic temperatures) P700* NPHB spectra in this work were measured with FTIR
minus P700 spectrum.’”>® This issue has been extensively spectrometer. In such a spectrometer, intensity of white light
explored for Synechocystis PCC6803 as well as Thermosynecho- (kept constantly on the sample) is at least tens of yW. Recall
coccus elongatus.” In that work, three types of (non iron- that our samples contained no dithionite. Thus, our complexes
deficient) samples were explored—“reduced” (referring to full were “oxidized” in terms of refs 52 and 53, and no interference
reduction of F, and Fy clusters with dithionite), “oxidized” between P700* minus P700 and NPHB holes was detected
(referring to the state of P700, obtained by cooling sample (see Figure S7 in the Supporting Information). It was also
down under white light illumination), and “partially reduced” previously reported that, unlike in T. elongatus, in Synechocystis
(a smaller concentration of dithionite was used to avoid full PCC6803 P700 oxidation does not cause the shift of the
reduction of the F, and Fjy clusters, and all possible effort was emission, only reduction of its intensity.53 Thus, small
made to keep the samples in complete darkness prior to the difference in the emission peak wavelengths between the
measurement.) The “reduced” and “oxidized” samples trimeric PSI and the IsiA s—PSI; supercomplex is unlikely due

exhibited negligible persistent P700* minus P700 signatures. to incomplete oxidation of P700 in one of the samples.
The latter had P700 already oxidized, and in the former, the Note that the T, values are related to the so-called
recombination from terminal acceptor Fy occurs within homogeneously broadened line widths, I, where I, =
6904 https://doi.org/10.1021/acs.jpcb.2c04829
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Ve A good approximation is that T} ~ (27clyom) 7,
since pure dephasing T,* is a minor contribution at T = § K in
the presence of fast enough EET.*** The higher resolution
(ie, 0.5 cm™) ZPH burned in the supercomplex at Ag, =
686.0 nm with fwhm of the ZPH of 1.2 cm™), shown in Figure
SA, corresponds to a T, value (resolution corrected) of 11 ps.
The 683.1 nm burning in a population of IsiA; monomers
(spectrum c in Figure SB) reveals mostly the ZPH and
corresponding phonon sideband, as the lowest energy state and
corresponding emission in the IsiA monomers are slightly blue-
shifted from 683.2 to 683.5 nm. However, comparison of
spectra b and ¢ in Figure 5B shows that EET between the
lowest energy states of IsiA monomers, as indicated by the
broad shoulder building on the pseudophonon sides and near
685 nm, also takes place. Persistent resonant HB spectra
obtained for Az, = 670.0 nm (blue) and Ay, = 683.6 nm (red
curve) using 1 cm™' spectral resolution are shown in Figure
6B. The corresponding fwhm of the ZPHs burned at Az, and
A, in isolated monomers (see Figure 6B) correspond to the
excited state lifetimes T of about 4 and 11 ps, respectively.
(Note, most of the intermonomer EET times are about tens or
hundreds of picoseconds, which is an order of magnitude
slower that intramonomer exciton relaxation, thus their
possible contributions from the respective ZPHs are not
resolved). Frame B in Figure 7 shows HB spectra obtained at
Ag = 718.3 nm. Spectra a—d in both frames were obtained with
an increasing burning fluence at T = S K. The HB spectra (a—
d) in Figure 7B are most likely burned into the lowest energy
C714 trap of PSI; trimer, as they are similar to those observed
(for similar burning wavelength) in isolated WT PSI; trimer.”’
This suggests that the configurational energy landscape of the
Chls constituting the C714 trap per se is unaffected by the
addition of the IsiAg ring. However, comparison of the HB
spectra shown in Figure 7, parts A and B, reveals that the
energy landscape of Chls absorbing at 707.7 and 718.3 nm
varies significantly.

5.3. Isolated IsiA Monomer. The inset in Figure 8B
compares our absorption spectrum (black curve) with that
reported in ref 15, the blue curve. Note that 5 K absorption
spectrum reported in ref 15 is broader (blue line) and their 77
K CD spectrum has responses near 14490 and 15130 cm™".
This suggests that their sample could be partly contaminated
and/or contained more IsiA Chls. However, none of the
models tested provided better simultaneous fits than those
shown in the ri%ht frame of Figure 8. Interestingly, Chl 511
(aka. Chl 44),”® in Model MB, is characterized by a narrow
inhomogeneous broadening of 66—71 cm™" (see Table S10).
Moreover, in both models, the best fits are obtained assuming
that the above Chl is largely (70%) lost. We have suggested
before that either Chl 511 (ak.a. Chl 44) or 514 (ak.a. Chl
37) might be also responsible for the narrow absorption band
near 684 nm in CP43 complex extracted from spinach.'®!
The intensity of the latter band also varied from sample to
sample, suggesting that Chl 44 (a.k.a. 511) can be easily lost in
IsiA monomers. Both models MA and MB are in very good
agreement with experimental difference spectrum (c’'—d)
shown in Figure 4, implying that about 2.7 Chls are absent
in the individual IsiA complexes. The latter is consistent with
the observed blue-shifted monomer emission in comparison
with the red-shifted IsiA,4 ring emission (686 nm) and sample
dependent maxima of single monomer fluorescence spectra
(varying from 682 to 685 nm), as reported in the
literature.">*° Although both models describe well the
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absorption, emission, and transient HB spectra, model MB
yields much better agreement between calculated and
experimental CD spectra.

5.4. IsiAg Hexamers and IsiA;g Ring. Absorptive spectra
(e.g., absorption and hole-burning) are additive spectra, and
thus as soon as all six unique IsiA monomers are included in
the sum spectrum of any hexamer (no matter how the ring is
split), the resulting spectrum should be similar to the spectrum
of the full intact ring. Emission spectra, however, are sensitive
to the coupling between monomers. In order to calculate the
emission spectrum for the full ring IsiAs, one needs to note
that in this case the lowest exciton state splits into 18 lowest-
energy states localized in different IsiA monomers (see also
Section 4.3). If there is no coupling between ring’s monomers,
one would expect all 18 lowest states to emit independently
with equal probability, resulting in intact monomer-like
emission. In case of very strong coupling and ideal downhill
EET process, one would observe much narrower and more
red-shifted emission than was actually observed experimentally.
Although the intermonomer EET takes place, it stops much
earlier because: (i) there are likely two or three efficient energy
entry-point into PSI monomer per IsiA4 hexamer, as discussed
above, and (ii) due to disorder, neighboring monomer’s lowest
energy state may be at higher energy. Considering this, it is not
necessary to consider EET over subunits larger than hexamers.
As the number of IsiA monomers increases in a multimer, the
calculated emission maximum shifts to the red, allowing one to
estimate the effective multimer size. Experimentally observed
emission maxima for isolated monomer is at 14630 cm™" and
for the full ring it is at 14585 cm™'—such a shift in emission
maximum is obtained if excitation travels in either 3 or 4
monomers before it is either emitted or transferred to the PSI
core. Following that logic, hexamer was selected as a basic
block to model both absorptive and emissive full ring spectra.
EET between monomers is partially exciton relaxation as the
strongest couplings between Chls 514 and 517 on neighboring
monomers are about ~30 cm™!. However, in model HexB,
Chls 514 and 517 contribute significantly (42% and 11%,
respectively) to the lowest state of intact IsiA monomer.
Calculated exciton state lifetimes for few lowest states are in
the order of 1.8 ps in model HexB, which agrees with fastest
observed relaxation time 1.7 ps in ref 17. The Forster energy
transfer times between Chls of two adjacent IsiA monomers
are about few tens of picoseconds and up to few nanoseconds.
Recall that we observed resonant holes burned into the region
of lowest exciton states of the IsiA (4g, = 683.6 nm), indicating
that there are subsets of supercomplexes in which the lowest
ring state lifetime is longer than 11 ps. The best fits of the
emission shape were obtained when about 35% of the emission
occurred from the lowest exciton state of the hexamer, 30% of
emission occurred without any intermonomer energy transfer,
and 35% occurred from second to sixth exciton state, which
provides a small blue-shifted shoulder in the emission
spectrum consistent with our emission spectra.

Previous modeling studies of various optical spectra of the
CP43’ monomers (a.k.a. isolated IsiA) using the uncorrelated
EET model,>* suggested that CP43’ monomers (in analogy to
the isolated CP43 complexes of PSII core) possess two quasi-
degenerate low-energy states, A’ and B’. Our analysis
suggested that Chls mostly contributing to the lowest-energy
A’ and B’ states must be located on the side of the CP43’
complex facing the PSI core, a finding that contradicted the
model of Zhang et al,*! but was in agreement with the model

https://doi.org/10.1021/acs.jpcb.2c04829
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Figure 15. Possible major entry points from the hexamer to the PSI monomer in model HexB. The six IsiA monomers in Figure 14 (numbered
according to the “type”, see text for details) correspond to monomers r—h in Figures 2 and 15. Chls in blue and red correspond to PSI monomer;
see text for details. Arrows indicate likely entry points for excitation from the ring to PSI monomer.

suggested by Nield et al.”® Our arrangement is confirmed by
recent Cryo-EM imaging studies.'”” Based on our previous
excitonic calculations (based on the CP43 structure),”® the
best Chl candidates that contribute to the low-energy A’ and
B’ states were Chl 44 and Chl 37, respectively. According to
the nomenclature used in this work the latter Chls correspond
to Chls S11 and 514, respectively (see Table S1 in the
Supporting Information for the equivalence of different
nomenclatures used in the literature). That is, we suggested
in ref 51 that the lowest energy Chl 37 (514) in CP43 complex
from spinach is the pigment characterized by a relatively
narrow I, (73 cm™), while the second lowest-energy Chl 44
(e, 511) had larger Ty, by a factor of 2.57.'° A similar
assignment was reported for the CP43’ (IsiA complex) in ref
30; in this case, however, I';, of state A" was larger than that of
state B’ by a factor of 2.25. At that time, however, CD spectra
were not modeled. The best model in this work (i.e., HexB
model) is consistent with the above data, though the lowest
site energies (E,) of Chls 514 (37) and 511 (44) are nearly
identical. Namely, we found that the E,/T,,, of Chl 514 (37)
and Chl 511 (44) are 14713/153 cm™ and 14717/61 cm™!,
respectively. Note that the assignment of the narrowest SDF is
switched here compared to our earlier works. The third lowest
energy pigment is the newly identified Chl 517 with E;/I",, of
14770/185 cm™ (see Table S10 for details). That is, nearly
identical site energies of Chls 514 and 511 and reversed extent
of their inhomogeneities, provided the best fit of multiple
spectra, including reasonable fit of CD spectra from ref 15.
Current modeling reveals that Chl 511 (i.e.,, 44) has a smaller
inhomogeneity (by a factor of 2.5) than Chl 514 (37). Note
that the coupling constant between Chls 514—517 of
neighboring monomers of about 30 cm™' accommodates
very efficient EET between monomers (vide infra) as their
energies are similar and there is relatively large spectral overlap.

5.5. EET around the IsiA,;3 Ring and from the Ring to
the PSI; Core. Based on the arguments presented in Section
4.5, there are most likely three entry points for EET from the
IsiA;g ring to the PSI; core per PSI core monomer in our
samples, with two entry points located on adjacent monomers;
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see Figure 14F (i.e., nine entry points per PSI; trimer). These
data are consistent with the relatively large coupling constants
between low energy IsiA 514, 517, and 511 Chls and PSI Chls
close to the ring. Namely, the largest coupling constants are
between Chls B32-n514 (40.8 cm™') and Chl B31-n514 (11
cm™!). Chls A2, A8, A13, and A14 have also a relatively strong
coupling to Chls q517, r517, and g511 (about 10—15 cm™).
The yellow arrows in Figure 15 indicate likely excitation entry
points from the hexamer to the PSI monomer. The shortest
distances between IsiA Chls and PSI Chls (up to 20 A) are
shown in Figure S6 in the Supporting Information. Based on
the coupling constants, the thicker the arrow the more likely
EET is from the hexamer to the PSI monomer. The major
entry point for EET to each PSI monomer is the B31-B32
dimer, which is one of the PSI; core low-energy traps (referred
in the literature as the C706 trap).zs’58 However, some
scenarios with two separate entry points (see Figure 14D) also
cannot be excluded. In the latter case, we obtained a better
match in terms of the emission peak wavelength but poorer
match in terms of integral intensity of the emission. Three
well-separated entry points or more than three entry points per
PSI monomer would result in too little IsiAg ring emission
compared to our data shown in Figure 3, while one entry point
per PSI core monomer would result in too much IsiA ring
emission (rendering the addition of the IsiA ring antenna
nearly pointless). Estimated emission of the ring is in good
agreement with the experiment and is less red-shifted than
follows from just finding the lowest exciton state of the full set
or six IsiA monomers (i.e., the hexamer). On the other hand, it
is more red-shifted than the emission of the isolated intact
monomers in agreement with data presented is Section 4.3.
Integral intensity of the ring emission of around 10% of total
supercomplex emission and smaller red shift (as observed in
some earlier works)">* imply three separate EET entry points,
evenly distributed, or more than three entry points per PSI
monomer, so there is never more than one inter-IsiA EET step
before EET to the PSI core. Our current sample appears to
have lower ring-core EET probability than those -earlier
samples. One can speculate that disruption of one entry
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point and increased intensity of the red region of the PSI core
might be related. Indeed, increased coupling between core
pigments can cause both the shifts of the core excitonic states
and the redistribution of their oscillator strength. Small shift of
the core acceptor states/pigments (especially the blue shift that
can render potential acceptors useless as opposed to just
decreasing the spectral overlaps) could cause significant change
of the EET effectiveness through one of the entry points.

Note that in Figure 14 it is implicitly assumed that EET out
of the type-1 monomer is equally likely in both CW and CCW
directions. This may not be the case. However, the exact
proportion is difficult to estimate, as one has to take into
account both the number and the availability of the acceptors
in the CW and CCW directions. For instance, CW Chl 514 —
517 EET may outcompete all other EET processes, but many
Chls 514 may not have available Chls 517 acceptors to the
right, as those may absorb at higher energy. Results presented
in Figure SS indicate that slightly better agreement between
simulations and the experiment is obtained in the case where
excitations travel around the ring preferentially clockwise. In
reality, the preferential direction of excitation travel along the
ring (which could be modified with respect to what is shown in
Figure 14 by introducing the uneven split of excitations exiting
type-1 monomer) can originate from the differences between
IsiA monomers in different locations with respect to the PSI
core, resulting in slight shifts of the initial distributions of the
oscillator strength of particular Chls such as those shown in
Figure 12A. As can be seen from Tables S3—S8, structural
differences between adjacent IsiA monomers in the ring are
sufficient to result in significant changes in interpigment
couplings for the same pairs of Chls. Thus, it is reasonable to
expect a correlation between Chl site energies and the location
of the IsiA monomer with respect to the PSI core (see insets in
Figures 11 and S4).

6. CONCLUSIONS

Modeling of various optical spectra reported in this work is
based on the structure of the PSI;—IsiAg supercomplex from
Synechocystis sp. PCC 6803 recently determined via cryo-EM
imaging.'” Two additional medium resolution structures of this
supercomplex from different cyanobacteria have also been
reported (2.9—3.48 A).>**> Despite the lability of the
complexes and the cofactors, all structures are highly similar
and agree on the number of Chls (17) and carotenes (4) in
individual IsiA monomer subunits. One discrepancy is the
orientation of Chl 503, which is rotated 180° between the
Synechocystis sp. PCC 6803 structure and the structure from
Synechococcus PCC 7942 (Chl 513 in 6KIG).** Interestingly,
both orientations can be fitted to the Synechocystis
experimental cryo-EM map (data not shown). At this point,
we cannot say which orientation is correct in Synechocystis.
However, the change in orientation of Chl 503 does not affect
our analysis, as both orientations can fit our absorption,
emission, HB and CD spectra equally well provided a small
adjustment of Chls site energies are made. Moreover, the
change in orientation has a negligible effect on EET dynamics,
as Chl 503 is definitely not one of the lower-energy pigments.

Based on the modeling results presented in this work we
conclude that there are most likely three entry points for EET
from the IsiAg hexamer to the PSI core monomer in our
samples, with two of these entry points likely being located
next to each other (i.e., nine entry points from IsiA;g to the
PSI; trimer). However, some scenarios with two separated
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entry points per PSI monomer cannot be excluded. Three well-
separated entry points per PSI monomer could be present in
the samples studied by other groups as s %gested by some
emission spectra reported in the literature.'”"” Since the IsiA;g
ring can also act as an energy dissipater (to protect
photosystems from being damaged by excess excitation
energy),””” it is feasible that bacteria described in the
literature not all were grown under identical conditions (e.g.,
the same amount of light exposure) and developed somewhat
different dissipation pathways. The latter could modify
emission spectra from the IsiA 4 ring; i.e., a different number
of entry points could be a genuine feature related to adaptation
and a need to dissipate more energy before it gets to the
reaction center. Thus, one could speculate that a different
number or arrangement of connecting points from the IsiA g
ring to the PSI; core could reflect adaptation to different light
conditions. This could be studied in future experiments by
growing bacteria at different light conditions. Nevertheless, we
suggest that our samples have nine entry points from IsiA g to
the PSI; trimer, with the best entry point for each PSI
monomer likely being the C706 trap assigned in ref 25 to the
B31-B32 dimer (see Figure 1).

Summarizing, multiple low-temperature spectra reported in
this work for IsiA4 hexamer are best described within model
HexB, in which the lowest energy pigments are assigned to Chl
511 (aka. Chl 44 assigned previously to state A'), 514 (aka.
Chl 37 previously assigned to state B'),”" and the newly
discovered Chl 517. In the model HexB, E,/fwhm values for
Chls 508 and 517 (missing in isolated monomers) are (14991/
106 cm™) and (14770/185 cm™), respectively. E,/fwhm
values for Chl S11 (partly lost in isolated monomers) are
14717/61 cm™". We hasten to add that very similar calculated
spectra were obtained for all three hexamers, as well as the
entire IsiA 4 ring. Regarding the isolated monomers we showed
that model MB is in very good agreement with the
experimental data, implying that about 2.7 Chls are absent in
the individual isolated IsiA complexes. The latter is consistent
with the observed blue-shifted monomer emission in
comparison with the red-shifted IsiA;; ring emission (686
nm) and sample dependent maxima of single monomer
fluorescence spectra (varying from 682 to 685 nm), as reported
in the literature."* Although models MA and MB describe
the absorption, emission and transient HB spectra well, model
MB (assuming the absence of Chls S08/517 and 70% loss of
Chl S11) provides a better match to the CD spectrum and
observed EET dynamics. In model HexB describing IsiA4
hexamers the values Ey/T’,,;, of Chl 514 (ak.a. Chl 37), and
Chl 511 (aka. Chl 44) are 14713/153 cm™ and 14717/61
cm™’, respectively. That is, nearly identical site energies of Chls
514 and 511 and reversed extent of their inhomogeneities, in
comparison to our previous works,”” provided the best fit of
multiple spectra, including a reasonable match to CD spectra
from ref 1S. Current modeling reveals that Chl S11 (i.e., Chl
44) has a smaller inhomogeneity (by a factor of 2.5) than Chl
514 (i.e, Chl 37). The lowest-energy Chl 514 (in monomers n,
W, and t) with large inhomogeneous broadening has also the
shortest distance between IsiA Chls and PSI red Chls (i.e.,
B31—-B32 dimer, referred in our previous papers as the C706
trap).”>>® This clearly indicates that at least three energy flows
from the ring to PSI; core likely occur from monomers n, W,
and t to the C706 traps (and subsequently to the C714
traps).”> This was expected as the separation between Chls
514—517 in n—h, W—y, and v—t monomers are larger (~17 A)
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than separations between the same Chls in hexamer monomers
(13.8—14.5 A).
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