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Abstract

Carbon dioxide (CO;) plays an essential role in fundamental biological processes such as
respiration and photosynthesis. The ability of cyanobacteria to use water as an electron source
in photosynthesis contributes to the balance between CO; and O; in the atmosphere. However,
the molecular mechanisms by which cyanobacteria directly detect environmental CO, are
still unknown. Such knowledge could enhance opportunities for engineering cyanobacterial
carbon responses in green biotechnology. CO, can react with neutral amines at physiological
temperatures and pressures to form carbamates. This post-translational modification has been
reported on RuBisCO and haemoglobin but is unexplored as a mechanism for CO, detection in
cyanobacteria. This thesis identifies the carbamylation of the allophycocyanin alpha subunit
(ApcA) in the photosynthetic cyanobacterium Synechocystis sp. PCC 6803. Allophycocyanin is
a component of the cyanobacterial light-harvesting complex, the phycobilisome. This research
presents work on the discovery of previously unknown allophycocyanin carbamate formation,
as well as spectroscopic analysis of the CO,-binding role in allophycocyanin energy transfer.
Carbamate formation in ApcA Lys-6 was identified using ESI-MS/MS combined with '?C and
13C isotope addition. The proteomic screen was validated by the study of recombinant ApcA
using '3C NMR. CO,-binding to the Synechocystis sp. PCC 6803 allophycocyanin alpha subunit
of the light-harvesting complex proved to affect excitation energy transfer. Photoluminescence
quantum Yyields of allophycocyanins increased in the presence of CO,/HCO3™ in isolated
material and the whole organism. This thesis provides evidence of a novel area of research on

the effects of CO; in the light-harvesting complex energy transfer.
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Chapter 1

Introduction

1.1 Overview

This thesis provides evidence for the carbamylation of cyanobacterial proteins and the sig-
nificance of carbamate formation on allophycocyanin energy transfer. Protein carbamylation
is based on the formation of a carboxyl group at a neutral amine of a protein; this is a post-
translational modification that converts the amine to an anionic group with possible functional

consequences.

Despite the labile nature of carbamates, a method for identifying carbamate formation in
the proteome of model organisms under comparable physiological conditions has been recently
developed [48]. This method is a breakthrough in the field to uncover the importance and the
involvement of carbon dioxide (CO,) in physiology not only in photosynthetic organisms but in
all living beings. Hence, this project aimed to use this method to discover new carbamates in a
cyanobacterial proteome, which then enabled the investigation of the role of CO, carbamylation

on a light-harvesting protein.

This chapter will begin by explaining the relevance of CO; to cyanobacterial metabolism.
Additionally, a particular focus on cyanobacterial electron transfer will be described as relevant

for the following experimental chapters.



2 Introduction

1.2 Cyanobacteria: The green microbial factory

1.2.1 Introduction

The long evolutionary history of cyanobacteria on Earth has influenced our planet’s geochem-
istry today. These organisms’ ability to use water as an electron source in photosynthesis has
mainly contributed to the balance between CO, and oxygen (O;) in the atmosphere. Cyanobac-
terial predecessors appeared first around 2.7 billion years ago in stromatolites fossils. These
bacterial communities depended predominantly on CO, fixation using H,S as the hydrogen
donor [15]. The accumulation of atmospheric O, levels, referred to as the Great Oxidation
Event (GEO), is usually related to cyanobacteria as early as 2.45-2.32 Giga-annum (Ga) with
the cyanobacterial fossil record starting at 1.8 Ga [35], and horizontal gene transfer analysis
at 1.2-1.6 Ga [59]. Moreover, the relationship between the multicellularity of cyanobacteria
and the rise of O, has been suggested to have played a key role in triggering cyanobacterial
evolution around the GEO [81]. Nevertheless, as the major phototrophic lineages are considered
not to be closely related to one another in bacterial phylogeny, the origins of their respective
photosynthetic machinery (Fe—S type and Quinone type) remain unknown by time and sequence
similarity; thus, the timing of oxygenic photosynthesis is still debated [22].

Cyanobacteria live in almost any environment, from seas to freshwater, soil to bare rocks,
deserts to ice shelves, hot springs to Arctic and Antarctic lakes, and as endosymbionts in
plants, lichens, and many protists. As a consequence of their ability to survive in various
environments, cyanobacteria display a variety of secondary metabolites that are of interest as an
excellent source of bioactive compounds, biofuel, biopolymers, colouring dyes, medicines, food
supplements, and biofertilizers [44]. Additional to the many applications of cyanobacteria in
biotechnology, these organisms have the potential to be a viable alternative bio-based system for
the sustainable production of biofuel and other bioproducts. Therefore, further understanding

of photosynthesis in cyanobacteria is of great importance.
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1.2.2 Photosynthesis

Cyanobacteria are oxygenic photoautotrophs; they use light to synthesize organic compounds
from CO, and water, producing O, as a waste product. Unlike plants, cyanobacteria photo-
synthesis and respiration require electron transport pathways catalyzed by protein complexes
in lipidic membranes. These membranes, called thylakoids, separate the cytoplasm from the
lumen.

The thylakoid membrane contains both photosynthetic and respiratory electron transport
chains. These electron transport chains intersect and use part of the same membrane components.
The photosynthetic machinery consists of a series of protein complexes that catalyze the light
reactions (Fig. 1.1). The thylakoid membrane comprises four protein complexes: Photosystem
IT (PSII), Cytochrome b6f complex, Photosystem I (PSI), and ATP synthase. These complexes
create the products ATP and NADPH [13]. The latter two species are mostly consumed to
reduce CO; and subsequently turn it into chemical energy in sugars.

)
chlorophylla 3% chlorophyll b
LN |
o s
o - allophycocyanin
% 22 phycoerythrin , phycocyanin
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Fig. 1.1 Absorption spectra of photosynthetic pigments. Cyanobacteria can absorb energy from
the blue to the red range of light (400-700 nm). Figure adapted from Goodwin and Mercer [30]
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Energy transport flow

The electron transport chain in cyanobacteria starts with energy absorption from light through
the phycobilisome (PBS). This complex is an integration of several antenna molecules: phyco-
erythrin (PE), which is absent in most cyanobacteria, phycocyanin (PC) and allophycocyanin
(APC); which exhibit molecular masses in the range of 15-22 kDa. These pigments have dif-
ferent spectral properties; each has a specific absorption and fluorescence emission maximum
in the visible range of light as represented in Fig. 1.2. The particular arrangement within the
PBSs allows the absorption and unidirectional excitation energy transfer from light absorption
to chlorophyll a (Chl a) of the photosystem II (PSII). The presence of linear tetrapyrroles
(phycobilins) causes their strong absorbance in the visible spectrum, from 570 nm by PE in red
algae, to 630 nm and 650 nm by PC and APC, respectively. These pigments are organized in a
hierarchic structure so that the chromophore absorbing at higher energy (PC and PE) is located
at the complex’s periphery. And those absorbing at lower energy (APC) build up the PBS
core (Fig. 1.2)[14][31]. Thereby, compared to algae and plants, the cells can take advantage of

light’s available wavelengths, not accessible to Chl a.

PBSs have a hemidiscoidal form, where the rod domain is built by six or eight cylindrical
rods that emit to the core domain (Fig. 1.3). All these pigments contain their corresponding
linker polypeptides which have only a structural function. The core domain is more commonly
composed of three cylindrical sub-assemblies, although up to five cylinders have been found
before in Anabaena sp. PCC 7120 [24]. Each core cylinder is made up of four disc-shaped
phycobiliprotein (PBP) trimers, APC, allophycocyanin B (AP-B) and APC core membrane
linker complex (AP-LCM) (Fig. 1.3A). The last protein core-membrane linkers distribute the

remaining excitation energy between PS I and PS II [88].
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Fig. 1.2 Schematic representation of the arrangement of pigments and energy transfer pathways
in PBS from Synechocystis PCC 6803. Photons from light are absorbed in the periphery by
phycocyanins with a maximum absorption at 570 nm, then transferred to the allophycocyanin
core complex absorbing at 650 nm and finally delivering energy to chlorophyll of PSII and/or
PS 1. Adapted from Govindjee [86].
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Fig. 1.3 Pigment arrangement and energy transfer pathways. A. Pigment arrangement in the
intact PBS. Pigments from Al and A2 (front view) form an inverted U shape (coloured dark
orange), in which the terminal emitters from disc three are coloured red. B. Energy transfer
from the rods to the core. All pigments in core cylinders Al, B, and C1 and the pigments from
the core-connected PC trimers are shown. Dashed lines indicate the distances of one or two
nearest pigment (from rods to the core). C. Energy transfer from PBS to PSII. The electron
density map of the PBS-PSII complex is shown in mesh. Pigments from core cylinders Al
and A2 and chlorophylls from one PSII monomer (35 chlorophylls) are presented. Taken from

Chang et al.[17]
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Cyanobacteria can alter the transfer of excitation energy between PSI and PSII [42]. IIlumi-
nation conditions that lead to excess excitation of PSII compared with PSI induce a transition to
State 2, in which more absorbed excitation energy is diverted to PSI. When PSI is over-excited
relative to PSII, this induces a transition to State 1, in which more energy is transferred to
PSII. This process is called state transition. The physiological role of the state transition is still
debated. Nevertheless, it was found that state transitions are physiologically important only at
very low light intensities. In general, PBSs are considered an antenna delivering excitation to
the reaction centres principally to PSII and a lesser extent to PSI [17]. This distribution will
depend on changes in light conditions or metabolic demands. There is an association of the
PBSs to PS I reaction centre, specifically under conditions that promote a high level of reduction
of the inter-chain electron mediator plastoquinone, or strongly unbalanced excitation between
the two photochemical centres [68]. It is considered that light-harvesting PBSs shuttle between
both photosystems to balance this activity. Still, it has been shown that the rearrangement of
the photosynthetic apparatus during dark-light transitions does not involve the photosystems. A
small amount (13%) of the PBSs’ total pool uncouples from PSI in the light [18].
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Fig. 1.4 Schematic representation of the intersecting photosynthetic and respiratory electron
transport pathways in thylakoid membranes of the cyanobacterium Synechocystis sp. PCC 6803.
The photosynthetic electron transport complexes in the thylakoid membrane include PBS, PSII,
PSI, cyt b6f and ATP synthase. Also, small electron transport molecules, such as PQ, PC, and
c6, function as electron carriers to shuttle electrons between each electron transport complex
and functionally link all the complexes together. Adapted from Liu et al. [51].

After the photons pass through the antenna systems, they reach the reaction centre Chl a

(P680) of the PSII complex priming linear electron transfer. In electron transfer (Fig. 1.4),
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PSII uses light energy to split water, where the excited P680 donates its electron to an electron
acceptor (lipophilic plastoquinone (PQ)). After acquiring two electrons and two protons, PQ
becomes reduced to plastoquinol (PQH?2) and diffuses into the PQ pool. From the PQ pool of
the cytochrome (cyt) b6f complex electrons to the plastocyanin or cytochrome c¢ 553. The last
two acts as a one-electron carrier and can reduce the oxidised PS I reaction centre: chlorophyll
P700*. The oxidation of RC chlorophyll is done by a light-induced transfer of an electron from
PSI to ferredoxin (Fd) and subsequently to NADP. NAPD is later reduced and used along with
ATP for CO; fixation in the cytoplasm [45].

Respiratory electron transport

Cyanobacteria use respiration to maintain a transmembrane proton gradient that is required
mainly for ATP production. Respiration occurs in the thylakoid membrane shared with the
photosynthetic electron transport. Both share several components as PQ, cyt b6f and PC/cyt
c6 (Fig. 1.4). Here a photosynthetic electron transfer promotes a proton gradient across the
thylakoid membrane. The protons that are release come from water splitting in PSII and
plastoquinol oxidation. And the proton gradient is finally used for ATP synthesis, which may
be used for CO, fixation and other cell processes.

Cyanobacterial respiration is diverse, where different and alternative electron donors and
oxidases exist; however, their contributions remain unclear. The principal components of
the respiratory electron transfer process are NAD(P)H dehydrogenase (NDH-1), succinate
dehydrogenase (SDH), Cytochrome b6f complex and Cytochrome c oxidase (COX), as well
as other terminal oxidases. There have been several known respiratory terminal oxidases for
cyanobacteria. Several terminal oxidases accept electrons directly from PQ. They include
cytochrome bd-quinol oxidase (Cyd), the alternative respiratory terminal oxidase (ARTO) and
plastid terminal oxidase (PTOX) [20].

Moreover, cytoplasmic membrane and alternative electron transport pathways have been
proposed and studied. Many of these seem to function to protect cells under stress condi-
tions. It is confirmed that many respiratory complexes play a crucial role in photoprotection,
allowing cyanobacteria to respond to changes in light intensity and prevent over-reduction of
the interlinked electron transport chain in thylakoid membranes with potentially damaging

consequences [67].
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1.2.3 Allophycocyanin. The core of the light-harvesting process

Allophycocyanins (APCs) are the PBPs with the longest wavelength absorbance and fluores-
cence among the PBSs. They assemble the PBS core by three types of linker polypeptides: the
large core-membrane linker PBP (LCM); rod-core linker polypeptides (LRC); and small Lc
linker polypeptides. APCs are observed in different cyanobacteria as bicylindrical, tricylin-
drical, and pentacylindrical cores. X-ray crystallography studies of different cyanobacteria
species have shown the monomeric, trimeric and hexameric composition of APCs [61][11][50].
Allophycocyanin trimers have been determined with a C3-symmetry, constituted by three
homo-monomers (Fig. 1.5). Each APC monomer contains two subunits (& and f3), both sub-
units of allophycocyanin monomers show almost identical structures, even though the subunit
homology is only about 38%. Each subunit contains one phycocyanobilin (PCB) pigment. The
biliprotein chromophores are covalently attached to the apoproteins through thioether bonds to

cysteine residues (@ — 84 and 3 — 84) represented in Fig. 1.5.
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Fig. 1.5 Molecular structure of the PBP allophycocyanin adapted from Brejc et al [78]. Each
(af); monomer of the APC trimer binds two phycocyanobilin chromophores (shown in orange
and green). A. 3D View produced from protein data bank structure 1ALL. B. Representative
structure of chromophore located in each monomer, PCBs energy transfer shown with arrows.
The strongest interaction between PCBs pairs occurs at the interface between the subunits.
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The efficiency of APCs’ entire energy transfer is one of the most successful in the photosyn-
thetic world. It can be larger than 90% and occur in a very fast time frame: 100-200 ps or even
less than 0.5 ps [84][78]. Several investigations have been reported to understand the energy
transfer mechanism of this process. Experimental studies have shown a maximum absorption
in the APC monomer at 615 nm, and maximum absorption of APC trimers at 650 nm with
a notable shoulder at 620 nm [58]. Interestingly, the dissociation from trimers to monomers
leads to the 650 nm absorption band. The maximum loss of the 660 nm is associated with a
strong exciton coupling between the @84 and 384 chromophores on adjacent monomers across
the monomer-monomer interfaces [57]. Even though this suggests exciton coupling between
chromophores, the excitation energy transfer (EET) has still been modelled invoking the Forster
electronic energy transfer mechanism. A donor molecule being excited and by rapid vibrational
relaxation goes to its first excited state’s lowest vibrational level. The donor’s and acceptor’s
spectra are not usually affected by this process. Hence they are considered independent entities,
where the acceptor tends to be at lower energy than the donor. Forster resonance energy transfer
occurs throughout photosynthesis and provides high efficiency over reasonable distances [28].
Within the framework of Forster’s theory, computational studies of Ren et al. [78] calculated
the shortest energy transfer time in the APC trimer of about 0.10 ps and about 170 ps in the
APC monomer, which are similar with to the experimental finding of a very fast lifetime of
0.43-0.44 ps in APC trimers previously determined. Although, Ren et al. suggest these results
are most likely attributed to the energy transfer of a! — 84 and 83 — 84 (0.23 ps), B! — 84 and
o> — 84 (0.11 ps) or B2 — 84 and &> — 84 (0.10 ps) (Fig. 1.5B).

Recent studies of Eisenberg et al. using T. vulcanos isolated APCs demonstrated the
reorganizations of PCs reversing the energy flow differently depending on the environment
[26]. The exposure of chromophores to the environment and their interactions with adjacent
proteins are shown to tune the cyanobacterial light-harvesting system between two modes: an
efficient funnelling toward RCs and an efficient quenching to the environment away from RCs.
Their study showed that small changes in conformation can generate significant effects on the

EET process’s energetics that are still unknown.
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1.3 CO;: The biological role

1.3.1 CO; in bodies of water

CO; is a greenhouse gas of environmental concern and a key metabolite in living organisms. It
plays an essential role in such fundamental biological processes as respiration, photosynthesis
and cell signalling. CO; in water is 99% of the time present as the dissolved gas and less
than 1% as carbonic acid, which then dissociates to hydrogen protons and bicarbonate anions
(Fig. 1.6).

We can find dissolved inorganic carbon (DIC) in all natural waters. DIC concentration
varies from less than 20 uM in soft acidic waters to more than 5000 uM in highly alkaline
hard waters but ranges between 100 and 1000 uM in most systems. DIC consists of three main
constituents (Fig. 1.6): free CO, (a gas), the bicarbonate ion (HCO3~), and the carbonate ion
(CO3%). Bicarbonate and carbonate are the major buffering system in most natural waters,
whereas free CO, is the dominant acid in most natural waters. Thus, the ratio of CO, to HCO3~
and CO3?" is the principal control of pH in most natural waters [19]. At the same time, CO,
produced by cells during aerobic metabolism of glucose and fats provides the acid (H* and
CO») and base (HCO3") components for the bicarbonate buffering system. This buffering

system maintains both intracellular and extracellular pH of living organisms [74].

1.3.2 The chemistry of CO; in aqueous solution

CO;, is a soluble gas that reversibly reacts with water molecules to produce carbonic acid.
And this carbonic acid can dissociate twice as observed in Fig. 1.6A. As shown in a Bjerrum
plot (Fig. 1.7), when the solution is in equilibrium, the different inorganic carbon species’
concentration will depend on pH. In seawater (pH about 8.1), of neutral or slightly alkaline

water, the bicarbonate form predominates [63].

In biological systems, CO; is in equilibrium with its hydrated form H,CO3, followed
by dissociation into H* and HCOj3 in seconds via the enzyme carbonic anhydrase activity.
Hence, biological systems are sensitive to pH. Cells actively transport H and HCOs3™ to
regulate intracellular pH. Thus, levels of CO,, HCO3;™ and H* are crucial to maintaining cellular

homeostasis.
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Fig. 1.6 Equilibrium of dissolved inorganic carbon in water. A. Equilibrium between CO,
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Fig. 1.7 Bjerrum plot showing the distribution of carbonic acid (red), bicarbonate (black) and
carbonate (blue) ions as a function of pH in freshwater (dashed line) and seawater (solid lines).
DIC = 2000 uM. Taken from Jack et al. [63].
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1.3.3 Cyanobacteria inorganic carbon uptake

Cyanobacteria can be found in almost every habitat, from temporarily moist rock in deserts to
oceans and even Antarctic rocks. Their resilience to every kind of climate conditions is based
on their adaptation for inorganic carbon (Ci) uptake. Systems such as the Ci-Concentrating
mechanisms are operational, and the intracellular Ci level is elevated to sustain high photosyn-
thetic activity when photosynthetic microorganisms are grown under low CO, concentrations
of air. The concentration of free CO; in cyanobacteria cells is expected to be between 0.2 to 3
mM from the extracellular Ci concentrations (0.9 to 6 mM) and intracellular pH. Internal Ci
(CO,/HCO3") concentrations as high as 50 uM or higher have been reported in cyanobacteria
grown in low CO, conditions. When the pH and the membrane potential across the cyto-
plasmic membrane are taken into account, it is clear that Ci accumulation occurs against its

electrochemical potential gradient [40][6].

Carbon Concentrating Mechanisms

Cyanobacteria have evolved an advantageous single-cell CO, concentrating mechanism (CCM).
This multi-component system is comprised of the carboxysome and a suite of Ci transporters,
which have enabled cyanobacteria to proliferate under relatively low ambient atmospheric CO,

and high O; levels.

Inorganic carbon enters the cells by diffusing over the plasma layer and accumulates
in the cytoplasm via energy-dependent systems. To keep the loss of CO, from the cell and
maintain an internal gradient of CO; over the cell envelope, cyanobacteria contain two NADPH"
dependent systems that catalyze the hydration of CO, to HCO3™; NDH-I4 and NDH-I3 (Fig. 1.8).
Regardless of whether HCO3; or CO; is supplied, bicarbonate is the predominant species in
the cytoplasm and the Ci species are not at chemical equilibrium there, being HCO3" less likely
to escape through the cell membrane [73][5].
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Fig. 1.8 Schematic representation of a model cyanobacterial CCM. Taken from Magnan et al.

There are three active transport systems and CO; hydration components of the CCM that
effectively generate a high concentration (up to 40 mM) of HCOs3~ within the cell. First, bicar-
bonate passes through the thylakoid region and enters the carboxysomes, where it is converted
to CO; by carbonic anhydrase (CA). Second, some of the HCOj™ is fixed at the adjacent
carboxylation sites of ribulose biphosphate carboxylase-oxygenase (RubisCO) producing two
molecules of 3-PGA. Finally, 3-PGA exits the carboxysome and is used by Calvin-Benson cycle
enzymes (Fig. 1.8). Eventually, part of the CO, generated may leak from the carboxysomes
to the cytoplasm. Here, the NADPH-dependent system converts it back to bicarbonate and
minimises the waste leak of CO, from the cells [6] [88].
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CO, has a noticeable role in cyanobacterial adaptation. Diverse experimental studies have
found various changes when the culture is grown from a high CO, concentration (1-5%) to a
low concentration (air concentration). Changes like: the modification of purine biosynthesis; a
rapid increase in the ability to accumulate Ci within the cells (half-time of about one h), and
hence a substantially higher apparent photosynthetic affinity for extracellular Ci; a change in the
amount of RubisCO; an increase in the number of carboxysomes (about 4-fold) and a difference
in their location from the cell-centre towards its periphery; an alteration in the thickness of
some of the layers that comprise the cell envelope; and a change in the phosphorylation pattern

of polypeptides [40].

Cyanobacteria adapt to rising CO; concentrations by enhancing photosynthesis. Quanti-
tative proteomics technologies have allowed the screening of proteome-wide regulations by
CO, of Synechococcus elongatus. Mehta and collaborators presented the response of Synechoc-
cosus to different CO, conditions in the range of 0.04% to 10%. Interestingly, they found an
up-regulation of photosynthetic machinery composition when cells were grown at high CO,
concentrations, which could be due to the abundant inorganic substrate available for carbon
fixing reactions. Contrarily, proteins involved in photoprotection and redox maintenance were

found down-regulated [62].

Although the general function, structure and regulation of the cyanobacterial CCM have
been studied in great detail during recent years, additional knowledge of Ci- depending adapta-
tion processes- is not fully understood. Small regulatory RNAs and direct post-translational

regulation of protein activities are potential candidates for cyanobacteria CO, acclimation.
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1.3.4 The role of inorganic carbon in photosystems

The role of inorganic carbon (CO,/HCOj3") is not restricted as a carbon source for storage of
harvested energy from sunlight in the form of energy-rich carbohydrates. Additional evidence
has demonstrated a connection between CO; fixation and availability to energy and electron
transfer across several photosynthetic systems. For example, Mehta er al. found essential
proteins like cytochromes, plastocyanin, reaction centres of PS-1 and PS-II (photosystem-I
and II) to be up-regulated as a response to high concentrations of CO,. Specifically, allophy-
cocyanin’s alpha subunit was 3.6 folds up-regulated in 1% CO; condition, whereas the beta
subunit showed a 0.17 folds down-regulation at 10% CO, [62].

It is important to emphasize that CO,/HCOj3™ acts as a regulator of the photosynthetic
electron transport in PSII in cyanobacteria, algae and plants. Bicarbonate’s role in cyanobacteria
energy systems has taken about 50 years to elucidate both in the acceptor side and the donor
side reactions, also known as the bicarbonate effect of PSII. On the electron acceptor side,
experimental data showed that HCO3™ binds and plays a vital role in facilitating the reduction of
QB and in protonation reactions near the QB-binding site [12]. On the donor side, Klimov and
collaborators determined that HCOs3" ions are required for the efficient photo-induced assembly
of the Mny4CaOs cluster capable of water splitting. Other groups indicated the requirement of
HCOj3™ on the water-splitting side of PSII. Nonetheless, the binding site and the role of HCO3"
ions in the water-splitting reaction of PSII needs further research. X-ray crystallography studies
of PSII revealed single bound bicarbonate at the NHI in the cyanobacterial reaction centre (RC)
[91]. Bicarbonate seems to have a unique role only in oxygenic photosynthesis that has not
been found in anoxygenic phototrophs. HCO3" stabilizes the QA-NHI-QB structure of the
PSII RC and allows efficient electron transport and protonation of QB via certain amino acids
around QB.

Knowledge of carbon concentrating mechanisms and bicarbonate role in energy transfer
clarifies how cyanobacteria cope with limiting or excessive CO,/HCOs5", but there is still so
much unknown of how CO,/HCOs" availability is coupled to other mechanisms of energy

transfer, metabolism, replication, and growth.
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1.4 Carbamylation: CO, Post-Translational Modification

CO, carbamylation, or carboxylation, occurs when CO, reacts with protein uncharged amines to
form carbamates. This post-translational modification (PTM) has been proposed as a biological
regulatory mechanism where CO; converts these neutral amines into negatively charged groups.
The introduction of a negative charge by CO; binding in this manner can alter protein function

in its physiological environment.

1.4.1 Carbamate formation

Carbamylation is a post-translational modification with great biological importance. Carbamy-
lation occurs by a nucleophilic attack of uncharged amines upon CO; (Fig. 1.9). In biological
systems, carbamylation changes the functionality of side chain lysine or N-terminal residues
from basic/neutral to acidic [56]. The formation of the carbamate bond is reversible. This
reversibility allows the regulation of carbamate-dependent processes through the presence or

absence of the reaction scheme’s components, i.e. CO, or H (Fig. 1.9).

+H +H*
R-NH,;" <= R-NH, +CO, =— R-NH-COO

Fig. 1.9 Carbamate formation equilibria

Specific conditions have been observed to encourage carbamate formation. The increase in
pH promotes the amount of carbamate formed [89]. This suggests that the charge on the amine
group is the controlling factor in carbamate formation. The pKa of an amine group on a lysine
residue, for example, varies from 9 to 13 depending on the environment [1]. Therefore, under
normal physiological conditions of pH 7.4, most lysine’s amine groups are in a charged state.
However, it is also proposed that the fold of a protein can create an environment favourable to
carbamate formation. This has been observed on 3-haemoglobin chains, where end terminal
valines, with a pKa of 6.6, are contained within such an environment that facilitates carbamate

formation [32].
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Yet, carbamylation has not been thoroughly investigated; its labile PTM characteristic makes
it difficult to identify as the carboxyl group is spontaneously released in acidic conditions.
Hence mass spectrometry cannot detect lysine carboxylation. X-ray crystallography can identify
carboxylated lysine residues, although it is not entirely reliable. Besides the challenges that
protein crystallography entails, third-generation synchrotron radiation’s most frequent damage
its acidic residues’ decarboxylation [76]. Nevertheless, some proteins have been discovered to
interact with CO, via carbamylation on a privileged NH, group, which will be discussed in the
following section. Where carbamate formation has been found to trigger conformational and

physicochemical changes essential for the function of proteins.

1.4.2 Carbamylated proteins
Haemoglobin

As previously mentioned, carbamylation is one of the first PTM described in the early 1900s
by Bohr and collaborators. Even though the molecular chemistry behind CO,’s effect was
not explained, they demonstrated the decrease in O, affinity as the partial pressure increases.
Roughton et al. studied the historical dimensions of the interaction of CO; with haemoglobin
and its profound chemical contributions to our understanding of it [80]. He promoted the
view over several years that the effect of CO, on the haemoglobin affinity of O, could be due
to carbamate formation in the o-amino N-terminal groups. This view was unambiguously
confirmed later by Kilmartin and Rossi-elegant Bernardi’s experiments [79]. They demonstrated
that blocking of N-terminal -amino groups by haemoglobin tetramers carbamylation with
cyanate, the expected effect of CO, on the O;-affinity profile was abolished. Morrow et al. later
demonstrated the physiological relevance of the CO; reaction with the ¢t-amino group. The
carbamylation at the Vallf site, linked to the B-chain O, haemoglobin binding site, stabilizes
the protein’s deoxygenated form [66].

RubisCO

Ribulose biphosphate carboxylase-oxygenase (RubisCO) catalyzes atmospheric CO; fixation in
photoautotrophs using Mg?* and inorganic carbon as co-factors. CO, functions as a RubisCO’s

carboxylase reaction substrate and a co-factor that binds to an alternative enzyme site via
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carbamylation. When RubisCO was first purified in the 1970s from spinach leaf extracts,
there was speculation that two versions of the enzyme existed due to the estimation of a low
carboxylase activity( Km=200 pM) and no oxygenase activity. Chloroplasts, instead, had a
native activity with a Km of 10 pM. Four years later, a possible explanation of these two
apparent forms of the enzymes was found with the experimental addition of magnesium or
manganese, showing to reduce Km of the purified enzyme equivalent to the native chloroplast.
They demonstrated that the ensyme is only active as a result of the low-Km (CO,) form
produced by contact with Mg?* and CO,/HCO5" [3]. Later experiments using RubisCO’s
enzyme from Rhodospirillum rubrum in 1979 anticipated that the activator CO; is bound to
the large (catalytic) subunit. In addition, carbon-13 studies of the NMR of R. rubrum provided

evidence for carbamate formation for RubisCO activation [71].

Later studies tracking the 'CO, bound at the active site of RubisCO demonstrated that
this bound CO; is not involved in the enzyme’s carboxylase activity. RubisCO proved to be
sensitive to CO; and pH as a critical component of a carbamate reaction. Since the carbamate
reaction results in the reversible creation of H*, decreased pH drives the equilibrium towards
the formation of free CO; rather than carbamate bonds. This finding implies that a carbamate
bond is involved in RubisCO activation. This observation was confirmed later when a peak
characteristic of carbamate bond formation was observed in the '3C-NMR spectra for RubisCO
and CO,. This observation demonstrated that CO, bound as a carbamate to the epsilon-amino

group of a lysine residue on the catalytic subunit [56].

Bacterial carbamylated proteins

In addition to haemoglobin and RubisCO, stable carbamate modifications have been identified
in various crystal structures and reported as functional, some of which are discussed here in

more detail.

Ureases play essential roles in nitrogen metabolism. CO,/HCO3" activates virulence factors
associated with various human and animal pathogens. The catalytic sites containing Ni** ions
are bridged to a carbamylated lysine residue (K217) required for appropriate enzymatic activity
[94].

The structure of alanine racemase from Bacillus stearothermophilus provided evidence for

the existence of a carbamate formed on the side-chain amino group of Lys129. This carbamate
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is stabilized by interactions with Arg136 that interacts with the carboxylate group of propionate.
Thus, Lys129 carbamylation influences both substrate binding and catalysis by positioning

Argl136 and modulating its charge [64].

Transcarboxylase is a Propionibacterium shermanii multienzyme complex that couples
two carboxylation reactions, transferring CO; from methylmalonyl-CoA to pyruvate to yield
propionyl-CoA and oxaloacetate. The active site cobalt ion of transcarboxylase 5S is coordi-
nated by its carbamylated LysC184 the same way as the oxaloacetate product’s transferred
carboxylate. The structure revealed a dimer of 88 barrels with an active site cobalt ion co-
ordinated by a carbamylated lysine, except in the oxaloacetate complex where the product’s
carboxylate group serves as a ligand instead. Cys154 suggested functioning as Lys184 stabilizer
when noncarbamylated in a conformation such that it does not interfere with the substrate or
product binding. At the same time, Lys184 proved to be indispensable for 5S catalytic activity
[33].

Class D OXA-10 B-Lactamases, the resistance enzymes for -lactam antibiotics, depend
critically on a carbamylated lysine as the basic residue for both the enzyme acylation and
deacylation steps of catalysis. Golemi et al. structures showed that full carbamylation of
B-lactamases dimers depends upon pH. Carbamylated Lys-70 is the basic residue that promotes
the serine hydroxyl for the acylation step under physiological conditions. This carbamylated
lysine is also suitable for activating the incoming hydrolytic water for the deacylation event.
[29].

Phosphotriesterase is capable of detoxifying pesticides such as paraoxon and parathion and
various inhibitors of mammalian acetylcholinesterase. In the phosphodiesterase binuclear metal
cluster, crystal structures of phosphotriesterase isolated from Pseudomonas diminuta showed
two bridging ligands to cadmium ions: a water molecule and a carbamylated lysine residue
(Lys169). Therefore, it is proposed that the enzyme uses a carbamylated lysine rather than a
glutamate residue, so it is possible to delocalize the pair of electrons on the nitrogen, enabling

negative charges to be carried by both O, ligands [8].

Carbamylation has also been found to predominate in the algae world. Yokota et al. exam-
ined the form of inorganic carbon accumulated in Euglena gracilis using '3C-NMR carbamate
resonance where carbamate formation was observed to be dependent on photosynthesis. The
complex of Euglena protein - '4 CO, extracted from photosynthesizing was estimated to be

about 1 nmol/mg protein when the cells accumulated 1 mM of Ci. In contrast, complex protein-
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CO, was suppressed by darkening the cells or adding DCMU, an inhibitor of the photosynthetic
electron transport chain. They proposed that protein carbamate constitutes about 50% of the
intracellular Ci, where protein is likely to be contributing to the temporal accumulation of Ci in
the cells [96].

1.4.3 Bioinformatics carbamate identification

CO, binding has also been studied using quantum mechanics and molecular modelling. Cundari
et al. concluded that acid/base interactions are the dominant chemical force by which proteins
bind CO,. Beta-sheets were observed to be more susceptible to CO, binding between both
classes of standard structural secondary elements than alpha-helices, and the amino acids most
commonly found in CO; protein binding sites were arginine (pI-10.8), lysine (pI-9.5,) and
histidine (pI-7.6). However, according to their molecular modelling, His is somewhat more
common in CO; binding sites, despite Lys’ greater basicity. Furthermore, the difference in
electronegativity between carbon and oxygen yields a polarity of the C6*=00" bond that can
be used to bind CO,. Thus, while serine (pI-5.7) and threonine (pI-5.9) are much less basic
than Arg, His, and Lys, they have relatively high CO, affinities. Contrarily, negatively charged
Asp and Glu exhibit very low binding tendencies, suggesting that CO, binding typically does
not occur through the Co™* [21].

Recent computational lysine carboxylation predictor estimated that carbamylation at a
lysine residue can occur around 1.3% of protein structures with more than 200 amino acids

[38]. This finding implies a threefold rise over those already identified.
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1.5 Project Rationale

CO; is thoroughly involved in cyanobacteria metabolism. The biotechnological interest to
use these microorganisms to produce metabolites of commercial interest in cyanobacteria is
emerging. Cyanobacteria has attracted many scientists to use it as a green factory to develop
biofuels, food ingredients, pharmaceuticals and cosmetic products. Efforts in optimizing CO,
synthesis in cyanobacteria have been developed [4], although little has been done to identify

how CO; interacts with proteins beyond its use as a substrate.
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Fig. 1.10 Protein carbamate formation and trapping with TEO taken from Linthwaite et al.[48].
a. Carbamates form through the reversible reaction between CO, and neutral amine groups. b.
Proposed trapping mechanism of a protein carbamate with TEO. TEO transfers an ethyl group
(red) to the anionic carbamate derived from CO, (blue) and protein primary amine (green). c.
Observed pseudo-first-order rate constants, kqpg, for the hydrolysis of TEO plotted as a function
of pH (where kops = kwater + [khydroxideKW/ 10—pH])

The recent development of a technology to identify carbamylation in living organisms
[48] has led us to investigate the impact of CO,-mediated post-translational modification
in cyanobacteria. Linthwaite et al. have tackled the labile limitation to identify protein
carbamylation at physiological conditions. They developed a technology to trap the carbamates
formed in complex proteomes. In this method, Triethyloxonium (TEO) is used to alkylate
carbamates in CO;-containing solutions at physiological pH (7.4-8.5). TEO transfers an

ethyl group to the negatively charged carbamate formed by CO; in a privileged environment
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(Fig. 1.10). Carbamate formation was confirmed in small peptides by the presence of a peak
at 164 ppm by '3C NMR spectroscopy and TEO trapping by LC-ESI-MS. Linthwaite et al.
successfully identified eight carbamylation sites in A. thaliana proteome by the CO;-trapping.
In their work, AtPRX34, a Class III peroxidase PRX34, showed carbamate formation on
Lys262 and Lys268 which are involved in the enzyme’s specific activities at atmospheric CO,

concentrations.

The importance and emergence of the role of CO; in physiological processes are evident.
Because cyanobacteria can accumulate high concentrations of CO, intracellularly, carbamyla-
tion may be the only mechanism through which CO; can interact with proteins or by which
inorganic carbon is detected. However, it is a post-translational modification in photosynthetic

organisms that has not yet been explored.
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1.6 Hypothesis and Objectives

We hypothesize that CO, interacts with a high number of proteins in cyanobacteria. Ad-
dressing this hypothesis will elucidate how cyanobacterial metabolism respond to changes in

environmental CO, levels.

The overall aim of this project is to investigate carbamylation in cyanobacteria response
to environmental CO; levels. We have employed TEO to identify CO;-binding proteins in
the cyanobacterial PBSs to determine the mechanistic basis for coupling CO, availability to

electronic energy transfer (EET).

This investigation is divided into three main objectives. First, to identify and confirm
carbamylation in cyanobacteria proteome under physiological conditions. Second, to find CO,
role in APC photosynthetic activity. And third, to determine the in vivo role of APC Lys 6

carbamate formation.

This thesis will demonstrate that a light-harvesting protein (allophycocyanin) Lys 6 is
carboxylated. First, IBC.NMR and LC-MS/MS were used to demonstrate carbamate forma-
tion (Chapter 3). To elucidate the specific response to CO,, spectrophotometric analysis of
recombinant proteins was performed, examining how CO; modulates the PBPs’ parameters
(Chapter 4). Finally, in vivo assays were combined with genetic analyses to explore the role of

the identified CO, binding site in the intact organism’s physiology (Chapter 5).






Chapter 2

Materials and Methods

2.1 Materials and Equipment

All materials were purchased from Sigma-Aldrich unless otherwise stated. ESI Mass spectra
were obtained on a Waters Ltd Orbitrap or Thermo LTQ XL QToF. Samples were lyophilised
on an Eppendorf vacuum concentrator. pH measurements were carried out on a Fisherbrand™
accumet™ AB150 pH Benchtop Meter. The probe was calibrated using Thermo Fisher
standards at pH 4, 7 and 10.

2.1.1 Cell lines

NEB® 5-alpha competent E. coli DHS o (no antibiotic resistance, NCBI:txid668369) cells
were obtained from New England BioLabs Inc. and used for cloning. E. coli strain BL21 (DE3)
(NCBI:tx1d469008) cell lines, with no antibiotic resistance, were obtained from New England

BioLabs Inc. and used for protein expression.

Synechocystis sp. PCC 6803 (NCBI:txid1111708) cells were donated by Professor Nigel
Robinson from Durham University, United Kingdom. Which were used for CRISPR cloning

and in vivo experiments.
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2.2 Carbamate Trapping method

All protein (4 mg) CO, trapping experiments were carried out in phosphate buffer (4 mL, 50
mM, pH 7.4). First, this solution was transferred to a TIM856 Titration Manager (Radiometer
Analytical) and incubated at 25°C with stirring. Next, Triethyloxonium tetrafluoroborate
(Et30OBFy; various amounts in 1 mL phosphate buffer; details in Chapter 3) was added stepwise
with a constant pH being maintained (pH 7.4) through the slow addition of 1 M NaOH solution
via the automatic burette. Finally, the reaction mixture was stirred, and the pH maintained, for
1 h after the final Et OBF, addition to ensure that all TEO was hydrolysed.

2.2.1 Protein Digest

After trapping, samples were dialysed into 1 L Milli-Q water at 4°C overnight and the super-
natant was removed using an Eppendorf®centrifugal vacuum concentrator Complete Model
5301. Samples were vacufuged at a fixed speed of 1400 rpm at 30 °C. The resulting protein
pellet was digested using either the FASP or S-Trap method described below. Peptides were
analysed by Liquid Chromatography Electro Spray Ionisation Tandem Mass Spectrometry
(LC-ESI-MSMS).

FASP Method

Dried protein sample was resuspended and incubated in Formic Acid (500 L) and CNBr (50
uL) overnight. The CNBr solution was removed by vacuum centrifugation at 1400 rpm at 30 °C.
The resulting pellet was washed twice with ammonium bicarbonate buffer (500 L of 50 mM).
Next, pellets were resuspended in 8% SDS (115 uL) and 8 M Urea (115 pL) and sonicated in a
water bath sonicator for 10 minutes. To reduce samples, 0.5 M TCEP (2.3 uL) was added and
incubated at room temperature for 10 minutes. After reduction, FASP Protein Digestion Kit
and usage guidelines from Expedeon were used for reduction, alkylation and trypsin digestion
of protein material. The digest was carried out at 37°C overnight. The resulting peptides were

eluted as stated in the kit protocol and later dried in a vacuum concentrator.
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S-Trap™ Method

S-Trap™columns and protocols from Protifi were used for protein digest [98]. Protein pellets
were resuspended with 11.5 pL of lysis and solubilization buffer (5% v/v SDS, 50 mM TEAB
pH 8.5). Suspensions were vortexed. Reduction and alkylation were performed by adding 1 yL
of 120 mM TCERP solution and incubated for 15 minutes at 55°C. Disulfide bonds were further
alkylated by adding 1 pL of 500 mM MMTS in isopropanol. Samples were acidified with 2.5
WL of 27.5% phosphoric acid (v/v) and further diluted with 165 uL of binding buffer (100 mM
TEAB in 90% methanol ). Protein samples were loaded on the S-Trap™micro columns and
centrifuged at 10,000 g for 30 sec to trap proteins. The column was washed with 150 uL of
binding buffer was used; centrifuged at 10,000 g for 30 sec and repeated three times. A 1:10
weight to weight ratio of Trypsin Gold MS grade, from Promega, was added to the amount of
protein trapped on the column. The final volume of digestion buffer containing enzyme added
to each column was 20 uL. Columns were further incubated for 4 hours at 37°C using a water
bath. The digested peptides were eluted with 40 uL of elution buffer (50 mM TEAB), 40 uL of
Elution buffer 2 (0.2% aqueous formic acid), and 40 puL of Elution buffer 3 (50% acetonitrile
in water) applied and centrifuged independently at 10,000 rcf for 1 min. Pooled eluted peptides
were dried down for further LC-MS/MS analysis.

2.2.2 Sample cleaning

C18 tips (Thermo Fisher) were used to clean trapped samples after protease digest. Columns
were equilibrated with 0.1% TFA (20uL) in water before the peptides were bound and then
washed to remove salt by aspirating 0.1% TFA in 5% ACN (20uL). Peptides were eluted in
50% ACN 0.1% TFA (100uL).

2.2.3 LC-ESI-MS

Dry residues from digests were re-suspended in 0.1% TFA and acidified to pH 3 with more
TFA if necessary. Samples were next centrifuged at 20,000g for 5 minutes and supernatant was
transfered to an injection vial. These samples were run with a gradient of acetonitrile from

2-80% containing 0.1% formic acid.
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LC-MS analysis of peptides was performed on a SCIEX TripleTOF 6600 mass spectrometer
linked to an Eksigent nanoLLC 425 chromatography system via a 50-micron ESI electrode in
a DuoSpray source (SCIEX). Sample injection and peptide separation used a trap and elute
method flowing at 5 ml/min. Peptides were loaded and washed on a YMC TriArt C18 guard
column (1/32", 5 mm, 5 ~ 0.5 mm) and online chromatographic separation performed over 90
min on a YMC TriArt C18 column (1/32", 12 nm, S-3 mm, 150 x 0.3 mm). Peptide elution used
sequential linear gradients of 3—-30% acetonitrile, 0.1% formic acid over 60 min and 30-40%
acetonitrile, 0.1% formic acid over 17 min; followed by a shift to 80% acetonitrile, 0.1% formic
acid over 2 min, a column wash for 3 min before return to 3% acetonitrile, 0.1% formic acid
over to 2 min and re-equilibration for 6 minutes (Table 2.1). Data-dependent LC-MS-MS
acquisition was for 85 minutes from the gradient start. Each MS cycle consisted of a 250 msec
precursor-ion scan from 400 to 1,600 m/z followed by fragmentation of up to 30 selected ions
for 30 msec each to generate MS/MS spectra of 100 to 1,500 m/z (cycle time 1.2 sec). Switch
criteria applied were +2 to +5 ions, of intensity >500 cps, with a rolling exclusion time of 15
sec. Buffer A and Buffer B used for LC-MSMS gradient consisted of water plus 0.1% formic
acid and ACN plus 0.1% formic acid, respectively.

Table 2.1 Buffer concentrations of LC-MSMS gradient used for CO,-trapping experiments

Time (min) 0 60 77 79 82 84 90

YA 97 70 60 20 20 97 97
%B 3 30 40 8 8 3 3

For 13CO,-trapping experiment, LC-MS analysis was performed as above, but with next
differences:MS1 precursor scan 250 msec 400-1600 m/z, switch criteria applied were +2 to +5
ions, of intensity >400 cps, with a rolling exclusion time of 12 sec, MS2 = top 10, for 100 msec
each to generate spectra 100- 1600 m/z, MS acquisition time, 35 minutes from gradient start,
cycle time = 1.3 sec. Buffer gradient used for'C-trapping LC-MSMS was as follows:

Table 2.2 Buffer concentrations of LC-MSMS gradient for '3CO,-trapped protein

Time (min) 0 18 23 25 29 31 40

T A 97 75 65 20 20 97 97
%B 3 25 35 8 8 3 3
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2.2.4 LC-ESI-MS Data analysis by de novo sequencing

The PEAKS Studio 10.5 (Bioinformatics Solutions, Waterloo, Ontario, Canada) software was
used to analyse MS/MS spectra. Raw data (.raw and .wiff) were converted to *.mgf peak lists
using MSconvert [36]. Data refinement of the Synechocystis sp. PCC 6803 or Synechococcus
sp. PCC 7002 FASTA file was performed before de novo sequencing by correcting precursor
scans according to mass and charge states (minimum and maximum charge states = 2 and
8, respectively). PEAKS de novo sequencing was performed with precursor and fragment
error tolerance values of 15 ppm and 0.01 Da, respectively. Trypsin was used as a protease
allowing three maximum missed cleavage. Carbamidomethylation was set as fixed modification;
carboxyethylation and ethylation were set as variable modifications. A maximum of three
variable modifications per peptide was allowed. Subsequently, PEAKS DB, which is a database
search module in PEAKS Studio 10.5, was used in the second step to identify peptide spectrum
matches (PSMs) from existing protein databases [39]. The Synechocystis sp. PCC 6803
(Proteome ID UP000001425) or Synechococcus sp. PCC 7002 (Proteome ID UP000194437)
protein database retrieved from the Uniprot website was used as a reference database. To
determine a confidence threshold for PSMs, the PEAKS-embedded target-decoy approach,
“decoy fusion”, was used to estimate the FDR of the PEAKS DB result.

To detect single amino acid substitutions, the LC-MS/MS dataset was searched using the
SPIDER software, integrated with the PEAKS software, against the Synechocystis sp. PCC
6803 reference database. The PSMs reported by SPIDER were filtered to 1%. The de novo only
score was set to 80%, and post-translational modifications (PTMs) scores were set to >20. In
addition, scores for all identified proteins using the PEAKS/SPIDER algorithm were given as a
—10log p—value, with a minimum score of 30 and at least a single and significant peptide per
protein group. PTMs and single amino acid substitution (SAS) was only considered significant
if the following criteria were met: a) spectra with well-defined “b” or “y” series at the position
of the substituted amino acid; b) mutation ion intensity of at least 1%. Therefore, all peptide
matches from both PEAKS DB and SPIDER search modules were manually verified to ensure

quality before being included as valid PTM or SASs in the final peptide list.
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2.3 Molecular Biology

2.3.1 Synechocystis sp. PCC 6803 cultivation conditions

The cyanobacterium Synechocystis sp. PCC 6803 wild type and its K6A ApcA and K6E ApcA
mutant, were grown for 4-8 days at 30°C with constant shaking in standard liquid BG-11
medium under continuous Philips cool-white fluorescent light of 30-40 gmol photons per m?
s'l. BG11 medium was prepared using Cyanobacteria BG-11 Freshwater 50X Solution (SKU

C3061-500 mL) from Sigma Aldrich.

Before the assay procedures, cells were harvested by centrifugation at 3000 rpm for 10
minutes and washed in fresh BG11 media, pH 8.0.

2.3.2 Synechocystis sp. PCC 6803 growth curve measurements

The culture growth was characterized at 30°C. The light intensities used for the growth curves
characterization were 30 pmol(photons) m™? s™' of white light. Starting ODggg of all the batch
experiments was 0.005. Each batch experiment (with a set pH of 8.0) lasted up to 312 h, and
samples were taken at 8-h and 24-h intervals. For sampling, we withdrew 2 mL of liquid using
a syringe inserted through a tube that reached midway into the culture. Optical density (OD)
was measured immediately by a spectrometer at 730 nm (Synergy H4 Plate Reader or Cary
5000 UV-Vis-NIR).

2.3.3 Synechocystis sp. PCC 6803 protein extraction

The cyanobacterium Synechocystis sp. PCC 6803 was cultivated in BG-11 liquid medium (250
mL) as in 2.3.1 with a pH of 8.0 at 28°C. The light was provided by 18W Philips fluorescence
above flasks on an orbital shaker. 100 mL of cells were harvested at OD73¢,, mid-exponential
phase, centrifuged (15 min) at 3745 g. The pellet was resuspended with 5 mL phosphate-
buffered saline (PBS) pH 7.4 and sonicated three times for 2 minutes at a frequency of 250 W
(20 kHz). The protein solution was centrifuged for 10 min at 3745 g, and the remaining pellet
was resuspended in PBS.
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2.3.4 PBSs isolation

The PBSs were isolated according to the method of Ducret et. al 1996 with small modifications
[23]. Synechocystis cells were harvested by gentle centrifugation at 4000 rpm for 25 min
(Beckman JA-25 ROTOR, 18°C). Cells were suspended in isolation buffer (0.9M Potassium
phosphate, 2 mM EDTA, 1 mM sodium azide, pH 7.0) and passed four times through French
press CF1 Cell Disrupter from Constant Systems Limited at 40 000 psi. A final concentration of
1 mM Pefabloc and 2% v/v Triton X was added to release the PBSs complex from the thylakoid
membrane. After one hour of incubation (20°C) with gentle rolling, the unbroken cells and
debris were removed by centrifugation at 20 000 rpm for 25 min (4°C, JA 25.50 Beckman
Rotor). The supernatant was loaded onto a linear (0.5-2 M) sucrose density gradient in 0.75
M Potassium-phosphate buffer (pH 7.6) for ultracentrifugation at 21 000 rpm for 18h at 20°C
(SW41Ti Beckman Rotor). The material was collected from the 1.2 M sucrose zone using a

thin needle.

2.3.5 DNA quantification

For estimation of DNA and protein concentration, 2L of the sample was used and read at 260
nm and 280 nm, respectively, using a NanoDrop™ 2000/2000c Spectrophotometer and the
inbuilt software to automatically estimate the concentration of double-stranded DNA or using

an extinction coefficient of respective protein for estimation of protein concentration.

2.3.6 Synechocystis sp. PCC 6803 DNA extraction

10 mL of Synechocystis cells were harvested during the late-exponential growth phase (day 7 to
day 14 of growth) and pelleted at 12 000 g for 2 min and resuspended in 500 uL of Milli-Q
water. The suspension was incubated at 98°C for 10 min and then pelleted at 16 000 g for 10

min to yield a crude preparation of genomic DNA in the supernatant.
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2.3.7 Genotyping of Synechocystis sp. PCC 6803

Allophycocyanin (apcA) sequence of different Synechocystis sp. cell lines were examined by
Polymerase Chain Reaction (PCR) to confirm nucleotide substitution from CRISPR-cpf1 editing
(Subsection 2.3.20). 50 uL PCR reactions consisting of: 1X Q5 Reaction Buffer (New England
Biolabs, Ipswich, MA), 100 ng DNA template, 0.5 uM primers, 200 uM dNTPs (Thermo
Scientific), and 1 unit of Q5 High-Fidelity DNA Polymerase(New England Biolabs, Ipswich,
MA). apcA was amplified with primers MJC 1039 (5 CGGAGGAATCCATCCATGAG 7’) and
MIC 1040 (5> ATACAAGCCGCATAGCGAC 7’). The primers used were designed based on
conserved nucleotide sequences of apcA available in the UniProt database (Accession number
B1XQM2).

The amplification program was set with 35 cycles of 1 min denaturation step (98°C), 1 min
annealing step (62°C), and 1 min elongation step (72°C) using Mastercycler® nexus X2. The
35 cycles were appended with initial denaturation step at 98°C of 5 min and a final extension
step at 72°C for 10 min.

The 0.5 kb PCR product was purified following Monarch® PCR & DNA Cleanup Kit guidelines
and the final elution was performed with ultrapure water. At least 150 ng of purified DNA
product was sent to the Department of Biosciences Genomics Facility to sequence with primer
MIJC 1040. DNA sequencing data was analysed using SnapGene software (from Insightful
Science; available at snapgene.com). Synechocystis sp. apcA sequence was obtained from
Uniprot (Accession number B1XQM?2). Targeted data were aligned to the apcA sequence
(Accession number B1XQM?2, https://www.uniprot.org/uniprot/B1XQM?2).

2.3.8 Polymerase Chain Reaction

Reactions using Phusion or Q5 DNA Polymerase were set up on ice following the manufac-
turer’s protocol. Reactions typically contained 20 mM Tris-HCI pH 8.8, 10 mM KCI, 10 mM
(NHy4)2SOy4, 2 mM MgSOy, 1% (v/v) Triton X-100, 0.1 mg mL~! BSA, 25 pmoles of each
primer, 200uM dNTPs, 250 ng DNA template and 1 unit of Phusion or Q5 DNA polymerase.

Reactions were typically analysed by agarose gel electrophoresis.



2.3 Molecular Biology 35

2.3.9 Agarose gel electrophoresis

1%, 1.5 % or 2% (w/v) agarose gels in TAE buffer (40 mM Tris-acetate, | mM EDTA pH 8.0)
were run at 12 V cm-1. A DNA sample was mixed 6:1 (sample:buffer) with Thermo Fisher
DNA Gel loading dye (10 mM Tris-HCI (pH 7.6) 0.03% bromophenol blue, 0.03% xylene
cyanol FF, 60 % glycerol 60 mM EDTA.)before loading, DNA sizes were estimated relative
to a 1 kilobase DNA marker ladder. Visualisation of DNA was attained through the in gel
presence of ethidium bromide (0.5 ug mL~!) and a UV transilluminator.

2.3.10 Extraction of DNA from agarose gels

The DNA band was excised from an agarose gel and purified following Monarch DNA Gel
Extraction Kit guidelines. Column centrifugations were performed at 12,000g for 2 min and
DNA elution from the column by adding deionized water. Sample containing DNA was stored
at -20°C until further use.

2.3.11 Purification of plasmid DNA

A 5 mL overnight culture of E. coli was centrifuged (5,000 g, 10 min) and the pellet was pro-
cessed using a commercial Thermo Fisher plasmid miniprep kit according to the manufacturer’s

protocol.

2.3.12 Restriction digestions

40 uL restriction digests were set up on ice, contained 200 ng of plasmid DNA, and were
incubated for either one hour or overnight at 37°C with restriction enzymes (Sacl, BamHI,
Xhol, and BglII from Thermo Fisher Scientific) or 15 minutes when using High Fidelity
restriction enzymes (EcoRI and Aal from New England Biolabs). Digests contained two
different restriction endonucleases; the reaction buffer used and relative amounts of enzyme
used were determined following guidelines on the manufacturer’s website (Monarch or Thermo
Fisher) for double digests. DNA vectors were also digested in the presence of 2 U of Calf
alkaline intestinal phosphatase for dephospohorylation of 5’ and 3’ ends of DNA. Digests were
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analysed by agarose gel electrophoresis and correct DNA fragments were purified for further

use.

2.3.13 DNA ligations

10 uLL. DNA ligation reactions were set up on ice and contained 40 mM Tris-HCI1 pH 7.8, 10
mM MgCl,, 10 mM DTT, 5 mM ATP, 3 Units T4 DNA Ligase, and a 3:1 molar ratio of purified
DNA insert:vector. Ligations were incubated at room temperature for 1 hour before a 2 uL

aliquot was transformed into competent cells.

2.3.14 Preparation of chemically competent E. coli

25 mL LB medium was inoculated with 250 puL of an overnight LB starter culture and grown
with shaking (180 rpm) at 30°C were transferred to ice for 15 minutes, centrifuged (2700 g,
10 min, 4°C resuspended in 30 mL ice-cold wash solution (80 mM MgCl; and 20 mM CaCl,.
Cells were centrifuged again (2700 g, 10 min, 4°C), resuspended in 1 mL ice-cold 100 mM
CaCly, split into 50 uL aliquots in chilled micro-centrifuge tubes, and stored at -80°C.

2.3.15 Transformation of chemically competent E. coli

Frozen 50 uL aliquots of chemically competent E. coli were thawed quickly in the hand and
transferred immediately onto ice. 25 ng of plasmid DNA or 2 uL of a DNA ligation mixture
was added, gently mixed, and left on ice for 30 minutes. Cells were heat-shocked for 45 seconds
in a 42°C water bath and immediately placed back on ice for 2 minutes. 950 uL of 37°C SOC
medium (2% (w/v) tryptone, 0.5% (w/v) yeast extract, 8.5 mM NaCl, 10 mM MgCl, and 20
mM glucose) was added to the cells and then cultured at 37°C for 2 hours before plating onto

LB agar plates containing required selection agents. Plates were grown at 37°C overnight.
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2.3.16 One-step site-directed mutagenesis

Single-site mutations of recombinant allophycocyanin protein were performed following Liu
et al. protocol [49]. The primer pairs MJC985/MJC986 and MJC1029/ MJC1030 (Table 2.3)
were used in one single-site mutagenesis reactions to substitute residues Lys6 by Ala or Lys6
by Glu.

Primers were designed using SnapGene software (from Insightful Science; available at snap-
gene.com) and synthesized by Eurofins Genomics. Each primer pair contained non-overlapping
sequences at their 3’ end and primer-primer complementary (overlapping) sequences at the 5’
end. The mutation sites were placed in the complementary region. Mutagenesis PCR reactions
were performed as in 2.3.8. The PCR products were treated with 5 units of Dpnl at 37°C for 2
hours, and then 10 ul of each PCR reaction were analyzed by agarose gel electrophoresis as
in 2.3.9. An aliquot of 2 ul of full-length plasmid DNA product was transformed into E. coli
DHSa competent cells by heat-shock.

Table 2.3 Primers used for mutagenesis

Primer Direction Sequence 5’ to 3’

MJC985 Sense ATGAGTATTGTCACGGCATCCATCGTGAATGCCGAC
MIJC986 | Antisense | GTCGGCATTCACGATGGATGCCGTGACAATACTCAT
MJC1029 Sense GTCACGGAATCCATCGTGAATGCCGACGCTG

MIJC1030 | Antisense | GATGGATTCCGTGACAATACTCATGGTGAAGGGATG
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Table 2.4 Plasmids used in this study. ' Synechococcus sp. PCC 7002, 2Synechocystis sp. PCC

6803
Plasmid Recombinant protein(s) produced  Parent Vector Reference
pApcAB 'ApcA and 'ApcB pET100 Biswas et al. (2010)
pCpcBA 2CpcB and 2CpcA pCDF Duet  Biswas ef al. (2010)
pPcyA ’Hol and 'PcyA pACYC Duet Biswas et al. (2010)
pCpcUS ICpcU and 'CpcS pCOLA Duet Biswas et al. (2010)
pK6AapcA Lys6Ala mutated ' ApcA pET100 This study
pK6EapcA Lys6Glu mutated ' ApcA pET100 This study
pK6AapcAB  Lys6Ala mutated ' ApcA and ' ApcB pET100 This study
pK6EapcAB  Lys6Glu mutated ! ApcA and ' ApcB pET100 This study

2.3.17 Expression and purification of recombinant PBPs in E. coli

Plasmids used in this project are listed in Table 2.4. Some of the expression vectors used in
this project were previously described and kindly provided by Schlutchter’s group from the
University of New Orleans [9][52]. All expression constructs newly produced for this study
were sequenced at the Molecular Genetics Laboratory of Durham University to confirm that no

mutations had been introduced during PCR amplification and cloning.

Protein expression and purification were performed according to Biswas et al [9]. Expres-
sion plasmids were cotransformed into E. coli BL21(DE3) cells and colonies were selected on
Luria-Bertani (LB) medium plates in the presence of appropriate combinations of antibiotics
(Table 3.1 and Table 3.2) at the following concentrations: ampicillin (Ap), 100 ug ml™1; chlo-
ramphenicol (Cm), 34 ug ml 1; kanamycin (Km), 50 g ml 1; and spectinomycin (Sp), 100
ug mll.

For Synechococcus sp. 7002 allophycocyainin alpha subunit expression, plasmids: pApcAB,
pK6AapcAB and pK6EapcAB (Table 3.2), were digested with 10 units of Aanl from Thermo
Fisher and 60 units of EcoRI from New England Biolabs. Samples were incubated overnight
at 37°C, ran in agarose gel as mentioned in 2.2.5 and the released band of ~ 1460 bp was
gel-purified as in 2.2.6. Samples were blunted with 1uL Thermo Fisher DNA blunting enzyme
incubating at 70°C for 8 minutes. Blunted DNA was cleaned with Monarch® PCR & DNA
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Cleanup Kit and ligated at RT for three hours. The remaining vector was transformed into
BL21 cells as stated in 2.2.13.

Small scale protein expression

Recombinant PBPs were produced for in vitro spectrophotometric analysis. A 300 mL overnight
starter culture was added to 6 litres of LB medium (50 mL per litre) with the appropriate
combination of antibiotics. The culture was incubated with shaking at 37°C for 4 hours until
ODgq = 0.6. Protein translation was induced with a final concentration of 0.1 mM isopropyl-f3-
D-1-thiogalactoside (IPTG) and cooled to 28°C to reduce inclusion bodies. The cultures were
further incubated for 16 h in the dark. The next day, the cells were harvested by centrifugation
and washed with equilibration buffer (20 mM sodium phosphate, 500 mM NaCl and 20 mM
imidazole pH 7.4 buffer).

Pellets were sonicated six times at 250 W (20 kHz)for 10 seconds each time with 10 seconds
on ice intervals. After centrifugation, the lysates were loaded onto a pre-equilibrated 5 mL
HisPur™ Ni-NTA Resin (Thermo Fisher Scientific) chelating affinity columns. The column
was then washed with washing buffer (20 mM sodium phosphate, 500 mM sodium chloride and
50 mM imidazole, pH 7.4), to remove weakly bound host proteins. Finally, the recombinant
proteins were then eluted with elution buffer (20 mM sodium phosphate, 500 mM sodium
chloride and 335 mM imidazole, pH 7.4) and then dialyzed overnight with 50 mM PBS pH 8.0.
Eluate was concentrated to 2 mL with a Vivaspin 20 (Sartorius) centrifugal concentrator as per
the manufacturer’s guidelines. PBPs were then dialysed overnight with 1 litre of phosphate-
buffered saline (PBS: 10 mM phosphate buffer, 2.7 mM KCI, 137 mM NaCl, pH 7.4), following
with a second dialysis of 1 hour with fresh PBS and then stored at 4°C until needed.

Large scale protein expression

For NMR experiments (see subsection 2.4.1) large quantities (>10 mg) of PBPs were needed.
We therefore, expressed a large scale (20 L) of recombinant PBPs in E. coli.

Large scale expressions were set up in an Epiphyte3’s LEX ("Large-scale EXpression")
bioreactor allowing better aeration and temperature control. 250 mL of Terrific Broth (TB)
with appropriate antibiotics was inoculated with BL21(DE3) E. coli previously transformed

with the appropriate plasmid (section 2.3.16). 200 mL of starting culture were used to inoculate
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20 L of TB with antibiotics (10 mL per 1 L of media), and incubated at 37°C until an ODggg of
1-1.2 was reached. Cells were induced at this growth stage with 1 mM final concentration of
IPTG and incubated overnight at 18°C. The following day cells were pelleted by centrifugation,
washed with equilibration buffer and continued purification with Ni** chelating affinity and

size exclusion chromatography as in subsections 2.3.17 and 2.3.18.

2.3.18 Size Exclusion Chromatography

Size exclusion chromatography was performed at 4°C and used to separate expressed phyco-
biliproteins based on size/shape. The purified protein (section 2.3.17) was dialysed into PBS
and applied to a HiLoad®16/600 Superdex®200 pg column pre-equilibrated with PBS buffer.
The column was run at 1 ml min™1. Fractions were analysed for protein content by UV spec-
trophotometry at 280 nm, and peak fractions were analysed via SDS-PAGE gel electrophoresis
(section 2.3.19). Selected fractions were pooled and concentrated with a vivaspin 20 centrifugal

concentrator (Sartorius Biolab) as per the manufacturer’s guidelines and stored at 4°C.

2.3.19 SDS-PAGE

Protein molecular weights were assessed using sodium dodecyl sulphate- polyacrylamide gel
electrophoresis (SDS-PAGE) gel. Protein samples (10-20 ug) were made up 5:1 in loading
buffer (200 mM Tris-HCI pH 6.8, 10 mM dithiothreitol, 10% (w/v) SDS, 0.5% (w/v) bro-
mophenol blue, 20% (v/v) glycerol) and were incubated for 5 min at 95 °C to enable protein
denaturation. The samples were run on resolving gels in the range 12 — 15% (w/v) with 5%
stacking gel. A protein ladder (Pageruler™ pre-stained) was used to estimate protein size. The
gels were run in running buffer (25 mM Tris-HCI pH 7.5, 200 mM glycine, 0.1% (w/v) SDS)
at 180 V for 1 h. The gel was incubated with InstantBlue® Protein Stain with rocking for 15

minutes.
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2.3.20 Construction of markerless Knock-ins in Synechocystis sp. PCC
6803

Synechocystis sp. PCC 6803 was mutated for in vivo analysis of allophycocyanin Lys 6. Point
mutations in the gene slr2067 were created via CRISPR-cpf1.

The plasmid pSL2680 containing cpfI, the native Francisella novicida CRISPR array
and lacZ amplified from the pCrispomyces-2, was obtained as a kind gift from Himadri
Pakrasi (Addgene plasmid # 85581 ; http://n2t.net/addgene:85581).Construction of knock-ins
was performed following Pakrasi ef al. methods [92]. pSL2680 served as the base plasmid
for construction of editing plasmids. Expression of full-length pre-crRNA in pSL2680 was
constructed by cloning annealed oligos into the Aarl sites. The MJIC1006/MJC1007 annealed
oligos (Table 2.5) were ligated into the Aarl sites on pSL2680 to yield pSL2680-apcAgRNA.

PCR was used to synthesize the homology regions which were then cloned into the Kpnl
site on the plasmids containing the matching crRNA. First, the point mutation homology
region was constructed in two piece using primers MJC997/MJC999 and MJC998/MJC1000 or
MIC997/1045 and MJC998/MJC1046 (Table 2.5). The homology template was then assembled,
linearized with Kpnl and using two-step PCR to generate pSL.2680-K6AapcA and pSL2680-
K6EapcA.
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Table 2.5 Primers for APC Knock-in of Synechocystis sp. PCC 6803

Primer 7 Direction 7 Sequence 5’ to 3’ Vector
MIC1006 Sense AGAT ATTTCGTGACGATACTCATGG pSL2680
MIC1007 | Antisense AGAC CCATGAGTATCGTCACGAAAT pSL2680

MJC997 Sense CATTTTTTTGTCTAGCTTTAATGCGGTAGTTGGTACCCTTTAATAAGCTTGGGTACACAGAC | pSL2680-apcAgRNA
MJC998 | Antisense GCCCGGATTACAGATCCTCTAGAGTCGACGGTACCGGCTCACCTGTGATGCCATTG pSL2680-apcAgRNA
MJC999 Sense GCTTCTGCATCAGCATTCACGATCG ATGCCGTGACGATACTCATGG pSL2680-apcAgRNA
MIC1000 | AntiSense CCATGAGTATCGTCACGGCATCGATCGTGAATGCTGATGCAGAAGC pSL2680-apcAgRNA
MIC1045 Sense GCTTCTGCATCAGCATTCACGATCGATTCCGTGACGATACTCATGG pSL2680-apcAgRNA
MIC1046 | AntiSense CCATGAGTATCGTCACGGAATCGATCGTGAATGCTGATGCAGAAGC

pSL2680-apcAgRNA
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2.3.21 Synechocystis natural transformation

25 ml liquid BG11 medium was inoculated with Synechocystis sp. PCC 6803 and grown to
an OD7s( of 0.5-0.8 under continuous illumination at a light intensity of 20 pmol/m?/s at
28°C and permanent agitation (150 rpm). 10 ml of the cell culture was centrifuged (5 min,
20°C, 2000 x g), and the cell pellet was resuspended in 5 ml BG11 medium and equally
distributed between five sterile 15 ml-reaction tubes. DNA (3 to 5 ug of circular plasmid
DNA) was added, and cells were gently mixed by tapping and incubated in darkness at 28°C
overnight. Following dark incubation, 200 ul of cells were plated on BG11 agar plates lacking
antibiotics and incubated in continuous light at a light intensity of 20 pmol/m?/s at 28°C. After
2 days of incubation under constant light, the agar plates were supplied with kanamycin at
a 15 pg/ml concentration to the bottom of the petri dish. Plates were sealed with parafilm
and further incubated under continuous illumination as before. Colonies appeared after 2
to 3 weeks. To achieve complete segregation, single colonies were picked and streaked on
BG11 plates containing the appropriate antibiotics. When cells were grown (about one to two
weeks), cells were streaked again on new BG11 plates containing the appropriate antibiotics.
This successive streak purification was repeated for at least four rounds (in total) to ensure
segregation. Positive clones were maintained on BG11 agar plates containing appropriate
antibiotics under continuous illumination (20 /Jmol/mz/s) and were re-streaked at 2-week

intervals.

2.3.22 Synechocystis conjugal transformation

E. coli was employed to transfer circular plasmids to Synechocystis sp. PCC 6803 by conjugal
transformation. Synechocystis sp. was cultivated as in 2.3.1. E. coli with cargo plasmid

pSL2680 and E. coli with conjugal plasmid pRL443 were grown overnight at 37°C.

E. coli cultures were pelleted (10 ml cargo and 10 ml helper) at 3000 rpm for 10 mins and
washed in 10 ml LB media without antibiotics. Cargo and helper cultures were combined,
rewashed and resuspended in 200 ul. Cyanobacterial cultures (50 ml at late exponential phase)
were centrifuged at 3000 rpm for 10 min at room temperature, resuspended in 5 mL of BG11
media. Further cell dilutions(1:1, 1:50 and 1:100) were prepared in a final volume of 1 ml.

To set up conjugational cultures, 200 ul of E. coli cargo/helper culture were mixed with 100 ul

of a given dilution of cyanobacterial culture in an Eppendorf tube and incubated for 30 min to
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5 h at 30°C before plating. Next, 300 ul of the E. coli and cyanobacteria mix were poured into
BGI11 agar plates without antibiotics and incubated for 2 days at 30°C with light. Finally, the
antibiotic was added under the plate as in 2.3.21 and incubated at 30°C with light for 10 days

until colonies appeared.

2.3.23 Cryopreservation of cyanobacteria
Freezing

10 mL of Synechocystis sp. PCC 6803 liquid culture from the late exponential phase were
harvested by centrifugation at 2000 rpm for 30 minutes. Sterile Dimethyl sulfoxide (DMSO)
was used as a cryoprotectant. This cryoprotectant was added to the BG11 liquid sterile medium
to a final concentration of 50% BG11 and 5% DMSO. Cyanobacteria pellets were resuspended
by pipetting in the dark in BG11-DMSO sterile solution (3 mL). Aliquots (1.5 mL) of the
resulting suspensions were dispensed into 2-mL cryogenic vials (Corning Inc, USA), and held
for 45 min in an ice bath. Vials were set in a styrofoam container and cooled to —20°C in a
freezer for 4 h, transferred to —80°C freezer o/n and subsequently stored kept at —150°C in

chest freezer.

Thawing

Cyanobacteria cultures to be revived were removed from —150°C chest freezer storage and
warmed rapidly to room temperature by immersing the vials in a 35°C water bath. Cells were
immediately pelleted by minimum RCF centrifugation of the cryovial, and the supernatant was
discarded. Next, one ml of fresh BG11 growth medium was placed into the vial to suspend the
pellet carefully. The cryovial lid was slightly loosened to allow gas exchange, and the contents
of the vial were kept in complete darkness for 1-2 days. The culture was then incubated in
liquid growth media under normal growth conditions. Viable cells began normal growth within
1 - 2 days.
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2.3.24 Protein Quantification

Bradford assay

Standards were prepared with bovine serum albumin (BSA). Bradford reagent was added (1 mL
to 20 uL sample) and the samples incubated for 15 min at RT. The absorbance was measured
at 595 nm and the values plotted to generate a standard curve. This curve could then be used to

measure unknown sample protein concentrations within this range.

Bicinchoninic acid (BCA) assay

Standards were prepared with bovine serum albumin (BSA). Samples (25 uL) were then
incubated with a BCA working reagent (Pierce™) (200 uL) for 30 min at 37°C and then
the absorbance measured at 562 nm. The blank measurement was subtracted from the other
readings and the measurements plotted as a standard curve. This curve could then be used to

measure unknown sample protein concentrations within this range.
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2.4 Spectroscopy Analysis

2.4.1 Nuclear Magnetic Resonance (NMR)

Unless stated otherwise, recombinant allophycocyanin alpha subunit and K6A mutant samples
consisted of ApcA (= 0.55 mM) prepared in phosphate saline buffer (700ul), pH 7.4, 25 or 50
mM NaH'3>CO3 with 20-50% D,0. Samples were prepared using 5 mm tubes fitted with a J.
Young cap to shield the sample from the variations in atmospheric pressure that could affect

the hydrogen carbonate dissolved in the sample.

NMR experiments were acquired with a Varian 600 MHz MHz spectrometers equipped
with Agilent OneNMR Probe able to deliver a maximum pulsed-field gradient strength of 62 G
cm™!.

To check the presence of small molecule impurities that could interfere with the process
under study, a 'H spectrum was acquired. The strong interfering water signal was eliminated
using the Robust-5 pulse sequence [2]. Thirty-two scans were collected each comprising 65
536 complex data points and a spectral width of 10 kHz. The repetition time was 6.3 s, of
which 3.3 comprised the acquisition time. The W35 inter-pulse delay was set to 240 ps. In all
cases rectangular 1 ms pulsed-field gradients were used with a strength of G1 = 28.3 G cm’!
(first pair) and G2 = 4.9 G cm’! (second pair). The gradient stabilization delay was 0.5 ms. The
first pair of lock pre-focusing field gradients were separated by a 1.5 ms delay from the first

radio-frequency pulse.

'H experiments were recorded in 12h collecting 131072 complex points. The repetition
time was 6.7 s, of which 1.7s comprised the acquisition time. The excitation pulse angle was

set to 45 degrees.

2.4.2 Optical Spectroscopy Measurements

Absorption spectra and fluorescence spectra were obtained using a Synergy H4 Plate Reader,
Cary 5000 UV-Vis-NIR or Fluorolog®-3 with FluorEssence - HORIBA.
The absorption spectra were recorded from 500 nm to 700 nm at room temperature, with a

bandwidth of 1 nm, and a scan speed of 240 nm/min. The fluorescence emission spectra were
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recorded with excitation at 590 nm or 610 nm. The emission slit widths were set at 3 nm,
and the scan speed was 240 nm/min. Sample concentrations were adjusted to an absorbance
between 0.05 — 0.1 at the absorption maximum of each protein. Spectral responses were
analysed with and without the presence of NaHCO3 or NaCl. Spectral ranges used for the

different experiments are summarized in Table 2.6.

2.4.3 Photoluminescence Quantum Yields

The photoluminescence quantum yields (PLQY) were recorded with a Fluorolog®-3 spectroflu-
orometer (HORIBA Scientific) and a Quanta-¢ F-3029 Integrated Sphere at room temperature
in 1 cm x lcm quartz cuvettes. The sample is placed in the integrating sphere, and excited with
appropriate wavelength of light. The quantum yield, @ , is, by definition, photons emitted to
photons absorbed:

where E, is the integrated luminescence of the sample caused by direct excitation, and E,
is the integrated luminescence form an empty integrating sphere (only a blank). The term L. is
the integrated excitation profile when the sample is directly excited by the incident beam. L, is
the integrated excitation profile from an empty integrating sphere (without the sample, only a
blank). Measurements were determined in phosphate saline buffer and sample concentrations
were adjusted to an absorbance of ~0.1 at the maximum fluorescence. PLQY (¢) resulted in an
average of four scans. The spectral ranges used in this study to record the fluorescence spectra
are listed in Table 2.6.

2.4.4 Time-resolved Fluorescence Lifetimes

To measure the time-resolved fluorescence from Synechocystis cells a 3.5 mL Suprasill quartz
material (QS) 10 x 10 mm path length cuvette (Hellma) was employed. The cuvette was
placed inside the sample chamber of a HORIBA Scientific DeltaFlex fluorescence lifetime

spectrometer.
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Table 2.6 Spectral wavelength ranges (nm) used for characterization or testing of Allophyco-
cyanin properties

Assay Absorbance range Fluorescence range PLQY
EX EM EX EM
PBSs 500-700 500-675  500-700 >70  610-750
610 620-750
Recombinant PBPs 500-700 500-685 600-720 615 620-750
Synechocystis sp. PCC 6803 400-800 600-800 580 590-750

The experiment was performed by placing 2 mL of Synechocystis sp. PCC 6803 culture
from exponential phase diluted to 10 pg/mL of Chl a in the quartz cuvette. A final concentration
of 1 mM NaCl or NaHCO3 was added and, fluorescence decays measured. The cyanobacterial
culture was previously exposed to light for 20 minutes to induce inorganic carbon (Ci) starvation.
The time required for starvation was estimated using a Clark type electrode, the liquid culture

was withdrawn when the rate of oxygen evolution reached 0 nmol/min.

The DeltaFlex was operated in Kinetic TCSPC mode and allowed for the collection of up to

10 000 sequential fluorescence counts, from data-acquisition times ranging from 1 ms to 1 min.

A data-collection time of 10 ns was used, and 10 000 decays were collected, along with
the instrumental response to analyze the data using reconvolution analysis. Data analysis was
performed in a batch mode using DASG6 analysis software (HORIBA Scientific). The excitation
source was a DeltaDiode-425L operating at a repetition rate of 100 MHz. Detection was at 600
and 690 nm using a PPD-650 detection module. The instrument response was measured using

the same cell, but with 1 mL of Ludox® used as a scattering solution.

2.4.5 Circular dichroism

Circular dichroism spectra were recorded on a Jasco J-1500 spectropolarimeter equipped with
a mini-circulation bath and Peltier stage, using a 1 mm quartz cuvette.

Circular Dichroism spectra for secondary structure determination of allophycocyanin alpha
subunit and K6A mutant was measured from 190 nm to 240 nm with 200 ul of protein in
phosphate saline buffer, pH 7.4, at a concentration of 0.3 mg/mL.

For the chromophore interaction experiment, 300 ul of respective protein with a final concen-
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tration of 1 mM of NaCl or NaHCO3 was added to the quartz cuvette, and CD spectra were
detected from 500 to 700 nm.

2.4.6 Steady-state oxygen evolution measurements

The PSII-mediated activity of the whole linear electron transport chain was evaluated according
to the measurements of the light-dependent oxygen evolution by the cell suspension in culture
medium (chlorophyll concentration was between 5-10 g per mL) by a Clark-type oxygen
electrode (Oxygraph, Hansatech Instruments) in a 3 ml stirred cuvette maintained at 25 °C. The
high power 100 W lamp with a Hama 55mm Variable Neutral Density Filter were used for the

illumination (range of light from 0 to 700 umol m s™!).

2.5 Statistical analysis

All error bars represent the 95% confidential intervals (CI). All statistics and graphical analysis
were performed using GraphPad Prism 8 (GraphPad Software, inc.). All data shown are

representative of at least three independent experiments (unless otherwise stated).






Chapter 3

Cyanobacterial carbamate discovery

3.1 Overview

As previously mentioned in Chapter 1, CO; reacts rapidly with neutral amines to form carba-
mates at physiological temperatures and pressures. Carbamylation PTM has been shown to be
implicated to a broader extent as a biological regulatory system. In plants, the identification of
carbamates in the A. thaliana proteome has been reported [48]. In algae, protein carbamate has
been shown to constitute about 50% of the intracellular CO,/HCOj3™ in E. gracilis [96]. How-
ever, which proteins interact with CO, in algae or cyanobacteria, have not yet been identified.

There is little knowledge of carbamylation as a PTM in these organisms.

This Chapter reveals the discovery and validation of a photosynthetic cyanobacterial carba-
mate. This investigation followed the trapping technology described by Linthwaite et al. using
triethyloxonimum tetrafluoroborate (TEO) to identify carbamates within a cyanobacterial pro-
teome. We hypothesized that cyanobacteria have significant CO,-binding sites as carbamates in
their proteome that can be identified by mass spectrometry proteomics analysis. This Chapter
includes previous work on the identification of a CO,-binding site in cyanobacterial protein
lysate. The carbamate search in cyanobacterial protein lysate involved attempts to minimize
the probability of a false positive occurring. Regardless, confirmation that the carbamate is
forming on an isolated and purified protein was used to validate data from mass spectrometry.
To validate the site of carbamate formation, a mutant protein was expressed in E. coli featuring

a substituted lysine residue to alanine as a negative control. Mass spectrometry carbamate
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formation data was confirmed by '3C-NMR-spectroscopy, where Lys carbamate specificity was

corroborated with the removal of '3C-NMR carbamate peak in the protein of our interest.
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3.2 Previous Work

The presence of CO,-binding sites in a plant proteome was shown by a prior study of *CO,
trapped via TEO on Arabidopsis thaliana whole protein lysate. Thus, Cann and Linthwaite
hypothesized that cyanobacteria would also have CO,-binding sites as carbamates PTMs in
their respective proteome. For this study, Synechocystis sp. PCC 6803 (Synechocystis) was
used as a cyanobacterial model organism. It was chosen for CO, carbamate screening as it is

likely to identify proteins crucial for CO; interactions.

Triethyloxonimum tetrafluoroborate (TEO) was used as the ethylating reagent for carbamate
trapping following Linthwaite et al. previous work [47]. TEO has a half-life of 7.4 min [41].
When using this reagent, the solution’s pH is reduced caused by the formation of H* ions. To
maintain pH within a 7.4-7.6 range, we, therefore, used a pH-stat, which allowed the slow
addition of 1 M sodium hydroxide (NaOH) during the reaction to keep pH close to physiological

conditions.

For the initial cyanobacterial carbamate screening, a protein lysate from Synechocystis was
incubated with 20 mM NaH!'4COj3 and trapped with TEO. Likewise, a small amount of '*CO,
was introduced into the protein extracts without TEO. In the absence of TEO, the inability
to detect protein-bound '“CO, is likely due to the ready reversibility of carbamylation that
results in the sample being degassed during preparation for analysis. The protein lysate trapped
with TEO contained significant '*CO, (Fig. 3.1A). We concluded that Synechocystis protein
extract contains carbamylated CO»-interacting proteins exchangeable with the environment at
labile sites. Therefore, we proceeded to identify carbamate sites with LC-MS/MS to determine

proteins that could associate CO, sensing with photosynthesis.

For Synechocystis carbamate identification, soluble protein lysate was equilibrated with
CO,/HCO3" at pH 7.4, and TEO was applied to trap carbamylated proteins within the proteome.
Trypsin was used to digest the trapping reaction mixture, and samples were analyzed by ESI-
MS/MS. Data for variable post-translation modifications on lysine with a mass of 72.0211 Da
(trapped carbamate) and 28.0313Da (O-ethylation on glutamate and aspartate side chains) by
this stage of the project were examined using Tandem software.
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Fig. 3.1 CO, binds ApcA. A. Identification of exchangeable CO,-binding sites on Synechocystis
protein lysate. '#CO, trapped onto protein lysate of Synechocystis sp. PCC 6803 (*p=0.002,
two-tailed t-test, n = 4-5 independent replicates, t = 4.794, df =7, £95% C.1.).B. Identification
of exchangeable CO,-binding sites on ApcA by MS-MS. Plots of relative fragment intensity
versus mass/charge ratio (m/z) for fragmentation data from MS-MS identifying ethyl-trapped
carbamate on whole Synechocystis sp. PCC 6803

The open reading frame Slr2067 was identified with a lysine carbamylation site (MSMS
peptide amino acids 2-16 SIVTKSIVNADAEAR, suggested carbamylation on K6) (Fig. 3.1B).
The K6 carbamate modifications were identified on the peptide’s internal lysine residue, a
so-called missed cleavage. Carbamylation destroys the positive charge of trypsin on the lysine
necessary for determining the cleavage site. The lysine’s missed cleavage adds confidence to

discovering carbamates on SIr2067 K6, as a missed cleavage is rare for trypsin.

The gene slr2067 encodes the allophycocyanin-alpha subunit (ApcA). ApcA represents the
o-subunit of the allophycocyanin ()3 trimer and has a critical function in electronic energy
transfer (EET) from the PBS antennal proteins terminal pigment to the photosystem. Once Lys
6 was identified as a potential carbamate site under comparable physiological conditions, we

aimed to confirm carbamylation in isolated PBSs material.
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3.3 PBSs carbamate trapping

3.3.1 Isolation of PBSs

Proteomic analysis of a protein lysate from Synechocystis identified a carbamate PTM on
Lys 6 of the phycobilisomes (PBSs) component protein, ApcA. I first sought to confirm this
finding by investigating the ApcA K6 carbamate PTM in purified PBS samples. For this aim,
Synechocystis cells were disrupted, and PBSs were isolated by ultracentrifugation (Fig. 3.2A),
followed by sucrose density centrifugation (Fig. 3.2B). PBSs were collected from the 1.2 M
sucrose concentration zone using a thin needle and dialyzed with PBS buffer (pH 7.4) after
extraction. PBS complexes were visualized over the purification through their characteristic
blue colour (Fig. 3.2).

Fig. 3.2 Isolation of phycobilisomes from Synechocystis sp. PCC 6803 A. Pellet obtained after
unbroken cells and debris removal by ultracentrifugation. B. Tube containing PBSs in a sucrose
density gradient.

The PBS complex component proteins were assessed by SDS-PAGE electrophoresis on
a 15% resolved polyacrylamide gel. The polypeptides identified by SDS-PAGE (Fig. 3.3)
were consistent with those previously described for Synechocystis [97]: ApcE (100 kDa), FNR
(48 kDa), rod linkers, CpcC1 and CpcC2 (35 and 33 kDa), CpcG1 rod-core linker (27 kDa),
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o and B sub-units of PC (19.8 and 17.6 kDa, correspondingly), the ApcA (17.2 kDa) and
ApcB subunit (16.2 kDa),the small rod-distal(CpcD, 9.3 kDa),and core-distal(ApcC, 7.7 kDa)
linker polypeptides. Therefore, we conclude that the PBS complex has been purified and is

appropriate for use in CO;-trapping experiments.
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Fig. 3.3 Polypeptide composition of the PBS from Synechocystis analysed by SDS-PAGE.
Molecular mass markers (M) are indicated in kDa. FNR (48 kDa), rod linkers, CpcC1 and
CpcC2 (35 and 33 kDa), CpcG1 rod-core linker (27 kDa), o and 8 sub-units of PC (19.8
and 17.6 kDa, correspondingly), the ApcA (17.2 kDa) and ApcB subunit (16.2 kDa), the
small rod-distal(CpcD,9.3 kDa), and core-distal(ApcC,7.7 kDa) linker polypeptides bands are
indicated.
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3.3.2 PBS TEO carbamate trapping

To confirm Synechocystis potential carbamate site, isolated PBSs (5 mg) in PBS pH 7.4 were
trapped with TEO in the presence of 1 mM NaHCO3. Trypsin was used to digest the trapping
reaction following the FASP method (Section 2.2.1). Protein peptides were fragmented by
Electrospray ionization (ESI) and identified by tandem mass spectrometry (MSMS).

The extensive complex protein MSMS data obtained from LC-ESI-MSMS was analyzed
using PEAKS Studio 8 Software (Bioinformatics Solutions Inc., Waterloo, Ontario, Canada).
Data were searched against the NCBI Synechocystis sp. PCC 6803 protein database. Carba-
mates hits were searched for in PEAKS by searching for a carbamate mass with the addition of
an ethyl group (carboxyethyl PTM with a mass shift of 72.0211 Da, Section 2.2.4). In addition
to PTM software’s assignment, a manual validation was performed to ensure correct peptide

identification.

PEAKS analysis under a peptide False Discovery Rate (FRD) of > 4.7% detected twelve
proteins from the PBS trypsin digest with a > 40% peptide coverage. Each peptide identification
software’s core is a scoring function that evaluates the matching quality between a peptide
and an MS/MS spectrum. For every MS/MS spectrum in the data, the software searches
the protein database to find a peptide that maximizes the peptide-spectrum matching score.
The match between the spectrum and the highest-scoring peptide is usually referred to as a
peptide-spectrum match (PSM). To control the resulting quality, the PSMs are sorted by their
scores. By choosing a proper score threshold, the quality of the PSMs above the threshold can
be satisfied. The false discovery rate, or FDR, is defined as the ratio between the false PSMs
and the total number of PSMs above the score threshold. [90].

Within the proteins identified, two proteins were found to have a lysine carboxyethyl PTM
(mass shift of 72.02 Da): Allophycocyanin alpha chain (Accession Q01951, -101gP=294.69)
and C-phycocyanin alpha chain (Accession Q54715, -101gP=395.04).
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Fig. 3.4 Coverage of the native ApcA from isolated PBS tryptic digests identified using PEAKS
Studio 8 software. The sequence corresponding to ApcA is shown in black coloured font. The
coverage of tryptic peptides identified are highlighted; these are representative of a total of 37
peptides identified in CpcA. PEAKS confident PTM sites are shown (Ascore>200).

Allophycocyanin a-chain (ApcA) was identified with a 90% peptide coverage (Fig. 3.4).
Lysine carboxyethylation was found at the first peptide of the protein. Carboxyethyl Lys 6
missed cleaved peptide MSIVTK (+72.02)SIVNADAEAR(+28.03) had a confident modification
site Ascore=1000 and peptide score -101gP=16.73 (Fig. 3.5). PEAKS determines PTM sites
by the presence of site-determining fragment ions. One can determine confident modification
sites by selecting a threshold of the modification Ascore, which calculates an ambiguity score
as -10 x log10 P. The p-value indicates the likelihood that the peptide is matched by chance.
Therefore the higher Ascore, the better [34][7].

Sequence=MSIVTK(+72.02)SIVNADAEAR (+28.03), Scan 3710, mfz=602.3261, z=3, RT=16.73, -10igP=18.17, ppm=9. 1, by PEAKS DB v
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Fig. 3.5 MS/MS spectra of ApcA peptide with missed cleaved carboxyethylated lysine. Series
of y- and b-ions are highlighted in blue and red, respectively. Lowercase k represent the
carboxyethylated lysine residue, Lowercase r represent an ethylated arginine residue.

In addition to ApcA Lys 6 carboxyethyl modification, CO, mediated PTM was found at the
Lys 2 residue of the C-phycocyanin alpha chain in Synechocystis PBSs. The protein coverage
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was of 83% (-101gP = 434.74) with 73 unique peptides (Fig. 3.6). A carboxyethyl modification
was found at the peptide sequence MK(=72.02)TPLTEAVSTADSQGR (-101gP=74.45) shown
in Fig. 3.7.
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Fig. 3.6 Coverage of the native CpcA from isolated PBSs tryptic digests identified using
PEAKS Studio 8 software. The sequence corresponding to CpcA is shown in black coloured
font. The coverage of tryptic peptides identified are highlighted; these are representative of a
total of 37 peptides identified in ApcA. PEAKS confident PTM sites are shown (Ascore>200).
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Fig. 3.7 MS/MS spectra of CpcA peptide with missed cleaved carboxyethylated lysine. Series
of y- and b-ions are highlighted in blue and red, respectively. Lowercase k represents the
carboxyethylated lysine residue.

Potential carbamate formation was identified in lysines of ApcA and CpcA from Syne-
chocystis purified PBS with CO, trapping. We chose ApcA’s modification site for further
investigation as we had previously identified ApcA Lys 6 carbamate site in Synechocystis

lysate.
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3.4 Recombinant Allophycocyanin carbamate trapping

The identification of ApcA Lys 6 from the PBSs sample supported cyanobacterial water soluble
protein lysate carbamate site identification. However, challenges across the protein digest and
peptide purification methods led to a reduced ion coverage of the peptide modification. Initial
protein concentrations may have been a limitation for this matter. Thus, we sought to produce
recombinant APC protein to increase the concentration of digested carbamates from trapping.
In addition, to validate the carbamate formation in Lys 6 with '3C-NMR, ApcA Lys 6 was
mutated to alanine, which is not capable of forming a carbamate. This section, will present
the expression and purification of recombinant WT and mutant APC, as well as the carbamate

trapping and validation of carbamate formation in recombinant APC protein.

3.4.1 Production of a mutant APC protein

Hypothesized carbamylation site Lys 6 of ApcAB was mutated to Ala and Glu for the expression
of recombinant proteins. First, one site-directed mutagenesis was performed as mentioned
in section 2.3.16, to obtain a mutated construct. Next, PCR was conducted to amplify the
complete pApcAB plasmid (Table 2.4) using primers MJC985/MJC986 that yielded plasmid
pK6AapcAB; and primer pair MJC1029/MJC30 (Table 2.3) that produced pK6EapcAB. The
correct size of the resulting construct was verified by running 10 pl of amplicon in a 2% agarose
gel (data not shown). Finally, the mutated plasmids were sequenced and aligned to pApcAB

construct to confirm a correct single-site mutation of Lys 6 to Ala or Glu.

Plasmids pK6AapcAB and pK6EapcAB were co-transformed with plasmids pCpcUS and
pPcyA into E. coli BL21 (DE3) cells (Table 3.2) and; grown on a large scale under the conditions
developed for the wild-type ApcAB to produce ApcABX®4 and ApcABXCE (Subsection 2.3.17).
Proteins were purified (Subsection 2.3.17) and used for CO; trapping and in vitro experiments.

3.4.2 Co-transformation of E. coli

To further investigate ApcA carbamate Lys 6 site by trapping CO, with TEO, the trimeric

(af)3, monomeric (af3) and at-subunit of allophycocyanin were expressed in E. coli.
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Allophycocyanin exists in the core of the PBSs in a trimeric form. ApcA and ApcB forms
each monomer of the trimer. For the recombinant expression of allophycocyanin trimeric and
monomeric form, three plasmids were co-transformed into BL21 (DE3) cells (Section 2.3.15)
using 100 ng of total DNA. For this, plasmid pPcyA was first transformed into BL.21 cells and
made chemically competent. BL21 with pPcyA was then co-transformed with 50 ng of each
plasmid described in Table 3.1 and Table 3.2.

Table 3.1 Plasmids for PBPs expression of Synechococcus sp. PCC 7002 and Synechocystis sp.
PCC 6803. APC: Allophycocyanin, PC: Phycocyanin.

PBP | Plasmids co-transformed | Antibiotic | Reference
pApcAB Ap
'APC (o and B) pPcyA Cm
pCpcUS Km '
pCpcBA Sp Biswas et al. (2010)
?PC (a and B) pPcyA Cm
pCpcUS Km
PApcA Sp This study
o APC chyA Cm .
pCpcUS Km Biswas et al. (2010)

Table 3.2 Plasmids for Lys 6 mutated PBPs of Synechococcus sp. PCC 7002. PBP: Phyco-
biliprotein, PC: Phycocyanin, APC: Allophycocyanin.

Mutation | PCB | Plasmids co-transformed

pK6AapcA
OAPC pCpcUS
pPcyA
pK6AapcAB
afAPC pCpcUS
pPcyA
pK6EapcA
OAPC pCpcUS
pPcyA
pK6EapcAB
afAPC pCpcUS
pPcyA

Lys 6 by Ala

Lys 6 by Glu
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3.4.3 Recombinant Allophycocyanin expression in E. coli

BL21 (DE3) cells were used to express Allophycocyanin monomers. APC trimers (@ f3); are
self-assembled by three monomers (o f3) initiated with the junction process of & and 8 subunits;
trimers were formed in vitro at high concentrations of monomers. Chromophorylation of AP
and PC subunits were assessed by the CpcS-I/CpcU bilin lyase by attaching chromophores to
the Cys-81 positions of ApcA and ApcB [85].

The plasmids used to express recombinant allophycocyanin and phycocyanin were donated
from Biswas et al.. Their study showed that the heterologous CpcS-1/CpcU-type bilin lyase
was required for maximal and correct PCB addition to ApcA. Also, the heterologous in vivo
expression system using PcyA from Synechococcus sp. strain PCC 7002 and Hol from
Synechocystis sp. strain PCC 6803 was very efficient for PCB biosynthesis, which generates
large amounts of PCB in E. coli [9].

For this study, a three-plasmid system was used to reconstitute recombinant APC. All
plasmids were maintained in cells by continuous selection with Ap, Km and Sp. The use of
three plasmids in the same cell allowed the expression of genes apcA, apcB, cpcS, cpcU, hol
and pcyA. The apcAB operon was attached to a His-tag near the N-terminus to allow metal
affinity purification. Previous studies have shown that the His-tag did not significantly interfere
with trimer assembly [46]. After induction with IPTG, an intense green culture was observed
as chromophorylated subunits were formed. Blue cell pellets (Fig. 3.8A) were harvested
by centrifugation and resuspended in 50 mM sodium phosphate, as previously mentioned in
Chapter 2 (Section 2.3.17).

3.4.4 Purification of APC trimers

APC (ApcAB) trimers and monomers were purified in several chromatographic steps, including
metal affinity, Sephadex G-25, and Superdex 200 size-exclusion chromatography. The subunits’
aggregation state was determined by the distinctive difference in the absorption and fluorescence

emission spectra of APC monomers and trimers (Section 1.2.3).

To verify the molecular weight of recombinant proteins, SDS-PAGE analysis was performed
(Fig. 3.8). Two distinctive Coomassie blue-stained bands were observed in the co-transformed

strain lysates after IPTG induction and purified solutions. These two bands corresponded to a
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calculated molecular mass of 21.4 kDa for ApcA and a molecular mass of 17.2 kDa for ApcB
(Fig. 3.8).
kDa M 1 2

25

S S — ApcA

' B . — ApcB
10" ———

Fig. 3.8 Synechococcus sp. PCC 7002 Allophycocyanin recombinant expression in E. coli.
A. Pellet from protein expression strain. B. SDS PAGE analysis of proteins purified by size-
exclusion chromatography. Lane 1: APCWT, Lane 2: APCK®4 both purified by Superdex 200

size-exclusion chromatography. M: molecular mass standard.

The absorption maximum of the APC affinity-purified protein solution was 615 nm, and the
fluorescence emission maximum was 647 nm, both of which are typical of APC monomers. Af-
ter buffer exchange by dialysis, the absence of imidazole resulted in trimeric APC development,
which has a maximum absorption at 620 nm with another peak at 650 nm. A high concentration
of imidazole has been reported to act as a monomer-promoting solution, inhibiting APC subunit

association [52].

Freshly purified ApcAB was analyzed by analytical size exclusion chromatography in
PBS (pH 7.4), using a Superdex 75 column. ApcABWT and ApcABK®A elution profiles were
compared to standard protein profiles: BSA (66.5 kDa), Aprotinin (30 kDa), Cytochrome ¢
(12 kDa) and Carbonic anhydrase (6.5 kDa). Fractions from a retention volume from 60 to 70
mL were mainly composed of monomers (~39 kDa) according to standard protein profiles
(Fig. 3.9). Fractions from Superdex 75 from a retention volume from 45 to 60 mL suggested
were mainly composed of trimers and aggregates (>66 kDa), similar to the molecular weight
of native APC (105 kDa). ApcABWT and ApcABK%A presented similar elution profiles.
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Fig. 3.9 Recombinant Allophycocyanin elution profile on Superdex 75. Inset: plot of the
standard proteins. Size exclusion chromatography markers (Sigma Aldrich): BSA (66.5 kDa)
and Cytochrome c (12 kDa), Carbonic anhydrase (30 kDa), and Aprotinin (6.5 kDa).

Predominant purified elutions from size exclusion chromatography exhibited a prominent
peak at 620 nm, suggesting that the trimeric APC was not fully formed. Native Allophycocyanin
trimers have a red-shifted maximum at 650 nm and a shoulder near 620 nm. The SEC fractions
expected to be composed mainly by trimers was found to have a 650/620 ratio from 1.1-1.5.

All fractions with ratios greater than one were pooled and used for trapping experiments.

3.4.5 Production of mutant Allophycocyanin o subunit

For the validation of carbamylation occurring in Lys 6 of the APC alpha chain by '*C-NMR
and APC subunit CO; trapping assays, a K6A recombinant alpha subunit mutant was expressed.
For this purpose, pET100 plasmids expressing ApcABWT and ApcABXA mutant were digested
with restriction enzymes (Section 2.3.17). apcB was removed from apcAB operon present
in plasmids pApcAB, pK6AapcAB and pK6EapcAB (parent vector pET100) by digest with
Aanl and EcoRlI restriction enzymes. The remaining vectors were pApcA, pK6AapcA and
pK6EapcA (Table 3.2).
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AWT AK6A

3.4.6 Expression and purification of Apc and Apc

ApcA, heme oxygenase 1 (hol) and 3z-phycocyanobilin ferredoxin oxidoreductase (pcyA) were
co-expressed in BL21 (DE3) cells to produce ApcAWT and ApcAKSA. ApcA subunits were
expressed on a large scale of 24 L for each batch of protein. ApcAK6A was expressed following

the same conditions as established for ApcAWT.

Purification of ApcAWT and ApcAX®A was similar to ApcAB (Subsection 3.4.4). Proteins
were affinity-purified using Ni-columns and subsequently purified by Superdex 200 size-
exclusion chromatography. A single band of 21.4 kDa was observed at SDS PAGE analysis
from freshly purified ApcAWT and ApcAK®A(Fig. 3.10).

kDa

35
25

15

10

Fig. 3.10 SDS PAGE analysis of ApcAYT and ApcAX®A purified by Superdex 200 size-
exclusion chromatography. M, molecular mass standard. Lane 1, ApcAWT. Lane 2, purified
ApcAKSA mutant.

Elutions from a single peak of SEC were pooled and concentrated using Vivaspin® 20
centrifugal concentrators to a minimum concentration of 8 mg/mL for CO; trapping and
I3C-NMR experiments.
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3.4.7 Allophycocyanin Carbamate trapping

A previously unkown carbamate was successfully trapped on a complex protein system: the
Synechocystis lysate and isolated PBS antennae. The next aim was to improve the y and b-ion
coverage of the carbamate trapped peptide. Increasing the initial amount of carbamylated pro-
tein would increase the concentration of trapped digested peptides to be detected by ESI-MSMS.
First, the ApcA subunit was buffered with a NaHCOj3 solution to provide CO,. After that, the
buffered solution was replaced with NaH'>COj to confirm that carboxyethyl modification is

due to experimental performance.

12C0, ApcA trapping

AWT

The recombinant Apc carbamate was trapped with TEO in the presence of 200 mM

NaH!2CO; in PBS pH 7.4. Trypsin digested peptides from ApcA trap were analyzed by
LC/ESI-MS/MS, and proteomic data were analysed with PEAKS Studio 8 software searching
against the NCBI Synechococcus sp. PCC 7002 protein database. This file was slightly modified
by adding the pET100 His-tag and Xpress tag (AA1 to AA37) to potentially identify all digested
peptide sequences, mainly the first peptide including the Lys 6.

1 MRGSHHHHHH GMASMTGGQQ MGRDLYDDDD KDHPFTMSIV i Carboxyethyl (+72.02)

£ Ethylation (+28.03)
42 50 58

c =] =]
41 TKSIVNADAE ARYLSPGELD RIKAFVTSGE SRLRIAETLT
111

=]
81 GSRERITKSA GDALFQKRPD VVSPGGNAYG EEMTATCLRD

141

=]
1217 MDYYLRLITY GVVAGDVTPI EEIGLVGVRE MYKSLGTPVD

184

=]
161 AVAQAVREMK AVATGMMSGD DAAEAGAYFD YVIGAME

Fig. 3.11 Coverage of the ApcAWT tryptic digests from CO, trapping identified using PEAKS
Studio 8 software. The sequence corresponding to ApcA is shown in black coloured font.
The coverage of tryptic peptides identified is highlighted; these represent 31 unique pep-
tides identified in ApcA. PEAKS confident PTM sites are shown on top of the amino acid
(Ascore>200).
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PEAKS DB analysis with an FDR of 1% yielded an ApcA peptide coverage of 68% with
31 unique peptides (Fig. 3.11). The trapped carbamate was confirmed at the Lys 6 of the ApcA
protein by the observed carboxyethyl modification with a mass shift of 72.0211 Da (Lys 42
in tag added FASTA file, Fig. 3.12). The peptide SIVTK(+72.02)SIVNADAEAR containing
the carboxyethyl modification on Lys 6 had a confident modification site AScore=1000 and
a peptide score of -101gP=39.06. We observed increased ion intensity of y-ions covering the
missed cleaved carboxyethylated lysine. Ion intensity covering Lys 6 carboxyethyl (y10 and
y11) was 95%. Therefore, increased concentration of protein carbamates at the trapping allowed

to obtain sufficient material after peptide digest and sample purification for enhanced detection.

Seguence =SIVTK(+72.02)SIVNADAEAR, Scan 7954, m/z=823.4301, z=2, RT=53.78, -10igP=39.06, ppm=-5. 1, by PEAKS DB v
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Fig. 3.12 MS/MS spectra of ApcA peptide with missed cleaved carboxyethylated lysine. Series
of y- and b-ions are highlighted in blue and red, respectively. k: carboxyethylated lysine
residue.

13C0, ApcAB trapping

An isotope trapping experiment using NaH!3CO3 was performed to confirm that the carbamate
formation and trapping were due to the experimental method. NaH'3CO3 has been previously

used to investigate Hb carbamate binding [65]. In our experiment, the presence of the same peak
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of carboxyethyl modification with an additional 1 Da mass change would validate carbamate

formation when analyzed with MS/MS.

Recombinant ApcAB protein solution, composed of APC (o3) monomers and (af3)3
trimers, was trapped with TEO in the presence of 50 mM NaH!3COs. Collected data from ESI-
MSMS was analyzed with PEAKS Studio 8 software under an FDR of 1%. Allophycocyanin
was identified by the software with a peptide coverage of 56% for ApcA (Fig. 3.13) and 40%
for ApcB.

o o o o c (=3 e e
1 MRGSHHHHHH GMASMTGGQQ MGRDLYDDDD KDHPFTMSIV TKSIVNADAE ARYLSPGELD RIKAFVTSGE SRLRIAETLT c gahrb‘otveﬂgv‘;;g;)WlOZ)
e ylation (+28.1
i@ Oxidation (M) (+15.99)

E] a
1 GSRERIIKSA GDALFQKRPD VVSPGGNAYG EEMTATCLRD MDYYLRLITY GVVAGDVTPI EEIGLVGVRE MYKSLGTPVD
169 17677

o oo
| AVAQAVREMK AVATGMMSGD DAAEAGAYFD YVIGAME

Fig. 3.13 Coverage of the ApcAWT tryptic digests from '*CO, trapping identified using PEAKS
Studio 8 software. The sequence corresponding to ApcA is shown in black coloured font. The
coverage of tryptic peptides identified are highlighted; these represent a total of 60 unique
peptides identified in ApcA (-101gP=320.67). PEAKS confident PTM sites are shown on top of
the amino acid (Ascore>200).

13C carboxyethyl modification was found in miss-cleaved Lys 6 of ApcA as expected with
the additional 1 Da mass change (Fig. 3.14). The 73.02 Da shift mass was found on peptide
Scan F2: 10683.
Sequence of peptide was SIVTK(+73.02)SIVNADAEAR with a score of -101gP=36.46 and
a PTM confident Ascore=1000. Similarly to the trapping performed with NaH'>COs, we
observed higher intensity of y-ions covering Lys modification compared to MSMS spectra

previously obtained from PBS and lysate trapping.
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Sequence=5IVTK(+73.02)SIVNADAEAR, Scan F2:10683, m/z=823.9337, z=2, RT=20.82, -10igP=36.46, ppm=6.7, by PEAKS DB v
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Fig. 3.14 MS/MS spectra of ApcA peptide with missed cleaved Lys 6 'C carboxyethylated.
Series of y- and b-ions are highlighted in blue and red, respectively. Lowercase k represents
a carboxyethylated lysine residue with a 1 Da mass change. Scan F2: 10683, m/z=823.9337,
-101gP=36.46.

From this experiment, an additional lysine was found to have a '3C carboxyethylated
modification. PEAKS identified Lys 27 (Lys 63 including recombinant Xpress tag) from
ApcAB with a +73.02 mass shift located in peptide sequence IK(+73.02)AFVTSGESR with a
-101gP=42.76 and PTM Ascore=1000. Ions covering K27 +73.02 modification were b,-NHj3
and yg (Fig. 3.15), which also included isoleucine. This identification had not appeared in
previous '?C trapping experiments with PBS nor recombinant ApcAB, even at very high
CO,/HCO3" concentration (200 mM). Thus, further trapping repeats are needed to confirm Lys
27 hypothesized carbamate site.
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Sequence =IK(+73.02)AFVTSGESR, Scan F1:5261, m/z=634.3286, z=2, RT=22.80, -10lgP=42.76, ppm=7. 1, by PEAKS DB v
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Fig. 3.15 MS/MS spectra of ApcA peptide with missed cleaved Lys27 '3C carboxyethylated.
Series of y- and b-ions are highlighted in blue and red, respectively. k: 13C carboxyethylated
lysine residue. Scan F1: 5261, m/z=634.3286, -101gP=42.76.

Recombinant APC carbamate trapping was performed on recombinant ApcA and ApcAB.
The formation of the carbamate in Lys 6 was confirmed, the !3C labelled carbamate trapping

supported the hypothesis that carboxyethyl modification is due to reaction conditions.
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3.5 Validation of ApcA Lys 6 carbamylation by 3C NMR

Nuclear Magnetic Resonance spectroscopy (NMR) has been used before to analyze the presence
of carbamates in different proteins. A peak between 163.5 and 167 ppm has been identified as
characteristic of a carbamate [53] [96] [66]. To validate the carbamate formation on the amino
group of ApcA lysine, carbamylated protein was 'C-labelled and identified by Carbon NMR
spectroscopy.

We first incubated ApcA (10 mg) recombinant protein with 50 mM NaH'>COj; in pH 9.0,
favouring carbamate formation with high pH. We used BSA as a negative control, as there is no
evidence for carbamate formation in this protein. BSA (8 mg) was incubated under the same

conditions as ApcAWT. From the results of this experiment, we observed a peak at 163.5 ppm
on ApcAWT I3C-NMR, which was absent in BSA (Fig. 3.16A).

We then sought to investigate carbamate formation under physiologically relevant condi-
tions of pH. Recombinant ApcA (10 mg) was incubated with 25 mM Na'3COs in PBS at pH
7.4. Lysozyme (8 mg), used as a negative control, was incubated in the same conditions. Car-
bamylation formation under comparable physiological conditions was confirmed by observing

a signal at 163.6 ppm, which matched literature values of a carbamate peak (Fig. 3.16B).
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Fig. 3.16 13C NMR comparison of ApcA and BSA in the presence of NaH!3COj3. A. 13C
NMR spectrum of proteins incubated with 50 mM 3CO,/H!3CO;5". Showing the presence of
carbamate peak at 163.6 ppm. Cyan: BSA; Red: ApcAWT.B. 13C NMR spectrum of proteins
incubated with 25 mM 3CO,/H!3CO;5". Cyan: Lysozyme; Red: ApcAWVT
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Carbamylation site specificity to Lys 6 was tested with the use of the ApcAX®A mutant. The
spectroscopic profile of the expressed ApcAK®A mutant was identical to ApcAWT. The amino
acid mutation performed on ApcA did not alter the secondary structure of the protein, judged

by the identical circular dichroism spectra on both proteins. In the same way, ApcAK6A

protein
presented similar fluorescence and absorbance activity to ApcAWT that was analysed before

NMR experiments.

Recombinant proteins (10 mg), ApcAWT and ApcAKSA, were incubated in PBS with 50%
D,0 and 25 mM Na'3CO3 (pH 7.4). The carbamate peak at 163.6 ppm was detected only

in the ApcAWT

protein (Red spectrum at Fig. 3.16). High signals were also obtained at 160
ppm and 124 ppm (Fig. 3.17), which correspond to the equilibrium between bicarbonate and

carbonate ions, and to free carbon dioxide, respectively.
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Fig. 3.17 Superimposed '>C-NMR spectrum demonstrating demonstrating carbamate formation
on ApcA Lys 6 by the appearance of a peak at 163.6 ppm only in ApcAWT. Red: ApcAWT;
Cyan:ApcAKoA
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Based on *C NMR of ApcAWT, it was demonstrated that carbamate formation occurs
in ApcA Lys 6 under relevant physiological CO,/H!3CO3" concentrations for cyanobacteria.
The ApcA spectrum (Fig. 3.15) shows key signals that corroborate the findings from LC-ESI-
MSMS.
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3.6 Conclusions

This Chapter presented the first efforts to identify carbamates in cyanobacteria proteome
using TEO as an ethylated reagent to trap CO, mediated protein PTM. This method enabled

cyanobacterial carbamate identification by locking the reversible nature of this PTM.

The results discussed in this Chapter showed the identification of carbamate formation
in ApcA Lys 6, a protein previously unknown to bind CO,. The carbamate identification in
repeated trapping experiments of PBS and recombinant protein indicates that true carbamate
formation occurs in ApcA and not by lysate or isolated PBS interactions. The trapping of low
concentrations of CO,/HCO3™ demonstrated the occurring PTM at comparable physiological

concentrations of CO,, representing a more accurate cellular environment.

Unfortunately, more cyanobacterial proteins were not identified in this study. Experimental
limitations and the complexity of a lysate limit the number of peptides identified in the last step
of sample preparation for LC-MS/MS. For example, the abundance of a group of proteins in the
lysate sample like the phycobilisomes that account for up to 60% of the total protein mass in
cyanobacteria might decrease the protein coverage of the resulting analysis. Optimization in the
workflow for sample preparation, such as MS fractionation of the sample to increase the protein
coverage of the resulting analysis, could address this matter in question. However, this research
aimed to elucidate CO, binding effect in APC alternatively. Thus, ApcA carbamylation was
later validated with isotope labelling. When using '>C-NMR to monitor protein carbamylation,
care must be taken as carbamylation of residues other than lysine, like the N-terminus, can
occur. Nevertheless, the identified carbamate peak in ApcAWT and its absence in ApcAK6A
presented in this Chapter supports lysine-specific binding to CO,. Here is proved that'3C-NMR

spectroscopy combined with genetic tools is a feasible approach to study lysine-carbamylation.



Chapter 4

CO; involvement in Allophycocyanin

Energy Transfer

4.1 Overview

In the last chapter, we described the identification of a novel carbamylation site in cyanobacteria.
Allophycocyanin Lys 6 interacts with CO, to form a carbamate. The carbamylation of a PBP
and its impact on energy transfer has never been described before. Here, we present the study

of the ApcA Lys 6 modification on photosynthetic energy transfer.

We hypothesised that CO; plays an important role in energy transfer in the PBS antenna
that has not been elucidated before. To investigate this role, we first analysed the fluorescence
properties of the antenna in the presence of CO,/HCO3. Once we identified the CO, effect in
the PBSs complex, we asked whether Lys 6 carbamylation promotes a more efficient energy
transfer in the system. Therefore, we replaced the ApcA Lys 6 amino acid with Ala or Glu to
represent unmodified Lys and a negative charged Lys. And the fluorescence performance of the
mutated recombinant proteins was evaluated in the presence of CO,/HCO3™. Measurements of
photoluminescence quantum yields (QYs) of PBSs and ApcAB (af3); trimers were shown to
be enhanced by CO,/HCO3™ compared to NaCl, suggesting to be dependent on carbamylation
of ApcA Lys 6.
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4.2 Representation of ApcA Lys 6 across

cyanobacterial species

4.2.1 Introduction to Allophycocyanin energy transfer

Allophycocyanin (ApcAB) is a biliprotein located in the core of the photosynthetic antenna
in charge of final energy transfer to cyanobacteria photosystems. LM, 816 and o are three
other core proteins with chromophores. Allophycocyanin provides energy to the LM and o®

biliproteins, transferring that energy to chlorophyll in the thylakoid membrane.

As previously mentioned in Chapter 1, allophycocyanin is native as a trimer, with each
monomer being an af structure. ApcAB monomers have & and 8 subunits in a 1:1 molar
ratio. Each subunit, o and 3, has one phycocyanobilin chromophore (Fig. 1.5). Biliprotein
chromophores are covalently attached to apoproteins through thioether bonds to cysteine

residues.

The X-ray crystal structure of allophycocyanin trimers from Arthrospira platensis has
previously been obtained [11]. It can be observed that ApcA Lys 6 is located in a privileged
pocket formed by the monomer arrangement of & and 3 APC subunits. The Lys 6 residue is
placed close to amino acids sited on an ApcB &-helix that connects to the chromophore-binding
pocket, where it forms a salt bridge with D99 (Fig. 4.1). The distance between Lys 6 and the

closest chromophores is in the range of 26-28 A.

Allophycocyanin monomers have an absorption maxima at around 615 nm. ApcAB trimers
have a red-shifted maximum at 650 nm, and a shoulder near 620 nm. This red-shift modification
of absorption from monomeric to the trimeric state, can be explained due to PCB conformational
changes [70] and a strongly coupled dimer, which causes a redshift of the absorption indicative
of exciton splitting [57]. From the first proposal, sugar showed to cause enhancement of the
650 nm band without altering the molecular size of ApcAB. According to Murakami ef al.,
a specific local protein environment produced chromophores shift to 650-nm. Then energy
should be transferred from the 620-nm band to the 650-nm band via Foster resonance energy
transfer. From the second proposal, there is strong exciton coupling between two chromophores
of the trimer near each other through the monomer-monomer interface. The strong contact

causes exciton splitting and a red shift in absorption.
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Fig. 4.1 Allophycocyainin trimeric model based on crystal structure with close-up to Lys
5 residue of 1ALL crystal structure. PDB accession number 1ALL showing the residues
surrounding the K5 putative carbamate site. K5 is located close to Asp 99(7.77A) and Thr
101(8.19 A).

I, therefore, asked whether Lys 6 is represented across cyanobacteria species and carbamy-
lation of Lys 6 modifies the local environment of ApcAB energetic interface.

4.2.2 pLogo analysis of Lys 6

A multiple sequence alignment was run to analyse the importance and representation of Lys 6
in cyanobacteria allophycocyanin. I investigated the frequency of conserved regions based on
the alignment of ApcA sequence window centred around the target Lys residue across fifteen

species.
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I generated a type of sequence logo (pLogo) which computes the likelihood of amino acids
being over or underrepresented at the positions surrounding the carbamylation site (Fig. 4.2).
The plogo consists of stacks of symbols, one stack for each position in the sequence. The
overall height of the stack indicates the sequence conservation at that position. In contrast,
the height of symbols within the stack indicates the relative frequency of each amino at that
position. The sequence plot was generated with the pLogo-tool (http://plogo.uconn.edu; [72])

using the sequences bordering the identified lysine-carbamylated site.

FG - unknown; BG - SYNY3_Synechocystis680_uniprot-proteome_UP000001425+AND+(proteomecomponent_Chromosome)

pajuasaidallono

log-odds of the binomial probability

pajuasaidaiiopun

“25-36(,114.08 => p < 0.05 n(fg) = 15 http://plogo.uconn.edu

=> fixed positionn(bg) = 913232 v1.2.0

Fig. 4.2 Sequence logo of the lysine-carbamylated amino acid motif which residue heights are
scaled relative to their statistical significance. The pLogo depicts under- and over-represented
amino acids, which are scaled to their log10-odds of the binomial probability — as a direct
measure of a residue’s likelihood of being statistically significantly over-or underrepresented.
The horizontal red line indicates the threshold of the Bonferroni corrected p-value of p < 0.05.

Significant conservation of Lys 6 and surrounding amino acids across different cyanobac-
terial species was identified. In addition, we observed an environment over-represented by
hydrophobic and uncharged amino acids. We concluded that the representation of Lys 6 across
different cyanobacteria species could indicate an important, yet to be discovered, role for lysine

carbamylation in electronic energy transfer.
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4.3 CO; effect in PBS Energy Transfer

The identification of a carbamylation site in the PBS was described in Chapter 3, but the role of
CO, PTM in ApcAB was still unclear. Therefore, the spectroscopic properties of ApcAB were
analysed to gain insight into the effect of CO; in PBSs energy transfer.

PBS from Synechocystis sp. PCC 6803 were isolated by sucrose gradient ultracentrifugation
and analysed by measuring fluorescence intensity in the presence of CO,/HCO;3". Cyanobac-
teria can store up to 1000X the extracellular concentrations of inorganic carbon. Different
concentrations of inorganic carbon were first explored to investigate the hypothesized effect of
CO,/HCOj5  in PBSs fluorescence.

CO; was introduced to the system using sodium bicarbonate (NaHCO3). Upon dissociation
in solution, sodium bicarbonate forms sodium and bicarbonate ions which then forms carbonic
acid (1), which is next dissociated to give CO; (2)(Scheme 4.1). To prevent any effect from Na

cations, NaCl was used as a control.

Na* HCO3 + H,O = Na™ H,CO3+OH (1)
H,CO; = COz(aq) + H,O (2)

Scheme 4.1 Dissociation of sodium bicarbonate to carbonic acid which then produces CO,

In this study, we decided to use NaHCOj3 to introduce CO, under representative physiologi-
cal pH (7.4-8). Under these conditions, the carbonate system of 1 mM and 10 mM NaHCO3
would dissociate into 100 uM of dissolved CO; and 700 uM, respectively.
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4.3.1 Measuring fluorescence with a Synergy H4 plate reader

To test the effect of CO;,, the fluorescence of PBSs in phosphate saline buffer (pH 7.4) was first
analysed with a Synergy H4 plate reader. PBSs were treated either with a final concentration of
1 and 10 mM of NaHCOj3 (CO,/HCO3") or 1 and 10 mM NaCl. PBSs were excited at 615 nm,

and fluorescence emission was measured from 600 to 680 nm with a 1 nm increment.
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Fig. 4.3 PBSs from Synechocystis sp. fluoresce more with CO,/HCO3™ (Blue) compared to a
control system (Red). Fluorescence emission and excitation of PBS with (A) 1 mM CO, and
(B) 10 mM CO,. Proteins were excited at 580 nm. (Ordinary one-way ANOVA, ****p<0.0001,
n=12 t=4.393, df=44)

PBSs with different concentrations of CO, and NaCl showed a similar maximum emission
peak at 655 nm and an excitation peak at 625 nm (Fig. 4.3A). Similar to previously reported in
literature, indicating that PBS isolation was performed accurately. An increment in fluorescence
emission was observed in the presence of CO,/HCO;3;™ compared to NaCl. This difference was
not observed when adding a higher concentration of both additives (10 mM) (Fig. 4.3B).

The analysis of PBSs fluorescence using a plate reader indicated a possible effect of CO; in

the energetic antenna pathway. Even though care was taken to normalise initial concentrations
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of PBS complex, absolute absorption of molecules in the solution was not considered in
this experiment. We, therefore, used a different approach to investigate deeper the absolute

fluorescence efficiency in the presence of CO,.

Measuring photoluminescence quantum yield (PLQY) would consider the absolute effect
of CO; in samples, minimizing the error of protein concentrations of the sample being tested.
Thus, to measure overall energy transfer efficiency, i.e. total photon emission from photons

absorbed, we used an integrating sphere coupled to a Fluorolog 3 fluorimeter.

4.3.2 Measuring QYs with Fluorolog 3 fluorimeter

The integrating sphere method is a direct method of measuring PLQY. The PLQY of an
ensemble of molecules is defined as the number of photons emitted as a fraction of the number
of photons absorbed. With this method, radiation from the excited sample strikes the reflective
walls of the sphere. It then is reflected at the sphere walls until capture and detected by the

fluorimeter.

Measurements are taken from the fluorescence emission (E;) and the scatter (L.) of the
sample, as well as the emission and scatter of a blank (E, and L,). From these two spectral

measurements (sample and blank), the PLQY can be calculated from the equation in 4.1.

E.(1-A)-E, E.—E,
L, A ~ L,—Lc

¢r = 4.1)

Ey is the integrated luminescence from the sample caused by indirect luminescence from the
sphere and A is the absorbance of the sample at the excitation wavelength. A simple calculator
that incorporates the two traces and with appropriate spectral correction factors are used to give

the PLQY and associated error analysis.

For this experiment, PBSs samples were set to 0.1 of its maximum absorption and introduced
into the integrating sphere (Quanta-¢) fibre-coupled to the fluorimeter with direct excitation to
the solution. PBSs were excited at two different wavelengths, 570 and 610 nm, to compare

energy transfer within the antenna in the presence of CO,.
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Quantum yields were calculated from two spectral measurements: absorption and emission.
Absorption was detected from 600 to 620 nm and emission from 620 to 750 nm (Fig. 4.4). QYs

were calculated with the FluorEssence™ software as described above.
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Fig. 4.4 PBSs PLQY are enhanced with CO,/HCOj5". Ratio of the measured quantum yield
with 1 mM NaHCOj; (red and blue bars) and NaCl (Normalised to 1) for isolated PBSs excited
at two different wavelengths. Image at the back represents the spectrum from where QY is
calculated. (**p = 0.006, two-tailed t-test, n > 9 independent replicates, +95% C.1.).

QYs of PBSs from the addition of 1 mM CO,/HCOj3" were normalised to PBSs QY's with
NaCl. QYs with CO,/HCOs3™ suggested an increase of almost 25% of energy transfer efficiency
compared to NaCl (normalised to 1.0) when exciting PBSs at 610 nm (Fig. 4.4). Contrarily, a
small decrease on the ratio of the measured QY excited at 570 nm was observed. This results
indicate a more efficient energy transfer from lower energy to the final emitting species in
PBS. We concluded that the system was altered when adding inorganic carbon. We, therefore,
decided to get an insight with solely ApcAB.
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4.4 ApcAB fluorescence emission response to CO;

4.4.1 Testing CO; concentrations

PBSs experiment demonstrated an increase in fluorescence quantum yield when inorganic
carbon was present. Similar to the approach taken for PBSs analysis, we sought first to analyze
inorganic carbon concentrations to observe a difference in ApcAB activity. For these assays,
recombinant PBPs were expressed in E. coli and purified by size exclusion chromatography,

referred to in sections 2.3.17 and 3.4 .4.

To investigate concentrations to which CO, affect ApcAB, APC monomeric response to
CO; was tested. The purified protein was treated with either NaHCO3 (to incorporate CO;) or
NaCl. Samples were excited at 610 nm, and fluorescence emission was detected in a Synergy
H4 plate reader from 600 to 750 nm. Concentrations of 1 and 10 mM of NaHCOj3 and NaCl

were tested.
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Fig. 4.5 ApcAB Fluorescence CO, effect. Inset graph represents area under the curve of
fluorescence emission of different NaHCO3/NaCl conditions (Ordinary two-way ANOVA,
Siddk multiple comparison test, ***%p<0.0001, n=12, mean with 95% CI.)
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ApcAB (aff) monomer fluorescence emissions were higher when adding CO,/HCO3"
compared to NaCl and pure protein (Fig. 4.5). However, there was no difference in emission
intensity when incorporating higher concentrations of inorganic carbon nor NaCl. Interestingly,
a response to Na cations was observed by an increased in intensity from pristine APC proteins
with the addition of either NaCl or NaHCOj3. This effect has been previously described effect on
Spirulina phycobiliproteins fluorescence with Na* stress [93]. For the purpose of this project,

possible Na cation effect concerns were controlled by using NaCl as a control henceforth.

4.4.2 PBP comparison

Once we identified the CO, effect in ApcAB fluorescence, we aimed to compare CO, absolute
quantum yields of ApcAB to a control PBP. Phycocyanin (CpcAB) is located at the top of
the phycobilisome rod; they share a common structural theme with all PBPs and has a single
absorption peak at ~ 621 nm and an emission maximum at ~= 642 nm. These features makes

CpcAB a good candidate as a control protein.

For this experiment, QY's of the different PBP were measured (Aex=610 nm; A abs=600-620
nm; Aem=620-750 nm). Inorganic carbon (CO,/HCO3") enhanced the QY for recombinant
ApcAB (af3); trimers and o subunits (ApcAWYT) by approximately 25% compared to NaCl
(normalised to 1). However, Ci did not enhance recombinant protein corresponding to the

phycocyanin heterodimer (CpcAB (o f3); trimer) assessed as a control (Fig. 4.6).

CO,/HCOj5 therefore specifically enhances QY of ApcAB (of3); trimers compared to a
control protein. We next asked whether carbamylation of ApcA K6 was responsible for the

increase in QY in ApcAB (o f3)3 trimers in response to CO,/HCO;-".
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Fig. 4.6 Ratio of the measured quantum yield with 1 mM NaHCO3 and NaCl for recombinant
PBPs (*p = 0.01, ordinary one-way ANOVA, Tukey’s multiple comparisons test, n=6 indepen-
dent replicates for ApcABYT and CpcABWT, n=3 independent replicates for ApcAVT, £95%
C.L)

4.5 Spectroscopic analysis of ApcA Lys 6 carbamylation

4.5.1 Spectral properties of mutant ApcABK6A

CO,/HCO;3™ was shown to increase QYs of ApcAB (& f8)3 trimers. CO, trapping results from
NMR and LC-MS/MS (Chapter 3) suggested that the enhancement of QY's could be accountable
to ApcA K6 carbamylation. Therefore, spectroscopic properties were tested to elucidate a

definite response to CO,.

For this purpose, a single site-directed mutation was performed in the ApcAB pET100
vector to express ApcABX®A mutant protein. The substitution of Lys 6 to Ala 6 was confirmed
by sequencing the final expression vector. The expression and purification of both ApcABWT

and ApcABX®A proteins were performed correspondingly.

We first compared the excitation and emission spectra of ApcAB wild type and K6A
(Fig. 4.7). Absorbance and fluorescence spectras were normalised to the maximum intensity
for comparison purposes. The excitation and emission spectra were similar. Pooled fractions
from the purification of proteins showed a mixture of monomers and trimers, identified from
absorption peaks at 620 nm and a shoulder at 650 nm (Fig. 4.7A). Characteristic emission
of ApcAB (af3)3 trimers prevailed on fluorescence spectra with a maximum emission at 658
nm for both ApcABWT and ApcABK®A (Fig. 4.7B). Nevertheless, we observed a different
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intensity in the shoulder intensity at 650 nm between ApcABWT and ApcABX®A proteins.
This difference in absorbance strength could be due to the incorporated Ala neutral charge,
indicating a different exciton coupling behaviour between ApcABYT and ApcABX®A. Higher
fluorescence intensity can also be observed at 640 nm in ApcABX%A. Therefore, the neutral

charge incorporated by Ala insertion affects exciton coupling.
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Fig. 4.7 Spectral properties of purified ApcABYT and ApcABX%A. A. Absorbance and B.
Fluorescence excitation (dotted lines) and emission (solid line) spectra of purified ApcABWT
and ApcABK®A,

4.5.2 ApcA K6A CO; response

After ensuring that spectral properties were not disturbed by K6A mutation, we investigated
the response to CO, of the mutant protein. The purified ApcABWT and ApcABX%A proteins,
containing trimers and monomers (650/620 ratio of 1.4), were set to an absorption maximum
of 0.1. Fluorescence emissions were measured in a fluorimeter (Fluorolog 3) (Aex=610 nm;
Aem=620-750 nm).
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Fig. 4.8 Maximum fluorescence emission values of recombinant ApcABYT and ApcABK6A
with A. 0.1 mM NaCl and NaHCOj3; and B. 1 mM NaCl and NaHCOs. (*p=0.05, multiple
unpaired t-test, n=6, df=10, Mean with 96% CI).

ApcABYT and ApcABX®A proteins showed similar fluorescence spectra with a maximum
emission at 660 nm when excited at 610 nm. Low concentrations of inorganic carbon (0.1
mM NaHCO3) did not affect the fluorescence intensity of ApcAB compared to 0.1 mM NaCl
(Fig. 4.8A). However, an increase of almost 20% in fluorescence intensity was observed on
ApcABWYT in the presence of 1 mM of inorganic carbon compared to 1 mM NaCl. That
increment was not detected in ApcABKSA (Fig. 4.8B), indicating that Lys 6 plays an important
role in energy transfer when ApcA K6 is carbamylated.
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ApcA K6A QYs response to CO,

Fluorescence spectral measurements of ApcABWT and ApcABK®A proteins indicated that
inorganic carbon played an important role in the energy transfer of allophycocyanin. We, there-
fore, measured QYs (Aex=620, Aabs=610-630, Aem=630-750 nm) of recombinant ApcABWT
and ApcABX®A (a3); trimers in the presence of CO,/HCO;™ or the corresponding NaCl

concentration.
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Fig. 4.9 Ratio of the measured quantum yield with 1 mM NaHCO3 and NaCl for recombinant
Synechococcus sp. PCC 7002 ApcABWT and ApcABXA trimers (*p = 0.039, two-tailed non
parametric test, n>7 independent replicates, mean + 95% C.I.)

A QY enhancement with CO,/HCO3™ compared to NaCl for ApcABWT (o p)strimers was
observed, similarly to fluorescence emission response previously seen (Fig. 4.9). This increase
in fluorescence efficiency is clearly altered when lysine is mutated, and carbamate formation
cannot occur. As a result, ApcAB EET is enhanced by CO,/HCOj3", based on carbamylation at
Ke6.
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Fluorescence lifetimes

On the timescale of molecular events, as proton or electron transfer, the fluorescence lifetime of
a molecule is a relatively long process. A high energy fluorophore can undergo a wide range of
transformations during this period, ranging from electron redistribution and geometric alteration
to a reorganization of the surrounding molecules and chemical reactions. We hypothesized that

the K6 carbamylation effect in EET could be detected by measuring fluorescence decays.

Fluorescence lifetimes were measured in the presence of inorganic carbon (CO,/HCO3")
or NaCl. For this experiment, we used a Time-Correlated Single Photon Counting (TCSPC)
previously built in the lab. In TCSPC, one measures the time between sample excitation by
a pulsed laser and the arrival of the emitted photon at the detector. Samples were excited
with a laser beam at Aex=485 nm, and emission was detected with a bandpass filter at 630
nm. We applied a non-linear two exponential fit routine to the measured fluorescence data and
Instrumental Response Function (IRF) to obtain the fluorescence lifetimes from the measured
data.

The fluorescence lifetimes for the purified ApcABYT and ApcAB¥6A were compared. We
observed a predominant fluorescence lifetime for ApcABWT of 1.8740.04 ns (96.8+2.8 %
yield; S.D.) and ApcABX®A of 1.964-0.10 ns (97.0+3.3 % yield; S.D.). These results align
with the QY variations and reflect the fluorescence lifetime from the APC antennae [54].

Table 4.1 Fluorescence lifetimes of ApcAB detected at 630 nm (Mean 4 SD, n=6).
NaCl C02/HCO3'
71 (ns) Yield (%) 1(ns)  Yield (%) [ i (ns) Yield (%) T (ns) Yield (%)
ApcABYT 1874004 968+28 03+£01 32+28 |18 +£017 989+1 0.14+01 1.07+1
ApcABKOA 196401 97433 03+£02 3433 | 191+£011 9556+53 03+£034 443+531

Based on the data presented in Table 4.1, CO, does not affect the fluorescence lifetimes
of either ApcABWT or ApcABK®A. We, therefore, used a different approach to compare the
lifetimes of a CO, depleted protein. ApcABYT and ApcABX®A proteins were incubated in an
inert atmosphere glove box and sealed to avoid any CO,(g) diffusion from the atmosphere, and
fluorescence lifetimes were immediately read. ApcABWYT and ApcABX®A under an absent CO,

environment showed similar fluorescence decays (Table 4.2).
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Table 4.2 Fluorescence lifetimes detected at 630 nm of CO, depleted ApcAB (Mean + SD,
n=6).
CO; free CO,/HCO;3
7y (ns) Yield (%) 1(ns)  Yield (%) ‘ 7| (ns) Yield (%) T (ns) Yield (%)
ApcABWT  1974£009 977415 05+04 23+15 | 1874007 9896+ 14 0.65+04 194+ 14
ApcABKOA 1964004 969+1 04+03 31+1 | 1.97+04 97.17+082 0344+0.28 2.83+0.82

We concluded that the basal fluorescence properties from ApcABYT and ApcABK®A
proteins are not affected by K6 single-site mutation. We next hypothesised that mutation of K6

to glutamate would represent the local charge state of a carbamate at 100% occupancy.
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4.5.3 ApcA K6E CO; response

The analysis of a K6A mutant allowed us to identify the role of carbamylated Lys 6 on
allophycocyanin energy transfer. We then sought to substitute Lys 6 to Glu to test it as a
potential positive control. It would resemble the acidic side chain of a carbamylated Lys

representing a full carbamate occupancy.

Single site-directed mutagenesis was performed to substitute Lys to Glu (Section 2.3.16).
ApcABWYT ApcABX®A and ApcABKOE were expressed in E. coli and purified by affinity
chromatography and SEC. The secondary structure of recombinant proteins was compared by
measuring the circular dichroism in the UV region. Recombinant proteins secondary structures

were not changed significantly by single-site mutations of Lys 6, as shown in Fig. 4.10.

ApcABWT
— Apc ABKEA
ApcABKCE

-60 L] I L] L] L] I L] L] L] I L] L] L]
200 220 240 260

Fig. 4.10 CD-UV spectra of ApcABYT (red), ApcABX®* (purple) and ApcABXE (green)
proteins reflecting identical secondary structure

For the initial analysis of ApcABX®E, proteins were set to the same protein concentration,
and their spectral properties with 1 mM NaHCO3; and 1 mM NaCl were investigated. We
first measured the absorbance, fluorescence emission and excitation with a Synergy H4 plate
reader. I sought to deplete all the COy(,) that could be present from protein’s expression and
purification steps for this assay. In an inert atmosphere environment, N, was injected into WT
and mutant ApcAB proteins. Samples were immediately treated either with NaCl or NaHCO3
and scanned.



92 CO; involvement in Allophycocyanin Energy Transfer

The spectroscopic properties of wild type and mutant proteins were comparable (Fig. 4.11).
The three proteins showed a maximum emission at 658 nm with a shoulder at 635 nm. Residue
mutation nor CO, shifted the maximum peaks to which ApcAB absorbs and emits. However,
we observed an increase in fluorescence intensity by CO»/HCO3” in ApcABWT and ApcABK6E
(Fig. 4.11A), whilst this effect was not observed in ApcABX®A_ Interestingly, the absorbance
and the excitation of all proteins was lower with CO,/HCOj3™ than with NaCl (Fig. 4.11B-C). If
the fluorescence emission is normalised to the maximum absorbance of CO,/HCO3™ and NaCl,

respectively, a larger difference in the ApcABWT

emission intensity would be found (data not
shown). Experimental difficulties were encountered when comparing the proteins absorbance
and fluorescence emission during this assay. Even though care was taken to compare the same
concentrations of proteins, a small difference in protein concentration not sensitive to our
methods could represent a false difference between fluorescence detection with or without
CO; in the plate reader. In this assay, the same plate with prepared samples was read for
absorption and excitation detection minutes after emission was detected. Considering that
the plate reader was not fully sealed to avoid gas diffusion into the atmosphere, differences
in COy(e) in solution could have played a role in the differences observed in the assay during
absorption and excitation detection with the plate reader. Therefore, the results observed during
this assay could not be compared to previous QY measurements, and I proceeded to repeat this
test in a sealed system in the integrating sphere where the possible differences in concentration

of the samples do not affect our comparisons.
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ApcAB K6E QYs response

To assess ApcA K6E recombinant protein response to CO,/HCO3™ in ApcAB energy transfer
efficiency, we compared QYs in the presence and absence of CO,. Recombinant protein
samples were prepared at the same concentration depleting CO5() present from previous steps
in an inert atmosphere environment. QY's were measured before and after adding 1 mM NacCl
or 1 mM NaHCO3(CO,/HCOj37). A minor increase from free CO, samples with the addition
of either NaCl or CO,/HCO; was observed in ApcABWT and ApcABX®4 and ApcABKOF
mutant proteins. Although the observed difference when adding NaCl was due to chance
(p>0.05). A statistically significant difference between CO, depleted samples and the addition
of CO,/HCO3" was found only in ApcABWT. This difference was not found significant in K6A
nor K6E proteins. The enhancement of ApcABWT QYs with CO, was 50% higher (Fig. 4.12).
The CO; effect was observed to be greater, almost 25% more in this assay, where CO; from

the sample was depleted.

o
=)
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CO, Free O

/D Nacl O
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ApcABWT ApcABKéA ApcABKéE
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Fig. 4.12 Measured quantum yield with 1 mM NaHCOj3 and NaCl for recombinant ApcABWT,
ApcABKOA and ApcABXCE trimers. Increase of QY from a CO, depleted protein (Red circles)
to NaCl (Blue squares) or CO; addition (Green triangles) is shown (*p = 0.02, ordinary one-way
ANOVA, Sidak multiple comparisons test, n>6 independent replicates, +95% C.1.)

For comparison purposes, the CO, free QYs obtained from Fig. 4.12 were compared
between proteins (Fig. 4.13). We observed QYs of ApcABXE ranging from 25-50%, whereas
the range of ApcABWT and ApcABX®A QYs was 7-30% (Fig. 4.13). Fixed anionic charge of
ApcABXSE shows in general significantly higher QYs, which represents an established effect of
K6 carbamylation. However, a difference ApcABX®F QYs is not observed with the addition of
NaHCOj3 due to unlikely interaction with CO,. Contrarily, ApcABWT and ApcABX%A quantum
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yield similarity represent the neutral state of an unmodified lysine. Therefore, CO, specifically

modifies Lys 6, which significantly influences wild type allophycocyanin energy transfer.

Kkkk

ns kK%
50 1
40

30 o-2 ®

20

Quantum Yield (%)

10

WT CO, Free K6A CO, Free KéE CO, Free

Fig. 4.13 Quantum yield of CO, depleted recombinant Synechococcus sp. PCC 7002 ApcABWT,
ApcABXOA and ApcABXE trimers (Ordinary one-way ANOVA, Tukey multiple comparison
test, ***p<0.0001, ****p<0.0001, ns=not significant, n>15, mean with 95% CI shown.
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4.6 Conclusions

This chapter demonstrated the effect of CO,/HCOs3™ in photosynthetic protein properties in
vitro. CO, has an apparent effect on allophycocyanin energy transfer. The enhancement of
fluorescence emission and absolute quantum yields was observed at the different conformational
states of the protein. QYs were enhanced by 25% only in ApcABWT protein compared to a
PBP control.

It was demonstrated that the enhancement in energy efficiency was due to the carbamylation
of Lys 6. An increase in ApcABWT QYs was observed with the addition of CO,/HCO3". This

effect was not observed in the neutral analogue ApcABX64

mutant. The evidence highlighted
the involvement of a negative charge from the carbamylated lysine residue in the energetic per-
formance. When the capacity to carbamylate at one site was removed (K6A), the enhancement
of quantum efficiency in the presence of CO, was not observed. When the acidic residue was
incorporated to imitate a 100% occupied carboxylated lysine (K6E), the response to CO, was

not observed, but the overall percentage of QY was higher than wild type ApcAB.

In addition to energy efficiency evaluation, we measured fluorescence lifetimes to get
an insight into the dynamics of energy transfer of ApcAB with CO,. We did not observe
a significant difference in fluorescence lifetimes measured with the presence or absence of
CO,. Comparable lifetimes were obtained for the K6A mutant indicating that the mutation did
not affect chromophore fluorescence decays. The sensitivity of the settings used for lifetime
measurements could have limited our investigation on a difference in EET of chromophores
interaction in the presence of CO,. We consider that additional lifetime measurements in a ps
or fs scale are needed to unravel the mechanism underlying the increase in QY in ApcAB. This
chapter demonstrated that CO,/HCO3™ enhances ApcAB EET dependent on carbamylation at
Ké6.



Chapter 5

The Influence of ApcA carbamylation on

Synechocystis sp PCC 6803 in vivo

5.1 Overview

The carbamylation of allophycocyanin Lys 6 enhances energy transfer efficiency in vitro
(Fig. 4.6). However, the impact in vivo has not been elucidated. This chapter investigates the

impact of CO; in vivo.

In this study, Synechocystis was used to investigate ApcA Lys 6 carbamylation. CRISPR-
Cpf1 was employed to substitute ApcA Lys 6 for a neutral (K6A) and an anionic (K6E) residue
in vivo to analyse the impact of carbamylation. Several analysis methods were developed using
the mutants obtained to compare the energetic performance of wild-type Synechocystis and
mutants in the presence of CO,. However, demonstrating a clear dependence of ApcA energetic
performance on CO, represented a challenge. Nevertheless, we observed an effect when we

introduced a negative charge in place of Lys 6 to represent a fully carbamylated protein.

Wild-type Synechocystis demonstrated an increase in PBS fluorescence in the presence
of CO; while the K6A mutant did not. A permanent negative charge (K6E) exhibited higher
PBSs fluorescence emission compared to wild-type Synechocystis. The response of an anionic
residue resembling a permanent carbamylated protein, was followed by slower fluorescence

kinetics overall..
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5.2 Site-directed mutagenesis of Synechocystis

CO,-dependent carbamylation at ApcA K6 has been demonstrated to enhance the QY in
vitro (Fig. . The ApcA protein and the light-harvesting complex, in general are essential for
the activity of the downstream photosystem; we investigated the impact of CO,-dependent
carbamylation at ApcA K6 on downstream processes. We investigated these processes in
wild-type organisms and organisms in which K6 carbamylation was either ablated (K6A) or
mimicked (K6E).

5.2.1 CRISPR-Cpf1 plasmid design and cloning

Single site-directed mutagenesis was performed in Synechocystis sp. PCC 6803 (Synechocystis)
to substitute Lys 6. Synechocystis was chosen for this study due to its versatility and practicality.
Several techniques have been developed to genetically modify this organism for the study of
photosynthesis [92]. CRISPR is a powerful technique to edit any genetic sequence. However,
Cas9, a nuclease enzyme used to modify various organisms from mammals to plants to
bacteria, is not often used to modify cyanobacteria genetically due to apparent toxicity in
these organisms. Instead, Cpf1l is more effective for the engineering of markerless knock-ins,
knockouts or specific point mutations in cyanobacteria [92]. Hence, we followed the Ungerer
et al. CRISPR-Cpf1 methodology for K6A and K6E mutations.

The CRISPR-Cpf1 genomic editing plasmid consists of Cpfl (or Cas12a) harbouring one
RNA cleavage domain and a split RuvC motif (RuvC I, RuvC II, and RuvC III) for DNA
cleavage [27]. Cpfl possesses specific ribonuclease activity that cleaves the 36 bp repeat of the
pre-crRNA four nucleotides upstream of a hairpin in a sequence, structure, and Mg+ dependent
manner. Next, the mature crRNA guides Cpf1 to its DNA target, where its nuclease activity
induces a five bp staggered double-stranded break (DSB) 17 nucleotides downstream from the
YTN PAM sequence [92]. The pSL2680-based vector (Addgene, plasmid 85581) has 1-kb
homology domains that complement the target gene locus to be edited and express Cas12a and
the protein-targeting crRNA. The inducible /ac promoter and the constitutive J23119 promoter
were used to regulate Cas12a and the protein crRNA, respectively. The crRNA-encoding array
contains the F. novicida leader sequence followed by the direct repeat, spacer sequences, and

the F. novicida terminator. Finally, after introducing the DSB, the homologous regions within
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the donor DNA serve as templates for homology-directed repair, and cells are cured of the

editing plasmid.

104 bp
T430.400 fa36,410 T.430,420 1.330,430 7,330,320 Ta30,450 TA30460

apcA-l >
protein codi

A AITICITOTOTIAC 6 G A G G A AITIC C A Al G A G A RTee 6 moer A offa a A AT TATEINCE G W G FATATN G SN G AW G BERAT G FAWAT G BEN

rrently 14 tracks turned off.
1 nechocystis sp. PCC 6803 (GCA_000009725) version 104.1 (ASM372v1) Chromosome: 1,430,396 - 1,430,499

Fig. 5.1 Sequence of Synechocystis sp. 6803 apcA. Fuchsia brackets indicate PAM elected site.
Black brackets indicate Lysine 6 sequence.

CRISPR-Cpf1 editing plasmids were designed following Ungerer et al.. The targeting RNA
was chosen to precede a PAM sequence and cloned before the repair template (Fig. 5.1). The
repair template contained the desired amino acid to be mutated. The homology template used
was 1330 bp and cloned into the pSL2680gRNA vector by restriction digest and sticky ends
ligation. The repair template, including K6A (or K6E) mutation, contained a PAM sequence
after Lys 6. To eliminate the PAM, a second silent mutation was introduced to avoid Cpfl

plasmid cleavage. A final 13 518 bp vector was obtained and purified.

5.2.2 Transformation of a markerless K6A and K6E Synechocystis sp

mutant

To achieve ApcA K6A (or K6E) mutation, circular pSL280_K6A (or pSL2680_K6E) were
transformed to Synechocystis sp. by conjugal transfer. E. coli with cargo plasmid pSL2680
and E. coli with conjugal plasmid pRL443 were cultivated overnight in liquid BG11-1% LB
media. Next, an E. coli and cyanobacteria mix was carefully introduced to Km BG11 media
and incubated at 30°C until colonies appeared. Selected colonies were re-plated several times

in Km-BG11 plates to segregate K6A (or K6E) mutations across Synechocystis chromosomes.
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Fig. 5.2 Selective plates of an ApcA K6A Synechocystis mutant. Colonies 2 and 4 lost resistance
to Km. Left: BG11 media, Right: BG11 media with the antibiotic.

Markerless mutations allow the addition or deletion of an unlimited number of genes while
reducing concerns of growing antibiotic-resistant bacteria. We, therefore, cured Synechocystis
K6A(6803K6A) and K6E(6803X°E) mutants from the antibiotic resistance (pSL2680 plasmid)
by streaking cells multiple times in BG11 plates without antibiotics. Selection of a marker-
less Synecho mutant consisted in growing mutant colonies on BG11 agar plates parallel to
BG11+Km agar plates. Colonies that would stop growing in Km-BG11 plates were selected
(Fig. 5.2). Markerless mutants were next cultivated in BG11 liquid media to extract genomic
DNA for mutagenesis validation. ApcA genomic DNA from (6803%%4) and (6803X°F) was
amplified by PCR using primers MJC947 and MJC946 (Table 2.5). The resulting amplicons
were analysed by sequencing, and point mutation was confirmed. Finally, cryo-stocks of Km

resistant K6A (or K6E) mutants and markerless mutants were stored at -80°C until further use.
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5.3 Study of an ApcA K6A Synechocystis mutant

5.3.1 Growth rate and fluorescence characterisation

To elucidate the in vivo effect of CO, on ApcA energy transfer, we first sought to compare
growth rates and fluorescence profile of wild-type Synechocystis (6803WT) against K6A ApcA
mutant (6803%6A). If carbamylation of ApcA Lys 6 enhances APC energy transfer efficiency, we
reasoned that increased CO, fixation would favour the growth of WT Synechocystis. Therefore,

we cultivated markerless mutants in BG11 liquid media as in 2.3.1 for consequent CO; response

assays.

6803"T and 6803%6A growth curves were first compared. Synechocystis cell growth was
analysed by reading the cell density at 730 nm. Under 30 pmol/m?/s of cool white-light
conditions and 80 rpm mixing, the growth rate of 6803X6A mutant cells was identical to that
of the 6803WT (Fig. 5.3A); the doubling time during logarithmic growth in both strains was
approximately 10 h. This suggests that the Lys 6 mutation does not affect the growth and
viability of Synechocystis cells under these conditions.

Ao B’
1.5 =
o= 6803"" 2 1.00] 68037
o= 4803 < ] — 6803
o= 68032 5 ] 6803642
£ 1.0 4 /‘}, g 0.75 1
2 ) I £
a 8 0.50 1
O 05 G ]
; ] ]
/ o 0.25 1
5 ]
= ]
0.0 T T T T T T T T T T T T T T T T T T T T T T T T T T TTTTT L Y0 - ———
0 100 200 300 600 650 700 750 800

Time (h)

Fig. 5.3 Characterisation of Synechcoystis 6803%6A mutant cells. A. 6803WT and 6803K6A
growth in BG11 at pH 8.0. B. Fluorescence profile of 6803VT and 6803%64 cells obtained from
the exponential growth phase.
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Three growth phases were identified for both strains, the exponential phase, a linear phase
and the stationary phase. These phases have been previously reported for Synechocystis,
where a gradual shift was found in the energy transfer of light-harvesting phycobilisomes to
photosystems, as well as a marked change in the redox state of the plastoquinone pool between
different growth phases. However, the observed transition from exponential to linear growth is
caused solely by light limitation, while a transition to the stationary phase is caused by nutrient
limitation [82]. Moreover, according to Schuurmans et al., growth phases are defined only by
shape, and cell density at which the transitions occur varies depending on the path length of the

light through the culture and incident illumination intensity.

To understand the effect of ApcA Lys 6 carbamylation on PBS energy transfer, we sought
to compare allophycocyanin emission maxima at 660 nm. We asked whether CO,/HCO;.
could enhance EET in the context of the whole organism. Therefore, we cultivated 6803WT
and 6803%6A at 30°C under 30 umol/m?/s constant illumination. Cells for fluorescence mea-
surements were obtained by taking samples directly from the culture at the exponential growth
phase. The cells were incubated in the dark for 15 min at room temperature to eliminate the
possible effects of state transition. Chla and PBS were excited at 485 nm, and fluorescence

emission was detected from 600 to 800 nm with a Fluorolog3 fluorometer.

3K6A mutants were compared to 6803WT (Fig. 5.3B). PBS emission

Two independent 680
at 660 nm was normalised to Chla fluorescence emission at 688 nm, emission from the reaction
centre P680. 6803%T showed a relative PBS intensity of almost 20% higher than 6803K64
when incubated with 50 mM total inorganic carbon. Thus, ApcA K6 carbamate formation has
an apparent analogous impact on PBS energy transfer as previously detected in vitro. We next
sought to investigate the role of Lys 6 carbamylation on absolute energy transfer efficiency in

the cells.
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5.3.2 Synechocystis fluorescence response to CO,
PBS reaction to the absence of CO,

The fluorescence response of Lys 6 carbamylation to CO, was demonstrated in vitro in Chapter
3. If CO; increases PBSs fluorescence in vivo, then CO, depletion would negatively affect
PBSs energy transfer. Therefore, we measured QY of Synechocystis cells to investigate overall
APC energetic activity in vivo without CO,.

We, therefore, depleted 6803WT and 6803K0A cells of inorganic carbon under cool white
light, and measured the absolute QY when exciting Chla and PBSs at 485 nm (Fig. 5.4). A

Clark-type electrode was used to confirm the absence of CO, in culture samples.

7

TSRE,

2

Absolute Quantum Yield
(%)

Fig. 5.4 Quantum yield of CO, depleted 6803WT and 6803%6A cells. AL: After carbon depletion
with light. No statistical difference was found from an Ordinary one-way ANOVA, n=3, mean
with 95% CI shown.

For this experiment, QY was first measured with a neutral-density filter like how isolated
PBPs were analysed in vitro. The limitations of low signal detection due to the amount of
fluorescence intensity detected from Chla and PBSs excess emission showed considerable
variability in QY readings. We did not observe a difference in QYs after CO, depletion
(AL)(Fig. 5.6). QY between 6803WT and 6803K%A were not different, oscillating between 4%
and 5%.
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In vivo QY measurements are typically an order of magnitude lower than for the isolated
recombinant proteins. This is due to efficient EET from the PBS to PSII via the terminal
pigment. Therefore, the observed QY in vivo reflects energy lost from the PBS that is not
transmitted to PSII.

We subsequently examined the PBS fluorescence spectra in the absence of CO,. 6803WT
and 6803K6A cells were exposed to cool white light similarly to QY assays for CO, depletion.
Cells were incubated in the dark for 15 minutes, and fluorescence emission was detected from
600 to 800 nm (A x=485 nm). The obtained PBS emission at 660 nm was normalised to Chla
emission at 690 nm to compare 6803%T and 6803X%A PBS response to CO, depletion. We
observed a difference between cells directly taken from the culture (presumably with CO;) and
cells exposed to white light (without CO,) in both strains (Fig. 5.5A).
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Fig. 5.5 Fluorescence emission of 6803WT and 6803K6A cells mainly exciting PBSs (1¢x=485
nm). Cells were collected from the linear growht phase. A. Fluorescence comparison of PBS
emission at 660 nm normalised to P680 (PSII chlorophyll pair) emission at 690 nm in the
presence and absence of CO,. Fluorescence comparison of 6803WT cells is shown on the left
and 6803%0A cells fluorescence comparison on the right graph. B. Fluorescence comparison of
6803VT and 6803%%4 with CO, (Left) and without CO, (Right).

For comparative purposes, 6803 T and 680364 were plotted in the same graph (Fig. 5.5B).
The PBS fluorescence intensity normalised to Chla emission of 6803%T showed to be 20%
higher than 6803%64 PBS relative emission (Left graph Fig. 5.5), similarly to the response
previously reported from the fluorescence characterisation of 6803%T and 6803%64 cells from
the exponential growth phase (Fig. 5.3B).

The relative emission of CO, depleted cells was evaluated (Right graph Fig. 5.5B). 6803WT
CO, free showed an increased emission of almost 30% higher than 680364 under the same

conditions.

Fluorescence spectra of 6803WT suggested that PBS emission at 660 nm is affected by the

absence of CO,.
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In vivo Absolute Quantum Yields

To address limitations on low detection of fluorescence intensity in QY measurements, a
neutral-density filter with an OD of 1.8 was used to detect higher signals of Synechocystis cells
fluorescence emission. This optical filter allowed the Fluorolog-3 detector to increase excitation
power to achieve a sufficient signal-to-noise ratio when measuring 6803%T and 6803%%4 cell
QY using the HORIBA Fluorolog integrated sphere.

For this assay, cells were sampled at different growth stages: linear phase (4-9 days of
growth) (Fig. 5.6A) and stationary phase (10 days of growth) (Fig. 5.6B). Cells were CO,
depleted under cool white light and QY was measured after the addition of either NaCl or
NaHCO3. We observed a small significant enhancement of QY for 6803WT cells, but not for
6803K6A cells after the introduction of CO»/HCO;3™ from samples taken at the stationary phase
(Fig. 5.6). Similar changes in photophysiology have been observed in the transition of growth
phases, and they appear to rely on the antennae adaptation to photosystem connectivity [82].
The ApcA response to CO, dependent on Lys 6 may indicate part of that adaptation.
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Fig. 5.6 ApcAB in vivo quantum yield. The measured quantum yield with 1 mM NaHCO3
(CO,/HCO3") and NaCl for 6803WT and 6803K%A cells collected from the exponential phase
(A) and late exponential/stationary phase (B) (*q = 0.0058, one-way ANOVA with post hoc
two-stage linear set-up procedure of Benjamini, Krieger and Yekutieli, n = 5-6 independent
replicates, t = 2.382, df = 19, nd = no discovery, £95% C.1.)..
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O, generation by phototrophic organisms is part of the light-dependent reactions of photo-
synthesis. In cyanobacteria and the chloroplasts of green algae and plants, the energy of light is
used to split a water molecule through a reaction catalysed by a manganese-containing cofactor
found in photosystem II. Water is split into its protons and electrons for photosynthesis, where
O, is generated. Therefore, if the reported rise in QY is induced by ApcA carbamylation in
vivo, would increased EET to PSII activity be evident in photosynthetic O, generation?
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5.4 CO; carbamylation in photosynthetic O, evolution

0, evolution of 6803WT and 6803K6A cells was measured under different light conditions by
exciting cells under cool white light. O, evolution was first tested under a low and a high
range of light intensity. Cells were taken from the linear phase and washed to resuspend in
fresh BG11 media without dissolved CO,. Cells with a Chla concentration of 5 ug/ml were
incubated in the dark for 15 min and then transferred to a Clark-type electrode at 25°C. A final
concentration of 25 mM of NaHCO3 was added, and the light was immediately turned on. O,

rates were calculated as discussed in 2.4.6.

For the low light assay, 6803V T and 6803%%4 cell O, evolution rates were tested from 0
to 25 umol/m?/s photon flux rates (Fig. 5.7A), and the range from 50 to 400 umol/m?/s was
considered for high concentrations of light (Fig. 5.7B). No statistical difference was found
between 6803VT and 6803K%A O, evolution rates (Ordinary one-way ANOVA, Sidék corrected

multiple comparisons, p>0.05, n=6).
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Fig. 5.7 Photosynthetic oxygen evolution of 6803%T and 6803XA mutant under indicated light
intensities. The culture samples collected from the linear phase were adjusted to a cell density
containing Sug chlorophyll mL™! and tested in the presence of 50 mM NaHCO; in BG11 media.
A. O; evolution rates under low range of light intensity. B. O, evolution rates under high range
of light intensity.

The photosynthetic O, evolution assay was next repeated, comparing 6803%T and two

3 K6A

additional independently transformed 680 mutants. Cells were obtained from the linear



5.4 CO, carbamylation in photosynthetic O, evolution 109

growth phase and prepared similarly to the description above. Both independently transformed
mutants, 6803%0A1 and 6803%6A2, showed identical growth rates to 6803VT (Fig. 5.8A).

Photosynthetic O, evolution rates under low light (5 pmol/mz/s) and 20 mM NaHCO3
between 6803WT and mutants were similar. However, under 35 and 50 umol/m?/s of light
illumination 6803%%A mutants showed slightly reduced respiration activity, as observed in
Fig. 5.8B-C. Still, with white light excitation on all pigments occur at the same time, so the
reaction centre could be excited directly instead of getting energy from the peripheral antenna
systems. The apparent difference observed in this experiment must be due to something other
than an impact on the EET. Repeated experiments with filtered light directing excitation to
APC could assist this effect.
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Fig. 5.8 Photosynthetic O, evolution of 6803VT and two independent 6803X%A mutants. The
culture samples were collected from the linear growth phase. Cell density was adjusted to Sug
chlorophyll mL! and tested in the presence of 20 mM NaHCO3 in BG11 media. A. Growth
curves of 6803WT and 6803%6A demonstrating identical phases of independently transformed
mutants. B-C. O-evolving activity of 6803™T and two independent 6803%6A mutants. 95% CI
were estimated from three independent measurements. Ordinary one-way ANOVA with Sidak
corrected multiple comparisons showed a significant difference between 6803WT and 6803K64
O, rates under 35 and 50 pmol/m?/s of light intensity, n=3, p<0.05.

ApcA K6 carbamate effect could be altered by different CO;, concentrations. Therefore, the
photosynthetic behaviour with different concentrations of CO,/HCO3™ was tested. Cells were
collected from the linear growth phase, resuspended in CO,-free BG11 media and incubated in
the dark for 15 minutes. Cells were transferred to a Clark-type electrode under 200 umol/m?/s of
white light illumination and O, evolution was tested with different CO,/HCO3™ concentrations
(Fig. 5.9). No difference was observed in O, evolution rates between 6803WT and 6803K6A
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under any concentration of CO,/HCO3". However, due to time restrictions arising from the
COVID-19 pandemic, the presented assay could not be replicated. Thus, it is suggested that
further investigation is needed to confirm this preliminary results of CO, effect on 6803VT and
6803K0A,
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Fig. 5.9 Oxygen evolution of 6803VT and 6803K%A under different inorganic carbon concen-
trations (Ci:CO,/HCO37). 95% CI were estimated from three independent measurements.
Ordinary one-way ANOVA with Sidak corrected multiple comparisons showed no statistical
significant difference.

Our O; evolution experiments do not provide conclusive evidence for the extent of carbamy-
lation involvement in oxygenic photosynthesis. Instrument limitations presented at this stage of
the study did not allow us to replicate the experiment. Further investigation on PSII-derived

physiological state of cells is suggested.
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5.5 Synechocystis ApcA K6E mutant response to CO,

We next examined a Synechocystis ApcA K6E mutant (6803%F) to elucidate the effect of an
introduced negative charge at Lys 6 to mimic a carbamate at 100% occupancy albeit lacking
one methyl group. Unfortunately, due to time constraints and pandemic limitations in the last
year of this project, photosynthetic O, evolution could not be explored. However, fluorescence

spectroscopy analysis was analysed.

5.5.1 Fluorescence characterisation

A K6E mutation was introduced into Synechocystis sp. PCC 6803 as discussed in section
5.2. Due to time constraints at this project stage, I first decided to evaluate the obtained
6803%°F mutant containing the pSL2680 plasmid with Km resistance. This allowed performing

3K6E

experiments while curing of the 680 mutant from the plasmid was ongoing.

Therefore, 6803X%A and 6803KE were grown in BG11 media with antibiotic (Km) under
30 umol/m?/s of cool white-light at 30°C. Cells were collected from the mid-linear phase,
centrifuged and resuspended in degassed BG11 media. To evaluate fluorescence emission
6803KO6E response, a final concentration of 20 mM NaHCO3 was added to cells, and fluorescence
emission was detected from 600 to 800 nm (Ax=485 nm). PBS fluorescence spectra was
normalised to the maximum emission of Chla at 690 nm to compare PBS maximum emission

at 658 nm similar to previously compared with 6803K64,

Under these conditions, 6803XE mutant cells showed a significant 20% increase in PBSs
peak emission detected at 658 nm compared to 6803%T and 680364 PBS emission (Fig. 5.10).
However, a difference between 6803%T and 6803%%4 was not observed (red and purple spectra
at Fig. 5.10). This suggests that a permanent negative charge on the ApcA Lys 6 enhances

fluorescence emission.
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Fig. 5.10 Relative PBS fluorescence emission at 660 nm of 6803WT, 6803%6A and 6803K6E,
Inset graph show values of PBS relative emission at 658 nm (Ordinary one-way ANOVA, Sidak
multiple comparison test, ****p<(0.0001, ns=not significant, n=3, mean with 95% CI shown).

The fluorescence lifetime is a characteristic of fluorescent probes widely employed in
research on biomolecules to study their microenvironment and molecular interactions. The
average time refers to the amount of time a molecule spends in its excited state before returning
to its ground state. A fluorophore can change conformation over its lifetime in the excited
state and interact with other molecules, and rotate or diffuse through the local environment,
which can lead to a quenching of the fluorescence. Therefore, it was hypothesized that the
demonstrated effect of the anionic charge induced by ApcA carbamate formation would be

detected on PBS fluorescence lifetimes in vivo.
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5.5.2 In vivo fluorescence lifetimes CO, response

By this stage of the study, a markerless 6803X°F mutant was obtained. To elucidate if the
detected carbamylation effect in APC is involved in chromophores excited state, we, therefore,

tested in vivo PBSs fluorescence lifetimes of 6803W7T

and markerless mutants in the presence
and absence of inorganic carbon. The use of the fluorescence lifetime is advantageous because

it is not affected by the dilution of the probe volume or different cell density.

6803VT, 6803%0A and 6803%°E markerless cells were collected from the linear growth
phase and resuspended with BG11 media free of dissolved CO,. Cells were incubated under
cool white light to deplete CO, remaining in the cells and fluorescence decays were measured
after the addition of either 1 mM NaCl or NaHCOj3. Fluorescence lifetimes were collected with
a HORIBA Scientific Deltaflex TCSPC spectrometer exciting samples with a DD-635L laser
(Aex=635 nm). The data was analysed using a reconvolution analysis using the DAS6 analysis
software. From the analysis of the 10 000 counts acquired for 10 ns, the average lifetime was
obtained. This was returned using a bi-exponential decay model, and an average lifetime was
obtained. The average fluorescence lifetimes were compared since this would be a reflection
of the fluorescence QYs. Representative fluorescence decays, from 6803VT, 6803K64A and

6803%6E_ showing short and longer average lifetimes are presented in Fig. 5.11.

Fluorescence lifetimes were detected at two different wavelengths: 660 and 690 nm. If
CO; enhances PBS fluorescence emission, the outcome on lifetimes would be only detected
at decays from PBS emission at 660 nm and not from Chla emission at 690 nm. Therefore,
cells were excited at 635 nm, closer to APCs maximum absorption at 650 nm than the 620
nm shoulder peak; far from Chla excitation at 435 nm. Synechocystis fluorescence lifetimes
with or without CO,/HCO3™ did not show a noticeable change in any of the strains detected at
660 nm(Table 5.1) nor at 690 nm detection (Table 5.2). This could be due to concentrations of
inorganic carbon used for this in vivo assay. | mM of NaHCO3 corresponds to 19 uM CO, in a
pH 8 solution, and as fluorescence decays were measured within seconds, it is possible that
carbamate formation had not occurred. The average lifetimes obtained matches the steady state
spectra in Fig. 5.10 as the integrated fluorescence there for 6803%°F is larger. Nevertheless, we

observed a clear increase in the average decay time in 6803%6F

when compared to wild-type
and 6803%6A which indicates the spectroscopic effect of a permanent negative charge on ApcA

Lys 6.
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Fig. 5.11 Representative fluorescence decay of 6803%T, 6803X64 and 6803K°F. Cells were
excited with a 635 nm laser and decays detected at 660 nm. Green dots represent instrument
response, blue dots represent cells decay detection, yellow line represent a bi-exponential model
fitting for each decay. Residuals are shown at the bottom of each corresponding decay.

Table 5.1 Representative fluorescence lifetimes of 6803WT, 6803K0A and 6803KCE detected at
660 nm. Aoy = 635nm. Mean + SD of components obtained from a bi-exponential fit.

Ti(ps)  Relative Amplitude (%) 72(ps) Relative Amplitude (%) < T > (ps) Chi-squared
6803WT+Na 128 + 7] 69% 313 + 33 31% 157 £+ 39 1.12
6803WT+Ci 133 4+ 20 70% 349 + 38 30% 164 + 43 1.12
6803K6A+Na 145 4 90 60% 434 + 39 40% 194 + 44 1.00
6803K6A+Ci 150 4 22 75% 479 + 95 25% 181 + 98 1.20
6803K6E+Na 154 4 24 56% 606 + 81 44% 230 + 85 1.16
6803K6E+Ci 161 + 36 52% 560 + 83 48% 245 + 90 1.17
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Fig. 5.12 Fluorescence lifetimes and corresponding amplitudes of 6803WT, 6803K6A and
6803K6E cells detected at 660 nm. (One-way ANOVA with post hoc two-stage linear set-up
procedure of Benjamini, Krieger and Yekutieli, n = 12 independent replicates, *= p<0.05, **=
p<0.002, ***=p<0.0002, ****=p<0.0001, ns = no significant, £95% CI.)

A significant difference in PBSs lifetimes and their respective amplitudes measured at 660
nm were observed between 6803%T and 6803 mutants (Fig. 5.12). We observed no difference
in the shorter lifetime (1) between 6803XA and 6803%¢F with 141.1 and 143.9 ps lifetime
values, respectively. However, both mutant 7| lifetimes were different to 6803WT of 131.4
ps. Regarding the longer lifetimes (7,), a greater difference was observed between the three
strains; 389.7 ps for 6803WT, 464 ps for 68034 and 596 ps for 6803KE. Interestingly,
amplitudes detected at 660 nm changed drastically on 6803%°F compared to 6803WT. 6803K6A
showed similar amplitudes to 6803%T, being 70% and 30% for the shorter and longer lifetimes.
In contrast, 6803%%F showed distinct from the 6803"" and 6803%°* with a 50% and 50%
distribution of lifetimes. Average lifetimes were different between the three strains; 6803X6F
showed a higher average lifetime of 230 ps, almost double of 165 ps from 6803WT (Fig. 5.11).
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Fig. 5.13 Representative fluorescence decays of 6803%T, 6803%6A and 6803KCF cells detected
at 690 nm. Cells were excited with a 635 nm laser. Blue dots represent instrument response,
orange dots represent cells decay detection, gray line represent a bi-exponential model fitting
for each decay. Residuals are shown at the bottom of each corresponding decay.

Table 5.2 Representative fluorescence lifetimes of 6803WT, 6803K0A and 6803KOE detected at
690 nm. Ay = 635nm. Mean + SD of components obtained from a bi-exponential fit.

Ti(ps)  Relative Amplitude (%) 7,(ps) Relative Amplitude (%) < > (ps) Chi-squared

6803WT+Na 139 4 45 55% 477 £ 59 45% 259 + 74 0.92
6803VT+Ci 190 + 57 52% 437 + 54 48% 261 +79 1.17
6803K6A+Na 163 4 57 39% 468 + 41 61% 271 + 66 1.12
6803K6A+Ci 196 + 58 40% 574 + 66 60% 326 + 88 1.09
6803K6E+Na 165 + 44 36% 527 + 46 64% 295 + 64 1.07
6803K6E+Ci 191 1 72 26% 608 + 62 74% 387 + 95 1.04

For fluorescence lifetimes detection at 690 nm, parameters mainly from Chla emission were
obtained from a bi-exponential fit (Table 5.2). The presence of CO,/HCO3 did not affect on
fluorescence lifetimes or their respective amplitudes detected at 690 nm in any of the strains.
However, average lifetimes showed to be significantly different between 6803WT, 6803K6A
and 6803%6F exhibiting average lifetimes of 277, 310 and 343 ps, respectively (Fig. 5.13)
(Ordinary one-way ANOVA, Sidék corrected multiple comparisons, n=6, p<0.05). No statistical
difference was found between 6803VT 7, and mutants 7, presenting an averaged 7; ~170
ps. A comparable lifetime of 245 ps has been previously assigned to APCggo-PBS terminal
pigments and CP47 in PSII, which are spectrally all very close and both emitting at ~685 nm
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[18]. In contrast, 6803WT 7, of 477 ps was different from both mutants, 546 ps from 6303K0A
and 595 ps from 6803%6E. Furthermore, amplitudes of 7; and 7, were found to be different
only between 6803WT and 6803KF. 6803WT showed a 41%-59% distribution of amplitudes
whereas 6803XF showed 28% and 78% (Table 5.2). Lifetimes obtained from 690 nm detection
(=170 and ~500 ps) can be attributable to Chla-binding PS core complexes, which have been
previously identified from Synechocystis decays associated spectra (DAS) [77].

On the whole, 6803%°E mutation demonstrated an effect not only on PBS excitation states
but also in PSII. The influence of the negatively charged modification on ApcA may promote
an efficient EET from PBS-Chla to PSII as previously observed in 6803X°F cells steady-state

fluorescence spectra.
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5.6 Conclusions

This Chapter demonstrated the effect of CO, in Synechocystis sp PCC 6803 PBS energy transfer.
The carbamate formation at ApcA K6 suggests having an effect on EET in whole cells. CO,
enhances QY of 6803WT cells from the late exponential phase, which PBS mediates. This
effect is consistent with differences in Synechocystis photosynthetic O, evolution rates between
6803WVT and a 6803X0A mutant. However, more tests are needed to relate this effect to Lys 6

carbamylation.

The reproduction of full carbamylated occupancy of APC (6803%6F) demonstrated the
role of CO, PTM in vivo. It was demonstrated that Synechocystis fluorescence lifetimes are
affected by Lys 6 single-site mutation. K6E mutation introduced an increase of ~100 ps in
the longer lifetime associated with APC emission. The impact of full carbamate occupancy is
also reflected with an even distribution of relative amplitudes of APC lifetimes, different to
wild-type Synechocystis and K6A mutant cells. Based on the detection of fluorescence lifetimes
at 690, it was demonstrated that the anionic charge of a modified lysine alters Chla lifetimes
and the relative amplitudes. This effect suggests that the APC Lys charge has an important role
in energetic interactions involving Chla and PSII, promoted by the anionic state of APC K6
carbamylation. The results demonstrated in this chapter further encourages the investigation of
molecular dynamics of carbamate formation in APC energy transfer. It has been shown that

CO; PTM has an important role in cyanobacteria photophysiology.



Chapter 6

Discussion

6.1 Introduction

CO, is a gas of significant concern as it has a significantly greater warming effect than all other
gases in the Earth’s atmosphere combined. As atmospheric CO; concentrations continue to
rise, carbon capture and utilization methods to reduce CO, emissions and fossil fuel usage are
being developed. The use of cyanobacteria as bio-refineries has been proposed for recycling
CO, directly into fuels or chemicals using photosynthesis. Towards this goal, it is well known
how cyanobacteria sense and store inorganic carbon. Nevertheless, protein-CO; interactions

remain unexplored.

CO, interacts with the NH; group of dissociated amines, forming a carbamate bond. This
can occur at either lysine side chains or the N-terminus of a protein. Until recently [48], the
identification of carbamate sites was challenging due to the reversible nature of carbamate
formation; incorporating a chemical labelling system and LC-MS/MS technology allowed
Linthwaite er al. (2018) to develop a method to address those challenges. The TEO trapping
method allows the ion-mediated trapping of carbamates on proteins by transferring an ethyl
group to the anionic carbamate derived from CO, and protein primary amine. This thesis
demonstrated the identification of a previously unknown photosynthetic carbamate site in
Synechocystis and the physiological implications of the CO,-mediated PTM. This chapter
summarises the discovery of APC carbamylation and discusses the findings with currently

available literature. From this study, questions arise regarding mechanisms by which CO,
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regulates ApcA energy transfer; suggestions to address this topic will be presented in this

chapter.

6.2 Discovery of a cyanobacterial carbamylation site

This thesis followed Linthwaite et al. work on A. thaliana [48] carbamate trapping. Here, we
demonstrated that TEO usage enables the identification of exchangeable CO,-binding sites
on Synechocystis protein lysate. '*C radioactive labelling was a valuable technique to identify
the presence and abundance of CO, bound protein from total protein lysate in Synechocystis.
Protein carbamates in photosynthetic organisms have been previously observed in air-grown
Euglena gracilis [96]. Nearly half of intracellular CO,/HCO3™ was found as protein carbamate
in Euglena protein lysate using '*C radioactive labelling. The identification of Euglena cell
protein '3C-carbamate was also demonstrated using '3CO, NMR. Radioactive techniques allow
the identification of carbamate protein complexes present in an organism proteome as shown
for the analysis of Hb [66]], class D 8 -lactamases [29][53] and RubisCO [55]. However, the
limitations of these techniques lie in their inability to identify carbamate sites under relevant
physiological conditions. Thus, the carbamate trapping mechanism used in this project reveals
the advantages of carbamate site detection with TEO-trapping. MS/MS technology also allows
spectra matching to an organism’s proteome, identifying ethylated carbamates under relevant

physiological conditions.

Chapter 3 details the identification of exchangeable CO;-binding sites on Synechocystis
ApcA by TEO-trapping and LC-MSMS analysis. Under physiologically relevant conditions,
we first identified the Lys 6 carboxyethyl modification from a Synechocystis protein lysate
screen. The natural occurrence of ApcA carbamylation was confirmed by the identification
of carbamate formation on PBS isolated from Synechocystis and recombinant ApcA. CO,
trapping of recombinant ApcA protein allowed an improvement in protein coverage and peptide
MSMS spectra compared to native PBS trapping. The trapping of ApcAB with 3CO, labelling
showed that carbamylation is caused by CO, being formed in solution under the experimental
conditions. The specificity of Lys 6 as a CO, binding site was validated by '3C NMR. 13C
NMR has been widely used to monitor the behaviour of Lys carbamates as a catalytically
important residue [53]. A second carbamate site was identified in CpcA Lys 2. Nevertheless,

further research is required to confirm CpcA carbamylation by 3C-NMR detection.
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The identification of carbamylation sites in cyanobacteria light-harvesting antennae indi-
cates a unique role of CO,/HCO3" in photosynthesis. HCO3™ has been previously reported to
facilitate proton transfer in PSII [87]. In oxygenic photosynthesis, bicarbonate acts as a ligand
to the quinone—iron complex, where it stabilizes the QA-NHI-QB structure of the PSII RC,
and thus allows efficient electron transport and protonation of QB. The importance of lysine
carbamylation, in general, is becoming more widely recognized, and the number of proteins
known to contain this post-translational modification is increasing. Carbamate identification is
likely to lead to the elucidation of the essential role of CO,/HCO3™ in oxygenic photosynthetic

organisms.

6.3 Invitro APC CO; response

This study demonstrated that the carbamylation of Lys 6 plays an important role within APC
energy transfer. A Lys 6 privileged environment formed by the ApcA and ApcB subunit pockets
in the monomeric and trimeric form suggests optimal conditions for carbamate formation as
observed from the APC crystal structure For example, in APC trimers, Lys 6 is located at 2.8
nm from chromophore -84 and chromophore 3-84 in each monomer. A similar distance
has been reported as the closest distance between chromophore pairs of adjacent monomers,
o-84 and B-84. The short distance of 2.1 nm of this coupled pair allows the interaction across
the monomer-monomer interfaces to produce the 650 nm absorption maximum and the 660
nm emission maximum of APC [57]. Therefore, a modification of the environment by CO,
carbamylation at a similar distance between Lys 6 and chromophore pairs -84 and 3-84 can
be expected to cause the increased energy transfer efficiency of APC observed in this project
(Fig. 6.1).
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Fig. 6.1 Structure of the Spirulina platensis ApcAB (af3); trimer (PDB: 1ALL). Representative
Lys 6 carbamate short-range interaction to each chromophore.

ApcAB EET enhanced by CO,/HCOj5™ is based on carbamylation at K6. An analogous
increase of ApcAB QYs was also observed in the ApcA subunit protein, although the increase
was smaller. Different CO, responses between monomeric and trimeric states can be expected
as the local environment of carbamate formation differs. Thus, the negative charge of a
carbamate formed would have a different resonance with chromophore interactions depending
on the APC conformation state. For example, in the case of the ApcA subunit, the carbamate
would be interacting only with chromophore -84. For monomers, Lys 6 carbamate would
interact with 3-84 and chromophore pair @84-84. Most importantly in the native trimeric
state, carbamate would interact with the three chromophore pairs (oc!84-B384, a>84-8284, and
0>84-B184) and individually with the three $84. The anionic charge of Lys 6 would change
the local environment in APC which could also impact dipole-dipole interactions. Therefore,
heterogeneity found in CO, response in this project at the different APC conformation states

can be expected.

The ApcA K6A mutation does not alter trimeric APC fluorescence lifetimes. In vitro
steady-state fluorescence lifetimes of APC were indistinguishable. The long lifetime of 1.9 ns is

broadly similar to the previously reported 1.7 ns [75] attributed to APC monomer fluorescence
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emission. On the other hand, the obtained shorter lifetime presented a relatively long decay of
300 ps compared to 95 ps reported by Ranjbar ef al. Femtosecond experiments have identified
even shorter ultrafast APC lifetimes of 430 fs [84]. In addition, in vitro studies of Ying et
al. reported 1.51 ns and 0.63 ns lifetimes of a cross-linked APC. Therefore, the fluorescence
decays of recombinant proteins obtained in this study could be attributed to conformational
changes from a His-tagged APC trimer. The predominant amplitude of 96% of the long decay
detected at 660 nm in this study indicates the detection of fluorescence emission from the APC
monomer with an individual fluorescence at 650 nm [54]. However, the dynamic equilibrium
between the monomeric and trimeric forms may also lead to the observed heterogeneity in
APC solutions.

ApcA Lys 6 is surrounded by hydrophilic amino acids such as Asp 99 and Thr 101,
indicating that it is located in a highly hydrophilic microenvironment favouring short-range
interactions (Fig. 6.1). The negative charge imposed by CO; in APC trimers is likely to be
involved in the short-range interactions of the closest chromophores. Based on our results, in
a CO, depleted system, QYs of ApcABXSE are higher than ApcABX®4 and ApcABWT. The
negative charge provided by the K6E mutation demonstrates the effect of enhanced energy

transfer by a permanent negative charge induced by carbamylation in APC.

Modifications in electronic coupling induced by the negative charge of an aspartate residue
near PCBs have been previously reported in computational studies [78]. In the presence
of the aspartate residue in the PCBH™, the electronic couplings exhibited almost two-fold
decrease, especially for the a?-84 — '-84 and «!-84 — B3-84 EET pathways. Likewise,
single-molecule experiments have shown that the broad distribution of APC lifetimes can be
attributed to the formation of transitory and long-lived radical cation traps [95]. For example,
if a -84 forms a radical cation trap, it can quench the emission from adjacent pairs more
efficiently than an a-84 trap because of 3-84’s vicinity to the pair. Therefore, the magnitudes
of transition dipole moments and electronic coupling could be influenced by both short and

long-range interactions between chromophores and the environmental protein moieties.

Here we propose that carbamylation of Lys 6 is stabilized and conserved in the APC
monomer interface. The short-range interactions of the predominant negative charge of the

carbamylated lysine, based on ApcABKSE

mutant response to CO,, causes conformational
changes in the protein to make energy transfer more efficient in vitro. Further experiments are

required to evaluate the possibility of CO; involvement in chromophore interactions.
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6.4 The Influence of ApcA carbamylation on Synechocystis
sp PCC 6803 in vivo

Evidence demonstrating the effect of ApcA Lys 6 carbamylation on energy transfer was obtained
in vitro (Chapter 4) and in vivo (Chapter 5). We generated markerless mutants ApcA K6A and
K6E via CRISPR-cpfl. Obtaining mutants with the pSL.2680 CRISPR-based system provided
a practical and accurate directed method. Nevertheless, compared to E. coli or yeast, the growth
rates of this commonly used cyanobacterial model strain were significantly slower, requiring
extended time frames (weeks to months) to accomplish genome editing. Since Synechocystis
contain multiple chromosome copies per cell, segregation of point mutation required several
rounds of segregation to guarantee complete chromosome mutations and additional weeks for
curing plasmid without antibiotics. This study demonstrated that the CRISPR-based pSL.2680

system could create markerless knockouts with advantages over conventional strategies.

Synechocystis single-site mutation editing did not perturb growth rates. As carbamylation
of Lys 6 is demonstrated to affect PBSs energy efficiency (Chapter 4), we initially expected
to identify an escalated effect on growth in the wild type strain, which was not detected in
this study. Under the same culture conditions of growth, 6803WT and 6803X%4 cell growth
rates were identical. However, 6803WT relative ratio of PBS and Chla fluorescence intensities
(Aex = 485nm) was higher than 6803%64 ., The Chla fluorescence peak was always higher than
PBS in Synechocystis cells, which indicates an efficient energy transfer from phycobilisomes
to Chla. Hence, PBSs are likely to be fully coupled to PSII, and the increased PBS emission
observed in 6803"T is induced by ApcA Lys 6 carbamylation. The last was demonstrated by
the enhancement in 6803%T QY only when COj is present.

6803%VT QY response to CO, was only observed from cells obtained from the stationary
phase. This is not the first time when photophysiology differences between growth phases
have been reported. Schuurmans e? al. identified that despite the ratio between PC and APC
fluorescence remaining stable (PC/APC ratio) across the different growth phases, energy transfer
from the PBS to the two photosystems in the linear and stationary growth phases are higher.
They analysed Synechocystis sp PCC 6803 77K fluorescence emission and observed increased
energy transfer from these antennae to the two photosystems as cell density increased [82].
Therefore, a particular ApcA CO; response at the stationary phase could imply an approach

to the adaptation of the antennae to photosystem connectivity. However, more investigations
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evaluating this hypothesis on different growth conditions would be required to attribute APC

CO; QY to a specific growth phase response.

From O; evolution rates tested in this study, an apparent EET effect on PSII activity was
only observed in wild-type Synechocystis. However, we cannot provide conclusive evidence
from our experiments. Further investigation testing specific APC excitation with filtered light
could relate to Lys 6 carbamylation effect on oxygenic photosynthesis. Short-range interactions
of a negative charge from a carbamylated lysine could be fixing conformational changes to
make PBS EET to Chl a more efficient process. Nevertheless, further repeats are necessary to

be able to draw significant conclusions.

A permanent carbamylated Lys 6 was mimicked by in vivo substitution of this residue by
glutamine. The anionic charge induced in APC trimers showed an increase in relative PBS
emission, 20% higher than wild-type with CO,/HCO3 . The observed Chla and PSII emission
at 688 nm and 710 nm indicate a stable PSII activity between the strains. The increased PBS
emission promoted by the anionic charge can be attributed to a stabilised ApcA carbamate, an
energy that is, in fact, not reaching Chla. The PBS emission observed in our experiments may
be limited by the redox state of the reaction centre when the measurements were performed,
and therefore not be efficiently transferred to PSII. We can only speculate on the mechanisms
and structures that can explain our findings. Further experiments measuring K6E PBS emission

at the different plastoquinone redox states could help to elucidate this process.

In biological systems, the lifetime distribution of chromophores can either be static or
dynamic [95][25]. In particular, conformational changes of the protein can vary the environment
of a chromophore and thus fluorescence lifetimes. The wavelengths used for fluorescence
decay detection of 6803VT and 6803 mutants were assigned due to the APC fluorescence band
previously seen (660 nm) and the band detected of Chla fluorescence (690 nm) that would
also include fluorescence from the reaction centre P680. The excitation light used for these
measurements (635 nm) is absorbed predominantly by APC. Consequently, the major part of the
decay-associated spectra under these conditions represent fluorescence mainly from the APC
core. Judging from the decay curve of fluorescence monitored at 660 nm, the amplitude of the
130-150 ps components in 68037 cells is higher than that of similar components from 6803K6E
mutant cells. Similar fluorescence lifetimes have been reported for intact Synechocystis sp.
PCC 6803 cells [10], attributed to APC emission with lifetimes of 160-220 ps. The second
component of 400 ps was detected in 6803VT and 6803%6A with amplitude significantly
smaller than 6803XE mutant. This lifetime can be attributed to APC B and pigments associated
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with the anchor peptide, which has been previously described to be in the range of 370-550 ps
[69]. In this study, commonly long-lived components (1.2-1.8 ns) observed in measurements
performed under closed RC conditions were not found, indicating that PBSs are fully coupled
to PSII [43]. The impact of short-range interactions from a negatively charged residue in ApcA
was demonstrated. The increase of 100 ps of the average time is of great interest. This suggests
that a permanent CO, PTM causes longer APC average lifetimes and significantly different
energy transfer distributions: from 70%-30% relative amplitudes in wild type to 50%-50% in
6803KCE,

From the 690 nm detection, ~170 ps and ~500 ps components have been attributed to
Chla-binding PS core complexes. The different amplitudes of lifetimes between 6803WT and
6803%6E may indicate the adaptation of EET to PSII to a permanent anionic charge in Lys 6.

Therefore, Glu 6 appears to exert a negligible effect on the energy transfer process in APC.

Light-harvesting processes are strictly related to inorganic carbon assimilation and detection.
Carbamate formation has been demonstrated in the past to depend upon light energy and Ci
accumulation in algal cells [96]. It is known that cyanobacteria respond to light and inorganic
carbon limitation by the optimisation of protein expression and by keeping protein reserves in
anticipation of varying environmental conditions [37][83]. Additionally, carbon is required as
the terminal electron acceptor to synthesise carbohydrates and regulate photosynthetic electron
transport in PSII by binding with HCO3™ [12][87]. In this investigation, we demonstrated
photophysiological responses to CO; in Synechocystis. CO, carbamylation PTM might have a
role in photosynthesis as a regulator and enhancer of energy transfer efficiency. Mechanisms
and structures of which are yet to be unravelled. This knowledge will bring valuable knowledge

into new ways to improve greener methods of carbon capture with cyanobacteria.
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6.5 Conclusions

This thesis demonstrated the role of CO, in EET of ApcA in Synechocystis sp. PCC 6803. The

previously unknown carbamate on ApcA Lys 6 was validated under physiological conditions.

The ability to identify protein carbamates significantly advances our understanding of
cellular CO; interactions. Cyanobacteria light-harvesting proteins interact with CO, via
carbamylation at the K6 of the allophycocyanin alpha subunit, suggesting an important role
of CO; in photosynthetic energy transfer. Further investigation on CO, PTM occurring in
photosynthetic organisms could provide answers to the uncertainty on how phototrophs will

adapt to Earth’s rising CO, concentrations.
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6.6 Further work

Significant findings have been made during this research. However, several questions were
raised from the results obtained; with that in mind, the following future work is proposed to

elucidate if (and how) CO, alters chromophore interactions.

Further in vitro analysis

* Crystallography of different carbamylated proteins has elucidated important knowledge
on carbamate bonds interactions. Crystallography of APC trimers with high concentra-

tions of CO, could elucidate the molecular state of the K6 carbamate.

* Circular dichroism of the recombinant proteins could be tested with the addition of
CO,/HCO;5".

* As changes to APC lifetimes in K6E mutant cells in vivo were detected, measurements of
fluorescence decays of ApcABXOF recombinant trimers could elucidate more information

on short-range interactions of K6 carbamate with chromophore coupling.

* The fluorescence emission spectra of photosynthetic microorganisms at liquid nitrogen
temperature (77 K) reveals details about the structure of photosynthetic machinery that
are not detectable at room temperature. Measuring the emission of APC trimers at 77K at
varying CO; could be used to identify promotion and inhibition concentrations of carbon

interactions.

In vivo carbamate response

* A specific response to CO, on APC fluorescence decays detected at 660 nm in cells
was not detected in this study. However, the concentrations of CO,/HCO3" used in this
particular assay was 1 mM. Such concentrations would correspond to approximately 19
uM of CO;, which may mean that not enough CO, reached thylakoid membranes and
thus PBSs, making any CO; response too small to detect. Increasing tested concentrations
of CO,/HCOj5™ could address this issue.
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» PSII-derived fluorescence can be recorded with non-invasive PAM fluorimetry technique.
The PSII-derived fluorescence can be used to indicate the physiological response to CO,
of the WT and mutant cells.

* Decay Associated Spectra (DAS) and lifetimes of the excited state relaxation kinetics in
whole cells of Synechocystis sp. PCC 6803 would reveal the distinct components of a

heterogeneous mixture from the global analysis of time-resolved spectroscopy data.

* The reproducibility of O, evolution tests could be addressed by direct excitation to

phycobilisomes/APC using 630 nm filtered light.

* Low-temperature fluorescence measurements suggested for in vivo analysis could also

be performed on WT and mutant cells.

Finally, further carbamate identification in Synechocystis by optimizing the CO, trapping
methodology used in this study would bring valuable knowledge on cyanobacterial interac-
tions with CO,. Synechocystis carbamylation could depend on CO; cellular concentrations;
carbamate trapping under different CO, conditions could mark a difference in the number of
proteins identified with LC-MSMS. The increased number of cyanobacterial proteins identified
could be obtained by the fractionation of samples post-digest. This technique will considerably
minimize the complexity of the peptide mixture preceding LC-MSMS. With the identification
of new carbamylated sites, CRISPR-based systems could be used similarly to this study to

elucidate the biological role of cyanobacterial carbamate formation.
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