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With history spanning from the first known fossils and oxygenating the Earth’s atmosphere, to
performing 25% of modern annual carbon fixation, the photosynthetic prokaryotes, cyanobacteria,
are fundamental to life on Earth. They accomplish this feat of carbon fixation by implementing an
efficient ~COgz-concentrating mechanism (CCM) featuring proteinaceous  bacterial
microcompartments called carboxysomes. The CCM drives the formation of a CO:z-rich
environment inside carboxysomes where the carbon-fixing machinery, ribulose-1,5-bisphosphate
carboxylase/oxygenase (Rubisco) and carbonic anhydrase, are housed. The internal environment
of carboxysomes is more oxidizing than the surrounding cytosol but the chemical permeability
across the protein shell of carboxysomes is largely unknown. In this thesis I utilize a redox-
sensitive GFP construct with timelapse fluorescence microscopy to track the redox state of
immature and mature carboxysomes under perturbed conditions (high/low [COz2] and addition of
redox agents). These experiments have revealed that the redox state and permeability of
carboxysomes are dynamic, responding to environmental changes, and capable of returning to the
initial steady-state conditions. This work provides critical understanding of the redox-based
mechanisms driving carbon-fixing regulation and robustness under changing environmental state
essential for implementation of carboxysomes in biotechnological applications and climate

change.
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Chapter 1 - Introduction

To conquer the planet, life needs to source and harness two ingredients: energy and elemental
building blocks. Energy comes in the form of chemical and electron potentials, and the building
blocks are the elements: carbon, oxygen, nitrogen, hydrogen and so on. Life uses energy to
transform these building blocks into all the complex biomolecules needed for life to grow and
replicate.

Day to day we are familiar with energy in the form of electricity. Electrons are transferred
using energy sourced from burning fossil fuels or harvested with renewable energies to ultimately
power the modern world around us. Similarly, in cells, chemical and electron potentials are either
generated by breaking down food as ‘fuel’ (carbohydrates, proteins, etc), called heterotrophy, or
by utilizing external energy sources like the sun or thermal vents to harvest sources of electrons,
called autotrophy. Since producing the ‘fuel’ used by heterotrophs requires energy input in the first
place, forms of autotrophy were key to the development of early life.!> The most notable form of
autotrophy is oxygenic photosynthesis. Photosynthetic organisms first split water to harvest
electrons. These electrons are energetically excited using energy from the sun and then, through a
series of ‘hot potato’ with these excited electrons, the solar energy is carefully transferred into
compounds that go on to power formation of biomolecules.*

Much like how you are always hungry and the dishes are never done, life on Earth requires
sources of energy (first law of thermodynamics) and increasing entropy (second law of
thermodynamics) to exist.”’ An essential stage upon which these fundamental laws of the universe
play out in cells is with this transfer of electrons from one compound to another. Energy is
transformed, moved from compound to compound, and entropy is increased, the electron ‘hot

potato’ heats up its surroundings and itself becomes easier to handle. The tendency of compounds



to gain electrons (reduction) or loose electrons (oxidation) is referred to as reduction-oxidation
(redox) potentials. These redox potentials are realized through redox reactions and have been an
essential component of the chemistry of life since the formation of the first biomolecules on Earth
~4.36 Gya £ 0.1 Gya (1 Gya is 1 billion years ago).®’

Giving real meaning to the word (r)evolutionary, cyanobacteria are the organisms
responsible for the evolution of oxygenic photosynthesis and where these processes I have
described have been playing out for nearly 3 billion years.!® Cyanobacteria harvest the energy of
the sun to generate chemical and redox potential: Chemical potential, ultimately in the form of
ATP, serves as the main energy currency in biomolecule formation and redox potential takes the
form of electron-giving (reducing) compounds like NADPH and FADH:. With the power stored
in ATP and NADPH, cyanobacteria collect the essential element of life, carbon, from atmospheric
carbon dioxide (CO2) and “fix” it into bigger compounds used to ultimately create all other
biomolecules (proteins, lipids, sugars, etc).

Carbon-fixation is accomplished by the most abundant enzyme on Earth: Rubisco
(Ribulose-1,5-Bisphosphate Carboxylase/Oxygenase).!! In cyanobacteria, this enzyme is housed
in a protein-encapsulated compartment, called the carboxysome, which is the focus of my PhD
thesis. The carboxysome is a key feature of the cyanobacterial CO2 concentrating mechanism
(CCM) designed to provide a CO2-rich environment around Rubisco, and, without the protein shell
of the carboxysome fully encapsulating Rubisco, cyanobacteria cannot grow in air.'> Despite its
essentiality for cyanobacteria survival, it is not known what exactly is the role of the carboxysome
shell in this CCM process.!>"!° As the inside of the carboxysome is a different redox environment
than the rest of the cell'®!” which may be used to turn off and on the function of some of the

encapsulated proteins,'®2° I propose that redox may provide critical insights to this mystery.



In the work described in this thesis I will explore the dynamics of the redox environment
within the carboxysome primarily with use of a redox-sensitive fluorescent probe?' and imaging
the growth of cells over time on a widefield microscope. My second chapter will lay out the
background literature on what is known about cyanobacterial carbon fixation, the carboxysome,
and redox regulation followed by a chapter on the methods I employed in my research. The fourth
chapter details work on how the carboxysomal redox state changes in response to alteration of CO2
levels. The fifth chapter is on neural networks I trained for analysis of the microscopy imaging
used throughout my work. This work is published in Photosynthesis Research.?? The sixth chapter
is on further study of carboxysome response to external redox shifts to better understand the
permeability of the carboxysome shell. And lastly, my seventh chapter contains the conclusions of

my PhD research and what this work means for the field of cyanobacteria and CO: capture.



Chapter 2 — Literature Review
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2.1 Cyanobacterial Photosynthesis

2.1.1 Light Reactions: Oxygenic Photosynthesis

While it is unknown yet how life originally evolved on Earth, the story I will weave for you
involves ancient processes and begins here. What is known is that sometime around 3.5-3.9 Gya
(1 Gya = 1 billion years ago), life existed on Earth in the form of single celled organisms.®?* The
bombardment of asteroids on young Earth, only 0.6-1 Gya old at this point, had slowed, giving
time and space for life to arise.®?# Given that life on Earth as we know is based around the element

carbon, one of life’s main goals is acquiring carbon to form all biomolecules. Some organisms are
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self (auto) nourishing (troph). These autotrophs collect carbon from inorganic sources in their
environment, such as carbon dioxide (CO2). However, for these organisms to generate enough
energy to accomplish this task is no small order. The first autotrophs were chemo (chemical) trophs
who solely utilized hydrogen gas produced by hydrothermal vents as an energy source.” While
early communities of life thrived in these geological wellsprings of energy, the chemotrophs were
locationally-limited to hydrothermal vents (when was the last time you stopped by your local
hydrothermal vent on the way to work?) and energy-limited by the complex processes involved in
harvesting sufficient energy from hydrogen.’=3 Thus, the evolution of photosynthesis, using light
from the sun as a power source, dramatically changed the primary productivity of microorganisms
on Earth.?” Light is abundant, energy rich, and not locationally limited. Go back far enough in the

food chain and you’ll find we are nearly all entirely solar powered.

In brief, photosynthesis involves the capture and funneling of light energy to excite
electrons harvested from an electron source. These electrons are passed along an electron transport
chain and in the process, the energy from the sun that they contain is used to create chemical
gradients that, like water flowing through a dam, powers the production of chemical units of energy
that life uses for all its processes.

The evolution of photosynthesis was long and complicated, unsurprising given how
incredible a feat it is for life to create biological “solar panels.”? Arising sometime between 2.3
and 3.5 Gya,’”?® photosynthesis is thought to have first evolved as an anoxygenic (without oxygen)
process, using substrates such as sulfide, organic compounds, and metals as electron sources.’’
Considering that water is practically everywhere compared to the substrates I just listed, the

breakthrough of using water as an election source, called oxygenic (with oxygen) photosynthesis,

was perhaps one of the most important evolutionary steps in Earth’s history. Abundant light as an



energy source, abundant water as an electron source, and abundant atmospheric CO2 as a carbon

source. Life is ready to take over the planet.

Oxygenic photosynthesis is thought to have been developed by the ancestors of my
organism of study: cyanobacteria.’d As the name ‘cyan’ implies, these bacteria are a lovely blue-
green color due to their photosynthetic pigments used to harvest light energy. In oxygenic
photosynthesis, electrons are sourced for energy from splitting water (H20) into its components,
hydrogen, used for the proton gradients that drive adenine triphosphate (ATP) production, and
oxygen. The electrons themselves are ultimately transferred to compounds (Nicotinamide Adenine
Dinucleotide Phosphate (NADPH) and Flavin Adenine Dinucleotide (FADH?)) that serve as an
electron source in subsequent biomolecule creation, as I will describe next. Oxygenic
photosynthesis allowed cyanobacteria to overcome limitations in substrate availability and proceed
to diversify across nearly every habitat of Earth, including even the most nutrient-poor and extreme

(temperature, acidity, etc) environments aquatic and terrestrial.*’

Some fun facts: Not only did oxygenic photosynthesis allow cyanobacteria to proliferate,
but, alongside geological shifts, this process also changed the atmosphere and chemical state of all
of Earth.”®3” The oxygen from photosynthesis, subsequently released into the environment, is
thought to have led to the Great Oxidation Event, converting Earth’s atmosphere to be oxygen-
rich and causing a mass extinction event for anaerobic microorganisms (oops).’**/ Oxygen is also
harmful to cyanobacteria, driving them to develop mechanisms to handle the poisonous reactive
oxygen species (ROS) byproducts their photosynthetic machinery produced.’? I will describe this
in more detail in section 1.4. These ancient oxygenic photosynthesizers are not only the ancestors

of modern cyanobacteria, but also the ancestors involved in the endosymbiotic event leading to



chloroplasts in algae and plants.’*34 By studying cyanobacteria, we can simultaneously learn more

about the sister processes occurring in plants!

2.1.2 Dark Reactions: Carbon Fixation

We have all this light (photo) energy from photosynthesis, now let’s talk about the ‘synthesis’ part.
Taking carbon and ‘fixing’ it into biomolecule building blocks. Carbon fixation does not
necessarily require oxygenic photosynthesis, any sufficient energy and reducing power can power
the carbon fixation machinery, but in cyanobacteria, photosynthesis is the main pathway.’ While
energy sources vary, the majority of carbon fixation (in the form of CO2) occurs through the
Calvin-Benson (CB) Cycle (Figure 1). This cycle is the epitome of three steps forward, two steps
back. To generate a single three-carbon product, the whole process must occur three times,
consuming in the process hard-earned energy from photosynthesis in the form of nine ATP and

six NADPH.%’
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Figure 1. RuBisCO and the Calvin Benson Cycle

(A) Diagram of the carbon-fixation and oxygen-fixation reactions of RuBisCO. (B) An overview of the Calvin Benson
cycle. Note, it takes six CO2 fixation events to generate one GAP to be taken out of the cycle for use as a building
block for sugars, I don’t have this stoichiometry included just for clarity of the visual. Panel B adapted from Huffine
et.al 2023.%

Apologies in advance for the acronym soup in the next couple paragraphs. Bear with me

through this and I will end this chapter with a table for easy reference (7able 2), plus a count of



how many times each acronym is used in this chapter so you know which ones you actually need
to remember.

The star of the show for CO:-fixation is the enzyme Ribulose-1,5-Bisphosphate
Carboxylase/Oxygenase (RuBisCO) (Figure 1). RuBisCO is found in plants, algae, and
cyanobacteria and is the most abundant enzyme on Earth, maybe because it’s the best or maybe
because it has a secret dark side, jury is still out.”’ This enzyme is capable of fixing CO: to
Ribulose-1,5-Bisphosphate (RuBP) to create two 3-Phosphoglyceric acid (3PGA) which
subsequently feeds into the CB cycle to create sugars and biomass for the cell (sweet!).

Not only can RuBisCO fix COz, but as the ‘oxygenase’ part of its name implies, it can also
fix oxygen (O2) (Figure 1). As Oz is molecularly hard to distinguish from CO2, RuBisCO also
fixes Oz with RuBP, creating one molecule of 3PGA and one molecule of 2-Phosphoglyceric acid
(2PG). 2PG must be processed through an energetically expensive pathway, called
photorespiration, to recover the invested carbon.?”3¢In plants, this photorespiratory pathway uses
25% of a plant’s energy.’”?% While originally thought as a pathway to be avoided at all costs, more
recent studies have revealed that photorespiration is actually important for cellular function,
playing roles in limiting ROS, production of the amino acids serine and cysteine, and assimilation
of sulfur and nitrogen.’” %/

All that being said, there is still a strong evolutionary pressure in photosynthetic organisms
for developing mechanisms to maximize RuBisCO’s CO2 fixation and minimize O2 fixation.”’ To
overcome this challenge, cyanobacteria employ a highly effective CO2 concentrating mechanism
(CCM) that results in cyanobacteria accounting for nearly 25% of annual global carbon fixation.#?
What is their secret ingredient? The cyanobacterial CCM features a bacterial microcompartment

called the carboxysome,’># or as I like to call it: The Box. The carboxysome is essential for



cyanobacterial carbon fixation and allows for maximizing the efficient function of RuBisCO.%

Stay tuned to learn more!

2.2 Bacterial Microcompartments
Once thought of as simple ‘sacks of enzymes’, it is now clear that the internal organization of

).* For example: not only do cyanobacteria

bacteria rivals that of eukaryotes (like you and me
contain complex internal membranes with all their photosynthetic machinery,***> but they also
contain carboxysomes. Carboxysomes are a class of protein-based organelles, termed bacterial
microcompartments (BMCs), that resemble icosahedral viral capsids with their protein shells and
encapsulated cargo.*

On a broader front, BMCs have been found across at least 23 diverse bacterial phyla and
are defined by a common protein shell architecture while containing different suites of enzymes
in their core.*’ They fall within two main categories, catabolic (breaking down molecules)
metabolosomes and anabolic (building up molecules) carboxysomes (Figure 2). Both categories
of BMC:s create a chemical and physical microenvironment inside their shell that is optimized to
perform chemical reactions which would otherwise be toxic to other cellular components, create
volatile intermediates, or involve enzymes, coenzymes, or intermediates that are redox-
sensitive, 820364850 BM(Cs are of interest in the biotechnology world for their potential
applications in controlling the flux and selectivity of biochemical reactions, containment of toxic
intermediates from industrial reactions, antigen display for vaccine development, and creation of
nanoparticles in chemotherapy targeting.’!>> Recent reviews have delved into a wide variety of
topics such as BMC positioning,”> BMC repurposing for industrial uses,”® evolutionary

relationship of shell proteins across different BMCs,** and BMC protein stoichiometry.3>-
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Figure 2. Bacterial Microcompartment Overview

Diagram of the substrates, intermediates, and products of carboxysomes and the most studied catabolic BMCs. -7~
The charge of each metabolite is indicated with color; positive in red, negative in blue, and neutral in grey. The
intermediates are nonpolar whereas substrates and products, which transverse the protein shell, are predominantly
negatively charged or nonpolar. There is theorized inclusion of By, cycling inside some catabolic BMCs.*
Abbreviations: BMC, bacterial microcompartments; RuBP, ribulose-1,5-bisphosphate; Pdu, 1,2-propanediol
utilization; GRM, glycyl radical enzyme-associated microcompartments; GRMS, fuculose-associated
microcompartment; Eut, ethanolamine utilization; Cut, choline-utilization; RMM, 1-amino-2-propanol utilization; 3-
PGA, 3-phosphoglyceric acid. Figure adapted from Huffine et.al. 2022.4

Despite this intense focus on synthesizing what is currently known about BMCs, many
important details remain unknown about the function(s), assembly mechanisms, stability, and
ultimate use in enhancing the biochemical reactions that they encapsulate. Due to their small size
(40-600 nm, that’s about one thousandth the width of a human hair)**¢! and sub-cellular
heterogeneity (e.g. intact/functional, assembly intermediates, and degrading stages),®> the
chemical environment inside BMCs remains challenging to experimentally measure with standard
technologies. Recent work tracking the position and activity of individual BMCs for the first time
through single-cell lineages addresses this heterogeneity and points towards a solution for

understanding how the chemical environment of BMCs dictate activity and degradation.®
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2.3 Cyanobacterial Carboxysomes
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Figure 3. Carbon Concentrating Mechanisms

Diagram of CCMs across plants, algae, and cyanobacteria. (a) Crassulacean acid metabolism (CAM) plants have a
temporal CCM, in which carbon is stored as malic acid in vacuoles during the night, when stomata are open to allow
free diffusion of CO, and molecular oxygen (O.), and then fixed during the day, when stomata are closed to reduce
water loss. (b) C4 plants have a spatial CCM, in which CO; is first converted to malate in mesophyll cells and then
malate is transported to bundle-sheath cells, where carbon is then fixed in an environment with reduced levels of O».
(c) Pyrenoids, found in many species of eukaryotic algae as well as in the bryophyte hornworts, contain RuBisCO
within a pyrenoid matrix shielded from CO; and O, diffusion by a starch sheath. Bicarbonate (HCOxs") is actively
transported into the thylakoid lumen, which crosses through the pyrenoid matrix, and is converted back into CO, by
carbonic anhydrase (CA). CO, diffuses into the pyrenoid matrix and undergoes fixation by RuBisCO. (d)
Cyanobacteria encapsulate RuBisCO and CA in proteinaceous compartments known as carboxysomes. HCO3™ from
the environment is accumulated using active transport mechanisms to maintain a high concentration in the cell. In
these various ways, all four CCMs simultaneously increase CO; concentrations around RuBisCO while excluding or
outcompeting O, which increases the carboxylation rate and reduces oxygen fixation and photorespiration.
Abbreviations: PEP, phosphoenolpyruvate; PEP Carboxylase, phosphoenolpyruvate carboxylase. Figure adapted from
Huffine et.al. 2023.3¢

As I introduced prior, the anabolic BMC, the carboxysome, is the central gem around which the
cyanobacterial CCM (COz concentrating mechanism in case you forgot!) functions and the focus
of the rest of my thesis. While the specific type and mechanisms of CCMs found in plants, algae,
and cyanobacteria differ, they all lead to an increased concentration of CO2 around RuBisCO to

enhance carbon fixation and limit photorespiration (Figure 3).3° It is notable that not all plants or
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algae contain CCMs, but all free-living cyanobacteria contain carboxysomes and their presence is
required for survival under current ambient CO2 levels (0.04% of our atmosphere).*! The shared
characteristics of the independently evolved CCMs in plants, algae, and cyanobacteria highlight
the key components necessary to increase carbon fixation by RuBisCO under both similar and
disparate selective pressures. While competing theories exist, studies indicate that the
cyanobacterial CCM could have evolved in response to rising oxygen levels rather than as a result

of limiting CO2 in the ancient atmosphere.’!

The carboxysome is a fascinating specialized region of the cell, being a highly stable
complex (~16 hours half-life) that persists over multiple cell generations.®’ The carboxysome
houses not only our new favorite enzyme; RuBisCO, but also the remarkably fast enzyme; carbonic
anhydrase (CA) (Figure 4).97%° Through the creation of high levels of bicarbonate (HCO3") in the
cell via HCOs™ transporters,’®5” and CA’s activity converting HCO3™ to COz2 exclusively in the
carboxysome, a COqz-rich environment 1000-fold higher than ambient levels is created around
RuBisCO.%>% Much remains to be discovered about the exact details of the carboxysome lifecycle,
permeability, and internal chemical environment. The work presented in this thesis is but one
PhD’s worth of effort to push the edges of the unknown regarding these aspects of the

carboxysome. Let’s dive in!
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Figure 4. Cyanobacterial CCM

Schematic representations of the CCM and light reactions of oxygenic photosynthesis in beta-cyanobacteria. Included
are the active carbon uptake complexes, NDH-I5 and NDH-14, bicarbonate transporters, BCT1, BicA, and SbtA, and
carboxysome enzymes, carbonic anhydrase (CA) and RuBisCO. Inorganic carbon, in the form of bicarbonate (HCO3
), is actively transported via transporters (BCT1, BicA, SbtA) into the cell. Carbon dioxide (CO;) enters the cell via
passive diffusion and is then converted to HCO;™ by thylakoid membrane-localized NDH-I3 and NDH-I4 to increase
cytoplasmic HCOs™ concentration. HCO;- diffuses across the proteinaceous shell into the carboxysome, where it is
brought into equilibrium with CO, by CA in a fully reversible reaction. CO, is then fixed by RuBisCO using ribulose-
1,5-bisphosphate (RuBP) as an acceptor molecule, resulting in the production of substrates that are converted into
carbohydrates through the Calvin-Benson Cycle (CB Cycle). The CB Cycle is powered with ATP and NADPH
produced from photosynthetic light reactions. RuBisCO may require inorganic phosphate (Pi) for activation. RuBisCO
can also undergo a side reaction with O, leading to an energetically expensive carbon recovery pathway called
photorespiration, but this reaction may mainly occur in broken carboxysomes (dotted shell line). Figure adapted from
Huffine et.al. 2022.4

In general, carboxysomes are composed of several different types of shell proteins, the
enzymes RuBisCO and CA, and scaffold proteins that hold everything together.!?2%% There are
two types of carboxysomes, a-carboxysomes and [-carboxysomes. They are structurally and
functionally similar, with homologous (similar) shell proteins and enzymes, but are evolutionarily
distinct and have different molecular scaffolds responsible for assembly. Same but Different. A
number of recent reviews detail these differences.**’*"! For the purpose of this thesis, we will

concern ourselves with the B-carboxysome with aspects of the a-carboxysome being points of
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comparison where relevant. You may assume that, unless specified otherwise, I am describing and
referring to the B-carboxysome from this point on.

I have outlined three features of the carboxysome: the shell, the enzymes, and the scaffold.
[ will first describe each of these parts and then, before your very eyes, [ will build the carboxysome

so you may understand not only what it is comprised of but also how all the pieces come together

(Table 1).
Table 1. Beta Carboxysome Components
Proteins comprising the B-carboxysome in Synechococcus sp. PCC 7002.7%7273
Name Description Location Function
CcemK1 BMC-Hexamer Shell Shell
CemK2 BMC-Hexamer Shell Shell
CemK3 BMC-Hexamer Shell Shell
CcmK4 BMC-Hexamer Shell Shell
CcemL BMC-Pentamer Shell Shell vertex
CemM RuBisCO nucleation protein Core Carboxysome assembly
CemN Encapsulation protein Core Carboxysome assembly
CemO BMC-Trimer Shell Shell
CcmP BMC-Trimer Shell Shell
CemS Chaperonin Cytosol Shell Assembly
RbcL Form 1B RuBiscO large subunit Core CO; Fixation
RbcS Form 1B RuBiscO small subunit Core CO; Fixation
RbcX Chaperonin Core/Cytosol RuBisCO Assembly
CcaA/IcfA B-class carbonic anhydrase Core CO; generation

2.3.1 Carboxysome Shell

My first introduction to the proteins that comprise the carboxysome shell was the day I interviewed
with Dr. Jeffrey Cameron at the University of Colorado Boulder. He sat me down in his office and
handed me a couple of large-knobby hexagon-shaped 3D printed models. Little did I know what I
was holding was to become, in only a few short years, the focus of much of my time and
fascination. Jeff asked me: “How do those fit together?” and like a kid with their first LEGO set,

I proceeded to play with these structures to see how different orientations let them nestle closely
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together. In plastico research as Jeff liked to call it. Given their hexagonal (six-sided) disk shape,
they easily fit side-by-side, which Jeff confirmed was their usual orientation.

The proteins these models represented, I then learned, would tessellate to create a flat sheet.
Where two of these sheets met would create edges. And where five of these connected sheets
intersected would be vertices, capped by a pentameric shell protein (which Jeff then handed me a
model of). With this, an icosahedral shape would come to be (Figure 54). If you are a little
confused on the shape I am describing, for those who play Dungeons and Dragons, picture a D20

dice.
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Figure 5. Carboxysome Shell

(A) A model of the carboxysome showing the icosahedral shape and the shell protein localizations. (B) The three
categories of shell protein, BMC-Hexamer, BMC-Pentamer, and BMC-Trimer. Image adapted from Lu-Ning Liu,
202274

There are three different groups of shell proteins: Pentamers, Hexamers, and Trimers
(Figure 5B). The pentamer shell protein is a complex of identical five proteins (CcmL) that
oligomerize (come together) to form the pentameric cap for the carboxysome shell.”>’¢ The
hexameric shell proteins are a bit more complicated and can be divided into two categories, homo-

(same) and hetero- (different) hexamers. Homohexamers are shell protein complexes comprised
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of six of the same proteins and, in the cyanobacteria 1 study, Synechococcus sp. PCC 7002
(hereafter PCC 7002), there are two such homohexamers named by the protein that are their
building blocks: CcmK1, CemK2.>"7 CemK1 and CemK2 are the most common shell proteins
and make up the majority of the carboxysome shell structure.”> As for the heterohexamers, there
are two proteins that come together in a 1:2 ratio, CcmK3 and CemK4 and, while not essential,
they are thought to be important for regulation of carboxysome permeability.”® Lastly, the trimer
shell proteins, CcmO and CemP, retain the hexagonal shape of the hexamer shells, but are built of
three proteins instead of six. CcmO is thought to reside at the edges of the shell, where the two flat
planes meet, and is essential for the encapsulation of the carboxysome.'>”> And lastly, CcmP is
thought to form a dimer of trimers (Figure 5B), creating what has been referred to as an ‘airlock’
that potentially plays an important role in the passage of 3PGA and RuBP in and out of the
carboxysome.”*%

A key feature of all the shell proteins is that, like a donut, they form a pore in their center.
These pores have positively charged amino acids and vary in size from 4-7 A for most of the shell

7577 and ~14 A for CemP (plus an airlock mechanism).”®® For reference, an A (angstrom)

proteins,
is the relative size of a single atom, COz is roughly 3.3 A in size,®! and a single amino acid is ~3-
5 A wide.®? So these pores are fairly restrictive, size-wise. Add in the positive charge factor, and
now only neutral or negatively charged small molecules are going to easily make it past this barrier.
What is the point of this barrier into and out of the carboxysome? Truth be told, no one really
knows.

The carboxysome shell was historically thought to be selectively permeable to HCO3™ while

limiting diffusion of Oz and CO2!*8384 however recent computational analysis suggests that the

diffusion of O2 and CO2 is remarkably unrestrained by the shell (not surprising given they are
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smaller than the pore and neutrally charged). Diffusion limitation is likely largely restricted to
cations and larger molecules.!>**# Which molecules, beyond the scope of carbon fixation
metabolites (3PGA, RuBP), and for what purpose this diffusion limitation serves, is a woefully

understudied field and an area my research provides some hints on.

2.3.2 Carboxysome Enzymes

I have already introduced the two enzymes housed in the carboxysome: RuBisCO and CA (Table
1), so I will use this opportunity now to describe in greater detail their composition, activation, and
activity.

RuBisCO is comprised of eight copies each of two different proteins: the large subunit
RbcL, and the small subunit RbcS. Their complete oligomerization is an essential component for
their packaging into the carboxysome.®®#” RbcX, a RuBisCO assembly chaperonin protein assists
in this process and plays potentially critical roles in carboxysome formation.®® The active site for
RuBisCO, a spot nestled between two RbcL where the carbon fixing magic happens, must be
altered before being functional. This alteration involves a specific amino acid in the active site,
lysine, to be covalently bound to a CO2 molecule in a process called carbamylation.®® There is
potential that this carbamylation serves as a control for turning on RuBisCO activity only when
CO: levels are sufficiently high.* Even once activated, RuBisCO is a fairly slow enzyme,
operating on a per-second timescale, entirely unlike its speedy carboxysomal enzymatic
companion, CA .71

There are a couple of different CAs that can be found in carboxysomes. One of the
scaffolding proteins (CcmM) that I will describe in the next section has a y-CA region that is active
in some cyanobacteria species, and nonfunctional in others.'®%3%? In the species I study, PCC 7002,

this y-CA is not functional and, instead, a B-CA, IcfA, is encapsulated into the carboxysome.**
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What is arguably most fascinating about carboxysomal CAs is, that if CA is active in the cytosol
of the cell, then CA will rapidly dissipate the hard earned pool of cytosolic HCO3™ and the CCM
will cease to function.”® This puts a curious limitation on CA’s function where there must be some
mechanism to keep CA ‘off” while the carboxysome forms, and then turn it ‘on” once CA is secured
within a fully formed carboxysome shell. How, you may wonder? I propose redox regulation as a

mechanism, which I will expand upon in much greater detail later. 34

2.3.3 Carboxysome Scaffold
Much like it takes the egg in a cookie recipe to hold all the ingredients together before baking the

cookies, there are proteins that function as the molecular scaffold for the carboxysome enzymes
and shell. CcmM and CcmN are these carboxysome aggregation proteins. They both feature very
mobile intrinsically disordered regions and more structured sticker regions that allow them to
flexibly bind to multiple proteins simultaneously. CcmM binds to RuBisCO, CA, and several of
the shell proteins (CcmK2, CemK4, CemL)*% while CemN binds to CA and shell proteins

(CemO, CemL) and, through a network of these connections, they hold the entire carboxysome

19,20,69,96

assembly together (Figure 6).
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Figure 6. CcmM and CcmN Binding

Diagram of the binding pattern of the two forms of CcmM and CemN. On CemM, circles represent SSUL, and the
rectangle represents the y-CA domain. The lines between these are the flexible linker regions.
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Going into some finer details on CcmM, this protein is comprised of the y-CA region that
I mentioned in the previous section as well as three sticker regions that closely resemble the small
subunit of RuBisCO.?> CcmM is created in two lengths: the full length CemM-58 that includes the
v-CA region and CemM-35 which is truncated to only the three small-subunit-like (SSUL)
domains.” There was debate in the field for some time on if these SSUL domains replaced RbcS
on RuBisCO, and it was ultimately determined that the SSUL attach to RuBisCO not where RbcS

does, but instead along the equator of the RbcL.!*2°

2.3.4 Carboxysome Lifecycle

Incredibly, all these pieces of carboxysomes are capable of self-assembling to form the beautiful,
ordered structure of the carboxysome. This process begins with the aggregation of RuBisCO and
CA, mediated by CcmM, to form the procarboxysome.!>!¢ CemN aids in the attachment of the
shell, starting with the sheets of hexameric and trimeric shell proteins, which are then capped by
the pentameric CcmL shell protein to complete the encapsulation process (Figure 7).'*!® Once
fully encapsulated, the carboxysome is thought to undergo a maturation process to activate CA,
potentially involving a change in redox state and subsequent alteration of CcmM binding, before

being a fully functional carbon-fixing compartment.'®2° Viola! The carboxysome!
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Figure 7. Formation of the Carboxysome

Diagram of the process of carboxysome formation. RuBisCO is aggregated into a procarboxysome (PC) at the pole of
the cell by CcmM. This procarboxysome is then encapsulated and capped by shell proteins to form a functional
carboxysome. Without the CcmL, elongated structures are formed that are unable to be fully encapsulated. Adapted
from Cameron, et. al. 2013.7%

Carboxysomes are distributed throughout the cell so when the cell later divides in two, both
her daughters receive their dowry of functional carbon-fixing machinery and are ready to continue
to grow and divide. This process is accomplished by a bacterial positioning system implemented
in different forms across many species, McdA/B.>*7"" Recent reviews go into further detail on
the positioning mechanism for carboxysomes.>*!%

While carboxysomes protein complexes are remarkably structurally stable,%? the activity

of the cyanobacterial CCM is sensitive to environmental conditions including temperature, light,

desiccation, and CO2 and other nutrient levels. This sensitivity is largely controlled by HCO3"
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transporter, RuBisCO gene expression levels, and ROS levels, with downstream impacts on
cytosolic Ci levels, carboxysome number, size, and composition.'?""1% In this way the cell can
flexibly respond to its environment and ensure continued survival and growth.

When a carboxysome is no longer functional, by some unknown mechanism, it makes its
way to the pole of the cell where it is subsequently recycled or degraded.®> Much remains to be
discovered on what governs this process and what becomes of the many piece parts of the old
carboxysome. This was originally the goal of my thesis, but fate pulls us in unexpected directions

and that remains the work for another future graduate student or post doc.

2.4 Redox in Cyanobacteria

2.4.1 Cellular Redox State

Reduction-oxidation (redox) regulation is an integral aspect across a number of cellular processes,
including the function of the CCM and carboxysome (Figure §&).'%20:66:69.106109 [jpder
illumination, cyanobacterial photosynthetic machineries continually ROS through both water
splitting and light energy dissipation from pigments. There are three main ROS formed, singlet
oxygen ('02), hydroxyl radicals (-OH), and hydrogen peroxide (H202). As ROS are both useful as
internal signaling molecules and damaging to the cell, their levels must be carefully regulated.!!
Levels of the longest-lived ROS, H202, are regulated via glutathione (GSH/GSSG), a non-
ribosomal peptide-based antioxidant, and other oxidative stress pathways such as with catalases
and peroxidases.!'*!13 GSH is oxidized into GSSG when exposed to H202 and reduced by NADPH

with an enzymatic catalyst. In this way, the cytosol can be maintained as a reducing environment.
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Figure 8. CCM Redox Overview

(A) Overview of known and theorized redox regulation in cyanobacteria. (B) Grx1-roGFP2 glutaredoxin specifically
interacts with glutathione redox pools. (C) Grx1-roGFP2 fluorescence excitation spectrum with capability of
ratiometric readout of redox environment.?' The bimodal fully oxidized spectrum has a high fluorescence ratio R3os/470
compared to the monomodal fully reduced spectrum with a low fluorescence ratio. Emission for both excitations is
collected at 520nm. Figure adapted from Huffine et.al. 2024a.48

2.4.2 Redox and the Carboxysome

Previous work has indicated that the internal redox environment of the carboxysome is an
oxidizing environment.'®!7-2* Notably, this suggests there is likely limitation in permeability across
the carboxysome shell for redox agents. However, carboxysomal redox state has neither been

directly compared to the cytosol nor has a specific redox pool been targeted (until now),!%!7-2°

SO
much remains to be explored on the redox relationship of the carboxysome to the cytosol under
variable conditions. The activity and function of several CCM proteins are known to be redox-
regulated, such as one of the HCO3™ membrane transporters, SbtB/A, as way to modulate carbon

uptake,66-114

and the scaffold protein, CcmM, as a way to adjust RuBisCO packing during
carboxysome formation.!'®2%196.107 Others have been indicated as redox-sensitive, such as the shell
protein, CcmK4,'%197 and both the large and small subunits of RuBisCO, but it is unknown what

these redox sensitivities achieve.!°*!°” The purpose and mechanism underlying this distinct redox

environment in the carboxysome remains an area of active investigation. I hypothesize that the
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shell may serve an important role in maintaining a distinct redox state in the carboxysome to
promote CCM function.

While not functional in PCC 7002, in some cyanobacterial strains, CcmM has an active y-
CA domain, which serves as the carboxysomal CA. This y-CA is redox-regulated.'®> As
mentioned much earlier, a cytosolically located CA would disrupt the HCO3™ gradient generated
by the CCM so CA must be inactivated during carboxysome formation in the cytosol.”> The redox
regulation of y-CA in CemM suggests a clear mechanism by which the y-CA is able to be
inactivated in the reducing cytosol and activated in the oxidized carboxysome via disulfide bond
formation. In contrast, the functional CA in PCC 7002 is a f-CA, IcfA (also known as CcaA), for
which the regulation is unclear.5*%° While pioneer work found this B-CA to be inactivated by
reducing agents,® cysteines involved in disulfide bond formation and redox sensing have not been
identified.** Featured in Chapter Four, I use a knockout strain of the shell protein CcmO to trap
the carboxysome in the shell-less procarboxysome stage. As the procarboxysome contains
cytosolically exposed CA, the dccmO strain provides a unique opportunity to study redox

environment in the procarboxysome where CA activity is thought to be inhibited by reduction.

2.4.3 Redox sensors

There are several redox pools in the cell operating both independently and in tandem, making it
important to consider the dynamics of different redox pools. I use throughout my thesis a
previously characterized redox-sensitive green fluorescent protein (roGFP) that is specifically
capable of sensing the glutathione (GSH/GSSG) redox pool via human Glutaredoxin 1 (Grxl)
(Figure 8).'%21115:116 Thig roGFP-Grx1 construct is highly sensitive and selective in the
physiological potential range, with 100,000 faster oxidation by GSSG than roGFP alone,?! and has

been utilized in both eukaryotic and prokaryotic systems,!”-?!:!1>:11¢ demonstrating the robustness
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and broader scope of this system. I use this tool across the rest of this dissertation to ask questions

about carboxysome encapsulation, regulation, and permeability.

2.5 Synthetic Biology Applications of the Carboxysome

You are dozens of pages deep into my thesis (wow, thank you for reading this far!) and you’re
starting to wonder ‘why exactly do we care about the cyanobacterial CCM, and the carboxysome,
and how its regulated, and, and, and-.” Beyond, of course, my limitless enthusiasm for this topic
and passion for how cool these systems are. I will take this section to provide examples of where
understanding the rules that govern carboxysomes can be very beneficial to biotechnology and
sustainability.

Enhanced biological capture and conversion of COz2 into useful products is a key step
towards a sustainable future. With the increasing foundation of knowledge about the carboxysome
structure and function to build on, the application of bioengineered CCMs has three main
approaches:

1. Expression and reconstitution of functional carboxysomes in heterotrophic bacteria to
impart CO2-fixing capabilities.

2. Expression and reconstitution of functional carboxysomes in plant chloroplasts to increase
crop yields.

3. Optimization of the CCM for enhanced CO: fixation.

2.5.1 Carboxysome Reconstitution in Alternative Microbial Species

The reconstitution of functional carboxysomes in an alternative model host organism is an essential
research goal in bioengineering. Like swappable pieces in a puzzle, this allows carboxysomal

components to be synthetically altered to impart different functionality as well as permits the
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carboxysome for direct integration into existing pipelines for bioproduction. For example, the type
of encapsulated RuBisCO in reconstituted carboxysomes could be switched or altered to increase
carbon fixation rates.'!”:!!8

Encouragingly, functional a-carboxysome were successfully reconstituted in Escherichia
coli through the expression of 20 CCM genes and enabled the autotrophic bacteria to grow by
fixing CO2 to biomass.!" To achieve high CO2 assimilation efficiency of these a-carboxysomes,
chaperonins from E. coli (GroEL/S) and cyanobacteria (RbcX) were introduced to synthesize the
a-carboxysome in E. coli. These chaperonins helped regulate protein folding and improved the
solubility and abundance of carboxysome components.'?® As far as I am aware, B-carboxysomes

have not been able to be reconstituted in other bacteria, suggesting there may be essential

components we have yet to discover.'?!

2.5.2 Carboxysome Reconstitution in Chloroplasts

High photorespiration rates from O: fixation in C3 plants results in a loss of 25% of fixed CO2."!

Introduction of cyanobacterial carboxysomes within the chloroplasts of plants could theoretically
enhance the agricultural production yield for important Cs crop plants, such as wheat and rice, as
much as 60%.'?%!23 Natively, these C3 species lack the CCMs found in C4 and CAM plant species
(Figure 3) and to compensate for a lack of a CCM, RuBisCO is produced in excess and comprises
5% of the biomass in Cs plants.!! Recent proposals to enhance CCM in plants generally consist of
three following elements: (1) optimized expression of carboxysomal proteins for carboxysome
formation in the chloroplast, (2) knocked-out CA in the stroma, and (3) HCOs" transporters in the
chloroplast membrane. To achieve the engineered CCM plant system, cyanobacterial RuBisCO
was expressed in plants and the recombinant RuBisCO showed comparable kinetic properties to

those in their native host under high CO2 condition.'**'?® Due to the lack of HCOs3" transporters,
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the engineered plants grew deficiently. More discussion of recent discoveries were well
summarized in the review paper by Borden and Savage'?’ with further advancements celebrated

in more recent papers.’>!?8

2.5.3 CCM Optimization

Recent approaches altering carbon-fixing machinery could lead to substantial improvements over
the status quo. For example, a study inspired by the packed arrangement of RuBisCO within
carboxysomes generated synthetic stacked assemblies of RuBisCO that exhibited enhanced
activity and stability.!? Incorporation of RuBisCO activase within carboxysomes reduces
inactivation of RuBisCO and enhances carbon-fixation.!** Modification of other steps in the CB
cycle, including the regenerative phases that produce ribulose 1,5-bisphosphate, including
sedoheptulose 1,7-bisphosphate and transketolase, are also promising targets for improvement of
CCMs, 131-133

There is much more work to be done to bring these synthetic biology applications of the
carboxysome to fruition in the biotechnology realm. My aspiration is that the research I have
conducted in my PhD will provide one of the many keys to integration of carboxysomes in novel
organisms. There is still much we must know in order for these systems to be fully functional and
I am proposing that carboxysomal redox regulation is an aspect that deserves more attention when

reconstituting carboxysomes.
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Table 2. Abbreviation Guide

Abbreviation Word Count
CO; Carbon Dioxide 49
ATP Adenine Triphosphate 5

NAD(P)H Nicotinamide adenine dinucleotide phosphate 6
FADH, Flavin adenin dinucleotide 2
CB Calvin Benson Cycle 5
RuBisCO Ribulose-1,5-Bisphosphate Carboxylase/Oxygenase 50
RuBP Ribulose-1,5-Bisphosphate 6
3PGA 3-Phosphoglyceric Acid 4
(0]} Oxygen 13
2PG 2-Phosphoglyceric Acid 2
CCM CO, Concentrating Mechanism 32
BMC Bacterial Microcompartment 26
CA Carbonic Anhydrase 36
HCOs Bicarbonate 16
SSUL Small Subunit-Like
GSH/GSSG Glutathione
roGFP Redox-sensitive green fluorescent protein
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Chapter 3 — Experimental Procedures

This chapter was adapted from:
Huffine, C. A.; Avramov, A.; Fontana, C.; Sempeck, C.; Cameron, J. C. Shell Permeability and [CO]

Alters Cyanobacterial Carboxysome Redox State. 2025. In Review. Nature Microbiology.

Copyright © Creative Commons CC BY

http://creativecommons.org/licenses/by/4.0/

3.1 Strain cultivation

Wild type Synechococcus sp. PCC 7002 (WT, hereafter PCC 7002) and all mutants produced
from WT were cultivated in AL-41 L4 Environmental Chambers (Percival Scientific, Perry, 1A)
at 37°C under constant illumination (~150 pmol photons m2 s™!) by cool white, fluorescent
lamps, under either ambient (air, 0.04%) or elevated (3%) CO2 conditions. Cultures were grown
in 25 ml of pH 8.2 A+ media in orbital shaking baffled flasks (125 ml) contained with foam
stoppers (Jaece Identi- Plug), or on pH 8.2 A+ media solidified with Bacto Agar (1%; w/v).
Antibiotics were added for routine growth of strains (kanamycin, 100 pg/ml; gentamycin, 30
pug/ml). To permit growth of otherwise lethal carboxysome mutants, these high CO2 requiring
(HCR) mutants were grown in elevated CO:z conditions. If HCR mutants were grown on solid

media, agar percentage was lowered to 0.5% w/v.!3*

3.2 Plasmid and strain construction

All plasmids and strains used are described in Table 3 and 4. Plasmids were created through
Gibson assembly of plasmid backbones (pUC19) and PCR-amplified inserts, generated using
Phusion polymerase (Thermo Fisher Scientific). Cyanobacterial strains were generated by

transforming cells in exponential/early linear growth phase with 0.5 ng/ml of plasmid DNA,
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containing the insert of interest flanked by 600—base pair homology arms for recombination into
a specified genomic locus. After incubation at 30°C in low constant illumination (50 to 150 umol
photons m ™2 s™!) for 24 hours, transformed cells were selected for with appropriate antibiotic at
half concentration on plates in ambient COz, for non-HCR strains, and 3% CO: for HCR strains,
respectively. From plates, individual colonies were serially patched onto new plates with full
antibiotic concentration and tested for segregation after >3 passages. Confirmation of segregation
was confirmed by PCR, using primers specific for either the insert, or the WT genome as
described in Table III. Presence of the insert-specific PCR product and absence of the WT-specific

PCR product was used as an indicator of full segregation.

Table 3. Strains

Name Number Description Resistance Reference
Wild-type Synechococcus
WT - sp. PCC 7002 None -
WT cells transformed with
Grx1-roGFP2 scJC0501 | sJC0694 Gm® Huffine 2025
WT cells transformed with
RbcL-Grx1-roGFP2 scJC0479 | sJC0683 KmR Huffine 2025
WT cells transformed with
AcemO scJC0079 | sJCO132 KmR Huffine 2025
AcemO cells transformed
AcemO RbeL-Grx1-roGFP2 scJC0503 | with sJC0691 KmR, Gm® Huffine 2025
Table 4. Plasmids
Name Number Description Geéli(:remc Reference
Used as Grx1-roGFP2 PCR
Grx1-roGFP2-His sJC0658 | template to make sJC0694 and - Gutscher 2008
sJC0683
ProcarboxysomecmK?2::Grx1-
Grx1-roGFP2-His GmR® sJC0694 | roGFP2 downstream of Km® glpK
cassette Huffine 2025
ProcarboxysomecmK2::RbcL-
RbcL-Grx1-roGFP2-His Km® | sJC0683 | Grx1-roGFP2 downstream of glpK
KmR cassette Huffine 2025
ProcarboxysomecmK2::RbcL-
RbcL-Grx1-roGFP2-His Gm® | sJC0691 | Grx1-roGFP2 downstream of glpK
GmR cassette Huffine 2025
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KmR cassette flanked by ccmO
AccmO KmR sJCO132 | operon upstream and cemO
downstream homology arms Huffine 2025
RbeL-GFP-V5_Km® IC0624 | sea as a PCR template tomake | g ¢
¢ Huffine 2025
Used as a PCR template to make
_ _ R
RbcL-GFP-APEX2 Gm sJC0490 JC0691 and cJC0694 glpK Huffine 2025
Table 5. Primers
Name Description Sequence (5°-3%) Reference
Insert amplification of sJC0658
GATCCGGGGGTGGTGGGTCTATG
CHo0005 containing Grx1-roGFP2-His for Huffine 2025
SJC0683 and sIC0691 GCTCAAGAGTTTGTGAACTG
Insert amplification of sJC0658 GGCTTTGTTAGACAGCCGGATCC
CHo0006 containing Grx1-roGFP2-His for TTAGTGATGGTGATGGTGATGAG Huffine 2025
sJC0683 and sJC0694 and sJC0691 ATC
Vector amplification of sJC0624
containing RbcL and KmR® cassette
for sJC0683, sJC0490 containing TAAGGATCCGGCTGTCTAACAAA
CHo0007 RbcL and GmR cassette for sJIC0694, GCC Huffine 2025
or sJC0490 containing GmR cassette
for sJC0694
Vector amplification of sJC0624
CHooog | Containing Rbel and Km" cassette AGACCCACCACCCCCGGATC | Huffine 2025
for sJC0683 or sJC0490 containing
RbcL and Gm® cassette for sJC0694
Vector amplification of sJC0490 CTAATTTATCCTCGCTTATCAAGC
CHo0010 .. Huffine 2025
© containing GmR cassette for sJIC0694 TTAATGTC utine
Insert amplification of sJC0658 GCTTGATAAGCGAGGATAAATTA
CHo0011 containing Grx1-roGFP2-His for GATGGCTCAAGAGTTTGTGAACT Huffine 2025
sJC0694 GCAAAAT
jccag | TotestviacolonyPCR forpresence | ) ) 1GGOGAAGGTTTTCTGT | Moore 202013
of insert in glpK
To test via colony PCR f
J1CC389 o testvia colony PCR forpresence | 350 GATGCTGTAGGCAAGA | Moore 20201

of insert in glpK
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3.3 Spot plating

The growth of PCC 7002 was measured on agar plates as described. Plates at 0.5 and 1% agar
were spotted with strains in triplicate. Liquid cultures in log growth phase of each PCC 7002
strain were diluted to 0.05 OD730 and five 1:10 serial dilutions were performed. Five pL of the
serial dilutions was used for each spot and allowed to dry (30 min — 1 hour) prior to incubation.
Images were taken 3 days after spotting the plates with a backlight on a Kaiser eVision light plate

and imaged with a Nikon D7200 digital single-lens reflex camera.

3.4 Liquid Growth Curves

Growth of PCC 7002 was measured in liquid cultures as described. The precultures were started
from PCC 7002 cells scraped from plates and grown in the same conditions as the subsequent
growth curve cultures, either ambient (air, 0.04%) or elevated (3%) CO2 conditions. 50mL A+
cultures were inoculated in triplicate with 1 mL of PCC 7002 pre-culture diluted to 0.14 OD730
and grown in the standard conditions described in Strain Cultivation. During the growth curve,
time points were taken every 24 hours for 72 hours. At each time point, 200 uL was removed
from each culture and the OD730 was measured in a 96-well plate on a Tecan Spark multimode

microplate reader.

3.5 Spectrofluorometer

The redox state for the Grx1-roGFP2 strains in bulk culture were measured as described.

3.5.1 Chlorophyll quantification

Pre-cultures grown in standard liquid culture conditions were used to inoculate SO0mL cultures.
These liquid cultures were grown to OD730 0.3-1.0 in either ambient (air, 0.04%) or elevated (3%)

CO2 conditions. Chlorophyll was methanol extracted from 1 mL of culture diluted to 0.3 OD730 as
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described in Porra et al..!*> Absorbance at 665 nm was measured and the chlorophyll content was

calculated with Equation 1.

Equation 1: Chla(——Y0 —) = 16.29 + Abs @ 665 nm
mL @ 0.233 0D730

3.5.2 Fluorescent Spectra Measurement

Once each culture’s chlorophyll had been quantified, each original culture was diluted to a
chlorophyll concentration of 3 pg/mL in A+ media. The normalized chlorophyll cultures were
loaded into a FireflySci 1FLPS Disposable Cuvette. Fluorescence was measured using a
Fluorolog-3 spectrofluorometer (Horiba Jobin Yvon). Grx1-roGFP2 was excited from 350- to
480nm with a Snm slit and a step size of 1 nm and the fluorescence emission spectra was gathered
with an emission wavelength of 510nm with a Snm slit. For sensitivity tests, either 30 mM H20:2
or 100 uM DTT was added to the cuvettes and allowed to incubate for 30s prior to measurement.

For the time trial with DTT addition in Chapter 6, the following alterations to the above
method were observed. Separate samples were used at each timepoint so samples are not bleached
by the measurement. Due to limited cultures, WT measurements were taken periodically, skipping
measurements at 10 min and 40 min and n=2 at 4-6 hours. Samples at the 10- and 40-min time

points were normalized with the WT background measured at the preceding timepoint.

3.5.3 Ratiometric Data Processing

In replicates of three or four, WT emission was averaged at excitation at 395- and 470nm
respectively (bsos and ba70). This value was then subtracted from each Grx1-roGFP2 strain’s
emission value from 395- and 470nm excitation respectively (Iz9s and l470) before dividing the
emission from 395nm excitation by the emission from 470nm excitation (Equation 2) and

averaging across samples.
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1 Isg5—b
Equation 2: Raos — 39577395

270 la70—ba7o

As Rzos approaches 1, then the environment that the Grx1-roGFP2 construct is in is considered
470

oxidized.?! In reverse, as Rsos approaches 0, then the environment that the Grx1-roGFP2 construct
395 app
470

is in is considered reduced. In this way we can determine the relative redox state of regions of the

cell where Grx1-roGFP2 is localized via tagging to proteins of known localization.

3.6 Quantitative microscopy

Fluorescence images were taken using a customized Nikon TiE inverted wide-field microscope
with a near-infrared-based Perfect Focus System.®>!3¢ Temperature and CO2 concentrations were
controlled with a Lexan environmental chamber outfitted with a ProCO2 P120 Carbon Dioxide
Single Chamber Controller (BioSpherix, Parish, NY), and growth light was controlled via a
transilluminating red light emitting diode (LED) light source (Lida Light Engine, Lumencor,
Beaverton, OR). A highspeed light source with custom filter sets was used for imaging (Spectra
X Light Engine, Lumencor, Beaverton, OR), along with a hardware-triggered and synchronized
shutter for control of imaging and growth light. NIS Elements AR software (version 5.11.00 64-
bits) with Jobs acquisition upgrade was used to control the microscope. Image acquisition was
performed using an ORCA-Flash4.0 V2+ Digital sSCMOS camera (Hamamatsu) with a Nikon

CF160 Plan Apochromat Lambda 100x oil immersion objective (1.45 numerical aperture).

3.6.1 Imaging with an Agarose Pad

For long-term time-lapse microscopy on an agarose pad, cells in exponential or early linear phase
were diluted to 0.14 OD730, all strains were mixed in equal proportions, and five 1 pL spots were
dropped onto a 1 mL 1% agarose A+ pad, formed with via the cut off top of an E.coli culture tube,

and careful to not disrupt the surface of the pad to avoid air bubble formation during the movie.
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Cells were dried onto the pad (20 min) and inverted onto a 35-mm glass bottom imaging dish
(ibidi). The outside of the imaging dish was wrapped in a single layer of parafilm (careful not to
have parafilm on the bottom of the dish as it will not sit flat if so) to keep the pad from drying out
and add traction for the imaging dish holder on the scope. The imaging dish was then preincubated
at 37°C for 1 hour in the dark on the scope to allow for all components to warm up and reduce loss
of focus in the early frames of the movie. No antibiotics were included on the agarose pad. Images
were taken every 20 min using a 395- (BFP), 470- (GFP), 555- (RFP) and 640nm (CyS5) LED light
source (Spectra X), and emission wavelengths were collected using standard GFP (395- and
470nm excitation, 520-nm emission), RFP (595nm emission), and Cy5 (705nm) filters (Nikon).
Cells were constantly illuminated with red light except during fluorescent imaging to provide light

energy for cell growth.

3.6.1.1 Redox Agent Addition

For experiments where DTT or H20: are added mid-movie the following modifications to the
above protocol are observed. The glass imaging dish is modified with a small hole on top, which
is covered with parafilm to minimize desiccation of the imaging pad. At the designated time point,
3 uL of DTT or H20: at the desired concentration are dropped onto the back (top) of the imaging
pad with a syringe, needle accessing the pad via the hole. The hole is carefully resealed with

parafilm.

3.6.2 Imaging with a Microfluidics Device

For long-term time-lapse microscopy with a microfluidics device, the microscope stage was
swapped for the plate-holder adapter. CellASIC® ONIX Microfluidics Plates (Type BO4A for

bacteria) were used. PBS was manually removed from every well and replaced with 200 uL A+ to
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wells in columns 1-6 (wells for media for the imaging chambers) and wells in columns 8 (wells
for cell culture that is the source for injecting cells into the imaging chambers). To remove any
remaining PBS, once the plate is sealed to the CellASIC® ONIX2 Microfluidics System (Cat. No.
CAX2-50000) the Liquid Priming Sequence with small modifications as follows: Column 2 is
excluded due to an inability for that column to hold a vacuum, columns 6 and 8 are included, and
this sequence is run at 34.5kPa for 5 min.

Meanwhile, cells in an exponential or early linear phase were diluted to 0.1 OD730 with A+
and all strains were mixed in equal proportions. Once the Liquid Priming Sequence is completed,
all media is removed from the plate. 50 pL of the cell culture is added to each well in column 8,
and 300 pL. A+ to the rest of the wells if running without any condition changes. In the case of
condition changes partway through the movie, 200 pL of A+ was added to the respective columns
to be replaced just prior to the condition change with the additive (DTT in A+ usually). Once
sealed again to the Microfluidics system and with parafilm around the edge for stability, the Run
Cell Loading Sequence is run to add cells to the imaging chamber. Unstuck cells are washed away
by running the Liquid Priming Sequence again but without column 8 and at 4 psi for 5 min. The
whole system is incubated for 1 hour on the scope without lights at 37°C.

The microfluidics protocol was set as 8 hours Perfusion from columns 1 and 5 at 2 psi/13.8
kPa, 8 hours Perfusion from columns 3 and 4 (usually has DTT) at 2 psi/ 13.8 kPa, then back to
the first state with 8+ hours Perfusion from columns 1 and 5 at 2 psi/13.8 kPa. Variable [DTT] are
manually added to wells 3 and 4 <20 min prior to the switch to them to minimize DTT degradation.
Images were taken every 20 min using a 395-, 470-, 555- and 640nm LED light source (Spectra

X), and emission wavelengths were collected using standard GFP (395- and 470nm excitation,
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520-nm emission), RFP (595nm emission), and Cy5 (705nm) filters (Nikon). Cells were constantly

illuminated with red light except during fluorescent imaging.

3.6.3 Image processing and analysis

Classic cell segmentation was performed using MATLAB version R2023b as outlined previously
using CyAn (https:/github.com/Biofrontiers-ALMC/CyAn)."*® To segment (identify) individual
cells, we also captured images in bright field, with the red growth light as an illumination source.
Cells were then identified by applying an intensity threshold and watershed algorithm to create a
cell mask. Manual mask correction was then performed to correct mistakes before data analysis.
Cells that died or overlapped were removed from the mask and subsequent data analysis.
Carboxysome and procarboxysome puncta were further segmented based on their GFP signal.
Note that these mask images were only used for cell segmentation—reported data were measured
from the original images.

Each cell’s strain was visually identified. Puncta smaller than 62 pixels in the 4ccmO
mutant were excluded from analysis to limit misidentified puncta from background noise.
Averaged intensity of WT was used for background subtraction for 395- and 470 nm excitation
channels from the averaged intensity of each cell or puncta. To account for low signal in the 470
nm excitation channel, any cell or puncta that was below zero after background subtraction was
brought to zero for subsequent calculations. Redox states were calculated across all strains using
Equation 2. This ratio was overlayed on the respective cell or puncta mask to generate ratiometric

images for ease of visualization.
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3.7 DTT degradation time trial
ImL Eppendorf tubes with 100 pL of the desired [DTT] were prepared and placed either in the

AL-41 L4 Environmental Chambers (Percival Scientific, Perry, IA) at 37°C under constant
illumination (~150 pmol photons m 2 s™!) by cool white, fluorescent lamps, or in a 4°C fridge in
the dark. At each timepoint the appropriate tubes were transferred to a -20°C freezer until the

Ellman’s assay was conducted.

3.7.1 Ellman’s Assay

This assay determines the amount of free thiols in a solution. I did not run a standard curve as |
was wanting to track DTT degradation overtime and was not overly concerned with the actual
[DTT]. First prepare the Reaction Buffer of 0.1M pH 8 phosphate buffer solution with 1 mM
EDTA. Make Ellman’s Reagent solution by dissolving 4 mg DTNB in 1 mL of the Reaction
Buffer. In a 96 well plate combine 12.5 pL of sample with 125 pL of Reaction Buffer and 2.5 pL
of the Ellman’s Reagent. Incubate at room temperature for 15 min. Run on the on a Tecan Spark
multimode microplate reader measuring optical absorbance at 412 nm. Background was subtracted
from each value and then the data normalized to the highest absorbance to indicate the 100% DTT

activity for the assay.

3.8 Statistics

For the statistical comparison of Rsgs/479 for bulk culture redox state, unpaired two-tailed

Student’s t-tests were used. P values are indicated by asterisks; *p < 0.05, **p < 0.001, ***p <

0.0001.
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Chapter 4 — Shell Permeability and [CO2] Alters
Cyanobacterial Carboxysome Redox State

This chapter was adapted from:

Huffine, C. A.; Avramov, A.; Fontana, C.; Sempeck, C.; Cameron, J. C. Shell Permeability and
[COz2] Alters Cyanobacterial Carboxysome Redox State. 2025. In Review. Nature Microbiology.
Copyright © Creative Commons CC BY

http://creativecommons.org/licenses/by/4.0/

4.1 Summary

Responsible for fixing 25% of CO:2 globally, cyanobacteria utilize the carboxysome to house their
CO: fixing machinery. The permeability of the proteinaceous shell of the carboxysome is an area
of active study. While necessary in air, the shell is not required when cyanobacteria are in high
COz levels representative of early earth. To understand how the carboxysome shell permeability
responds to increased CO:2 conditions, we used a Grx1-roGFP2 redox sensor and single cell
timelapse fluorescence microscopy to track subcellular redox states of Synechococcus sp. PCC
7002. Comparing different levels of compartmentalization, we targeted the cytosol, a shell-less
carboxysomal assembly intermediate called the procarboxysome, and the carboxysome. The
carboxysome redox state was dynamic and, under 3% CO:2, mirrored cytosolic redox states,
indicating that more permeable shell architecture may be favorable when [COz] is high. This work
builds understanding on the carboxysome response to changing CO: concentrations and the

selective forces driving carboxysome evolution.
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4.2 Introduction
The carboxysome shell was historically thought to be selectively permeable to HCOs™ while

limiting diffusion of molecular oxygen and CQO!*8384

, however recent computational analysis
suggests that the diffusion of oxygen and COz is remarkably unrestrained by the shell and that
diffusion limitation is largely restricted to cations and larger molecules.'>**% Further investigation
is needed to identify which molecules, beyond carbon fixation metabolites, are subject to diffusion
limitation by the carboxysome shell and to elucidate the functional significance of this selective
permeability.

De novo formation of B-carboxysomes is initiated by aggregation of Rubisco and CA to
the pole of the cell via the scaffold protein, CcmM, into a structure known as the

procarboxysome 12,16,18,19,69,86,137,138

The procarboxysome is a transient and short-lived
intermediate preceding full encapsulation of the shell and maturation into carboxysomes.!'®? Little
is known on the permeability and functional state of procarboxysomes, however, since the shell is
either absent or not yet fully formed, procarboxysomes would have greater permeability than a
carboxysome.!* The procarboxysome can be studied in a perpetual state utilizing shell knock-out
mutants. In many cyanobacteria, including PCC 7002, the essential trimeric shell protein, CcmO,
is encoded at a separate genomic locus distinct from the ccm-operon. The ccm-operon encodes
other necessary carboxysome proteins including the hexameric (CcmK1, CcmK?2) and pentameric
(CemL) shell proteins in addition to the aggregation proteins, CcmM and CcmN.!? Failure of shell
assembly in CcmO knock-out lines (AccmO) results in the terminal formation of procarboxysomes
(1-2 per cell) without disrupting other core elements of the carboxysome.!? AccmO mutants exhibit

a high-COz-requiring (HCR) phenotype and are unable to grow in air (0.04% COz), but can be

fully rescued in elevated CO2 (3% COz), allowing for study of the procarboxysome directly in
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high-CO2 conditions.'*%? By studying the procarboxysome, we can better understand carboxysome
permeability during and after assembly as well as the procarboxysome as a potential evolutionary
intermediate.

This work investigates the hypothesis that the carboxysome shell functions in maintaining
a distinct redox state in the carboxysome. We track the dynamic redox changes within the cytosol,
carboxysomes, and procarboxysomes in PCC 7002 during growth in air (0.04%) and 3% CO2
conditions. To accomplish this, we implemented previously characterized roGFP2 fused with
glutaredoxin (Grx1) to specifically probe changes in glutathione redox pools (Figure §).!61721:115
Using single-cell timelapse fluorescence microscopy under precisely controlled environmental

62,136 e were able to measure relative redox states at subcellular levels in PCC 7002.

conditions,
The work provides the first direct analysis of the redox state of the cyanobacterial cytoplasm,
highlighting differences in the redox state within the carboxysome and showing that these
differences are influenced by the carboxysome shell, particularly regarding the exclusion of thiol
reductants, which has important implications for the functional role of the shell in regulating
carboxysomal CA during biogenesis. The work also suggests that the permeability characteristics
of the carboxysome increases in response to elevated CO2 conditions reminiscent of shell-less,
procarboxysome-like structures which appear to reflect a mechanism to adjust carboxysome
permeability and provide insight into the evolutionary pressures leading to the encapsulation of

Rubisco and its co-localization with CA. Furthermore, this study provides a window into how

cyanobacteria may adapt to anthropogenetic increases in COz levels.
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4.3 Results

4.3.1 The Carboxysome is More Oxidized than the Cytosol and Procarboxysome

To probe subcellular cyanobacteria redox environments, we expressed Grx1-roGFP2?! either as
soluble protein to target the cytosol or as an C-terminal translational fusion with the large subunit
of Rubisco (RbcL) to target the carboxysome/procarboxysome (Figure 9a). Live-cell fluorescence
imaging showed that the roGFP signal morphology and localization for the carboxysome, cytosol,
and procarboxysome was consistent with previous literature.'>%>!3¢ To assess unintentional
disruption of the carboxysome function or shell structure, we tested strains for lack of a high-CO2
requiring phenotype.'?6%13* Addition of RbcL-Grx1-roGFP2 construct to the AccmO mutant did

12.62 while all other strains had

not disrupt the existing AccmO high-CO: requiring growth pattern
WT-like growth in both air and 3% CO:2 (Figure 9b). Overall, the roGFP-expressing strains
appeared to be functionally comparable to WT and previously characterized AccmO mutant!? with
the growth pattern indicating RbcL-Grx1-roGFP2 addition did not disrupt normal carboxysome
function or localization.

To confirm sensitivity of the roGFP probe, oxidizing (H202) and reducing agents (DTT)
were added to bulk cultures and the fluorescence emission spectra of roGFP was measured,
generating ratiometric readouts of the redox environment in each strain (Figure 9¢). The cytosol
showed consistent redox responses whereas the carboxysome was unresponsive to H202 addition,
indicating either differences in shell permeability of the oxidizing and reducing agents or that the
carboxysome was already fully oxidized.!” No significant changes were measured in the
procarboxysome with either redox agent, likely due to the preexisting reduced state from growing

in 3% CO2 limiting DTT impact and lower sensitivity to H20O2 as seen in the carboxysome (Figure

9d). Because the roGFP probe relies on a ratiometric measurement, the measurement of redox state
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is independent of roGFP concentration, subsequently allowing for comparison of strains with
differing GFP signal intensity.?! This feature of the roGFP system is supported by comparable
redox readouts of the diffuse cytosol signal and the cytosolically exposed procarboxysome with
high intensity puncta (Figure 9a and e). These results indicate that the roGFP system is functional
at a bulk culture level and can be used to probe the redox poise of different subcellular regions.
To observe if subcellular redox states respond to [CO2] changes, the redox state was
measured in bulk cultures grown either in air or 3% COz (Figure 9e). Carboxysomes were more
oxidized than the cytosol in both air and 3% CO2 (Figure 9e), however, unexpectedly, both the
cytosol and carboxysomes became more reduced in 3% CO2 conditions compared to their air-
grown counterparts. Although previous work has probed the carboxysome environment
independent of the cytosol,'®!7 this is the first time, to our knowledge, that the redox environment
of these two subcellular regions have been directly compared. The procarboxysome redox state
was not significantly different than the cytosol in 3% CO.. This supports that the procarboxysome,
with its non-existent shell,'? is exposed to the cytosolic environment with a similar reduced redox
environment. Furthermore, CO2 concentration impacts redox environment in subcellular regions

of PCC 7002.
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Figure 9. Grx1-roGFP2 Strains Characterization

(A) Fluorescence microscopy images of GFP intensity and localization in exponentially growing PCC 7002 strains
growing in air (RbcL-Grx1-roGFP2 and Grx1-roGFP2) or growing in 3% CO; (dccmO RbcL-Grx1-roGFP2).
Indicating the localization pattern of Grx1-roGFP2 to each of the subcellular regions of interest (carboxysome, cytosol,
and procarboxysome, respectively). Color bar indicates GFP intensity. Scale bars represent 2pum. (B) Growth of strains
in air (0.04% CO») and 3% CO, on 1% and 0.5% agar spot plates, respectively.!** RoGFP strains showed either WT
or AcemO-like growth. Ten-fold serial dilutions were plated and imaged after 72 hours. Images are representative of
three biological replicates. (C and D) Spectrofluorometer measurements of strains grown in bulk liquid with 100 uM
DTT and 30 mM H»O, added 25s prior to measurement. (C) Grown in air, the carboxysome (RbcL-Grx1-roGFP) and
the cytosol (Grx1-roGFP) are reduced when exposed to DTT whereas only the cytosol is oxidized with exposure to
H,0,. (D) Grown in 3% CO,, the procarboxysome (dccmO RbcL-Grx1-roGFP2) does not change redox state under
either condition. (E) Spectrofluorometer measurements of strains grown in bulk liquid in air and 3% CO,. The
carboxysome (RbcL-Grx1-roGFP) is more oxidized than the cytosol (Grx1-roGFP) and procarboxysome (dccmO
RbcL-Grx1-roGFP2) and both the cytosol and carboxysome become more reduced under 3% CO; than in air. No data
is included for the procarboxysome redox state under air as AccmO RbcL-Grx1-roGFP2 cannot grow in air. Cultures
were grown in respective CO, conditions for 24 hours prior to measurement. The results are representative of three
biological replicates, n = 3, and data was analyzed by Student’s t-test. *, p <0.05; **, p <0.01.

4.3.2 The Carboxysome Redox State Dynamically Responds to [CO2]

The bulk culture results revealed that the redox state in cyanobacteria responded to changes in
[COz]. To investigate this response to 3% COz at a finer scale, we used time-lapse microscopy to
capture the redox dynamics of subcellular regions of PCC 7002. This approach allowed for

simultaneous comparison of redox dynamics across a population as well as individual cell
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responses. In agreement with the bulk data, the carboxysome was consistently more oxidized than
the cytosol and procarboxysome (Figure 10a-e). There is a general trend towards more reduced
overtime in both the cytosol and carboxysome, whereas the procarboxysome exhibits an
intermediate redox state, especially in air where they are unable to grow and may be experiencing
photodamage. When the growing conditions were changed from air to 3% COz, there was an
approximately 8-hour shift of the carboxysome to more reduced redox environment (Figure 10f-
J). However, when reversed from 3% COx back to air, the average redox shift of the carboxysome
to a steady-state more oxidizing environment exhibited hysteresis and did not return to the same
pre-high CO:2 redox state (Figure 11). These observations suggest that the redox state in the
carboxysome is dynamic, but, at the average population level, did not explain what might drive

these shifts.
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Figure 10. Redox state dynamics under low and low to high [CO:].

Aggregated redox state from timelapse fluorescence microscopy of the carboxysome (RbcL-Grx1-roGFP2),
procarboxysome (4dccmO RbeL-Grx1-roGFP2), and cytosol (Grx1-roGFP2) over 30 hours of growth in (A-E) air or
(F-J) 3% CO; conditions from hour 12 to 30. (B and G) GFP and chlorophyll fluorescence and (C and H) ratiometric
images of representative carboxysomes over 30 hours of growth. Redox color bar spans from R3gs/47¢ 0 to 0.3.
Histograms represent frequency of redox state of each subcellular region when growing in air (D, E, I) or 3% CO; (J).
Wildtype background fluorescence was subtracted from excitation intensity values at 395 nm and 470 nm (emission
at 520 nm). Error bars represent standard error with n changing over the course of the experiment for each strain as a
result of cell division (Figure 12). Scale bars represent Sum. Representative data from three biological replicates.
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Figure 11. Redox state dynamics under high to low [CO2].

(A) Aggregated redox state from timelapse fluorescence microscopy of the carboxysome (RbcL-Grx1-roGFP2),
procarboxysome (AcemO RbcL-Grx1-roGFP2), and cytosol (Grx1-roGFP2) over 30 hours of growth in 3% CO,
conditions from hour 0 to 12. (B) GFP and Chlorophyll fluorescence and (C) ratiometric images of representative
carboxysomes over 30 hours of growth. Redox color bar spans from 0 to 0.3 and scale bars represent Sum. Histograms
represent frequency of redox state of each subcellular region when growing in (D) 3% CO, or (E) air. Wildtype
background fluorescence was subtracted from excitation intensity values at 395 nm and 470 nm (emission at 520 nm).

Error bars represent standard error with n changing over the course of the experiment (Figure 12). Representative data
from three biological replicates.
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Figure 12. Counts for Timelapse Data
Timelapse fluorescence microscopy N-values of the carboxysome (RbcL-Grx1-roGFP2), procarboxysome (4dccmO

RbcL-Grx1-roGFP2), and cytosol (Grx1-roGFP2) over 30 hours of growth (A) from Figure 3a, (B) Figure 3j, and (C)
Supplementary Figure 1. Minimum N is 3.
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4.3.3 Procarboxysome-Like Structures Form in 3% CO»

Further analysis of the population abundances of subcellular redox states revealed that in 3% CO-
the carboxysomes in RbcL-Grx1-roGFP2 have a bimodal distribution (Figure 10j) which
disappears when returned to air (Figure 11). In addition, we also noticed changes in the
morphology of the fluorescent puncta labeling carboxysomes in RbcL-Grx1-roGFP2. When grown
in 3% COz, there was formation of large, high intensity signal puncta with redox states comparable
to the procarboxysome puncta in 4ccmO RbcL-Grx1-roGFP2 (Figure 10, Figure 13) which we
refer to as procarboxysome-like structures. Given that the procarboxysome and procarboxysome-
like structures share a similar redox state with the cytosol and that the procarboxysome does not
have a shell,'? we therefore concluded that the procarboxysome-like structure’s shell must either
have greater permeability to reducing agents, or an incomplete to absent shell exposing the Rubisco
core to the cytosol. Once the cells were returned to air, the reduced state of these procarboxysome-
like structures persisted for <6 hours before presumably being processed into carboxysomes

(Figure 11).
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Figure 13. Procarboxysome-like Structures form in 3% CO:

(A) GFP fluorescence microscopy showing that under 3% CO> there are procarboxysome-like puncta present in the
carboxysome-labeled strain (RbcL-Grx1-roGFP). These procarboxysome-like structures have a similar size,
fluorescent intensity, and redox state as procarboxysomes as seen in the procarboxysome-labeled strain (4ccmO RbcL-
Grx1-roGFP2). Color bars indicate GFP intensity and redox ratio (0-0.5) respectively and scale bars represent 2pum.
(B) Proposed dynamic cyanobacterial CCM model under low and high CO, conditions. Under reducing environments
carbonic anhydrase (CA) activity is thought to be inhibited,® and bicarbonate (HCO5") transport downregulated as the
pH shift in 3% CO, reduces [HCOs].
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4.4 Discussion
The function and permeability of the carboxysome shell has been an area of debate for over thirty
years.®>” A leading hypothesis was that the shell served as a barrier to COz and oxygen, 483138
thus trapping CA-derived CO2 with Rubisco and limiting Rubisco’s side reaction with oxygen.
However, recent computational work has suggested that CO2 and O2 diffusion is only minimally
limited by the carboxysome shell.!>#*85 Another possibility is that the shell serves to maintain a
pH differential,'>!4%!4! though modeling of diffusion argues that protons would be able to freely
cross the shell and dissipate pH differences.!*3414? Consistent across all these studies is that larger
molecules, such as the reactant RuBP, experience selective permeability across the shell pores with
potential limitations to size passage and favorability to anions.!*!634143 Additionally, one key
chemical environmental difference of the carboxysome lumen has been identified prior and here,
which is that the carboxysome is more oxidized than the cytosol.!®!” When the shell is intact in
vitro, reduction by reducing agents, such as TCEP'*® and DTT® occurs on the order of tens of
minutes compared to carboxysomes with disrupted shells.!** From this, we support the theory that
the carboxysome shell serves as a barrier to redox compounds, such as glutathione and NADPH,
in order to create a distinct internal oxidizing environment.!®

The redox state of the carboxysome may serve as a chemical “switch” to indicate completion
of the shell and activate its carbon-fixing role in the CCM.!'® Oxidation of CcmM promotes
homodemixing, which is thought to create metabolite channels within the carboxysome and
promote access for Rubisco repair proteins.?’ Disruption of the disulfide bonds in CemM resulted
in fewer, large, aberrant carboxysome structures with a HCR phenotype.!” CA activity across
18,65,92

several cyanobacteria species have also been shown to be activated by oxidizing conditions,

and, critical to CCM function, remain inactive when in a reducing environment such as the
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1.”3 The exact mechanism of redox (in)activation of B-CA needs to be more deeply explored

cytoso
in both PCC 7002.% This theory begs the question, if the need of the carboxysome shell is removed,
by being in high COz, is the carboxysome maintained as an oxidized environment?

This work represents the first exploration on the impact of [CO2] on the carboxysome redox
environment. We found that the carboxysome redox state is dynamic and becomes more reduced
in high CO2. Whether this is a result of changes in the shell pores or shell structure, this overall
shift indicates an adjustment of the carboxysome permeability to redox agents as the changing Ci
pool affects global redox metabolism.

The dynamic redox state, exemplified by a shift of carboxysomes to a more reduced
environment in high COz, brings up the unanswered question of what drives and maintains
carboxysome oxidation state in the first place. While redox regulation has repeatedly been
implicated in controlling y-CA activity'®*? and carboxysome aggregation via CcmM structure and
binding affinity,'®2° to our knowledge, there has not yet been an identified component of the
carboxysome system capable of actively oxidizing the internal carboxysome environment during
carboxysome formation. In other BMCs, the encapsulated reactions rely on the NAD(P)H
electrochemical cycle. In these BMCs either reductases are co-encapsulated or FeS clusters are
thought to occupy shell pores to transfer elections across the BMC shells.*"1** These mechanisms
also support that the BMC shell is a barrier to redox agents such as NADH. For the carboxysome,
we speculate that the diffusion of oxygen and potentially H202 across the shell gradually oxidizes
the trapped glutathione pool in the carboxysome lumen, as seen in purified a-carboxysomes.!” This
pool cannot be reduced due to shell impermeability to reducing agents and protein reductases.

None of the known carboxysome components have been reported to possess enzymatic

oxidizing capability. It is possible that the presence of the roGFP sensor alters the redox
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environment in which it is located and artificially creates an oxidized carboxysomal environment
but, given the evidence for redox regulation of CAs and CcmM,'®?° there is biologically based
functional support for the carboxysome being an oxidized environment. As this study uses a
glutaredoxin to specifically track the glutathione pool, further work targeting other forms of redox
activity in the carboxysome is warranted, such as other redox pools (NADPH) and reductase-
dependent methionine oxidation.'*> Other redox probes could be implemented but, given the
unknown permeability of the carboxysome shell to chemical probes, such as SNAP dyes,'® this
nanometer-scale subcellular region'*® remains challenging to study.

There was a consistent shift in redox environment the first 2-3 hours, likely a consequence
of the cells adjusting to the environmental conditions of the microscope and therefore was
disregarded in the CO2 modulation data.!** However, this shift still has intriguing implications.
Since the state of the carboxysome appears to start out oxidized then trend towards a more reduced
steady state over time (Figure 10, Figure 11), there may be some adjustment of the redox state of
the carboxysomal glutathione pool. There is potential for modifiable permeability of the
carboxysome to redox agents, perhaps through the less explored shell proteins with larger pores
such as CecmP.!'* The shell is not completely impermeable to reducing agents, such as DTT (Figure
9¢) or TCEP'""'* and it is unclear when exposed to H20y, if the shell is a diffusion barrier, the
cytosol serves as a buffer against this oxidizing agent, or if the carboxysome is already fully
oxidized. For what might be driving the trend towards reduction, we speculate that the formation
of aggregated cells may affect gas exchange or other physiologically significant parameters
leading to a more reduced condition, but this will need a more thorough analysis as part of a future
study. Further work is needed to explore carboxysome redox dynamics, shell permeability to redox

agents, and processes driving carboxysome oxidation.
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Discovery of reduced procarboxysome-like structures in high CO2 conditions provides
both insights into carboxysome evolution and function and opens new questions. Unique to the
work presented here, we leveraged the terminal procarboxysomes in 4ccmO mutants to directly
compare similarities in morphology and redox state of the procarboxysome-like structures forming
high [COz2] in non-knockout cells. The procarboxysome and procarboxysome-like structures share
a reduced state, like the cytosol, which suggests the shell is either incomplete or missing (Figure
13). Recent work studying in vitro a-carboxysomes found that carboxysomes were larger and shell
proteins had increased fluidity in reducing conditions.!*” Additional experiments, such as thin
section TEM, tracking shell protein localization via GFP,'*”> and FRAP of shell proteins to

determine mobility'4’

would be needed to confirm the composition or complete absence of the
carboxysome shell in these procarboxysome-like structures. Given there is not an impact on
growth by the roGFP strains, it is unlikely that the procarboxysome-like structures are aberrant
Rubisco aggregations.”” Increased permeability or loss of the carboxysome shell would result in
moderate increase of photorespiration rates,'*”!® but given previous studies with carboxysome
mutants were conducted in high CO, it is difficult to determine if these WT photorespiration rates
were elevated as well if procarboxysome-like structures were present under these conditions.
Future work is needed to explore the details of these dynamics.

Notably, after six hours of being returned to air, reduced procarboxysome-like structures
appear to either be processed into oxidizing carboxysomes or diluted by the formation of de novo
carboxysomes (Figure 11). The data presented here is insufficient to determine between whether
this process is driven by changes in carboxysome protein expression levels or structural

alternations in response to redox shifts.!®?%!47 There is a lack of agreement in the literature on if

the expression of carboxysomal proteins in high CO: conditions is increased,'*® decreased,'*® or
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remains the same.'”® While additional RbcL from the expression of the RbcL-Grx1-roGFP2
construct under its native promoter®®> may also alter carboxysome formation, we do not note any
growth rate reduction that would be indicative of excess protein expression and aggregation
(Figure 9b).°” Mutation of the disulfide bonds in CcmM in Synechococcus sp. PCC 7942 resulted
in formation of large, HCR carboxysomes.'? This suggests the mechanism that reduction of CcmM
may alter carboxysome condensation and shell permeability leading to the larger, more permeable
procarboxysome-like structures observed in high COz2, and is a reversable process when CcmM
becomes oxidized again.

High COz-specific formation of procarboxysome-like structures could point to the
procarboxysome as an evolutionary intermediate during changing COz conditions.*"'*’ Pioneering
studies on Synechococcus sp. PCC 7942'5! and Synechocystis sp. PCC 6803415 found there were
less carboxysomes when grown in increased [COz], and in Synechococcus UTEX 625 grown in
5% COz, a subset of carboxysomes were larger and irregularly shaped,'*? indicating that formation
of procarboxysome-like structures in high [COz] is not a strain specific phenomena.

We hypothesize that the carboxysome shell serves as a diffusion barrier to redox agents,
such as glutathione, in order to maintain an oxidizing environment in air (Figure 13b).'* In high
COz, a procarboxysome-like structure with greater permeability to the cytosol would allow
Rubisco to remain exposed to the high cytosolic CO2 without needing the CCM and minimal to
absent CA activity.!’*!** This work paves the way for a more detailed understanding of
carboxysome formation, shell permeability, and redox regulation of carbon fixation. By better
understanding these processes, we can more effectively implement the carboxysome for
applications in biotechnology as well as guide research on the pressures driving carboxysome

evolution.
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Chapter 5 - Machine Learning Models for Segmentation
and Classification of Cyanobacterial Cells

This chapter was adapted from:
Huffine, C. A., Maas, Z. L., Avramov, A., Brininger, C., Cameron, J. C., Tay, J.W. (2025). Machine
learning models for segmentation and classification of cyanobacterial cells. Photosynth Res 163, 16
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5.1 Summary

Timelapse microscopy has recently been employed to study the metabolism and physiology of
cyanobacteria at the single-cell level. However, the identification of individual cells in brightfield
images remains a significant challenge. Traditional intensity-based segmentation algorithms
perform poorly when identifying individual cells in dense colonies due to a lack of contrast
between neighboring cells. Here, we describe a newly developed software package called Cypose
which uses machine learning (ML) models to solve two specific tasks: segmentation of individual
cyanobacterial cells, and classification of cellular phenotypes. The segmentation models are based
on the Cellpose framework, while classification is performed using a convolutional neural network
named Cyclass. To our knowledge, these are the first developed ML-based models for
cyanobacteria segmentation and classification. When compared to other methods, our
segmentation models showed improved performance and were able to segment cells with varied
morphological phenotypes, as well as differentiate between live and lysed cells. We also found that
our models were robust to imaging artifacts, such as dust and cell debris. Additionally, the
classification model was able to identify different cellular phenotypes using only images as input.
Together, these models improve cell segmentation accuracy and enable high-throughput analysis

of dense cyanobacterial colonies and filamentous cyanobacteria.
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5.2 Introduction

Timelapse microscopy, combined with the use of fluorescent labeling and sensing, allows
molecular processes to be observed in individual cells at a sub-cellular level. Recent techniques
have shown that cyanobacteria, a model organism for the study of photosynthetic processes, can
be filmed over extended periods of time!*>134136 The resolution of microscopy datasets has led to

156,157

discoveries that were not previously observed in bulk culture experiments such as the

regulation of photosynthetic processes'* and organelle development and positioning! 31362,

Due to the large number of individual cells that can be captured in a single image,
computational pipelines are often used to obtain single-cell data from microscopy datasets.
However, the identification (or segmentation) of individual cells in the resulting images remains
the main bottleneck in these pipelines. Cell segmentation is typically performed using intensity-
thresholding, where every pixel above a set threshold is identified as being part of a cell!36:160-161,
Intensity-thresholding is popular as it is a relatively simple technique that works well if cells are
fluorescently labeled, so that the fluorescence signal is much brighter compared to the background.

Cyanobacteria produce photosynthetic pigments which are autoflourescent. While this
might initially seem advantageous, the fluorescence signal is typically non-uniform throughout the
cell. Additionally, the fluorescence intensity changes depending on the cell’s photosynthetic
capacity, which can lead to issues when choosing a threshold intensity. Together, these issues have
meant that using photosynthetic fluorescence to identify individual cells is undesirable.
Alternatively, fluorescent proteins or dyes could be used to mark the cells. However, the presence
of the autofluorescence once again complicates matters since most microscopes are limited to

imaging ~3 fluorescence channels due to spectral overlap!®*!%3, Requiring a fluorescent label

would limit one’s ability to label other molecules or organelles of interest. It is therefore
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advantageous to develop segmentation algorithms which use the brightfield image, which is
generated by light transmitted through the sample, to remove the need for further labeling.

We previously developed intensity-thresholding algorithms to identify cyanobacteria in
brightfield images. However, these images are difficult to segment because there is little contrast
between the cell interior and the background!®*. The problem is exacerbated when cells grow in
dense colonies or for filamentous strains of cyanobacteria as cell boundaries become even less
pronounced (Figure 14, Figure 15).

Here, we describe the development of a family of machine learning models, collectively
named Cypose, to improve the segmentation of individual cyanobacterial cells. Compared to
intensity-based thresholding, machine learning segmentation models can learn to identify cells
using complex hierarchical image features and have been shown to work well even without
fluorescent labeling!6>1%, Additionally, we describe a method to train a classification model, using
a convolutional neural network (CNN) named Cyclass, to perform image-based identification of
different cellular phenotypes. We demonstrate that the Cyclass model can be used to identify
different cellular phenotypes using only image data as input. We demonstrate the usefulness of
both Cypose and Cyclass by showing that these models can be used together to initially segment
cyanobacterial cells in dense colonies, then classify different cellular phenotypes in a timelapse
video. This methodology could be helpful in studies of mixed bacterial species by enabling
multiple genotypes/phenotypes to be imaged simultaneously or to distinguish individual species

in studies containing mixed populations.
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5.3 Results

5.3.1 Development of the Cypose cyanobacterial segmentation models

Our Cypose segmentation models are fine-tuned models based on the Cellpose base models'?’.

Cellpose consists of a U-Net like convolutional neural network, which transforms an image into a
series of spatial gradients. These gradients are then used to identify and label individual cells in an
image.

In initial testing, we found that the base Cellpose cytoplasmic models (cyto2!®® and
cyto3!%%) showed poor performance when segmenting brightfield images of cyanobacteria (Figure
15). This is likely because these models were trained on cytoplasmic images of eukaryotic cells'®’,
which have different phenotypic and morphological features compared to cyanobacteria. We also
tested a separate segmentation model, bact-phase-omni, from the Omnipose package'”® (which
itself is derived from Cellpose), which was trained on images of bacteria. However, we found that
this model appeared to perform worse than Cellpose for segmentation, likely because it was trained
primarily on phase contrast images.

To achieve higher quality segmentation on cyanobacteria, we trained a family of specialist
models. Three different models were trained: (1) cypose-7002 and (2) cypose-7002-scratch were
trained on images of Synechococcus sp. PCC 7002 (hereafter PCC 7002), which are unicellular,
while (3) cypose-33047 was trained on images of Anabaena sp. ATCC 33047 (hereafter ATCC
33047), which are filamentous. Both cypose-7002 and cypose-33047 were fine-tuned from the
Cellpose cyto2 base model, while cypose-7002-scratch was trained from scratch on the Cellpose

architecture. Details of the training and datasets used are provided in the methods section below.

We note that our models are based on the Cellpose 2.0 cyto2 model rather than the recently released

59



Cellpose 3.0 cyto3 model, as the latter was unavailable at the start of this work. However, we have

included comparisons of our new models with cyto3.

5.3.2 Segmentation of Synechococcus PCC 7002 cells

We used the cypose-7002 model to segment timelapse videos of PCC 7002 capturing single cells
developing into colonies. A representative image showing a dense colony from a late frame taken
from the benchmark movie is shown in Figure 15a. Masks generated by our cypose-7002 model,
the Cellpose and Omnipose models, as well as our previously described intensity-thresholding
algorithm are shown for comparison. We note that while the intensity-thresholding algorithm
performed well, segmentation errors tended to develop within individual cells, as well as between
cells after 3 doublings (Figure 14). However, our new Cypose model performed well over long
timelapse movies. The model begins to fail when the colonies grow so dense that the cells start to

overlap.

Intensity
cypose-7002  Thresholding Brightfield

cypose-7002
scratch

\f

Time

Figure 14. PCC 7002 Segmentation Comparison

Comparison of segmentation of 7002 between intensity-based thresholding, cypose-7002 and cypose-7002-scratch.
Scale bars indicate 15 pm.
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To assess the accuracy of our model, we compared the mask generated by each method to
our ground-truth masks pixel-by-pixel by calculating the Intersection over Union (IoU) score, as
well as the typical precision and recall scores for each method,'”! as shown in Table 6 and Appendix
Figure 1. These scores showed that cypose-7002 outperforms other models across nearly all
metrics. The cypose-7002 model appears to perform slightly worse compared to the intensity-
based approach. However, as detailed in the methods, the benchmark dataset was generated using
the intensity-based approach so there is likely a bias towards this approach.

We note that while these pixel-based metrics are typically reported when comparing cell
segmentation models, they do not accurately capture inaccuracies, such as over- and under-
segmentation, in the resulting objects. For example, we observed that single cells were often split
into two distinct objects by both cyto2, cyto3, and bact-phase-omni. In this case, the error could
be as small as a single-pixel wide line, which means that the number of erroneous pixels were
much smaller compared to the number of pixels in both cells, the precision and recall scores appear
high.

To obtain a more accurate analysis, we developed code to recognize errors in the identified
objects. We identified four errors: (1) oversegmentation (2) undersegmentation, (3) false positives,
and (4) false negatives. We found that the cypose-7002 model resulted in a much lower number of
errors compared to all other models, including the intensity-based approach (Table 6, Figure 15b
and ¢, Appendix Figure I). On the benchmark movie, cypose-7002 had 10% of the total number
of segmentation errors compared to the other tested models. Additionally, we found that cypose-
7002 only generated two false negatives, compared to the hundreds generated by the other models.

We note that while the number of errors in a frame increases slightly over the duration of the movie
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as colonies become denser (Figure 15c), this model remains more accurate than the other tested
models.

During the creation of the training dataset, lysed cells were not annotated. Consequently,
we found that our cypose-7002 model was able to differentiate living and lysed cells (Figure 15d).
Additionally, to test the breadth of the model’s capability to segment cells with different
morphologies, we applied the model to images of Synechococcus elongatus sp. PCC 7942
(hereafter PCC 7942), two genetic mutants of PCC 7002 with markedly different phenotypes, as
well as images of PCC 7002 growing in a microfluidic device (Figure 15¢). In the latter, plastic
posts in the microfluidic chamber are visible in brightfield. In all cases, we found that our new

model correctly segmented cells, while ignoring other artifacts such as the posts.
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Figure 15. Cypose-7002 Model

(a) Representative images of PCC 7002 showing the input image, ground-truth, and resulting masks from the intensity-
thresholding algorithm and the various machine learning models. Errors in each mask are highlighted by a box:
undersegmentation in blue, oversegmentation in magenta, and false positives (additional objects) in green. Scale bar
indicates 5 um. (b) Bar plot showing the total number of segmentation errors over the entire benchmark movie. (c)
Plot showing the number of total errors at each frame. The bact-phase-omni model gave a total error over two orders
of magnitude higher and is excluded for clarity (data shown in Appendix Figure 1). (d) Representative frames from a
movie showing that the cypose-7002 model was able to identify and ignore dead cells (indicated by white arrows),
which were identified by their lack of growth during the movie. Scale bars indicate 5 um. (e) Representative frames
showing the model’s ability to identify different species/phenotypes and under different imaging conditions. The white
arrows indicate posts of the microfluidic plate. Scale bars indicate 5 pm.
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5.3.3 Comparison of scratch-trained and fine-tuned models

As previously mentioned, our cypose-7002 model was fine-tuned from the pretrained cyto2 model.
The cyto2 model was trained on a diverse training set, primarily comprising of images of
eukaryotic cells, with additional non-cell images containing repeating patterns, such as shells and
rocks. Since no images of cyanobacteria existed in the cyto2 dataset, we wanted to test if a
segmentation model trained from scratch only on cyanobacterial images would perform better
compared to the fine-tuned cypose-7002 model.

The cypose-7002-scratch model was trained from scratch using the Cellpose architecture.
This model was trained on 3.5x more cell images compared to cypose-7002. To account for
different cell morphologies, our dataset included various PCC 7002 mutants which showed
morphological deviations from WT cells (e.g., cell swelling and elongation) similar to those shown
in Figure 15e (note that these images were not shown to the fine-tuned cypose-7002 model).
Results from this segmentation model are shown in Figure 15a. Benchmark metrics were also
calculated and are shown in Table 6.

Overall, we found that the scratch-trained model provided very similar results to the fine-
tuned cypose-7002 model. However, training from scratch was both labor intensive (since more
training data needed to be manually curated) and required substantially more training than fine-
tuning. Considering the similarity in performance, we concluded that training from scratch did not

offer notable advantages.

5.3.4 Segmentation of filamentous cyanobacterial strains

We fine-tuned a second model (cypose-33047) to segment filamentous Anabaena sp. ATCC 33047
(hereafter ATCC 33047). This strain is challenging to segment as it forms interconnected structures
with minimal intensity differences between neighboring cells. Additionally, ATCC 33047

differentiates into three morphologically and phenotypically distinct cell types: photosynthetic
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vegetative cells, specialized nitrogen-fixing heterocysts, which have no or little photosynthetic

172" and akinetes'’?, which are large, spore-like cells formed during low nutrient

pigments
conditions. To increase the distinction between neighboring cells and to account for the different
cell types, the cypose-33047 model was trained on images of both the brightfield and the
chlorophyll fluorescence channels.

The resulting masks are shown in Figure 16a. We found that our fine-tuned model provided
significant improvement when segmenting filamentous cyanobacteria compared to the Cellpose
and Omnipose models, and to the intensity-thresholding method (7able 6, Figure 16b and c,
Appendix Figure 3, Appendix Figure 4). As before, we used a timelapse movie with cells starting
from small filaments as a benchmark. To capture a variety of conditions, we selected three distinct
temporal subsets of this movie for testing, capturing variable cell densities at the start, middle, and
end. We found that the cypose-33047 model excelled in early and mid-movie frames, with cyto3
performing better in later frames. This suggests that our model could be improved by increasing
the number of images showing dense filaments in our training dataset.

More detailed analysis of the errors showed that the majority (52%, Table 6) of errors in
cypose-33047 were due to under-segmentation (Figure 16b, Appendix Figure 3). However, our
model still showed better results when compared to the next best model, cyto3 (cyto3 had 688
under-segmentation errors compared to 81 for cypose-33047). We also found that our model was

more accurate at segmenting akinetes than the other tested models and was resilient to other

imaging artifacts (Figure 17).
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Figure 16. Cypose-33047 Model

(a) Representative images of ATCC 33047 showing the input image, ground-truth, and resulting masks from the
intensity-thresholding algorithm and the various machine learning models. The input image is composed of two
channels: brightfield (grayscale) and chlorophyll fluorescence (magenta). The heterocysts (labeled H) showed reduced
or no chlorophyll fluorescence. An akinete cell is present in the image (labeled A). Errors in each mask are highlighted
by a box: undersegmentation in blue, oversegmentation in magenta, false positives (additional objects) in green, and
false negatives (missing objects) in red. Scale bar indicates 20 um. (b) Bar plot showing the total number of
segmentation errors. (¢) Plot showing the total number of errors at each frame of the benchmark movie. The line for
bact-phase-omni was excluded for clarity (data shown in Appendix Figure 3).
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Brightfield cypose-33047

cyto2 cyto3

Figure 17. Debris segmentation comparison

ATCC 33047 segmentation comparisons showing false positive segmentation of debris and background in an area
without cells present. False positives (additional objects) errors in each mask are highlighted by a green box.
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Table 6. Segmentation Models Comparisons

Performance of segmentation models calculated by comparing the generated masks with ground-truth masks pixel-by-pixel or by identifying errors in individual

objects.
Pixel-based performance Object-based performance
Organism Model Over- Under- False False

IoU*  Precision® Recall® segmented _segmented _ Negative Positive Total

cypose-7002 0.929 0.953 0.973 59 153 2 274 488

cypose-scratch 0.921 0.944 0.974 43 191 10 256 500
cypose-33047 0.852 0.897 0.944 1900 4 57 863 2824

PCC 7002 cyto3 0.784 0.949 0.818 2175 12 128 1985 4300
cyto2 0.597 0.853 0.666 834 18 829 8107 9788

bact-phase-omni 0.120 0.437 0.142 26364 6374 432 58982 92152

Intensity 0951 0966  0.984 33 175 389 151 748

thresholding

cypose-33047 0.875 0.849 0.757 629 934 81 140 1784

cypose-7002 0.866 0.899 0.959 30 3119 627 61 3837

cyto3 0.732 0.905 0.793 164 809 688 1485 3146

ATCC
33047 cyto2 0.642 0.774 0.790 72 1199 2325 703 4299
bact-phase-omni 0.040 0.374 0.043 26605 2373 904 727798 757680
Intensity
; 0.659 0.798 0.790 33 2201 5597 46 7877
thresholding

q[oU — ratio of the intersect over union of the predicted and ground truth object bounding boxes. "Precision - ratio of true positive predictions to total number of
predictions. Recall - ratio of true positive predictions to total ground truth instances!”!. For these pixel-based performance metrics, a value closer to 1 is better.
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5.3.5 Development of Cyclass to classify cellular phenotypes in a single image
Microscopy-based assays allows individual cellular phenotypes to be observed, for example in

175,176 or to probe population heterogeneity®'””. Typically,

microbiome!”* or competition assays
cellular phenotypes are identified in post-processing by filtering using physical properties, such as
size or growth rate, or by measuring the intensity of labelling with different fluorophores.
However, developing these computational filters can be challenging if the phenotypes are not
significantly different from each other or if a phenotype is not easily described by a single
parameter.

Here, we describe a method to train a convolutional neural network (CNN) based classifier,
named Cyclass (Figure 19), to identify different cellular phenotypes in an image. By using a CNN,
we were able to train a model to recognize different phenotypes directly from input images without
the need for explicitly designing filters. We note that, unlike the Cypose segmentation models,
classifier models are not easily generalized to different imaging conditions (e.g., number of
available channels (Figure 18)) or different phenotypes. Thus, it is likely that new classifier models

must be trained for different applications. The Cyclass framework provided in the codebase

enables users to train their own models using images consisting of up to 6 different channels.
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Figure 18. Classifier Training Channels

All channels of the input image used to train the classifier. The channels were combined into a single matrix and used
as input to the classifier. Note that the roGFP2 fluorophore is a ratiometric redox sensor?®.

As proof-of-principle, we trained a mode, named cyclass-7002, to classify four cell types
of co-cultured PCC 7002 mutants with differently localized GFP: Strain 1 had GFP freely diffused
throughout the cytosol, Strain 2 had GFP localized to the carboxysome, Strain 3 had GFP localized
to the procarboxysome, and the WT strain had no GFP. Details of each strain are available
elsewhere®.

A representative image showing the result of cyclass-7002 is shown in Figure 19b. To
visualize the results, we used the classification values from the spreadsheet to color the cell mask.
To quantify the accuracy of the classification, we calculated the overall IoU (0.919), precision
(0.958), and recall (0.958) scores. The confusion matrix was also calculated and is shown in Fig.
3c. When analyzing the error, we found that they primarily occurred in cells bordering merging

colonies or in cells which exhibited intermediate phenotypes (Figure 19d). This is likely because
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the input image size of 32x32 is larger than a single cell, and information from neighboring cells

could affect the resulting classification.
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Figure 19. Cyclass-7002 Model

(a) Classification network architecture. The values provided indicate the size of the input image and the sizes of the
feature maps in each layer. (b) Representative images showing the input image (only brightfield and one of the GFP
channels are shown here for clarity; the full set of channels are shown in S7) and a recolored mask showing the
classification of four strains of PCC 7002 cells. The strains have differently localized GFP: WT (no GFP labelling),
Strain 1 (diffuse in cytoplasm), Strain 2 (carboxysome), and Strain 3 (procarboxysome). (c) Confusion matrix of the
classification model. (d) Image showing the most common classification error, where WT (cyan) is misclassified as
Strain 3 (yellow). These errors occur primarily when the colonies grow close together. The scale bars indicate 5 um.
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5.4 Discussion and conclusions

In summary, we have developed machine learning models for segmentation (Cypose) and
classification of single cyanobacterial cells (Cyclass) in imaging datasets. These models can be
used independently or within a pipeline in our previously developed CyAn software!3¢ (Figure
20). We have shown that the fine-tuned segmentation models generated from the generalist
Cellpose models can outperform the originals, even when using images of cells which were highly
distinct (i.e., bacteria) compared to those used to train the generalist models (i.e., primarily
mammalian cells). Compared to our previous traditional intensity-based thresholding approach,
these new models enable segmentation of challenging situations, such as PCC 7002 in dense
colonies, and for filamentous bacteria like ATCC 33047.

ML models learn features of the images they are trained on. While the fine-tuned models
were able to segment a variety of cell morphologies (particularly the cypose-7002 model which
was able to segment the capsule-shaped Synechococcus elongatus sp. PCC7942), their ability to
segment other species depends on visual similarity to the training images. Running the same
validation tests using the “wrong” model for the two species in our study (results shown in Figure
21 and Table 6) shows reduced performance. However, we note that our specialist models still
performed better than the cyto2 and cyto3 models, likely because cyanobacteria still share similar
characteristics between species. As with any ML model, to apply our models to other cyanobacteria
species, it is likely that additional training will be required. However, assuming the cells are similar
in shape to those used here, our models can be used as a starting point, thereby reducing the number

of images required for training.
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Figure 20. Cypose and Cyclass pipeline overview

Overview of developed pipeline. Brightfield images are run through the appropriate Cypose model to generate cell
masks, which are then exported as TIFF files. These masks, along with the original images, can then be input into our
CyAn software package for tracking and data analysis. For images with different cell types, the images can also be
run through a relevant Cyclass model to identify different cell classes. These classifications are saved in a CSV file
and subsequently used to inform downstream data analysis.

Additionally, we investigated whether scratch-trained models performed better than fine-
tuned models. We found that fine-tuned models trained from existing models provided the best
balance between accuracy and resources required. Scratch-trained models offered little or no
advantage over transfer learning.

Finally, we demonstrated that a cell classification model can be trained to classify different
cellular phenotypes within a single image. Compared to traditional approaches, the cell
classification model does not require the user to manually define filters (e.g., cell size or intensity)

to identify different cell types, making analysis more robust and less prone to observer bias.
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These new models advance the current state of image analysis for cyanobacterial imaging
experiments by improving cell segmentation and classification. We believe that these models will
enable future microscopy-based assays where different mutants or species are grown in the same

conditions and imaged within a single field of view.
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Figure 21. Cross application of segmentation models

Segmentation results and confusion matrices of cross application of the fine-tuned models to the opposite species
(cypose-33047 segmenting PCC 7002 and cypose-7002 segmenting ATCC 33047). Errors in each mask are
highlighted by a box: undersegmentation in blue, oversegmentation in magenta, false positives (additional objects) in
green, and false negatives (missing objects) in red.
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5.5 Methods

5.5.1 Dataset generation

5.5.1.1 Strain cultivation

To generate the training datasets, we acquired new images, as well as repurposed datasets from
previous experiments, both reported and unreported. Details for all strains are provided in
references cited in Table 7.

Synechococcus sp. PCC 7002 strains were cultivated in AL-41 L4 Environmental
Chambers (Percival Scientific, Perry, [A) at 37°C under constant illumination (~150 pmol photons
m2 s7!) by cool white, fluorescent lamps, under either ambient or elevated (3%) CO: conditions.
Cultures were grown in 25 ml of A+ media in orbital shaking baffled flasks (125 ml) contained
with foam stoppers (Jaece Identi-Plug), or on pH 8.2 A+ media solidified with Bacto Agar (1%;
w/v). Antibiotics were added for routine growth of strains (kanamycin, 100 ug/ml; gentamycin, 30
ug/ml), depending on the genotype.

Anabaena sp. ATCC 33047 was obtained from the Pakrasi lab and grown at 37°C in BG11
media. All preculturing occurring in 25 mL liquid cultures with 100 rpm orbital shaking in 125 ml
baffled flasks with foam stoppers. Liquid and agar cultures were grown in an AL-41 L4
Environmental Chamber (Percival Scientific, Perry, IA) at 37°C under constant illumination at
~150 umol photons m2 s™! by cool white, fluorescent lamps in ambient air.

5.5.1.2 Microscopy

Images were taken using a Nikon TiE inverted wide-field microscope. Temperature and CO2 were
controlled with an environmental chamber (Okolab) outfitted with a ProCO2 P120 Carbon Dioxide
Single Chamber Controller (BioSpherix). Growth light was provided by a transilluminating red
light emitting diode (LED) light source (Lida Light Engine, Lumencor). Fluorescence imaging

was carried out using a highspeed light source (Spectra X Light Engine, Lumencor). NIS Elements
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software (version 5.11.00, 64-bits) with the Jobs acquisition upgrade was used to control the
microscope. Image acquisition was performed using an ORCA-Flash4.0 V2+ Digital sCMOS
camera (Hamamatsu) with a Nikon CF160 Plan Apochromat Lambda 100x oil immersion
objective (1.45 NA) for PCC 7002 or Nikon CFI Plan Apochromat Lambda D 20x air objective
(0.80 NA) for ATCC 33047.

To acquire time-lapse datasets, PCC 7002 cells in exponential or early linear phase were
diluted to 0.14 OD730. 1 pL was spotted onto a 1% agarose A+ pad and allowed to dry (20 min).
The pad was then inverted into an imaging dish, which was then wrapped in parafilm to keep the
pad from drying out. The cells were preincubated at 37°C for 1 hour in the dark. Images were taken
every 20 minutes. Cells were constantly illuminated with red light except during fluorescent
imaging.

ATCC 33047 cells were grown in liquid culture to ~1.00 OD730. 3-5 x 2 pL drops of cells
were added to the imaging side of a 1% agarose w/v BG11 (or BG11-N to induce heterocyst
differentiation) pad and allowed to dry. The pad was flipped on to an imaging dish (Ibidi p-dish
35mm glass). The imaging dish was then sealed with parafilm and placed into the microscope.
Images were captured every 20 or 30 minutes, depending on the movie.

5.5.1.3 Data preparation

We used existing algorithms to assist with ground truth data generation. Initial cell masks were
generated using either the CyAn Toolbox'® (version 1.3.4) running on MATLAB version R2020b
or cyto2 running on Python3. These masks were then manually corrected using ImagelJ/Fiji. Dead

or overlapping cells were not annotated during this process.
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5.5.2 Segmentation model training details

Table 7. Model Descriptions

Description of the models used in this study, along with descriptions of the training datasets.

Model name Description Training dataset Reference

Cell cytoplasm segmentation Trained in two-channel images, where

cyto2 : first channel is channel to segment and 167
model from Cellpose version 2.0. . .
second is an optional nuclear channel
cyto3 Cell cytoplasm segmentation 9 datasets; Trained to generate images 169

model from Cellpose version 3.0. | which segment well from noisy images
Phase contrast images of assorted

b . Bacterial segmentation model bacterial species with diverse 170
act-phase-omni : . .
from Omnipose morphologies and optical
characteristics, 27,500 total cells
Fine-tuned model for 6 movies of PCC 7002, 413 frames, .
cypose-7002 segmentation of PCC 7002 cells 35,000 total cells This study
. 18 movies of PCC 7002 WT, AmurA
cypose-7002- Scratch-trained model for ) ? ’ .
scratch segmentation of PCC 7002 cells Afishl-4, ApdbH, AfisZ, 2271 frames, | This study

125,040 total cells.

4 movies of ATCC 33047, 233 frames,
68411 total cells

9 movies of PCC 7002, 736 frames, 48
55,695 total cells

Fine-tuned model for
cypose-33047 segmentation of filamentous
Anabaena cells

This study

cyclass-7002 Cell classification network

5.5.2.1 cypose-7002
The fine-tuned PCC 7002 model was trained using the Cellpose v2 framework'®®, starting with the

pretrained cyto2 model. A training corpus of 6 movies, consisting of 413 frames with a total of
35,000 cells was used. We note that only the brightfield channel was used for training this model.
Training was carried out on a single Nvidia A100 GPU using pytorch (version 2.0.1).!” The final
model was trained for 150 epochs. To benchmark the model, we used a separate movie which was
never shown to the model during training. This benchmark movie consisted of 70 frames and
13,214 cells. The evaluation was carried out on an NVIDIA T40 GPU using pytorch version 2.1.2.

5.5.2.2 cypose-33047

As before, this model was trained using the Cellpose v2 framework'®, starting with the pretrained
cyto2 model. The training dataset consisted of images of ATCC 33047 containing both brightfield

and chlorophyll fluorescence channels. A training corpus of 4 movies, consisting of 233 frames
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and 68,411 total cells was used. Training was carried out on a NVIDIA T40 GPU using pytorch
(version 2.1.2).!7® The final model was trained for 1,250 epochs. To benchmark the model, a
separate movie was used. This movie was cropped to a total of 36 representative frames showing
different cell densities from the start (20 frames and 1,643 cells), middle (11 frames and 4,986
cells), and end (5 frames and 6,832 cells) of the full-length video for a total of 13,461 cells. The
ground-truth data was made using an early version of the cypose-33047 model, then manually
corrected.

5.5.2.3 cypose-7002-scratch

This model was trained from scratch using the Cellpose v2'®® framework. Training was carried out
on a NVIDIA T40 GPU using pytorch (version 2.1.2).!7® Since a larger dataset is required to train
a model from scratch, we used images from an additional 12 time-lapse movies in addition to the
6 movies used to train cypose-7002. The total training set comprised of 18 movies with a total of
2,271 frames and approximately 125,040 cells. To account for the different cell morphologies, the
training dataset included images from various PCC 7002 knockdown mutants (e.g., AmurA, AftsZ,
and Aftshl-4) which show morphological deviations from WT-cells (e.g. cell swelling, cell
elongation). The cypose-7002 model was used to generate the initial mask. As before, the masks

were then manually corrected to generate the final training dataset.

5.5.3 Segmentation benchmarking
To validate our segmentation models, we calculated the pixel accuracy using the typical precision-

recall metrics!¢”-!7!

using pytorch (version 2.1.2). However, as discussed above, these metrics
provide misleading statistics as errors such as over-segmentation tend to only involve a small
number of pixels compared to the size of the cells. As an alternative, we developed an algorithm

to identify and count specific segmentation errors. The main segmentation errors that are detected

are: over-segmentation (when a predicted object is divided into more pieces than the ground truth),
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under-segmentation (when multiple objects are grouped together into a single large object), false
negative (objects that were found in the ground truth, but are missing in the predicted masks), and
false positive (objects which were found in the predicted masks, but are not in the ground truth).
To avoid overcounting the number of errors, the algorithm allowed approximately 10%

discrepancy between the ground truth and predicted masks.

5.5.4 Training the Cyclass classification model

As shown in Fig. 3a, the Cyclass classification network architecture consists of a series of 4 sets
of convolutional layers, with kernel sizes of 3x3. The feature map of each layer was batch
normalized, and a leaky ReLU activation function was used. Each layer was followed by a 2x2
max-pooling layer with a stride of 2. A final fully connected layer was used for the classification
task.!” Training was carried out on a NVIDIA T40 GPU using pytorch (version 2.1.2).

To train the model, we used images from a dataset consisting of 4 distinct cell
genotypes/phenotypes, as described above. The input images consisted of 5 channels, including
brightfield and four fluorescent labels (Figure 18). To generate a training set, we manually
annotated images as belonging to one of the four cell types. The model was trained with an input
image size of 32x32 pixels (about ~1.5x — 2x cell size). It is interesting to note that during testing,
smaller images appeared to perform worse suggesting that the network likely requires some
information from neighboring cells. Conversely, input images that were larger might confuse the
network as it includes too many other cells. The model was trained using the Adam optimizer'*°
with learning rate of le*, stopping at 60 epochs. To validate the model, a separate movie consisting
of 70 frames and 13,214 cells was used as a benchmark.

The classifier model was integrated into an automated pipeline. To use the classifier, we
first generate masks to identify individual cells. The masks are then used to obtain the centroid

position of each cell.'®! A region of 32x32 pixels around this location was then cropped from the
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original image. The cropped image is then fed into the Cyclass network which calculates class
probabilities for the cell. The class corresponding to the highest probability is then output to a csv

file and used in downstream analysis (Figure 20).
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Chapter 6 — Cyanobacterial redox dynamics under
perturbed redox conditions

6.1 Motivation for study

Unlike the previous two chapters, this chapter consists of entirely unpublished research. So instead
of presenting this work as if it was a complete story, which it is most certainly not, I will instead
share my results alongside my thoughts on what more is to be done and what could be done better.
This is in hopes that this will bring clarity to my own final steps and inspire another to pursue more
deeply the questions I will pose. Given the passing of my PI, Jeff Cameron, no one will be
following in my footsteps here, so, for whoever might be reading this chapter, if you find this data
curious and inspiring, I encourage you to take up the mantle and delve into these mysteries.

Recalling back to one of the first plots I presented, Figure 9c and d, 1 showed the
responsiveness of the roGFP system to addition of a reducing agent (DTT) and oxidizing agent
(H202) in the carboxysome, cytosol, and procarboxysome. This data was surprising in a couple of
ways:

First of all, these bulk culture data were a touch tricky to acquire with consistency. I got
the sense that if the time varied between the addition of the redox agent and measurement, the
resulting values could vary immensely. What I have reported in Figure 9c and d was accomplished
by being very careful to replicate the timing of ~25s between redox agent addition and
measurement. However, this made me interested in what exactly was happening over time to the
redox state in these samples.

Secondly, at the time, I was surprised to see DTT reduce the carboxysome. I was not
expecting DTT to be able to permeate the carboxysome shell, though in retrospect, I don’t see why

not. This got me thinking that here was an example of clear permeability of a compound into the
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carboxysome and that this could be used to further probe carboxysome permeability. With these
two thoughts in mind: redox state over time and carboxysome permeability, I began the
experimental inquiry of this chapter.

6.2 H2O2 Microscopy Timelapse Addition

According to Figure 9c, the cytosol became more oxidized when H202 was added to the cells with
no change to the carboxysome redox state. Is this because the carboxysome is already fully
oxidized? Or is H202 not permeating the carboxysome shell? Or something entirely else? All these
questions and more I was not able to answer in this section.

To explore more, I turned to our fluorescence microscope given the ease of timelapse
measurements on the automated microscope setup as compared to the laborious sample preparation
and measurement for bulk cultures on the spectrophotometer. My results were unexpected. Instead
of seeing anything becoming more oxidized when exposed to 20 mM H20z, I saw either reduction

or no change across the board (Figure 22) and, surprisingly, reduction in the carboxysome.
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Figure 22. Timelapse microscopy with H>O: addition at hour 9

Aggregated redox state from timelapse fluorescence microscopy of the carboxysome (RbcL-Grx1-roGFP2),
procarboxysome (4ccmO RbcL-Grx1-roGFP2), and cytosol (Grx1-roGFP2) over 24 hours of growth in air with 20
mM H,0; added at hour 9 as indicated by the vertical dashed grey line.
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Thinking that maybe I missed some smaller dynamic shift happening on a faster timescale
than the every-20-minute measurement [ typically used on the scope (this helps reduce
photodamage to the cells and gives them time to grow with the growth light on), I reran the
experiment and took images every 5 minutes post-H202 addition (Figure 23). Pretty much the same
result, the carboxysome becomes more reduced with comparably less change in the cytosol.
However, with the faster measurement timespan I did capture more definition of cytosolic changes.
I also saw that carboxysomes seem to continue a trend towards more reduced, nearly meeting up

with the cytosol at the end of the experiment.
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Figure 23. Timelapse microscopy with H2O: addition at hour 20

Aggregated redox state from timelapse fluorescence microscopy of the carboxysome (RbcL-Grx1-roGFP2) and
cytosol (Grx1-roGFP2) over 42 hours of growth in air with 20 mM H,0O, added at hour 20 as indicated by the vertical
dashed grey line. Deviating from typical imaging methods, starting at hour 20 images were taken every 5 minutes
instead of the usual 20-minute interval.

I speculate that the cell is accustomed to handling oxidizing agents, photosynthesis is
constantly creating them, so perhaps the H20: is quickly sensed (in less than a 5 min timescale)

and mechanisms for maintaining a more reduced environment are upregulated (ie glutathione,
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which my sensor specifically targets, catalase, and super peroxidase).?!"!1%!12113 This upregulation
could lead to a bit of an overshoot, hence the small dip in the cytosol to being more reduced, but
otherwise the perturbation is swiftly corrected in the dynamic cytosol environment. This
hypothesis could be tested by quantifying the glutathione levels over time in response to H202
addition.

As for the extended trends seen in the carboxysome, I am more inclined to believe the
results in Figure 22 as I suspect the later data in Figure 23 may be suffering from photobleaching.
What we know: carboxysomes are still more oxidized than the cytosol throughout the experiment.
New carboxysomes are formed over the 15-hour time period which were not present during the
initial H202 addition. My hypothesis is that if there is more glutathione created in the cytosol in
response to the H20: addition, when new carboxysomes are formed and encapsulated, the
carboxysomes will contain a different, more reduced redox pool than the carboxysomes formed
prior to the H202 addition. However, this contradicts my theory proposed in Chapter 4 that the
carboxysome is passively oxidized by diffusion of oxygen and H20:2 produced by photosynthesis
into the carboxysome.

More work needs to be done here. First, fast redox measurements should be taken in the
<Smin timescale post H20: addition to track the immediate responses of the cell to this
perturbation. In parallel, glutathione levels should be measured over a ~10-hour timescale to see
if there are regulatory responses confounding the data (classic in vivo). This would address the
main hypothesis that I have presented. As for the questions surrounding carboxysome oxidation, I

think the experiments in the next section provide a much more direct way to probe this process.
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6.3 DTT Timelapse Addition

6.3.1 Traditional timelapse microscopy

Following the same logic as the initial H2O2 addition experiments, I added DTT to a timelapse
movie on the microscope (Figure 24). And WOW! Talk about a response! Even in these later,
more jaded stages of my PhD, this data still managed to make me excited and hungry for more. In
response to the addition of 100 uM DTT we see everything become more reduced, for a time (~6

hours). Theres a lot going on here, I will break it down into parts.
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Figure 24. Timelapse microscopy with DTT addition in air

Aggregated redox state from timelapse fluorescence microscopy of the carboxysome (RbcL-Grx1-roGFP2),
procarboxysome (AdccmO RbcL-Grx1-roGFP2), and cytosol (Grx1-roGFP2) over 30 hours of growth in air with 100
puM DTT added at hour 20 as indicated by the vertical dashed grey line.

First, let’s track the carboxysome redox state. Upon addition of DTT, carboxysomes
immediately (<20 min) become dramatically reduced. Then, over the following 6 hours they seem
to recover their redox state back to their initial oxidized baseline. If we look at each of the
individual carboxysome data points in Figure 254, we also see that we go from a wide range of
redox values to a very tight range when they are reduced by DTT then back to a wide range again

once returned to baseline.
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Figure 25. Individual data points from timelapse microscopy with DTT addition in air.

The individual points of (A) carboxysomes and (B) cytosol that comprise the averaged data displayed in Figure 24.
The colorbar indicates GFP intensity. 100 uM DTT added at hour 20.

When we consider the cytosol (and procarboxysome, though I decide later to stop probing
this compartment as I will explain), things are a touch different (Figure 24, Figure 25B). It’s subtle
and easy to miss in Figure 24, but we see more clearly in Figure 25B that, upon DTT addition, the
cytosol first becomes more oxidized before mirroring the carboxysomes reduction. The recovery
appears to massively overshoot the baseline redox state before trending back towards baseline.

This first experiment was all done in air. As I was previously probing changes in redox

state when cells were grown in 3% COz2 (see: all of Chapter 4), I decided to rerun the same
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experiment in 3% COz and add DTT earlier to capture the ‘return to baseline’ timeline. And... all
the cells died when DTT was added (Figure 26). We still capture the immediate reduction in the
carboxysome upon DTT addition and a sort of recovery to baseline, but overall, the cells become
more oxidized as they perish at different rates.'®? I think this is also quite interesting, it seems the
cells are less capable of handling a redox perturbation when in 3% CO2 which my committee
pointed out falls in line with some foundational publications on cellular robustness.'8%!84
Essentially, cells may be incredible robust to perturbations when operating under one set of
environmental conditions (air in this case), but fragile to perturbations when in a different
environmental condition (3% COz). This demonstrates that cellular robustness is a function of

cellular state. As 3% CO:z is fatal for cells in these DTT experiments and the procarboxysome

strain can only grow in 3% COz, I put that strain aside and decided to focus on the carboxysome

and cytosol solely.
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Figure 26. Timelapse microscopy with DTT addition in 3% CO2

Aggregated redox state from timelapse fluorescence microscopy of the carboxysome (RbcL-Grx1-roGFP2),
procarboxysome (4dccmO RbcL-Grx1-roGFP2), and cytosol (Grx1-roGFP2) over 24 hours of growth in air with 100
pM DTT added at hour 9 as indicated by the vertical dashed grey line. Cells died, which involves becoming oxidized,

at differing time points following DTT addition.

87



6.3.2 Bulk culture spectrophotometer timelapse

I wanted to check if these fascinating dynamics could be measured not only on the microscope but
also in bulk cultures. Using a whole box of cuvettes, half a liter of cultures, and the help of a fellow
student to add DTT as close to simultaneously for all samples as was possible, I ran a time trial on
the spectrophotometer. To my delight, the data follows much the same trends as we observed on
the microscope (Figure 27)! We capture the carboxysome becoming reduced over the first 40 min
(longer than seen on the microscope) and the cytosol first becoming more oxidized (5 min), then
reduced (40 min) before potentially overshooting its baseline to trend back towards baseline over
the following 5 hours. This experiment also highlights the need for even more fine time

measurements at the <5 min span to track the redox dynamics in the cytosol in response to DTT

addition.
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Figure 27. Timelapse bulk spectrofluorometry with DTT addition

Spectrofluorometer measurements of the carboxysome (RbcL-Grx1-roGFP2and cytosol (Grx1-roGFP2) over 6 hours
in bulk culture with 100 pM DTT added at time 0. N=3.

I ran only a couple samples without DTT addition at hour 4 and 6 respectively, which are

close to their DTT counterparts in redox state. If I were to run this experiment again, I would
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include more of these controls to better understand how the samples change redox state as they sit
in low light on the bench in between measurements. It is very curious to me that we see the
carboxysome and cytosol seemingly match in redox state from the ~20-40 min mark then re-

oxidize at similar but slightly offset rates. These results prompted my next steps.

6.3.3 Microfluidics timelapse microscopy

I wanted to study these dynamics in more detail. The spectrophotometer method was an excellent
proof of the replicability of these trends, but unwieldly to conduct regularly. The method by which
I was adding DTT to the microscope with our traditional agar pad was fairly crude (picture: trying
to use a syringe to add ~3 pL to an imaging disk set up on a microscope). So, as the section title
gives away, I turned to a microfluidics device setup we had utilized in previous experiments in the
lab.%

Using the CellASIC ONIX2 microfluidics system I could theoretically be much more
precise in the concentration of DTT I was exposing the cells to, I could run four experiments
simultaneously, and I could either expose the cells to a burst of DTT or prolong the exposure. My
goal was to expose the cells to a range of [DTT] and measure the initial change in redox state and
time required for recovery to baseline. I figured with this data we could start to ask questions
relating to the oxidation rate of the carboxysome and generally how the cells respond to
perturbations in redox state.

However, this approach also presented a number of challenges I had to first address:
1. How to minimize DTT degradation prior to addition to the imaging chambers.
2. How to maintain focus on the cells with the wide field of samples in the imaging chambers.
3. How to analyze the imaging data with the microfluidics device posts and a less consistent

field of view.
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6.3.3.1 DTT Degradation

DTT degrades overtime when exposed to the atmosphere, with faster degradation rates depending
on temperature and pH.!®> As the microfluidics device is initially loaded with all the media for the
experiment at the beginning of the timelapse and is held at 37°C, I ran a rough test of the activity
loss of 20 mM DTT in these conditions (Figure 28). At 4°C in the dark I saw a small decline in
activity (~20% loss from the initial state) as compared to 37°C in the light (~60-80% loss from the
initial state) with the majority of the activity loss after 6 hours of incubation. I ran a second
experiment with 100 uM DTT to match my timelapse movie conditions but the activity
measurement was at or below baseline, perhaps due to limitations in sensitivity of the Ellman’s
Assay | was conducting (data not shown). From this work I concluded I needed to carefully (as to
not disturb the focus and location of the microscope) add freshly prepared DTT just prior to the
switch to DTT exposure on the microfluidics imaging chamber to minimize the impact of DTT

degradation.
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Figure 28. DTT degradation

Time trial with Ellman’s Assay of the degradation of 20mM DTT in 37°C under full illumination compared to 4°C in
the dark. Axis is scaled to the % max absorbance measured, which may have been an outlier but was maintained for
data integrity.
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6.3.3.2 Maintaining imaging focus

Many of my initial attempts with the microfluidics device were fraught with issues on maintaining
focus and field of view. To cut to the chase on the issue with the focus, this was from user error.
Turns out I had not removed some small screws from the microscope plate holder adapter and,
with each change in location by the microscope, they would unscrew slightly and raise the adapter
by a distance only perceivably by a microscope. Whoops! Fixed.

As for maintaining a field of view, as the microfluidics device imaging chambers are wider
spaced than on an agar pad, extra care was needed to stabilize the microfluidics plate with an
additional “spring” (i.e. a corkscrew-twisted twist-tie) and parafilm on the outside (but not bottom)
of the plate to add friction for the plate holder to grip with. Another issue with the wider space is
that the growth light does not equally illuminate all the imaging chambers. Meaning if the growth
light was centered between the four imaging chambers, cells in the first and fourth chamber grew
slower than those in the second and third. I am still working on further solutions here, but for now
I have settled with running all conditions in duplicate, one on an outer chamber and one on an
inner chamber to capture both light regimes.

6.3.3.3 Analyzing microfluidics imaging data

It became immediately apparent that analyzing the image data from the microfluidics device via
the traditional intensity-based thresholding method I employed for Chapter 4 would be far too
laborious a task to be accomplished on a reasonable time scale.!®® Firstly, the plastic posts in the
imaging chamber were visible in the brightfield channel and partially identified as cells by our
traditional segmentation methods. To hand remove these artifacts from the segmentation would be
arduous. Secondly, cells not fully held in place by the imaging chamber system were prone to

drifting in or out of the field of view, making it difficult to track my cocultured roGFP strains
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through their lineage as they grew and divided as I did prior. Again, to hand annotate the strains
would be time consuming.

Instead of brute forcing these issues I decided to take a detour and get to the heart of the
problem: we needed more robust segmentation methods, and I needed to develop a way to
automatically classify my roGFP strains. How did I do this? Well, I used all the data I had already
hand-corrected for Chapter 4 and trained segmentation and classification neural networks which,
one year later, resulted in the machine learning models Cypose and Cyclass as explained in more
detail in Chapter 5.2* They are not perfect, some hand correction is still required, but this made
analyzing microfluidics movies feasible.

6.3.3.4 Next steps

In theory, microfluidics experiments are ready to be executed. At the time of writing this chapter,
I have some preliminary microfluidics movies that I have not yet had the time to analyze. I will try
to squeeze in some data before this thesis is submitted!

6.4 Discussion and Conclusions

The main observations regarding carboxysomes from these data is that carboxysomes are
permeable to DTT and are capable of being re-oxidzed to their original redox state. As this
recovery occurs within 6 hours, less than the 16 hour half-life of carboxysomes,®? I do not think
this recovery is driven by production of de novo carboxysomes. Therefore, there must be some
mechanism, either active or passive, in existing carboxysomes that maintains their oxidized state.
I favor that this is a passive mechanism since none of the proteins encapsulated in the carboxysome
have any proposed redox modulation capabilities.'®*® It is unclear if there is a change in
carboxysome permeability in response to the DTT addition. A closer look at the growth curves
could aid in this distinction, though I did not see a lag in growth in my initial experiments (data

not shown). Loss of carboxysome encapsulation should stall carbon fixation and cell growth.

92



However, if we do see a stall, it will be hard to differentiate the source being changes in
carboxysome permeability or some other cellular impact of reduction by DTT, so additional assays
would be necessary.

Given DTT seems to be permeable across the carboxysome shell, this could provide a
unique platform to study the limitations of shell permeability. DTT could be modified with
different chemical groups to probe size and charge property limitations with reduction of the
carboxysome at a certain rate acting as the measurement of successful permeation. Reduction of
the cytosol (assuming these experiments are performed in vivo as I have conducted them) would
be a control for cell permeability. As studies of shell permeability have largely been restricted to
computational modeling, this set up would provide extremely useful in vivo comparisons.

I am not the only person who has documented the ability for the carboxysome to be
reduced. Exciting work tracking redox state of carboxysomes in vitro found that carboxysomes
were reduced within ~15 min by reducing agent Tris(2-Carboxyethyl)Phosphine (TCEP) and that
this reduction proceeded faster when the shell was not intact.!”!3° Given the recovery back to an
oxidized state in my work, I would be interested to see if there is a similar trend with the in vitro
system as well, as this would imply the reoxidation is a passive process rather than an adjustment
made by the cell. These findings, alongside my results, offer interesting insights into the
capabilities of the carboxysome shell as a redox barrier, permeability of small molecules across
the shell, and rates of carboxysomal reoxidation.

The main observations regarding the cytosol from these data is the pattern of initial
oxidation, then reduction, followed by oxidation before seeming to trend towards recovery. |
hypothesize that we are capturing the efforts of internal redox homeostasis mechanisms acting in

response to the reduction perturbation. I suspect that, if we increased [DTT], at a certain threshold
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we would see these mechanisms no longer being capable of recovering homeostasis and
subsequently lead to cell death. Finding this reduction resilience threshold could be of use to
biotechnological applications of PCC 7002.

I have largely tried to minimize making direct statements comparing the exact redox states
of the cytosol and carboxysome, preferring to keep my observations more qualitative (this is less
than that, we see a change in x). To make more direct statements (for example: the carboxysome
is x-times more oxidized than the cytosol), further normalization of the roGFP readout is required.
I believe this would ultimately be necessary for conclusions to be made regarding the work
presented in this chapter. These normalizations would involve pushing both the carboxysome and
cytosol to be fully oxidized and fully reduced with redox agents to capture the full span of the
redox-sensing capabilities of the roGFP localized there. This would allow for any further data to
be plotted relative to these min-max ranges and remove dense compartmentalization of roGFP as

a potential confounding variable in redox-sensitivity.
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Chapter 7 — Conclusions

Here we are. The final chapter of five years of effort diving deep into the world of carbon
concentration mechanisms and the cyanobacterial carboxysome. Before I met Jeff, I had never
heard of a carboxysome, let alone realized much of anything about the internal complexity of
bacteria. I don’t think I even comprehended that bacteria could perform photosynthesis. What I
did come to the table with was a fascination of the metabolic capabilities of bacteria that allow
them to thrive essentially everywhere on Earth and a curiosity about life existing beyond our
planet. Those two concepts are interlinked and, to start to probe the possibility of the second (is
there extraterrestrial life), we needed first to understand the origins of the first (how life came to
conquer our beautiful blue pearl). What better way to approach this study but to work with one of
the oldest known organisms.?* Organisms that harnessed and evolved the fundamental processes
by which nearly all life today depends on: oxygenic photosynthesis and carbon fixation.?®

Not only did Jeff offer to me the study of cyanobacteria as a way to probe these
fundamental questions, but he also showed me that this study could be accomplished before one’s
very own eyes with timelapse fluorescence microscopy. By growing the cyanobacteria directly on
the microscope we could analyze phenotypical features as time progressed, know the relationship
of every subsequent cell to one another, and control what environment these cells were growing
in 62134186 Ag he often said, seeing is believing. It’s hard to argue against what one can see with
their own eyes. The data is not wrong, only your interpretations can be. My hope is, with the data
and conclusions I have made throughout this dissertation, that my interpretations of what we see
are more often right than they are wrong. Only future work by all the other incredible talented

scientists in this field will tell.
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7.1 Contributions to the field
When I started my research, only one paper had been published, by Chen et al. in the Polka Lab,'®

using fluorescent sensors to probe the carboxysome interior. This article laid the groundwork of
my research, and I saw improvements upon their system: Controls in the cytosol, a more specific
redox sensor, comparisons of bulk culture and single-cell readouts, and parallel tracking of the
shell-less procarboxysome. I also took things further to understand the range of redox states the
carboxysome could be pushed to by altering the environment with [CO2] and redox agents. I want
to emphasize when I say redox state, because of the specificity of the roGFP2-Grx1 system, I am
specifically referring to the glutathione redox pool.?!

To summarize my contributions:

1. The carboxysome is more oxidized than the cytosol in air, indicating the carboxysome
shell maintains a distinct internal redox environment.

2. The procarboxysome has a similar redox state as the cytosol, indicating that, without a
shell, the procarboxysome aggregation is exposed to the cytosol redox environment.

3. Building from the previous two statements, in high CQO; large, reduced,
procarboxysome-like structures form, suggesting potential regulation of carboxysome
shell permeability.

4. The carboxysome is permeable to reducing agent DTT and capable of being reduced,
providing a mechanism by which to study shell permeability in detail.

5. The carboxysome can recover to its previous oxidized state after being reduced by DTT,
giving a lead into studying mechanisms and rates driving carboxysome oxidation.

6. I created image analysis tool Kits, Cypose and Cyclass, for the community to expediate

data acquisition and interpretation of cyanobacteria microscopy images.
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7.2 Future directions

I believe these findings will serve the field in guiding what questions should be asked next. I think
most critically to understand their evolutionary origins and to push forward biotechnological
applications of the carboxysome, we need to determine the purpose of the carboxysome shell and
what is and is not permeable across it. As I have described in more detail where applicable, the
work I have shared could be used to serve as a platform by which to dive deeper into the properties
of shell permeability and redox regulation. Instead of reiterating myself, I will take this time
instead to propose new experiments that may be useful in future explorations.

Building off the incredible system Dr. Nick Hill developed to controllably induce
carboxysome formation, a redox sensor could replace the existing GFP and open up new insights
on the lifecycle of the carboxysome.®? The timing, trigger, and mechanisms for carboxysome
degradation are still largely a mystery. With roGFP, we could potentially capture when the
carboxysome shell breaks open, exposing the originally oxidized carboxysome lumen to the
reducing cytosol. We would be able to determine if this shell breakage event occurs prior to or
following recruitment to the pole of the cell, followed by degradation.®> Understanding the
processes involved in carboxysome degradation is essential for their robust application in
biotechnologies and maintenance in plant systems.

There are multiple redox pools in the cell and throughout this dissertation I have been
tracking only one of them, the glutathione pool. !!514%-187:188 \When [ initially started my work, I
was working with not only the Grx1-roGFP2 glutathione sensor, but also a peroxidase-based
sensor to track H202 (roGFP2-Orp1).!% This H202 sensor had very low signal, making data
analysis unreliable, so I focused instead on the glutathione sensor for the body of my research.

However, I think it would be valuable to follow up with the H202 sensor, adjusting expression
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levels or reworking the construct to increase fluorescence. Alternative redox pool sensors would
help expand the redox dynamics of the carboxysome and could give novel insights on shell
permeability and redox-mediated regulatory processes.

I think it would be worthwhile to explore how the redox state of the carboxysome responds
to other environmental changes. Very early on in my study I ran experiments with my strains with
light/dark cycles to understand how the redox shifted when the photosynthetic machinery was
active or inactive. My preliminary results showed an oscillating pattern with more reduction in the
dark than in light, though I never followed up on these experiments. Another interesting
experiment would be to test the redox state under anoxic conditions. The cells would need to be
exposed to oxygen initially to allow for maturation of roGFP.!”° But once in anoxic conditions, if
the carboxysomes are reduced (by DTT), do they recover back to an oxidized state? Or is it slowed?
If there is slow (and light-dependent) recovery, this suggests that oxygen is responsible for
oxidation of the carboxysome but, in anoxic conditions, is limited by oxygen produced by
photosynthesis. I can certainly dream up some other very interesting experiments to consider but
I will leave those realms of thoughts to future researchers to discover.

There is much more to discover regarding the relationships between redox state and
carboxysome maturation, permeability, and maintenance of equilibria. Redox is a fundamental
property of life and thermodynamics. I believe many of the mysteries of carboxysomes relate to
its redox state. The work I have described in this thesis lays the groundwork and hopefully useful

tools for future studies in this realm.
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Appendix Figure 1. PCC 7002 segmentation errors over time

Segmentation error over time of the PCC 7002 benchmark. The max number of errors for cypose-7002 is marked on

the other graphs to provide easier relative comparison.
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Appendix Figure 2. PCC 7002 segmentation confusion matrices

Confusion matrixes for segmentation models on the PCC 7002 benchmark.
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Appendix Figure 3. ATCC 33047 segmentation errors over time

Segmentation errors over time of the ATCC 33047 benchmark.

113



cypose-33047

-0.8
g - 0.998
- - 0.6
[
o
]
©
>
i+
<
b=
c
-]
g 0.151 0.849
-
&
0.2
Cell Background
Predicted label
Intensity thresholding bact-phase-omni
-08
3 T - 0.991
_ - 0.6
[ I}
E: =
E E
< <
- 0.4
©
5 5
g 0.210 0.790 g. 0.957
k4 E~
v v
& 3
0.2
' "
Cell Background Cell Background
Predicted label Predicted label
cyto2 cyto3
-0.8
8 g
_ _ - 0.6
[} [T
2 2
= =
® s
2 2
3 o
< <
0.4
o ©
c c
3 3
g 0.210 0.790 5
- L
v v
3 3 0.2
Cell Background Cell Background
Predicted label Predicted label

Appendix Figure 4. ATCC 33047 segmentation confusion matrices

Confusion matrixes for segmentation models on the ATCC 33047 benchmark.
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