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ABSTRACT

The thylakoid membranes of oxygenic photosynthetic organisms contain four
large membrane complexes vital for photosynthesis: photosystem Il and photosystem |
(PSIl and PSI, respectively), the cytochrome bsf complex and ATP synthase. Two of
these complexes, PSII and PSI, utilize solar energy to carry out the primary reaction of
photosynthesis, light induced charge separation. In vivo, both photosystems associate
with multiple antennae to increase their light absorption cross section. The antennae,
Iron Stress Induced A (IsiA), is expressed in cyanobacteria as part of general stress
response and forms a ring system around PSI. IsiA is a member of a large and relatively
unexplored antennae family prevalent in cyanobacteria. The structure of the PSI-IsiA
super-complex from the cyanobacteria Synechocystis sp. PCC 6803 was resolved to
high resolution, revealing how IsiA interacts with PSI as well as the chlorophyll
organization within this antennae system. Despite these structural insights, the basis for
the binding between 18 IsiA subits and PSI is not fully resolved. Several ISiA mutants
were constructed using insights from the atomic structure of PSI-IsiA, revealing the role

of the C-terminus of IsiA in its interaction with PSI.
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CHAPTER 1
INTRODUCTION

History of Photosynthesis

Photosynthesis is the only significant biological process utilizing solar energy and storing
it as chemical bond, fueling the majority of life's processes. From land to the sea,
photosynthetic organisms encompass a wide range of life forms, including plants, algae,
and cyanobacteria. In plants, photosynthesis primarily occurs in chloroplasts, specialized
organelles found in plant cells. Algae, ranging from microscopic unicellular species to large
multicellular seaweeds, also conduct photosynthesis, often using chlorophyll pigments to
capture the light and convert it to forms usable by living organisms. Cyanobacteria contain
specialized structures called thylakoids where photosynthetic reactions take place.
Through photosynthesis, these organisms not only produce oxygen essential for aerobic
respiration but also generate organic compounds that serve as the building blocks for all
life on our planet (Blankenship 2002).

Our understanding of the earliest origins of photosynthesis remains limited. While various
hypotheses have been proposed regarding its inception, direct evidence supporting any
specific origin is lacking. Suggestive evidence indicates the presence of photosynthetic
organisms around 3.2 to 3.5 billion years ago, inferred from the existence of
stromatolites—Ilayered structures akin to those formed by modern cyanobacteria—as well
as microfossils interpreted as originating from phototrophs (Blankenship and Blankenship
1992a). It's proven that photosynthesis commenced relatively early in Earth's timeline.
However, it is unlikely to have been among the earliest metabolic chemical processes.
The earliest forms of photosynthesis are believed to have been anoxygenic, with oxygenic

forms emerging at a later stage (Blankenship 2010).



One of the most debated yet poorly understood milestones in the evolution of
photosynthesis is the development of the capability to utilize water as an electron donor,
leading to the production of oxygen as a byproduct and marking the advent of oxygenic
photosynthesis (Blankenship and Blankenship 2010). The release of oxygen and its
subsequent buildup in the atmosphere had a profound and irreversible impact on Earth,
facilitating the emergence of complex life forms that rely on oxygen for aerobic respiration.
Multiple lines of geochemical evidence suggest that atmospheric oxygen began to
accumulate approximately 2.4 billion years ago, although the evolution of oxygenic
photosynthesis likely preceded this event (Buick 2008).

In contrast to the intricate cells involved in contemporary oxygenic photosynthesis, the
initial photosynthetic systems responsible for this process were probably less complex.
Understanding the functioning of these earliest photosynthetic organisms poses a
challenge due to the limited organisms available for examination, as only those that have
persisted until today can be studied (Raymond and Blankenship 2008). Overall, while the
exact details of the origins of photosynthetic organisms remain uncertain, ongoing
research continues to shed light on the evolutionary processes that led to the development
of this fundamental biological process, which played a crucial role in shaping Earth's
atmosphere and supporting diverse forms of life.

Oxygenic photosynthesis

Oxygenic photosynthesis comprises a crucial series of biochemical reactions for all life on
earth as it produces oxygen and supplies most of the energy utilized by living organisms.
The engines that drive the light reactions of oxygenic photosynthesis are located in
thylakoid membrane of photoautotrophs (Nelson and Ben-Shem 2004). Thylakoid
membranes contain four large complexes vital for photosynthesis: PSII, cytochrome bef,

PSI and ATP synthase (Figurel.1). Across domains, these four complexes show high
2



conservation within oxygenic photosynthetic organisms (Nelson and Yocum 2006). Two
of these complexes, PSIl and PSI, utilize hundreds of pigments to absorb light energy and
subsequently transfer this energy to a reaction center comprised of a special chlorophyll
pairs, P680 and P700, in PSII and PSI respectively, where charge separation take place
(Nelson and Ben-Shem 2004; Nelson and Yocum 2006). The electron transferred by this
event is moved uphill energetically by these complexes and passed along the electron
transport chain, eventually being stored as high energy chemical bonds.

NADP* + 2e NADPH Fd
—

Stroma “~ 2 Fe/monomer

PSll

6 Fe/dimer Cyt byf

10 Fe/dimer

psi ATP synthase

) 36 Fe/trimer
2H,0 O, +de +4H*
—

Cths
Lumen 1 Fe/monomer

Figure 1.1. Sideview of the four essential complexes for the light reactions of oxygenic
photosynthesis, placed in the thylakoid membrane (marked in blue). The initial charge separation
takes place at the PSIl and PSI reaction centers, causing electron transport from PSII to PSI via
the cytochrome bsf complex. Finally, the electrons passing through PSI reduce NADP* to NADPH
providing the reducing power for carbon fixation. The iron content of each component in its most

common biological form is marked in red.

The electron transport chain is a key component of the light-dependent reactions of
photosynthesis, occurring within the thylakoid membranes of chloroplasts in all

photosynthetic organisms (Genty, Briantais, and Baker 1989; Trebst 1974). This process



involves a series of electron carrier molecules that shuttle electrons, derived from the
splitting of water molecules, through a sequence of redox reactions, ultimately leading to
the production of ATP and NADPH.

The process of linear electron transport flow (LEF) starts with the absorption of light energy
by chlorophyll molecules within Photosystem Il (PSIl), leading to the excitation of
chlorophyll. These excited states are then transferred to the primary electron acceptor,
P680. Upon reaching the reaction center, the captured energy ejects an electron to the
Electron Transport Chain (ETC), resulting in a highly reactive P680" ion with a redox
potential of +1.2 V (Barber and Archer 2001) (Figure 1.2). PSII catalyzes the splitting of
water molecules, releasing oxygen as a byproduct and donating electrons to reduce P680™.
This process is essential for oxygenic photosynthesis and occurs on the Oxygen Evolving
center (OEC) of the PSII.

The energized electrons from PSII are transferred through a series of electron carrier
molecules, including plastoquinone (PQ), embedded within the thylakoid membrane. As
electrons move through the PQ pool, from PSII to the cytochrome besf complex, their red-
ox potential is utilized to pump protons (H*) from the stroma into the thylakoid lumen,
establishing a proton gradient. The cytochrome bef complex facilitates the transfer of
electrons to plastocyanin (PC), a soluble electron carrier in the thylakoid lumen (Genty,
Briantais, and Baker 1989).

The cytochrome besf complex exists as a homodimer, comprising four major subunits and
four minor subunits in each monomer (Kurisu et al. 2003; Stroebel et al. 2003). Its primary
role in linear electron flow involves proton pumping across the membrane, thereby
contributing to the proton gradient. This process entails transferring protons from the

stromal side of the membrane to the lumen through proton-coupled electron transfer,



ultimately reducing plastocyanin, which transports the electron to Photosystem | (PSI)
(Kurisu et al. 2003; Stroebel et al. 2003).

The electrons from plastocyanin are transferred to PSI, where light energy was absorbed
and converted it into chemical energy in the form of reduced ferredoxin (Fd) (Ben-Shem,
Frolow, and Nelson 2003; Croce and Van Amerongen 2013) In order to reduce Fd, PSI
utilize around 100 chlorophylls to absorb light photons and transfer electrons to 4Fe-4S
iron sulfur cluster. Most of the electron transport pathway is on the reducing side of PSI,
an electron from excited P700 to A (Chl a), Ao (Chl a), A1 (phylloquinone), Fx (4Fe4S
cluster), Fa (4Fe4S cluster), and finally the terminal iron sulfur cluster, Fg (Jordan et al.
2001) (Figure 1.2). The electrons from the electron carriers within PSI eventually reduce
ferredoxin and ferredoxin-NADP™ reductase (FNR). Finally these electrons are used in the
reduction of NADP* to NADPH. This NADPH serves as a reducing agent in the Calvin
cycle, where it participates in the conversion of carbon dioxide into carbohydrates.
Concurrently with electron transfer, by virtue of its PC oxidation, PSI generates a proton
gradient across the thylakoid membrane by pumping protons (H* ions) from the stroma
into the thylakoid lumen. This proton gradient is utilized by ATP synthase to drive the
synthesis of ATP from ADP and inorganic phosphate (Pi) through a process known as

chemiosmosis.
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Figure 1.2. Z-Scheme of Electron Transport in Photosynthesis.. The energetic scheme of

electron transport during the light reactions of photosynthesis illustrates the pathway of electrons
from their extraction from water molecules by PSIl to the reduction of NADP+ to NADPH by
Ferredoxin-NADP reductase (FNR). Via the absorption of the light energy, the energy level of PSII
and PSI show a vertical elevation on their reaction center. Oxygenic photosynthesis operates the
redox potentials to the highest over +1.0 and lowest to —1.0 V, but the reactions in these extremes
won'’t last over 1 ns because of fast energy transfer among them. Figure reproduced with

permission of G. Govindjee and W. Viet (https://www.life.illinois.edu/govindjee/Z-Scheme.html)

Cyclic electron flow is a process in photosynthesis where electrons circulate within the
photosynthetic electron transport chain without being transferred to NADP*. Unlike linear
electron flow, which involves the transfer of electrons from water to NADP* to produce

NADPH, cyclic electron flow occurs when electrons are redirected back to the PSI complex
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(DalCorso et al. 2008; Munekage et al. 2004). Cyclic electron flow (CEF) serves a
significant function in photoprotection by inducing non-photochemical quenching and

regulates the rate-limiting step of linear electron flow (LEF) (Allen 2003).

Antennae

In most cases, PSI and PSII associate with an outer antennae systems that enhances
their light-harvesting capacity. From cyanobacteria to higher plants, the core complexes
of PSI and PSII are primarily conserved. However, the composition of the outer antennae
varies among different species (Thomas S. Bibby et al. 2003; Chmeliov et al. 2016;
Mirkovic et al. 2017).

Cyanobacteria contain an additional light-harvesting antennae known as the
phycobilisome (PBS), which enlarge the absorption of sunlight, particularly in the 575-675
nm range. Typically, the phycobilisome (PBS) is a supercomplex composed of rod and
core subcomplexes, which encompass various phycobilin-binding proteins interconnected
by several classes of unpigmented linker proteins. Phycocyanin (PC) serves as the
predominant phycobiliprotein within the rod, while allophycocyanin (APC) predominates
within the core cylinders. A critical player in PBS assembly is the rod—core linker protein
known as cyanobacterial phycocyanin protein G (CpcG), which facilitates the connection
between the rod and the core components (Grossman et al. 1993; J. Zhang et al. 2017).
Because of structural homology of phycolilins to heme, heme is thought to be a precursor
on the synthesis of phycobilins (Beale 1993). However, due to the limitation of iron in the
ocean, IsiA serves as the primary antennae for marine cyanobacteria, enabling them to
increase the proportion of light absorption (Gao et al. 2001). We will talk about ISiA in the

next paragraph.



The core of cyanobacterial PSI comprise of 12 subunits, forming a monomer. In many
species these monomers associate to from a trimer with a total molecular weight of 1068
kDa. In contrast, PSI in higher plants exists in a monomeric state and is encircled by four
transmembrane subunits of the light-harvesting complex | (LHCI), Lhcal to Lhca4, forming
a PSI-LHCI supercomplex with 16 subunits and around 200 pigments, with a molecular
weight exceeding 600 kDa. The pigment network maintains high quantum efficiency,
arising from the optimal orientation of the pigments, for efficient energy transfer and their
interaction with the surrounding protein environment (Mazor et al. 2015, 2017). Recent
years, a great flow of eukaryotic PSI supercomplex has been solved with cryo-EM (Figure
1.3). It becomes much important to understand how PSI interacts with antennae in

cyanobacteria.

LHCIl

PSI-LHCI

Pan et al, 2018.

Pietal, 2018.

Qin et al, 2019.

Figure 1.3. In eukaryotes, great varieties of PSI antennae supercomplexes among species. From

left to right, PSI-LHCI supercomplexes from pisum sativum (Mazor et al. 2015). PSI antennae

complexes with Lhca from Cyanidioschyzon merolae (Antoshvili et al. 2019). Structure of the green
8



algal PSI supercomplex (Suga et al. 2020). PSI-LHCI-LHCII supercomplex (Pan et al. 2018). PSI
attached 2 LHCR site (Pi et al. 2018). PSI complexes from green algal PSI in complex (Qin et al.

2019).

Similarly, plants and algae evolved different Lhcb proteins which binds chlorophyll and
carotenoid molecules, forming Light-Harvesting Complexes Il (LHCII). In vascular plants,
these apoproteins are labeled as Lhcbl1-3, or major lhcb’s, while in green algae and
nonvascular plants, they are referred to as LhcbMs. Additionally, there are minor Ihcb’s
proteins known as CP29 (Lhcb4), CP26 (Lhch5), and CP24 (Lhcb6). To supply excitation
energy to PSII, the LHCII proteins (Lhcb1-3), along with CP29, CP26, and CP24, must
assemble closely with PSIl to form the PSII-LHCIlI supercomplexes. This close
arrangement facilitates the establishment of energy transfer pathways from the peripheral
antennae to the core of PSII. The high-resolution structure of PSII-LHCII supercomplexes
was recently observed through cryo-EM technology. Based on their structure, excitation
energy transfer from the peripheral antennae complexes (LHCII, CP26, and CP29) to the
core antennae complexes (CP43 or CP47) occurs through the interfacial chlorophyll pairs

(Su et al. 2017; Wei et al. 2016).

Cyanobacteria

Known as ancient oxygenic photosynthetic bacteria, cyanobacteria has been thought to
play a significant role in introducing oxygen into the atmosphere of early Earth and it has
been found in almost every habitat on earth (Whitton and Potts 2007). As we mentioned
in the history of photosynthesis, cyanobacteria played a vital role in transforming Earth's
early reducing atmosphere into an oxidizing one approximately 2.4 billion years ago. In

addtion, cyanobacteria living in tropical marine regions are responsible for approximately

9



50% of the earth's biological nitrogen fixation (Kruse et al. 2005). The energy flowing
through all cyanobacteria surpasses the energy demand of human society by more than
25 times (approximately 15 TW), exceeding roughly 1,000 times the energy generated by
all nuclear plants on Earth (Pisciotta, Zou, and Baskakov 2010).

Cyanobacteria shares the conserved biochemical reaction and photosynthetic protein,
PSII, cytochrome bef, PSI and ATP synthase, (Figure 1.4) embedded in the thylakoid
membrane. Due to the similarity betwee chloroplasts from eukaryotic organisms and
cyanobacteria, cyanobacteria are an ideal system for studying the molecular mechanisms
that underlie stress responses and stress adaptation in higher plants (Los et al. 2010).
Consequently, studying these processes in cyanobacteria offers a more efficient approach,
given their rapid growth rates, minimal space requirements, and the conclusions drawn
from such investigations are applicable to high plants.

Among all cyanobacterial species, Synechocystis sp. PCC 6803, commonly referred to as
Synechocystis 6803, is a unicellular cyanobacterium that has garnered significant
attention as a model organism for research in various fields, including photosynthesis,
stress biology, and biotechnology (Kaneko and Tabata 1997) (Figure 1.4). Under
transmission electron microscope, the overall morphology of this organism and the

thylakoid membrane arrangement could be observed.
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Figure 1.4. Transmission electron microscopy of Synechocystis 6803 cells. A. wild-type cells

grown aerobically under medium light conditions. B. mutant cells grown aerobically under medium
light intensity. C. mutant cells grow aerobically under low light intensity. D. mutant cells grown
microaerobically under medium light conditions. Scale bar is 500 nm. Reproduced under the terms

of the Creative Commons CC-BY license (Sobotka et al. 2008).

As a model organism, numerous studies have been conducted to reveal Synechocystis
6803 physiology under both nutrient "replete” and "deplete" conditions, as well as its
metabolic responses to various environmental factors (Battchikova et al. 2010; Xu et al.

2008). Synechocystis 6803 can conduct oxygenic photosynthesis and CO; fixation
11



processes. Moreover, Synechocystis 6803 is a naturally competent strain which made
genetic modification possible via recombination (Zang et al. 2007). Synthetic biology has
propelled the development of various genetic and molecular biology tools tailored for
model microbial hosts like E. coli and S. cerevisiae. Similarly, comparable tools were
designed for Synechocystis 6803, enabling genetic manipulation at multiple levels
including transcriptional, translational, and posttranslational regulation. A comprehensive
understanding of cell-wide metabolism of Synechocystis 6803 is necessary. To achieve
this, high-throughput "omics" tools such as transcriptomics, proteomics, and
metabolomics have been extensively utilized to analyze the dynamic processes of
Synechocystis 6803 under various physiological conditions (Nakajima et al. 2014;
Pathania et al. 2022).

This dissertation focuses on photosynthetic complex PSI-IsiA, in Synechocystis 6803. Its

isolation, purification, functional characterization and structural determination.

Spectroscopy of Photosynthetic Systems

As we have mentioned, plants, algae and cyanobacteria excel in capturing light energy
and utilizing it in photosynthesis. The initial process of photosynthesis starts with the
absorption of light by pigment molecules, which reside in thylakoid membraes in
cyanobacteria or plant chloroplasts.

Within the thylakoid membranes of photosynthetic organisms, four membrane complexes
play crucial roles in the light reactions of photosynthesis. Among these, PSIl and PSI utilize
light to initiate a sequence of electron transfer events. In photosynthetic organisms,
various chlorophylls (Chl) such as a, b, c, d, and f, along with carotenoids, have been

identified as the primary sources of light absorption, each possessing distinct

12



spectroscopic properties. (Blankenship and Blankenship 1992b). The term "chlorophyll*
originates from two Greek words: "khloros," meaning pale green, and "phyllon," meaning
leaves. Plants contain chlorophyll a and b as their only primary chlorophylls. Most
cyanobacteria contain Chl a as the only chlorophyll type, however some cyanobacteria
contain multiple types of Chls, such as chlorophyll ¢ and d (Blankenship 2021).

The chlorophyll molecule comprises a central magnesium (replaced by Zinc in some rare
cases) atom ligated by four nitrogen-containing pyrrole rings, forming a porphyrin
(tetrapyrroles). All chlorophyll molecules contain an additional fifth ring and are

differentiated by several modifications around their ring systems (figure 1.5).
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Figure 1.5. Chemical Structures of Chlorophylls, Chlorophyll e is reserved for a pigment that has

been extracted from algae in 1966 but not chemically described. The structure of chlorophylls a-f
are shown here, different sidechain modifications on chlorophyll structures found in nature

(Wikipedia contributors 2024).

Chlorophyll a (Chl a) stands as the most widely distributed type of chlorophyll, present in
all living organisms capable of oxygenic photosynthesis (Figure 1.5 and 1.6). Chl a
primarily absorbs wavelengths in the blue-violet and orange-red regions of the light
spectrum, while reflecting yellow-green light. This absorption and reflection pattern
contributes to the green coloration observed in Chl containing organisms. Notably, an
important epimer known as Chl a', differing from Chl a solely in stereochemistry at the C-
13 position, exists. Chl a' is exclusively found in the P700 reaction center, forming the
special chlorophyll pair to conduct charge separation (Blankenship 2021).

Chlorophyll b (Chl b) differs from Chl a only at the C-7 position of ring B (Figure 1.5). In
Chl b, this position features a formyl group, inducing a blue shift in the absorbance
maximum compared to Chl a. While Chl b is prevalent in most plants and green algae, it
is exclusively found in the prochlorophytes within the cyanobacteria clade (Blankenship
2021).

Chlorophyll ¢ (Chl ¢) stands out as the most distinctive among all chlorophylls found in
oxygenic photosynthetic organisms. Unlike other chlorophyll derivatives, it lacks a tail and
consists only of the tetrapyrrole ring (Figure 1.5). Additionally, ring D is not reduced in Chl
¢, and various structural variations exist (Blankenship 2021). Chlorophyll c1, c2, c3 are
prevalent types of chlorophyll c distinguished by the presence of a special group at the C-

8 position (Figure 1.5).
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Chlorophyll d (Chl d) closely resembles Chl a, except for the C-3 position, which is
occupied by a formyl group. (Figure 1.5) The formyl group on ring A induces a red shift
compared to Chl a, contrary to the blue shift observed in Chl b on ring B. Chl d has only
been identified in cyanobacteria (Blankenship 2021).

Chlorophyll f (Chl f) also features a formyl group on ring A, but it is located at the C-2
position, resulting in a larger red shift compared to Chl d, with a maximum absorption at
706 nm Like Chl d, Chl f has only been identified in cyanobacteria (M. Chen et al. 2010).
In this dissertation, we mainly focus on chlorophyll a because it’s the only chlorophyll within

Synechocystis 6803.

Visile IR
6% 51% Contribution to total energy
221 : Photosynthetically active ragiatic
24 Absorption spectra
- Chl-a

18 1 @ = —— Chi-b
= 25 Carotenoids

16 <
g’ £2
E 14 1 2
: <

12 =
3]
:
3 08 1 N T
g 500 700
e 06 1 Solar spectra

] BE 3l — Top of atmosphere - AM 0 (1366W/m’)
e 3 T Sea level - AM 1.5 (1000W/m’)
o : m :& | “’““"m*-'\
0 1~ . = —

200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600
WAVELENGTH [nm]

Figure 1.6. Terrestrial solar irradiance and photosynthetic absorption spectra. Standard solar

spectra at the top of the atmosphere are depicted in white, while those at sea level are represented
in black. The inset focuses on the absorption from major light harvesting pigments, chl-a, chl-b and

carotenoids within photosynthetic organisms. Reprinted from “Can photosynthesis enable a global
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transition from fossil fuels to solar fuels, to mitigate climate change and fuel-supply limitations?”

(Ringsmuth, Landsberg, and Hankamer 2016).

Light, a form of electromagnetic radiation, traverses in wave form, embodying a unique
energy.

The sun emits a broad spectrum of wavelengths, including those within the visible range,
spanning approximately 300 nm to 2600 nm (Figure 1.6). The visible spectrum
encompasses the range of electromagnetic radiation visible to the human eye, with
wavelengths falling between approximately 400 nm to 700 nm. Photosynthetic organisms
appear green to our eyes because the pigments they contain strongly absorb most
wavelengths within the visible range, except for those in the green region. Similarly, the
other pigment, carotenoid mainly absorbs the green and blue light except for the red and
orange region (Figure 1.6).

As we have mentioned, different wavelengths of light have particular energy associated
with it. Not all light could be absorbed because the atom can only absorb specific amounts
of energy. As a molecule, the photosynthesis’ pigments discussed earlier selectively
absorb particular wavelengths of light (Figure 1.6). To understand the principles of

absorption effectively, a simplified diagram can be used (Figure 1.7).
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Figure 1.7. Schematic Potential Energy Diagrams and Spectra for Energy Transitions. (A) depicts

an absorption diagram illustrating the transition from the ground electronic and vibrational state to
an excited electronic and excited vibrational energy level. (B) illustrates vibrational relaxation, which
occurs following an equilibration period where the excited molecule relaxes to the ground
vibrational state of the excited electronic state. (C) showcases fluorescence, which arises from the
ground vibrational state of the excited electronic energy level. The molecule then relaxes to a
vibrational energy level within the ground state electronic energy level, emitting a photon in the
process. (D) presents theoretical absorption and fluorescence spectra corresponding to the

examples in (A) and (C) (Dobson 2022).

In Schematic Potential Energy Diagrams (Figure 1.7), an electron in the ground state
electronic and vibrational energy level (v = 0) absorbs a photon of light, becoming excited

to a higher vibrational mode within the excited electronic energy level (v =0 — v = 1*, 2%,

or 3*) (Figure 1.7A). Subsequently, the energy of the photon will be transferred to a
particular electron within 10*° seconds. We showed 4 possible absorption transitions in
this schematic diagram. Once an electron becomes excited, it can dissipate its energy
through various pathways (Figure 1.7BD). One well-known pathway is vibrational
relaxation, which is a non-radiative process depicted on this diagram as a small arrow
between vibrational levels within the excited state electronic energy well (v = 0*). During
vibrational relaxation, the energy initially absorbed by the electron from the photon is
dissipated as heat and the electron relaxes back to the ground state vibrational energy
level. Vibrational relaxation is a rapid process, occurring within the timescale of 104 to
10! seconds, making it highly likely to occur immediately following absorption. (Figure
1.7B). Another pathway to return to the ground state electronic energy level is emitting a

photon equivalent to the energy gap distance (Figure 1.7C). This process is called
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fluorescence, which is a slower pathway on the order of 10° to 107 seconds. This emitted
photon, detected in fluorescence measurements, leads to the formation of a simple
spectrum (Figure 1.7D). Fluorescence is predominantly observed between the first excited
electron state and the ground state of a molecule (Figure 1.7D). This preference arises
because at higher energy levels, it becomes more probable for energy to dissipate through
vibrational relaxation processes. Notably, fluorescence is observed to be red shifted
compared to absorption, a phenomenon known as a Stokes shift. Alternatively, energy
loss can occur through processes like vibrational or electronic-translational collisional
interactions with surrounding atoms or molecules. In cases where the emitted photon has
less energy than the absorbed photon, the difference in energy between the absorbed and
emitted photons is known as the Stokes shift. This shift represents the energy lost by the
system during relaxation from the excited state to the ground state (Figure 1.7D).

While this simplified diagram illustrates only a few transitions, molecules exhibit far greater
complexity and may interact with each other, resulting in an infinite number of unique
transitions that contribute to broad spectra representing an average of all transitions. In
this dissertation, we will use a series of spectroscopy techniques, including absorption and
fluorescence, to study the structure-function relationships in photosynthetic energy
conversion.

Spectroscopy investigates how electromagnetic radiation interacts with matter, enabling
scientists to explore the structures of quantized energy levels. A range of spectroscopic
techniques have been employed to understand photosynthetic systems. Ultrafast
spectroscopy, including fluorescence upconversion and transient absorption, has been
used to investigate excitation energy transfer and electron transfer in these systems.
(Jimenez and Fleming 1996). Time-resolved spectroscopy has revealed the presence of

an intermediate species in the energy transfer chain of PSI (Sparrow et al. 1990). Ultrafast
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infrared spectroscopy has provided new insights into the photo-dynamics of
photosynthetic complexes, including energy transfer and electron transfer processes (Di

Donato and Groot 2015).

Kinetics of the P700* signal

The oxidation-reduction potential of P700, a key component of PSI in photosynthesis, has
been extensively studied. People have found that the midpoint potential of P700 is around
+490 mV in chloroplast lamellae and sub-chloroplast particles. In this paper P700 was
found to be half-oxidized at ferricyanide/ferrocyanide ratios of about 60 at 21°C (Setif and
Mathis 1980). In 1988, another group found the observed kinetic changes at 830 nm in
response to single turnover or multiple turnover saturating flashes are practically identical
to those previously measured around 700 nm, providing a practical tool for plant
physiological research (Schreiber, Klughammer, and Neubauer 1988). Generally, via
monitoring the oxidation state of the primary donor P700 of PSI at infrared absorption
spectroscopy (830 nm), energy-transfer related information could be found on PSl-related
photosynthetic electron transport in vivo (Klughammer and Schreiber 1998).

By using a Joliot-type spectrophotometer, the induction kinetics of P700 oxidation upon
illumination could be observed. In high light conditions, photosynthesis is primarily limited
at the level of the Calvin cycle. Electron carriers preceding this cycle should ideally be in
a reduced state. However, under intense light, P700, a critical component involved in PSI,
becomes oxidized. This observation indicates the presence of a regulatory mechanism
that restricts the rate of electron flow before reaching P700 (Alric, Lavergne, and

Rappaport 2010; Joliot and Johnson 2011).
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Ultrafast spectroscopy

Ultrafast spectroscopy techniques use sequences of ultra-short light pulses to study
photo-induced dynamical processes in atoms, molecules, nanostructures and solids.
(Maiuri, Garavelli, and Cerullo 2019) Ultrafast spectroscopy can be applied to studies of
excitation energy transfer in light harvesting complexes and electron transfer in bacterial
reaction centers (Jimenez and Fleming 1996). Energy transfer within a photosynthetic
membrane typically occurs over a timescale ranging from less than 100 femtoseconds (fs)
to hundreds of picoseconds (ps) (van Amerongen and van Grondelle 2001). Simulations
analyzing protein structures can aid in clarifying ambiguous and incomplete experimental
results to identifying underlying rules to create efficient light-initiated charge separation at
high efficiency (Gunner 2008).

One of the most important ultrafast spectroscopy techniques is transient absorption
spectroscopy. The initial stages of the photosynthetic process occur after the absorption
of a photon by an antennae system. This system functions to harvest light energy and
subsequently transfer it to the reaction center (Nelson et al. 2015). The high time resolution,
typically below 50 femtoseconds (fs), has enabled the real-time investigation of the early
events occurring within a light-harvesting antennae (Sundstrém 2008).

Time-resolved fluorescence spectroscopy, a powerful ultrafast spectroscopy tool for
studying molecular interactions and dynamics, has seen significant advancements in
recent years. Time-resolved fluorescence spectroscopy was performed with Photosystem
particles isolated from a series of species with widely varying antennae sizes (Mullineaux
et al. 1993). However, not only the thylakoid itself or isolated complexes can be used in
these measurments, a few groups have utilized time-resolved fluorescence spectroscopy
in cyanobacteria cells to understand ultrafast photosynthetic kinetics (Akimoto et al. 2012;

Chukhutsina, Holzwarth, and Croce 2019; Mullineaux et al. 1993). In this dissertation, we
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used time-resolved fluorescence spectroscopy to measure the kinetics of an antennae
mutant in Synechocystis 6803 to reveal its interesting dynamics in PSI-IsiA system.

In recent years, two ultrafast kinetic techniques have been employed to study complex
fluorescence kinetics in biological samples: "time-correlated single photon counting"
(TCSPC) and streak camera technique. Each method offers distinct advantages and
disadvantages.

TCSPC, also known as single-photon timing (SPT), boasts the highest sensitivity and the
largest dynamic range, spanning over 4-5 orders of magnitude in both time and amplitude.
This wide dynamic range is particularly advantageous for analyzing intricate Kinetics.
TCSPC also allows for very low excitation intensities, crucial for maintaining distinct
photosynthetic states, such as measuring with open PSIl RCs. However, TCSPC typically
has a lower time resolution compared to the streak camera technique, with resolutions
around 2-3 ps in the best instruments, as opposed to sub-ps resolution using a streak
camera. Additionally, in typical TCSPC instruments, each decay wavelength is measured
separately, although some designs enable simultaneous recording of kinetics at several
wavelengths, albeit at the expense of time resolution.

In the other hand, the streak camera typically records the entire spectral-kinetic surface at
once, offering higher intrinsic time resolution compared to TCSPC, although at the cost of
a substantially lower dynamic range in both time and amplitude. For measuring intact
photosynthetic tissue, the highest time resolution is not usually required, making
resolutions of a few picoseconds sufficient. However, the complexity of kinetics
necessitates very high signal-to-noise ratios and dynamic ranges, which TCSPC often
provides more effectively than the streak camera system. Therefore, in general, a well-
designed TCSPC instrument offers several advantages over the streak camera system

for the measurement of complex fluorescence kinetics.
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After the measurement, the measured fluorescence decay traces were globally analyzed
using multiple parallel, non-interacting decays. Global analysis fits measurments over
multiple emission wavelengths using identical decay times to achieve higher confidance

in the fit result. The experimental kinetics function, denoted as (A, t), was fitted as follows:

n

10, 0) = z ou()\)exp(;—it)
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DAS (Decay-Associated Spectra) represents the amplitude factor linked to decay
component [ with a decay lifetime of T. In this dissertation we used global analysis in

Chapter 3 to analyze TCSPC measurments done on whole cells.

[ron limitation in the ocean.

Cyanobacteria play a crucial role as primary sources of oxygen and as nitrogen-fixing
agents in aquatic environments. Figure 1.8 illustrates the average ocean chlorophyll
concentration measured by SeaWiFS since its launch. This measure can be used to
estimated the abundance of photosynthetic organisms in ocean waters. The image
highlights the interconnectedness between physical and chemical ocean processes, such
as temperature variations and nutrient upwelling from the deep ocean near coastlines,
and the presence of oceanic plant life. Chlorophyll concentrations, and consequently the
level of photosynthetic organisms, tend to be higher in coastal regions compared to open
ocean areas. Additionally, they are generally higher in the northern oceans compared to

the southern ones.
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Figure 1.8. Chlorophyll a concentration map in 1997 from NASA. Data was collected by the Sea-
viewing Wide Field-of-View Sensor (SeaWiFS).
More than 50% of global primary production takes place in the ocean. However, compared
to laboratory conditions, iron is more likely to get oxidized and limited in the ocean (Figure
1.9). Figure 1.9 highlights the importance of iron stress in the ocean. This underscores the
necessity for photosynthetic organisms to develop survival strategies in iron-limited

environments.
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Figure 1.9. The global distribution of iron (Fe) in the world's oceans reveals a pattern where cooler

colors represent low Fe levels, typically associated with regions of reduced photosynthetic activity.
Conversely, warmer colors indicate higher concentrations of Fe, predominantly found in coastal
oceans, upwelling regions of the Atlantic and Eastern Pacific Oceans, and areas with significant
aeolian dust supply from the Sahara and Gobi Deserts. These warmer color regions generally
correspond to areas of elevated photosynthetic activity. Reprinted with permission from (Chauhan

et al. 2011)

To adapt low-iron environments, cyanobacteria express IsiA, a PSI antennae, critical to
their survival. In this dissertation, we aimed to understand the regulation of the interactions

between IsiA and PSI.

Introduction to Cryo-EM
The history of the electron microscope is a testament to the ingenuity and collaboration of
scientists and engineers over the years. It began in 1926 when Hans Busch developed
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the first electromagnetic lens, laying the foundation for focusing electron beams. Ernst
Ruska and Max Knoll then built the prototype electron microscope in 1931, followed by
Ruska's creation of the first transmission electron microscope in 1933. Throughout the
1940s and 1950s, advancements continued, leading to the development of the scanning
electron microscope by Manfred von Ardenne in 1938 and improvements in resolution and
sample preparation techniques. Commercial production began in the 1950s, with
companies like Siemens and Philips leading the way. In 1986, Ruska was awarded the
Nobel Prize in Physics for his contributions to electron optics and the invention of the
electron microscope. Today, electron microscopes remain indispensable tools in various
fields, enabling researchers to study materials at the atomic scale and beyond, driving
innovation and discovery.

Cryo-electron microscopy (cryo-EM) is a powerful imaging technique used to visualize
biological macromolecules at near-atomic resolution. It involves rapidly freezing a thin film
of the sample in a vitrified ice layer to preserve its native structure. This method has
revolutionized structural biology by providing detailed insights into the three-dimensional
architecture of proteins, nucleic acids, and their complexes. In 1968, First 3D
reconstruction from the electron micrograph appears by David DeRosier & Aaron Klug on
Bacteriophage T4 (Nogales 2016). As a basis of cryo-EM, people realized that 3D
reconstruction make it possible to solve the structure by collecting data from electron
microscope. 1974, known as golden year of cryo-EM, group of Unwin & Henderson start
to use membrane crystals with sugar embedding which made the structure into atomic
resolutions (Henderson and Unwin 1975; P. N. T. Unwin and Henderson 1975). Same
time Parsons group use hydrated specimens under electron beam illumination in the EM
column. Taylor & Glaser group introduce plunge freezing as a significant tool for sample

preparation in cryo-EM (Figure 1.10).
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Figure 1.10. The development of cryo-EM into a mainstream structural biology technique. Reprint

with permission from (Nogales 2016)

Vitrification refers to the rapid cooling of a liquid sample, typically containing biological
molecules or complexes, to form an amorphous solid without the formation of ice crystals.
This process is crucial for preserving the native structure of the sample, as ice crystals
can disrupt the delicate molecular architecture and introduce artifacts during imaging
(Dubochet et al. 1988). The technology of vitrification has revolutionized cryo-EM by
enabling the visualization of biological specimens at high resolution and in their near-
native state, leading to significant advances in structural biology and our understanding of

complex biological processes.
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Figure 1.11. Growth of Structures Solved by Electron Microscopy to the PDB released per Year.

From 2020, numerous structures and entries became available on pdb. Statistics retrieved on 4

March, 2024 from http://www.rcsb.org

From 1990, the first atomic structure of bacteriorhodopsin by electron crystallography
(Henderson et al. 1990), a great number structures were solved in resolutions that near
atomic resolution. Figure 1.11 illustrates the growth numbers of structures solved by
electron microscopy.

X-ray crystallography, NMR and cryo-electron microscopy (cryo-EM) are powerful
techniques for determining protein structures, each with its own advantages and
limitations. X-ray crystallography requires crystallized samples and provides high-
resolution structures of proteins in their crystal state, requiring the supply of phases for
structure determination. In contrast, cryo-EM allows for the visualization of protein
structures in near-native conditions without the need for crystallization, overcoming size
limitations observed in nuclear magnetic resonance (NMR) spectroscopy. Cryo-EM also

offers the advantage of observing phases from images, although there are still limitations
27


http://www.rcsb.org/

on the size of proteins that can be resolved. Additionally, free electron lasers offer larger
beam tolerance but also require crystal samples and phase supply, while NMR
spectroscopy determines solution structures close to native conditions but is limited by
size constraints. Each method contributes uniquely to the understanding of protein
structure and function, with cryo-EM increasingly recognized for its ability to provide
native-like structures of larger protein complexes (Dubochet et al. 1988; Keeler 2010;
Thompson, Maskery, and Leach 2016).

In this dissertation, we utilized cryo-EM as our primary method to solve PSI-ISiA structure.

Cryo-EM Workflow

The typical workflow for determining the structure of a protein using cryo-EM include
protein purification, sample preparation, cryo-EM data collection, image processing and
structure determination (Y. Cheng 2015). Initially, cyanobacteria cells are cultured and
PSI-IsiA supercomplex is isolated and purified.

In electron microscopy, preparing biological specimens involves several crucial steps.
First, the specimen must be stabilized within the high vacuum environment of the electron
microscope column to ensure its integrity during imaging. Additionally, it's essential to
preserve the biological sample in a hydrated condition to maintain its natural state as much
as possible. Furthermore, measures must be taken to prevent radiation damage to the
specimen caused by the electron beam. Finally, various techniques are employed to
enhance the quality or contrast of the image obtained from the specimen(Y. Cheng 2015;
Murata and Wolf 2018) .Therefore, EM grids technique is prepared. To prepare an EM
copper grid with a thin amorphous carbon film, a multi-step process is followed to ensure
optimal conditions for sample mounting and imaging in electron microscopy. (Figure 1.12)

Initially, a thin carbon film is deposited onto the copper grid, serving as a substrate for the
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biological sample. However, due to the inherent hydrophobicity of the carbon film, evenly
depositing solutions onto its surface can be challenging. To address this issue, residual
air and gas particles are eliminated through glow discharge treatment, temporarily altering
the surface properties of the carbon film to become hydrophilic. This treatment allows for
more effective deposition of aqueous solutions or biological samples onto the carbon-
coated grid. Overall, this method ensures that the EM grid is adequately prepared,
providing a suitable platform for sample visualization and analysis in electron microscopy

studies (Glaeser 2018; Palovcak et al. 2018).
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Carbon

Figure 1.12. A schematic image of a grid, a carbon film was attached on the copper EM grid.

A: a grid carbon film under 40x microscope. B: a grid carbon film under electron microscope. One

rule bar stands for 1 ym.
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When preparing samples for electron microscopy (EM), several factors must be carefully
considered to ensure optimal results. First and foremost is the choice of preservation
medium, which should maintain the integrity of the biological specimen. Buffer conditions
play a crucial role in preserving the native state of the sample and must be carefully
optimized. Glycerol or polyethylene glycol (PEG) should be avoided due to their potential
interference with imaging. Trehalose and glucose are preferred for their contrast-matching
properties, particularly suitable for 2D crystal samples. The distribution of the object within
the sample, as well as its density and homogeneity, are important considerations for
achieving high-quality images. Ice thickness, object size, and the electron dose applied
during imaging are additional factors that need to be carefully controlled to obtain accurate
and detailed results.

Water vitrification refers to the rapid cooling of water-containing samples to such low
temperatures that instead of forming ice crystals, the water transitions into a glass-like or
vitreous state. For water to vitrify effectively, the temperature drop rate must exceed 10° -
10° Kelvin per second (Dubochet et al. 1988). When it comes to biological specimens, the
cooling rate needs to be even faster, ranging from 5 x 103 to 2 x 108 Kelvin per second.
Liguid ethane presents itself as a suitable alternative for cryo-vitrification due to its
comparable melting temperature to liquid nitrogen but with a higher specific heat capacity.
(Dubochet et al. 1988) A plunge freezing robot was designed to vitrificated water. (Figure
1.13) In conclusion, vitrification encompasses several key factors that influence the
successful preservation of specimen in a vitreous state for imaging. These factors include
the speed at which the sample is plunged into the cryogen, the duration of blotting and
draining to remove excess liquid, the type of blotting surface used, the temperature of the
cryogen, and the humidity of the surrounding environment. (Figure 1.14) Optimizing these

parameters is essential to achieve rapid cooling of the sample, prevent ice crystal
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formation, and maintain the native structure of biological specimens, ultimately enabling

high-resolution imaging in cryo-EM studies (N. Unwin and Fujiyoshi 2012).

or propane
\ (

Adjustable stop

Steel rod
% %
% % Guide collar
VA............ 7
Tweezers
Grid
Liquid ethane

,— Styrofoam

= = —Liquid
nitrogen

!

Figure 1.13. A plunge-freezing robot in ASU and a schematic image of how plunge freezing

worked. Reprint with permission from (Mitra and Frank 2006).

Advantages of cryo-EM include its ability to preserve biological specimens in their native

state, providing high-resolution structural information without the need for sample staining

or fixation. Additionally, cryo-EM allows for the visualization of dynamic processes and

heterogeneous samples. However, there are also several disadvantages to consider. The

ice used to preserve the specimen is highly sensitive to radiation damage, necessitating
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low-dose imaging techniques to minimize sample degradation. Furthermore, cryo-EM
images often exhibit low contrast and signal-to-noise ratio (SNR), requiring sophisticated
image processing techniques for data interpretation. Another challenge is the preparation
of cryo-EM grids, which can be complex and not always reproducible, leading to variability

in sample quality and data acquisition.
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Figure 1.14. The schematic illustrates the process of preparing biological specimens on grids.

After the specimen is placed on the grid, it is rapidly cooled by plunging into liquid ethane through
the small hole in the carbon film. This rapid cooling results in the formation of thin, vitreous ice,
preserving the specimen's structure. Subsequently, electron beams are directed onto these
samples to capture images. The right side of the image shows a Titan Krios transmission electron

microscope (Thermo Fisher — FEI), the equipment used for imaging the prepared specimens.
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EM imaging involves several critical parameters that need to be carefully adjusted to
achieve optimal imaging conditions. These parameters include dosage, magnification,
defocus, beam alignment, and detector settings. Dosage refers to the amount of electron
dose applied to the sample during imaging. It must be carefully controlled to avoid
radiation damage while still providing sufficient signal for image acquisition. Magnification
determines the level of enlargement of the sample image. Higher magnification allows for
detailed examination of smaller features but may also decrease the field of view and
increase imaging time. Defocus refers to intentionally blurring the image by adjusting the
focal plane. It is used to enhance contrast and improve resolution in electron microscopy
imaging. Beam alignment ensures that the electron beam is properly focused and aligned
with the sample. Precise alignment is crucial for obtaining clear and accurate images.
Detector settings include parameters such as gain, exposure time, and pixel size, which
affect the sensitivity and resolution of the imaging system. These settings must be
optimized to maximize signal-to-noise ratio and achieve the desired image quality. Overall,
careful adjustment of these parameters is essential for obtaining high-quality images in
electron microscopy imaging, allowing for detailed visualization and analysis of biological
specimens at the nanoscale(Bai, McMullan, and Scheres 2015; A. Cheng et al. 2018; Mitra

and Frank 2006).
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Figure 1.15. The basic process for image processing in cryo-EM. A: The projection-slice the two-

dimensional projection of a three-dimensional object in real space corresponds to extracting a
central two-dimensional slice from the three-dimensional Fourier transform of the same object. (B-
E) The workflow of image process. Each experimental projection allows for the calculation of all
experimental two-dimensional projections into a three-dimensional reconstruction through iterative

procedures. Reprint with permission from (Nogales 2016).

Single-particle reconstruction in cryo-EM involves several key steps to generate high-

resolution 3D structures from 2D projection images of individual particles. With the help of
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new computer hardware and software, like Relion, data processing has dramatically
advanced. (Fernandez-Leiro and Scheres 2017; S. H. W. Scheres and Scheres 2012;
Zivanov et al. 2018) Specifically, software packages such as Cryosparc have played a
crucial role in reducing computation time and introducing novel data processing
techniques (Punjani et al. 2017). However, we mainly talk about the workflow from Relion
in this dissertation. (Figure 1.15)

The process typically begins with motion correction in Relion. Motion correction involves
aligning individual frames of a movie stack to correct for sample drift or beam-induced
motion during data acquisition. This correction ensures that the images are properly
registered, allowing for accurate reconstruction of the three-dimensional structure of the
specimen (Baker and Rubinstein 2010; S. H. Scheres 2012, 2019).

The next step is to find contrast transfer function (CTF) correction, applied to compensate
for imaging distortions caused by the electron microscopes optics. (Glaeser 2016; Li et al.
2013) CTF correction is applied to compensate for imaging distortions caused by the
electron microscope's optics. Image alignment techniques are then used to correct for
sample drift and particle orientation variations(Rohou and Grigorieff 2015) .

Then, image registration and particle picking, where individual particle images are
identified and extracted from the raw micrographs. The main objective of manual particle
picking is to ensure that the selected particle projections encompass the entire angle
range and are evenly distributed across all angles. (Figure 1.15) Multiple software enables
automated particle picking but it varies in different functions. In Relion, we choose Topaz
(Bepler et al. 2019, 2020) using neural networks and positive-unlabeled learning to auto-

pick particles on all micrographs from https://github.com/tbepler/topaz. Following by the

first auto-picking, as a result, approximately 20-100 particles with similar orientations are

obtained and averaged together, producing high-quality templates. These templates are
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then utilized by the auto-picking algorithm, which is applied to the entire dataset, resulting
in the selection of tens of thousands to millions of individual particles. (S. H. Scheres 2012)
Initially, only a few classes from the auto-picking process may be distinguished from
background noise. Subsequently, multiple rounds of two-dimensional classification are
performed, gradually improving the resolution frequencies employed in each iteration by
selecting additional particles oriented in different directions (S. H. Scheres 2012).
Subsequently, 3D image classification methods are employed to group similar particle
images together based on structural features. Even after an initial selection for high-quality
particles, datasets often exhibit heterogeneity. To address this issue, three-dimensional
classification is employed, leveraging the low-resolution model generated earlier to assess
how individual particles fit into it and categorize them into distinct classes. These classified
images are then used for 3D reconstruction, where a 3D density map of the patrticle is
generated using computational algorithms. (Figure 1.15) The resulting map is refined
iteratively to improve its quality and resolution. (S. H. Scheres 2012)

Finally, atomic or pseudo-atomic models are built into the density map, and the structure
is validated, and its resolution estimated through various methods. This comprehensive
workflow enables the determination of high-resolution structures of macromolecular

complexes using cryo-EM single-particle reconstruction techniques(S. H. Scheres 2012).

Scope of Thesis

This dissertation investigates the role of photosynthetic antennae IsiA, forming
supercomplex PSI-IsiA via cryo-EM to understand the structure-function relationship, with
a focus on Cyanobacteria Synechocystis 6803. IsiA is closely associated with the adaption

to iron stress, a condition prevalent in the majority of the Earth's oceans, covering over
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70% of the planet's surface. The distinctive characteristics of ISiA are investigated in
connection with structural insights into PSI. Chapter 2 reports the characterization and
structure of PSI-IsiA isolated from Cyanobacteria Synechocystis 6803, revealing how IsiA
forms 18 subunits with PSI trimer. Chapter 3 discusses serial spectroscopic and time-
resolved fluorescence experiments conducted in vivo, examining the influence of the C-
terminus of ISiA on its expression and how it alters the spectroscopic properties of ISiA.
Chapter 4 delves into the characterization of PSI-IsiA extracted from mutated
Cyanobacteria Synechocystis 6803, shedding light on the importance of point mutations
at ChiI8 and Chl17 for its viability. Chapter 5 provides a comprehensive review of PSI-ISiA,
setting the stage for subsequent analyses. Finally, chapter 6 discusses further
investigations into the impact of specific chlorophyll and C-terminus on the spectroscopic
properties of chlorophylls, providing insights into the broader implications of structural

variations in photosynthetic proteins.
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CHAPTER 2
THE STRUCTURE OF STRESS-INDUCED PSI-ISIA ANTENNAE
SUPERCOMPLEX
Hila Toporik?, Jin Li*2, Yuval Mazor'?
!Biodesign Center for Applied Structural Discover, Arizona State University, Tempe,
Arizona, USA

2School of molecular Sciences, Arizona State University, Tempe, Arizona, USA

Abstract

Photochemical conversion in oxygenic photosynthesis takes place in two large protein—
pigment complexes named PSII and PSI. Photosystems associate with antennae in vivo
to increase the size of photosynthetic units to hundreds or thousands of pigments.
Regulation of the interactions between antennae and photosystems allows photosynthetic
organisms to adapt to their environment. In low-iron environments, cyanobacteria express
IsiA, a PSI antennae, critical to their survival. Here we describe the structure of the PSI-
IsiA complex isolated from the mesophilic cyanobacterium Synechocystis sp. PCC 6803.
This 2-MDa photosystem—antennae supercomplex structure reveals more than
700 pigments coordinated by 51 subunits, as well as the mechanisms facilitating the self-

assembly and association of IsiA with multiple PSI assemblies.

Introduction

The light reactions of oxygenic photosynthesis are carried out in specialized membranes
called thylakoids. The core enzymatic machinery of light reactions is made up of four large
membrane complexes, PSIlI and PSI, the cytochrome b6f complex and ATP synthase

(Nelson and Yocum 2006). These four core complexes are conserved from cyanobacteria
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to higher plants. The first reaction in photosynthesis, light-induced charge separation, is
catalyzed by PSI and PSIl. While PSI and PSII contain core antennae systems, most of
the light is captured by light-harvesting proteins, or antennae, which form supercomplexes
with photosystems (Croce and Van Amerongen 2014). An important layer of regulation is
found in the interactions between antennae systems and photosystems which, together,
form the functional photosynthetic units in cells. Both the physical association and the
energy transfer efficiency between antennae and photosystems can change as
photosynthetic cells respond to changes in their environment. In the green lineage leading
to higher plants, membrane-bound light-harvesting antennae proteins (LHCs) diversified
from a common core into a large family with multiple functions (Blichel and Biichel 2015).
In cyanobacteria two main antennae families evolved, the phycobilisome, a large soluble
protein—pigment complex (Saer et al. 2017) and a membrane-embedded family of proteins
sharing a general architecture with the PSII subunit CP43, called IsiA and Pcb (Roche et

al. 1996).
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Figure 2.1. The initial discovered on IsiA. A: Absorbance of Synechococcus cedrorum under

complete iron condition and low iron condition, low iron condition Synechococcus cedrorum showed
a blue-shift on Qy peak. B: 77K fluorescence of Synechococcus cedrorum under complete iron
condition and 2 different low iron condition. Reprint with permission from (Guikema and Sherman

1983)

The role of the ISiA antennae in adaptation to stress was discovered when the response
of cyanobacteria to low-iron growth showed a decrease in the abundance of
phycobilisomes together with a blue shift in the absorption peak of cellular chlorophyll
(Guikema and Sherman 1983)(Figure 2.1). This was accompanied by the appearance of
a large, chlorophyll-containing membrane complex. After subjecting cells to low iron
treatment, a blue-shifted absorbance was observed, accompanied by an additional

fluorescence peak adjacent to CP43.
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Figure 2.2. Electron microscope image of PSI-IsiA. Under iron starvation, IsiA forms a massive
2-MDa membrane complex with the PSI trimer. A and B: Electron micrograph and projection maps
and modeling of the CP43'-PSI supercomplex of the mutant of Synechocystis 6803. A: Scale
bar=1000A. B: Scale bar=150A. C&D: Electron micrograph of PSI trimer within the centre of an 18-

member ring of CP43'from Synechocystis sp. PCC 6803 C: Scale bar= 50 nm. D: Scale bar=5 nm.

Reprint with permission from(Thomas S. Bibby et al. 2001; Duncan et al. 2003)

Later studies identified an iron stress-inducible operon containing IsiA (Laudenbach et al.
1988). IsiA was found to be the major component of the structural changes associated
with the photosynthetic membranes under iron starvation (Burnap, Troyan, and Sherman
1993). The role of IsiA in the adaptation of cyanobacteria to stress is not limited to low-
iron conditions—IsiA is induced and is required for growth in multiple stress conditions,
including high-light and oxidative stress (Havaux et al. 2005; Singh, Li, and Sherman
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2004). Models of IsiA based on the sequence similarity to CP43 suggested that ISiA
contains six transmembrane helices and coordinates 13 chlorophylls (T S Bibby, Nield,
and Barber 2001)(Figure 2.2).

Electron microscopy studies revealed that, under iron starvation, IsiA forms a massive ~2-
MDa membrane complex with the PSI trimer (Thomas S. Bibby et al. 2001; Duncan et al.
2003) (Figure 2.2). Later studies uncovered the complexity of the IsiA system, showing a
myriad of IsiA complexes including single and double IsiA rings devoid of PSI in addition
to various assemblies surrounding PSI forms (Koufil, Arteni, et al. 2005). The largest
known IsiA complex consists of 43 IsiA monomers surrounding the PSI trimer as a double
ring (Chauhan et al. 2011; Yeremenko et al. 2004).

Fluorescence decay from coupled and uncoupled IsiA assemblies was found to be much
faster than other membrane-bound chlorophyll antennae (lhalainen et al. 2005),
suggesting that IsiA contains a quenched chlorophyll form, the nature of which is
undermined and that may play a role in photoprotection. These rapid fluorescence decay
kinetics (for an antennae) do not prevent IsiA from forming an efficient energy transfer
system with PSI when coupled to it (Andrizhiyevskaya et al. 2004; Chauhan et al. 2011;
Melkozernov et al. 2003).

Several low-light-adapted species of Prochlorococcus, the most abundant photosynthetic
organism on Earth, contain multiple Pcb genes highly similar to IsiA (Garczarek et al.
2000). These antennae were shown to associated with both PSI and PSIl in
supercomplexes, thereby demonstrating that IsiA and Pcb antennae systems are highly
abundant and absorb a substantial portion of photons in the oceans (Thomas S. Bibby et
al. 2003). The IsiA antennae paradigm is one of the most important and least understood

systems in oxygenic photosynthesis. Here we report the structure of the PSI-ISiA
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supercomplex determined at a resolution of 3.5A using single-particle cryo-electron

microscopy (cryo-EM).

Methods

Culture conditions

Cyanobacteria were cultured in glass bottles in 10 L batches using BG11 medium
supplemented with 12 ng ml~* ferric ammonium citrate and 5 mM glucose at 30 °C and
bubbled with air after optimization of iron concentration (Figure 2.3). Light was supplied

from a light-emitting diode array (Fluence RAY) at very low intensity (~15 pE).

iron dilution 1:1000 iron dilution 1:100
final concentration:12 ng/ml final concentration:120 ng/ml

B Ladder PSI-IsiA  PSI Trimer

PsaA/PsaB

IsiA

PSI monomer

PSI trimer
PsaD/PsaF

IsiA sample

Figure 2.3. Iron optimization of PSI-IsiA and PSI-IsiA characterization. A: sucrose gradient tube

of PSI-IsiA supercomplex under different iron starvation, IsiA forms heavier band on 12 ng/ml iron
concentration. B: sodium dodecyl sulfate—polyacrylamide gel electrophoresis(SDS-PAGE) result of

PSI-IsiA supercomplex validate the expression of ISiA.
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PSI-IsiA purification

Between 20 and 40 liters of culture were harvested by centrifugation and washed once
with STN1 buffer (30 mM Tricine-NaOH pH 8, 15 mM NacCl, 0.4 M sucrose). Cells were
resuspended in STN1 and broken with two cycles at 30,000 psi. in a cell disruptor
(Constant Systems Ltd). The lysate was cleared by centrifugation in a F20-12 x 50 LEX
rotor (Thermo Scientific) for 10 min at 12,000 r.p.m. Membranes in the supernatant were
pelleted using ultracentrifugation (Ti70 rotor, 45,000 r.p.m. for 2 h) and resuspended in
STN2 buffer (30mM Tricine-NaOH pH 8, 100mM NaCl, 0.4M sucrose). After
resuspension in STN2, the membranes were incubated on ice for 30 min then collected
again (Ti70 rotor, 45,000 r.p.m., 2 h) and resuspended in STN1. n-Dodecyl 3-D-maltoside
(DDM, Glycon) was added to the membranes at a 10:1 DDM-chlorophyll ratio. The
suspension was gently mixed manually a few times then incubated on ice for 30 min. After
solubilization, the insoluble material was discarded using ultracentrifugation (Ti70,
45,000 r.p.m., 30 min). The solubilized membranes were loaded onto a diethylamino
ethanol column (Toyopearl DEAE-650C). The complexes were eluted using a linear NaCl
gradient (15-500 mM NaCl) in 30 mM Tricine-NaOH pH 8, 0.2% DDM. Dark green
fractions were collected and precipitated using 6% PEG3350 (Hampton Research). After
centrifugation in a F20-12 x 50 LEX rotor for 5 min at 5,000 r.p.m., the green precipitate
was resuspended in 30 mM Tricine-NaOH pH 8, 75 mM NaCl with 0.05% DDM and loaded
onto a 12-60% sucrose density gradient prepared with the same buffer. Following
centrifugation (Beckman SWA40 rotor, 37,000 r.p.m., 16 h), the appropriate green band was
precipitated using 10% PEG3350 (Hampton Research). After centrifugation in Eppendorf
tabletop for 5min at 10,000 r.p.m., the green precipitate was resuspended in 30 mM
Tricine-NaOH pH 8, 75 mM NaCl with 0.05% DDM and loaded onto a 12—60% sucrose

density gradient prepared with the same buffer. Following centrifugation (Beckman SW60
45



rotor, 56,000r.p.m., 4h), the appropriate green band was collected and used for

subsequent experiments.

Sample preparation for single-particle cryo-EM analysis

The PSI-IsiA band (Figure 2.3) from the sucrose gradient was collected and the buffer
was exchanged to 30 mM Tricine-NaOH pH 8, 75 mM NaCl and 0.02% DDM using a
Sephadex G-50 gel filtration column. The PSI-IsiA complex was concentrated using a
spin column (Spin-X UF 100k, Corning) to 1.5 mg chlorophyll mi~%. A 3-pl drop of the PSI-
IsiA complex was applied on to a holey carbon grid (C-flat 1.2/1.3 Cu 400-mesh grids,
Protochips) after soaking the grid in buffer. The sample was vitrified by flash-plunging the
grid into liquid ethane using an automated plunge freezer, a Vitrobot Mark IV
(ThermoFisher/FEI) with a blotting time of 6. The grids were stored in liquid nitrogen

before data acquisition.

Data acquisition

The cryo-EM specimens were imaged on a Titan Krios transmission electron microscope
(ThermoFisher/FEI). Electron images were recorded using a K2 Summit direct electron
detect camera (Gatan) at super-resolution counting mode. The defocus was set to -2 um
and the nominal magnification was x47,600, corresponding to a super-resolution pixel size
of 0.5252 A at the specimen level. The counting rate was adjusted to 7.37 e /A%s. Total

exposure time was 8 s, accumulating to a dose of 59 e /A2,

Data processing
A flowchart describing data handling is shown in Figure2.4. MotionCor2 was used to

register the translation of each sub-frame, and the generated averages were Fourier-
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cropped to x1.5 and dose-weighted (Zheng et al. 2016). Contrast transfer function
parameters for each movie were determined using CTFFIND4 (Rohou and Grigorieff
2015). Relion was then utilized for the subsequent data processing (S. H. Scheres 2012).
A set of manually picked particles (~1,000) was subjected to several rounds of
unsupervised 2D classification. Six class averages representing different orientations of
the expected particle were selected and used as templates for the automated particle
selection procedure as implemented in Relion, which yielded 572,000 particles. This
particle set was subjected to several rounds of unsupervised 2D classification (Relion),
leading to a set of 120,817 particles which were extracted from the original micrographs
as boxes of 650 pixels and downsampled to 500 pixels, yielding a final pixel size of
1.0244 A Px*. This particle set was subjected to 3D classification using an initial PSI-ISiA
volume from a previous dataset sampled at 60 A. This procedure yielded two classes
which clearly showed the complete PSI-IsiA (I and IV) and were grouped together to yield
77,764 particles. Several further rounds of 2D classification resulted in the final set which
contained 74,220 particles. Three-dimensional reconstructions using this set yielded
volumes at a resolution of 3.8 A. Finally, two cycles of per-particle contrast transfer
function refinement, followed by 3D reconstruction, were carried out to give the final
volume, which contained information to 3.48 A according to the gold standard FSC test.
The final map was sharpened using the postprocessing procedure in Relion, the b-factor
used for sharpening being —95. Local resolution was estimated using ResMap (Kucukelbir

et al. 2014).
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B
Data collection and image processing

collection in super resolution mode
(super pixel size 0.525 A), 8460 micrographs

v

Motion correction using MotionCor2, 1.5 X
resampling, 0.7875 A/px

CTF estimation (Ctffind4)

v

Auto picking using 6 templates generated from a
1000 manually picked particles (Relion)
v

572,000 particles

Unsupervised 2D classification without
alignment (Relion)

v

120,817 particles
44% 16% 19% 20% v

< 3D classification (Relion)

2 i, f:}‘
v
L 1 l
77,764 particles
v
Unsupervised 2D classification (Relion)
v
74,220 particles
v
3D reconstruction (Relion) 3.8 A
v
Per particle CTF refinement (Relion)

Final resolution - 3.5 A

Figure 2.4. Image processing strategy. A. A representative micrograph together with the power
spectrum and CTF fit. In vitreous ice, PSI-ISiA particles are visible in different orientations as
projections (a subset is surrounded by a red ring). B. Flow chart describing the workflow of image
processing.
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Model building and refinement

The initial PSI model was taken from the 2.5-A X-ray structure of the trimeric PSI from
Synechocystis (PDB: 50Y0) (Malavath et al. 2018). The model was docked into the map
using UCSF Chimera (Pettersen et al. 2004). Monomeric IsiA was built manually using
Coot(Emsley et al. 2010) based on the atomic model of CP43 from the cyanobacterial PSI|
structure (PDB: 3WUZ2), whenever appropriate (Umena et al. 2011). The final model was
refined against the cryo-EM density map using phenix.real_space_refine (Adams et al.
2010; Afonine et al. 2013). Final model statistics are shown in Figure 2.5 and Table 1.

PyMOL and UCSF Chimera were used to generate all images.

Dipole orientation calculation

We calculated the squared dipole orientation factor as defined in Forster theory (Forster
and Forster 1947), similarly to (Mazor et al. 2017). The Foérster energy transfer rate, KDA,
between a donor (D) and an acceptor molecule (A) is defined as

CpaK?

DA = Nap6

, where CDA is a factor calculated from the overlap integral between the donor emission
and acceptor absorbance. N is the refractive index of the medium. K2 is the dipole

orientation factor, defined as

K? = (up - pa — 3(up - Rpa) (a - Rpa))?

upand u, are the dipole unit vectors (taken as the vector between the NB and ND atoms

A

of the specific chlorophyll molecule), and Rp, is the distance between the two pigments
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(taken as the Mg—Mg distance between each pair of chlorophylls). The calculation was

carried out using an R script.

Stromal face

1.0 q
—— FSC corrected
: ~ FSC unmasked maps
0.84 \ —— FSC masked maps
—— FSC phase randomized
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Figure 2.5. Global and local resolution. A, B, C and D: The final 3D map colored according to the

local resolution estimates obtained from ResMap, seen from the Lumen ‘A’, Stroma ‘B’, membrane
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‘C’ and membrane section with surface capping along the dashed line ‘D’ orientations. E. Plots of

Fourier shell correlation (FSC) against resolution.

Results

Structure determination and modeling.

The structure of the PSI-IsiA complex was determined using single-particle cryo-EM (Fig.
2.4 and table 1). The PSI-IsiA complex was purified from the mesophilic cyanobacterium
Synechocystis sp. PCC 6803. Careful optimization of growth conditions resulted in a
nearly homogeneous appearance of the PSI-IsiA complex in sucrose gradients Figure
2.3). An initial three-dimensional (3D) density map was ab initio calculated from single-
particle images. Representative two-dimensional (2D) class averages showed a
homogeneous particle population with clear features of a PSI trimer enclosed by an outer
IsiA ring. The final map was determined to 3.5-A resolution as assessed by the gold
standard Fourier shell correlation (FSC) criteria (S. H. W. Scheres et al. 2012). The
membrane-bound parts of the complex were resolved at higher resolutions (up to 2.8 A),
and the surface-exposed loops and outer faces of the IsiA ring showed local resolution
values of 4.6 A. The location and orientation of all 591 chlorophyll molecules, as well as

those of 135 carotenoid molecules, were determined (Fig. 2.4).
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Figure 2.6. An overview of PSI-IsiA: A. Stromal view of stress-induced photosystem I-IsiA super

complex (PDBID:6NWA). 18 IsiA monomer form a ring around PSI trimer. Every IsSiA is labelled by
its location of PSI. All protein subunit colored individually, chlorophylls are green, carotenoids are
pink. B, C. Pigments organization of PSI-IsiA complex. Carotenoids are colored pink and
chlorophylls are colored pink. B. Stromal view of pigments organization. In total, 198 chlorophylls
are located on this side. C. Luminal view of pigments organization. 108 chlorophylls are located on

this side.
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Data collection and processing

Electron microscope Titan Krios
Electron detector K2 Summit
Magnification 47,600
Voltage (kV) 300

Dose rate (e'/A? s) 7.37
Average Defocus (1um) 2

Super pixel size (A) 0.5252
Symmetry imposed C3

Initial number of particles 572,000
Final number of particles 74,220
Resolution by 0.143-criteria 3.48

Map resolution range (A) 28-5
Map sharpening B factor (A) -95

Table 2.1. Data collection and processing statistics.
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Overall structure and organization

The complete PSI-IsiA complex appears as an almost round disk with threefold rotational
symmetry (Fig. 2.6A). Eighteen individual IsiA subunits are clearly resolved in our density
map. The entire complex measures 300 A in diameter, with a height of 110 A (Fig. 2.6A).
Previous negative-stain and cryo-EM studies assigned transmembrane helices V and VI
as being closest to PSI in the supercomplex (Thomas S. Bibby et al. 2001; Duncan et al.
2003). Our higher-resolution map clearly shows that four helices, I,11,V,VI, face PSI, with
each IsiA monomer being rotated approximately 60° compared to the previously assigned
configuration (Fig. 2.6A). This has far-reaching consequences regarding the identity of the
connecting pigments between neighboring IsiA monomers and between the entire 18-mer
ring and PSI (discussed below). The C3 symmetry observed in PSI-ISiA is probably
determined by interaction of the IsiA ring with the PSI trimer. We refer to each IsiA
monomer in the three IsiA hexamers as a-f, starting at the PsaK pole of each PSI
monomer (Fig. 2.6A).

There are 591 chlorophylls in the PSI-IsiA supercomplex, by far the largest number of
bound pigments in any of the photosynthetic supercomplexes with known structure (Fig.
2.6B&C). These 591 chlorophylls are split almost equally between the IsiA ring
(306 chlorophylls) and the PSI trimer (285 chlorophylls), and this agrees well with
spectroscopic measurements (Andrizhiyevskaya et al. 2002). The organization of the
306 chlorophylls bound by the IsiA ring stands out in two respects. First, there is a striking
asymmetry in pigment distribution between the stromal and luminal sides of the membrane,
with 198 chlorophylls on the former and 108 on the latter (Fig. 2.6B&C). Second, the
stromal-side chlorophylls form a continuous layer of pigments surrounding PSI (Fig. 2.7A—

C) while on the luminal side distinct chlorophyll clusters are readily observed (Figs. 2.6C
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and 2.7D-F). The tight connectivity on the stromal side stands out when compared with
eukaryotic antennae systems, which appear as sparsely connected pigment
clusters(Mazor et al. 2017; Pi et al. 2018; Qin et al. 2015; Su et al. 2017). This connectivity
may be one of the reasons for the rapid fluorescence decay observed in IsiA that was

suggested to play an important part in its photoprotective function(lhalainen et al. 2005).
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A Stromal Layer C

¢

Figure 2.7. Organization of two chlorophyll layers in PSI-IsiA. A. Side view of the PSI-IsiA

chlorophyll rings. Chlorophylls coordinated by PSI are colored green. Only ISiA chlorophylls

belonging to the stromal layer are shown. IsiA chlorophylls are colored according to their
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coordinating IsiA subunit. The three PSI iron sulfur clusters are shown as spheres to indicate the
orientation of PSI-IsiA. B. A view from the lumenal side of the membrane of the stromal chlorophylis
layer showing the overall organization. Three IsiA stromal clusters are presented in ‘E’ with selected
distances between individual chlorophylls. C. Side view of the Lumenal chlorophylls in PSI-ISiA,
colored as in ‘A’. B. A view from the luminal side, three lumenal clusters are highlighted and
magnified in ‘F’. E. A view of three stromal IsiA chlorophyll clusters. A subset of Mg-to-Mg distances
are shown, demonstrating that pigments on this layer are relatively well connected across the entire
IsiA ring. F.The lumenal pigment layer in PSI-IsiA is separated into distinct clusters. Three lumenal

IsiA clusters are shown. Distances separating the two clusters are shown in blue.

The overall structure of IsiA follows the general fold of CP43, with six transmembrane
helices. Unique to IsiA is the configuration of the E loop (nomenclature is from(T S Bibby,
Nield, and Barber 2001)) linking transmembrane helices V and VI. Our structure shows
that this luminal-side loop extends into the membrane space and coordinates a new
chlorophyll position (numbered 17; Fig. 2.8a,b). Each IsiA monomer coordinates
17 chlorophyll molecules, 13 of which occupy similar positions to CP43 chlorophylls while
four are unique to IsiA (Fig. 2.8B). A complete list of all chlorophyll-coordinating side
chains in IsiA is presented in Supplementary Table 1. Previous studies suggested that
each IsiA monomer binds a total of four carotenoids—two beta-carotenes, one echinenone
and one zeaxanthin(Melkozernov et al. 2003). We identified four carotenoid molecules,
modeled as beta-carotenes, in most of the IsiA monomers (a total of 69 carotenoids in the
entire IsiA ring), in good agreement with these measurements. Three of these carotenoids
occupy similar positions to CP43 (B2, B3 and B4 in Fig. 2.8c,d) and bind at the IsiA—ISiA
interface. An additional carotenoid, B1, lines the interface between IsiA and PSI. A similar
configuration, where a carotenoid is positioned in the gap between PSI and its antennae,

is found in the plant PSI-light-harvesting complex | LHCI) structure(Mazor et al. 2015; Qin
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et al. 2015). It is possible that this configuration serves a photoprotective function. There
has been some disagreement regarding the occurrence of energy transfer between
carotenoids and chlorophylls in ISiA(H.-Y. S. Chen et al. 2017). The close proximity
observed between all four carotenoids and their neighboring chlorophylis (~4 A, Fig. 2.8c,d)
suggests that excitation energy transfer to chlorophylls should occur as efficiently as it
does in all other photosynthetic complexes(Berera et al. 2010). Such close distances also
support a role for these carotenoids in photoprotection as quenchers of chlorophyll triplets.
Interestingly, all of these chlorophyll—-carotenoid interactions occur at the stromal pigment
layer, adding to the asymmetric distribution of pigments between the two faces of the

membrane.

Lumenal pigments

Lumen

Figure 2.8. Structure of IsiA. (A) Superposition of all six IsiA monomers (a-f) showing similar

conformations with small differences in the protein backbone. Each of the six TM helices is labeled
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according to its sequence position. Loop E, unique to IsiA is also labeled. (B) Each IsiA monomer
coordinates 17 chlorophylls, 13 of them (green) occupy similar positions to CP43. The remaining
four chlorophylls, numbered 1, 8, 13 and 17 (blue), are unique to IsiA. Chlorophylls 17 and 8 which
face PSI are especially important for energy transfer in the complex. (C) Stromal side chlorophylls
of IsiA, with the shortest Mg to Mg distances drawn, form a tight cluster. Chlorophyll 8 is the closest
neighbor of chlorophyll 17. (D) Lumenal chlorophylls of IsiA with Mg to Mg distances. Chlorophylls
7 and 13 are shown in both C and D as they appear to connect both clusters. (E) and (F) The four
carotene molecules (orange) in IsiA with their adjacent chlorophylls. Positions B2, B3 and B4 are

similar to CP43, while B1 is unique to IsiA.

One of the most important structural elements in IsiA is the E loop and its coordinated
chlorophylls—these are strategically located to connect each IsiA monomer with its
neighbor, and also play a role in the interaction between IsiA and PSI (discussed in
Chapter 3 Figs. 2.8a,b). Supplementary Tables 2.1 and 2.2 list Mg—Mg distances and the
dipole orientations between the 17 chlorophylls coordinated by IsiA, respectively.
Chlorophyll 17 is linked to the main pigment cluster via chlorophyll 8, which is also unique
to IsiA (Fig. 3b,e). However, the low value of the dipole orientation factor between
chlorophylls 8 and 17 (0.02) suggests that these are nearly orthogonal, which should slow
the transfer rate considerably. This orientation effect may be compensated by the optical
properties of the individual chlorophylls, which are unknown. In addition, chlorophyll 17
closely associates with the neighbor IsiA luminal chlorophyll cluster (Fig. 2f) and may
interact with chlorophylls from the adjacent subunit more favorably. These two new

chlorophylls create the interface needed for energy transfer in the PSI-IsiA supercomplex.

The 17 chlorophylls coordinated by IsiA form a tightly linked cluster with an average

nearest neighbor Mg—Mg distance of 10.9 A (Supplementary Table 2.1). The chlorophyll
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distribution is markedly asymmetric, with ten chlorophylls located at the stromal side of the
membrane, four at the luminal side and three occupying middle positions (chlorophylls 7,

13 and 17; Fig. 2.8b,e,f).

Discussion

In photosynthetic cells, photosynthesis is carried out in photosynthetic units, antennae—
photosystems supercomplexes. While photosystems display almost absolute
conservation across domains, antennae systems have evolved considerably. ISiA is a
member of a large family of membrane-bound antennae, similar to the PSIl subunit CP43
that evolved in cyanobacteria. IsiA is induced under multiple stress conditions, although
low iron concentration, in the environmentally relevant nanomolar range, is the most
potent inducer. As PSI is one of the largest iron sinks in the cell, one of the proposed
primary roles of IsiA is to increase the absorbance cross-section of PSI. This is clearly
accomplished as the number of bound chlorophylls in PSI-IsiA is more than doubled
compared to PSI alone. The benefits of increased PSI cross-sections are not so easily
explained when considering additional environmental cues that result in IsiA induction,
such as oxidative stress and high light levels. It is likely that the role of ISiA as a stress
resistance factor is more complicated and is not limited to light harvesting(Havaux et al.
2005; Singh, Li, and Sherman 2004; Yeremenko et al. 2004). The IsiA system stands out
by its ability to form an incredibly large number of assemblies using a single building
block(Kouifil, Arteni, et al. 2005; Yeremenko et al. 2004). Some of these assemblies
include PSI while others consist of IsiA alone. The basis for this architectural flexibility is
found in the physical interactions between the N and C termini of adjacent subunits. The
flexibility of the C-terminal helix enables a range of IsiA dimers that still preserve efficient

excitation energy transfer in the IsiA ring.
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One of the four additional chlorophylls identified in IsiA (No. 13) is positioned on the ring
periphery, and it is probable that this chlorophyll is important for interactions between
different IsiA layers, a feature of the even larger PSI-IsiA double-ring complex and some
of the IsiA-only assemblies.

Two additional chlorophylls (8 and 17) constitute a clear connection between adjacent ISiA
subunits and between the ring and the PSI trimer. Chlorophyll 17 in particular is positioned
in a favorable orientation and distance to interact with chlorophyll 14, coordinated by the
adjacent IsiA monomer (Fig. 2.8f). This interaction may increase substantially (as
chlorophylls 17 and 14 are brought closer together) in IsiA-only assemblies that form
tighter rings, and this can have functional consequences with regards to excitation energy
guenching. The heterogenous nature of IsiA assemblies in vivo and in vitro presents a
major barrier towards answering these questions in a precise manner.

PSI-IsiA stands out in regard to the size, flexibility and diversity of functions among the
known photosynthetic supercomplexes. Overall, chlorophyll distribution in the ISiA ring is
highly biased towards the stromal side of the membrane, which may facilitate interactions
with soluble phycobilisomes that are still present in iron-deprived cells.

The current structure uncovers the basic, most crucial, details of this enormous machine
in the first example from the cyanobacterial branch of the membrane-embedded antennae
proteins, and lays a path for evaluating the light-harvesting and photoprotection

mechanisms in cyanobacteria.
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Table S2.1. Mg to Mg distances in the IsiA monomer.

Distances are colored on a color scale from

red (8 A) to white (30 A). The top ten rows contain the stromal side pigment and the bottom four

rows the lumenal side pigments, the middle pigments are shown in between.

Chlorophyll coordinating residues in IsiA
Chl1 His 144
Chl 2 His 145
Chi 3 His 110
Chl 4 His 96
Chl s His 207
chl6 His 307
Chl 7 Gln 34
Chl 8 Gln 316
Chl 9 His 31
Chl 10 Probable H,0
(observed in chain C of PDBID 3WUC)
Chl11 His 321
Chl 12 Asn 17
Chl 13 Gln 191
Chl 14 Probable H,0
(observed in chain C of PDBID 3WUC)
Chl15 His 318
Chl 16 His 221
Chl 17 lle 282 (backbone carbonyl)

Table S2.2. Chlorophyll coordination in IsiA.
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CHAPTER 3
A role for the IsiA C terminus in the assembly of PSI-IsiA.
Jin Li*2, Anton Khmelnitskiy?, Yuval Mazor'?
!Biodesign Center for Applied Structural Discover, Arizona State University, Tempe,
Arizona, USA

2School of molecular Sciences, Arizona State University, Tempe, Arizona, USA

Introduction

To increase the absorption cross section, PSI and PSIl associate with antennae systems
(Croce and Van Amerongen 2014). In cyanobacteria, phycobilisomes act as the major
antennae system for PSIl and PSI in iron rich conditions (Mullineaux and Emlyn-Jones
2005). However, bioavailable iron is scarce outside of laboratory conditions. When iron is
not readily available, cyanobacteria utilize an antennae belonging to a family known as
the iron stress induced (IsiA) proteins, specifically IsiA (Burnap, Troyan, and Sherman
1993).

IsiA was discovered when cyanobacteria were being studied in low iron conditions
(Guikema and Sherman 1983). IsiA was later shown to be responsible for the structural
changes in the thylakoid membranes observed under low iron conditions (Burnap, Troyan,
and Sherman 1993). Although these discoveries were made in iron stressed cells, leading
to the name IsiA, the expression of this antennae is not limited to low iron conditions.
Under other stress conditions, such as high light and oxidative stress, ISiA expression is
also induced (Havaux et al. 2005; Singh, Li, and Sherman 2004).

In chapter2 we talked we solved a high resolution structure of the PSI-IsiA antennae super

complex from Synechocystis sp. PCC 6803 to 3.5 A by cryogenic transmission electron

63



microscope (Cryo-EM) (Toporik et al. 2019).The structure of the PSI-ISiA super complex
is disk shaped with a diameter of 300 A, and height of 100 A and three-fold rotational
symmetry (Figure 2.6). Compared to the previously assigned configuration of IsiA, the new
structure provides insights into the PSI-IsiA relationship by clearly showing that the four
helices I, 11, V, VI, face PSI (Toporik et al. 2019). In addition, the structure shows there are
591 chlorophylls in the PSI-ISiA super-complex, with 306 chlorophylls located in the ISiA
ring and 285 chlorophylls located in the PSI trimer. The association of IsiA to PSI more
than doubles the number of chlorophylls, thus significantly increasing the light harvesting
capabilities of the PSI trimer.

IsiA has been called CP43’ since it was discovered because of highly homology to CP43
in PSII(T S Bibby, Nield, and Barber 2001; Duncan et al. 2003). While the ISiA monomer
closely resembles the overall conformation of the CP43 subunit found in PSII, there are
three notable differences in IsiA, a shortened E loop between helixes V and VI, a different
confirmation of the C-terminus and 4 additional chlorophylls and 1 additional carotenoid in
IsiA (Figure 3.1). The C terminus of ISiA was found to be important for interactions with
neighboring IsiA monomers for the formation of the ring structures seen around PSI
(Toporik et al. 2019). It is shown in the recently solved structure that the C-terminus of an
IsiA monomer coordinates with the N-terminus of the adjacent ISiA monomer, allowing for

larger ring structures to form.
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Figure 3.1. An overview of the IsiA monomer: Comparison of IsiA monomer and CP43. A.

Superposition of IsiA monomer (PDBID:6NWA) and CP43 (chain C of PDBID:3WU2). IsiA shows
highly conserved transmembrane helices core with CP43. The E loop (located between helices V
and helices VI) and a short C terminus are unique to IsiA. E loop is located between helices V and

helices VI. B. Four unique chlorophylls (in blue) and one extra carotenoid on IsiA monomer.

In Chapter 2 we have talked about a range of dimer IsiA formed(Toporik et al. 2019).
IsiA stands out as a unigue antennae due to the multitude of interactions formed by a
single monomer. However, this exceptional flexibility does not arise from the structural
adaptability of ISiA itself. Despite all six IsiA monomers adopting a similar conformation
with a mean square deviation of ~0.5 A calculated over all backbone atoms, these subtle
conformational changes in individual IsiA monomers fail to explain the flexibility
observed in IsiA assemblies. In our previous study, we investigated the flexibility within

the ISiA ring by dissecting each hexamer into adjacent IsiA dimers (‘ab’, 'bc’, 'cd, ..., 'fa’)
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and aligning the leading IsiA subunit of these dimers(Figure 3.2A). This analysis
revealed significant movement in the second subunit of each dimer (Figure 3.2B).
Specifically, the inwardly rotated conformation observed in the 'cd' dimer interacts with
the PsaF and PsaJ subunits of PSI, while the outwardly rotated 'ef' dimer faces the PsaB
subunit (Figure 3.2B). Notably, the 'ef' dimer in the outward configuration exhibits the
largest IsiA—IsiA chlorophyll distances. Compared to IsiAd, ISIAf missed a part of C-
terminus. To examine the role of the IsiA C-terminus in complex assembly and energy

transfer we generated a C-terminus deletion in IsiA.

" N
Rotate
around 124
Missing C-
terminus

Figure 3.2. Conformational flexibility among IsiA dimers.: A: luminal view of PSI-IsiA

supercomplex, one PSI monomer with its corresponding IsiA hexamer, one IsiA monomer also
interact with its neighbor IsiA. B: Superposition of Stromal IsiA pairs cd and ef, shows the largest

rotation of IsiA dimer has 12A&. One the IsiA monomer named f, lost C-terminus.

Methods

Construction of ISiA mutations

All mutations were made in Synechocystis sp. PCC 6803. A plasmid, plsiA-Cm was
constructed containing gene fragments comprising an upstream fragment of IsiA, the ISiA

operon (including IsiA, IsiB (flavodoxin), IsiC (encoding a hydrolase)) (Kojima et al. 2006;
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Shen, Gan, and Bryant 2016) and the downstream sequence of the operon (Supplement
Figures 3.1, 3.2, 3.3). Upstream and downstream sequences (0.8 kb in each direction) are
used to direct the integration of the new cassettes to the Isi operon. Furthermore,
chloramphenicol (Cm) resistance was inserted 300 bases upstream of the IsiA promoter.
This plasmid will be the base for all future mutations made on IsiA chlorophylls and used
to make a Cm marked strain as positive control (WT) (Supplement Fig3.1) for all

experiments.

ISiAAC construction (Supplement Fig3.2) The IsiAAC mutation was constructed into plsiA-
Cm by deleting last 10 amino acid (30 base pairs) of IsiA with P60_Forward_insert and
P60 _Reverse_insert primers and p60 as a template. The two fragments were assembled
using the NEBuilder® HiFi DNA Assembly Master Mix(Thomas, Maynard, and Gill 2015).
All plasmids were sequenced before being used to transform Synechocystis sp. PCC6803
according to standard protocols. Complete segregation and correct replacement of IsiA to

ISiAAC was verified by PCR and sequencing (Supplementary Figure3.2).

AlsiA strain (Supplement Fig3.3) was constructed by a knock-out mutation on WT plasmid
on IsiA using DisiA_UP and DisiA_down primer pairs. All fragments amplified by PCR will
also be assembled using the NEBuilder® HiFi DNA Assembly Master Mix.

All primer sequences are listed in Supplementary.

Culture conditions
Same as Chapter 2, cyanobacteria were cultured in glass flasks in 50 ml then transfer to
glass bottles in 10 L batches using BG11 medium supplemented with 6ng mi~* ferric

ammonium citrate and 5 mM glucose at 30 °C and bubbled with air after optimization of
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iron concentration. Light was supplied from a light-emitting diode array (Fluence RAY) at
very low intensity (~6 UE).

Spectroscopic analysis In Vivo

Cyanobacteria were harvested after 7 days of culturing in BG11 medium. Absorption
spectra were recorded on a Cary 4000 UV-Vis spectrophotometer (Agilent Technologies).
Fluorescence spectra were recorded on a Fluoromax-4 spectrofluorometer (HORIBA
Jobin-Yvon). The slit width was set to 5 nm on both the entrance and exit monochromators
for room temperature measurements. In vivo absorption Spectroscopy was measured
under an integrating diffuse reflectance sphere (DRA 900) to correct for scattering by the
cells as mentioned in (Kortum, Braun, and Herzog 1963). Figures were prepared using
OriginPro (OriginLab)

Time-resolved fluorescence

For fluorescence decay measurements using TCSPC, fiber supercontinuum laser
(Fianium SC450) was used to generate excitation pulses at 440 nm with a repetition rate
of 20 MHz. Fluorescence emission from the samples was collected using a 90° excitation-
detection geometry and fluorescence was passed through a double grating
monochromator (Jobin-Yvon, Gemini-180) and detected by a microchannel plate
photomultiplier tube (Hamamatsu R3809U-50). The samples were diluted to an optical
density (OD) of 0.1 at the Qy maximum, then diluted in a 3.5-ml cuvette with a 1 cm path
length and maintained at room temperature. The emission polarizer was set to the magic
angle (54.7°) relative to that of excitation polarizer. Data acquisition was performed using
a single photon counting card (Becker-Hickl, SPC830). The instrument response function
FWHM was 20 ps, as verified by scattering.

Global Analysis.

68



The streak camera data were analyzed with matlab based on the approach (van Stokkum,
Larsen, and Van Grondelle 2004).

JTS-10 time-resolved spectroscopy

The kinetics of PSI special pair (P700) oxidation were assessed using a Joliot-type
spectrophotometer (Bio-Logic SAS JTS-10). Measurements were conducted employing
actinic light at various intensities, as detailed in the "Results" section. P700 activity was
guantified by monitoring the transient decrease in 705-nm absorption, indicative of P700
oxidation. For measurements performed on isolated PSI-ISIAAC complexes, 500 uM
methyl-viologen (Sigma-Aldrich) was added to the sample. The estimation of PSI
antennae size was inferred inversely from the time taken to achieve half of the maximum
P700 oxidation.(Ballottari et al. 2014)

PSI-ISIAAC purification, sample preparation for cryo-EM analysis and cryo-EM data
acquisition were conducted in a similar manner to PSI-IsiA isolation (described in chapter
2).

Data processing

A flowchart describing data handling is shown in Supplement table 3.1. MotionCor2 was
used to register the translation of each sub-frame, and the generated averages were
Fourier-cropped and dose-weighted (Zheng et al. 2016). Contrast transfer function
parameters for each movie were determined using CTFFIND4 (Rohou and Grigorieff
2015). Relion was then utilized for the subsequent data processing (S. H. Scheres 2012).
Topaz(Bepler et al. 2020) was used in picking particles to several rounds of unsupervised
2D classification. 3 different size as 360 A, 400 A and 440 A were chosen in topaz
autopicking for different orientation of PSI-ISIAAC which yielded 75083, 90274, 75613
particles. This particle set was subjected to several rounds of unsupervised 2D

classification (Relion), leading to a set of 88175 particles which were extracted from the
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original micrographs as boxes of 650 pixels and downsampled to 500 pixels, yielding a
final pixel size of 1.03 A Pxt. This particle set was subjected to 3D classification using an
initial PSI-IsiA volume from a previous dataset sampled. This procedure yielded 4 classes
which clearly showed the complete PSI-ISIAAC and were grouped together to yield
6460 particles. Due to low number of particles, three-dimensional reconstructions using

this set yielded volumes at a resolution of 11.2 A.

Results

ISIAAC decrease the growth rate under low iron condition.

To check a mutated IsiA strain that affect the function of IsiA to grow under low iron
environments, ISIAAC strain, WT strain and AlsiA strain were taken from BG11 plates (an
iron rich environment) into BG11 liquid culture with 6ug/ml concentration of iron. The WT
strain will be used as positive control and AlsiA strain as negative control.

All strain were cultivated in BG-11 growth media supplemented with 6ug/ml concentration
of iron and exposed to light intensities under 6 pmol photon m2 s of white light at 30° C
for a week to measure the growth rate of these strains under low iron condition. The optical
density of the culture at 730 nm (OD~30) was chosen to estimate the growth rate and was
recorded through Cary 4000 spectrometer on 1 cm cuvette (Figure 3.3). The ability of
ISiAAC strain of grow under low iron condition was compared to WT and AlsiA strains.
Within limited iron supplement, ISiAAC grew notably slower than WT from day 3 to day 9.
This suggests a function for the C-terminus of ISiA in iron limited growth. The ISIAAC strain
exhibited a higher growth rate compared to the AlsiA strain, indicating that ISIiAAC
assembilies still contribute to growth. After day 9, all 3 strains, WT, ISiAAC, AlsiA reached

the stationary phase of growth curve.
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Figure 3.3. Growth rate among WT, IsiAAC and AisiA. Growth curve for Synechocystis sp. PCC

6803 wild-type-CM (WT, green), ISiAAC strains (red) and AlsiA strains over the first 7 days of
growth. Cells enter early exponential growth at approximately day 3 and continue logarithmic
growth until approximately dat 6. All O.D. 730 reading recorded by Cary 4000. Experimental error

bars are shown for n = 3.

ISIAAC expression during iron limited growth.

The response of Synechocystis SP PCC.6803 to low iron can be measured as a blue-shift
of the Qy peak in the cellular absorbance spectrum indicating the expression of ISiA
(Andrizhiyevskaya et al. 2002; Duncan et al. 2003). Similarly, ISiAAC also shows a blue-
shifted absorbance from 680 nm to 673 nm on the Qy peak region, validating the

expression of IsiA. However, AlsiA strain doesn’t have this blue-shifted absorbance after

iron-starvation of 6 days which is in the logarithm phase of growth rate. (FIGURE 3.4)
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The amount of oxidizable P700 can be used to estimate the quantity of PSI in cell and
could be measured by a JTS-10 spectrometer (Alric 2010; Alric, Lavergne, and Rappaport
2010). After normalization to OD73o, WT, ISIAAC and AlsiA strains at day 0 show similar
level of P700%, indicating the amount of PSI is similar in all 3 strains under iron-deplete
conditions (Figure 3.4C and D). After 6 days of iron starvation, a remarkable drop in PSI
quantity (per cellular chl) is observed due to the suppression of PSI expression under iron
limited growth. However, no significant changes in the amount of PSI complex per cell
was found when comparing among WT, ISIAAC and AlsiA strains, proving that IsiA have
no influence on the amount of PSI (Figure 3.4C and D).

When normalized to phycobilisome (PBS) absorbance peak at 625 nm, absorption spectra
from all 3 strains show a similar chlorophyll Qy peak with a maximum at 680 nm at day 0.
After 6 days of iron starvation, a significant drop in Qy peak intensity was observed in the
AlsiA compared to WT strains, indicating the chlorophyll loss per PBS. IsiAAC strains also
show a much small drop on Qy peak intensity compared to WT strains suggesting that
ISIAAC is expressed at comparable or slightly slower levels to IsiA. Similarly to wt strains,
ISIAAC strains also has a blue-shift Qy peak (Figure 3.4AB) indicating that the expressed
ISIAAC has a similar effect on cellular absorption to IsiA. Next, we investigated excitation
energy distribution ISiAAC.

Fluorescence can be used to estimate the efficiency of energy transfer between all the
components absorbing light, especially from the photoexcited antennae to PSII or PSI. In
day O WT, IsiAAC and AlsiA strains have similarly shaped cellular chlorophyll fluorescence
(Figure 3.5). In day 6, ISiAAC strain shows a remarkable increasing on the peak as a result
of ISIAAC expression (Figure 3.5). Based on the increasing fluorescence from ISiAAC, the

energy transfer between IsiA and PSI is disrupted.
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Figure 3.4. Spectroscopic Measurements of WT, ISIAAC and AisiA. A and B: Cell absorbance of

wild-type-CM (WT, green), IsiAAC strains (red) and AlsiA strains measurement with integrating
sphere. Cell grows under iron deplete condition measured by Cary4000 with integrating sphere.
Over 6 days of IsiA induction, after normalized by PBS peak, ISIAAC shows a drop on Qy peak.
C&D: P700* kinetics measured on JTS-10 pump probe spectrometer. Over 5 days of IsiA induction,

PSI levels droped to 1/5 level compared to iron sufficient condition.
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Figure 3.5. Fluorescence of WT, ISIAAC and AisiA. Fluorescence measurement of wild-type-CM

(WT, green), ISiAAC strains (red) and AlsiA strains over the first 7 days of growth. All cell normalized
by O.D. 730. At first day wild-type-CM (WT, green), IsiAAC strains (red) and AlsiA strain appear to
have close fluorescence peak and after 6 days, compared to wild-type-CM (WT, green) and AlsiA

strains, IsiAAC strains (red) show high peak of fluorescence.

Energy transfer in ISIAAC cells

As shown in Figure 3.4 C and D, no significant changes in the amount of PSI per cell
could be detected when comparing WT and ISIAAC strains. The rate of rise of the P700*
signal can be used to measure the functional antennae size of PSI (Bonente et al. 2012,
Ballottari et al. 2014). Under limiting light (20 umol-m=2-s-%) P700" kinetic is inversely
related to the functional antennae size of PSI-IsiA (Bonente et al. 2012).

Fig. 3.6 shows the kinetics of P700 oxidation by plotting the P700 activity as a function of
time. After iron starvation of 7 days, P700 rise kinetics clearly are slower for ISIAAC strain
than for WT strain. Kinetics were fitted with growth functions, and the associated time
constants t© were used to calculate the size of the functional antennae (expressed as 1/

T ) in ISIAAC samples.
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Figure 3.6. Functional antennae size of WT and ISiAAC. The PSlI-related antennae size in WT

and IsiAAC cell was determined by measuring the kinetics of P700 oxidation upon illumination with
15 pmol-m=2-s71. The kinetics curve was fitted with growth curve characterized by a time constant
T (TWT=1.326 and T1IsiAAC=1.578). Estimation of WT and IsiAAC antennae size as 1/1 normalized

to 100 in the case of WT.

The P700* kinetics of ISIAAC indicate a 20% decrease in the PSI antennae size compared
to the WT. As discussed in the introduction, the C-terminus of ISiA is important in ISiA
dimer binding, and this experiment confirms that a deletion of the C-terminus prevents
ISIAAC from forming the full-size antennae with PSI. However, to comprehensively
understand the impact of the C-terminus on energy transfer, we employed time-resolved

spectroscopy.
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Figure 3.7. Time-resolved fluorescence spectral of WT (iron replete), WT, ISIAAC and AisiA

Fluorescence decay measurement of wild-type-CM (WT, iron replete, dark green), wild-type-CM
(WT, green), IsiAAC strains (red) and AlsiA strains after 7 days of iron deplete condition. Cells

normalized by OD 730. Time-resolved fluorescence measured by TCSPC.
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Life Life Life Life
time Cl Amp time C.I Amp time Cl Amp time C. Amp

(ps) (ps) (ps) (ps)

183 122 go7382 669 565004601 783 648003835 324 19.7007682

t1
242 (92.2%) 77.6 (79.20%) 92.7(64.90%) 47.2 (78.10%)
227 188 ppoeoe 360 320 0.0114 4069 3795001945 286 236.6 01857

274  (7.60%) 406 (19.70%) 440.6(32.90%) 3523 (18.90%)

t2

2345 1426 ggoo2 2219 1818 pppos 1866 16394 o013 1713.4 1491.3 g 00294

7363 (0.20%) 2845 (0.10%) 21447 (0.20%) 21126 (3%

t3

Table 3.1. Fit results of Fluorescence Decay measured on WT (iron replete), WT, ISiAAC and

AisiA (iron limited). life-times values are indicated in the first column for each measurement,

followed by the confidence interval and the amplitude of the component.

To prove that the functional size of PSI antennae from ISIAAC strain, we decided to use
time-resolved fluorescence in vivo. We measured the fluorescence decay kinetics of WT
strain and ISiAAC strain cells in the wavelength regions of 643, 663, 683, 703 and 723 nm
at room temperature using TCSPC. The decay kinetics was fitted with three decay
components using global analysis and lifetime could be estimated by the fitted
fluorescence decay (Holzwarth 1996; van Stokkum, Larsen, and Van Grondelle 2004).
Total decay, over all wavelengths, is showed in Figure 3.7 and clearly shows a slower
decay on ISIAAC cells.

Table 1 shows the estimated lifetime from fitted fluorescence decay of WT and ISIAAC
strain cells after global analysis (van Stokkum, Larsen, and Van Grondelle 2004). In the
iron-replete, wild type control, (Figure 3.7 dark green) the fastest lifetime, 18.3 ps, is
assigned to PSI trapping (Table 3.1). The fastest component in iron limited growth is much

longer (66.9 ps) and is associated with trapping in the PSI-IsiA complex. In the ISIAAC
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sample this component increases to 78.3 ps, a 15% increase, suggesting the
corresponding decrease in the PSI antennae size, highly similar to the decrease we
observed in our P700* assay for antennaee size.

The second lifetime we observed is typically associated with PSII trapping. Interestingly
this lifetime increases in wild type cells from 227 ps in iron replete cultures to 360 ps in
iron limited growth. This suggest that transfer to PSII is also modified to some extent under
iron limited growth. While IsiA is not known to be associated with PSII, we do observe that
this increase in the PSII associated lifetime is reduced in AlsiA cells, suggesting that ISIA
affects in some way the transfer processes into PSII. In the ISiAAC sample this second
lifetime is even longer then the wild-type sample and was measured at 406 ps. This may
reflect some uncoupled IsiA in the thylakoid membranes of these cells as this lifetime
resembles measurements that were done on the monomeric form of IsiA (unpublished

results from the Mazor lab).

In summary, during logarithm phase of growth curve, ISIAAC cells exhibit a blue-shift on
Qy absorption indicated ISIAAC expressing. Additionally, compared to WT strain, ISIAAC
strain has higher fluorescence emission, suggesting decreased energy transfer inside
PSI-IsiA antenna. The time-resolved fluorescence analysis of ISIAAC strain reveals that
PSI-IsiAAC antennae have longer lifetime than PSI-IsiA antennae. So, the C-terminus on
IsiA is important to form an efficient connection between PSI to IsiA. To further understand
the mechanism underlying these interactions within the antenna complex, isolation and

purification of the PSI-ISIAAC complex are necessary.

Isolation of PSI-ISIAAC
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To explore the effect of energy transfer in C-terminus from PSI-ISIAAC, we isolated the
complex through anion exchange chromatography of solubilized thylakoid membranes.
The sucrose density gradient analysis revealed chlorophyll-containing proteins, PSI-
ISiAAC, as illustrated in Figure 3.8A. When compared to PSI-trimer sample and PSI-IsiA
supercomplex sample from Synechocystis 6803, SDS-PAGE analysis displayed similar
bands for PSI (PsaA/PsaB) subunits, as depicted in Figure 3.8B. Compared to PSI-ISiA
supercomplex, noticeable shifts on IsiA subunits could be observed due to the removal of
the last ten amino acids. Additionally, the PSI-ISIAAC sample exhibited a lower IsiA/PSI
ratio, suggesting a potential relationship between the C-terminus and the ability of IsiA to
associate with PSI. Further investigation into the differences in PSI-IsiA and PSI-ISIAAC
was conducted on absorption spectra (Figure 3.8C). Compared to the PSI trimer with a
Qy maximum at 679 nm, PSI-ISIAAC exhibit moderate Qy blue-shift (between 675 to
676nm) while PSI-ISiA has the largest Qy blue shift with a maximum at 673 nm.
Interestingly, Figure 3.8 shows that PSI-ISiIAAC sample has similar fluorescent emission
as PSI-IsiA, we think probably most dropped ISIAAC compensate the fluorescent emission

on PSI-IsiAAC and we will talk about it in discussion part.
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Figure 3.8. Isolation of PSI-ISIAAC from strain ISIAAC. Synechocystis SP PCC.6803 ISiAAC was

cultured in glass bottles in 10-L batches using BG11 medium supplemented with 12ng/ml ferric
ammonium citrate and 5mM glucose at 30 °C and low intensity light (~15 pPE). The cells are
harvested after 2.5 weeks. PSI-ISIAAC complex is isolation by ion exchange column and sucrose
gradient. A: sucrose gradient of PSI-ISiAAC. B: SDS-PAGE gel of PSI-ISiAAC with PSI-trimer and
PSI-IsiA wt. C: Absorbance of PSI-IsiAAC shows it has the less “blue shift” compared to PSI-IsiA
wt. D: Emission of PSI-IsiAAC was recorded after excitation at 440nm, the fluorescence is similar

to PSI-IsiA wit.

The structure of PSI-ISIAAC
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Class1, Class3, Classd, Class2, Class6, 9%  ClassS, 6%
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Figure 3.9. The structure of PSI-ISiAAC. A: A representative micrograph from the Titan Krios

electron microscope showing PSI-ISiAAC in different orientation in vitreous ice. B: 2D-classification
results of PSI-IsiAAC shows different conformation of PSI-IsiAAC. C: class-3D with alignment of

PSI-IsiAAC.

We used the sample from Figure 3.8A and determined the structure of the PSI-ISIAAC
complex using Cryo-EM (Figure 3.9). We collected 5047 micrographs from Titan Krios
electron microscope and the majority of the micrographs contained particles in different
orientation in vitreous ice (Figure 3.9A). After several steps of 2D classification we
successfully select 10 classes (Figure 3.9b) and extract it from the original micrograph
resulting in a set of 88,175 particles as boxes of 650 pixels. This particle set was subjected
to 3D classification using an initial PSI-IsiA volume from PSI-IsiA sampled at 60 A
resolution. This procedure yielded 6 classes which clearly showed the complete PSI-

ISIAAC and were grouped together to yield 6460 particles. Due to the low number of
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particles, three-dimensional reconstructions using this set yielded volumes at a resolution

of 11 A (Figure 3.9C).

Discussion

Since Joachim Frank developed computational technigues for image analysis (Mitra and
Frank 2006) and Richard Henderson contributed to the development of electron
microscopy hardware (Henderson et al. 1990), Cryo-EM technology has been utilized for
many scientific discoveries. Particularly for structural biologists, Cryo-EM revolutionized
the study of protein dynamics, including those involved in photosynthetic antennae such
as PSI (Opatikova et al. 2023; Pi et al. 2018; Suga et al. 2020). To adapt to the
environment, cyanobacteria utilize a special protein, IsiA to compensate the low iron stress
(Yeremenko et al. 2004). After 2001, many group noticed the structure of IsiA, it became
evident that the IsiA system possesses a remarkable capacity to form a multitude of
assemblies utilizing a single building block (Koufil, Kouril, et al. 2005). From our last
research in chapter 2, we noticed that the architectural flexibility of the IsiA system results
from the physical interactions between the N and C terminus of adjacent subunits. The
flexibility of the C-terminal helix allows for a variety of IsiA dimers, all while maintaining
efficient excitation energy transfer within the IsiA ring (Toporik et al. 2019).

We successfully created ISIAAC strain and finish a series of spectroscopic measurements.
Upon normalized to OD+3 and excitation at 440 nm, the remarkably high fluorescence of
ISIAAC strain was demonstrated and compared to WT strain. The high fluorescence arises
from the antennae difference between WT and ISIAAC strain. To quantitatively determine
the antennae differences between ISIAAC strain and WT strain, we calculated the size of

antennae via measuring the P700" rise kinetics of ISIAAC strain and WT strain. After fitting
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kinetics curve constant, ISIAAC strain exhibited 20% decrease in functional antennae size
compared to wt strains.

To gain a comprehensive understanding of the influence of the C-terminus on energy
transfer, time-resolved spectroscopy was implemented. The fluorescence decay was fitted
with three decay components using global analysis. ISIAAC shows significant slower
lifetime (78.3 ps) on the fastest component (11) than 66.9 ps in WT. We also noticed an
increase lifetime on the second fast component (12) from 360 ps to 400 ps in ISIAAC. From
previous studies on fluorescence lifetime in photosystems, it is established that 11
represents the lifetime of PSI, while 12 corresponds to PSII.

After removing the final 10 amino acids from IsiA, ISIAAC demonstrated a slower lifetime
of the PSI antennae reflecting disrupted energy transfer between PSI and the ISiA
antennae. Though ISiAAC exhibits a C-terminus similar to that of its homologous PSilI
subunit, CP43, it remains uncertain if ISIA was associated with PSII in prior investigations
(Michel and Pistorius 2004; Y. Zhang et al. 2010). The prolonged 12 might be attributed to
variations in the orientation of the phycobilisomes because lowering the iron concentration
affects the expression of phycobilisomes and soluble phycobilisomes are still present in
iron-deprived cells. Thus far, no evidence has been obtained to support the utilization of
IsiA as an antennae in PSII.

We isolated and purified the PSI-IsiAAC supercomplexes, which exhibited a diminished
blue-shift on the Qy peak compared to PSI-IsiA. Additionally, PSI-IsiAAC supercomplexes
displayed a lower PSI/IsiA ratio, indicating changes in antennae orientation within the PSI-
ISiAAC supercomplexes. The attachment between PSI and ISIAAC was found to be less
tight than in PSI-IsiA, resulting in some ISiAAC dissociating from PSI. Consequently, PSI-
ISiAAC supercomplexes exhibited similar fluorescence emission to PSI-IsiA when excited

at 440nm.
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When we put the PSI-ISIAAC supercomplexes under cryo-EM and process with auto
picking and several steps of 2D/3D classification, we only collected 6460 particles from
5047 micrographs due to the dissociation of ISIAAC from PSI.

In summary, the C-terminus of IsiA is involved in its association with PSI-IsiA and ISiA-ISiA
interactions. ISIAAC demonstrated a reduced antennae size and slower energy transfer
rate within PSI-ISIAAC supercomplexes. However, the deletion of the C-terminus resulted

in the dissociation of ISIAAC, posing challenges in its imaging.
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Figure supplements
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Supplement Figure 3.1. Schematic diagram of WT transformation and agarose gel valiadation:

A. Black line as Wild-type synechocystis PCC SP.6803 genome and blue line as constructed
plasmid. In constructed plasmid, a Chloramphenicol resistant gene was inserted after IsiA promoter
as WT. B. Schematic diagram of plasmids WT map. C: Agarose gel validate chloramphenicol is

inserted into genome.
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Supplement Figure 3.2. Schematic diagram of ISiAAC transformation and agarose gel

valiadation: A. Black line as Wild-type synechocystis PCC SP.6803 genome and blue line as
constructed plasmid. In constructed plasmid, a Chloramphenicol resistant gene was inserted after
IsiA promoter and ISiAAC was inserted to replace IsiA. B. Schematic diagram of plasmids ISiAAC

map. C: Agarose gel validate the ISIAAC is lack of 30 base pair in the end of IsiA.
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Supplement Figure 3.3. Schematic diagram of AlsiA transformation and agarose gel validation:

A. Black line as Wild-type Synechocystis PCC SP.6803 genome and blue line as constructed
plasmid. In constructed plasmid, a Chloramphenicol resistant gene was inserted after IsiA promoter

as WT. B. Schematic diagram of plasmids AlsiA map. C: Agarose gel validate AlsiA missed 1kb

bp as IsiA.
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CHAPTER 4
STRUCTURAL BASIS FOR ENERGY TRANSFER IN THE PSI-ISIA
SUPERCOMPLEX.
Jin Li*2, Ranel Magdisi'?, Yuval Mazor'?
!Biodesign Center for Applied Structural Discover, Arizona State University, Tempe,
Arizona, USA

2School of molecular Sciences, Arizona State University, Tempe, Arizona, USA

Introduction

Across domains, both PSI and PSII form associations with antennae systems to increase
the light cross section(van Amerongen and Croce 2013; Croce and Van Amerongen 2013).
In cyanobacteria, phycobilisomes serve as the primary antennae system for PSll and PSI
under iron-rich conditions(Mullineaux and Holzwarth 1991). However, bioavailable iron is
limited in natural environments outside laboratory settings. In such iron-deficient
conditions, cyanobacteria adapted to utilize an antennae protein family known as iron
stress-induced (IsiA) proteins, with ISiA being particularly prominent(Andrizhiyevskaya et
al. 2002; Burnap, Troyan, and Sherman 1993). In Chapter 2, we determined the high-
resolution structure of the PSI-IsiA antennae supercomplex from Synechocystis sp. PCC
6803, achieving a resolution of 3.5 A using cryogenic transmission electron microscopy
(Cryo-EM)(Toporik et al. 2019). The PSI-IsiA supercomplex exhibits a disk-shaped
structure with a diameter of 300 A and a height of 100 A, displaying three-fold rotational
symmetry (Figure 2.6).

IsiA has been called CP43’ since it was discovered because of highly homology to CP43

in PSII(T S Bibby, Nield, and Barber 2001; Duncan et al. 2003). While the ISiA monomer
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closely resembles the overall conformation of the CP43 subunit found in PSII, there are
three notable differences in IsiA, a shortened E loop between helixes V and VI, a different
confirmation of the C-terminus and 4 additional chlorophylls and 1 additional carotenoid in
IsiA (Figure 3.1). In IsiA, the shortened E loop allows for the coordination of a unique
chlorophyll, Chl17 (Toporik et al. 2019).The extended E loop in CP43 connects helices V
and VI and connects CP43 to the oxygen evolving complex in PSII, sterically blocking the
space where this chlorophyll would occupy (Nelson and Yocum 2006). Currently the role
of Chl17 in IsiA is unknown, however its proximity to both chlorophylls located in PSI and
chlorophylls in adjacent monomers of IsiA suggests it is crucial for energy transfer (Figure
3.1) (Toporik et al. 2019). Another major difference of ISiA to CP43 is the number of
chlorophylls bound to the transmembrane helices. The PSI-IsiA super complex revealed
that each monomer of IsiA contains 4 additional chlorophylls relative to CP43 (Figure 3.1B,
colored in blue). Interestingly, an additional carotenoid is also positioned at the interface
between IsiA and PSI (Figure 3B). Determining the functional significance of these
additional pigments presents a significant challenge due to the heterogeneous nature of

IsiA assemblies in vivo and in vitro.
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Figure 4.1. Lumenal chlorophylls facilitate excitation energy transfer from IsiA to PSI. (A) Stromall

view showing one PSI monomer with the corresponding IsiA hexamer. The closest chlorophylls
connecting IsiA to PSI are shown in green, other pigments are shown as background. All Mg to Mg

distances shorter than 25 A are shown as black lines, pair B18-f8 is the closest PSI-IsiA connection,
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separated by 18.5 A, the rest of the distances are in the 21-25 A range (Supplement table 2.1). (B)
View from the lumenal side shows a much denser network of connecting chlorophylls between IsiA
and PSI. Most connections are made between three IsiA chlorophylls (17,14 and 8) and PSI
pigments. The closest distances between the IsiA chlorophylls and the PSI chlorophylls on different

subunits are indicated (Supplement table 2.1).

Energy transfer rates in photosynthetic systems are affected by many variables, however
the distance between donor and acceptor is one of the most dominating factors(Clegg
2009; Sahoo 2011). At the current resolution, the PSI-IsiA model still lacks important
details, such as a complete atomic description of each pigment and precise locations of
each amino acid. Regardless, distances between pigments can be calculated with a high
degree of confidence. In this work, we found that chlorophyll 8 (Chl 8) and chlorophyll
17(Chl 17) show the closest distance to PSI trimer (Figure 4.1). Figure 4.1A shows on
stromal side, Chl 8 have the closest distance at IsiAb and ISiAf to PSI trimer at PsaA A8
and PsaB B18 at 21.5 A and 18.5 A respectively. Meanwhile, figure 4.1B illustrates Chl 17
has even closer distance to PSI trimer on luminal side from IsiAc to PsaF at 13.4 A.
Moreover, compared to other chlorophylls, Chl 8 and 17 were observed more compact to
PSI on all IsiA subunits.

Despite the comprehensive information provided earlier, mutational analysis remains
essential for identifying key factors involved in energy transfer. Therefore, we have
generated mutants targeting chlorophyll coordinating side chains, resulting in chlorophyll

8 and 17 loss, and have assessed the impact of these mutations.

Methods

Design of AChI8 and AChI17
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Figure 4.2. Part of alignment result of IsiA on Synechocystis sp. PCC 6803. We labeled

chlorophyll 17 and chlorophyll 8 region on IsiA sequence. We found three different IsiA family in
500 alignments with unique E loop. One of these three family have similar E loop to IsiA from
Synechocystis sp. PCC 6803, and IsiA familyl and IsiA family2 are two IsiA family we found have

shortened E loop without Chl17.

After analyzing the chlorophyll-associated side chains on IsiA (refer to Supplement Table
2.2), we conducted an alignment of 500 IsiA homologous genes from the protein bank.
Among these, two families from Synechococcus and Nostoc stood out for exhibiting a
shortened E-loop and lacking the Chl 8 coordinating side chain Q316 simultaneously. As
a result, we decided to replace Q316 with alanine (A) to create AChI8 and selected families

from Synechococcus and Nostoc to create AChl17_1 and AChI17_2.

Construction of ISiA mutations
The Achl8 mutation was constructed into WT by creating a point mutation observed in
sequence alignment using the 8_UP and 8_Down primer pairs and WT as a template. The
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two fragments were assembled using the NEBuilder® HiFi DNA Assembly Master Mix. All
plasmids were sequenced before being used to transform Synechocystis sp. PCC6803
according to standard protocols. Complete and correct replacement of all aspects was
verified by PCR and sequencing.

The Achl17 mutation 1 and 2 was constructed into p60 via adding the loop sequence
observed in Synechococcus and noctoc using the chll7_1 UP, chll7_1 DOWN,
chll7_2 UP and chll7_2 DOWN and WT strain as template.

All primer sequences are listed in Supplementary table 4.1.

Culture conditions, complex isolation and measurments were done similary to chapter 2

and 3 unless indicated otherwise.

Results

The response of Synechocystis 6803 to low iron conditions manifests in blue-shifted
absorbance spectra at the Qy peak, indicative of the formation of a new chlorophyll-
abundant antennae (Koufil, Kouril, et al. 2005; Melkozernov et al. 2003). We use WT and
AlsiA from chapter 3 as positive and negative controls in this analysis and measure the
absorbance spectra. Similarly, when normalized to Qy peak, ISIAAChI17_1 and AChI17_2
also exhibited a weakened and blue-shifted absorbance (Figure 4.3A and B), transitioning
from 680 nm to 675 nm, confirming the expression of IsiA. Meanwhile, compared to WT
(Figure 4.3C), we also noticed a slower transition on Phycobilisome peak (625nm) from
ISIAAChI17_1and the ISIAAChI17_2 after 7 days of iron starvation. However, AlsiA strain
does not display this blue-shifted absorbance following 6 days of iron-starvation during the
logarithmic phase of growth and AlsiA strain has even high PBS peak after 6 days (Figure

4.3D).
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The blue-shift absorption observed at the Qy peak signifies the expression of IsiA, while
the appearance of the phycobilisome (PBS) peak on day 6 suggests that the orientation
of the phycobilisome is influential under iron starvation conditions. To understand the

functioning of the IsiAAChI17 antennae in conjunction with PSI, we opted to employ

sucrose gradient density analysis.
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Figure 4.3. Normalized (on the maximum of Qy) absorption spectra of ISIAACHI17_1,
ISIAAChI17_2, WT and AlsiA under iron starvation condition. Day0 is labeled in green while day6

is labeled orange. PBS peak change could be easily observed after day 6.

After six days of iron starvation, 50ml of cyanobacterial cells from ISIAAChI17_1,

ISIAAChI17_2, WT, and AlsiA strains were harvested. Subsequently, the harvested cells
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were resuspended in STN1 buffer and disrupted by shaking with glass beads. Membranes
were then collected via ultracentrifugation at 45,0009 for 2 hours. Following solubilization
with DDM (n-Dodecyl B-D-maltoside) at a ratio of 10:1, insoluble material was removed
through ultracentrifugation. The solubilized membranes were loaded onto a 12-60%
sucrose density gradient, as depicted in Figure 4.4.

Compared to the WT strain, both ISIAAChI17_1 and IsiAAChI17_2 strains exhibit a lack of
the heaviest band at the bottom, which corresponds to the PSI-ISiA supercomplexes.
However, the composition of bands in ISIAAChI17_1 and ISIAAChI17_2 strains is similar
to that of the AlsiA strain. The PSI-IsiA is not visible in this sucrose gradient with PSI even
though the absorbance from IsiAAChI17_1 and ISIAAChI17_2 (Figure 4.3AB) validated the
expression of IsiA. After knocking out the chl 17 in IsiA, the association from PSI-IsiA is

broken and it leads to disruption of PSI-ISiA supercomplexes.

Figure 4.4. Sucrose gradient fraction of dissolved membrane with DDM from ISIAAChI17_1,

ISIAAChI17_2, WT and AlsiA under iron starvation condition. Compared to WT, ISiAAChI17_1,

ISiIAAChI17_2 and AlsiA are lack of the bottom PSI-ISiA large band.
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Discussion

In our prior analysis outlined in Chapter 2, we observed that chlorophylls 17 and 8, which
are specific to IsiA, exhibit the shortest distances with chlorophylls coordinated by the
adjacent subunit from the PSI side.

In summary, we successfully created AChI17_1, IsiAAChI17_2 mutations by using
alignment from 500 IsiA homologous genes. AChI17_1, ISIAAChI17_2 could express ISiA
under iron stress conditions, but they induce PBS at the same time. After solubilization
into DDM and loading onto sucrose density gradient, AChl17_1, IsiAAChI17_2 reveal chl

17 play a crucial role in binding of PSI and ISiA.
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CHAPTER 5

CONCLUDING REMARKS AND FUTURE OUTLOOK
Jin Li*2, Ranel Magdisi'?, Yuval Mazor'?
!Biodesign Center for Applied Structural Discover, Arizona State University, Tempe,
Arizona, USA
2School of molecular Sciences, Arizona State University, Tempe, Arizona, USA
Proteins play indispensable roles in various biological processes within all cells including
catalyzing, regulation and comprising structural elements or in numerous other
physiological functions. Consequently, comprehending the mechanisms by which proteins
operate becomes highly desirable. The structure of protein heavily influences its functional
characteristics, along with the specific arrangement of its constituent residues. By solving
the three-dimensional arrangement of atoms within a protein, we gain insights into its
biological role and how it interacts with other molecules. In addition, solving protein
structures is crucial for advancing our understanding of biology, developing new
therapeutics, improving biotechnological processes, uncovering evolutionary relationships,
and diagnosing diseases.
Since 2001, the interaction between PSI and IsiA has been widely acknowledged. In this
dissertation, | provided a summary of previously published work that focused on IsiA
properties. To determine the structure of PSI-IsiA, | optimized the iron concentration to
promote IsiA expression and applied this optimized condition for cultivating ISiA mutants.
| also generated several mutants to investigate the functional connections between IsiA
and PSI on the C-terminus and chlorophyll 17 of ISiA.
However, the functional role of ISiA assemblies in the absence of PSI, as well as their

potential interaction with PSII, remain unresolved. Notably, the remarkable flexibility of the
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ISiA-PSI interaction is a key consideration. This flexibility is evident on multiple levels.
Firstly, IsiA has been observed to form multiple rings surrounding a single PSI trimer, as
evidenced by low-resolution techniques such as TEM and SEM. Secondly, IsiA can
associate with PSI mutants, including those lacking identified PSI binding surfaces in the
PSI-IsiA supercomplex, as well as mutants forming only monomers. Moreover, in certain
cyanobacteria, an IsiA-Psal fusion protein is present, which, along with two additional IsiA
variants, can form a native monomeric PSI-IsiA complex. Overall, it is evident that ISiA
arrays can form around different central cores (PSI trimers, monomers, and mutants) and,
in some cases, can exist independently as crescents or circles.

It has been an incredible journey to be immersed in the research of IsiA with Cryo-EM
technologies. It's fortunate to have had the opportunity to make contributions to these
groundbreaking fields. In the coming years, as advancements in microscopy technology
enable enhanced protein observation capabilities, structural biology might carry relatively
less significance in the broader scientific community, it holds immense personal meaning

for me.
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