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Abstract

Natural photosynthesis has been an inspiration for solving humankind’s urgent demand for
replacing fossil energy sources with renewable forms of energy. Knowledge of the molecular
mechanisms that lies behind photosynthetic processes is essential for designing novel devices
capable of producing solar fuel. Great efforts are being made to understand the first steps of
photosynthesis, in particular light-harvesting and excitation energy transfer (EET). In this work,
to overcome the static disorder in protein complexes and provide insight into both inhomogeneous
and homogeneous line broadening, as well as the excitonic structure and dynamics in various
photosynthetic proteins, we use site-selective frequency-domain hole burning (HB) spectroscopy.
Complexes studied in detail include: i) wild type (WT) CP29 and CP47 antenna complexes of
Photosystem 11 (PSII), and ii) chlorosome-baseplate proteins of two different green bacteria
families (Cb. tepidum and Cfx. aurantiacus). Experimental and modeling results obtained for these
complexes shed more light on their excitonic structure and EET dynamics. Simultaneous modeling
of various types of optical spectra is based on a non-Markovian reduced density matrix approach.
For example, we demonstrate that improved simultaneous fits of absorption, emission, circularly
polarized luminescence, circular dichroism, and nonresonant hole-burned spectra, provide new
information on the excitonic structure of intact and destabilized CP47 complexes and their lowest
energy state(s). Regarding the reconstituted wild-type CP29 protein antenna we show that,
depending on the laser excitation frequency, reconstituted complexes display two (independent)
low-E states (i.e., the A and B traps) with different HB and emission spectra. We argue that with
two subpopulations identified, only the major one corresponds to the native folding of CP29,
whereas the minor conformation occurs only in reconstituted complexes. The lowest energy state
of the major subpopulation is mostly delocalized over the a611, a612, a615 Chl trimer, and that
of the minor one is localized on Chl a604. Studies of the Cb. tepidum and Cfx. aurantiacus
baseplates reveal that in both complexes excitation energy is transferred to a localized low-energy
trap state near 818 nm with similar rates, most likely via exciton hopping. These data are consistent
with the model in which baseplate CsmA proteins are arranged as dimers containing two Bchl a
molecules sandwiched between the hydrophobic protein regions.
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Chapter 1 - Introduction

Overview of Photosynthesis

During the last several decades, finding an alternative source for fossil fuels has drawn
much attention. The investigations for clean and renewable energy sources lead to notice molecular
mechanisms of photosynthesis and establishing the basis for the development of new routes
towards biological energy sources. Generally, photosynthesis, the most crucial process for
providing all food and most energy resources on Earth, occurs in bacteria, algae, and plants.!
Photosynthetic organisms employ light-harvesting complexes to capture solar energy and transfer
the excitation energy to reaction centers, where the energy is transformed to a charge separated
state that is stored for use in cellular metabolism and function. This process is categorized into two
types, oxygenic and anoxygenic photosynthesis.

1.1 Oxygenic Photosynthesis

During oxygenic photosynthesis, which occurs in higher plants, cyanobacteria and algae,
COz is reduced, and water becomes oxidized. Ultimately, oxygen is produced along with
carbohydrates. The equation is written as follows:

6CO- + 12 H>0O + Light Energy — CeH1206 + 602 + 6 H20 (1.1)
The initial reactions of photosynthesis take place by three protein complexes embedded in the

thylakoid membrane of the chloroplast. These complexes are Photosystem Il (PSIl), the
cytochrome bsf complex (Cytbef), and photosystem I (PSI), which are electronically connected in
series. The light-harvesting systems of PSIlI and PSI collect the light energy and transfer the
excitation energy to the reaction center (RC) chlorophylls to create a charge separation across the
membrane, and the Cyt bef complex mediates electron transfer between the reaction centers.? Plant

PSII, the “engine of life,” is largely organized in supercomplexes and catalyzes the splitting of



water into oxygen, which is essential for the survival of life on Earth.> The PSII core complex
contains the RC and two core light-harvesting antenna so-called CP43 and CP47, which enclosed
by additional antenna proteins that enhance the effective absorption cross-section of the RC. These
antenna proteins are the major light-harvesting complex Il (LHCII) and the minor light-harvesting
complexes CP29, CP26 and, CP24, which connect LHCII and the core complex and, compared to
LHCII occur at a lower amount in the chloroplast. In chapters two and three of this dissertation,
the core and minor antenna complexes of PSII, CP47 and CP29 respectively, have been studied,
and in the following, their structure briefly explained.
1.1.1 Structure of CP29 and CP47 subunits

CP29 is located between the outmost antenna LHCII and the inner antenna CP47 in the
core complex;* therefore, it is in a good position to regulate the energy flow towards the RC. The
X-ray structure of the CP29 complex that contains nine chlorophyll a (Chl a), four chlorophyll b
(Chl b), and three carotenoids,®> demonstrated in Figure 1.1 (frame A). These 13 Chls arranged in
the protein matrix embedded in the lipid bilayer are responsible for the light-harvesting process
through their low energy n-n” transitions, known as Qy .° CP47, the light-harvesting antenna of the
Photosystem Il core complex (PSlI-cc), see Figure 1.1-frame B, is a challenging protein to study,
as it is more difficult to separate from the PSIl-cc.” CP47 binds 16 Chls a which are located in
symmetry-related positions and at least 2-carotene molecules. Additionally, the Chlorophylls are
roughly distributed in two layers near the stromal and luminal sides of thaylakoid membrane, with

their planes oriented perpendicular to the membrane.®



Chl 11

CP29

Figure 1.1 Frames A and B show the arrangement of Chls in CP29 and CP47, respectively.® Chl
a, Chl b and carotenoids are green, blue, and orange respectively.

1.2 Anoxygenic Photosynthesis

Anoxygenic photosynthesis, which typically occurs in bacteria, uses electron donors other
than water, and no oxygen is produced. The byproduct depends on the electron donor, e.g., many
bacteria use the hydrogen sulfide, producing solid sulfur as a byproduct. The various anoxygenic
photosynthesis reaction can be described as the following:

CO2 + 2 H2A + Light Energy — CH20 + 2A + H,0 (1.2)
H>A represents the potential electron donor. The key focus in chapters 4 and 5 is on two

thermophilic green photosynthetic bacteria, which are green sulfur bacterium Chlorobaculum
(Cb.) tepidum and filamentous anoxygenic phototropic bacterium (FAP) Chloroflexus (Cfx.)
aurantiacus.
1.2.1 Photosynthesis apparatus of Green bacteria

To capture the light energy, the green bacteria employ chlorosome, the highly efficient and

the largest natural photosynthetic light-harvesting antenna, which it is substantial for



understanding the ability of these bacteria to survive at low-light conditions. Although the
peripheral light-harvesting antenna structures in these two bacteria are remarkably similar,®*° the
structure of the reaction centers, as well as their membrane-associated antenna complexes, are
quite different.!® That is, both families contain chlorosome-baseplate complexes, while Cb.
tepidum contains Fenna-Matthews-Olson complex (FMO) and reaction center (RC) type I, the Cfx.
aurantiacus include B808-866 light-harvesting core antenna and RC type Il. The schematic

structure of Ch.tepidum and Cfx. aurantiacus are shown in Figure 2, frame A and B, respectively.!!

A hV B
hv é hV hv hv hv hv
Chlorosomekk /J’ chlorosome
PR o I 4 ST W2
Chlorosome /EO O o O = E %
Q9 og S 4
F0000% S g
FMO Ba:;‘:ate FMO . AR
T meccot TN {@mﬂ
L b cemer LU LULALL 1 bl
Cb.tepidum Cfx. aurantiacus

Figure 1.2 The schematic structure of Ch.tepidum and Cfx. aurantiacus in frames A and B,
respectively.!

Most of the incoming light energy is collected by an atypically large light-harvesting antenna-
chlorosome. Then the excitation energy is gathered from the interior of the chlorosome by a
baseplate complex that is attached to its side facing the cytoplasmic membrane. The baseplate acts
as the mediator of excitation energy transfer (EET) from the chlorosomal body towards the FMO
antenna in Cb. tepidum and subsequently to the reaction center (RC), and to the integral membrane
light-harvesting B808-866 core antenna/RC system in Cfx. aurantiacus, which does not contain
the FMO protein.'? The structure and function of the individual components of the photosynthetic

apparatus are described below.



1.2.1.1 Chlorosome

The main pigments in chlorosomes, BChl ¢ (Cfx. aurantiacus ~95% and Cb. tepidum
99%, respectively) self-aggregate without any assistance from the peptides in hydrophobic
environment.**> From cryo-electron microscopy and NMR studies, it was proposed that BChls
are organized into enveloped in an ellipsoidal (rod-shaped) structure,'®1’ but the exact arrangement
of BChls within chlorosomes is still in controversy. Chlorosomes contain about 10000 up to
250000%° BChl ¢ pigments, but lipid, protein, quinone and small amount of BChl a are also
present.'® Compared to other light-harvesting antenna, chlorosomes are unique concerning their
efficiency and size. The size and the thickness of chlorosomes depends on growth conditions; the
size becomes larger under low-light conditions'®?' Typically, the chlorosome from Cfx.
aurantiacus are approximately 100 nm long, 20-40 nm wide and 10-20 nm high.?*??> The
chlorosome from the sulfur bacteria can be considerably large with length from 70 to 180 nm and
width from 30 to 60 nm.?*?3 Each chlorosome may contain 10-30 rod elements, the rod elements

23 whereas the rod elements of Cfx.

of sulfur bacteria chlorosome are 10 nm in diameter,
aurantiacus chlorosomes are only 5.2-6 nm in diameter.?
1.2.1.2 Baseplate

Chlorosomes connect to the cytoplasmic membrane?* through a crystalline baseplate which
contains Bchl a and acts as a mediator to transfer energy from the chlorosome to the reaction
centers in the membrane. In contrast to the Bchl ¢ aggregate, the baseplate is a pigment-protein
complex, where the relative positions and fine spectral properties of individual pigments are
controlled by protein scaffold. The B798 (absorbance band at 798 nm) light-harvesting baseplate

of Cfx. aurantiacus consists of Bchl a, B-carotene, and three major proteins namelly, CsmA,

CsmM and CsmN with molecular massess 5.7, 11, and 18 kDa respectively.*>? CsmA protein,



the smallest and most abundant, binds one BChl a molecule and one or two carotenoid molecules
per monomer.*>262" The molar ratio of chlorosome to BChl a in Cfx. aurantiacus is about typically
25/1% and in tepidum is about 90/1.%

1.2.1.3 Fenna-Matthews-Olson (FMO) Protein

FMO, a water-soluble protein which naturally appears as a trimer, binds eight BChl a
molecules. For a long time, it was believed that the FMO binds seven BChl a molecules; however,
recent experiments identified the eighth BChl a in the structure.?®3° FMO proteins are located
between the chlorosomes and cytoplasmic membrane, where they are in close contact with both
baseplate and RC. Most likely, two FMO trimers are attached to a single RC complex.313?
1.2.1.4 B808-B860 Antenna

The B808-866 light-harvesting core antenna complex is a protein-pigment complex
associated with two spectral types of BChl a (B808 and B866) in cytoplasmic membranes. The
B808-866 complex efficiently absorbs light energy and funnel it ~ 43 ps to the reaction center.*®
1.2.1.5 Reaction Center (RC)

The reaction center (RC) is located at the very bottom of the energy funnel. Its function is
to convert the excitation energy into a more stable energy of chemical bonds. The RC of green
sulfur bacteria is conceptually similar to the RC of PSI of cyanobacteria and higher plants! which,
contains iron-sulfur centers as electron acceptors, so-called type 1 RC.333* In contrast the RC of
anoxygenic phototrophic (FAP) containing quinone acceptor molecule which resemble RC from
purple bacteria.®® However, X-ray structural data are not available for the RC of Cfx. aurantiacus
and Cb. tepidum and the proposals for molecular structure and interaction between cofactors are

primarily based on the results of spectroscopic measurements.



1.3 Laser-Based Spectroscopy Techniques

Since the primary processes of photosynthesis, light-harvesting, are intimately connected
with the absorption of visible and near-infrared light, they can be investigated by time - and
frequency-resolved laser spectroscopy methods. In the time-domain spectroscopies, e.g., two-
dimensional electronic spectroscopy (2DES),%*" photon echo,*® and pump-probe,® excitation
sources have a short pulse with a broad bandwidth in frequency. The optical spectra of
photosynthetic pigment-protein complexes usually show broad absorption bands, i.e., their
homogeneously broadened bands are buries under largely inhomogeneous broadened spectra.*
Therefore, to unravel the optical and dynamic properties of such hidden species, a frequency-
domain spectroscopy technique utilizes continuous wave (CW) lasers with narrow bandwidth as
opposed to the time-domain method is applicable. In frequency-domain measurements, a selected
domain within the disordered sample is probed by the narrow-band lasers, so-called site-or energy-
selective spectroscopies, and provides information on lineshapes and dynamic processes.*'*3
Hole-burning (HB)spectroscopy is one of the powerful techniques that overcome the
inhomogeneity and provide more information about dynamic of the pigment-protein complexes.
Below, the principle of HB spectroscopy and the experimental set-up utilized in this work are
addressed.
1.3.1 Inhomogeneous (Static) and Homogeneous (Dynamic) Disorder

Broadening mechanisms can be categorized as inhomogeneous and homogeneous, based
on the slower or faster relaxation processes timescale compared to excited-state lifetime,
respectively. Inhomogeneous broadening (I';,,) caused by the slightly different environment of
the individual chromophores in a disordered matrix. As shown schematically in the Figure 1.3A,

sites 1,2, and 3, experience different environments in the disordered host which affects the



transition energy of the molecules.*****> The inhomogeneous disorder is assumed to have

Gaussian profile with an inhomogeneous width T;,,j,.
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Figure 1.3 Frame A-left: Schematic of several sites dispersed in different local matrix. Right:
inhomogenously broadened absorption profile. Frame B-left: show several sites dispersed in
perfect crystal. Right: Absorption lines are homogenously broadened. I}, is the homogenous line
width.

In a perfect crystal all sites have the same energy transition and no static disorder exists, see figure
1.3B.*! The sharp bands (zero-phonon line, vide infra) corresponding to the absorption of the
“guest” molecules are buried in the inhomogeneously broadened lined band. These narrow spectra
have homogenous broadening (I'},,.,m), Which is the same for every chemically identical molecule
in the ensemble at given temperature. The line shape of a homogeneously broadened electronic
transition is Lorentzian (it is the Fourier-transform of an exponential decay function), and
determined by total dephasing time T,:4146

Thom = (77:7126')_1 (1.3)



Where c is the speed of light in cm s~ and T, defined as

1 1 1
T_z = T[CFhOTn = 2_T1+ T—z, (14)

Where T; is the lifetime of the electronically excited state and T, is the pure dephasing time which
results from interaction of excited state with bath phonons which lead to a decay of the phase
coherence of the superposition state initially created by photon.*

Total absorption band includes a distribution of energetically inequivalent sites (site-distribution
function, SDF) and their coupling to an environment in which the molecules reside. That is, Figure
1.3A describes (0-0)-absorption band at low temperature (~5 K) for the weak electron-phonon
coupling. The total absorption bandwidth is described by T}, + Sw,,, where S is Huang-Rhys
factor and w,, is the mean phono frequency, see Figure 1.4. the sharp band with Lorentzian line
shape is called a zero-phonon line (ZPL) and corresponds to a pure electronic transition with a
bandwidth of I},,,, %7 Building on each ZPL is a broad phonon wing so-called phonon-side band
(PSB) which located to higher and lower-energy side of ZPL in absorption and emission,
respectively. w,,, the mean phonon frequency is the difference between the peak position of ZPL
and PSB.

ZPL

—_— <+ TI'inp +Swy, Thom
PSB t
\ W

Wavelength
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Figure 1.4 Frame A: Schematic of inhomogenously broadened absorption band and, Frame B:
show ZPL and PSB. The mean phonon frequency, w,, is the difference between the peak position
of ZPL and PSB which determined with Franc-Condon principle.



The dimensionless Huang-Rhys factor S, i.e., the strength of electron-phonon coupling is related

to the Franc-Condon (FC) factors.*®->® The FC for the ZPL is defined as:

2
00> =eS (1.5)

FCOO = |< 1,0
To evaluate the value of S, the Debye-Waller factor, a can be obtained by estimating the integral

intensity of the ZPL (I,p;) and the PSB (Ipgg):

IzpL
aQ = ———— 1.6
(IzpL+IpsB) (1.6)

As shown in Figure 1.5, the relative intensities of the ZPL and PSB depend upon the strength of

the electron-phonon (el-ph) coupling. At the low-temperature limit (~0 K) a define as:

a =e 1.7)
where S (T= 0 K) given by®*
M
S = T (Age)? (18)

Where M; and w, are the reduced mass and frequency of the phonon mode &, respectively. Ag; is

the displacement of the minima of the potential energy surfaces of the £t* bath mode of the ground
and excited electronic states with respect to each other, the more this displacement, the larger is
S). That is, for molecules that upon electronic excitation undergo large geometry changes, the
electron-phonon coupling is strong, and corresponding S is large. In the absorption/fluorescence
spectrum, a strong coupling producing a weak ZPL and an intense PSB, whereas weak coupling
(small S) is reflected in an intense ZPL and a weak PSB. For very strong coupling (S = 10), no

ZPL is observed since they are FC forbidden.*
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Figure 1.5 Diagram of potential curves in the case of linear el-ph coupling (hw,=hw,) for both
strong and weak coupling are illustrated. Optical transitions in accordance with the FC principle
are shown as vertical.*!
1.3.2 Principles of Hole Burning Spectroscopy

Hole-burning (HB) spectroscopy, a frequency-domain, site-elective technique, carried out
under liquid helium temperature (~5 K), whereby an ensemble of molecules in a disordered matrix
illuminated at a given wavelength with a narrow-band laser beam. The sample is cooled to a low
temperature to decrease thermal broadening effect, e.g. dephasing. A diagram of the HB
experimental setup is shown in Figure 1.6. The sample is settled on a holder inside of the cryostat,
which is aligned with the beam path of the Fourier transform infrared spectrometer (FTIR). A
tungsten bulb utilized as a white light source for the probe. The probe hit the beam splitter, which
sends part of the signal to either stationary or movable mirror. Both mirrors reflect the light back
to the beam splitter, where they recombine and interrogate the sample. The resultant detected by a
photodiode and the preburn spectrum is measured. The white light is turned off to burn the sample

by laser. To strike the sample by laser the shutter is opened, and the intensity of the laser is

controlled by a stabilizer and neutral density filter.
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Figure 1.6 Schematic of the experimental setup for the low-temperature absorption and HB
measurement. First, the preburn is measured by white light, then the sample is illuminated by the
laser, and finally, the FTIR measures the postburn absorption.

After laser exciting the sample for a particular time, the shutter is closed, and again white light is
turned on, and the post-burn is measured to explore the changes induced by burning. The HB
spectra are measured as the difference in absorption before and after excitation by the laser (post-
burn minus preburn).

Figure 1.7 shows absorption or preburn (curve a-black) and post-burn (curve b, blue) spectra,
which burning at 4, = 683 nm. The green curve in frame B shows the HB spectrum resulting from
the difference of post-burn and preburn. The HB spectra reveal a sharp zero-phonon hole (ZPH)
resonant with the laser wavelength and two PSB holes (PSBHs) #1444 so-called real-PSBH and
pseudo-PSBH. The real-PSBH resulting from a bleach of molecules excited via their ZPL appears
at higher energy than ZPH. Whereas, the pseudo-PSBH is observed the lower energy than the ZPH

resulting from bleach of pigments via their PSBs.
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Figure 1.7 Fram A: lllustrates preburn (curve a-black) and post-burn (curve b, blue) spectra which
burning at 4; = 683 nm, and Frame B shows: the resulting HB spectrum (b-a, green).

Hole-burning mechanisms can be divided into two categories: persistent HB and transient
HB (THB). Within the first category, as long as the temperature is maintained, the absorbance
changes are preserved after excitation, HB spectra exhibit persistent holes. For measuring the
transient HB (population bottleneck), absorption is measured while the laser is on and burning the
sample and then when the shutter is closed the absorption is measured, the THB resulting from
absorption of laser on minuses absorption of laser off. Generation of THB spectra requires a long-
lived state, usually a triplet state or charge separation state, which populated from the excited
singlet state.*! In this case, the pigment’s ground state is depopulated for the lifetime of the long-
lived state and the spectral hole will be observed only for the duration of this lifetime on the order
of pus — ms. 415253
Additionally, the HB mechanism can be classified as photochemical and nonphotochemical 414354

Photochemical HB (PHB) occurs when the pigment undergoes some photoinduced transformation,

such as photo-oxidation and tautomerization. The product of the reaction usually absorbs far from

13



the original excitation wavelength. In the case of nonphotochemical spectral hole-burning
(NPHB), the pigment molecule does not experience a chemical reaction. Instead, upon excitation
rearrangement of the pigment’s local environment occurs to result in the change in the interactions
between the pigment and its surrounding.*>>->" Figure 1.8 illustrates the mechanism of NPHB of
a single site by configurational tunneling between the two-level system (TLS) of the gust and
host.** Upon optical excitation of the chromophore, the pigment in the ground state (conformation
A) absorbs a resonant photon and photon-assisted tunneling can occur in the excited state (yellow
arrow). After tunneling, the pigment returns to the new ground state. If the barriers between
environment configurations are higher in the ground electronic state than in the excited electronic
state of the pigment molecules, the system gets permanently trapped in the new configuration as
long as low temperature is maintained and persistent hole results.

Both PHB and NRHB result in the formation of persistent holes, meaning that the holes are

preserved long after the initial excitation is turned off.

E | Excited state

Ground state
A

Figure 1.8. TLS with ground and excited state of pigment shows the photon-assisted tunneling
mechanism of NPHB. The barrier between conformations A and B is lower in the excited state.
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Red arrows represent the excitation and relaxation, while the yellow indicated tunneling in the
excited states.*!

HB spectroscopy can be used to reveal inhomogeneous broadening parameters, that is, the shape
and width of the SDF. For this purpose, the zero-phonon action (ZPA) spectroscopy utilizes in
which HB spectra are measured for constant low fluence doses at many excitation wavelengths
across the absorption band. The ZPA spectrum is then obtained as a plot of resonant hole depth
versus excitation wavelengths, and the fwhm of the envelope of the ZPH is approximately Tj,,j, .48
Another information provided by HB spectroscopy is excitation energy transfer (EET) time by the
width of the ZPH. Information on the dynamic of the excited state of the system is contained in
the homogeneous linewidth T}, is usually a factor of 103- 10° times smaller than the SDF width
Tinn, if el-ph coupling is ignored, the only remaining contribution to the hole spectrum will be ZPH,
a convolution of ZPL with itself. For a Lorentzian ZPL line shape, the width of the ZPH, in the
shallow hole limit, will be twice of the ZPL:*

Thote = 2Thom (1-9)

Energy transfer will produce lifetime broadening, that is for low-fluence

Izpy = 2Thom = — bt ——~— (1.10)

cTy ncTy TCTEET  TCTEET

T, is the fluorescence lifetime, T, is the pure dephasing time which is very large at low-temperature
in comparison with T;. Tggr is the EET time and is dominant in eq. 1.10 since it is on order of
femtoseconds to picoseconds.
1.4 Light harvesting Antenna in Action: Excitation Energy Transfer

A detailed analysis of the light-harvesting antenna can be obtained by combining the
structural information with optical spectroscopy and theoretical studies. A realistic theory has to

describe the pigment-pigment interaction and coupling between each pigment with the protein
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(bath). The theory is started by defining the Hamiltonian which is comprised of the system (H,),
bath (Hz), and system-bath interaction parts (Hgp), respectively.
H.,, = H;+ Hy + Hgp (1.11)

The Hamiltonian of the system can be expressed as A, = H, + H,, with

H. =Y, En,Jm><m]| (1.12)
The transition energies E,, are called “site energies” since they depend on the local protein
environment of the pigments and defined as the optical transition energies at the equilibrium
position of nuclei in the electronic ground state. A microscopic calculation of site energies is
complicated since they can be affected by the complexity of different protein-chromophore
interactions,**® e.g., electrostatic interactions with charged amino acid side chains,®* electrostatic
interactions with neutral amino acid side chains and the protein backbone,®® specific protein-
chromophore interaction like H-bonding, and difference in the dielectric constant of the local
environment. Thus, in most cases, the site energies are used as free parameters that are determined
from the fitting of the theoretical to the experimental optical spectra. The second part of the system
Hamiltonian:

A, = SR Vilm >< 1| (1.13)
V.n denoting the interaction potential between sites m and n and leads to a non-radiative transfer
of excitation energy between the pigments.%? Finding the interaction potential between the
pigments in photosynthesis complexes is assumed to be dominated by the Columb interaction and
is calculated using the point-dipole approximation. This approximation becomes invalid in light-
harvesting antenna complexes due to closely spaced chlorophylls (Chls), and the excitonic
coupling has to be calculated by quantum chemical methods. In this work the Transition charges

from electrostatic potentials (TrEsp) method®® is used which the equation written as:®3

16



N 7'(1,0)a}(0,1) (1.14)

~ ame |71—7)]
Where f and g, are screening factor and dielectric constant, respectively. The excitonic coupling
result from the atomic transition charges q;™(1,0) and g} (0,1) which these charges are determined
for pigments m and n using time-dependent density functional theory®3-% that fit the electrostatic
potentials of the transition (or charge) densities to yield the appropriate vacuum dipole moments.
The second part of the Hamiltonian, Hy, describes the vibrational dynamics of the bath (protein)

by harmonic oscillators.

h
A5 = 2% QF + Tucr (1.15)

Where T, denotes the Kinetic energy of the nuclei. The coordinate Q; can be expressed in terms
of creation and annihilation operators of vibrational quanta, Q; = C; + Cg.% The last part of the
Hamiltonian is a dynamical modulation of pigment transition energies induced by the protein (and
pigment) vibrations that is described by the system-bath coupling

Agp = T Zehwgg{™ Qelm >< m)| (1.16)
Which assumes a linear modulation of the transition energy with the (dimensionless) vibrational

coordinate Q¢ and contains the (dimensionless) coupling constant g(m)

that describes the coupling
between a vibrational mode with frequency w; and the optical transition of the mth pigment and

appear in the spectral density J(w). Spectral density or phonon profile, J(w), describes how the

configuration of nuclei of the protein changes upon electronic excitation of the pigment.

J(@) =Ye g8 6(w —wg) = Yese 6(w — wy) (1.17)
s¢ as defined above, is the dimensionless Huang-Rhys factor for each bath mode ¢ and frequency
wg indicating the strength of electron-phonon coupling.

A temperature-dependent phonon spectral density can be defined as
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J(@;T) = (1 +n(w; 1)/ (@) +n(-w; T (~w) (1.18)
Where n(w;T) is the temperature dependence of phonon described by Bose-Einstein

distribution.®’

1
ehw/KT _q

n(w;T) = (1.19)
Where K is the Boltzmann constant (cm™ K1) and T is absolute temperature (K). J(w; T) is zero
for w < 0, and the second term on the right-hand side of Eq. (1.18) is only nonzero for negative
wavenumbers which representing phonon annihilation events. The spectral density determines two
important physical parameters, the total Huang-Rhys factor S and the optical reorganization energy
E/1 6668
S= [ dw](w) = T¢ g2 (1.20)
E,=h [ 0](w)dw (1.21)
S also, can be defined as the average number of phonons coupled to an electronic transition and
E; is the average energy needed to reorganize the nuclei after excitation. In practice, /(w) can be
approximated by a continuous function whose shape depends on the system under study. Due to
lack of additional information usually the same spectral density is assumed for all similar
chromophores in a system, although at present there is no way to validate this approximation. The
spectral density is the key input parameter in Redfield theory and directly determines energy
transfer rate constants and the shape of the phonon sideband.
1.4.1 Weakly and Strongly Coupled Pigments
In this section, the theories applicable to calculating energy transfer kinetics and optical
spectra of photosynthesis pigment-protein complexes are reviewed. If the excitonic coupling

between electronic excitations of the pigments is strong compared to the dynamic and static

disorder (V,,, > Ej), then delocalized electronic states are formed after light excitation. In this
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case, the exciton relaxation between delocalized states is treated in the framework of multi-level
Redfield theory. After light excitation in the weak coupling limit (V;,,,, < E3), localized states are
created, and the excitation energy is transferred via incoherent hopping mechanism, and EET
treated by Forster theory. In general, for photosynthetic pigment-protein complexes, neither limit
applies in a strict sense, i.e., the situation where an aggregate of strongly coupled pigments couples
weakly to another chromophore or aggregate, more sophisticated theories describing the
intermediate cases have to be applied. An extension of Forster’s theory, so-called generalized
Forster theory has been considered in recent years®®"* where the excitonic system divided into
domains of strongly coupled pigments. Inter-domain excitation energy transfer is assumed to
proceed via a hopping mechanism described by Forster theory, while intra-domain dynamics are
treated with Redfield theory.”>"? In practice, the domains for generalized Forster theory are
determined by setting all coupling smaller than a critical value (V.~E}) to zero.
1.4.1.1 Strongly Coupled pigments, Redfield Theory
If the excitonic coupling V},,, are large compared to the static and dynamic disorder, the

excited state |M > are delocalized. Each of these exciton states are linear combinations of localized
excited stats [m >, that is

|M>=3,cM|m> (1.22)
Where cM are eigenvector coefficients which obtained by diagonalization of H =
YmEmlm ><m| + Ymat v |m >< n|.

A |M>= Ey|M> (1.23)
|cM]2 give the contribution of site m to state M and the eigenvalue E,, is corresponding to exciton-

energies. Also, excited state transition dipoles are linear combination of the site dipole:

/:ZM = Zm CmM/:Zm (1-24)
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The Multilevel Redfield theory, a second-order perturbative method, which is an example of
Markovian (memoryless) theory, is used to describe energy relaxation in the limit of strong
coupling. In this work, to simulate various optical spectra, a non-Markovian density matrix
approach utilizing a Redfield rate equation to describe relaxation between exciton states is
employed. It is noteworthy that in a Markovian theory for the equation of motion of a statistical
density operator, da(t)/dt, depends only on the properties of the system at time t and not on
properties at earlier times, i.e. there are no memory effects of the earlier behavior. The density
matrix p(t) is a reduced statistical operator describing the electronic motion and in general, it is
the reduction in degrees of freedom from the description of the dynamics of a large system to that
of a small subsystem, which resulting in non-Markovian, or memory, effects.%®

The homogenous absorption and fluorescence signals are given by, respectively,’"

Alw) == = Sl |* Dy (@) (1.25)
4 wp/k R ,
F(0) = 22 S [c5erer] i 2Diy () (1.26)
with
i |? = Zmn cmCn (i " fln) (1.27)

Where Dy, (w) is the lineshape function for exciton state M. Similarly, the linear (LD) and circular
dichroism (CD), and circularly polarized luminescence (CPL) expressed as:
LD (where is 2 the membrane normal vector), the intensity of LD spectra depends on the

orientation angle between the transition dipole and the membrane normal 7.

LD (w) & w Xy (Ifim]? = 3(in - )?) Dy (w) (1.28)
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and,

CD(w) < w Yy ryDy(w) (1.29)
and CPL.
—-wp/kT
CPL(w) % 0 iy [y | 1 Dia (@) (1.30)

respectively.

Note that for CD and CPL the exciton dipole strength (|ii,,|?) is replaced with the excitonic

rotational strength

™ = SZm,n C%C#(Eglﬁm - E(?En) ’ (ﬁm X ﬁn) ~§Zm,n C%Crlyﬁmn ' (ﬁm X ﬁn) (1-31)

A CPL spectrum is the fluorescence analog of CD. The positive component in CPL spectrum
indicates that the I (absorption of left circularly-polarized light) is stronger than Ir (right

circularly-polarized light). In the opposite case one will observe a negative CPL band.

The exciton line shape function which account for both diagonal and off-diagonal exciton-

vibration coupling, is derived from the reduced density matrix as:®

D]E;) (w) — f_ooooeiZEi(w—(T)M)HGM(t)—GM(O)—nFM|t|dt (1.32)

where + describes absorption (D,,) and emission (D,,), respectively. Additionally, the Fourier

transform of the spectral density (scaled for delocalization) describes the time-dependent function:
Gy () = [Smanlch|?lcyl [2e~Rmn/Re] [* g=2mi0t |, (w)dw (1.33)

wy = Ey + ZNiM[Zm,n C%C#C%Cge_Rm”/RC]C(Im) (wy — wy) (1.34)
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The first term of Eq. 1.34 is the eigenvalue from Eq. (1.23) and the second term describes the
energy shift due to el-ph coupling. Where R, is the correlation radius of protein vibrations. In the
limit of completely correlated/ uncorrelated fluctuation no exciton relaxation/maximum exciton

relaxation rate ocuurs.>®% A value of 5 A has been proposed by pump-probe spectra of PSII RC.”
Iy, exciton lifetime broadening which depends on the rates of exciton relaxation (k)%

Ty = 2N kmon (1.35)

Iy = ZNiM[Zm,n C%C#C%Cﬁe_Rm"/RC]C(Re) (wy —wy) (1.36)

The real and imaginary parts of the Fourier transfer of the energy gap correlation function can be

described in terms of the spectral density, respectively, as:

CRe () = na)z[(l + n(a)))]ph(cu) + n(—a))]ph(—cu)] (1.37)
(fm) _ l () C(Re)(ﬂ)
CimM(w)=—p [ — (1.38)
Finally, the rates of exciton relaxation:%8
kpon = 2T Wiy Yinn Crchl cmel e Rmn/Re x [ (wyy, T) (1.39)

1.4.1.2 Weakly Coupled pigments, Forster Theory
If the excitonic coupling between pigment is weak compared to the dynamic and static
disorder, a second order perturbation theory in the excitonic coupling is used to obtain a Forster

type rate constant k,,,_,,, for EET between pigment m and n.®? the rate constant:

Ko = 2 2228 1% 40D ™ () DI () (1.40)
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is given as an overlap integral of fluorescence lineshape function D,(m) (w) of the donor and the

absorption lineshape function Dé") (w) of the acceptor. The equation describes radiationless energy
transfer between excited state localized on individual pigments.
1.4.1.3 Weak Inter- and Strong Intra-Aggregate coupling- Generalized Forster Theory

In order to describe interdomain EET rate in generalized Forster theory (Kyqonp), =72 the

standard Forster rate equation (1.40) is used to delocalized exciton states. That is,

Kntaoy = 2 el (22 g, 19 oy V) (1.41)
Where Ma indicates exciton state | Ma> of aggregate a. Exciton coupling Vy,, vp» between

exciton state | Ma> and | Nb> is given as a sum of the point-dipole couplings V;,, ., between

the individual pigments, weighted by the exciton coefficient c,(nl‘fla) of pigment m in aggregate a

(b)

and c,,of pigment n in aggregate b:

M Nb
VMaNb Zmamb Enaa) C )Vmanb (1-42)

The total rate of energy transfer from aggregate a to aggregate b depends on the thermally weighted

interdomain EET rates’72

e—EMa/KT
kasp = ZMa Nb Yqe EKa/KT Ma—-Nb (1-43)
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Abstract

Identification of the lowest energy pigments in the photosynthetic CP47 antenna protein
complex of Photosystem Il (PSII) is essential for understanding its excitonic structure, as well as
excitation energy pathways in the PSII core complex (PSll-cc). Unfortunately, there is no
consensus concerning the nature of the low-energy state(s) nor chlorophyll (Chl) site energies in
this important photosynthetic antenna. Although, we raised concerns regarding the estimations of
Chl site energies obtained from modeling studies of various types of CP47 optical spectra [Reinot,
T; et al., Anal. Chem. Insights 2016, 11, 35-48] recent new assignments imposed by the shape of
the circularly polarized luminescence (CPL) spectrum [Hall, J; et al., Biochim. Biophys. Acta 2016,
1857, 1580-1593] necessitate our comments. We demonstrate that other combinations of low-
energy Chls provide equally good or improved simultaneous fits of various optical spectra
(absorption, emission, CPL, circular dichroism, and nonresonant hole-burned spectra), but more
importantly, we expose the heterogeneous nature of the recently studied complexes and argue that
the published composite nature of the CPL (contributed to by CPLess, CPLg91, and CPLegos) does
not represent an intact CP47 protein. A positive CPLegs is extracted for the intact protein, which
when simultaneously fitted with multiple other optical spectra, provides new information on the

excitonic structure of intact and destabilized CP47 complexes and their lowest energy state(s).
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2.1 Introduction

2.1.1 CP47 complexes

Light absorbing chromophores in various photosynthetic complexes initiate a series of
processes which drive many chemical reactions that support life on Earth.! CP47 is an important
photosynthetic antenna complex, being part of the Photosystem II core complex (PSII-cc) with its
primary function thought to be light energy absorption and transport of excitation energy to the
reaction center. The CP47 complex is a challenging protein to study, as it is more difficult to
separate from the PSII-cc than, for example, the accompanying CP43 antenna.?? In addition, it is
not known to what extent the absence and/or destabilization of the PsbH protein affects the site
energies of chlorophylls (Chls) and the resulting emission spectra. It is also not clear whether all
(or only some) Chl 29 have a H-bond between their 13'-keto and threonine (Thr5) of the PsbH
protein. This is probably why different optical spectra have been reported over the years, which
has led to disagreement about which spectra represent intact CP47 complexes and should be used
in modeling studies.*® As a result, there is still no agreement as to which Chl(s) contribute to the
lowest energy exciton state(s) and what their corresponding site energies are.”*! While inter-
pigment coupling matrix elements can be calculated from available X-ray structures,'?!? the site
energies are typically extracted from simultaneous fits of various experimental data.”” Quantum
chemical approaches can also be used,*!” but so far the calculated site energies cannot describe
experimental data. As a result, the calculated values have to be largely modified by additional
shifting to lower- and/or higher-energies, via fitting algorithms.”"!! Nevertheless, it is anticipated
that future higher-resolution structural data and more reliable experimental data will further aid in
discarding unrealistic site energy sets obtained from the fitting algorithms, in particular when

optical spectra of intact samples are analyzed (vide infra). The difficulties in finding Chl a site
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energies in the CP47 complex are not surprising, as this protein can be easily destabilized. For
example, as mentioned above, CP47 complexes may possess an intact PsbH subunit, which could
be also absent or destabilized. In the latter case, the H-bond(s) between one of the CP47 Chls and
the amino acid residues of PsbH and/or the H-bond(s) between Chls and water molecules (serving
as axial ligands) could be broken or weakened.® Thus, the key problem concerning the uncertainties
in pigment site energies is sample integrity and stability of the complex after isolation.
2.1.2 Further challenges facing determination of Chl a site energies in CP47
Furthermore, interrogation of CP47 complexes using a large excitation fluence at low-
temperatures may also lead to modification of optical spectra; i.e., the latter can change the shapes
of absorption, and, in particular, the shapes of emission and circularly polarized luminescence
(CPL) spectra due to reversible hole-burning (HB) and/or irreversible photodamage phenomena.*®
While the effect of HB can be eliminated by sample annealing, one needs to be mindful of
photodamage that is irreversible.*®> Another important obstacle in providing a unified description
of the structure-function relationship in CP47 (or any other photosynthetic complex) is that
different shapes of the phonon spectral density, Jon(w), are used to describe its electronic
structure.>®1911 In addition, there is insufficient experimental information on site-dependent
inhomogeneities and site-dependent Jpn(w). Therefore, we argued recently that a single solution of
pigment site energies based on modeling studies of typically measured optical spectra alone may
not exist, and a larger number of experimental constraints is needed to narrow the possible choices;
for example, the resulting Hamiltonian needs to be able to describe all frequency- and time-domain
data. However, most importantly, the consensus (not available as of yet) must exist as to which
spectra constitute an intact/stable complex and should be used in modeling studies.'! To provide

more insight we analyze and model multiple spectra obtained for both destabilized!® (at least in
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our view; vide infra) and intact* CP47 complexes to identify the most likely low-energy Chls in
intact samples.

2.1.3 CPL spectra

We begin with a discussion of the recently published theoretical fits of the low-temperature
CPL and circular dichroism (CD) spectra obtained at liquid helium temperatures for CP47, which,
as argued by the authors of ref 10, offer a clear identification of the lowest energy exciton state of
intact CP47. While we agree that the CPL spectrum has the advantage in that it is selective for the
lowest energy state, the key questions are: i) does the interrogated lowest energy state(s) represent
the intact, destabilized, or a mixture of intact and destabilized complexes, especially under
experimental conditions used in ref 10; i7) which emission spectrum (whose reported maxima vary

4,5.18-20 with a variable contribution of the so-called 685 nm, 691

in the literature from 689-695 nm,
nm, and 695 nm emissions*) originates from the lowest energy state of intact/stable CP47 and/or
intact PSII-cc; and iii) how reliable is the identification of the low-energy Chls based on the fits of

the CPL and CD spectra reported in ref 10, that is, is there a unique solution to account for the

lowest energy pigment, i.e. Chl 11, as suggested in ref 10?

2.1.4 What is the assertion of this work?

We suggest that in contrast to the conclusions of ref 10, the CP47 complex studied by Hall
et al. was likely structurally modified during or after the isolation procedure (i.e. the sample was
heterogeneous), and for that reason its optical spectra cannot be considered to represent
intact/stable complex, and as a result should not be directly used in modeling studies. The complex
shape of the CPL curve is in perfect agreement with the variable 685 nm, 691 nm, and 695 nm
contributions observed over the years in the CP47 emission spectra.* Although in the main part of

this work we focus on intact CP47 complexes (again, in our opinion), for the sake of argument we
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will also fit spectra reported by Hall et al.!” using our algorithm (see Appendix A). However, by
doing this, we will demonstrate that in contrast to their fit different sets of low-energy Chls provide
improved or equally good fits of their optical spectra. In summary, we raise concerns about the
recently proposed interpretation and innovative implications suggested for new understanding of
the excitonic structure of isolated CP47 complex and the entire PSII-cc, and proposed regulation
of energy transfer, as described in ref 10. An alternative view is proposed, emphasizing the new
interpretation of the recently published CPL spectrum. Finally, the implications of our new
assignments are also briefly discussed.

2.2 Methods

To test the key assertion of ref 10 we first model their optical spectra, focusing, as an
example, on the newly measured CPL spectra. Our modeling approach is described in ref 11; in
brief, the disorder is introduced into the diagonal matrix elements (i.e., E}') by a Monte-Carlo
approach with normal distributions centered at EJ (n labeling various pigments, i.e., n = 1-16) and
with fwhm representing Zinn, which can be site-dependent or independent. Eigen decomposition of
the interaction matrix provides eigen-coefficients (c}f) and eigenvalues (w,,). Phonon and
vibrational Huang-Rhys (S) factors are used as free or fixed parameters and are optimized
simultaneously against the experimental spectra. We use experimentally determined phonon
spectral density Jpn(@)** and vibrational spectral density Jvin(@).® Intramolecular vibrational modes
(Jvib) are dynamically localized? and only contribute to absorption, HB, linear dichroism (LD) and
fluorescence spectra.?

For easy comparison, the Chls within the CP47 complex are divided into the same five
excitonic domains of coupled Chls as in ref 10 with V. = 30 cm™. In this case, the Poisson-TrEsp

coupling matrix elements (based on the 1.9 A crystal structure of PSII from cyanobacteria, PDB
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ID: 3ARC?) are used in all modeling studies. Isolated Chls are placed in separate domains. We
also use somewhat larger TrEsp Vam values with V¢ = 30 cm™ which leads to three domains. We
hasten to add that a division into well-defined domains is not straightforward and often impossible.
However, two criteria for defining domains have been proposed,? both relating to circumstances
which can cause localization of the excited state. That is, pigment m is considered in a domain if
the following is true for the coupling constant of pigments m and n, where n is already assigned to
a particular domain, i.e., 1) |Vnm| is larger than the coupling cutoff V¢ (which is on the order of the
reorganization energy); and 2) |Vam| > (En — Em)/6 (with E representing each pigment’s site energy).
These criteria are simple approximations for the consideration of dynamic localization and
localization due to large energetic separation. The latter is critical when inhomogeneous
broadening is large or weakly coupled Chls have very different site energies. Thus, three cases (A,
B, and C) could be considered. In Case A, the complex is divided into five domains as in ref 10
using Poisson-TrEsp Vamand the domain cutoff of V¢ = 30 cm™® with excitons delocalized over an
entire domain. In Case B we also put all intradomain Vym values smaller than V¢ = 30 cm™ to zero.
Finally, we also performed modeling study with TrEsp Vnam assuming that both intra- and
interdomain Vam < V. are set to zero (Case C). The results obtained for all cases are compared
below. The intermediate case, which would explicitly consider disorder within the second criterion
(Vam > (En — Em)/6) (taking into account the inhomogeneous broadening for all Chls in the Monte
Carlo simulations), is beyond the scope of this work, as, in the first approximation, we anticipate
that the resulting fits should lie somewhere between the above mentioned limiting cases.

In simulations, we used a non-Markovian reduced density matrix theory?* with a Nelder-

Mead Simplex algorithm for parameter optimization.?® It is assumed that the phonon spectral
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density (weighted phonon profile) can be described by a continuous function, which is chosen to

be a lognormal distribution,?®

Jpn(w) = =B o7 @.1)

oV2T

where w, is the cutoff frequency, o is the standard deviation, and J,,(w < 0) = 0. The real and

imaginary parts of the Fourier transfer of the energy gap correlation function can be described in

terms of the spectral density as

CR (@) = mw?[(1 + 1(w))Jpn(@) + n(=w)Jpr(~w)] 22)

o cRe)
C(Im)(w) — %pf cRe) ()

-0  w-0

(2.3)

with n(w) the Bose-Einstein distribution and p representing the Cauchy principal value. Egs 2 and

3 are used in calculating the exciton lifetime broadening and energy shift, respectively, as
Ty = ZN#:M[Zm,n C%Crﬂ{lcvlrvzcrlye_Rmn/Rc]C(Re) (wy — wp) (2.4)
Wy =wy + ZNIM[Zm,n C%C#C%CQ’@_Rmn/RC]C(m) (wy — wy) (2.5)

with a correlation radius (R.) of 5 A.2” Additionally, the Fourier transform of the spectral density

(scaled for delocalization) describes the time-dependent function
Gy () = [Smnlchil?|cy |2e~Rmn/Re] [ g=2miol |, (w)dw (2.6)
Finally, the exciton line shape function is given by

D,f,f)(w) — f_ooooeiZni(w—&’)M)t+GM(t)—GM(O)—TEFM|t|dt 2.7)

where + describes absorption (D,,) and emission (D;,), respectively. This line shape is used in

the simulations of all homogeneous optical spectra.
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Absorption is calculated according to the equation given below,

A(w) x wZM|ﬁM|2DM((U) (2.8)
with
|[‘\M|2 = Zm,n C%C%(ﬁm ' lin) (2-9)

Nonresonant HB spectra are modeled in the following way. After diagonalization of the
Frenkel Hamiltonian, a pre-burn absorption spectrum is calculated from Redfield theory. The
occupation numbers (squared eigenvector coefficients) of the lowest energy exciton state are used
to determine the pigments to be burned. This corresponds to the low-fluence approximation, where
only pigments contributing to the lowest energy state are burned. For CP47, the post-burn site
energy of the burned pigment is found from the pre-burn site-distribution function, while all other
diagonal elements of the Hamiltonian are unchanged. The Hamiltonian is again diagonalized and
a post-burn absorption spectrum is calculated. The resulting HB spectra is calculated as the pre-
burn absorption subtracted from the post-burn absorption spectrum.

Additional spectra are calculated as CD,

CD(w) % w Yy Dy (w) (2.10)

LD (where is 7 the membrane normal vector),

LD (@) ¢ @ Xy (|m]? = 3(fiy - A)*) Dy (w) (2.11)
Fluorescence,
—-wp/kT R ,
F(@) % 0* Zy |55 —=aer| iul2Dis (@) (2.12)

and CPL.
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—wM/kT

CPL(w) & @ Bt 5t er] T Dia () (2.13)

Note that for CD and CPL the exciton dipole strength is replaced with the excitonic rotational
strength

" =5 Zmn it (BT R = E§Rn) * i X in) ~ % Smm CHCH R (i X fi)  (2.14)
where the second formula on the right neglects the contribution from pigment site energies and, to
a good approximation, the spectral shapes (of concern in this work) are not affected. A CPL
spectrum is the fluorescence analog of CD. At low temperatures only the lowest energy state will
emit, with a positive or negative signal determined by the rotational strength. Note that a localized
state will have zero rotational strength (see Eq. 2.14). Note that the positive component in CPL
spectrum indicates that the 1. (absorption of left circularly-polarized light) is stronger than Ir (right

circularly-polarized light). In the opposite case one will observe a negative CPL band.

2.3 Results and Discussion

2.3.1 Low temperature CP47 emission spectra

First, we compare various CP47 fluorescence spectra adopted from ref 10. Curves a and b
in Figure 2.1 (right frame) were obtained at identical conditions at 2 K after different stages of 514
nm illumination, i.e., with doses of 70 and 0.02 J/cm?, respectively. Curve c represents the so-
called 695 nm (5 K) emission, i.e., the F695 fluorescence of CP47 complexes measured in our
laboratory,* suggested to represent fluorescence of an intact CP47 complex. The F695 emission is
also observed in the PSII-cc.?® Spectrum d is the difference between spectraa and b (d =a - b). As
argued before typically measured CP47 emission spectra,*!! including spectra a and b in Figure
2.1, can be fitted by the 695 nm emission (i.e., curve c¢), and two other contributions with maxima

at ~691 and ~685 nm by simply adjusting their relative intensities. Based on our extensive studies
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over the years the smaller the amount of the so-called 685 nm and 691 nm emission, the more
intact the sample is. Below, we refer to these contributions as F691 and F685 fluorescence bands,
respectively. (The latter two contributions were previously labeled as FT1 and FT2, respectively?).
Note that spectra a and b, as mentioned in ref 10, are also contaminated with CP29 and/or LHCII
complexes exposed by the weak ~680 nm emission indicated by the red dashed arrow, further
complicating a straightforward analysis. We suggested before that the most likely interpretation is
that the typically studied CP47 samples contain emissions from two more subpopulations of
complexes in addition to the F695 emission. The shape of the difference spectrum (d) supports our
previous interpretation, i.e., the blue shift of spectrum (a) is largely caused by the
nonphotochemical (persistent) HB* that leads to a bleach of the lowest energy state responsible for
the 695 nm emission. This is why curve ¢’ (scaled and inverted curve c) fits well the negative lobe
of the difference curve d, while the positive band near 685 nm increases. The presence of the latter
emission band can be eliminated by sample annealing (i.e., the bleach of the lowest state can be
erased), but in some samples the band exists before sample illumination due to permanent damage.
Most of our destabilized CP47 samples showed similar spectra to curve b, though with relatively
larger contribution from the 695 nm and smaller contribution from the ~685 nm band, suggesting
again that broad emission spectra with variable maxima near 689-692 nm are a mixture of F695
band and additional emissions from two subpopulations of destabilized complexes characterized
by the F691 and F685 bands. Most likely such complexes have weakened and/or broken H-
bond(s), vide infra; though the nature of destabilization and/or conformational changes is not
known. Thus, we conclude again that in our view only curve ¢ represents emission from

intact/stable CP47 complex.*>!!
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Figure 2.1 Left: Arrangement of CP47 Chls in relation to the RC pigments within the PSII-cc
dimer based on the 1.9 A resolution structure (PDB ID: 3ARC'?). This structure is very similar to
the recently obtained 3.2 A resolution structure from spinach; PDB ID: 3JCU.'® Each CP47
complex contains 16 Chls and 3 carotenoids (in orange). Location of the PsbH protein in
relationship to CP47 is shown in black, and Thr5 that is shown in pink. Right frame: Curves a and
b (from ref 10) are 2 K fluorescence spectra of CP47 obtained at different stages of 514 nm
illumination (see text). Spectrum d is the difference between spectra a and b (d = a - b). Curve ¢
represents the so-called 695 nm 5 K emission CP47 complexes adopted from ref 4. Curve ¢’ is
inverted and scaled curve c.

Interestingly, differences between various low-temperature emission spectra reported in ref
10, including our unpublished emission spectra measured over many years, also exhibit an
isosbestic point near 690 nm. The latter suggests that upon strong sample irradiation the ~695 nm
emission band changes into ~685 nm band. That is, when the intensity of the ~695 nm band
decreases the intensity of the ~685 nm increases. For relatively low irradiation intensities this
process is reversible upon sample annealing to about 50-60 K, suggesting that the changes are
largely due to a bleach of the lowest energy band responsible for the F695 emission. However, the
situation is more complex, as the conversion F695 — F690 — F685 strongly depends on fluence

(f = I't), where 1 is laser intensity and t is time of sample irradiation. This, in turn, suggests the

energy landscape with multi-level system could lead to the observed phototransformations. In
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general, the observed emission shift might be reversible if caused by
nonphotochemical/photochemical HB (NPHB/PHB), or irreversible if photodamage occurs.* The
change observed in the emission spectra due to NPHB, induced via variable blue-shift(s) of the
post-burn site energy distribution of low-energy pigment(s), reveals very complex energy tier in
the CP47 protein energy landscape. Various energy tiers have been observed in photosynthetic
complexes, they typically occur on average near 5-20 cm™, ~30-70 cm®, and about 180-320 cm
129 However, multiple consecutive transformations cannot be excluded nor that the fluorescence
shift is also contributed to by PHB (i.e., likely via proton transfer). That is, it is feasible that the
lowest energy Chl(s) (which are largely responsible for the 695 nm emission band) with a strong
H-bond to the surrounding protein could be significantly weakened by laser illumination leading
to 691 nm emission maximum (F691). The weakening of the H-bond could be driven via light
induced protein conformational changes (e.g., proton dynamics). Experimental data also suggest
that for very large laser intensities small irreversible changes may also occur (e.g., the H-bond(s)
could be broken) and the 685 nm emission could persist even after sample annealing to 150 K
(thermal cycling to 150 K and lowering the temperature to 5 K). If this happens, the original
emission spectrum cannot be fully recovered; such behavior was also observed previously for
isolated CP47% and PSll-cc complexes,?® and it is also consistent with the data of ref 31 where
heterogeneity of CP47 complexes was revealed via observation of different fluorescence decay
components. Possible candidates are Chl 26, which may have a strong putative H-bond between
the ester group and His9, or Chl 29, which interacts directly with the PsbH protein and has a strong
H-bond between its 13'-keto group and Thr5 of the PsbH protein. However, other changes in the
vicinity of the low-energy Chls, e.g., protein conformational changes in the neighboring hydroxyl

groups, cannot be excluded as they would also lead to modified Chl(s) site energies.
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2.3.2 Experimental, simulated, and calculated CP47 CPL spectra

The authors describing the new CPL spectrum in ref 10 (an analogue of CD spectrum?0:32)
used a five domain model and correctly argued that Chl 29, isolated in its own domain, should not
exhibit excitonic CD or CPL, as its contributions to all rotational strengths are zero. Therefore, the
site energy of Chl 29 in ref 10 was placed at higher energy (i.e., at 14771 cm™; 677 nm), in contrast
to the quantum chemically estimated value and their previous modeling studies,® which identified
Chl 29 as the most likely low-energy pigment. Apparently, their algorithm could not find site
energies that would describe the CPL and CD spectra, when the lowest energy band near 690 nm
is contributed to by Chl 29. Therefore, a significant refinement of CP47 excitonic structure was
proposed.® However, Chl 29 may still have the lowest energy and contribute to the lowest energy
state; besides, we find that there are at least several solutions which provide good fits of both CPL
and CD spectra (vide infra) with different parameters than those reported by Hall et al.,'° though
the good fits of the positive and negative lobs of the CPL curve are rare. Recall that we fit CPL
spectrum of Hall et al.!° below (and other optical spectra shown in the Appendix A) for
completeness, although we do not think that such spectra represent intact CP47 complexes (vide
infra). First, we show in Figure 2.2A that a significantly better fit of the experimental CPL (curve
a) spectrum can be obtained using the same theory and all input parameters from ref 10 with our
new algorithm for parameter optimization (see curve b; vibrations are dynamically localized and
do not contribute to CPL, as in ref 10). Our calculated spectrum (green curve in Figure 2.2A) fits
well the experimental CPL with the same five domains (Case A; vide supra), coupling constants
(Vnm), spectral density, and Huang-Rhys factor (S = 0.6) as reported in ref 10. The main difference
between our calculated CPL and that reported in ref 10 (see curve c in Figure 2.2B, calculated with

identical parameters as those used in ref 10) is that we used three values of /i instead of two as
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in ref 10. As a result, a better fit was obtained for both CPL and CD spectra (the latter is not shown
for brevity) employing a different set of site energies and different values of 7;inn for the two lowest

energy Chls mostly contributing to the lowest energy state.

CPL
CPL

670 680 690 700 710 670 680 690 700 710
Wavelength(nm) Wavelength(nm)

Figure 2.2 Curves a in frames A and B are experimental CPL spectra from ref 10. Spectra b (this
work) and c (with parameters from ref 10) are the calculated CPL spectra; see text for more details.

That is, in contrast to ref 10, in our fit Chl 29 could still have the lowest site energy (14559
cmt), with Chl 11 and Chl 24 being the second and third lowest energy pigment 14580 and 14710
cm?, respectively. Thus, the Chl site energies reported recently for CP47° are not exclusive in
any way (see also Figure A.1 in the Appendix A). Of course excitation is not delocalized on Chl
29, and, as a result, this Chl does not directly contribute to the excitonic CPL spectrum. This
pigment, however, due to large disorder may still contribute to the lowest-energy state band
emission spectrum and its site energy may indirectly influence the relative intensity of the positive
and negative lobes of the CPL spectrum. Following this line of reasoning, Chl 29 (isolated in a
single-pigment domain) cannot contribute to the CPL signal. However, as shown in the Appendix

A, the shape of CPL is slightly dependent on the site energy of Chl 29. This observation, along
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with the analysis of CP47 CPL in ref 10, show how static disorder can create complex CPL spectra
(for example, two bands even at low temperatures). Spectral overlap of site distribution functions
(SDFs) can lead to multiple low-energy states (localized and delocalized) in disorder averaged
calculations. Specifically, Chl 29 can indirectly affect the CPL spectrum if its SDF is at low enough
energy such that in some iterations of Monte Carlo disorder CP47 has a localized lowest energy
state. This situation effectively suppresses the CPL signal (due to zero rotational strength) and only
when Chl 29 is not the lowest energy state will CPL be observed.

In fact, this is why the intensity of the negative lobe in figure 2.2A fits better the
experimental CPL spectrum. (For more details see Figure A.1 in the Appendix A). Our Iin values
for the three lowest energy Chls, i.e., Chl 29, Chl 11, and Chl 24 are 269 cm™, 290 cm™, and 140
cm, respectively. For all remaining pigments in our fits Zi.n was also 140 cm™. Hall et al.'® argued
that Chl 11 has the lowest site energy (14545 cm™) with 7 = 255 cm™, while Chl 24 was the
second lowest energy pigment at 14641 cm™ with a 7inn value of 150 cm™;!° the site energy of Chl
29 was placed at 14771 cm™ (677 nm). In their fits the Zinn =150 cm™ was also used for all
remaining pigments. Data in Figure 2.2A confirm that one set of site energies may describe both
the negative and positive CPL lobes. To obtain such shape of the CPL spectrum it is necessary to
assume that the two lowest energy Chls contributing to the CPL spectrum have significantly
different Zinn values. Finally, we note that the fits of absorption and emission spectra using the
same parameters as those to obtain the CPL and CD spectra in Figure 2.2 were not very good but
quite similar to those reported in ref 10, again suggesting that the samples were heterogeneous.

Now, regarding the shape of the experimental CPL spectra (curves a in Figures 2.2), we
believe that this CPL corresponds to a mixture of intact and destabilized complexes. If this is the

case, there is no reason to fit the CPL spectrum in question with one set of site energies, as done
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in Figure 2.2. That is, what if the positive and negative lobes originate from different emission
spectra, i.e., emissions from different subpopulations of CP47 complexes? Previous work,*>!! as
well as data shown in Figure 2.1 (right frame) and Figure A.2 in the Appendix A, suggest that the
typically studied CP47 complexes are heterogeneous. This can be easily demonstrated by a simple
deconvolution of the experimental CPL spectrum (noisy curve a in Figure 2.3) from ref 10, as
shown in Figure 2.3A, using simulated CPL spectra obtained from the often observed CP47
emission bands, i.e. the F685, F691, and F695. This is consistent with the fact that the maxima and
band widths of the CP47 emission spectra reported in the literature varied from sample to
sample.*>10:18:3334 Analysis of various CP47 fluorescence origin bands revealed that typical CP47
emission is contributed by one to three bands, i.e., F685, F691 and F695, with the single F695
band assigned to emission from the most intact complex.* In addition, a minor FT3 contribution
near 680 nm (indicated by the asterisk in the figure 2.3A) was also observed in agreement with
emission spectra reported in ref 10; see dashed arrow in Figure 2.1 (right frame). We argue, based
on a deconvolution of many literature CP47 emission spectra,* as well as emission spectra from
ref 10 obtained before and after illumination by 514 nm (see Figure A.2 in the Appendix A) that
all fluorescence spectra can be describe with three bands of variable relative integrated intensity;
such bands, as noted above, correspond to the F685, F691 and F695 emission. Note that the CPL
spectrum shown in ref 10 even at the first stage of illumination had a negative component near 685
nm, proving that their sample already contained a fraction of permanently destabilized CP47
complexes, as discussed above. Finally, we note, that a single F695 contribution is only observed
in intact complexes* and PSII-cc (at both 5 and 77 K),?® and this component was not clearly
revealed in ref 10 even at 80 K, suggesting again that the contribution from the F695 band in their

samples was smaller than that of F691. Thus, if our supposition is correct, the CPL spectrum (curve
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a) in Figure 2.3 A originating from three equilibrated state(s), should by its nature enable a clear
identification of the lowest energy exciton states. Successful analysis of this spectrum (based on
literature data and fluorescence spectra shown in ref 10) would further support our earlier
suggestion that the typically observed emissions are contributed by heterogeneous mixture of
CP47 complexes.*>3°

To demonstrate that this is indeed the case, we fitted (using Redfied theory®*) all three
experimentally obtained F685, F691, and F695 emission spectra from ref 4 (which inherently
contain contributions from both delocalized and localized transitions). In order to generate the
corresponding CPL spectra we subsequently subtracted vibronic contributions, as localized
vibrations do not contribute to the CPL spectra.'’ Consequently, we obtained three new simulated
CPL spectra, referred to below as CPLess, CPLgo1, and CPLegs. The task at hand is to demonstrate
that these curves can directly describe the experimental CPL curve from ref 10. We assume, in
agreement with experiment, that F685 (whose contribution strongly depends on sample quality)
has negative CPLegs (curve e), while the F691 and F695 emissions have positive CPLesg1 and
CPLegs spectra (see curves ¢ and d in Figure 2.3A, respectively). Indeed, as expected, the sum
(curve b; red) consisting of all three contributions (b = ¢ + d + e) describes the experimental CPL
spectrum very well. To generate curve b, the relative c, d, and e contributions were adjusted to fit
the experiment. Interestingly, the relative contributions are nearly identical (see the stick spectrum
in Figure 2.3B) to the relative contributions of the F685, F691, and F695 bands that fit the CP47
emission obtained after strong illumination, '° i.e., the condition under which the emission and CPL
spectra were obtained. (The fits of the emission spectra before and after illumination from ref 10
are shown in Figure A.2 of the Appendix A). Here we only note that the contribution from the F685

increases with the illumination dose. In our understanding, the latter proves that the CPL obtained
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for the sample in question does not represent a “pure” intact CP47 complex, and such spectrum
should not be modeled as intact CP47 complex. The asterisk indicates that this sample was also
contaminated by other antenna complex(es), as already indicated in Figure 2.1 (right frame) and

mentioned in ref 10, hence a small discrepancy at higher energies.
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Figure 2.3 Curve a is the experimental CPL spectrum.!® Spectra ¢, d, and e in frame A represent
the calculated CPL based on the F691, F695, and F685 emission spectra, respectively (see text for
details). Curve b (¢ + d + e) represent the resulting CPL expected for the heterogeneous CP47
sample. The asterisk indicates that this sample was also contaminated by other antenna
complex(es) not included in the spectral decomposition. The stick spectrum in frame B shows that
the relative contributions from F685, F691, and F695 emission bands to the simultaneously
measured fluorescence and CPL are nearly identical.

Thus, based on this simple analysis, we suggest that it is meaningless to describe the spectra
reported in ref 10 with one set of parameters, knowing that the spectra represent a heterogeneous
sample. That is, data shown in Figure 2.3 imply that it is very unlikely that Chl 11 and Chl 24 (with
very different /in) are the lowest energy pigments, as suggested in ref 10. We propose that only
CPLeos represents intact CP47 complexes. Thus, a significant refinement of the CP47 excitonic

structure (as described in ref 10) in our view is not necessary. We conclude that neither the

parameter set obtained from fits of spectra reported in ref 10 nor our parameters used to obtain an
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improved CPL fit (as shown in Figure 2.2A) should be used to describe the excitonic structure,
population dynamics, and excitation energy pathway(s) of intact CP47 and/or the CP47 complex
residing within the PSII-cc. This is why, we do not report our parameters used to obtain the CPL
fit shown in Figure 2.2A (curve b).

Rather, one should describe CPLegs contribution for intact complexes and strive to obtain
one set of parameters that could describe all intact CP47 spectra (with a single F695 emission
spectrum and single low-energy exciton band consistent with HB.* Thus we strongly disagree
with the statement from ref 10 that “... emission from the intact low-energy state of CP47 seems
more likely to peak at ~692-693 nm than at 695 nm”. It has been well established via HB
spectroscopy that the position of the lowest exciton state in intact complexes is near 693 nm, while
the resulting emission peaks near 695 nm (F695 band). The majority of destabilized complexes (in
most studied samples so far) were characterized by the 691 nm emission (F691 band) and the
corresponding lowest exciton state near 689 nm,*® with variable contributions from the F685 and
F695 emission; see Figure A.3 in the Appendix A.

2.3.3 Simultaneous modeling of various optical spectra obtained for intact CP47
sample

In this subsection we present calculated steady-state absorption, emission, and non-
resonant HB spectra from ref 4, along with newly extracted low-temperature (2 K) CPLegs
(assigned above to the intact CP47 complex) and the recently obtained 2 K CD spectrum.® We
included the CD spectrum in the simultaneous fits though this spectrum was obtained for a partly
destabilized CP47 complexes. However, destabilization most likely affects the lowest energy
pigment(s), while the entire shape of CD (very sensitive to all Chl site energies) should provide an

additional constraint, in particular for the higher energy pigments. Based on the literature data*°
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and extensive modeling studies we consider below Chl 26, Chl 29, Chl 24, or Chl 11 as the best
candidates for the low energy pigments. In this work, in comparison to our previous analyses,®*
we add two more spectra and use more advanced theory in our simulations, as described above. In
addition, for a straightforward comparison with the data of Hall et al.,*® we continue to do
simulations based on the 1.9 A resolution X-ray structure of CP47 (3ARC structure'?), since the
Vnm values based on the very recent structure of PSII supercomplexes from spinach (3.2 A
resolution; PDB ID: 3JCU*%) showed very similar TrEsp coupling constants (see Tables A.1 and
A.2 in the Appendix A). We note that the Vam values calculated with the Poisson-TrEsp method
exist only for the 3ARC structure.® However, in our modeling studies we use the experimentally
determined Jpn(w) for all pigments, and allow 7inn to vary independently for all Chls. LD spectra
are not included in simultaneous fits, as they were never measured for intact samples (vide infra),
and the two LD spectra reported in the literature were obtained for differently destabilized
complexes, as witnessed by very different shapes of the LD and corresponding emission
spectra,1®3¢ see Figure 2.9 below. The search for realistic site energies is aided by Monte Carlo
simulations using a Nelder-Mead optimization algorithm (vide supra). Our new assignments
significantly differ from those of Hall et al.,*° due primarily to differences in the experimental data
simulated. Since the simultaneous fits of the absorption, emission, CPL, CD, and non-resonant HB
spectra are more restrictive (in terms of possible site energies) than those of
absorption/emission/HB spectra as done in ref 8 and/or low temperature absorption/emission/HB
spectra and room-temperature CD obtained for a different sample,!* we suggest that our new
simultaneous fits of an expanded set of low-temperature spectra should represent more realistic

site energies.

50



We focus below on spectra assigned to intact and destabilized CP47 complexes. The most
critical are the shapes of fluorescence, CPL, and HB spectra, as their shapes strongly depend on
sample heterogeneity and the nature and composition of the lowest-energy band(s). The shapes of
absorption and CD spectra in the high-energy region are somewhat less critical, as destabilization
affects mostly the low-energy pigments as mentioned above. We show in Figures 2.4 and 2.5
simultaneous fits of measured 5 K absorption, emission, HB, and 2 K CD, along with the extracted
2 K CPLegs spectrum, assigned to intact CP47 sample, obtained for two models in which Chl 26
(Model 1) and Chl29 (Model II), respectively, are the lowest energy pigments. The fits shown in
Figure 2.4 and 2.5 (five domains) were obtained with Poisson-TrEsp Vam values from ref 9. For
completeness we consider two cases . In Case A (Figures 2.4 and 2.5) all intradomain Vnm are
included in calculations; in Case B, (see Figures A.5 and A.6 in the Appendix A) all intradomain
Vom < Ve (30 cm™) are also put to zero. The corresponding site energies are given in Tables A.3
and A.4 in the Appendix A. For brevity, we discuss only the calculated spectra, exciton
composition (focusing on the lowest energy exciton state(s)), the extracted site energies,
inhomogeneous broadening, and Huang-Rhys factors. We emphasize that division into domains is
important for discussion of EET dynamics (not addressed in this work), however, very similar fits
of optical spectra (not shown) were obtained for one domain, i.e. when the small Vom values were
not neglected.

2.3.4 Model I (Chl 26), Case A

We begin with Chl 26 as the lowest-energy Chl for Case A. (For Case B, see the Appendix
A). We consider Chl 26 first, as our previous simple excitonic calculations (no lifetime broadening
effects) of absorption, emission, and non-resonant HB spectra,® based on the 2.9 A resolution

structure of the PSII-cc from cyanobacteria,®’ suggested that Chl 26 could be the lowest energy
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pigment. In Case A (see Figure 2.4), Chl 26 as the lowest energy Chl (with site energy of 14479
cm™) contributes 91.6% to the lowest exciton state. The second Chl mostly contributing to the
lowest energy state is Chl 27 (5.4%) with site energy of 14771 cm™. Chl 16 contributes 0.74%.
Thus, the Lowest exciton state is weakly delocalized over 1.13 Chls. Site-energies and
inhomogeneous broadenings are listed in Table A.3 in the Appendix A. Huang-Rhys factors are
Sph =0.92, Svib-em = 0.6, Svib-abs = 0.4. Note that in this case the CPL (black solid line in Figure 2.4)

is positive in agreement with the extracted CPL spectrum discussed above (solid grey band).
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Figure 2.4 Left (Case A): Chl 26 is the lowest energy pigment. Best simultaneous fits (lines) of 5
K absorption (dark blue), emission (red), and low-fluence nonresonant HB (green), 2 K CPLeggs
(black) and CD (cyan) spectra compared to experiment (filled curves). Right: Contributions to 5
K absorption of the three lowest energy exciton states (top) and the three pigments (Chl 26, 27 and
16) which contribute most to the « = 1 exciton state (bottom). Fitting error = 3.33.
2.3.5 Model 11 (Chl 29), Case A

We do not assert that the fits in Figure 2.4 or A.5 (in the Appendix A) and the corresponding

site energies shown in Table A.3 in the Appendix A, are the only solution, as reasonable fits can

be obtained with Chl 29 as the lowest energy pigment (see Figures 2.5 and A.6 for Cases A and B,
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respectively). The figures 5 and S6 were obtained for the Cases A and B, respectively. Filled bands
are the same as in Figure 2.4; solid lines in the left frames are the calculated spectra. However,
closer inspection of the CD spectra Figures 2.5 and A.6 show that there is no positive CD
contribution near 14430 cm™ observed in PSII-cc CD spectra.®® Since such weak band is observed
in Figures 2.4 and A.5 (with overall better fits) we one could suggest that Chl 26 is a better choice
for low-energy pigment. Also the shape of CD in the very low energy region is not accounted for

(vide infra).
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Figure 2.5 Left (Case A): Chl 29 is the lowest energy pigment. Best simultaneous fits (lines) of 5
K absorption (dark blue), emission (red), and low-fluence nonresonant HB (green), 2 K CPLeggs
(black) and CD (cyan) spectra compared to experiment (filled curves). Lowest energy pigments
are Chls 29 and 14 with contribution to the lowest-energy exciton state of 95% and 3.5%,
respectively. These two Chls, i.e., Chls 29 and 14, have Eg/Iinn of 14482/150 cm™ and 14712/253
cm, respectively. Right frame: see text. Fitting error =3.58.

Again, we do not assert that the corresponding site energies shown in Tables A.3 and A.4
in the Appendix A for Figures 2.4/A.5 and 2.5/A.6 are unique solutions, as Case C simulations
(obtained with TrEsp Vam, see Figure 2.6 and A.7 in the Appendix A) also provide reasonable fits.

That is, the quality of the fits alone does not necessarily guarantee a unique outcome, as still a
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number of parameters (e.g., spectral densities for various Chls), have not been established
experimentally and could affect the fitted site energies. Additionally, the values of elucidated site
energies from fits presented in Figures 2.4/A.5 and 2.5/A.6 somewhat depend on assumptions
regarding Zinn. Therefore, more data for intact samples and further modeling studies are necessary
before final conclusions are made. Unfortunately, mutational data do not help to distinguish which
Chl (26 or 29) should have the lowest energy, as mutation experiments® did not exclude Chl 26

nor Chl 29 as the most red-shifted pigments.
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Figure 2.6 Case C (left frame): Chl 26 is the lowest energy pigment. The same experimental
spectra as those in Figure 2.4 calculated with TrEsp Vnm parameters and assuming that all
intradomain Vam < V¢ (30 cm™) are set to zero (see text for details). In this case the Chls
contributing mostly to the lowest-energy state (a = 1) are Chl 26 (91.5%), Chl 27 (2.9%) and Chl
21 (1.1%). The lowest energy Chls (26, 21, and 29) have Eg/linn of 14490/155 cm™, 14721/191
cm, and 14792/224 cm?, respectively. Right frames: see text. Fitting error = 2.33.

2.3.6 Model I (Chl 26), Case C
The solid curves in Figures 2.6 (and A.7 in the Appendix A) are the best fits for intact CP47
complexes we obtained so far. All fit parameters obtained for fits shown in Figures 2.6 and A.7

are summarized in Table A.5 in the Appendix A. Although similar fits were obtained for Chl 26
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and Chl 29 as the lowest energy Chls with different sets of parameters, it appears that better fits
are obtained when Chl 26 is the lowest energy pigment. In particular, the fits of the CPLesgs and
CD spectra is better in Figure 2.6 in comparison with data shown in Figure A.7 in the Appendix
A. Of course these parameters must be further tested whether or not they can properly describe
time-domain data, which are not available for intact CP47 complexes at this time.

Figures 2.4-2.6 show that reasonable simultaneous fits can be obtained for absorption,
fluorescence, HB, CD, and CPLegs Spectra and the resulting parameters differ. Low-temperature
absorption, CD, and CPLegs spectra are better described in Figure 2.6 for Case C whih Chl 26 as
the lowest energy Chl. Finally, based on our extensive modeling studies we found that Chls 24 and
11 can be rejected as low energy Chls based on the fits of the HB, CPLgos and CD spectra (data
not shown). We are rather confident that spectra for intact proteins (characterized by F695
emission and CPLegs spectrum) cannot be properly fitted assuming Chl 11 (or Chl 24) as the lowest
energy pigment. For example, Chl 24 must be a higher energy pigment, otherwise the CPLegs
spectrum cannot be well fitted. We hasten to add that fitting simultaneously all five spectra,
assuming the same 7inn did not provide very good fits.

2.3.7 What is a possible difference between intact and partly destabilized CP47
complexes?

This is very difficult to assert, nevertheless, below we try to provide some insight how
sample preparation (sample integrity) and/or strong illumination could affect various optical
spectra. In particular, why composite emission spectra (containing variable contribution from
F685, F691 and F695) have been reported in the literature over the years. Thus, we focus on the
long-standing debate, which spectra describe intact CP47 complexes and what we mean by

destabilized CP47 proteins. Based on our extensive work with CP47 proteins over the years,* we
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think that they are highly susceptible to disruption of Chl site energies, most likely Chl(s)
contributing to the lowest exciton state, and/or modification of critical Chl-protein interactions.
Although the changes due to photophysical (i.e., reversible NPHB) effects are rather well
understood, irreversible changes may also occur. For example, it is well known that the resulting
emission of intact CP47 complexes, as a function of fluence at 5 K, shifts blue after various stages
of illumination, following the shift (due to HB process) of the modified lowest energy excitonic
band. However, as often observed in the literature,*>8-20 some samples already exhibit blue shifted
emission as a result of compromised sample integrity (i.e., irreversible modification). For example,
we show below that it is enough to shift site energy of lowest energy Chl (for example, due to
weakened strength of the putative H-bond, for example, between the low-energy Chl and one of
the amino acids), to observe shift of the resulting emission from 695 nm (F695) to 691 nm (F691).
Whether or not the putative H-bond(s) is intact, weakened, or broken cannot be assessed during
sample preparation and purification. Also, very broad room-temperature spectra cannot provide
much insight. This is why over the years our collaborators provided us with multiple CP47 samples
whose emission maxima varied from 689-695 nm in agreement with data published by other
groups.*>1820 Sych samples also revealed variable positions of the lowest exciton state, in
agreement with HB spectroscopy data.* Thus, based on our experience with CP47 proteins, we are
convinced that quality of prepared CP47 complexes is rather random, and cannot be controlled by
researchers during sample extraction, isolation, and purification. All samples studied in our
laboratory over the years were prepared by the same very experienced scientist (Dr. R. Picorel
from CSIC) during his stays at NREL (Golden, Colorado) in Dr. M. Seibert laboratory, and their

samples also varied from preparation to preparation.
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2.3.8 On possible spectral changes in destabilized CP47 complexes

Let us assume, for a qualitative assessment, that the set of the parameters obtained from
the best fits of five optical spectra shown in Figure 2.6 (see Table A.5 in the SI) describes intact
CP47 complexes reasonably well. Figure 2.7 illustrates the possible changes in optical spectra
induced by a shift of just one Chl site energy mostly contributing to the lowest energy state. That
IS, in comparison with the calculated spectra shown in Figures 2.6 and A.7, only the site energy of
the lowest energy Chl was shifted blue by 85 cm™ for Chl 26 (left frame) and 93 cm™ for Chl 29
(right frame). The above shifts are made arbitrarily to account for the blue-shifted F691 emission
and experimental nonresonant HB spectra assigned to partly destabilized complexes. Recall that
in these two cases the lowest energy exciton is mostly localized on Chl 26 (left frame) or Chl 29
(right frame).
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Figure 2.7 The calculated spectra are plotted as solid lines. Filled bands are the experimental
spectra (see text). Left and right frames show calculated absorption (blue), F691 emission (red),
low-fluence blue-shifted nonresonant HB (green), CPLeg: (black), and CD (cyan) spectra after Chl
26 or Chl 29 are shifted blue by 85 and 93 cm?, respectively. (All remaining parameters are from
fits shown in Figures 2.6 and A.7; see also Table A.5 in the Appendix A). We emphasize that no
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additional fitting was performed. Red and black arrows indicated the maximum of F695 and
CPLeos spectra, respectively.

The calculated spectra show qualitative agreement with experiment for both cases. CPLego1
and CD spectra show better agreement with experiment for Chl 26 being the lowest energy Chl.
The filled absorption was obtained for intact CP47 and is shown here for comparison. The red and
black downward pointing arrows indicate the maxima of the F695 emission and CPLeggs Spectra
assigned to the intact complexes (vide supra). Interestingly, when the site energy of Chl26 (or Chl
29) is shifted to higher energies by 85 cm™ (or 93 cm™) possibly due to a weakened H-bond and/or
some protein conformational changes, the resulting emission band shifts blue to ~691 nm (red
solid line), in very good agreement with the experimental F691 fluorescence band (pink filled
spectrum) observed in destabilized CP47 complexes. Note that this simple change also
qualitatively describes all remaining spectra (without any further optimization), that is, the
extracted CPLeo1 (solid grey band) and, in particular, the blue-shifted (experimental) nonresonant
HB spectrum obtained for destabilized CP47 complexes.* Thus, it is likely that a putative H-bond
between His9 and the ester group of Chl 26 exists, which could be significantly weakened due to
some protein conformational changes. In turn, if Chl 29 is the lowest energy pigment, the putative
H-bond between Chl 29 and the PsbH protein could also be affected, which would account for the
experimentally measured blue-shifted fluorescence and HB spectra.* The fits also account for the
shape of the CPLeo1 Spectrum. Note, that the overall changes on absorption and CD are rather
small, as the only change occurred to the lowest energy Chl.

We emphasize that in Figure 2.7 both Chl 26 and Chl 29 (now both at 14575 cm™) are still
the lowest energy pigments, although their contributions to the lowest exciton states changed. For
data shown in the left frame of Figure 2.7 Chls 26, 21, 27, 16 contribute to the lowest energy state

76.4, 6.2, 4.8, and 2.3%, respectively. For Chl 29 (right frame of Figure 2.7), the contributions to
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the lowest exciton state are: Chl 29 (63.9%), Chl 14 (14.6%), Chl 11 (7.6%), and Chl 28 (7.5%).
We emphasize again that the calculated spectra were not optimized. Finally, we note that in
contrast to suggestion given in ref 10 the positive CPLeo1 is not necessarily characteristic of intact
CP47, as CP47 complexes characterized by F691 (destabilized proteins in our evaluation) and
F695 band (assigned to intact samples) have both positive CPL spectra, i.e. CPLgo1 and CPLegs,
respectively, in perfect agreement with our simple analysis shown in Figure 2.3. Importantly, the
calculated CD spectra in Figure 2.7 (partly destabilized complexes) do not have a weak positive
band at low energies, a feature that was observed in the PSII-cc®® and intact CP47 complexes (see
Figures 2.4 and 2.6). Note that a simple destabilization of one putative H-bond for Chl contributing
to the lowest energy exciton (Chl 26 or Chl 29), reveals significant changes to fluorescence, HB,
and CPL spectra (see text) in qualitative agreement with experiment. Therefore, we propose that
by referring to partly destabilized samples one could suggest that one of the H-bonds of low-energy
Chl(s), e.g., Chl 26 (or Chl 29), could be weakened due to protein conformational changes.
However, we often observe additional emission near 685 nm (F685 band),*> not
necessarily formed via reversible HB process at low temperatures discussed above. The presence
of such band may be irreversible. To account for the F685 fluorescence and even more blue-shifted
nonresonant HB spectrum (for highly destabilized proteins) additional shifts of Chl site energies
are required. This is not surprising as our unpublished data for site directed mutant (with a single
point mutation near BChl a 3, i.e., the Y16F mutant of FMO complex (where Thr5 was replaced
with phenylamine) revealed multiple changes to BChl site energies (unpublished data). The HB
spectrum (see green filled curves in Figure 2.8) correspond to a difference between two large
fluence HB spectra obtained for destabilized CP47, revealing continuous irreversible bleach of the

photoconverted subpopulation of CP47 complexes. To qualitatively account for such HB spectra
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(see Figure 2.8, left),Chl 26 would have to undergo an additional blue-shift (in comparison to data
shown in Figure 2.7, left) by 195 cm™ while the second lowest energy pigment, i.e., Chl 21, must
shift blue by 30 cm™. The about 200 cm™ shift is consistent with a broken H-bond; the latter could
also affect the energy landscape leading to additional conformational changes. That is, intense
sample irradiation may induce irreversible changes, in agreement with experimental observations,
induced by extended irradiation. (Of course we cannot exclude that in this case other low energy
pigments could be also affected and/or that the above shifts are related to distorted charge
distributions leading to modified polarization state of the protein in a given conformation).
Therefore, the data shown in the left frame of Figures 2.8 are only for illustrative purpose. In
summary, although in general, illumination-induced spectral changes may be reversible upon
sample annealing, for large irradiation doses the changes to absorption, emission, and HB spectra
are permanent (i.e., they are irreversible?). This may suggest that one or more H-bonds could be
broken (inducing irreversible conformational changes). For example, it is well known that a change
in polarizability could shift Chl a site energy by -350 cm™.4° This is why some samples showed
F685 emission in the absence of HB process (for example, the CP47 sample studied in ref 4).
Again, no fitting is performed; the latter modifications makes Chl 21 the lowest energy Chl at
14751 cm™. As a result, the lowest exciton state is highly delocalized over several pigments, i.e.,
Chl 21 (20.6%), Chl 15 (15.9%), Chl 26 (13%), and Chl 16 (12.7%). The calculated solid lines
(including the above mentioned energy shifts of Chl 26 and Chl 21) are in qualitative agreement
with experimental data given by filled pink, green, and grey spectra shown on the left side in Figure
2.8.

The most interesting finding, however, (see Figure 2.8, left frame) is that upon additional

shift of two low energy Chls (Chl 26 and Chl 21), the CPLess spectrum changes sign in perfect
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agreement with the composite CPL spectrum shown in Figure 2.3 in agreement with experiment.°
(A negative CPL with minimum near 683 nm was also observed in CP43 complex??). Thus, we
conclude that this qualitative comparison is consistent with all experimental data obtained for
destabilized CP47 complexes. Figure 2.8 (right) shows the same data (filled curves) with fits (solid
lines) when Chl 29 undergoes additional shift by 205 cm™* while Chl 11 and Chl 14 are blue shifted
by 85 and 50 cm, respectively. Now Chl 26 has the lowest site energy (14767 cm™). In this case
the lowest state is highly delocalized (1.57) and mostly contributed by Chl 28 (24.2%), Chl 14
(23.8%), Chl 26 (16.7%), and Chl 15 (11.1%). Again, no fitting was made, the pigments were just
shifted to illustrate that various spectra obtained over the years for CP47 complexes could be

qualitatively explained.

msl

Emission, F685

F(»9sl

Emission, F685

T T 1 ! i y X T ’ : ! Y T y . % ! 1
14500 15000 15500 14500 15000 15500

Non-resonant holeburning /\ Non-resonant holeburning
T T ool T ] T sol
w& / ~ 15500 mse0  / A 15500
/ £\ / i
l / -\ / \
/o ! /
/\/ \ /\J - \W\
/ /
i — [ \
] T " g T T ¥ T T T
450! / 15000 15500 14500 ( / 15000 15500
/ \ /
Urc“@ ly / Frequency (cm™) Clrcu}arly \ / Frequency (cm™)
Polarized by Polarized X
% .. . . . \ 5 5 ;
Luminescence \\jf Circular Dichroism Luminescence \ / Circular Dichroism

.~ 4

Figure 2.8 Calculated absorption (solid blue line), F685 emission (red), high-fluence difference
between two consecutive nonresonant HB (green), CPLegs (black; note, the sign is now reversed),
and CD (cyan) spectra, after Chl 26 and Chl 21 are shifted blue by 195 cm™ and 30 cm?,
respectively, in comparison with data shown in Figure 2.7 (left frame). The right frame shows
resulting the calculated curves after Chl 29, 11, and 14 were shifted blue (see text for details). The
red and black arrows indicate the maxima of the F695 emission and CPLegs spectra assigned to the
intact complexes. The minimum of the nonresonant hole observed for the intact CP47 sample is
located near 14430 cm™.4
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We emphasize that solid lines shown in Figures 2.7 and 2.8 are just calculated spectra, i.e.,
no additional fitting was performed. Interestingly, data shown in Figure 2.6 and A.7 suggest both
Models (I and Il, with either Chl 26 or Chl 29 as the lowest energy Chl, respectively) can
reasonably well describe the five spectra modelled in this work. In turn, Figures 2.7 and 2.8 also
illustrate that optical spectra obtained for destabilized samples could be also qualitatively

accounted for.

In summary, it appears that the 85 (or 93) cm™ blue-shift of the site energy of Chl 26 (or
Chl 29) well describes the F691 emission, HB, and CPLeg1 Spectra; if this happens, one could argue
that in destabilized CP47 complex Chl 26 (or Chl 29) undergoes site energy shift as mentioned
above. For example, Chl 29 in destabilized proteins may not strongly interact with the PsbH
protein, i.e., the H-bond between the 13*-keto group of the pigment and the Thr5 residue of the
protein could be weakened. To explain the F685 emission, nonresonant holes, and CPLegs spectra
one would have to assume that Chl 29 (or any other close-lying low-energy Chl) undergo
additional shift blue with other pigments affected. In this case the CPLaegs is negative in agreement
with experiment; now the lowest exciton is delocalized over several pigments. Although modeling
of optical spectra shown above suggested that Chl 26 could also be the lowest energy pigment,
such assignment, however, based on the angle between the Chl Qy-transition and the membrane
normal vector, is inconsistent with the LD spectra.'® The transition dipole vector of the low-energy
state is oriented somewnhat perpendicularly to the membrane normal (> 35°)!°, as indicated by the
negative LD signal at 690 nm, but the transition dipole of Chl 26 does not fit this criterion.
However, this conclusion is premature as no reliable LD spectra are available for CP47 proteins.
This is illustrated in Figure 2.9, which show two very different LD spectra, which, as revealed by

the corresponding emission spectra, do not represent LD spectra for intact CP47 proteins. Why?
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Because both emission spectra (see inset) contain different contributions from the F695, F691, and
F685 emission bands (see a subsection below for more details). For that reason, we conclude, in
agreement with earlier studies,>"*! that the most likely candidate for the low-energy pigment is
either Chl 26 or Chl 29, and, as a result, the recent refinement of the CP47 excitonic structure
proposed by Hall et al.'% is not warranted.
2.3.9 LD spectra

As mentioned above, spectra a and b in Figure 2.9 correspond to the 4 and 77 K LD spectra
(obtained for oriented samples) digitized from refs 19 and 36. The different spectral shapes of
spectra a and b are not solely due to different temperature, but mostly due to differences in sample
composition. That is, it appears that the above two samples were mixtures of intact and destabilized
complexes, as indicated by the corresponding emission spectra (a’ and b’) shown in the inset.
Apparently LD represented by curve b was obtained for a more intact preparation, as the
corresponding fluorescence spectrum is red shifted, due to larger contribution from F695 emission.
Note that intact CP47 has an emission maximum near 695 nm at both 5 and 77 K.* Thus, curve a
modeled in ref 10, with fluorescence maximum at 691 nm definitely does not reflect LD of intact
CP47 complexes. It is interesting that the weak negative bands near 690 nm (curve a) and 693 nm
(curve b) are consistent with our analysis presented above. Thus it is an open question whether the
transition dipole vector of the low-energy state in intact CP47 must be oriented somewhat
perpendicularly to the membrane normal (> 35°)%, as suggested based on the negative LD signal
at 690 nm (see curve b), as this CD was most likely obtained for very heterogeneous (a mixture of
various CP47 subpopulations) sample. Thus the (so far published) LD spectra cannot be used as

done in ref 10 to reject Chl 26 as the lowest energy pigment. Note that curve b has much weaker
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negative band near 690 nm and larger contribution from intact proteins, as reflected by larger

contribution from the F695 band.
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Figure 2.9 Spectra a and b are the 77 K and 4 K LD spectra from refs 19 and 36. The inset shows
the corresponding fluorescence spectra a’ and b’.
2.3.10 Calculated low-energy part of the CD spectrum

Finally, we comment on the low-temperature (2 K) CD spectrum obtained for CP47 and
reported in ref 10. Figure 2.10 shows that our calculated CD spectrum from Figure 2.6 (green curve
b) has similar shape as the experimental CD spectrum (blue curve a) indicating that our parameters
properly describe the lowest energy transition that has positive rotational strength. Such a positive
band was also observed in the PSII-cc.® This is in perfect agreement with the lowest energy state
observed for intact CP47, which is located near 692-693 nm.* A similar positive CD band, though
somewhat weaker, is also observed in Figures 2.4 and A.5. The agreement with the experimental
CD is not surprising, as the heterogeneous (destabilized) sample for which the CD was obtained,
also has the contribution from the lowest 692-693 exciton state responsible for the 695 nm (F695)

emission observed for intact complexes (see Figure 2.1). However, in the case of the destabilized
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sample discussed by Hall et al.,'® the ~689 nm state (see Figure A.3 in the SI) responsible for the
F691 emission band is not clearly observed due to an overlap with the significantly stronger CD
of the higher energy states. That is, the anticipated weak CD band (also with positive rotational
strength) corresponding to the lowest energy exciton state of the major subpopulation of CP47
near 689 nm'® is not clearly observed. Finally, stronger contribution near 683 nm in the
experimental CD spectra used in our modeling studies (vide supra), in comparison with the CD
reported by Kwa et al.*! at 77 K, can also be qualitatively explained, as the sample studied by Hall
et al.'® had much larger subpopulation of CP47 with the 683 nm lowest absorption state (i.e.,
characterized by significantly increased F685 emission). Again, this reflects the difference in
samples studied and supports our interpretation that typically studied CP47 complexes are a
mixture of subpopulations with F685, F691, and F695 emission bands. F685 is largely induced by
exposure to light at room temperature, and/or via an extended illumination at low temperatures via
the HB process.*® Thus, it is likely that our calculated CD with less resolved shoulder near 683
nm (see Figures 2.4. 2.6 and A.5) represents a more intact sample, supporting our analysis. This
might be the reason why triplet-bottleneck spectra (i.e., transient holes with minimum near 684
nm) were only observed in destabilized complexes.*® Finally, data shown in Figures 2.4, 2.6 and
A.5 clearly show that Chl 11 does not have to be placed at the lowest energy to reproduce the

positive CD and CPL observed experimentally at low energies.
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Figure 2.10 Spectra a and b are the experimental'® and calculated CD spectra, respectively, plotted

in the long-wavelength region to reveal the weak positive part of the CD curve with the maximum
near the 693 nm. Curve b is from Figure 2.6, while the red curve is from Figure 2.4.

2.4 Conclusions

We argued that good simultaneous fits of absorption, emission, CPL, and CD spectra
reported for the CP47 complex in ref 10 can be obtained for at least two different sets of
parameters. However, we do not think that the excitonic structure of the CP47 protein can be
properly revealed by describing spectra obtained for heterogeneous samples, as those studied in
ref 10, which are contributed by three slightly modified subpopulations of CP47 complexes.
Therefore, we question the fit parameters presented recently by Hall and co-workers,'® which
favoured Chl 11 as the lowest energy pigment. More importantly, we demonstrate that the spectra
reported and calculated in ref 10, as well as the simulated spectra shown in Figures A.8-A.11 in
the Appendix A, represent heterogeneous samples, and, as a result, do not represent parameters of
intact CP47 complexes. Thus, the suggested new energy flow in the CP47 antenna protein
complex, proposed in ref 10, where Chl 11 is the lowest energy pigment, is highly questionable.

We provide unambiguous evidence that three different states contribute to the observed emission
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and CPL spectrum obtained by Hall et al.'® That is, their CPL spectrum is a composite spectrum,
contributed to by three CPLs (i.e., the CPLgss, CPLgo1, and CPLegs), in perfect agreement with
previously published* and recent fluorescence spectra reported by Hall et al.'® All these spectra
have variable contributions from the so-called F685, F691, and F695 emission bands.

We suggest that the positive CPLegs represents the intact CP47 complexes. When the latter
spectrum is simultaneously fitted with absorption, fluorescence, CD, and nonresonant HB spectra,
a new information is revealed on the excitonic structure of intact complexes and the composition
of the lowest energy state(s). We suggest again that the lowest energy exciton band is mostly
contributed to by either Chl 26 or Chl 29 as also suggested in refs 5, 7-9 and 11. Therefore, the
assignment of the lowest energy Chl in CP47 to Chl 11 proposed to be responsible for the F695
fluorescence band is incorrect. Identification of the low-energy Chl(s), and their suggested blue
shift in destabilized subpopulations, afforded new insight into possible origin of the F691 and F685
emission bands and nonresonant HB spectra.

Thus, our findings can be summarized as follows: (i) the CPL and emission spectra reported
in ref 10 clearly demonstrate that their samples were highly heterogeneous; (ii) the experimental
CPL spectrum reported in ref 10 consists of three contributions, i.e. CPLegs, CPLeg1, and CPLaggs;
(iii) only the positive CPLggs with a maximum near 695 nm (in agreement with nonresonant HB
spectra) and the 695 nm emission (F695) band (with fwhm ~195 cm™) represent intact CP47
complex; (iv) the blue shifted HB, CPLeo1, and F691 emission represent destabilized complexes in
which the H-bond between one of the low energy Chl and nearby amino acids is weakened due to
likely protein conformational changes; (v) the HB spectrum obtained as a difference between high
burning fluences, CPLess and F685 fluorescence originate mostly from the photoconverted

complexes via the HB process and/or irreversible changes. That is, the F685 emission induced at
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low temperatures is reversible, unless some H-bonds are broken due to large conformation
changes, and in this case contribution from the F685 band is always observed in agreement with
experiment; (vi) the blue-shifted emission spectra with variable maxima near 690-693 nm contain
subpopulations of intact and destabilized complexes; and (vii) simultaneous fits of low-
temperature absorption, emission, nonresonant HB, CD and CPLegs Spectra provide best fits when
either Chl 26 or Chl 29 mostly contributes to the lowest energy exciton state. These conclusions
are based on extensive modeling studies of the optical spectra assigned to intact and destabilized
CP47 proteins. Finally, we conclude that the shape of the recently measured CPL spectrum?®

helped to solve the long-standing controversy which spectra represent intact CP47 proteins.
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Abstract

We provide an analysis of the pigment composition of reconstituted wild type CP29
complexes. The obtained stoichiometry of 9 + 0.6 Chls a and 3 + 0.6 Chls b per complex, with
some possible heterogeneity in the carotenoid binding, is in agreement with 9 Chls a and 3.5 Chls
b revealed by the modeling of low-temperature optical spectra. We find that ~50% of Chl b614 is
lost during the reconstitution/purification procedure, while Chls a are almost fully retained. The
excitonic structure and the nature of the low-energy (low-E) state(s) are addressed via simulations
(using Redfield theory) of 5 K absorption and fluorescence/nonresonant hole-burned (NRHB)
spectra obtained at different excitation/burning conditions. We show that, depending on laser
excitation frequency, reconstituted complexes display two (independent) low-E states (i.e., the A
and B traps) with different NRHB and emission spectra. The red-shifted state A near 682.4 nm is
assigned to a minor (~10%) subpopulation (Sub. II) that most likely originates from an imperfect
local folding occurring during protein reconstitution. Its lowest energy state A (localized on Chl
a604) is easily burned with Ag = 488.0 nm and has a red-shifted florescence origin band near 683.7
nm that is not observed in native (isolated) complexes. Prolonged burning by 488.0 nm light
reveals a second low-E trap at 680.2 nm (state B) with a fluorescence origin-band ~681 nm which
is also observed when using a direct low-fluence excitation near 650 nm. The latter state is mostly
delocalized over the a611, a612, a615 Chl trimer, and corresponds to the lowest energy state of
the major (~90%) subpopulation (Sub. 1) which exhibits a lower hole-burning quantum yield. Thus,
we suggest that major Sub. | correspond to the native folding of CP29, whereas the red-shift of the

Chl a604 site energy observed in the minor Sub. 11 occurs only in reconstituted complexes.
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3.1 Introduction

In higher plants and green algae, the light harvesting complement associated with
Photosystem 11 (PSI1), i.e., the photocatalytic center responsible for oxygen evolution as a result
of water splitting, consists of several chlorophyll (Chl) a/b and carotenoid (Car) binding proteins.
The most abundant PSII antenna is organized as a functional trimer composed of various
combinations of the Lhch1-2-3 gene products! and is often referred to as LHCII. The core complex
of PSII, which harbors the reaction center (RC), binds three to four LHCII trimers. However, the
largest core-antenna system (the so-called C2S>M> supercomplex?) retains only two LHCII trimers
per RC when purified biochemically.® Detailed structural models are available for the LHCII
trimer, indicating the presence of eight Chl a, six Chl b and four oxygenated carotenoids
(xanthophyll) molecules, i.e., one neoxanthin (Neo), one violaxanthin (Vio) and two lutein (Lut)
molecules*® in each monomeric unit. This binding stoichiometry is in close agreement with other
biochemical characterizations.®®

The PSII antenna system of higher plants also contains core antenna subunits (CP43 and
CP47) as well as three minor complexes (CP24, CP26 and CP29).° These minor antenna are the
Lhcb6, Lhch5 and Lhcbh4 gene products, respectively.’® All of these complexes are isolated as
monomers and are bound as a single copy per RC, linking the core antenna subunits (CP43 and
CP47) to the more external LHCII trimers. While CP29 and CP24 are adjacent to CP47 (and tightly
bound to the core complex), CP26 is located near CP43.1%12 Although the spectroscopic properties
of all external antenna complexes have been extensively studied,** a crystallographic model of
isolated complexes is available only for CP29.%8 This model revealed the presence of 8-9 Chl a, 4-
5 Chl b and 3 xanthophylls (i.e., Neo, Vio and Lut), per complex.*® It was suggested that the ranges

of both Chl a and Chl b stoichiometries are due to possible mixed occupancy in one or two sites.*8

76



The crystallographic CP29 model from ref 18 showed a remarkable similarity to that of LHCI1,*®
at least in terms of the protein scaffold and location/orientation of Chls. In both LHCII and CP29
structures, the Chl molecules are grouped in two layers (Figure 3.1), one facing the (putative)
stromal side, the other the lumenal side of the thylakoid membrane. The stromal layer in CP29
appears to contain eight Chls (i.e., a602, a603, b608, a609, a610, a611, a612 and a615 according
to the nomenclature of Pan et al.!® The lumenal layer includes five Chls (i.e., a604, b606, b607,
a613 and b614). Thus, the X-ray structure (PDB ID: 3PL9) of the CP29 protein revealed the
presence of 13 Chl molecules in total.*® The arrangement of Chls in the isolated CP29 complex,
based on X-ray crystallographic data, is shown in Figure 3.1 together with the proposed

organization in excitonic domains (D1-D4).

Figure 3.1 Arrangement of Chls in the isolated CP29. Chls are divided into four domains as in ref
19; Chls in domain 1 (D1) and domain 2 (D2) are shown in green and blue, respectively. Weakly
coupled pigments, i.e., Chl a613 (brown) and Chl b614 (red) are assigned to domains D3 and D4,
respectively. Cars: Lutein (Lut), Violaxanthin (Vio) and Neoxanthin (Neo) are in orange.

The largest domain 1 (D1; green) contains Chls a602, a603, b608, a609, a610, a611, a612,
and a615. Two of the Chls which compose the lumenal layer of CP29 (a613, b614) appear to be

relatively isolated excitonically and are assigned to domains D3 and D4, whereas the remaining

three Chls (a604, b606 and b607) form another relatively strongly coupled excitonic domain D2.%°
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Interestingly, the number of Chls and Cars resolved in the CP29 X-ray structure exceeded the
number of pigments revealed by various biochemical investigations.”?%-?? Until recently, it was
believed that the CP29 protein from higher plant PSII contained eight Chls per complex?'-?* in
contrast to the 13 Chls revealed by the recent X-ray structure.'® The binding stoichiometry (i.e.,
eight Chls per complex) was obtained for both the isolated CP29 purified from plant material (also
called the “native” form?2*) and for the in vitro reconstituted CP29.2' Other binding
stoichiometries were also observed,??’ clearly suggesting that pigment analysis of CP29 proteins
is not straightforward and could carry some uncertainty. This disagreement presents a constraint
on the interpretation of the CP29 underlying electronic structure.

Very recently structural data resulting from cryo-electron microscopy on the C2S;M,-type
PSII-LHCII supercomplex?® confirmed the presence of at least 13 Chl molecules as well as 3
xanthophylls per CP29 complex. (Various available structures are compared in Figure B.7 of the
Appendix B). The structure of Wei et al.?° revealed the presence of an additional Chl, labeled
a616. This result was later confirmed by structures obtained at 2.7 and 3.2 A resolutions using
supercomplexes isolated from both stacked and unstacked thylakoid membranes, indicating the
presence of ten Chls a and four Chls b in CP29.28 Moreover, it appears that Chl a601 observed in
the C2S2M: supercomplex?® likely corresponds to the Chl a615 observed previously in the 3PL9
structure.*® However, the purified CP29 will most likely lose the a616 pigment observed by Wei
et al.?® as it is located externally at the N-terminal region. Thus, it is possible that Chl a616 is
generally lost during the isolation procedure of CP29, and that the high resolution (2.8 A) structure
displaying 13 Chls is appropriate to describe the isolated complex. Although several papers

suggested that some Chls could have been lost during the preparation/purification procedure,®%
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it is unlikely that the CP29 protein contains only eight Chls as suggested by the LHCII sequence
homology-based model.?%3!

Even in place of a large body of both spectroscopic and computational investigations, the
understanding of excitation energy transfer (EET) dynamics, as well as the energetic landscape of
CP29, is still incomplete and controversial. For example, in ref 30 we showed that the lowest
energy state in the native form of spinach CP29, assigned to the exit trap in energy transfer
pathways, is mostly contributed to by a611, a612, a615, and a610 Chls. A similar conclusion was
reached in ref 19 where it was also suggested that strongly coupled a611, a612, and a615 Chls
mostly contribute to the lowest energy exciton state. This is reminiscent of what was proposed for
LHCII where the a610, a611, a612 trimer was also suggested to be the most strongly coupled Chl
cluster contributing to the lowest excitonic state.'®*2 However, computational studies, including
molecular dynamics minimization of the crystallographic coordinates, suggested that the exciton
state dominated by the contribution of Chls a602, a603 and a609 could also represent a low-E
state, possibly the lowest one, albeit being almost isoenergetic to that arising from the a611, a612,
a615 cluster.®® Moreover, very recently Miih et al.'° predicted theoretically that Chl a604 (located
near Neo) could be the lowest energy pigment in native CP29 complexes. This was illustrated via
the simulation of room temperature wild-type-minus-mutant difference spectra of reconstituted
CP29, where a tyrosine residue next to Chl a604 was modified in the Y135F mutant.*® Therefore,
the optical properties of this important antenna are here re-investigated to confirm or reject the
notion that Chl a604 could be the lowest energy pigment in the native CP29 complexes.

In this work we present a new pigment stoichiometry analysis, as well as high-resolution
(low-temperature) hole-burning (HB) and fluorescence data that provide more insight on low-E

trap(s) and heterogeneity in reconstituted CP29 complexes. Optical spectra are modeled using a
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non-Markovian reduced density matrix approach.* Experimental constraints (i.e., electron-
phonon coupling parameters and shapes of the phonon and vibrational spectral densities) are used
in the simultaneous modeling of various types of optical spectra, providing somewhat different set
of pigment site energies than previously reported,® a revised excitonic structure, and more details
on EET dynamics. We suggest that reconstituted proteins might be heterogeneous in Car binding,
which could lead to a different conformation of Neo and/or its absence in a fraction of complexes.
It is also shown that our reconstituted CP29 complexes have two low-E states having different HB
characteristics as well as shifted emission spectra, which we assign to two different subpopulations
of CP29 complexes. Finally, the new excitonic structure and composition of low-E traps in both
subpopulations are discussed in the context of spectral hole-growth Kinetics measurements
obtained for native CP29% and the previously reported EET dynamics.'>* Implications of these

new assignments are briefly discussed.

3.2 Materials and Methods

3.2.1 Recombinant CP29 Complexes and Reconstitution Procedure

The Lhcb4.1 coding sequence corresponding to the mature form of CP29 from A. thaliana
was cloned into the pET32b expression vector as described in ref 22. The N-terminal His-tagged
CP29 apoprotein was expressed in the BL21 Escherichia coli strain (Invitrogen) in the form of
inclusion bodies, which were purified following the literature® and stored at -80 °C until use.
Reconstitution of CP29-pigment complexes was performed exactly as described by Giuffra et al.?
incubating inclusion bodies with pigments using a chlorophyll a/b ratio of 8. Total pigments were
extracted from spinach and barley (chlorina f2 mutant) thylakoids with 80% acetone.®’
Xanthophyll was purchased from Sigma. Pigment concentration was calculated from absorption

measurements according to refs 38 and 39. To remove excess pigments from the reconstituted
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complexes, the band from the sucrose gradient was loaded onto a Ni>*-NTA column (Qiagen). For
long term storage, fully purified reconstituted wild type (WT) CP29 complexes were diluted to 0.6
OD/cm at the Qy absorption maximum in a buffer containing 10 mM Hepes pH 7.6, 0.03% p-
dodecyl maltoside (DM), 60% glycerol (v/v), frozen in liquid nitrogen and kept at -80 °C. Pigments
analysis was performed in a Jasco HPLC system coupled to a diode array detector (PU1580/LG-
1580-2) using a C18 HPLC column (Spherisorb ODS1 5 um, 25 x 0.46 cm; Phenomenex) using
the protocol descried in ref 40. Further details are provided in the Appendix B.
3.2.2 Experimental Spectroscopic Methods

For low temperature experiments, samples were diluted with 1:2 (v/v) buffer:glass solution.
The glass forming solution was 55:45 (v/v) glycerol:ethylene glycol. Details about the
measurement setup were described elsewhere.*! Here, only a brief description is given. A Bruker
HR125 Fourier transform spectrometer was used to measure the absorption and HB spectra with
resolutions of 4 and 2 cm™, respectively. The low temperature fluorescence spectra were collected
by a Princeton Instruments Acton SP-3200 spectrograph equipped with a back-illuminated CCD
camera (Pl Action Specl0, 1,340x400) with a resolution of 0.1 nm. The laser sources for both
NRHB and fluorescence was 488.0 nm produced from a Coherent Innova 200 argon ion laser, and
tunable wavelengths came from a Coherent CR899 Ti:Sapphire laser (line width 0.07 cm™)
pumped by a Spectra-Physics Millennia Xs diode laser (532 nm). Laser power in the experiments
was precisely set by a continuously adjustable neutral density filter. All low temperature (5-77 K)
experiments were performed using an Oxford Instruments Optistat CF2 cryostat with sample

temperature read and controlled by a Mercury iTC temperature controller.
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3.2.3 Modeling studies of various optical spectra

In the present work, optical spectra are modeled using the density matrix description of Renger
and Marcus,3 in order to more accurately reflect the influence of electron-phonon (el-ph) coupling
and lifetime broadening on the calculated optical spectra. A detailed description of this theory has
already been presented in refs 34 and 42. We use a non-Markovian reduced density matrix theory*
with a Nelder-Mead Simplex algorithm for parameter optimization,* i.e. we use a search method
for multidimensional unconstrained minimization. The algorithm searches the solution space and
minimizes the root-mean square deviation while simultaneously fitting multiple spectra.
Moreover, we assume that the phonon spectral density (weighted phonon profile) can be described
by a continuous function, which is chosen to be a lognormal distribution** (see section 3.4.1). In
all simulations vibrational modes are dynamically localized as in ref 45. In modeling studies, we
consider CP29 complexes with a different number of pigments. Below, however, only relevant
results are shown and discussed. Domains (1-4) of Qy-transitions are defined in the same way as
in previous modeling studies of the same complex.’® A partially coherent energy relaxation is
expected within the strongly coupled domains (1 and 2), while incoherent Forster type EET occurs
between the low-E states of each domain. That is, one can assume that if the couplings Vam within
a certain group of pigments are large, and the couplings to other pigments in the complex are small
(smaller than the differences in site energies and smaller than the reorganization energy), such a
group can be treated as an independent domain, and the optical spectra of the complex can be
calculated as a sum of the excitonic spectra of such groups (domains).*® Absorption, emission, and
nonresonant HB (NRHB) spectra are calculated using Redfield theory.*” The latter spectra are
calculated in a following way: after diagonalization of the Frenkel Hamiltonian, a pre-burn

absorption spectrum is calculated from Redfield theory. The occupation numbers (squared
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eigenvector coefficients) of the lowest energy exciton state are used to determine the pigments to
be burned. This corresponds to the low-fluence approximation, where only pigments contributing
to the lowest energy state are burned. To fit NRHB spectra the post-burn site-energy distribution
of the burned pigment is found from the pre-burn site-energy distribution function (SDF), or if the
energy landscape is modified the distribution is shifted to higher energies (vide infra), while all
other diagonal elements of the Hamiltonian are unchanged. The Hamiltonian is again diagonalized
and a post-burn absorption spectrum is calculated. The resulting NRHB spectrum is calculated as
the pre-burn absorption subtracted from the post-burn absorption spectrum. The CD spectrum was
not included in the simultaneous fit as Redfield theory used in this work cannot describe non-
conservative nature of CD spectra measured for CP29 as higher energy excited states of the Chls
and the So — S transition of carotenoids, as well as the intrinsic CD of the Chls, would have to be

taken into account.*®
3.3 Experimental Results
3.3.1 Pigment Composition in Reconstituted Complexes

From the pigment composition analysis, the stoichiometry of chromophore binding is: 9 +
0.6Chla,3+0.6 Chlb,1+0.09 Neo, 1.16 + 0.18 Lut, and 0.88 + 0.09 Vio molecules per complex.
The average Chl a/b ratio was 3.0 + 0.1 and Chl+b)/Car was 3.9 + 0.4. Considering integer Chl
pigment site occupancies, the stoichiometry revealed by pigment analysis is 9 Chl aand 3 Chl b
per complex, with some heterogeneity in the Car binding stoichiometry. We therefore conclude
that the number of Chls bound to the reconstituted CP29 is equivalent to 12 + 0.6 per complex,
which is in good agreement with the number of pigments obtained from our modeling studies (vide
infra) to get the best simultaneous fits of multiple optical spectra. Thus, the reconstituted CP29

mainly misses a fraction of Chl b, whereas Chl a is almost fully retained (for more details see the
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Appendix B). We argue below that upon in vitro reconstitution, CP29 binds on average 12.5 Chls
per complex, i.e., somewhat less than what was observed in the (native) structural models*® but
more than what reported previously for analogous reconstituted complexes.?!??
3.3.2 Experimental absorption, emission and nonresonant HB (NRHB) spectra
Figure 3.2 shows normalized 5 K absorption (curve a), emission (curve b) and NRHB (1s
= 488.0 nm, curve c) spectra of the reconstituted CP29 complex. The absorption spectrum is
similar to the spectra reported in the literature for native CP29 complexes*?%4° at similar low
temperatures, showing a prominent Qy-band centered at 674.6 nm in the Chl a region (curve a).
The 665-670 nm shoulder sometimes observed in the native complex and which gives rise to an
asymmetry in the Qy absorption band, is less evident in the reconstituted complex. However, the
two bands near 638.6 and 650.8 nm, due to the several Chl b molecules present in CP29, are clearly
visible. Yet, in contrast to the literature data,**?®%° our emission spectrum (see Figure 3.2, curve
b), obtained with an excitation wavelength (Aex) of 488.0 nm and low laser intensity of 300 uW/cm?
(to minimize hole burning), shows a red-shifted fluorescence peak position near 683.7 nm. The
full-width-at-half-maximum (fwhm) is about 175 cm™, while its half-band width on the high
energy site is about 69 cm™. Thus, the (0,0)-band emission is significantly red-shifted in
comparison to the often reported spectra for CP29 with typical maxima near 680-681 nm.1426:49
Regarding the red-shifted emission band mentioned above, we think that a contribution from
aggregated CP29 complexes to spectrum b in Figure 3.2 is negligible (if any), as the emission
spectrum of aggregated complexes has a maximum near 690 nm and is significantly broader (fwhm
= 444 cm™).%% We hasten to add that the emission origin band near 680-681 nm is also observed

in our samples for Aex = 650.0 nm, as illustrated by curve c in Figure 3.3 (see section 3.3.3 for
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details). The latter clearly indicates a heterogeneous nature of the reconstituted CP29 proteins
studied in this work.

Figure 3.2 also shows the low-fluence (f = | x t = 6 J/cm?, where | and t are the laser
intensity and burn time, respectively) NRHB spectrum, having a hole minimum at 682.4 nm
accompanied by a broad anti-hole peaking near 674.6 nm (curve c). The bleach also reveals weak
satellite holes near 638.8 and 649.2 nm in the Chl b region. The position of the main nonresonant
hole (1s = 488.0 nm) is about 4 nm red-shifted with respect to those previously reported near 678-
679 nm for the native CP29 complexes® upon similar NRHB conditions (1g = 496.5 nm). Note,
as illustrated in the inset of Figure 3.2, that the bleach in the NRHB spectra shifts blue with
increasing fluence. The most blue-shifted hole (green curve in the inset) has the main bleach at
681.1 nm. We suggest that the 682.4 nm hole belongs to the low-E trap in a subpopulation of

complexes referred to hereafter as “state A”.
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Figure 3.2 Curves a and b correspond to 5 K absorption and fluorescence spectra of the
reconstituted CP29 complex (normalized to peak intensities). For fluorescence measurements the
OD of the sample was reduced to ~0.1 to minimize reabsorption. Curve c is the low-fluence NRHB
spectrum obtained with As = 488.0 nm. Inset: Scaled NRHB spectra (aligned at the low-E wing)
obtained for different f values (from top to bottom f = 6, 186, 906 and 1986 J/cm?). The top NRHB
spectrum is identical to curve c in the main frame.
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3.3.3 Excitation Dependent Emission and NRHB-induced Shift of Fluorescence

Spectra

As mentioned above, the fluorescence maximum depends on the excitation wavelength.
This is further illustrated in Figure 3.3 where the 5 K emission spectra recorded with low-laser
intensity (1 = 300 pW/cm?) at 488.0 nm (curve a) and 650.0 nm (curve c) are directly compared
after normalization at their peak intensities. The emission maximum in curve c is blue-shifted by
~3 nm upon 650.0 nm excitation, which is similar to spectrum b (obtained at identical experimental
conditions) which was recorded after the lowest energy trap (i.e., state A) was largely bleached by
high-fluence (f = 16627 J/cm?) 488.0 nm excitation. That is, the nonresonant bleach of the lowest
energy state A at 682.4 nm (most likely present only in a fraction of complexes) reveals the
typically observed blue-shifted emission peaking near 680-681 nm. The latter spectrum, as
expected, is not only very similar to that obtained by 650.0 nm excitation (curve c) but also to the
ones typically observed in isolated CP29 complexes. We suggest that the 680-681 nm emission is
characteristic for the majority of complexes in the reconstituted samples. Interestingly, rescaled
spectra b and ¢ (not shown) fit well the high energy wing of spectrum a, suggesting that spectrum
a could also be weakly contributed to by the 680-681 nm emission. This observation also supports
the presence of two subpopulations of complexes distinguishable on the basis of their 5 K emission

spectra.
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Figure 3.3 Spectra a and b (with the same fwhm of 7.9 nm/170 cm™) are the 5 K fluorescence spectra
obtained with Aex = 488.0 nm (I = 300 uW/cm?) before and after the bleach of state A. Curve ¢ was obtained
with the same low-laser intensity | (negligible NRHB) at Aex = 650.0 nm; see text for details.

Additional support regarding the presence of a heterogeneous population of reconstituted
CP29 complexes comes from the analysis of NRHB spectra, which shows a composite nature of
the fluence-dependent bleach. This is illustrated in the inset of Figure 3.4. The three lowest fluence
HB spectra from the inset in Figure 3.2 are replotted in Figure 3.4 as curves a-c. In this case, we
do not normalize the spectra in the long wavelength region as in the inset of Figure 3.2, i.e., spectra
a-c in Figure 3.4 show measured hole depths. The absorption spectrum (gray curve) in Figure 3.4
is shown for easy comparison. The spectrum obtained for the lowest fluence of 6 J/cm? (curve a;
red) appears to contain the contribution uniquely from the lowest energy state A, i.e., this state is
preferentially bleached. However, HB spectra obtained for 186 (curve b) and 906 (curve c) J/cm?
appear to result from a superimposition of two components, whose relative contribution depends
on the burning time. This is illustrated by curves bi/a; (blue) and b2/az (green) in the inset of Figure

3.4, which correspond to the decomposition of curve b and ¢ in the main frame, respectively.
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Figure 3.4 Curves a-c show fluence-dependent NRHB spectra (Ag = 488.0 nmat T = 5 K) obtained
with f of 6, 186, and 906 J/cm?, respectively. The gray spectrum is the 5 K absorption. Spectrum
a in the inset is the same as curve a in the main frame; curves bi/a; (blue) and bo/az (green) in the
inset are the deconvolution into two low energy traps, A and B, of the experimental holes b-c shown
in the main frame.

It appears therefore that under these conditions a different low-E exciton trap (state B),
most likely belonging to a different subpopulation of complexes, contributes to the HB bleach
together with state A. Only at f-values larger than 1000 J/cm? the nonresonant hole shifts further
blue and cannot be deconvolved into A and B traps (not shown). The additional blue-shift is caused
by contribution from higher energy exciton state(s). See section 3.5.2 for further discussion.

Thus, the excitation-dependent emission spectra (Figure 3.3) and composite nature of f-
dependent NRHB spectra (Figure 3.4) support the presence of two sub-populations. Subpopulation
I1 (Sub. 1) is characterized by a relatively large HB quantum efficiency and red-shifted emission
(originating from state A) peaking near 683.7 nm. The other subpopulation I (Sub. 1) is
characterized by the emission (0,0)-band near 680-681 nm, which occurs from a less red-shifted
state B, having a lower HB quantum yield. Besides, if there were only one low-E trap, the emission

spectrum (obtained for low excitation intensity, i.e., no HB) should not depend on excitation

wavelength as observed in Figure 3.3. Moreover, these states must be associated with different
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CP29 subpopulations, because at 5 K the EET would otherwise inevitably localize on the lowest
energy transition (state A in this case). Therefore, the observed bleaches are most likely associated
with the presence of two independent low-E states (assigned above to states A and B) with
significantly different HB characteristics (e.g., different HB quantum yields), as well as different
emission quantum yields.
3.3.4 Resonant HB Spectra

Further details on the composite nature of the low-E band(s) can be gained from the
resonant HB spectra, which are shown in Figure 3.5. Spectrum c (red; x5.8) shows the low-fluence
spectrum burned at ve, = 15646 cm™ (As> = 639.1 nm), corresponding to a preferential excitation
of the so-called 640-Chl b molecules. Curve c also shows a narrow zero phonon hole (ZPH) at the
burning frequency, accompanied by a 3.5% nonresonant bleach centered at 14726 cm™ (679.0 nm),
which is blue-shifted with respect to the NRHB spectrum burnt with Ag; = 488.0 nm (see curve b).
Spectrum b was scaled to the same depth as hole c (i.e., the black spectrum is multiplied by a factor
of 20). The energy of the main bleach in curve ¢ (obtained for vg,) corresponds to that expected
for state B giving rise to an emission near 681 nm. Note that burning at ve, (see curve c) also
resolves several excited-state vibrational frequencies of Chls at 853, 871, 983 cm™. These values
are in very good agreement with those reported for Chl a.>°

Moreover, curves d and e show ZPHs obtained for ves = 15355 cm™ (Ags = 651.2 nm;
preferentially exciting the so-called 650-Chls b) and ves = 14941 cm™ (Ass = 669.3 nm; exciting
Qy-transitions of Chls a), respectively. These ZPHs were superimposed on the same broad bleach
as that revealed by spectrum c (not shown), which has been subtracted to reveal only the shape of
the ZPHs. The fwhm of the ZPHs obtained at vs, ves, and ves are 8.0, 4.8, and 4.5 cm™,

respectively, that correspond to 7.5, 3.9, 3.6 cm™ after correction for the 2 cm™ detection spectral
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resolution. Corresponding EET times from the 640-Chl b (ve,) and 650-Chl b (ves), as well as EET
from Chl a absorbing near 670 nm (vsa), to the lowest energy trap(s) are discussed in section 3.5.4.
The Lorentzian fit of the ZPH at vg. is shown in the inset; the fits of the other two ZPH (holes d

and e) are shown in Figure B.3 of the Appendix B.
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Figure 3.5 Spectra b and ¢ show NRHB spectra burnt at ve: = 20492 cm™ (kg1 = 488.0 nm) and
vez2 = 15646 cm™ (Ls2 = 639.1 nm), respectively. Spectra d (ves = 15355 cm™; Ags = 651.2 nm)
and e (vea = 14941 cm'; Agsa = 669.3 nm) show extracted ZPHs (see text for details). Curve ais 5
K absorption spectrum and is shown here for ease of comparison with the HB spectra. The inset
shows the Lorentzian fit of the ZPH obtained at vs2. The hole depths in spectra b (at 682.4 nm)
and c (at ~679.0 nm) are 7.1% and 3.5%, respectively.

3.4 Modeling of Optical Spectra

3.4.1 Calculated Absorption, Emission, and NRHB Spectra

The simultaneous fit of various optical spectra provides constraints on the pigment site
energies (i.e., transition frequencies in the absence of inter-pigment coupling) that are critical to
describe the excitonic structure and dynamics. Simulated absorption, emission, and NRHB spectra
reported below are additionally constrained by the following inputs: 1) the vibrational frequencies
and 2) the experimental shape of the phonon spectral density, J(w), both obtained for CP29

complexes.’* In simulations presented below the vibrational modes are dynamically localized,
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although delocalization of vibrational modes leads only to small shifts of vibrational bands (data
not shown). We also assume that the phonon spectral density (weighted phonon profile) can be

described by a continuous function, which is chosen to be a lognormal distribution**

J(@)=—"—e 2 (3.1)

where ac is the cutoff frequency, Spn is the Huang-Rhys factor for phonons, O is the standard

deviation, and J , (@ <0) =0. For CP29 ¢ = 0.88 and wx= 65 cm, while the Huang-Rhys factors

(Spn) were adjusted by simulations. The best fits were obtained with Spn = 0.56 for all CP29 Chls,
except Chl a604 for which a slightly smaller value of Spn = 0.512 had to be used. To calculate the
coupling matrix elements (Vnm) we use the 3PL9 structure of isolated CP29 with 13 Chls (nine
Chls a and four Chls b).® Van parameters were calculated using the transition charge from
electrostatic potential (TrEsp) or TrEsp-Poisson methodologies;!® see Tables B.4 and B.5 in the
Appendix B. Chls were placed in four domains defined in Figure 3.1.

As shown above the fluorescence origin bands and the main bleaches in the NRHB spectra
showed an excitation wavelength dependence. These data clearly indicate the presence of a
heterogeneous population of CP29 in our samples, which is also considered in the modeling studies
described below. The calculations were performed for complexes containing either all 13 Chls or
assuming that one or two pigments could be absent in reconstituted samples. Many different
combinations were tested; however, the best simultaneous fits of absorption, emission, and HB
spectra (vide infra) were obtained for 12.5 Chls, assuming that 50% of b614 (contributing to the
640 nm band) was lost in our preparations. Note that Chl b614 is located in the outmost region of
CP29 and could be partly lost during reconstitution and purification procedures. That is, the

simulated absorption spectra (dashed blue lines) shown in Figures 3.6 and 3.7 correspond to 9 Chl
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a and 3.5 Chl b per complex. The black lines (spectra a-c) in Figures 3.6A and 3.7A are the

experimental spectra.

Figure 3.6A shows the best simultaneous fits of absorption (a’), emission (b’), and NRHB
(c") spectra using the mixture model due to contributions from Sub. I and Sub. 11 defined above.
In this case we fit simultaneously the 650.0 nm excited emission spectrum and HB spectrum
obtained with Ag = 651.2 nm. Frame 3.6B shows that Sub. I (a1’ contribution) accounts for ~90%
of the total absorption, while Sub. 11 (a2’ contribution) accounts only for 10%. The experimental
emission maximum obtained with 650.0 excitation (curve b in Figure 3.6A) is at 680.3 nm.
Modeling studies also suggest (see Figure 3.6B) that this curve is contributed by two
subpopulations, i.e., Sub. I (b1’ ~63%) and Sub. Il (b2’~37%). Note that the percentages for
emission and NRHB spectra can be different when compared to the absorption spectrum, as
different subpopulations may have somewhat different fluorescence quantum vyields and HB
efficiencies, respectively. In fact, such behavior was observed experimentally for the FMO antenna
in ref 51. Under these experimental conditions the NRHB spectrum obtained at Ag = 651.2 nm,
i.e., reflecting the EET from 650-Chls b to Chls a displays a main bleach near 680 nm assigned to
the lowest energy state B. Interestingly, Az = 651.2 NRHB spectrum is well described when
considering exclusively a contribution from the dominant Sub. I, though a small contribution from
Sub. Il cannot be entirely excluded. On the other hand, contributions from both subpopulations are
required to describe the absorption and emission spectra, suggesting that either vg = 15355 cm?
excitation (As = 651.2 nm) does not efficiently bleach the lowest exciton of the minor Sub. Il
and/or Sub. Il has relatively larger fluorescence quantum vyield and is clearly observed as

b,'contribution in frame B.
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Figure 3.6 Black spectra a-c are the 5 K experimental absorption, emission (Aex = 650.0 nm), and
NRHB (vs = 15355 cm™; Ag = 651.2 nm) spectra, respectively, obtained for the reconstituted
CP29. Blue (a’), red (b’), and green (c’) curves in frame (A) correspond to the calculated
absorption, emission, and NRHB spectra, respectively, assuming 12.5 Chls per complex. NRHB
spectrum (c) was obtained with low fluence. The calculated spectra in frame (A) represent the sum
of contributions from Sub. I and Sub. I1; the individual contributions to absorption (spectra a1’ and
a2"), emission (b1" and b."), and NRHB (c1’) spectra are shown in frame (B). Note that NRHB
spectrum obtained at these experimental conditions, in contrast to data shown in Figure 3.7B, is
only contributed by c1’" of Sub. I. The best fit was obtained with Spn = 0.56 for all Chls except of
Chl a604 (Sa604: 0512), Svib-em = 034, Svib-abs =0.34.

The fit and the relative contribution to the absorption spectrum in Figure 3.7A is the same
as that in Figure 3.6A. Figure 3.7A also shows the comparison of the simulated and experimental
emission and NRHB spectra obtained for Ag = 488.0, which were significantly red-shifted (see
Figures 3.2 and 3.5) with respect to data obtained with Aex = 650.0 nm and Ag = 651.2 nm shown
in Figure 3.6A. Here, the emission peaks at 683.7 nm and the minima of the NRHB spectra
obtained for f = 6 and 186 J/cm? are at 682.4 nm and 681.7 nm, respectively. Thus, at these
experimental conditions different contributions from Sub. | and Sub. Il are necessary to fit these

spectra (Figure 3.7B). In this case, the red-shifted emission originates mostly from Sub. Il (b’

~90%), while Sub. I (b’1) contributes only ~10% in agreement with experimental observations.
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However, in contrast to Ag = 651.2 nm burning, the Az = 488.0 nm excited NRHB spectrum
obtained for f = 186 J/cm? is contributed to by both Sub. I (¢'1 ~ 40%) and Sub. Il (c'2 ~ 60%).
Moreover, as shown in the inset of Figure 3.7B the NRHB obtained at f = 6 J/cm? (curve d), is only
contributed by Sub. 11 (i.e., c'2~100%). These data are in very good agreement with our simple
deconvolution of NRHB spectra shown in the inset of Figure 3.4. Note that the major Sub. I (2’1
contribution to the absorption spectrum) has much weaker contribution to the emission (b’1) when
excited at 488.0 nm, and a relatively smaller HB bleach, as illustrated by curve c’y. Apparently,
these two subpopulations have different compositions of the corresponding lowest energy states,

different HB yields, and excitation-dependent energy transfer dynamics.
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Figure 3.7 Spectra a, b, and c/d are the 5 K experimental absorption, emission (vex = 20492 cm;
Lex = 488.0 nm), and NRHB (vg = 20492 cm™; Ag = 488.0 nm) spectra, respectively. NRHB spectra
c and d were obtained with f of 186 J/cm? and 6 J/cm?, respectively. Blue, red, and green curves in
panel (A) represent the calculated absorption (a’), emission (b’), and NRHB (c’) spectra,
respectively. Panel (B) shows the relative contributions to the total absorption/emission/HB
spectra from Sub. | (i.e., ai1'/bi'/c1’) and Sub. 11 (i.e., a2'/b2’'/c2’). The inset in frame (B) shows
experimental NRHB for f = 6 J/cm?and its ¢’ fit corresponding to Sub. II.
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Thus, the spectral simulations point toward the presence of a major Sub. | associated with
a low-E trap identified with state B, and a minor Sub. Il with a trap at lower energy assigned to
state A. These energy traps are characterized by different NRHB quantum yields and shifted (0,0)-
bands of the corresponding fluorescence spectra. Moreover, the difference between the calculated
emission spectra shown in Figures 3.6A and 3.7A in the spectral region of 14000-14500 cm™
suggests that Chls contributing to the lowest energy states A and B may have different Huang-
Rhys factors of the low-frequency vibrations.
3.4.2 Pigment Site Energies

Table 3.1 summarizes the parameters used to simulate the spectra shown in Figures 3.6 and

3.7. Pigment site energies (") and inhomogeneous broadenings (I';,) are given in cm™. The g
values are compared to those obtained by Miih et al.'® who used a value of ;= 130 cm™ for all

Chls. The differences in site-energies and [, originate in part from different shapes of

experimental absorption and emission spectra obtained for the reconstituted CP29 at T =5 K which
require considering a mixture model as discussed in the previous paragraphs. In addition, in the
present calculations the experimental Jon(e) previously obtained for CP29 complex** was utilized.
On the other hand, Mih et al. when fitting native (isolated) CP29, employed the often used Jpn(w)
extracted from the 1.6 K FLN spectra of B777 complexes* (see figure B.2; left frame in the
Appendix B). It is worth noticing, however, that the simulations shown in Figures 3.6 and 3.7 are
in much closer agreement with the experimental data than those reported previously in ref 19. We
hasten to add that only the parameters obtained for the major Sub. I should be directly compared
with those of native (isolated) CP29 reported in refs 19 and 30, as Sub. Il most likely originates

from imperfect in vitro reconstitution of CP29 (vide infra).
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Table 3.1 Parameters used to simulate the absorption, emission, and NRHB spectra for the
reconstituted CP29 using a mixture model.?

b

This Work From r_ef 19

(reconstituted CP29) isolglt?egvé?:’ 29
Chl# ES L EJ
a602 14920 207 14980
a603 15055 207 14900
a604 14817/14690 157 14810
bh606 15685 203 15684
b607 15398 207 15439
bh608 15387 207 15439
a609 14951 176 14980
a610 14945 202 14920
a6ll 14953 207 14850
a612 14955 207 14900
a613 14945 207 14880
h614 15676 207 15674
a615° 14965 207 14940

&The first column labels the nine Chl a (in black) and four Chl b (in blue), in accordance to the
3PL9 pdb file. The g7 values of the lowest energy pigment are in red. The only difference

between Sub. | and Sub. 11 is the site energy of Chl a604, i.e. 14817 and 14690 cm?, respectively.
The values of g7 and [}; are given in cm™. We used TrEsp coupling constants (Vnm) reported in

Table B.5 of the Appendix B. PIn ref 19 [, = 130 cm™ was used for all Chls. € In the C,S;M>

supercomplex structure a615 most likely corresponds to Chl a601 reported in ref 28. In this work, effective
dipole strengths of 21 D? and 13 D? are used for Chl a and Chl b molecules, respectively.

3.4.3 On the Occupation of Chl b614 Site

Because literature reports regarding the number of Chls in the reconstituted CP29 are
controversial, it is important to discuss the number of Chl pigments in our samples. As mentioned
above, the simulations were performed considering 11-13 Chls per complex. Spectra were
calculated for various combinations of lost pigments. The best fits were obtained assuming 12.5
Chls per complex, i.e. when 50% of Chl b614 was removed from the structure or was assigned

zero oscillator strength; both cases are equivalent to depletion of this pigment. The spectra for 12.5
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Chls were calculated taking the average of spectra calculated for 13 and 12 Chls. This is illustrated
in Figure 3.8, which shows the Chl b Qy absorption region of calculated spectra considering either
13 (curve a, blue) or 12 (with deleted b614; curve b, red) Chls, respectively. It is worth noting both
the large difference in absorption in the 640 nm region between spectra a and b, highlighting the
contribution of Chl b614 in this spectral window, and the fact that neither of these two spectra
matches the experimental curve (dashed green, d). However, the mixture model (curve c, purple)
that considers equally weighted 13 and 12 Chls samples describes the experimental data very well.
Thus, the best fit is obtained assuming Chl b614, whose fitted site energy is 15676 cm™ (638 nm),
has only 50% occupation (compare spectra ¢ and d). Indeed, spectrum e = ¢ — b (pink line)
corresponds to ~50% of oscillator strength assigned to Chl b614 supporting our analysis.
Therefore, it can be concluded that the reconstituted complexes used in this study have on average
12.5 Chls per complex, corresponding to full occupancy of Chls a and of most of the Chl b sites.
This is consistent with ref 19 for native CP29 complexes, where the authors suggested that up to
one Chl b (b614) could be lost in the isolated (native) CP29 complex.?® Interestingly, curve b is
very similar to the experimental absorption spectrum of mutant B3 (thick dashed gray line) that
lacks Chl b614, supporting our analysis.?>? Detailed analysis of CP29 mutants is in progress and

beyond the scope of this article.
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Figure 3.8 Curves a (blue) and b (red) are the calculated absorption spectra for a mixture model
in the Chl b Qy-region for 13 and 12 Chls (no b614), respectively. Curve ¢ (purple) is the calculated
absorption for 12.5 Chls, i.e., assuming 50% of Chl b614 is lost. Curve d (dashed green) is the
experimental absorption spectrum in the Chl b region from Figure 3.2 (curve a). The pink curve
(e) shows the difference between spectra ¢ and b. The thick (dashed) gray spectrum is the
absorption of the B3 mutant, which does not contain Chl b614. The curves (a-d) are normalized to
the contribution of the so-called 650 nm Chls b.
3.4.4. On the Site Energy of a604 Chl

The calculated site energies of Chl a604 in ref 19 using CDC/PBQC are 14816/14827 cm”
!, Subsequently, the optimized site energy of the same Chl (by fitting experimental spectra
obtained for native CP29 in ref 26) was reported as 14810 cm™ (675.2 nm). These energies are in
very good agreement with the site energy of a604, 14817 cm™ (674.9 nm), assigned in this work
to the major (90%) Sub. I (see Table 3.1). Interestingly, Miih et al.1® suggested that the site energy
of Chl a604, which is spatially close to Neo, can be influenced by the positioning of the hydroxyl
groups of both the nearby residue tyrosine 135 (Y135) and the Neo molecule itself. Simulations

of the Y135F mutant constructed in silico (where Y135 is replaced with phenylalanine) indicated

that the site energy of Chl a604 was red-shifted by 76 cm™ with respect to the native WT CP29
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when the interactions with this residue were altered. The Y135F mutation has been engineered and
experimentally investigated in reconstituted CP29 by Caffarri and coworkers.?” Miih et al. showed
that the 76 cm™ shift predicted from the in silico computation was in very good agreement with
the experimental data of the reconstituted Y135F mutant. Likewise, when using the site energies
necessary to describe the major Sub. I (see Table 3.1) in the present study, and by considering a
similar red-shift of 83 cm™ for Chl a604 (as an effect of the Y to F substitution), we can also
simulate the 300 K absorbance difference (AOD) spectra of reconstituted (recombinant) WT CP29
and Y135F mutant reported by Caffarri et al.?” This is illustrated in Figure 3.9 where the dashed

(green) and solid (red) lines correspond to the experimental?’ and simulated (this work) AOD

spectra.
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Figure 3.9 Absorbance difference (AOD) between the reconstituted WT CP29 and its Y135F
mutant. Dashed and solid lines correspond to the experimental?’ and our simulated (using TrEsp
coupling constants) AOD spectra, respectively.

The solid (red) line in Figure 3.9 was obtained considering the site energies of Sub. | (see
Table 3.1). The agreement with experiment is very good, proving that site energy of a604 in the
majority of CP29 complexes (in both native WT and reconstituted WT CP29 complexes) must be

near 14817 cm™ (674.9 nm). However, we believe that the red-shifted Chl a604 (observed in Sub.

Il at 14690 cm™) should not be observed in the native CP29. Therefore, our experimental and
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modeling results suggest that Chl a604 is the energy sink only in Sub. Il (see Figure 3.11 for
details) which is clearly observed in a fraction (~10%) of complexes, most likely resulting from
imperfect refolding during protein reconstitution, leading to a situation mimicking that

encountered in the Y135F mutant.
3.5 Discussion

As shown above by our simulated optical spectra, reconstituted WT CP29 complexes most
likely contain about 12.5 Chls, in close agreement with the X-ray structure assignment® and the
pigment analysis discussed in the Appendix B. These findings are also consistent with previous
modeling studies of native (isolated) CP29, which also reported about 12 Chls per complex,'%
although significant differences in Chl site energies were obtained from spectral modeling. To
model the shape of the absorption spectrum, excitation-dependent emission and NRHB spectra,
we had to assume that our sample possesses two spectroscopically distinguishable subpopulations
with different site energies of Chl a604 and two different low-E exciton states B (Sub. I) and A
(Sub. 1), leading to a composite emission spectrum. Below, we discuss the origin of both
subpopulations, as well as the corresponding exciton states and their pigment contributions.
Dynamics is examined via resonant HB spectra in the context of EET pathways. The binding
configuration of Neo and its influence on the local protein environment as well as its possible
impact on the excitonic structure is also briefly addressed.

3.5.1 Structural Differences of CP29 X-ray Structures

Here, we briefly discuss small differences between available CP29 structural models. One
could argue that we should also consider the 3.2 A CP29 structure observed within the PSI1-LHCII
supercomplex (PDB ID: 3JUC?) with 10 Chls a and 3 Chls b (where Chl b614 was believed to be

lost during purification), and/or the very recent 2.7-3.2 A CP29 structure observed within the
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C2S2M supercomplex (PDB IDs: 5XNM/5XNL).% The latter appears to contain 14 Chls (10 Chls
a and 4 Chls b) with a full occupation of the b614 site and one additional Chl a (see Figure B.7 in
the Appendix B) That is, the most recent CP29 structure revealed® an additional Chl a (a616)
located externally at the N-terminal region in the C2S2M supercomplex. However, it is unlikely
that the reconstituted WT CP29 will contain this pigment, since a616 is located at the interfacial
region between CP29 and CP47 and is coordinated by the main chain oxygen of the F80 residue
at the N-terminal loop of CP29; see Figure B.8 in Appendix B. Therefore, if CP29 is purified
without CP47 for stabilization, the long N-terminal loop of CP29 might be flexible and a616 will
most likely be lost. It is moreover worth noting that the a601 pigment observed in the C2S;M>
supercomplex? is most likely the Chl a615 already observed in 3PL9 structure. Although CP29
seems then to be binding 14 Chls, 10 Chls a and 4 Chls b (see Table B.8 in the Appendix B) in an
intact environment, its unperturbed excitonic structure could only be modeled within the entire
supercomplex, which is, in any case, a very difficult proposition. Therefore, we opted to model the
optical spectra of the reconstituted complex using the high resolution (2.8 A) structure of isolated
CP29 (PDB ID: 3PL9).
3.5.2 On the Origin of Two Subpopulations and the Nature of the Lowest Energy
Emitting States

The spectra of reconstituted CP29 complexes are contributed to by two subpopulations
(each with 12.5 Chls), i.e., Sub. I (90%) and Sub. Il (10%), each with different spectral
characteristics. The difference between Sub. | and Sub. 1 is the site energy of Chl a604, i.e., 14817
and 14690 cm?, respectively (Table 3.1). The presence of two subpopulations having two different
site energies of Chl a604 is likely caused by a different orientation of the Neo molecule in a small

fraction of the reconstituted sample, and/or a small fraction of reconstituted complexes without
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Neo. In both cases, the H-bond between Neo and Y135 could be broken, thereby impacting the
site energy of a604. Namely, according to calculations reported in ref 19, although Neo does not
significantly affect the site energy of Chl a604, its hydroxyl group forms a H-bond with the
hydroxy! group of the adjacent Y135 residue. Thus, the H-bond network of two hydroxyl groups
can assume two different orientations relative to the tetrapyrrole macrocycle of Chl a604. The
latter, as shown in refs 16 and 19 leads to two energetic conformations, giving rise to either a blue-
or a red-shifted energy transition, as illustrated schematically in Figure 3.10, top. In the blue-
conformation, the 3"-hydroxyl group of Neo points towards the tetrapyrrole macrocycle of Chl
a604 and accepts the H-bond from Y135. This, in turn, based on calculations for the Y135F
mutant®® shifts the site energy of Chl a604 to the blue by 76 cm™. The less stable conformation
(see top left structure in Figure 3.10) in which the 3"-hydroxyl group of Neo points away from the
Chl macrocycle (and donates a H-bond to Y135) is characterized by an additional red-shift of 136

cm™ of the site energy of Chl a604 when compared to the Y135F mutant.16%°

Red conformation Mutant Blue conformation

\ 4

136lemt Y135F  76cm(14810cmY)
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Figure 3.10 Schematic representation of site energy shifts of Chl a604 for the red-shifted
conformation, mutant Y135F, and blue-conformation (see top panel) based on refs 16 and 19. The
lower two panels illustrate site energy shifts observed for Sub. I, mutant Y135F, and Sub. | based
on data reported in this manuscript. It is indicated that there are two subpopulations regarding the
different orientation of Neo molecule (or losing Neo molecule during purification procedures) in
the small fraction of the sample.
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We propose that in the majority (90%) of reconstituted complexes a604 is in the more
stable blue-conformation (Sub. 1) in which Neo accepts the H-bond from Y135, leading to the 83
cm* blue-shift of its site energy with respect to the Y135F mutant (Figure 3.10, middle panel). In
turn, the remaining fraction of complexes (10%) does not have such H-bond since the hydroxyl
group of Y135 in this subpopulation may assume various orientations relative to the tetrapyrrole
macrocycle of Chl a604 leading to an additional red-shift of a604 (in Sub. II) in agreement with
the experiments. That is, in Sub. Il (near Chl a604) there is no H-bond between Tyr135 and Neo,
and, as a result, it is reasonable to assume that Y135 may adopt varying orientations of its OH-
group (Figure 3.10, bottom panel). Based on our data, this should lead to a 127 cm™ red-shift of
the a604 site energy (now at 14690 cm™) compared to that in Sub. I. As mentioned above, this
conformational state is probably the result of some imperfect refolding of CP29 in vitro, and it is,
therefore, unlikely to occur in native CP29 complexes. It nonetheless highlights how small
reconfigurations within even a single chromophore binding site can serve in tuning the overall
energy landscape of the complex.

The excitonic structure and composition of the lowest energy exciton states is shown in
Figure B.6 in the Appendix B. The exciton energy level diagram is presented in Figure 3.11, where
the differences in the exciton state energies (aw) of the Chls which are part of the stromal- and
luminal-layer are shown separately. Further detail on the exciton energies (in cm™/nm) obtained
here from the modeling of reconstituted CP29 optical spectra are summarized in Table B.3
(Appendix B) where they are compared to those obtained for native (isolated) WT CP29 by Miih
et al.?® The thick black and red bars in Figure 3.11 indicate the lowest exciton states of Sub. |
(e1,5ub.1) and Sub. 1l (&1,sub.n1) are at 677.7 and 681.5 nm, respectively (for more details see Tables

B.2 and B.3 in Appendix B). Brackets connect exciton states that are significantly delocalized over
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several pigments. Recall that the &1,sub.1 State (assigned above to state B) is mostly contributed to
by Chls a611(28%), a615 (19%), a612 (16%), and a602 (16%) whereas state &1,sun.11 (assigned to
state A) is mostly contributed by a604 (~98%). The 2" lowest energy state of the major Sub. |
(also mostly contributed by a604 (98%)) shifts in Sub. Il from 14808 cm™ (675.3) to 14673 cm™
(681.5 nm) due to a red-shift (127 cm) of the site energy of Chl a604, as already discussed above.
Thus, whereas the first exciton in Sub. | is delocalized over several Chls (delocalization length
~3), the second exciton in this subpopulation is localized on a604. In contrast, the first exciton in
Sub. 1l is localized on a604, while the second exciton state is delocalized over three Chls (see

Table B.4 in the Appendix B).

Stromal layer luminal layer
635 b606
b614

645
b608 b607

655

a603, a609
665

a602,a612
675

685

Wavelength (nm)

%agig, o5 a613

Figure 3.11 Exciton energy level diagram for the reconstituted CP29 complex at 5 K. The thick
black and red bars indicate the lowest exciton states (eigenvalues) of Sub. I (&1,su. 1) and Sub. 11
(e1.subnt) at 677.7 and 681.5 nm, respectively. The 2" lowest energy state of the major Sub. | at
14808 cm™ (675.3) nm (mostly contributed by a604; ~98%) shifts in Sub. 11 to 14673 cm™ (681.5
nm) due to a red-shift (127 cm™) of the site energy of Chl a604.

Moreover, a613, a604 and all Chls b mostly contribute to individual exciton states, as
indicated by the corresponding Chl numbers.

Finally, we note that based on ab initio calculations and the description of the optical

spectra of the CP29 antenna complex it was suggested that the lowest energy state might be

delocalized over pigments a609, a603, and a602 (stromal side of the membrane).3® According to
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this model, the main contribution to the lowest excitonic state arose from a609, whereas the next
exciton state was suggested to be dominated by the a611-a612 dimer.3 This scenario, however, is
inconsistent with our modeling data (not shown) and the steady-state absorption spectra obtained
for the A5 (a603) and B5 (a609) mutants; that is, the differences in the Qy-region absorptions due
to the lack of a603 and a609 pigments are not in the reddest part of the corresponding absorption
spectra (see the Supporting Information in ref 52). These authors also suggested that a603 and
a609 pigments did not significantly contribute to the lowest energy exciton. Nevertheless, more
work is needed for various CP29 mutants to further refine possible pigment site energies. Data
presented in this work obtained for the reconstituted WT CP29 complexes are crucial for proper
analysis of various mutants; the latter, however, is beyond the scope of this work.
3.5.3 On the Nonresonant Bleach in the Qy-Region of Chls b and Their Site Energies
Chls b are mostly localized and contribute to the ~650 and ~640 nm bands (Figures B.6
and 3.11). These assignments of Chls b exciton states are in close agreement with those of ref 19,
although the site energies of b607 and b608 are red-shifted by ~40 and ~50 cm™, respectively. Site
energies of Chls b606 and b614 are instead the same as in ref 19; see Table 3.1 for details.
However, the above two assignments are different from those suggested by two-dimensional
electronic spectroscopy,®® where the authors used the angles between the transition dipole
moments to determine the site energies. Their approach suggested that Chls b606 and b607
contribute to the 640 nm band. This assignment is, however, not consistent with the absorption
spectra of the B3 mutant that lacks Chl b614, which clearly indicates that this pigment must
contribute to the so-called 640 nm band (see Figure 3.8). Finally, recall that the NRHB spectrum
in Figure 3.2 shows weak bleaches near Chls b absorption regions, i.e., at 638.8 nm and 649.2 nm.

These can be interpreted in terms of excitonic responses due to the bleach of the lowest energy
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state(s), as suggested in ref 49. However, it is more likely that such small changes could be induced
by protein conformational rearrangements associated with the chromophore burning process. This
is in line with our modeling results that did not reveal any excitonic response near Chl b absorption
bands (see Figures 3.6 and 3.7), as the coupling between Chls a and Chls b is very small (see Table
B.5). Besides, we have shown that in native spinach CP29% the depths of the ~640 and ~650 nm
holes and their ratio to the lowest energy bleach near 680 nm, as a function of f, was not correlated,
excluding the above mentioned excitonic response.
3.5.4 Excitation Energy Transfer Times

Resonant holes, as indicated by the main bleach of state B, clearly suggest that the observed
EET times characterize the major subpopulation of complexes (Sub. I) that might be compared to
the native CP29 protein. The fwhm of the ZPHs obtained at vs2, ves, and vesare 8.0, 4.8 and 4.5
cm, respectively. The inset in Figure 3.4 shows that the Lorentzian fit of the ZPH burned at ves2
correspond to a fwhm of 8.0 cm™, which after spectral correction reduces to 7.5 cm™. Using Zfom
(cm™) = 1/2 7 zeeT, where ¢ is the speed of light and Zfom is the homogeneous linewidth (where
Thom = Y2 IzpH), it can be estimated that the average EET time (zet) from Chl b molecules
(absorbing near 640 nm) to the lowest energy traps located near 679 nm is 1.4 £ 0.1 ps. The et
from Chls a (absorbing near 670 nm, ves) and Chls b (absorbing near 650 nm, vgs) to the lowest
energy trap mentioned above, corrected for spectral resolution of 2 cm™ and based on the
Lorentzian fits (see Figure B.3 in the Appendix B), are 3+ 0.5 and 2.7 £ 0.5 ps, respectively. EET
from Chls b bands to the Chls a band was also measured in CP29 by 2DES.5® Both of these transfer
processes at room temperature occurred within 3.6 ps, in reasonable agreement with our HB data.
The depopulation of the excited state of the two Chls b absorbing near 650 nm was previously

reported to be 4.0 + 0.7 ps*®® in spinach CP29. Comparable value of 4.2 + 0.3 ps was also observed
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at 5 K in ref 49. These figures are consistent with EET obtained here for the reconstituted CP29
complex. However, a somewhat smaller lifetime of 2.2 £ 0.5 ps was observed in CP29 for the
“red” Chls b (absorption around 650 nm) at 77 K in ref 54 that is even closer in agreement with
the present results.

3.6 Concluding Remarks

Pigment analysis of reconstituted complexes, in agreement with theoretical modeling of
various low-temperature optical spectra, suggests that, on average, reconstituted CP29 complexes
contain 9 Chls a and 3.5 Chls b. It is shown that most likely ~50% of Chl b614 is lost during the
reconstitution and purification procedures. Thus, although remarkably similar to the native form,
reconstituted CP29 shows some subtle differences and purification protocols might have to be
optimized to eliminate Chl(s) losses and to closely match the native form of the complex.
Irrespective of this, the previously discussed models based on the presence of only 8 Chls in
reconstituted CP29 are incapable of describing the experimental results and should be therefore
discarded. The simultaneous fit of absorption, fluorescence and NRHB spectra at 5 K, employing
models based on the available X-ray structure and a density matrix approach, provide new insight
into the excitonic structure of the reconstituted CP29 complex that revealed its heterogeneous
nature. The spectra are best modeled assuming two subpopulations characterized by different site
energies of the a604 Chl a and, as a result, by two different low-E traps. Depending on the laser
excitation frequency, reconstituted complexes exhibit two low-E traps (states A and B) with
different hole-burning characteristics and excitation dependent emission spectra. State A near
682.4 nm is assigned to the minor Sub. Il that most likely originates from imperfectly reconstituted
proteins. This state is easily burned (with Ag = 488.0 nm via So— S» transition of the carotenoids

at T =5 K) and appears to be localized on Chl a604 which is responsible for the observed red-
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shifted emission near 683.7 nm. Prolonged bleaching by 488.0 nm or excitation at 650.2 nm reveals
a second low energy trap (state B) near 680.2 nm having a fluorescence origin-band near 681 nm.
The latter state has a lower HB quantum yield and corresponds to the lowest energy trap B of the
major Sub. I. This state is mainly delocalized over the a611, a612, a615 trimer in agreement with
the literature data obtained for native (spinach) CP29%%% although with some differences in the
pigment site energies. However, the presence of the minor Sub. Il is probably the result of some
imperfect refolding of CP29 in vitro, and it is, therefore, unlikely to occur in native complexes, as
suggested in ref 19. We anticipate then, that the site energies obtained in this study (Table 3.1)
should be further tested to describe time-domain and temperature-dependent data of reconstituted

CP29 complexes, to further narrow the possible choices of parameters.
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Abstract

In the photosynthetic green sulfur bacterium Chlorobaculum tepidum, the baseplate
mediates excitation energy transfer from the light harvesting chlorosome to the Fenna-Matthews-
Olson (FMO) complex and subsequently towards the reaction center (RC). Literature data suggest
that the baseplate is a 2D lattice of BChl a—CsmA dimers. However, recently it has been proposed,
using 2D electronic spectroscopy (2DES) at 77 K, that at least four excitonically coupled BChl a
are in close contact within the baseplate structure [J. Dostél et al., J. Phys. Chem. Lett. 2014, 5,
1743]. This finding is tested via hole burning (HB) spectroscopy (5 K). Our results indicate that
the four excitonic states identified by 2DES likely correspond to contamination of the baseplate
with the FMO antenna and possibly the RC. In contrast, HB reveals a different excitonic structure
of the baseplate chromophores; where excitation is transferred to a localized trap state near 818

nm via exciton hopping, which leads to emission near 826 nm.
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4.1 Introduction

4.1.1 Green Sulfur Bacteria

Green sulfur bacteria (GSB), which possess complete photosynthetic machinery, are
anoxygenic phototrophs that thrive in an oxygen-free, sulfur-rich environment, and can live in
extremely low-light ecosystems; for example, at depths of 100 m in the Black Sea? or in volcanic
vents in the absence of solar radiation.?2 GSB contain unique antennas known as chlorosomes,*
which differ from other antenna complexes by their large size (ellipsoidal bodies with a length
varying from 100 to 200 nm, width of 50 to 100 nm and height of 15 to 30 nm®). Additionally, the
bacteriochlorophylls (BChls) (up to 250,000) are reversibly self-assembled® with no supporting
protein matrix, constituting a unique system among all classes of natural photosynthetic
complexes. These properties make GSB very attractive as a model for biomimetic solar energy
collection devices’*2 and excitation energy transfer (EET) studies.

In addition, GSB contain a BChl a protein called the Fenna-Matthew-Olson (FMO)
complex.?>14 Between the chlorosomes and FMO complexes is the baseplate, i.e., oligomeric BChl
a—CsmA (see Figure 4.1). FMO connects the chlorosome—baseplate system to the reaction center
(RC) and functionally forms a bridge to transfer the excitation energy to the RC for charge
separation.’® Each chlorosome is suggested to interact with approximately 150-300 FMO trimers
and 25-40 RCs.'® The organization of CsmA proteins as a 2D crystalline lattice was directly
observed via electron cryomicroscopy? and the structure of the CsmA protein has been determined
by liquid state NMR.Y" However, the exact arrangement of the CsmA units in the baseplate,
including relative orientation and distances between individual BChl a molecules, and strength of
interaction with BChl ¢ are not known.*1° Interactions between chlorosome pigments (BChl c)

and BChl a of the baseplate were recently studied theoretically and are believed to be weak, with
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only minor effect on baseplate transition energies.?’ The BChl a of the baseplate absorbs at about
796 nm and are not aggregated like the BChl ¢ molecules. Stoichiometric measurements strongly
indicate that in Chlorobaculum (Cb.) tepidum one CsmA protein binds a single BChl a molecule®?!
and the presence of a single histidine residue (His25) supports this conclusion.t”?? A detailed
structure of the baseplate is not known, although several models of the BChl a—CsmA dimer have
been proposed.???* Interestingly, while the BChl dipole-dipole angles (30-125°) and center-to-
center distances (7-18 A) vary significantly in these models, the calculated dipole couplings
(assuming || = 6.1 D) are in the range of 30-35 cm™. Further studies of photosystems of various
complexities (i.e., chlorosome-baseplate, chlorosome-baseplate-FMO and chlorosome-

baseplate-FMO-RC) are of great interest and should shed more light on chlorosome—baseplate

interactions as well as electronic structure and EET dynamics of the BChl a—CsmA system.
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Figure 4.1 Schematic structural model for GSB.!!

The chlorosome-baseplate photosynthetic system is of great interest since it is likely that
it represents one of the earliest antenna systems. Despite the dynamical disorder effects on the
electronic transitions of the BChl c, previous simulations showed that the exciton delocalizes over
the entire aggregate (a single BChl ¢ “roll”) in 100-200 fs?#25 and intra-chlorosomal EET in the
tubular antenna elements towards the baseplate is extremely fast, i.e., less than 500 fs.%°

Experimentally, femtosecond pump-probe has also revealed energy equilibration on a 50-100 fs
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timescale for both Cb. tepidum and Chloroflexus (Cf.) aurantiacus.?®?” A two-color, femtosecond
transient absorption study also suggested very fast intra-chlorosomal EET on the time range of
117-270 5.8 In the same study,? it was shown that excitation of the blue side of the BChl ¢ Qy
absorption band (685 nm) while probing at 807 nm (where both the antenna elements and the
baseplate absorb) leads to a fast transient absorption anisotropy decay component of about 1 ps for
the chlorosomes of Cb. tepidum, Prosthecochloris (P.) aestuarii and Cf. aurantiacus. The time
constant of ~1 ps was proposed to reflect both intra-chlorosomal EET from the initially excited
state to lower-lying local states and EET between BChl a molecules of the baseplate. The longer
anisotropy components of 6.6 ps (Cf. aurantiacus), 8.8 ps (P. aestuarii) and 12.1 ps (Cb. tepidum)
were assigned to chlorosome to baseplate energy transfer.?8 In summary, the reported times of EET
from the chlorosome to the baseplate are on a ps time scale, for example, 6-12 ps,?® although longer
time constants of 5-20 ps,?° 12-40 ps,?® 30-40 ps*® and 280 ps*! were also proposed to correspond
to EET from the chlorosome to the baseplate pigments.
4.1.2 Excitonic Structure of Baseplate BChl a

Very recently it has been suggested that the organization of baseplate BChl a is more
complex than previously indicated;* being comprised of a BChl a multimer. That is, it was
proposed that 2D electronic spectroscopy (2DES) at 77 K revealed spectroscopic features typical
of an excitonic system of at least four coupled BChl a. In this work, we examine that
electronic/excitonic structure of baseplate chromophores focusing on sample purity, as a small
contamination by FMO and RC complexes could lead to a more complex excitonic structure. We
also address the EET dynamics between BChl ¢ — BChl a and BChl a — BChl a via highly
selective spectroscopic techniques, i.e., resonant and nonresonant hole burning (HB) spectroscopy,

to provide more insight into the relationship between excitonic structure, function and dynamics
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of the chlorosome—baseplate system. It is anticipated that a better understanding of excitonic
structure and EET pathway(s) between BChl a in the 2D paracrystalline lattice of CsmA proteins

could inspire future designs of more efficient light harvesting devices.??
4.2 Experimental Results

4.2.1 Low-Temperature Absorption and Emission Spectra

Figure 4.2A shows two 5 K absorption spectra (normalized at 756 nm) obtained for two
chlorosome—baseplate samples of different purities (see curves a and b). Although absorption
spectra in Figure 4.2A are similar to those reported in the literature,3? low-temperature spectra a
and b differ in the 790-830 nm baseplate transition region, suggesting that curve b is slightly
contaminated by FMO (and possibly RC) complexes (vide infra). Frame B shows emission spectra
from chlorosome—baseplate and chlorosome—baseplate—FMO-RC samples, with main bands at

781.6 nm (BChl c) and 825.7 nm (BChl a).
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Figure 4.2 (A) Normalized low-temperature (5 K) absorption spectra obtained for two
chlorosome-baseplate samples. Curve a represents the absorption of chlorosome—baseplate, while
curve b shows that the corresponding sample had slight contamination of FMO/RC antenna. The
inset shows the 11800-12800 cm™ region. (B) Emission spectra obtained for chlorosome—baseplate
(curve a) and chlorosome—baseplate-FMO-RC (curve b) samples with main bands at 781.6 and
825.7 nm corresponding to the chlorosome and baseplate emission, respectively. Spectrum ¢ =b
—a. Spectrum d (green curve) is the 5 K emission from intact, isolated FMO complexes.
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4.2.2 Hole-Burned Spectra

The low-energy part of the 5 K absorption spectrum of chlorosome—baseplate is shown by
curve ain Figure 4.3A. Spectrum b is the nonresonant (persistent) nonphotochemical HB spectrum
(Ae = 488.0 nm). The HB spectrum was obtained with a fluence (f) of approximately 2,100 J/cm?,
where f = [-tg with | and tg corresponding to laser intensity and burn time, respectively. The hole
shape is fit by a Gaussian (black curve) with position at 12,200 cm™ (818.3 nm) and fwhm of 240
cm™. Spectrum b from frame A is replotted in frame B for comparison with HB spectra obtained
for two other excitation wavelengths, that is, As = 781.0 nm (curve c) and g = 804.0 nm (curve d).
All spectra reveal just one broad low-energy trap state at 818.3 nm. Spectra ¢ and d also show the
zero-phonon holes (ZPHs) at As with fwhm (corrected for spectral resolution) of 3.6 and 5.3 cm?,
respectively. Recall that the width of the ZPH in resonant HB spectra depends on the lifetime of
the excited state and “pure” dephasing and/or EET time (zeet).>* Note that s = 781.0 nm lies with
the low-energy exciton state of the BChl ¢ aggregate,® that is, at this wavelength chlorosome BChl
¢ molecules are excited resonantly. Such a low-energy state for chlorosomes was clearly observed
in the zero-phonon action (ZPA) spectrum®® and 2DES data (real part) for chlorosomes from Cb.
tepidum.3? The ZPA spectrum (obtained for constant f) for the low-energy state of the baseplate is
shown in the inset of frame B. The widths of the three ZPHs are resolution limited. Interestingly,
the envelope of the ZPA spectrum is similar to the Gaussian fit of the lowest energy trap near 818.3

nm.
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Figure 4.3 (A) Spectra a and b are the 5 K absorption and HB spectra (1s = 488.0 nm; f =~ 2,100
Jlcm?) obtained for chlorosome—baseplate. (B) Spectrum b from frame A is replotted and
compared to HB spectra obtained for 1g = 781.0 nm (green curve c¢) and g = 804.0 nm (blue curve
d, offset for clarity). All spectra reveal the lowest energy trap state at 818.3 nm. The inset in frame
B shows the ZPA spectrum burned in the lowest energy state of the baseplate.

Curves a in Figure 4.4 are 5.5 K absorption spectra while curves b-e correspond to f-
dependent, nonresonant HB spectra obtained with As = 488.0 nm. Frames A and B show spectra
for chlorosome-baseplate samples with increasing amounts of FMO and RC antenna, respectively.
Based on previous study of isolated FMO complexes,® holes labeled 1-3 (located near 827, 818
and 806 nm) were also observed in FMO complexes. The weak feature near 797 nm may result
from bleach of RC antenna pigment, as both frames of Figure 4.4 show RC contamination. The
asterisks label the four very similar electronic transitions resolved in 77 K time-evolution spectra,

which were previously assigned to the baseplate®? (vide infra).
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Figure 4.4 (A): Chlorosome—baseplate sample with a small amount of FMO-RC. (B):
Chlorosome—baseplate sample with a large amount of FMO-RC. Curves a are 5 K absorption
spectra, while curves b-e correspond to f-dependent, nonresonant HB spectra (4 = 488.0 nm). f =
20, 230, 860 and 2,100 J/cm? for holes b-e, respectively. Asterisks mark the energetic positions of
states determined from 77 K 2DES data,** with holes labeled 1-4 indicating similar states in 5 K
HB spectra. The two grey arrows mark bleaches of the lowest energy state of the RC antenna.

4.3 Discussion

4.3.1 On Pure Chlorosome—Baseplate Systems

Extensive studies of multiple samples revealed that only spectra in Figure 4.2 (curves a)
correspond to pure absorption and emission of the chlorosome—baseplate system that is free of
detectable FMO/RC contamination (vide infra). The fluorescence difference spectrum in Figure
4.2B (i.e., curve c = b — a) clearly shows a narrow emission band at 826.4 nm that is identical to
the fluorescence spectrum measured for isolated (intact) FMO complexes® (see green curve d);
indicating that spectrum b is contaminated with FMO. The weak narrow emission band in curve
c, labeled by an asterisk, corresponds to the previously mentioned minor contamination from the

RC. Comparison of emission spectra obtained for various chlorosome—baseplate samples revealed
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that samples are often contaminated by FMO or FMO/RC complexes; while the emission spectrum
of chlorosome—baseplate—FMO-RC is always similar to spectra measured for whole cells. 3%
We note that we could not burn any resonant holes in the vicinity of the chlorosome (BChl
¢) absorption band maximum (756 nm). This is consistent with various time-domain spectroscopic
data, which showed that exciton relaxation in chlorosomes occurs on a very fast timescale, i.e.,
100-200 fs.2528 That is, femtosecond relaxation competes with the HB process, leading to an
extremely small HB quantum yield at these frequencies. The ZPH at 781.0 nm in Figure 4.3B
(curve c) is fitted with a Lorentzian profile and corrected for spectral resolution, where the fwhm
(I'hole = 3.6 cm™) corresponds to a homogeneous linewidth (7hom) of 1.8 cm™. (Note that Ihole =
2T hom).343 This shows that zeer from BChl ¢ — BChl a is ~3 ps, in agreement with literature

data.*® This value was obtained from Equation 5.1

1 1 1 - 1
2ncTy TL'CTZ* 2TICTEET ZTTCTEET’

Thom(em™) = (5.1)

where T is the fluorescence lifetime, T," is the “pure” dephasing time (which at 5 K is very large
in comparison to T1), and c is the speed of light in cm/s.®* Interestingly, selective excitation at 1s
= 804.0 nm (curve d) also shows a ZPH that, after correction for spectral resolution, gives I'hom =
2.7 cmL. This suggests that there is likely uncorrelated EET from the baseplate BChl a absorbing
at energies > ~12400 cm™ to low-energy BChl a; that is, energy cascading down the energy ladder
in agreement with the observed low-energy trap at 818.3 nm (12220 cmt, fwhm = 240 + 30 cm’
1. Thus, we propose that baseplate emission originates from the tail states of the density of states
(DOS) where exciton dwell time exceeds its intrinsic lifetime. The estimated zeet from high-energy
BChl a to the low-energy BChl a within the baseplate absorption band is about 2 ps. HB spectra
imply that excitation ends up in the baseplate states near 818.3 nm, meaning that energy is

efficiently transferred to a localized state that leads to the observed emission near 826 nm (see
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Figure 4.2B). Of course, in chlorosome-baseplate-FMO systems, energy would be further
transferred into the lowest energy state(s) of FMO and subsequently to the RC. We show below
that minor contamination(s), if present, while not resolved in absorption at 77 K and/or room
temperature, may still drastically change interpretation of the excitonic structure and dynamics of
BChl a molecules constituting the baseplate.
4.3.2 The Nature of Excitonic States Observed in Chlorosome—Baseplate Systems
Contaminated with FMO and RC

To address the differences in electronic structure of baseplate chromophores observed in
this work and ref 32, we present in Figure 4.4 low-temperature (5 K) absorption and f-dependent,
nonresonant HB spectra obtained for two chlorosome-baseplate samples, which contain amounts
of FMO and RC contributions (vide supra). The holes observed near 827, 818 and 806 nm most
likely correspond to FMO excitonic states.3® We hasten to add that the FMO bands are slightly
shifted in comparison with isolated FMO since they are superimposed on the baseplate absorption
band and weak RC absorption in the same spectral region, complicating any interpretation of their
electronic/excitonic structure. While the weak feature near 797 nm may result from bleach of high-
energy FMO pigments, it could also be ascribed to RC antenna pigments, as both frames of Figure
4.4 show RC contamination. The presence of the RC antenna pigments is consistent with the
observation of the two holes near 834 and 837 nm (see arrows in Figure 4.4B), which are known
to correspond to the low-energy states of the RC antenna pigments.”-3 The P840 band is not
observed in these spectra due to partial photo-oxidation of the special pair, whose contribution has
been revealed by redox chemistry (to be reported elsewhere). Since the data for the pure
chlorosome-baseplate system (shown in Figure 4.3) show drastically different behavior, and

spectra shown in Figure 4.4 are in very good agreement with 2DES data,®? we suggest that the four
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electronic transitions reported in ref 32 should not be assigned to baseplate pigments, but to the
excitonic states of BChl a residing within the FMO/RC antenna. Thus, the assignment (indicated
via asterisks) of the 77 K energy states located near 12590 cm™ (794 nm), 12420 cm™ (805 nm),
12260 cm™ (815 nm) and 12120 cm™ (825 nm)® to the BChl a baseplate, in light of the data shown
above, is most likely incorrect. Note that the bands labeled 1-4 are slightly red-shifted compared
to 2DES data, due to lower temperature (5 K versus 77 K) and different spectral resolutions used

(4 cm™ versus 50 cm™).

4.3.3 Baseplate Structure

The baseplate structure seems to be less complex than proposed in ref 32. Our data support
an arrangement of weakly-coupled dimers as reported in refs 22, 23 and 24, and exciton hopping
along the 2D network of CsmA dimers to the low-energy trap at 818.3 nm, which emits at 825.7
nm. Thus, our data are consistent with the model reported in ref 22 that baseplate CsmA proteins
arranged as a 2D paracrystalline lattice® bind one BChl a per CsmA protein, while EET can be
understood in terms of a random walk on an energetically disordered network where the excitation
can move coherently within the DOS distribution of site energies.***° Thus, an electronic
excitation could visit many sites via hopping (i.e., downhill jumps) and “freeze” at the
energetically broad low-energy trap that is most likely located at the interface between the
baseplate and FMO proteins. A qualitative description of energy relaxation in systems with large
energetic disorder and a random walk on the 2D surface of the baseplate BChl a molecules is
beyond the scope of this paper and it remains to be established whether the Anderson-Mott
transition could be invoked to explain the origin of the low-energy trap. This could have important

implications regarding efficiency of EET from the baseplate pigments to the FMO complexes.
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From the data reported in this work, there is excellent spectral overlap between emission
of baseplate pigments and low-energy exciton states of FMO expected for an efficient Forster-type
EET from the baseplate to the FMO complex, which in turn (in intact GSB), further transfers
energy to the RC for charge separation.'® While detailed structural information is not available, a
distance of 15 A between the baseplate and FMO was estimated in recent theoretical calculations.?*
Nevertheless, if FMO complexes are present in the chlorosome—baseplate system, excitation
energy is efficiently transferred to FMO; decreasing the bleach of baseplate pigments in agreement
with the shapes of HB spectra (see Figure 4.4). Finally, we note that data obtained for intact,
isolated FMO samples®® are in perfect agreement with data presented in this work. For example,
the maximum of the FMO fluorescence band (826.4 nm)* fits well the fluorescence difference
curve shown in Figure 4.2B; confirming one of our conclusions in ref 33, that absorption and
fluorescence spectra reported in the literature (often measured for different FMO samples) were

slightly blue-shifted due to purification/isolation procedures and/or destabilization effects.

4.4 Concluding Remarks

It has been shown that the low-energy trap of baseplate pigments spans the same energy
range as FMO pigments (from about 12000 to 12400 cm™), i.e., the baseplate pigments are well
coupled to the two lowest energy states of FMO. This in turn suggests that energy harvested by
baseplate pigments can be efficiently transferred to FMO within the 2D lattice. The low-energy
trap in the baseplate at 818.3 nm is most likely formed via exciton hopping and HB data is
consistent with dimers of CsmA proteins containing two BChl a molecules sandwiched between
the hydrophobic regions and bound near the histidine.?#% In summary, our results indicate the
following: 1) nonresonant and resonant HB spectra obtained at 5 K for the pure chlorosome—

baseplate system question the recent suggestion that at least four BChl a are in close contact within
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the baseplate protein;3 ii) there is a large static diagonal disorder of baseplate BChl a (absorption
bandwidth ~ 625 cm™) with a localized trap state at 818.3 nm (fwhm ~ 240 cm™) that leads to
emission at 825.7 nm; and iii) the four excitonic states identified at 77 K via 2DES®? most likely
correspond to contamination of the baseplate with the FMO antenna and possible the RC. Finally,
HB spectra show that EET from the chlorosome BChl ¢ — BChl a of the baseplate and BChl a —
BChl a (within the baseplate) occur in 2.9 £ 0.1 and 2.0 + 0.1 ps, respectively, indicating that the
baseplate receives the exciton quickly, rapidly directing it to the lowest energy baseplate trap (with

a maximum at 818.3 nm), which releases the exciton to the FMO complexes.

4.5 Experimental Methods

The Cb. tepidum cultures grown at 45 °C were harvested at the steady-state growth. The
membrane fraction was obtained through ultracentrifugation at 48,000 rpm for 2 hr. The
chlorosome was extracted from membrane fractions using 2 Nal in 20 mM Tris-HCI followed by
sucrose gradient separation via ultracentrifugation at 28,000 rpm for 16 hr, which gave a
concentrated top layer and less concentrated middle layer. The top layer contains more
concentrated and pure chlorosomes (i.e., the chlorosome-baseplate complex) and the middle layer
contains chlorosome with contamination of other antenna complexes. For HB experiments,
samples were diluted with 50:50 (v/v) buffer:glass solution. The glass forming solution was 55:45
(v/v) glycerol:ethylene glycol.

Details about the measurement setup were described elsewhere.* Here only a brief description is
given. A Bruker HR125 Fourier transform spectrometer was used to measure the absorption and
HB spectra with resolutions of 4 and 2-4 cm™, respectively. The fluorescence spectra were
collected by a Princeton Instruments (P1) Acton SP-3200 spectrograph equipped with a back-

illuminated CCD camera (PI Action Specl0, 1,340x400) with a resolution of 0.1 nm. The laser
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source for both nonresonant HB and fluorescence was 488.0 nm produced from a Coherent Innova
200 argon ion laser, and tunable wavelengths came from a Coherent CR899 Ti:Sapphire laser (line
width 0.07 cm™) pumped by a Spectra-Physics Millenia Xs diode laser (532 nm). Laser power in
the experiments was precisely set by a continuously adjustable neutral density filter. All
experiments were performed at 5 and 77 K inside an Oxford Instruments Optistat CF2 cryostat

with sample temperature read and controlled by a Mercury iTC temperature controller.
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Abstract

Recently, a hybrid approach combining solid-state NMR spectroscopy and cryo-electron
microscopy showed that the baseplate in the green sulfur bacterium Chlorobaculum tepidum is a
2D lattice of BChl a—CsmA dimers [Nielsen, J. T.; et al., Nat. Commun. 2016, 7, 12454—12465].
While the existence of the BChl a—CsmA subunit was previously known, the proposed orientations
of the BChl a pigments had only been elucidated from spectral data up to this point. Regarding the
electronic structure of the baseplate, two models have been proposed. 2D electronic spectroscopy
data was interpreted as revealing that at least four excitonically coupled BChl @ might be in close
contact Conversely, spectral hole burning data suggested the lowest energy state was localized, yet
additional state are sometimes observed due to the presence of the Fenna—Matthews—Olson (FMO)
antenna protein. To solve this conundrum, this work studies the chlorosome-baseplate complex
from Chloroflexus aurantiacus, which does not contain the FMO protein. The results confirm that
in both C. tepidum and C. aurantiacus excitation energy is transferred to a localized low-energy

trap state near 8§18 nm with similar rates, most likely via exciton hopping.
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5.1 Introduction

The green filamentous bacterium Chloroflexus aurantiacus employs chlorosomes as
photosynthetic antennas. They are the major light-harvesting bodies and contain on the order of
tens of thousands to hundreds of thousands of bacteriochlorophyll (BChl) ¢ pigments, which self-
aggregate without any assistance from the peptides in the hydrophobic environment, enveloped in
an ellipsoidal lipid monolayer.!® The structure of chlorosomes from this bacterium was
investigated using a combination of cryo-electron microscopy and X-ray diffraction.®®
Chlorosomes are located on the cytoplasmic side of the plasma membrane and interface with the
membrane via a so-called baseplate. The baseplate is composed of a regular array of the
chlorosomal protein CsmA, forming a complex with BChl a and carotenoid molecules. Figure 5.1
shows the relative arrangement of the chlorosome and the membrane-bound reaction center (RC).
The baseplate is present only on one side of the chlorosome, and the lattice dimensions suggest
that the building block is a CsmA protein dimer.® The CsmA protein subunits have molecular
masses of 5.7 and 6.2 kDa in C. aurantiacus and Chlorobaculum tepidum, respectively.® BChl a
molecules within the baseplate act as mediators of excitation energy transfer (EET) from the
chlorosomal body towards the FMO antenna and reaction center (RC) in C. tepidum, and to the
B808-866 core antenna/RC system in C. aurantiacus.’*™*3 The primary pigment in chlorosomes
from both C. aurantiacus and the green sulfur bacterium C. tepidum, is BChl ¢ (~99%),* but lipid,
protein, quinone and small amount of BChl a are also present.® The size and the thickness of
chlorosomes depend on growth conditions.'®” In low-light intensity growth conditions, the
number of chlorosomes per cell increases leading to a thickening of chlorosomes, though the latter
does not affect their length or width. The thickening of the chlorosomes leads to an increase of the

BChl ¢/BChl a ratio (i.e., the ratio is inversely proportional to the light intensity during
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growth).*®% It has been also shown that each chlorosome has the same sized baseplate.*® The
baseplate BChl a pigments absorb near 800 nm at low temperature and are not aggregated like the
BChl ¢ molecules of chlorosomes. Stoichiometric measurements strongly indicate that in C.
tepidum one CsmA protein binds a single BChl a molecule?®?! and the presence of a single
histidine residue (His25) supports this conclusion.?>?3 Interactions between chlorosome pigments
(BChl c) and BChl a of the baseplate have been studied theoretically and are believed to be weak,
with only minor effect on baseplate transition energies.?* A time constant of ~1 ps was proposed
to reflect both intra-chlorosomal EET from the initially excited state to lower-lying local states
and EET between BChl a molecules of the baseplate.?® The reported EET times from the
chlorosome to the baseplate are also on a ps time scale, for example, 6-12 ps® and 5-20 ps,?*
although longer time constants of 12-40 ps,2® 30-40 ps?’ and 280 ps'* were also proposed. Recently
we have shown, using hole-burning (HB) spectroscopy, that low temperature EET from the
chlorosome BChl ¢ — BChl a of the baseplate and BChl a — BChl a (within the baseplate) in C.
tepidum occur in 2.9 + 0.1 and 2.0 + 0.1 ps, respectively.?® The large energetic disorder produces
an Anderson-type exciton localization?®2° which traps excitation energy in the lowest energy state
near 818 nm. From HB data, the EET times are determined by the width of a resonantly burned
zero-phonon hole (ZPH). That is, the spectral hole width represents homogeneous broadening
related to the depopulation of the probed state. Since the fluorescence lifetime is on the order of

nanoseconds and the pure dephasing time at liquid helium temperatures is even longer, the

resulting width gives the EET time directly by I';py = 29 Due to finite spectral resolution,

TCTEET
the ZPH is technically a Voigt profile (convolution of Lorentzian and Gaussian curves), however,
the Lorentzian shape dominates for “fast” relaxation. Where necessary the reported Lorentzian

full-width at half-maxima (fwhm) have been corrected to account for the spectral resolution.
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Previously, the organization of CsmA proteins as a 2D crystalline lattice was directly observed via
electron cryo-microscopy® and the structure of the CsmA protein has been determined by liquid
state NMR.3! Various models were proposed for the BChl a—CsmA dimer, but BChl dipole-dipole
angles (30-125°) and center-to-center distances (7-18 A) varied significantly.?33232 Interestingly,
the calculated coupling matrix elements (Vmn) have similar values of —(30-35) cm™* (assuming ||
= 6.1 D). The high-resolution structure of the CsmA baseplate from C. tepidum (including relative
orientation and distances between individual BChl a molecules) was recently obtained using a
hybrid approach combining solid-state NMR spectroscopy, cryo-electron microscopy, isotropic
and anisotropic circular dichroism and linear dichroism.®* In that work, the authors showed that
the baseplate is composed of rods of repeated dimers of the strongly amphipathic CsmA with BChl
a pigments sandwiched within the dimer at the hydrophobic side of the helix. Using the new
structure Vmn = 100 cm™ between the BChls constituting baseplate dimers. Subsequently, the
structure of the BChl a pigments was modified after discrepancies between experimental data and
modeling were found, especially pertaining to the linear dichroism spectrum.®® The modification
consists of rotating the Qy transition dipole of the BChl a dimer towards each other by 30° each,
resulting in Vmn = 60 cm™®. While the structure of the C. aurantiacus baseplate is not known, and
there appear still lingering questions about the BChl orientation in C. tepidum, the recent structural
data provides a critical starting point for interpreting low-temperature C. aurantiacus spectral
features. C. aurantiacus is of key interest in this work since chlorosomes from species belonging
to Chloroflexi are directly connected to the membrane, i.e., they do not possess the FMO protein,
in contrast to C. tepidum.2*¢3" However, in both cases, the excitation energy is ultimately delivered
to the RCs within the membrane, where charge separation takes place, and is subsequently used to

drive cellular processes.>*’ In addition to its role in EET, it has been proposed that the baseplate
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is essential for the long-range order of BChl ¢ aggregates.® Studies of the chlorosome—baseplate
from C. aurantiacus reported below should shed more light on baseplate pigments as well as their
excitonic structure and EET dynamics. Below we show that both C. tepidum and C. aurantiacus
have a large static diagonal disorder of baseplate pigments with similar EET rates to the localized

trap state near 818 nm.

—— Oligomers

e Chlorosome

™~ Type I RC

Figure 5.1 Schematic structural model for C. aurantiacus. The chlorosome is directly connected
to the membrane (hosting the core antenna and type Il RC) via the baseplate.

5.2 Materials and Methods

5.2.1 Chlorosome lIsolation

Chlorosomes were isolated following the procedure of Gerola and Olson®® as modified by
van de Meene et al.** Briefly, pelleted cells of C. aurantiacus were suspended at 0.25 g/mL in
chlorosome buffer (20mM TRIS, 2M NaSCN, pH 8.0) with ascorbic acid added to 0.01 M and
incubated for 30 min at room temperature. The sample was homogenized with a glass plunger and
sonicated on ice two times for 30 s at 45% power (30 s between sonications) and centrifuged at
3500g for 5 min to remove debris and unbroken cells. Concentration was achieved with Amicon
100 K MWCO filters (ThermoFisher) at 4000g for 20 min. The sample was loaded onto a

discontinuous sucrose gradient (10%, 20%, 50%) in chlorosome buffer and centrifuged at 140
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000g for 16 hr at 4 °C in a SW 32 Ti ultracentrifuge rotor. Chlorosome bands were located in the
upper fractions and 10%/20% interface and selected for those showing a room temperature peak
at 741 nm wavelength but without peaks at 808 or 865 nm. For HB experiments, the samples were
diluted to the desired OD by buffer and glass-forming solution at 40:60 (v/v) sample/glass solution.
The glass-forming solution was 55:45 (v/v) glycerol/ethylene glycol.
5.2.2 Experimental Spectroscopic Methods

Details about the measurement setup are described elsewhere.*! In short, a Bruker HR125
Fourier Transform Infrared spectrometer was used to measure the absorption and HB spectra with
resolution of 2 cm™. The fluorescence spectra were collected by a Princeton Instruments (P1) Acton
SP-3200 spectrograph equipped with a back-illuminated CCD camera (Pl Acton Spec10, 1340 x
400) with a resolution of 0.1 nm. The laser source for both non-resonant HB and fluorescence was
488.0 nm, produced from a Coherent Innova 200 argon ion laser. Tunable wavelengths for resonant
HB came from a Coherent CR899 Ti:sapphire laser (line width 0.07 cm™) pumped by a Spectra-
Physics Millenia Xs diode laser (532 nm). Laser power in the experiments was precisely set by a
continuously adjustable neutral density filter. All low-temperature (5-77 K) experiments were
performed using an Oxford Instrument Optistat CF2 cryostat with sample temperature read and

controlled by a Mercury iTC temperature controller.

5.3 RESULTS AND DISCUSSION

5.3.1 Low-Temperature Absorption and Emission Spectra

The low-temperature absorption and fluorescence spectra of isolated chlorosomes are
shown in Figure 5.2. The absorption (red curve a) shows, in addition to the oligomeric BChl ¢
(743.0 nm) and baseplate BChl a (799.2 nm) origin bands, a small peak at 670 nm (most likely

due to degradation products of BChl ¢; perhaps bacteriopheophytin ¢'3%42 and a tiny peak at 870.9
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nm (see the red star) due to a small contamination by the B808-866 complex (which also contains
BChl a). The relatively strong fluorescence from the baseplate at ~ 820.8 nm (blue curve b), in
contrast to the relatively low intensity of the 799.2 nm absorption band, indicates that there is

significant energy transfer from the BChl ¢ aggregates to the baseplate, in agreement with literature

data.*?

Absorbance (a. u.)
('n "e) souaasalon|4

7634

799.2 Baseplate

0 ) . V%8709
650 700 750 800 850 900
Wavelength (nm)

0

Figure 5.2 Curves a and b are absorption and emission for isolated chlorosomes of C. aurantiacus
at 5 K, respectively.

5.3.2 C. aurantiacus Versus C. tepidum

C. aurantiacus and C. tepidum chlorosome/baseplate systems studied in this work were
obtained at low-light growth conditions. It has been suggested that a larger rod diameter in C.
tepidum, and possibly different orientations of the transition dipole moments of BChl c in the
concentric walls, lead to a broader and red-shifted BChl ¢ Qy band*2>*3 This is demonstrated in
Figure 5.3, which compares 5 K absorption (frame A) and fluorescence (frame B) spectra obtained
for C. aurantiacus (blue curves a and a") and C. tepidum (black curves b and b"). Absorption

maxima/fwhm of the BChl ¢ bands are 743.0/19.5 nm and 756.0/33.7 nm for C. aurantiacus and
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C. tepidum, respectively. The fact that the BChl ¢ Qy band of C. aurantiacus is about 50% narrower
than that of C. tepidum suggests a more ordered pigment organization in the former than in the
latter chlorosomes.'! The weak 799.2 nm band in spectra a and b, as mentioned above, corresponds
to baseplate BChl a absorption (see red arrow). This band is less resolved in C. tepidum (curve b),
which is somewhat due to the higher relative proportion of BChl a in C. aurantiacus chlorosomes.
(~5 to 8% of the total BChl ¢)®* than in C. tepidum (~0.5 to 2%).%"2° The corresponding emission
spectra (curves a’ and b’) normalized at the baseplate emission maxima are shown in frame B.
Fluorescence maxima of BChl c¢/BChl a are at 763.4/820.8 nm and 781.6/825.7 nm for C.
aurantiacus and C. tepidum, respectively. While the fwhm of baseplate BChl a emission bands are
similar (~14-15 nm), chlorosome BChl ¢ emission from C. aurantiacus is broader by a factor of
~2.2 than that observed in C. tepidum. Also, the relative population ratios of BChl ¢/BChl a
calculated from integrated emission intensities in spectra a’ and b’ are significantly different, i.e.,
about 0.6 and 1.4, respectively. Interestingly, emission maxima in curves a’ and b’ are shifted
(820.8 vs 825.7 nm) although the corresponding absorption bands are very similar (vide infra).
While there is a 0.7 nm shift between the lowest energy states (see below), tentatively, the
additional difference in fluorescence maxima of the baseplate bands can be explained by
differences in electron-phonon coupling. Details of the structure-based simulatons used to
determine the electron-phonon coupling are given in the Appendix C. the simultaneous modeling
of several optical spectra reveals information on the localization of the baseplate excitonic states

(discussed more below in the entext of HB spectra).
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Figure 5.3 Frames A and B show 5 K absorption/fluorescence spectra of C. aurantiacus (curves
a/a’) and C. tepidum (curves b/b’), respectively. All curves are normalized at the maxima of
baseplate absorption and emission spectra.

5.3.3 Hole-burned Spectra and the Low-Temperautre Energy Trap

The baseplate 5 K absorption band of C. aurantiacus, with a maximum at 799.2 nm, is
shown by curve a in Figure 5.4. Curves b, ¢ and d are persistent HB spectra obtained at burn
wavelengths (4g) of 798.0, 781.0, and 759.0 nm and for laser fluences (f) of 11.3, 60, and 19 J cm’
2, respectively. All three low-fluence holes have percent hole depths of ~1%. The spectra obtained
for C. aurantiacus reveal a low-energy trap state at 817.6 nm (with fwhm of 190 cm™) that is very
similar to that previously observed in C. tepidum chlorosomes (818.3 nm with fwhm of 240 cm’
1,28 The experimental zero-phonon hole (ZPH) burned at 781.0 nm (red curve), and its Lorentzian
fit (black curve) with fwhm of ~ 5.3 cm™ are replotted in the inset. The fwhm of ZPHs burned at
781.0 and 798.0 nm show that the BChl a — BChl a EET time is about 2 ps, i.e., similar to that
observed in baseplate of C. tepidum.?® A similar EET time was obtained for As of 802.0 nm (data
not shown) suggesting similar EET times across the baseplate absorption band. The ZPH burned

at 759.0 nm (curve d, green), resonant with the chlorosome BChl ¢ absorpbance, with a fwhm of
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4.2 cm™ | shows that the BChl ¢ — BChl a EET time is about 2.5 ps. Note that BChl ¢ — BChl a

EET occurs in ~2.9 ps for C. tepidum.?®

LG -6
HE— Baseplate a
bx15

0 - = —

Absorbance (a. u.)
T

g =798.0 nm

g =781.0nm

A Absorbance (a. u.)

12000 12500 13000
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Figure 5.4 Curve ais 5 K absorption of the baseplate of the C. aurantiacus. Curves b, ¢ and d are
resonant (persistent) HB spectra and were obtained using burn wavelength of 798.0, 781.0 and
759.0 nm, respectively. Inset shows the ZPH burned at 781.0 nm (red) with a Lorentzian fit (dashed
curve).

5.3.4 On the Purity of the Chlorosome-Baseplate Sample

The 5 K absorption bands of the baseplate and B808-866 membrane-bound light-harvesting
complex are shown by curve a (black) in Figure 5.5. Curve b (green) is non-resonant excitation at
8 =532.0 nm (f = 600 J cm?) while curve d (blue) is a resonant HB spectrum obtained at 820.0
nm (f =7 Jcm™). After the persistent hole is burned (i.e., curve d) the sample is annealed to 70 K
for 20 min and again cooled to 5 K. Curve ¢ (red) is the difference between 5 K (preburn)
absorption before and after annealing the sample (5 K sample warm up to 70 K and again cool
down to 5 K). Curve f is a new hole burned spectrum measured after annealing. Curve e (pink) is
the difference between spectra d and f (i.e., d minus f), that shows the bleaching of the membrane

antenna. Thus, depending on the way the experiment is done, one can reveal a broad bleach (11 447
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cm’; 873.6 nm; see pink arrows) assigned to the B808-866 complex which is still present in our
samples, as suggested by data shown in Figure 5.2 (see the very weak band indicated by an
asterisk). The increased bleach at 11 447 cm™ (873.6 nm) in the nonresonant spectrum (curve c) is
due to the excitation of Cars bound to the B808-866 complex, which absorb strongly at 532 nm.
Conversely, there is insignificant B808 absorption at 820 nm (see Appendix C) and the response
at 11447 cm™ (~873.6 nm) to the resonant excitation is much weaker. It is also possible that some
B808-866 complexes are not bound to the chlorosomes. It is worth noting that Achiorosomes/Abaseplate
and Achiorosomes/ Asos-gss ratio is about 20 and 200, respectively. That is, in comparison with isolated
chlorosomes used in the literature, the contamination by the B808-866 complex in our samples is
negligibly small. Previously, a weak bleaching in the 808-866 nm region was observed by transient
absorption data of the isolated chlorosomes, probably due to the direct excitation of some
remaining B808-866 complex in the sample.® The hole widths measured at Ag = 820.0 nm are 3.3
and 4 cm for curves d and f, respectively. These values correspond to population lifetimes of

about 5-6 ps, indicating BChl a-CsmA — B808-866 EET is on the order of several ps.

('n "e) soueqaosqy

A Absorbance (a. u.)

1 1 1 i 1 1 1 1 i 1 1 1 1 i
11500 12000 12500
Wavenumber(cm'?)

Figure 5.5 Absorption (5 K) of the BChl a baseplate and core antenna region (curve a) and
expanded B808-866 band (curve a’). Curve b is the nonresonant HB spectrum, while curves d and
f are resonant HB spectra obtained at different experimental conditions (see text for details). Curve
c is the difference absorption spectrum of before and after temperature annealing. Curve e is the
difference between curves d and f.
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5.4 Conclusions

The BChl a—CsmA baseplate is an integral part of the chlorosome complex in both green
sulfur bacteria and filamentous anoxygenic phototrophs. Its role along the energy transfer pathway
IS to accept excitation energy from the chlorosome BChl ¢ and transfer the energy to BChl a bound
to either the FMO (e.g., C. tepidum) or B808-866 (e.g., C. aurantiacus) protein complexes. Thus,
the lowest energy trap state of the baseplate is of interest for understanding the overall EET process
in photosystems of the aforementioned bacteria. The results presented in this work, for pure
isolated chlorosomes, indicate both C. tepidum and C. aurantiacus baseplates have the same low-
energy trap near 818 nm. HB data obtained for both bacteria suggest that excitation within the
corresponding baseplate systems is transferred to a localized trap state via exciton hopping, which
leads to red-shifted emission near 826 nm and 821 nm for C. tepidum and C. aurantiacus,
respectively. The measured BChl a — BChl a EET time within the baseplate occurs in 2.0 + 0.1
ps. This result contradicts an earlier interpretation of 2DES data that concluded the C. tepidum
baseplate is composed of an excitonically coupled tetramer.*® The consistency between the HB
data of C. tepidum and C. aurantiacus suggests that, in both bacteria, the baseplate electronic
structure is mainly determined by the disordered BChl a—CsmA lattice leading to localized states;
and not excitonic interactions across multiple BChl a—CsmA dimers leading to delocalized

excitons.
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Chapter 6

Conclusions

This work presents the application of low-temperature high-resolution laser spectroscopy
technique, hole burning, and computer modeling towards the several light-harvesting antenna, i.e.,
CP29 and CP47 from higher plants, and baseplate complex of two green bacteria families. In CP47
core antenna project, using simultaneous fit of various low-temperature optical spectra such as,
absorption, emission, circular dichroism (CD), circularly polarized luminescence (CPL), and
nonresonant hole-burned spectra, we demonstrate that the spectra reported and calculated in the
literature represent heterogeneous samples. Therefore, the proposed new energy flow in the CP47
antenna protein complex, which favored Chl 11 as the lowest energy pigment, is highly
questionable. We suggest that the lowest energy exciton band is mostly contributed to by either
Chl 26 or Chl 29. In second project, pigment analysis of reconstituted CP29 complexes in
agreement with theoretical modeling of various low-temperature optical spectra suggests that
~50% of Chl b614 is lost during the reconstitution and purification procedures; therefore,
reconstituted CP29 complexes contain, on average, 9 Chls a and 3.5 Chls b. Also, the modeling
study of excitation-dependent emission and shift of fluorescence spectra induced by NRHB in the
reconstitute CP29 revealed two independent low-energy states, i.e., the A and B Traps. The state
A is assigned to the minor subpopulation Il (10%), which most likely originates from imperfect
reconstitute of CP29 proteins in vitro and unlikely to occur in the native complex. The state B is
attributed to the major subpopulation 1 (90%), is mostly delocalized over the a611, a612, a615 Chl
trimer. In the last two projects, the chlorosome-baseplate complex from green bacteria Cb. tepidum

and C. aurantiacus studied which the main difference of these two complexes is the later one does
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not contain the FMO antenna. We demonstrate that the nonresonant and resonant HB spectra
question the suggestion that at least four BChl a are in close contact within the baseplate protein,
and the four excitonic states most likely correspond to the contamination of the baseplate with the
FMO antenna. The experimental data of two families of green bacteria are consistent with the
model that baseplate CsmA protein arranged as dimers containing two Bchl a molecules
sandwiched between the hydrophobic protein regions. We confirm that in both chlorosome-
baseplate complexes excitation is transferred to a localized low-energy trap state near 818 nm with
similar EET rates, most likely via exciton hopping.

Currently, a complementary study of CP29 mutants, i.e., A2 and B3 that lack of ligands of
Chl 612 and Chl 614, respectively, is in progress. From preliminary experimental results and
modeling studies, A2 expected to play an essential role in the transfer of excitation energy transfer
from the peripheral antenna to the core. However, more pigment analysis is needed to describe the

optical spectra precisely.
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Appendix A
Supporting information for” Towards an Understanding of the
Excitonic Structure of the CP47 Antenna Protein Complex of

Photosystem II Revealed via Circularly Polarized Luminescence”

A.l. Effect of Isolated Pigments on Circularly Polarized Luminescence.

Figure A.1 shows that the shape of the circularly polarized luminescence (CPL) spectrum (fitted
in Figure 2.2 A; main manuscript) may be affected when chlorophyll (Chl) 29 (which does not
contribute to the CPL signal) contributes to the lowest energy state. In this case Chl 29 has a
variable site energy with Chl 11 having a constant site energy of 14 580 cm™. Although Chl 29 is
in a separate domain, its low site energy and I'inn may still affect the shape of the CPL spectrum
(i.e., the positive and negative lobes), as this Chl contributes to the lowest energy absorption.
Curves a, b, and c are the CPL spectra for Chl 29 site energies of 14 500, 14 559, and 14 618 cm™
! respectively. The Tinn values for Chls 11 and 29 are 290 cm* and 269 cm™?, respectively. For all

remaining pigments Tinn = 140 cm™2.

CPL

670 680 690 700 710
Wavelength (nm)

Figure A.1 CPL spectra calculated with different site energies of Chl 29 and fixed site energy of Chl 11.
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A.2. Spectral Deconvolution of Destabilized CP47 Fluorescence.

Figure A.2 shows 2 K fluorescence spectra, adopted from ref !, obtained for CP47 before (frame
B; curve c) and after (frame A; curve a) 514 nm illumination. Spectra were measured with the
same excitation intensity of ~0.1 mW/cm?. Spectra b and d are fits using the typically observed
F691 and F695 emissions observed in heterogeneous CP47 samples, and the adjusted difference
between spectra a and ¢ (F685 = a — ¢). The difference (a — c) is very similar to the F685 emission
extracted previously with a maximum near 685 nm.? However, the fits clearly indicate that this
sample already contained F685 emission (see frame B), indicating that a subpopulation of
complexes was already permanently modified. The relative intensities of the F685, F691, and F695

are indicated by the vertical bars (see also Figure 2.3B in the main manuscript).

F691

F685
F695

Fluorescence (arb. units)

lllllllllllIIIIIIIIIIIIII

670 680 690 700 710
Wavelength(nm)

Figure A.2 2 K CP47 fluorescence spectra! obtained before (frame B; curve c) and after (frame
A; curve a) 514 nm illumination. Spectra b and d are fits calculated as the sum of F685, F691, and
F695 emissions. The relative intensity of the F685, F691, and F691 bands after illumination is
indicated by the three bars.

Figure A.3 shows a modified Figure 8 from ref 2 with deconvolved fluorescence spectra using the

F685, F691, and F695 bands. We argued before that the emission near 685 nm (F685), 691 nm
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(F691), and 695 nm (F695) originate from fractions (subpopulations) of CP47 complexes in which
the lowest energy traps lie at energies near ~684 nm, ~689 nm, and ~693 nm, respectively. The
emission spectra are also consistent with HB data discussed in ref 2 and support our findings that
many previously studied samples contained fractions of destabilized and/or photodamaged CP47
complexes. Our assignment of the F685 contribution is further supported by the shape of the grey
(scaled) curve a in frame B of Figure A.3, which was obtained as a difference between the
experimental fluorescence spectra shown in frames A and B. This spectrum is similar to the F685
band shown in Figure A.2, supporting our suggestion that many samples studied in various

laboratories over the years had different permanent contribution from the F685 emission.
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Figure A.3 Broad band fluorescence spectra (solid lines) of various CP47 samples adopted from
ref 2. Frames A-C describe the composition of fluorescence spectra from refs 2-4 respectively.
Deconvolution shows that these spectra can all be fitted with the same three major contributions:
i) F685; ii) F691; and iii) F695 emission.

Figure A.4 (adopted from ref 2) compares nonresonant HB spectra obtained with Ag = 496.5 nm
for typical destabilized (frame A) and intact (frame B) samples. Note that the lowest energy burn
states and the minima of the saturated holes in frames A and B are sample dependent, revealing
that the composite nature of burned holes strongly depends on sample quality in agreement with

different fluorescence spectra. Both samples, however, possess the lowest exciton state of intact
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CP47 and F695 emission, which originates from the A1 state.? The shallow holes (shown in insets)
clearly reveal the complex nature of destabilized samples. That is, the lowest exciton state of the
intact sample near 693 nm (A1 band) is still observed in the destabilized sample, while the main

bleach near 688-689 nm (AT1 band)? corresponds to the modified subpopulation characterized by

the F691 emission.
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Figure A.4 Comparison of nonresonant HB spectra obtained with Ag = 496.5 nm for destabilized
(frame A) and intact (frame B) samples adopted from ref 2. Curves labeled 1-8 (in both frames)
correspond to holes obtained for different burn fluences, while the insets correspond to expanded

curves 1.

A.3. CP47 Electronic Coupling Constants.

Tables A.1 and A.2 show the coupling constants (off-diagonal matrix elements) calculated with
the TrEsp method® for two X-ray structures of the Photosystem Il core complex (PSll-cc).
Structures 3ARC® (Thermosynechococcus vulcanus) and 3JCU’ (spinach) have resolutions of 1.9
and 3.2 A, respectively, and produce very similar coupling constants. Note that Tables A.1 and
A.2 support the use of higher-resolution x-ray data from cyanobacteria even when simulating

experimental spectra from spinach.
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Table A.1 TrEsp Electronic Coupling Constants (cm™) for the 3ARC structure

chh 11 12 13 14 15 16 17 21 22 23 24 25 26 27 28 29
11 0 57 19 5 1 5 2 -4 7 3 2 -3 3 1 1 1
12 o -89 20 6 -7 6 5 20 -14 -4 5 -9 2 4 -2
13 0 5 4 66 -2 -7 28 15 1 -9 3 -2 -1 -4
14 0O 38 -15 6 5 -10 -4 -1 19 -3¢ 7 -3 0
15 O 68 -19 -2 o0 -5 -3 -6 -8 -4 12 10
16 0 7 3 7 5 6 -3 9 4 0 8
17 0 0 4 1 5 -1 17 4 2 2
21 0 -19 -9 -15 20 -6 -3 4 -1
22 O 60 8 -15 10 3 -4 5
23 0 -13 5 0 -6 3 -7
24 0 0 54 34 -17 7
25 0 60 96 22 3
26 0 59 -2 1
27 0 -12 11
28 0o -7
29 0
Table A.2 TrEsp Electronic Coupling Constants (cm™!) for the 3JCU Structure
chh 11 12 13 14 15 16 17 21 22 23 24 25 26 27 28 29
1 0 51 20 -5 1 5 2 5 8 4 2 -3 3 1 1 1
12 0O 94 21 56 -6 6 5 -19 -14 -4 6 -0 -2 4 -2
13 0 6 6 66 -3 -8 3 17 1 -9 3 -2 -1 5
14 0O -39 -14 6 5 -11 -5 -1 2 -40 7 -3 1
15 O 69 22 2 0 5 -4 -6 -7 -4 13 9
16 0 7 3 8 4 5 4 9 4 1 8
17 0 0 3 1 6 -1 17 4 2 2
21 0 -16 -95 -16 21 -6 -3 3 -1
22 0O 5 8 -14 10 4 -2 5
23 0 -13 5 -1 -6 32 -6
24 0 -11 63 35 -18 8
25 0 -74 100 24 5
26 0o 64 -3 1
27 0 -13 14
28 0 -16
29 0

159



A.4. Models I (Chl 26) and Il (Chl 29), Case B.

Theoretical fits (solid lines) of the same spectra as those shown in Figure 2.4 of the main
manuscript (filled curves) for Case B are shown in Figure A.5. Here all intradomain Vam < V¢ (30
cm™) are also set to zero. The right panels in Figure A.5 show the respective first three excitonic
states (top) and major pigment contributions (bottom) to the lowest energy (o = 1) state. Compared
to Case A, Case B shows marginally better fits with slightly different site energies, I'inn Of
individual pigments, and Huang-Rhys factors (Sph = 0.94, Svib-em = 0.6, Svib-abs = 0.46). See Table
A.3 for details (note that both cases have the same Chl ordering when comparing site energies).
The same case for Model 11, assuming Chl 29 is the lowest energy pigment, is shown in Figure

A.6 with details presented in Table A.4.
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Figure A.5 Left (Case B): Chl 26 is the lowest energy pigment. The same experimental spectra as
those in Figure 2.4 with new calculated curves (solid lines). Right: Chls contributing mostly to the
lowest energy state (o = 1) are Chl 26 (91.8%), Chl 27 (4.9%) and Chl 16 (0.83%). Fitting error =
2.49.
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Table A.3 Summary of Model | Parameters Used to Simulate Spectra for Intact CP472
Case A Case B
Chl Eg Iinp Ey  Tinn
11 14910 277 14893 288
12 14888 231 14879 210
13 14863 206 14831 279
14 14939 287 14885 352
15 14805 278 14830 295
16 14798 262 14795 265
17 15122 242 14995 301
21 14811 226 14800 231
22 14990 138 15017 109
23 14986 206 14985 208
24 15180 281 15169 353
25 15105 127 15079 143
26 14479 155 14481 159
27 14771 310 14810 396
28 14746 196 14742 219
29 14775 197 14785 271

aA|ll values in units of cm .
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Figure A.6 Left (Case B): Chl 29 is the lowest energy pigment. The same experimental spectra as
those in Figure 2.5 with new calculated curves (solid lines). Right: Chls contributing mostly to the
lowest energy state (o = 1) are Chl 29 (94.7%) and Chl 14 (3.8%). Fitting error = 3.57.
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Table A.4 Summary of Model Il Parameters Used to Simulate Spectra for Intact CP472
Case A Case B
Chl Eg Iinp Ey  Tinn
11 15065 214 15069 208
12 14798 228 14819 235
13 14904 236 14897 229
14 14712 253 14707 253
15 14774 176 14791 184
16 14866 213 14856 211
17 14942 266 14937 261
21 14839 213 14814 226
22 14936 174 14995 171
23 15008 228 14971 227
24 15039 249 15025 241
25 15044 249 15053 250
26 14762 166 14760 165
27 14886 275 14870 267
28 14853 269 14856 246
29 14482 150 14483 146

aA|ll values in units of cm .

Recall that all simultaneous fits shown in Figures 2.4/A.5 and 2.5/A.6 assume the same
experimentally determined Jpn(®) and included the newly extracted CPL curve for CPLegs, which
further constrains the choice for low-energy Chls. Nevertheless, based on these fits alone one could
suggest that Chl 26 is a better choice than Chl 29 for the lowest energy pigment. This is supported
by a weak positive band in the calculated CD spectrum near 693 nm, also observed experimentally
in the PS1I-cc.8 Comparison of fits shown in Figures 2.4/2.5 and A.5/A.6 reveals that the difference

between Cases A and B is very small, as expected.
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A.5. Model Il (Chl 29), Case C.

As defined in the main manuscript, Case C considers Vnm parameters calculated with the TrEsp
method and assumes that all intradomain Vam < V¢ (30 cm™) are set to zero. Figure A.7 shows fits
of experimental data for intact CP47 assuming Chl 29 is the lowest energy pigment. A omparison
of parameters for both Models I (Figure 2.6 of main manuscript) and Il (Figure A.7) is given in

Table A5.
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Figure A.7 Left (Case C): Chl 29 is the lowest energy pigment. The same experimental spectra as
those in Figure 2.5 with new calculated curves (solid lines). Right: Chls contributing mostly to the
lowest energy state (« = 1) are Chl 29 (91%), Chl 14 (4.6%), Chl 28 (2.1%), and Chl 11 (1.3%).
Fitting error = 2.1.
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Table A.5 Summary of Case C Parameters Used to Simulate Spectra for Intact CP472
Model | Model 11
Chl Eg Fivn  Eg Tinn
11 14900 265 14686 159
12 14884 175 15087 151
13 14894 169 14818 206
14 14918 309 14721 272
15 14809 286 14779 164
16 14828 255 14989 177
17 15085 218 15001 151
21 14721 191 14826 158
22 15019 128 14946 126
23 14992 319 14996 156
24 15224 358 14894 157
25 15033 131 14990 183
26 14490 155 14767 155
27 14852 259 14999 156
28 14799 207 14726 247
29 14792 224 14482 148

aA|l values in units of cm™.

A.6. Simultaneous Modeling of Various Optical Spectra Obtained for a

Heterogeneous CP47 Sample.

Recent analysis of circular dichroism (CD) and CPL spectra suggested that the lowest energy
pigment in the CP47 complex is Chl 11.! The authors concluded that previous assignments where
Chl 24, Chl 26 or Chl 29 were proposed as the most likely candidates for the lowest energy
pigment®*! are inconsistent with their new analysis of the CD and CPL spectra.® Structure-based

quantum chemical/electrostatic calculations cannot resolve this issue, as several Chls, i.e., Chl 11,
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Chl 23, Chl 26 and Chl 29, could have the lowest site energy, while the site energy of the Chl 12
is likely blue shifted."'! Here (see also the main manuscript) we emphasize that literature
assignments of pigment site energies in CP47 differ primarily due to differences in the
experimental data simulated, different spectral densities, and often a different level of theory
employed in calculations. For example, one cannot take parameters obtained via simple excitonic
calculations® while fitting a set of experimental data which includes the 695 nm emission band
(characteristic of intact CP47 complexes), and use them directly in Redfield-type calculations
while fitting spectra obtained for a mixture of intact and destabilized complexes (characterized by
much broader emissions with variable maxima between 689 and 692 nm). Such a comparison was
employed in ref 11 in order to argue against the site energy assignments from simple excitonic
calculations. Besides, all calculated Chl site energies should be taken with a grain of salt, as they
rarely perfectly reproduce measured optical spectra. As demonstrated below and recently in ref 2,

several different sets of parameters can describe the spectra very well.

As argued in the main manuscript, we do not think that the spectra simulated in ref 1 correspond
to pure, intact CP47 complexes. Nevertheless, for completeness, we also model all spectra from
Hall et al.! to demonstrate that the set of proposed parameters is not unique and other combinations
of site energies provide much better simultaneous fits. We tested all pigments as possible lowest
energy Chls. Several sets of parameters provide good fits, questioning the reliability of the recently
proposed assignment. An incorrect assignment of site energies will impact our understanding of

excitation energy transfer in CP47 and the entire PSII-cc.

Below we show the outcomes obtained with our algorithm that reasonably well fit all data from
ref 1, assigned by us to destabilized complexes. Recall, that in the main manuscript we argue that

these spectra represent a mixture of three subpopulations of CP47 complexes, and should not be
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fitted with one set of parameters. These fits are only for comparison with data presented in ref 1
and demonstrate that similar or better fits can be obtained with multiple sets of parameters. We
emphasize that many parameters have not been determined experimentally as of yet, and, as a
result, the fitting parameters need to be tested against different types of experimental data,
including time-resolved spectroscopies. All models split the 16 Chls into five excitonic domains,
as in refs 1 and 11, and use the same lognormal phonon spectral density? and vibrational modes,°
although similar fits can be obtained for one domain (i.e., no Vnam values are set to zero). Vam values
are based on the 3ARC structure,® calculated with the Poisson-TrEsp (Figure A.9) and TrEsp

(Figures A.8, A.10 and A.11) methods. Table A.6 summarizes fit parameters for Models I-1V.

A.6.1. Model I (Chl 26), Case C.

Figure A.8 clearly shows that Chl 11 does not have to be the lowest energy pigment in order to
describe the positive low-energy band of the CPL spectrum. This contrasts the main conclusion
given by Hall et al.! who also fitted the same absorption, emission, CPL and CD spectra, as those
fitted below. Namely, we show that a different set of parameters with Chl 26 as the lowest energy
pigment, provides even better fits of the experimental spectra of Hall et al.! Thus, the site energies
reported in ref 1 are not unique, as fits of their spectra cannot exclude that Chl 26 is the lowest
energy pigment. The contribution numbers for Chls 26, 27, and 15 are 64.5%, 13.6%, and 12.6%,

respectively. Spn, = 0.91, Svib-em = 0.54 and Svip-abs = 0.45.
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Figure A.8 Left (Case C): Best simultaneous fits (lines) of 5 K absorption (dark blue), emission
(red), 2 K CPL (black) and CD (cyan) spectra compared to experiment (filled curves). Right:
Contributions to 5 K absorption of the three lowest energy exciton states (top) and the three
pigments (Chls 26, 27, and 15) which contribute most to the « = 1 exciton state (bottom). Fitting
error = 6.8.

A.6.2. Model Il (Chl 29), Case B.

Figure A.9 shows the best fits with Chl 29 as the lowest energy Chl. To improve fits we used three
values of Tinn (see Table A.6) and in our fitting algorithm the values of site energies, S and the
three T'inn are treated as free parameters. The contribution numbers for Chls 29, 11, 27 and 24 are

46.7%, 40.7%, 6.5%, and 3.9%, respectively. Sph, = 0.3, Svib-em = 0.65 and Svib-abs = 0.35.
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Figure A.9 Left (Case B): Best simultaneous fits (lines) of 5 K absorption (dark blue), emission
(red), 2 K CPL (black) and CD (cyan) spectra compared to experiment (filled curves). Right:
Contributions to 5 K absorption of the three lowest energy exciton states (top) and the four

pigments (Chls 29, 11, 27, and 24) which contribute most to the « = 1 exciton state (bottom).
Fitting error = 8.4.

A.6.3. Model Il (Chl 11), Case C.

In Figure A.10 we show that it is also possible to obtain very good fits assuming Chl 11 as the
lowest energy pigment. But the parameters extracted from our fits are very different than those
reported in ref 1. Similarly to Model I, we use three different T'inn values for different groups of
pigments (see Table A.6). The contribution numbers for Chls 11, 27, and 21 are 72.3%, 11%, and

3.7%, respectively. Sph, = 0.3, Svib-em = 0.65 and Syib-abs = 0.35.
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Figure A.10 Left (Case C): Best simultaneous fits (lines) of 5 K absorption (dark blue), emission
(red), 2 K CPL (black) and CD (cyan) spectra compared to experiment (filled curves). Right:
Contributions to 5 K absorption of the three lowest energy exciton states (top) and the four
pigments (Chls 11, 27, and 21) which contribute most to the a = 1 exciton state (bottom). Fitting
error = 6.4.

A.6.4. Model IV (Chl 17), Case C.

Figure A.11 shows that good fits can be also obtained assuming Chl 17 as the most red-shifted
pigment. All T'inn vValues are free parameters (see Table A.6 for details). The contribution numbers
for Chls 17, 16 and 15 are 79.4%, 7.6%, and 3.1%, respectively. Spn, = 0.8, Svib-em = 0.5 and Svib-abs

=0.5.
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Figure A.11 Left (Case C): Best simultaneous fits (lines) of 5 K absorption (dark blue), emission
(red), 2 K CPL (black) and CD (cyan) spectra compared to experiment (filled curves). Right:
Contributions to 5 K absorption of the three lowest energy exciton states (top) and the three
pigments (Chls 17, 16, and 15) which contribute most to the « = 1 exciton state (bottom). Fitting
error =5.9.

The fits for Models I-1V are good, though not perfect. For example, improved fits of CD lead to
worse fits of absorption and CPL spectra. This is most likely due to the fact that these spectra were
obtained for very heterogeneous samples. Although, as mentioned above, we do not think that
these spectra represent intact complexes, and, as a result, we suggest that the parameters listed in
Table A.6 do not represent intact CP47 complexes, unless proven otherwise. In conclusion, more

experimental data measured with different techniques for the same sample are needed to resolve

this conundrum. See the main manuscript for more details.
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Table A.6 Summary of parameters for Models I-1V used to simulate spectra for destabilized
CP472

Model | Model 11 Model 111 Model IV

Case C Case B Case C Case C

Chl E§  Tiww E§  Tiun Eg  Tiwn  Ey Tinn
11 15045 159 14580 292 14569 231 14926 182
12 14920 193 15283 153 15137 222 15134 288
13 14811 117 14934 153 14947 222 14818 173
14 14884 267 14954 153 15139 99 14967 195
15 14716 234 15026 153 14817 222 14814 227
16 14828 168 14819 153 15018 99 14778 250
17 14888 215 14833 153 14934 222 14556 234
21 15174 382 15093 153 14790 222 14950 141
22 14860 203 15041 153 14784 222 14800 233
23 14948 215 14942 153 14995 99 14840 196
24 15058 238 14710 153 14848 222 14953 215
25 15097 107 15126 153 14891 222 15021 151
26 14588 276 14777 153 14814 99 14982 199
27 14799 354 14687 153 14752 222 14961 172
28 14846 196 14937 153 14813 222 14847 210
29 14898 150 14563 277 14918 222 14852 195

aA|l values in units of cm=.
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Appendix B
Supporting Information for “Structure-based Exciton Hamiltonian
and Dynamics for the Reconstituted Wild Type CP29 Protein

Antenna Complex of the Photosystem II ¢

B.1. HPLC pigment analysis of reconstituted complexes.

Pigments were extracted from the complexes using a 1:3 chloroform:methanol mixture. The
extract was cleared by centrifugation (13200 rpm for 5 minutes). Pigments analysis was performed
in a Jasco HPLC system (PU1580/LG-1580-2) using a C18 HPLC column (Spherisorb ODS1 5
pm, 25 x 0.46 cm; Phenomenex) and monitored with a PDA detector (MD1515) in the 350-800
nm range. The column was first equilibrated with an acetonitrile (ACN):H20 9:1 mixture. The
pigment separation was performed by a linear two component gradient, consisting of an ACN:H20
9:1 mixture and ethyl acetate (AcOEt). The ACN:H-O proportion was held constant, whereas the
ACN:H20/AcOEt ratio changed from 0 and 60%. The gradient was followed by an isocratic step
of 100% AcOEt for 15 minutes. The flow rate was kept constant at 0.75 mL/min. Peaks were
assigned on the basis of both their retention time and corresponding spectra.! For relative pigments
quantification, wavelength pixels were binned to increase the signal to noise ratio. The
chromatograms were recorded at 447, 645 and 660 nm and analyzed via Gaussian deconvolution
to quantify the content of the different Car(s), Chls b and Chls a. The stoichiometry of pigment
binding to the reconstituted CP29 was determined by using a double standardization procedure: i)
relying on the “internal” Chl a/Chl b and the Chl@+n)/Car ratios, as well as ii) using the

chromatograms and the well-established stoichiometries of LHCII pigment coordination.
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Structural studies indicate that only one molecule of Neo is bound to either CP29 or each monomer
of LHCII.2 Therefore, the Neo was used as a reference for both samples.
B.2. Analysis of the pigment stoichiometry in CP29.

The black lines in Figure B.1 are the representative experimental chromatograms obtained for

isolated (native) LHCII (top) and reconstituted CP29 (bottom), respectively.
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Figure B.1 Top and bottom frames compare representative chromatograms obtained for isolated
(native) LHCII and reconstituted CP29, respectively. The CP29 complex was used in our
spectroscopic and modeling studies. Both chromatograms were detected at a wavelength of 447
nm. (To increase the signal-to-noise ratio the channels on the diode array detector were binned
around the center wavelength resulting in a fwhm equivalent to 6 nm).

The peaks are assigned based on both their retention time and their spectra, detected by the on-line
diode array system. The chromatograms clearly indicate the complexes contain the same types of
pigments, as expected from literature data. Neoxanthin (Neo) is identified as the first eluted peak.
Irrespective of analysis details, it is clear that when using Neo as an internal reference, CP29 binds
less lutein and has a higher Chl a/Chl b ratio than LHCII. However, the ratio of Chl a to Neo is
qualitatively similar in the LHCII and CP29 complexes. Even within the experimental variability

(Table B.1 reports the standard deviations), the trend was conserved amongst several runs. The

stoichiometry of Chl b and Chl a detected at 447 nm is also consistent with chromatograms
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obtained monitoring at either 645 or 660 nm, which are preferential detection wavelengths for

these two pigments.
B.3. Determination of pigment-binding stoichiometry.

In this study the determination of pigment-binding stoichiometry is based on: i) the use of Neo as
an internal standard, because the structural studies indicate the presence of one molecule of this
pigment per monomeric unit both in CP29 and in LHCII, and ii) the well-established pigment
stoichiometry of isolated LHCII as a reference standard.

Table B.1 Summary of the pigment analysis performed on four different pigment extractions from
isolated LHCII and reconstituted CP29.

CP29 LHCII CP29/LHCII LHCII CP29
A/Neo” A/Neo” Ratios® Stoichiometry® Stoichiometry”
Neo 1.0+£0.1 1.0+£0.1 1.0+£0.1 1.00 1.0+£0.1
Vio 05+£0.1 05+£0.1 09zx0.1 1.00 09+£0.1
Lut 13+£0.1 231201 06x0.1 2.00 12+£0.2
Chlb 2.7%0.2 55+£0.2 05x0.1 6.00 29+0.6
Chla 24+0.2 22%0.1 11+£0.1 8.00 9.0+£0.6
Chla+b) 14 11.9+0.8
Chl a/b 1.33 3.0+0.6

“A/Neo is the area of each peak in the chromatogram divided by the area assigned to Neoxanthin;
the confidence levels are estimated considering the uncertainties of each peak integration and the
propagation due to the internal normalization, convoluted with the inter-sample variability. SRatios
are [A/Neo(CP29)])/[A/Neo(LHCII)]; *errors are from propagation of the confidence levels.
SLHCII stoichiometry is taken from the structure and assumed to be exact. Therefore, the
uncertainties of CP29 stoichiometry shown in Table B.1 could be underestimated. It is worth
noticing that, although the uncertainties on the chromatograms analysis are relatively contained,
the propagation of errors leads to rather large confidence levels on the estimated absolute number
of Chl per complex.

The Chl a/b ratios shown in Table B.1 agree with those estimated in parallel spectrophotometric
measurements, that yielded values of 1.31 £ 0.1 and 3.0 0.1 for LHCII and CP29, respectively.
Moreover, these values agree very nicely with most of the literature reports concerning isolated

LHCII,>* and are in close agreement with the values found for reconstituted CP29%® From this

177



analysis the number of Chls bound to CP29 is equivalent to 11.9 + 0.8 per complex. Since a
fractional number of Chls are hard to visualize, the reconstituted CP29 complex has “lost” some
Chls with respect to the pigment observed in the structural data’ with the most likely stoichiometry
being 12 Chl per complex on average. However, notice that the confidence interval allows for +1
Chl per complex. The comparison with structural data suggests that reconstituted CP29 mainly

loses Chl b, whereas Chl a is almost fully retained.

B.4. Phonon and vibrational spectral densities.

Left frame in Figure B.2 compares the CP29 phonon spectral density J(w) (blue curve) used in our
modeling studies with that used in by Miih et al.® (red curve). Our J(w) is described by a continuous
function, which is chosen to be a lognormal distribution.® The right frame shows the vibrational

spectral density based on ref °.

Vibrational spectral density for Chl a
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Figure B.2 Comparison of the CP29 phonon spectral density J(w) (blue curve) used in our
modeling studies with that used in by Miih et al.;® the latter J(w) was obtained from the 1.6 K FLN
spectra measured for B777 complexes from LH1 (red curve).!! Integrated area normalized to unity
for a direct comparison. Right frame shows the vibrational spectral density.°

This work uses the theory of Miih et al.® and Hall et al.'? presented experimental evidence which

was the motivation for taking dynamic localization of vibrational states into account. The
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difference between this work and Muh et al. is that here a vibrational spectral density is used in
the line shape (which results in overtone bands) instead of only fundamental bands. Equations 1
and 2 show the formulas for vibrational spectral density J,;,(¥) and localized line shape

D,,(¥)) functions, respectively.

Join(V) = Zii;ﬂ (B.1)

2 @-v2(3)
where I' is fwhm and is taken to be the same for all modes (the value for I' is given in the main

text of this paper). The localized line shape function is given by Eqg. 2

Dm(ﬁ) _ foo eZTEi(V_sm"'E)L)T‘FGph(T)—Gph(o)(eGm’b(T) _ 1)dT (B.Z)
where ¢, is site energy and G(z) are Fourier transforms of respective J(¥) functions.
D,,, (V) represents localized vibrationally excited states, but does not include any contribution from
0-0 transitions. More detail can be found in the Supporting information of Miih et al.

B.5. Zero-phonon holes.

Curves d and e (see Figure 3.5 in the main text) show zero-phonon holes (ZPHs) obtained for vgs
= 15355 cm™ and ves = 14941 cm™?, respectively. These holes are enlarged below (solid lines).
The corresponding Lorentzian fits as shown as dashed curves. The EET times from Chls b
(absorbing near 650 nm, vg3) and Chls a (absorbing near 670 nm, vga) to the lowest energy trap(s),

corrected for spectral resolution of 2 cm™, are 2.7 + 0.5 and 3 + 0.5 ps, respectively.
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Figure B.3 Curves d and e show ZPHs obtained for ves = 15355 cm™ (Ag3 = 651.2 nm) and ves =
14941 cm™ (Ags = 669.3 nm), respectively. Dashed lines are the Lorentzian fits to the experimental
ZPHs.

B.6. Exciton energies and electronic coupling constants.

The exciton energies au (the eigenvalues; in cm™/nm) and pigment contributions obtained in this
work from fitted site energies and excitonic coupling are shown in Tables B.2 and B.3. Table B.2
shows a direct comparison of values to those reported in ref 8. For Subpopulation (Sub.) 1, the
lowest exciton state is delocalized over several pigments (delocalization length is 3.03). The 2"
exciton is mostly localized on Chl a604 (delocalization length is 1.02). The lowest exciton state
delocalization length is 2.3 and 2" exciton is localized on a604 in the ref 8. For Sub. 11, the lowest
exciton state is localized on Chl a604. The 2" exciton state is delocalized over a611, a615, a612,

a602 Chls (delocalization length is 3.03).
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Table B.2 Exciton energies av (in cm™/nm) of reconstituted CP29 based on simultaneous fit of
absorption, and excitation dependent emissions/nonresonant HB spectra obtained for Sub. |
compared to av values reported in ref 8. Major contributing pigments to various exciton states are
indicated in the third and fifth columns.

Major contributing pigments Major contributing

M &v (cm*/nm) ev (cm™*/nm)® )

(Sub I) pigments®
1 14756 / 677.7 a6l11, a615, a612, a602 14770/ 677.0 a6l11, a615, a612
2 14808 / 675.3 a604 14800/ 675.7 a604
3 14836 / 674.0 a609, a602, a611, a603 14840/673.9 a603, a609
4 14883 /671.9 a610, a615, a609, a602 14880/ 672.0 a613

a602, a603, a610, a611,
5 14943 / 669.2 a613 14890/ 671.6
a612, a615

a602, a603, a609, a610,
a6ll, a612, a615
a602, a603, a609, a610,

6 14954 /668.7 | a610, a602, a612, a615, a609 | 14930/669.8

7 15028 / 665.4 a612, a610, a602, a615 14980/ 667.6

a6ll, a612

a602, a603, a609, a611,

8 15105/ 662.0 a603, a611, a609, a615 15020/ 665.8

a612, a615
9 15157/ 659.8 a603, a611, a615, a609 15060 / 664.0 a602, a603, a609, a615
10 | 15393/649.6 b607 15430/ 648.1 h607
11 | 15401/649.3 b608 15440/ 647.7 h608
12 | 15674/638.0 b614 15670/ 638.2 h614
13 | 15699/637.7 b606 15690/ 637.3 h606
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Table B.3 Exciton energies aw (in cm™ and nm) of reconstituted CP29 based on simultaneous fit
of absorption, and excitation dependent emissions/nonresonant HB spectra obtained for Sub. 11
(minor). Major contributing pigments to various exciton states are indicated in the fourth columns.

M em (cm™) em (NM) Major contributing pigments (sub I1)
1 14673 681.5 a604

2 14756 675.7 a611, a615, a612, a602

3 14836 674.0 a609, a602, a611, a603

4 14883 671.9 a610, a615, a609, a602

5 14943 669.2 a613

6 14954 668.7 a610, a602, a612, a615, a609
7 15028 665.4 a612, a610, a602, a615

8 15105 662.0 a603, a611, a609, a615

9 15157 659.8 a603, a611, a615

10 15392 649.7 b607

11 15402 649.3 b608

12 15674 638.0 b614

13 15697 637.1 b606

Table B.4 shows the coupling constants (off-diagonal matrix elements) calculated with the TrEsp
method for the 2.8 A X-ray structure of CP29 (PDB ID: 3PL9"). If the Poisson-TrEsp Vam values
(Table B.5) are used, instead of TrEsp coupling constants, good fits of 5 K absorption, emission
and nonresonant HB are obtained (Figure B.4) by just slightly modifying site energies and
inhomogeneity of some Chls (Table B.6). For more comparison (see section 3.4.4 of the main
text), the site energy of Chl a604 is red-shifted by 83 cm™ (Figure B.5) to obtain the difference
between WT and Y135F CP29. In this case data shown in Figure B.5 also support the experimental

data from ref 13, Therefore, the method of determining the coupling constants is not a critical factor.
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Table B.4 TrEsp Coupling Constants (cmt) for CP29 Used in this Work.

Chl  a602 a603 a604 b606 hb607 b608 a609 a6l0 a6ll a6l2 a6l13 b6l4 a6l5

a602 0 27 9 6 8 -10 -41 -9 0 13 -3 0 58
a603 0 -1 -4 5 8 108 12 -1 1 3 -7 -4
a604 0 101 35 -9 -6 -4 -5 2 3 -3 -5
b606 0 29 -9 2 -2 -2 1 1 -2 -3
b607 0 -5 -9 0 -3 2 4 -2 -3
b608 0 40 67 8 -2 -4 2 8
a609 0 -2 6 -1 -5 3 9
a610 0 -47 26 9 -1 -13
abll 0 98 -5 3 110
a6l2 0 1 0 -2
a6l13 0 -14 -6
h614 0 2
a615 0

Table B.5 Coupling constants V., (cm™) for CP29 Obtained by from the Poisson-TrEsp Method.®

Chl a602 a603 a604 b606 b607 b608 a609 a6l0 a6ll a6l2 a6l1l3 b614 a6l5

ac02 0 14 6 5 6 -7 -26 -4 0 7 -1 0 34

a603 0 0 -3 5 4 81 6 -1 1 2 -4 -2
a604 0 67 24 -4 -5 -1 -3 2 2 -2 -3
h606 0 20 -4 2 -1 -2 2 1 -1 -2
b607 0 -3 -6 1 -2 2 2 -1 -2
b608 0 27 38 5 -1 -2 1

a609 0 -1 4 -1 -3 1

a610 0 31 14 5 0 -9
a6ll 0 73 -3 1 70
a612 0 1 0 -1
a613 0 -9 -4
b614 0

a6l5
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B.7. CP29 mixture model for 12.5 pigments using Poisson-TrEsp coupling

constants.
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Figure B.4 CP29 mixture model for 12.5 pigments using Vnm from Table B.5 and g7 and r,, Iiny
from Table B.6. Spectra a, b, and c are the 5 K experimental absorption, emission, and nonresonant
HB (ve = 15355 cm™; Ag = 651.2 nm) spectra, respectively. Blue (a"), red (b’), and green (') curves
in frame A represent the calculated absorption, emission, and HB spectra, respectively. Huang-
Rhys factors are Sph = 0.56 for all Chls except of Chl a604 (Sas0s= 0.512) and Svib = 0.34. HB
spectrum was obtained with fluence f of 78 J/cm? (1 = 65 mW; t = 600 s). Frame B shows the
relative contributions to the total absorption (ai'/a2"), emission (b:" at ~679.9 nm / by’ at ~683.8
nm), and HB (c1) spectra.
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Table B.6 Site energies (E,) and inhomogeneities (/,,) in cm™, calculated for Poisson-TrEsp

(second and third columns) and TrEsp (values in fourth and fifth columns) coupling constants. Site
energies for the pigments in blue do not change and differences in inhomogeneities are about +7
cm™.

n(a) (a) n(b) (b)
chi | E, Iy | By L

a602 | 14895 | 200 | 14920 | 207
a603 | 15061 | 200 | 15055 | 207
a604 | 14801 | 159 | 14817 | 157
b606 | 15685 | 200 | 15685 | 203
b607 | 15398 | 198 | 15398 | 207
b608 | 15387 | 200 | 15387 207
a609 | 14909 | 175 | 14951 | 176
a610 | 14925 | 204 | 14945 | 202
a6ll | 14926 | 200 | 14953 | 207
a612 | 14955 | 219 | 14955 | 207
a613 | 14918 | 205 | 14945 | 207
b614 | 15677 | 200 | 15677 | 207
a615 | 14921 | 200 | 14965 | 207

#Labeling of pigments based on ref 7.
@and ® refer to calculations for Poisson-TrEsp and TrEsp coupling matrix elements (Vun), respectively.

Compare Figure B.5 given below with Figure 3.9 in the main manuscript where the calculations

were performed using TrESp coupling constants.
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Figure B.5 Absorbance difference (AOD) spectra of reconstituted CP29 and the Y135F mutant.
Dashed and solid lines correspond to the experimental'® and simulated (using parameters from
Tables B.5 and B.6) AOD spectra at room temperature, respectively.

185



B.8. Excitonic structure and composition of the lowest energy exciton states
using TrEsp Vi

Figure B.6 shows the exciton state contribution function (dm(®), converted to wavelength units)
of each of the 13 Chls sites in reconstituted CP29, resulting from the simultaneous fit of absorption,
emission, and NRHB spectra at 5 K. The solid lines describe the exciton states of the major Sub.
I. The dashed line shows the contribution of a604 that dominates the lowest-energy state A of Sub.
Il. All remaining pigment contributions are the same in both subpopulations. Exciton

delocalization is revealed by the occurrence of more than one peak in the distribution function of

the m-th Chl.
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Figure B.6 Pigment contribution functions dm(w) of the 13 Chils sites in reconstituted CP29 based
on simultaneous fits of absorption, emission, and NRHB spectra. The dashed gray line in the right
frame show contribution from a604 of Sub. II.

B.9. The structures of the CP29 complex.

Three different structural models for CP29 have been presented corresponding to PDB IDs 3PL9’
(resolution 2.8 A), 3JCU* (resolution 3.2 A) and 5XNM? (resolution 3.2 A); see Figure B.7. The

CP29 structure used for modeling in this work (3PL9), which is the only one available for the
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native CP29 complex isolated from spinach, contains 9 Chls a and 4 Chls b (Figure B.7A). The
CP29 structure observed within the PSII-LHCII supercomplex (3JCU*) resolved 10 Chls a and 3
Chls b as shown in Figure B.7B. Finally, Figure B.7C shows the CP29 structure observed within
the C2S2M. supercomplex (5XNM?) displaying 10 Chls a and 4 Chls b. We note that the a601
pigment (light blue) observed in the supercomplexes®* is most likely Chl a615 (pink) observed in
the 3PL9’ structure. Also, the purified CP29 will most likely lose the a616 pigment as it is located
externally at the N-terminal region (for more details see Figure B.8). Thus, we do not think that
a616 is present in our reconstituted sample and, as a result, in this manuscript we focus on the

high-resolution (2.8 A) CP29 structure with 13 Chls (3PL9).

b614 a04 b614

Figure B.7 Three different arrangements of pigments in the CP29 structure. Frame A: The 2011
CP29 structure based on X-ray crystallography data (3PL9’) with 9 Chls a and 4 Chls b. Frame B:
The 2016 CP29 structure observed within the PSII-LHCII supercomplex (3JCU*) with 10 Chls a
and 3 Chls b (where Chl b614 is believed to be lost during purification). Frame C: The 2017 CP29
structure observed within the C2S,M; supercomplex (5XNM®) with 10 Chls a and 4 Chls b.
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Table B.7 Pigment comparison of three different structures of CP29, 3PL9,” 3JCU* and 5XNM. %
Chl @601 in 3JCU and 5XNM are partially overlapped with Chl a615 in 3PLO9.

3PL9 3JCU 5XNM
(29 4) 3.2A) 3.2 A)
------- a601 a601
a602 a602 a602
a603 a603 a603
a604 a604 a604
b606 b606 b606
b607 b607 b607
b608 b608 b608
a609 a609 a609
a610 a610 a610
a6ll a6ll a6ll
a612 a612 a612
a613 a613 a613
b614 | - b614
a6ls | | e
------ a6l6 a616

Figure B.8 The a616 pigment is located at the interfacial region between CP29 and CP47 and is
coordinated by the main chain oxygen of F80 at the N-terminal loop of CP29. That is, if CP29 is
purified without CP47 for stabilization, the long N-terminal loop of CP29 might be flexible and
a616 will most likely be lost.
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Appendix C
Supporting Information for “On Excitation Energy Transfer within

the Baseplate BChl a—CsmA Complex of Chloroflexus aurantiacus”

C.1. Modeling of various optical spectra.

The modeling approach is described in ref 1; in brief, the disorder is introduced into the diagonal
matrix elements (i.e., E{') by a Monte Carlo approach with normal distributions centered at EJ (n
labeling various pigments) and with fwhm representing the inhomogeneous broadening (I'inn),
which are site-dependent. Eigen decomposition of the interaction matrix provides eigen
coefficients (c2!) and eigenvalues (w,,). Phonon and vibrational Huang—Rhys (S) factors are used
as free or fixed parameters and are optimized simultaneously against the experimental spectra.
Moreover, it is assumed that the phonon spectral density (weighted phonon profile) can be
described by a continus function, which is chosen to be a lognormal distribution,?

S —[In(-£)]2/202
Jon(w) = St o Ina) 2 )

where w, is the cutoff frequency, S, is the Huang-Rhys factor for phonons, ¢ is the standard
deviation, and J,,(w < 0) = 0. The parameters for the J,, (w), oc = 45 cm™ and 6 = 0.85 were
determined from excitation-dependent FLN calculations of the B777 complex.® The vibrational
spectral density J,;;,(w) is used from ref 4 and in all simulations the intramolecular vibrational
modes (J,,;,) are dynamically localized.® Note that delocalization of vibrational modes leads only
to small shifts of the vibrational bands. To calculate the coupling matrix elements (1},,,), we use

the 5LCB structure of the C. tepidum baseplate® with rotated Qy transition dipoles’ and the TrEsp

approach.®
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The optical spectra are modeled using a non-Markovian reduced density matrix theory® with a
Nelder-Mead Simplex algorithm for parameter optimization,’° i.e., we use a search method for
multidimensional unconstrained minimization. The algorithm searches the solution space and
minimizes the root-mean square deviation while simultaneously fitting multiple spectra. The
simultaneous fit of various optical spectra provides constraints on the pigment site energies (i.e.,
transition frequencies in the absence of interpigment coupling) that are critical to describe the
excitonic structure and dynamics. Our in-house written software can simultaneously fit several
experimental spectra at different temperatures, providing constraints on the pigment site energies
of interest. NRHB spectra are modeled in the following way: after diagonalization of the Frenkel
Hamiltonian, a preburn absorption spectrum is calculated from the Redfeild theory. The
occupation numbers (squared eigenvector coefficients) of the lowest energy exciton state are used
to determine the pigments to be burned. This corresponds to the low-fluence approximation, where
only pigments contributiong to the lowest energy state are burned. To fit NRHB spectra, the
postburn site-energy distribution of the burned pigment is found from the preburn site-energy
distribution function or if the energy landscape is modified, the distribution is shifted to higher
energies, whereas all other diagonal elements of the Hamiltonian are unchanged. The Hamiltonian
is again diagonalized, and a postburn absorption spectrum is calculated. The resulting NRHB
spectrum is calculated as the preburn absorption subtracted from the postburn absorption spectrum.
C.2. Investigation of CsmA-BChl a structure of C. aurantiacus and C. tepidum.
As C. aurantiacus and C. tepidum show the same low-energy trap at ~818 nm, it could be
concluded that both have very similar baseplate structures, i.e., each CsmA binds one BChl a and
the baseplate subunit is a BChl a-CsmA dimer. However, a key difference observed in optical

spectra of the two bacterial baseplates is the single negative CD band observed in the baseplate Qy
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region of C. aurantiacus,**** which was suggested as evidence for monomeric BChl a baseplate
molecules.” In contrast, the baseplate of C. tepidum exhibits a clear, derivative-like CD signal
indicative of an excitonic dimer. We suggest that the anomalous CD character of C. aurantiacus
baseplate is not due to the intrinsic CD signal of the BChl a pigments as, in contrast to Chl a, the
intrinsic rotational strength of BChl a is positive.’® A possible alternative explanation is that the
corresponding positive CD band of the C. aurantiacus BChl a-CsmA dimer reported before is
most likely obscured by the chlorosome BChl ¢ CD signal. The presence of overlapping CD bands
is supported by previously reported data where the removal of BChl c led to the observation of the
BChl a absorption band near 794 nm and characteristic excitonic dimer-like CD bands.*® We note,
however, that due to the large energetic disorder an exciton state is, on average, mainly contributed
to by one BChl a of a dimer (80-90%). The effects of disorder on the excitonic structure are
highlighted below. All parameters are summarized in Table C.1.

Table C.1 Parameters for BChl a monomer and dimer baseplate models

Cb. tepidum C. aurantiacus
Monomer Dimer Monomer Dimer
Site Energy 12520 12520 12513 12500
Linh 325 325 307 300
Sph 2 2 1.2 1.2
Svib, Abs/Emi 0.4/0.4 0.4/0.4 0.4/0.8 0.4/0.6

Figure C.1 shows baseplate 5 K absorption, fluorescence, and nonresonant HB spectra, as well as
linear dichroism (LD) spectra from the literature (room temperature and 77 K for Ch. tepidum®
and C. aurantiacus,? respectively), can be reasonably fit assuming no interactions between BChl
amolecules (Vmn = 0). The pigment site energies are 12520 cm™ (796.8 nm) and 12513 cm™ (799.2

nm), and the fwhm of inhomogeneous broadening 325 and 307 cm™ for C. tepidum and C.

193



aurantiacus, respectively. The fluorescence and HB signals only arise from the lowest energy
states. To reproduce these spectra an effective baseplate lattice (consisting of more than one
monomer) has to be taken into account, which implicitly adds EET to the model. The number of
BChl a pigments necessary to fit the spectra are 12 and 16 for C. tepidum and C. aurantiacus,
respectively. A previous theoretical study of Cb. teidum photosystems modeled the baseplate as
32 CsmA-BChl a.'® Note that the number of CsmA-BChl a subunits used for the simulations
below is not representative of the actual sizes of the baseplates, but rather is necessary to account

for exciton migration across the baseplate lattice.

Fluorescence (a. u.)
('n ") 8doueqIOSqY
('n "e) 8duRgIOSqQY

Fluorescence (a. u.)

o
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Figure C.1 BChl a monomer model. Simultaneous fit of 5 K absorption, fluoresence and NRHB
spectra and room temperature LD spectrum of C. tepidum (left)® and 77 K LD spectrum of C.
aurantiacus (right).'2 Effective baseplate sizes of 12 and 16 BChl a-CsmA complexes are needed
to fit fluorescence and HB spectra of C. tepidum and C. aurantiacus, respectively.

However, it is well known that the C. tepidum baseplate contains BChl a dimers. The CD
spectrum (not included in Figure C.1) cannot be explained by solely monomeric BChl a. Using

the modifed cryo-electron structure’ Figure C.2 shows fits of the low-temperature data assuming

BChl a dimers with V = 50 cm™. Due to weak interdimer coupling the excitons are only
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delocalized over a single dimer, and it is assumed that EET occurs by exciton hopping across the
baseplate structure until the energy becomes trapped at a local energetic minimum. The resulting
site energies and inhomogeneous widths are 12520 and 12500 cm, and 325 and 300 cm™, for Cb.
tepdium and C. aurantiacus, respectively. The main difference between optical spectra for Cb.
tepdium and C. aurantiacus is the fluorescence spectra, which are shifted ~5 nm from each other.
While the lowest energy states revealed by HB (indicative of the fluorescence origin band) are
very similar, the larger Stokes shift for C. tepidum can be explained by a larger electron-phonon
coupling strength. Indeed, the simulated spectra for the C. tepidum baseplate are fit with S = 2
while S = 1.2 for C. aurantiacus.

Even though the BChls interact in the dimer model, the coupling constant is an order of magnitude
smaller than the inhomogeneous disorder and on the same order as the reorgantization energy (~80
cmt). These two contributions introduce Anderson-type and dynamic localizations. The former is
taken into account implictly in our modeling in that random site energy assignments gurantee that
some realizations of disorder will create dimers with two very different site energies, resulting in
localization on a single BChl a. As the model only calculates the stationary exciton states, dynamic
disorder is not included a priori; but such localization can be forced by setting coupling constants
to be zero. This is effectively the reason for ignoring interdimer delocalization. Thus, the dimer
model simulates an energy landscape where exciton “hopping” occurs along an energetic funnel
towards a local minimum and each exciton may be quasi-localized on a single pigment depending
on the intradimer site energy difference. Therefore, the addition of electronic coupling between
the BChl a pigments of the dimer does little to perturb the simulated spectra, as the exciton states
are still fairly localized on a single site. For the calculations presented in this work, the lowest

energy state is 90% localized on a single BChl a. The exception of course is the CD spectrum,
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where the signal is proprtional to the amount of exciton delocalization and only the dimer model

can generate excitonic CD bands.

>
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Figure C.2 BChl a dimer model. Simultaneous fit of 5 K absorption, fluoresence and NRHB
spectra and 77 K CD spectra of C. tepidum (left)® and C. aurantiacus (right).*? LD spectra are
room temerature and 77 K for C. tepidum (left)® and C. aurantiacus,? respectively. Effective
baseplate sizes of 6 and 8 BChl a-CsmA dimers for C. tepidum and C. aurantiacus, respectively,
are needed to fit fluorescence and HB spectra.

Regarding our modeling studies we note that although the monomer model (without any
interactions between BChls) fits the optical spectra reasonably well, we suggest that the baseplate
of C. aurantiacus consists of dimers (in agreement with published structural data® but disorder
keeps the exciton quasi-localized. That is, the dynamic disorder prevents interdimer delocalization
and then Anderson localization keeps the exciton mainly localized on a single pigment (80-90%)
as mentioned above. Therefore, the final fits obtained for the monomer and dimer models do not
change the spectral shapes much, and the quality of spectral fits alone cannot be used to distinguish

between the two models discussed in this work. However, the similarities between the HB spectra

of both bacterial species indicate similar electronic structures. As the structure of C. tepidum is
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known to consist of a two-dimensional lattice of BChl a—CsmA dimers, it follows that C.

aruantiacus has a similar structure.

C.3. Comparison of isolated chlorosomes samples.

Figure C.3 shows comparisons between the absorption spectra of this work and from the

literature. Curves a and b in frame A are isolated chlorosomes from ref 14 and our work,

respectively. The Achiorosomes/ Abaseplate aNd Achlorosomes/ Asos-ges ratios in the C. aurantiacus sample

used in this work is about 20 and 200, respectively. Frame B compares the 1.8 K7 absorption of

isolated B808-866 (curve a) with the 5 K absorption of chlorosomes (this work) normalized at the

B866 band. The B808 absorption is very weak compared to the baseplate BChl a such that

contamination by the B808-866 complex is negligible.

A b B

Absorbance (a. u.)
Absorbance

a

/_\/J :
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Figure C.3 Frame A: Comparison of isolated chlorosome absorption spectra from the literature
(curve a)t and this work (curve b). Frame B: Comparison of isolated B808-866 (curve a Error!
Bookmark not defined. ang chlorosome from this work (curve b).
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