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Summary

Summary

The production of chemical energy from light energy is arguably the most important reaction
known, which makes photosynthesis one of the most important processes on Earth. Nearly all
life depends on the energy derived from light, and it is this process that supports Earths
oxygenated atmosphere. Photosynthesis is initiated by the absorption of light, which is
performed by specialised pigment molecules known as the chlorophylls. These are highly
specialised pigment molecules that belong to the tetrapyrrole family, which also includes
vitamin B12, sirohaem and haem. Chlorophyll is synthesised via a series of chemical reactions

collectively known as chlorophyll biosynthesis.

Whilst the majority of enzymes required for chlorophyll biosynthesis are known and have, to
some extent, been characterised, one enzyme, the magnesium protoporphyrin IX
monomethylester cyclase (cyclase), remains an enigma. This enzyme catalyses the formation
of the 5" isocyclic ring, altering the colour of the tetrapyrrole molecule from red to green.
Despite being known for over 60 years, only one subunit of the cyclase has been identified.
This is the catalytic or AcsF subunit, which contains a distinctive di-iron motif and is
absolutely conserved across all known oxygenic photosynthetic organisms. One of the
focuses of this work was to identify other subunits of the cyclase. This led to the discovery of
Ycf54, a protein that is highly conserved among oxygenic photosynthetic organisms, which is
essential for chlorophyll accumulation in Synechocystis sp. PCC6803. The latter half of this
thesis focuses on investigating the structural and functional characteristics of Synechocystis
Ycf54; a protein that had previously not been investigated. This work lead the identification
of three residues in Ycf54 (D39, F40 and R82), which are required for protochlorophyllide
synthesis and chlorophyll formation in Synechocystis, and the observation that these residues
are all required for Ycf54 to interact with the catalytic (AcsF) subunit of the cyclase.
Additionally, the crystal structure of wild type Synechocystis Ycf54 to a resolution of 1.2 A,
and the structures of two Ycf54 mutants (A9G and R82A), which have an in vivo phenotype

were obtained using molecular replacement.

Furthermore this work presents the first investigations into the previously unknown protein
SIr0483 in Synechocystis. This protein contains the conserved C-terminal membrane
anchoring CAAD (Cyanobacterial Aminoacyl-tRNA synthetases Appended Domain) domain
and is found in all of the oxygenic photosynthetic organisms investigated. The experiments
reported in this thesis show that SIr0483 is essential for photosystem stability and
accumulation in Synechocystis and that this protein interacts with the chlorophyll

biosynthesis enzymes protoporphyrin IX oxidase, protoporphyrin IX methyltransferase, the
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cyclase subunit Sll1214 and the geranylgeranyl reductase ChIP, as well as the haem
biosynthesis enzyme ferrochelatase. Leading to the hypothesis that SIr0483 may serve as a
membrane anchor, localising the enzymes required for chlorophyll and haem biosynthesis, to
the sites where these tetrapyrroles are required in the thylakoid membrane (i.e. next to the

sites of photosystem and cytochrome assembly).
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Chapter 1

1. Introduction

1.1 Photosynthesis

Photosynthesis is a biological mechanism by which light energy is harvested and converted to
chemical energy. This process produces the molecular oxygen and reduced carbon sources
essential for virtually all life on earth, the only exception being chemolithotrophic bacteria,
which makes photosynthesis one of the most important biochemical processes on the planet.

Photosynthesis is represented by the general equation:

h
2H,A + CO, — (CH,0) + H,0 + 2A (Van Niel, 1962)

where H,A represents the source of hydrogen ions and electrons used to reduce carbon
dioxide to carbohydrate (CH,0) using the energy from light (hv), producing an oxidation
product (A), and water in the process (Kiang et al., 2007). Interestingly there are two types of
photosynthetic reaction, classified as oxygenic or anoxygenic, which vary in the electron

donor (H,A) used and the oxidation product (A) produced.

Oxygenic photosynthesis is performed by plants, algae and cyanobacteria and can be

represented by the equation:

h
12H,0 + 6C0, — (CgHy,04) + 6H,0 + 60,

In this reaction water (H,A) is cleaved yielding oxidised and reduced moieties. The reductant
serves to reduce carbon dioxide to organic carbon and the oxidant gives rise to molecular

oxygen; hence the name oxygenic photosynthesis.

In anoxygenic photosynthesis, a process performed by all other photosynthetic bacteria, a
variety of simple molecules, excluding water, are used as the reductant. Examples of these
include reduced sulphur compounds, molecular hydrogen and organic acids such as acetate

or succinate; consequently the oxidation product is anoxygenic (Stanier et al., 1959).

There are two stages of photosynthesis, one light-dependent and the other light-
independent. In the light-dependent stage, visible radiation excites an electron in a pigment
molecule, which in returning to a lower energy state, provides the energy needed for the

synthesis of ATP and NAD(P)H. These products are then utilised in the light-independent
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reaction to drive the assimilation of carbon dioxide into carbohydrate in a process known as

the Calvin-Benson Cycle (Calvin and Benson, 1948).

Although represented by a deceptively simple equation, photosynthesis is a complex process
requiring specialised membrane bound pigment protein complexes to facilitate the capture of
solar energy and its channelling into carbon fixation. Energy capture is performed by pigment
molecules mainly consisting of chlorophylls, bacteriochlorophylls, carotenoids and
phycobilins. As the presence of these molecules on earth is so ubiquitous (chlorophylls and
bacteriochlorophylls are among the most abundant pigment molecules on the planet) the

collective reflection of green light from these pigments can be viewed from space (Figure 1.1)

Maxirmum
nd: Normalized Difference Land Vegetation

Figure 1.1 The global biosphere

Image of the global biosphere showing the average ocean phytoplankton chlorophyll concentration
(data acquired between September 1997 and August 2000), combined with the Normalised Difference
Vegetation Index over land. All data were derived from observations from the SeaWiFS sensor. The
data used in this effort were acquired as part of the activities of NASA's Science Mission Directorate,
and are archived and distributed by the Goddard Earth Sciences (GES) Data and Information Services
Centre (DISC). The normalised difference land vegetation index is calculated from the scatter of solar

radiation in the near-infrared region by photosynthetic vegetation using the equation:

(Anir—ayis)

Normalised dif ference land vegetation index = 2
(anir+ayis)

where a,;, and a,, represent surface

reflectance’s over ranges of wavelengths in the visible and near infrared regions (Asrar et al., 1984)
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1.2 The origins of photosynthesis and photosynthetic bacteria

Although photosynthesis is generally regarded as an ancient process, probably evolving
shortly after the origin of life (Olson and Blankenship, 2004), its origins will always be
shrouded in mystery. Despite this, studies of fossils, phylogenetics and photosynthetic cell
morphologies have enabled deductions to be made about the evolution of photosynthesis

and its spread across several biological taxa.
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Figure 1.2 Hypothesised evolutionary relationships between the three domains of life based on small
subunit rRNA phylogenetics

The taxa containing photosynthetic organisms are highlighted in green or purple, which denotes the
reaction centre type; green represents reaction centre type | and purple represents reaction centre
type Il. The red arrow indicates the endosymbiosis event of the ancestral cyanobacterium (Pace, 1997;

Blankenship, 2010).

Of the three domains of life, Eubacteria, Archaebacteria and Eukaryotes, chlorophyll-based
photosynthesis is found only in subsets of the bacterial and eukaryotic domains, no
chlorophyll-based photosynthetic Archaea has been discovered (Figure 1.2). The Archaea

Haleobacteria are not classified as true photosynthetic organisms as they harness light
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energy through bacteriorhodopsin using retinal, a carotenoid, and not a tetrapyrrole-based

pigment (Oesterhelt and Stoeckenius, 1971).
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Figure 1.3 Taxonomy and absorption spectra of photosynthetic bacteria

Taxonomy of phototrophic bacteria (A). Absorption spectra of living photosynthetic organisms (B)

(adapted from Garcia-Asua, 1999).

The ability to perform photosynthesis is found within six phyla of bacteria; these are the

cyanobacteria, the proteobacteria or purple bacteria, the green sulphur bacteria, the

firmicutes or heliobacteria, the green non-sulphur bacteria and the recently discovered
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acidobacteria (Bryant et al., 2007; Raymond, 2008) (Figure 1.3). The extent of photosynthetic
organisms within each phylum varies, with practically all cyanobacteria and green sulphur
bacteria being phototrophic and the vast majority of species within the proteobacteria being
non-phototrophs (Blankenship, 2010). A brief introduction to each of the photosynthetic

phyla, with the exception of cyanobacteria, described in more detail later, is given below.

Proteobacteria (purple bacteria)

The proteobacteria are the most metabolically diverse phylum of organisms, which is
reflected in their being named after Proteus, the Greek sea god, capable of assuming many
identities. Organisms within this group have a remarkable range of metabolic capabilities,
and include  prokaryotes capable of growing aerobically, anaerobically,
photoheterotrophically and photoautotrophically. Many organisms within this phylum also
have the capability to utilise sulphur or phosphorus as an energy source, assimilate carbon
and fix nitrogen. The photosynthetic members of the proteobacteria are known as the purple
bacteria, owing to their purple pigmentation. These organisms are found littered among the
alpha (Rhodospirillum, Rhodobacter), beta (Rubrivivax gelatinosus, Rhodocyclus tenuis) and
gamma (Halorhodospira halochloris, Ecotothiorhodospira) proteobacteria (Hunter et al.,

2009; Beatty, 2013).

Green sulphur bacteria

These organisms are anoxygenic phototrophs and typically inhabit freshwater lakes, sand
flats and hyper saline waters such as the black sea. These bacteria are capable of growing to
very high densities as their growth zones are limited to a narrow band in the water column
that can provide both the reduced inorganic sulphur compounds and light intensities required
for growth (Gloe et al., 1975; Overmann, 2001). They are differentiated from other types of
photosynthetic bacteria, as organisms belonging to this phylum are non motile and contain y-
carotene as a major carotenoid component (Gibson et al., 1985). Both green and brown
species make up the green-sulphur phylum; these are differentiated by their light-harvesting
pigments. Green species contain bacteriochlorophyll ¢ or d, and the -carotenoids
chlorobactene and hydroxy-chlorobactene. Whereas the brown species contain
bacteriochlorophyll e and the carotenoids isorenieratene and B-isoernieratene (Gloe et al.,
1975). The different pigment compositions are responsible for modifying light absorption,

which is required to adapt the different organisms to different environments.

Firmicutes (heliobacteria)
First discovered in the 1980s, this group of strict anoxygenic phototrophic bacteria uniquely

synthesise bacteriochlorophyll g and do not possess bacteriochlorophyll a (Gest and Favinger,
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1983; Asao and Madigan, 2010). Requiring fairly high light intensities to grow, these
organisms contain the simplest known photosynthetic complexes, which are located in the
plasma membrane, as heliobacteria lack specialised photosynthetic membranes (Woese et
al., 1985; Kimble-Long and Madigan, 2001). Heliobacteria may grow photoheterotrophically
on a limited range of organic substrates or by fermentation of pyruvate in the dark, as they
are unable to grow photoautotrophically by solar energy alone (Kimble et al., 1994; Ormerod

et al., 1996).

Green non-sulphur bacteria (Chloroflexi)

Although referred to as “green non-sulphur” bacteria several members of this phylum utilise
sulphide as a source of electrons for photosynthesis (Keppen et al., 2000; Klappenbach and
Pierson, 2004). The first organism belonging to this phylum, Chloroflexus aurantiacus, was
first isolated from a hot spring in 1974 (Pierson and Castenholz, 1974). Since then several
other members of this family have been isolated. Organisms within this phylum
characteristically form filaments, use chlorosomes as light harvesting antennae and display

gliding motility.

Acidiobacteria

The most recent phototroph discovered is the bacterium Candidatus Chloracidobacterium
thermophilum, which was isolated from a hot spring microbial mat in 2007 (Bryant et al.,
2007). This newly discovered aerobic phototroph is distinctly unusual in that it contains
chlorosomes and the Fenna-Matthews-Olsen (FMO) complex, previously seen only in
anaerobic phototrophs. Although members of the Acidobacter phylum are notoriously
difficult to isolate and grow under laboratory conditions, it has been possible to grow Ca. Cab.
thermophilum C. Thermophilum in a mixed culture to study its FMO-chlorosome composition

(Tsukatani et al., 2010; Wen et al., 2011).

1.2.1 The evolution of photosynthesis

The ability to photosynthesise is thought to have been passed onto eukaryotes through a
single endosymbiosis event, where a non-photosynthetic protist engulfed and enslaved a
cyanobacterial-like organism (Mereschkowsky, 1905; Mereschkowsky, 1910; Margulis, 1970;
Price et al., 2012). Over time genes from the enslaved organism were transferred to the host
nuclear DNA, lost through lack of selection pressure or substituted for a gene already present
in the host, reducing it to the organelle now known as the plastid (Nugent and Palmer, 1988;
Martin and Schnarrenberger, 1997; Delwiche, 1999). This organism then gave rise to the red,
green and glaucophyte algae (Archibald, 2005). Plastids were then transferred horizontally

across the eukaryotic lineages in secondary and tertiary endosymbiotic events to give rise to
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the phyla Euglenids, Ciliates, Cryptomonads and Dinophysls to name a few examples
(Cavalier-Smith, 1999; Yoon et al., 2004; Bhattacharya et al., 2004; Archibald, 2005) (Figure
1.4).

The evolution of photosynthesis within the photosynthetic bacteria remains unclear and is
complicated by several factors including horizontal gene transfer, the components of the
photosynthetic apparatus arising from various evolutionary pathways and the differing
methods used to calculate evolutionary timelines. For example, phylogenetic studies that use
non-photosynthetic genes as markers result in vastly different evolutionary pathways to
studies that use photosynthetic genes as markers. A phylogenetic comparison of the non-
photosynthetic genes, Hsp60 and Hsp70, (Gupta et al., 1999) suggests the Gram positive
bacteria (of which heliobacteria are a subset) evolved first and subsequently diverged, along
a linear pathway, into green non-sulphur bacteria, cyanobacteria, green sulphur bacteria
and, lastly, purple bacteria. However, a comparison of the Mg-tetrapyrrole biosynthesis
genes places the proteobacteria as the most ancient photosynthetic lineage, followed by the
closely related green non-sulphur and green sulphur bacteria; emerging later are the
heliobacteria, cyanobacteria and photosynthetic eukaryote lineages (Xiong et al., 2000).
Consequently, it remains unresolved as to whether photosynthesis evolved once,
subsequently being lost from many phyla and spreading to others via horizontal transfer

events, or arose in multiple events across.

Perhaps the easiest origin to pinpoint should be that of the oxygen-producing cyanobacteria.
These early organisms are thought to be responsible for the oxygenation of earth’s
atmosphere enabling the eventual evolution of aerobic life-forms and protective ozone layer.
However, there is much controversy between the fossil and geological records. The geological
evidence points towards molecular oxygen accumulating in the atmosphere ~ 2.7 billion years
ago (Buick, 1992) , suggesting cyanobacteria will have evolved slightly before this time point,
as the early oxygen produced will not have accumulated in the atmosphere, but would have
been consumed in the oxidation of iron and sulphur compounds on the earth’s surface
(Blankenship, 1992; Xiong and Bauer, 2002). However, fossil evidence suggests
cyanobacterial-like organisms were present much earlier, perhaps as early as 3.4 billion years
ago (Schopf, 1993; Schopf et al., 2002). Therefore the question of when these organisms first

evolved remains unanswered.

Today the cyanobacteria are widespread across the globe and can be found inhabiting
terrestrial, freshwater and marine environments, as well as the more extreme habitats such

as hot springs and saline lakes. They are a popular model organism for the study of oxygenic
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photosynthesis, as they are possible progenitors of plant plastids, have relatively simple
genetics in comparison to higher plants and are the only photosynthetic prokaryotes known
to engage in oxygenic photosynthesis. Commonly known as “blue-green algae”,
cyanobacteria are Gram-negative photoautotrophs that have proven amenable to genetic
manipulation, enabling studies of gene function and regulation. The work presented in this
thesis was compiled through studies on the cyanobacterium Synechocystis sp PCC6803, from
hereafter referred to as Synechocystis.
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Figure 1.4 Hypothesised origin and spread of the plastid from primary endosymbiosis throughout the
photosynthetic eukaryotes

This hypothesis is based on a consensus of morphological, molecular and biochemical data. Three
photosynthetic lineages arise from the original endosymbiosis event, the red algae (eventually giving
rise to brown algae), the green algae (eventually giving rise to the land plants) and the glaucophyptes.
Both red and green algae are thought to have undergone secondary endosymbiosis events, as
evidenced through phylogenetic studies and the number of membranes binding the arising plastid
organelle. In the case of the Dinophysis, Kryptoperidinium, Kareina and Lepidodinium, the ancestral

plastid has been replaced though a tertiary or serial secondary endosymbiosis event (Archibald, 2005).
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1.3 Synechocystis as a model organism

Cyanobacteria have been popular model organisms since the 1970s. The cyanobacterium
Synechocystis was first isolated from a freshwater lake and deposited in the Pasteur Culture
Collection in 1968. However, it was not until the 1990s that this organism became a
mainstream model organism for photosynthesis research. This can be attributed to the
sequencing of the Synechocystis genome in 1996 (Kaneko et al., 1996), which was the first
genome of a photosynthetic organism to be sequenced and only the third complete
sequenced after those of Haemophilus influenza and Mycoplasma genitalium, as well as the
generation of glucose tolerant Synechocystis strain that could propagate under
photomixotrophic growth conditions (Rippka R et al., 1979; Williams, 1988) The completed
sequence is 3,573,470 bp in length and contains an estimated 3,168 potential protein coding

genes.

As discussed earlier, an ancient cyanobacterium is thought to be the progenitor of plant
plastids, as members of this phylum are the only photosynthetic bacteria known to contain
chlorophyll a. This homology is also reflected in plants and cyanobacteria using the same sets
of proteins, with a few exceptions, to synthesise chlorophyll a, and assemble the

photosynthetic apparatus (Vavilin and Vermaas, 2002).

Like many cyanobacteria, Synechocystis is naturally competent, capable of taking up DNA
from the environment and incorporating it into its genome (Grigorieva and Shestakov, 1982).
This natural phenomenon makes manipulation of the genome relatively straightforward.
Constructs can be designed with flanking regions of DNA, homologous to the desired final
location within the Synechocystis genome, enabling the insertion or deletion of genes using
selection markers (Tsinoremas et al., 1994). Interestingly the Synechocystis genome is
polyploidal with the most recent estimate suggesting there are ~60 copies of the genome in
each cell (Griese et al., 2011), which is vastly higher than the 12 copies originally reported
(Labarre et al.,, 1989). In terms of selection, this means any construct placed in the
Synechocystis genome needs to be integrated into each genome copy to prevent the resulting

mutant from returning to the wild type state.

1.4 Tetrapyrroles

Tetrapyrroles are a large group of organic energy-capturing molecules composed of four
pyrroles (C4H;NH) (designated rings A-D) arranged in a cyclic (porphyrins) or linear

(phycobilins and bilins) fashion. Each of these pyrrole subunits is connected, with the
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exception of corrins, by single carbon methyne bridges. The carbon atoms that form the
tetrapyrrole backbone are numbered from 1-20 starting from ring A (Figure 1.5). Chlorophylls
form a structurally and functionally distinct group within the porphyrin family; characterised
the presence of a fifth isocyclic ring, the “E” ring, and a phytol moiety esterified at the C17
position. In the majority of cases a magnesium ion is bound via co-ordinating bonds to the
four central nitrogen atoms of the tetrapyrrole, the exception being a bacteriochlorophyll
with a centrally co-ordinated zinc ion, found in the aerobic bacterium Acidiphilium rubrum
(Matsuzawa et al., 2000). The pigment absorbs strongly in the red and blue-violet regions of
the visible electromagnetic spectrum, reflecting green light to give photosynthetic organisms
their characteristic colour (Zscheile et al., 1944). Chlorophylls are found in almost all

photosynthetic organisms due to their ability for efficiently capturing solar radiation.
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Figure 1.5 Structures of chlorophylls a and b
The carbon skeleton is numbered according to the IUPAC system. Chlorophylls a and b differ only at

the C7 side group, where a methyl group has been modified to a carbonyl group.

There are five known types of chlorophyll: a, b, ¢, d, and the most recently discovered f. The
most abundant of these is chlorophyll a, which plays a vital role in the reaction centres and
core antennae of almost all oxygenic photosynthetic organisms including Synechocystis. In
situ chlorophyll a has absorption maxima at 440 nm and 670 - 720 nm, which are located in
two narrow bands at the edges of the visible spectrum. As a result photosynthetic organisms
almost always contain other light-absorbing pigments to maximise their photoactive
absorption range. Quite often these accessory pigments are other chlorophyll molecules, for
example, chlorophyll b, which is found in all lineages of green eukaryotes, differs from

chlorophyll a by the addition of a carbonyl-group at the C7 position (Figure 1.5). This

10
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modification alters the in situ absorbance maxima to 460 nm and 630 - 680 nm, narrowing

the green absorption gap and extending the photoactive wavelengths that can be harvested.
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Figure 1.6 Bacteriochlorophyll a & chlorophyll a biosynthesis pathways

Both pathways share common intermediates up to chlorophyllide, at this point the tetrapyrrole ring in
bacteriochlorophyll biosynthesis undergoes additional modifications. BchXYZ encode the chlorin
reductase, which reduces the double bond between C; and Cg (McGlynn and Hunter, 1993). BchF
appears to hydrate the vinyl group to generate a hydroxyl intermediate, BchC further oxidises the
hydroxyl group to a ketone, to form the C; oxo group of bacteriochlorophyllide (Wellington and Beatty,

1989; Burke et al., 1993a) and BchG is responsible for esterification of the geranylgeranyl or phytol tail.

The majority of photosynthetic bacteria, excluding the cyanobacteria, utilise
bacteriochlorophyll, not chlorophyll as the major light harvesting pigment.

Bacteriochlorophylls are biologically similar to chlorophylls, differing only in the number of

11
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reduced pyrrole rings. Chlorophyll has only one reduced pyrrole ring, ring D, whereas
bacteriochlorophyll has two reduced pyrrole rings, rings B and D. The ‘tail’ of
bacteriochlorophyll may be phytol or geranylgeraniol, whilst the tail of chlorophyll only ever
contains phytol (Figure 1.6). As Synechocystis only produces chlorophyll a, the biosynthesis

of chlorophylls, and not bacteriochlorophylls, will be focused upon in this introduction.

In plants, algae and the majority of bacteria, tetrapyrroles, including chlorophylls, originate
from a common biosynthetic pathway of which the earliest precursor is the 5-carbon
compound 6-aminolaevulinic acid (ALA). In photosynthetic organisms, there are six enzymatic
steps from the formation of ALA to the production of protoporphyrin IX, which represents the
branch point between the haem and chlorophyll biosynthesis pathways. Here, the fate of the
porphyrin molecule depends upon the metal ion chelated into the macrocycle, whereby the
insertion of a magnesium ion represents the first committed step of chlorophyll biosynthesis

and the insertion of an iron ion commits the porphyrin to haem biosynthesis.

Figure 1.7 and Figure 1.8 depict the general chlorophyll biosynthetic pathway starting with
the synthesis of ALA and ending with the synthesis of chlorophyll b. The pathway is generally
divided into three sections; a) the formation of ALA, b) the condensation and modification of
8 ALA molecules to form protoporphyrin IX, c) The chelation of magnesium into
protoporphyrin IX and the formation of chlorophyll a. A detailed description of the enzymes

involved in chlorophyll biosynthesis is the focus of the next section of this chapter.
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7 The chlorophyll biosynthetic pathway: 6—aminolaevulinic acid to protoporphyrin IX

Figure 1.

The enzymes catalysing each step are shown in blue. Magenta shading indicates the groups modified

at each stage.
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Figure 1.8 The chlorophyll biosynthetic pathway: Mg-protoporphyrin IX to chlorophyll a
The enzymes catalysing each step are shown in blue. Magenta shading indicates the groups modified

at each stage.
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1.4.1 Formation of 8-aminolaevulinic acid

ALA is the universal starting point for porphyrin biosynthesis, a precursor for many
tetrapyrroles including the haems, vitamin By,, siroheme and the bilins. There are two known
pathways that lead to ALA formation, the C, or Shemin pathway and the Cs pathway. In
general, the Shemin pathway is used by non-plastid eukaryotes and a-proteobacteria, while
the Cs pathway is found in plants, algae and the majority of bacteria. There are a few
exceptions to this rule, which are a small number of organisms that have the capability to
utilise both pathways including: Streptomyces nodosus, Euglena gracilis (Mayer and Beale,

1992) and Scenedesmus obliquus (Petricek et al., 2006).

The Shemin pathway consists of a single reaction catalysed by the enzyme ALA synthase.
Here, the enzyme condenses a molecule of succinyl-co-enzyme A and a molecule of glycine in
a reaction that releases ALA and carbon dioxide as products and regenerates co-enzyme A
(Figure 1.9). The final ALA molecule is composed of all five carbon atoms from the succinate
molecule and a single carbon from glycine; the additional glycine carboxyl carbon is lost as

carbon dioxide (Ano et al., 1999).
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Figure 1.9 6-aminolaevulinic acid formation by the Shemin and C; pathways
The Shemin pathway, showing the formation of ALA via the condensation of glycine and succinyl
coenzyme A, catalysed by ALA synthase (A). The Cs pathway, showing the formation of ALA via an

GLU

activated tRNA™" intermediate, catalysed by glutamyl tRNA synthetase, glutamyl tRNA reductase and

glutamate-1-semialdehyde aminotransferase (B).
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In the Cs pathway the 5 carbon compounds glutamate, a-ketoglutarate or glutamine are the
source of the carbon atoms in ALA (Beale and Castelfranco, 1974a; Beale and Castelfranco,
1974b). Unlike the Shemin pathway, the Cs pathway consists of three different enzymes,
glutamyl-tRNA synthetase (GIuRS), glutamyl-tRNA reductase (GIUTR) and glutamate-1-
semialdehyde aminotransferase (GSAT), which work together to convert glutamate to ALA

GLU

with the aid of a regenerated tRNA™"" (Figure 1.9). In this series of reactions, ALA formation

begins with the ATP and Mg** dependent activation of glutamate, whereby the carboxyl

Y The carboxyl

group of glutamate is ligated to tRNA®"Y by GIURS to produce glutamyl-tRNA
group is then reduced to a formyl group, producing glutamate-1-semialdehyde (GSA), in an
NAD(P)H dependent reaction catalysed by GIUTR that regenerates tRNA®™. Lastly, GSA is
transaminated by GSAT by transfer of the amino group from C4 to C5 of GSA, culminating in

the release of ALA (Jahn et al., 1992).

Glutamyl-tRNA synthase (GIuRS)
Encoded by the gltX gene, GIURS is a member of the class | aminoacyl-tRNA synthetase family

(Kern and Lapointe, 1979a; Kern and Lapointe, 1979b). This enzyme was first discovered
when its activity was abolished in cell-free extracts pre-incubated with RNAse A; activity was
returned upon addition of a ribonuclease inhibitor and tRNA (Huang et al., 1984; Schon et al.,
1986; Huang and Wang, 1986). The reaction catalysed by GIuRS, like all reactions catalysed
by aminoacyl-tRNA synthetases, consists of a two-step process, in which glutamate is first
converted to an aminoacyl adenylate in an activation step requiring Mg®* and ATP and
subsequently transferred to a tRNA to form tRNAS (Schimmel, 1979; Schimmel, 1987). It has
been shown that E. coli GIuRS is one of only three aminoacyl-tRNA synthetases that cannot
carry out the activation of amino acid in the absence of tRNA (Schimmel, 1979; Schimmel,
1987). Interestingly, the GIuRS is responsible for charging tRNA® for both protein and ALA
synthesis, with only a small fraction of tRNA®" being channelled into the ALA pathway (Beale
et al., 1975). In the acidophilic bacterium Acidithiobacillus ferrooxidans, the activity of GIURS
is regulated by intracellular levels of haem; increased levels of GIuRS are observed under
growth conditions with a high haem requirement and inhibition of GIuRS by hemin is

observed when intracellular haem is in excess (Levican et al., 2007).

The structure of E. coli GIuRS, complexed with ATP and tRNA®"Y, has been resolved to a
resolution of 2.5 A (Perona et al., 1993) and the crystal structures of Thermus thermophilus
GIuRS (Figure 1.10) were solved for the un-complexed (Nureki et al., 1995) and tRNA®
complexed enzyme (Sekine et al., 2001; Sekine et al., 2006). The GIuRS structures show that
the enzyme has five distinct domains, which are arranged in an elongated curve (Figure 1.10

B). Domain | hosts a Rossmann ATP-binding fold, with two characteristic ATP binding motifs
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(HIGH/HVGG and KMSKS) and is conserved among all class-I tRNA synthetases. Domains |l
and Il are located either side of the ATP-binding pocket of domain | and retain a conserved
structure, which creates a groove to accommodate the tRNA acceptor arm (Figure 1.10 A).
Domain Il also contains three conserved a-helices, which form the basis for interactions with
the tRNA anticodon stem. The two remaining domains, domains IV and V, are unique to

GLU

GIluRS and are required for recognition of the tRNA®" anticodon. Mutational analysis of

arginine R358 revealed this residue plays a critical role in GIuRS recognition of the tRNA®"

anticodon (Sekine et al., 2006).

Figure 1.10 Crystal structure of Thermus thermophilus GIuRS

GLU

The crystal structures of GIuRS in a complex with tRNA™, ATP and L-glutamate (A) and with L-

glutamate (B) at resolutions of 2.2 A and 1.98 A, respectively (PBD 2DXI and PBD 2CUZ, Sekine et al.,
2006).

Glutamyl-tRNA reductase (GIuTR)
The second enzyme of the Cs; pathway, GIUTR, is encoded by the hemA gene. Notorious as the

most difficult enzyme of the C; pathway to study, GIUTR is instable, present at very low
abundance and produces a highly reactive intermediate, GSA (Beale, 2006). GIUTR catalyses
the NADPH-dependent reduction of the tRNA®Y bound glutamate to GSA. Before the crystal
structure of GIUTR was obtained, early investigations of GIUTR resulted in much controversy
regarding cofactor requirements, potential catalytic mechanisms and molecular weight. For
example, gel filtration of Bacillus subtilis GIUTR suggests the enzyme is an oligomer of

230,000 Da (Schroder et al., 1992), purified Barley GIuTR is a pentamer of 270,000 Da (Bougri
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and Grimm, 1996) and GIuTR purified from Chlamydomonas is monomer of 130,000 Da (Chen
et al., 1990).

Figure 1.11 Crystal structure of Methanopyrus kandlerii GIUTR
The crystal structure of GIUTR in a complex with citric acid, glutamic acid and 6N-dimethyl-3-
deoxyaminoadenosine, solved to a resolution of 1.95 A (PBD 1GPJ, Moser et al., 2001b). GIUTR

monomer (A) and GIuTR V-shaped diamer (B).

The crystal structure of GIUTR from the hyperthermophilic archaeon Methanopyrus kandlerii
was solved to a resolution of 1.9 A (Moser et al., 1999; Moser et al., 2001a; Moser et al.,
2001b). Although GIuTR from Methanopyrus kandlerii was thought to be a tetramer, with a
native molecular weight of 190,000 Da, the crystal structure revealed an extended V-shaped
dimer, (Figure 1.11 B) which in vivo presumably forms a dimer of dimers. Each GIuTR
monomer consists of three distinct domains arranged along a a-helical spine (Figure 1.11 A).
The first domain, located at the N-terminus, is the catalytic domain and is composed of two
subdomains; a small BapBaap section and a four helix bundle, comprised from three short a-
helices and a section of the longer a-helical spine. Domains 1 and 2 are linked by the spinal a-
helix and a short loop. The NADPH binding site is located in domain 2, which forms a classical
NAD(P)H binding fold. Domain 3 is the dimerisation domain, where three helices from each
monomer intertwine to form a six-helix bundle (Figure 1.11 B) (Moser et al., 2001b). Activity
studies on this enzyme found only NADPH and no other co-factor was required for activity,
however, the Synechocystis and Chlorella vulgaris GIUTR’s both require a divalent metal ion,

Mg, Mn®" or Ca®", but not Zn**, for activity (Mayer et al., 1994).

Given the reactive nature of the substrate for GIUTR, glutamyl-tRNA®"

, it is not surprising a
tight complex was found to form between GIuTR and the preceding enzyme in the pathway,
GIURS. The complex is formed only in the presence of glutamyl-tRNA®" or free tRNAS", ATP

and glutamate. Upon the addition of NADPH and reduction of tRNA bound glutamate to GSA
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the complex dissociates (Jahn, 1992), presumably so GIUTR can form a complex with GSAT,
the enzyme proceeding GIUTR, to protect the highly reactive GSA intermediate (Luer et al.,
2005; Layer et al., 2010). Immuno-precipitations, in vivo cross-linking reactions and sucrose
gradient ultracentrifugation show GSAT and GIuTR form a complex to enable channelling of

GSA (Nogaj and Beale, 2005a).

Glutamate-1-semialdehyde aminotransferase (GSAT)
The third enzyme in the Cs; pathway, GSAT, is encoded by the hemL gene and represents a

typical aminotransferase in structure (Hennig et al., 1997a). Although ALA can be formed
spontaneously at physiological pH in the presence of high concentrations of GSA, GSAT is
predominantly responsible for the transamination of GSA to ALA. This is achieved by
interchanging the amino and aldehyde groups at the C1 and C2 positions (Gough et al., 1989).
Unusually, GSAT is able to directly exchange the amino and aldehyde groups without the
need for an additional acceptor or donor molecule; a unique feature among
aminotransferases (Smith et al., 1992). The only cofactor required by GSAT for function is
pyridoxal-phosphate, which was deduced by the observed inhibition of GSAT by the
pyridoxal-phosphate inhibitors amino-oxyacetate and gabaculine (Soper and Manning, 1982;
Hoober et al., 1988). Purified GSAT proteins from a range of species have been shown to have
a molecular mass of 80 — 100 kDa and many of the plant and bacterial proteins have high
similarity to the aspartate aminotransferase family (Avissar and Beale, 1989; Elliott et al.,

1990; Mehta and Christen, 1994).

X-ray crystallography was used to solve the crystal structures of GSAT from Synechococcus
(Figure 1.12 A) (Hennig et al., 1997a), Thermosynechococcus elongatus (Figure 1.12 B)
(Schulze et al., 2006) and Bacillus subtilis (Figure 1.12 C) (Ge et al., 2010), to resolutions of 2.4
A, 2.9 A and 2.3 A respectively). All three proteins crystallised as dimers and contain three
domains (Figure 1.12). The structures also show GSAT is structurally related to the extensive
pyridoxal-phosphate-dependent protein family; other members include: aminotransferases,

decarboxylases, racemases, synthetases and mutases.
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Figure 1.12 Crystal structures of GSAT from Synechococcus, Thermosynechococcus elongatus and
Bacillus subtilis

Synechococcus GSAT asymmetric unit and homodimer (A), in a complex with pyridoxal-phosphate and
PMP at a resolution of 2.40 A (PDB 2GSA, Hennig et al., 1997). Thermosynechococcus elongatus GSAT
asymmetric unit and homodimer (B) solved to a resolution of 2.85 A (PDB 2CFB, Schulze et al., 2006).
Bacillus subtilis GSAT asymmetric unit and homodimer (C), in a complex with pyridoxalphosphate at a

resolution of 2.3 A (PDB 3BS8, Ge et al., 2010).
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The Synechococcus GSAT (Figure 1.12 A) is an ellipsoidally shaped dimeric protein, whose
monomers interact along a large convoluted interface. Each monomer can be divided into
three domains, an N-terminal domain, the cofactor binding domain, and the C-terminal
domain. The N-terminal domain is ~70 residues in length and comprised of an a-helix and a
three-stranded anti-parallel B-sheet. The catalytic, co-factor binding domain is composed of a
central seven-stranded B-sheet, which has six parallel strands and one anti-parallel strand
and the C-terminal domain is made up of a three-stranded B-sheet, coated on the outer
surface by four a-helices. The Bacillus GSAT is structurally very similar, differing slightly by the
presence of three additional short segments of a-helix in the N-terminal domain and in
domain 3, where Synechococcus GSAT has a four-stranded anti-parallel B-sheet and B. subtilis
GSAT has a two-stranded antiparallel B-sheet. Both crystal structures show the two active
sites are located at the dimer interface and, at this fixed snapshot in time, they show one
monomer is in a closed active position, whilst the other is in an open conformation. It is
thought the dimer oscillates between one monomer being closed in the active site position,
whilst the other monomer is open, allowing for substrate to enter or leave the active site

(Hennig et al., 1997b).

1.4.2 Condensation of §-aminolaevulinic acid to porphobilinogen

ALA dehydratase (ALAD), also known as porphobilinogen synthase, catalyses the asymmetric
condensation of two ALA molecules to form porphobilinogen in the first step common to all
known tetrapyrrole biosynthetic pathways. Porphobilinogen, a monopyrrole, is the first
pyrrole molecule in the tetrapyrrole pathway and is defined by a five-membered ring with the
formula C4R;NH, where R may be hydrogen or a functional group. It is porphobilinogen that
forms the building block for the formation of the remainder of the tetrapyrrole (Jordan,

1991).

Primary sequence analysis of ALAD, which is encoded by the gene hemB, reveals a high level
of homology across a core sequence of 330 residues in plants, animals and bacteria (Jaffe et
al., 1995; Jaffe, 1999). The ALAD monomer is highly conserved between organisms and is ~ 35
kDa in size. The protein usually functions as a homooctamer with the exception of

Rhodobacter capsulatus ALAD, which functions as a hexamer (Bollivar et al., 2004).
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Figure 1.13 Crystal structures of ALAD enzymes

Saccharomyces cerevisiae ALAD monomer and homooctamer (A) solved to a resolution of 2.30 A (PDB
1AWS, Erskine et al., 1998). Pseudomonas aeruginosa ALAD monomer (with a co-ordinated magnesium
and sulphate ion) and homooctamer (B) at a resolution of 1.67 A (PDB 1B4K, Frankenberg et al., 1999).
Chlorobium virbrioforme ALAD monomer and homooctamer (C) at a resolution of 2.60 A (PDB 1W17,

Coates et al., 2004).
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All ALADs have a requirement for divalent metal ions and usually fall into one of two
categories; Mg®* ion dependent or Zn** ion dependent. Human and yeast ALAD contain two
Zn** ions, one of which is co-ordinated by highly conserved cysteine residues and plays a role
in catalysis. The E. coli ALAD contains the active site Zn*" ion and an additional Mg”" ion,
which stimulates activity (Mitchell and Jaffe, 1993). The plant ALADs contain a highly
conserved Asp metal binding domain that co-ordinates an essential Mg** ion (Senior et al.,

1996).

The crystal structures of ALADs have been solved for many organisms including,
Saccharomyces cerevisiae (Figure 1.13 A) (Erskine et al., 1997), Pseudomonas aeruginosa
(Figure 1.13 B) (Frankenberg et al., 1999), E. coli (Erskine et al., 1999) and Chlorobium
virbrioforme (Figure 1.13 C) (Rhie et al., 1996). These reveal the ALAD structure is highly
conserved and contains eight active sites, of which only four are functional in mammals. In
general, the active site is located at the centre of a triose-phosphate isomerase-like aff barrel
with a mobile section of the protein serving as a lid, gating solvent access (Erskine et al.,
1997; Jaffe, 2004). The ALAD monomers all contain a ap-barrel like fold located in the major
domain of the monomer. The ALAD monomers all stack into a concentric double ring to form

a remarkably similar higher octameric structure.

1.4.3 Porphobilinogen deaminase and uroporphyrinogen IIl synthase

The formation of the first stable cyclic tetrapyrrole, Uroporphyrinogen lll, requires two
enzymes; porphobilinogen deaminase (PBGD) and uroporphyrinogen Il synthase (UROS),
which were first described in the late fifties (Bogorad, 1958a; Bogorad, 1958b; Bogorad,
1958c).

PBGD, also known as hydroxymethylbilane synthase, catalyses the stepwise condensation of
four porphobilinogen molecules to form linear hydroxymethylbilane, in a reaction where
each amino group is lost as ammonia (Jordan PM, 1991). The product is highly unstable and
has a half life of 4 minutes at pH 8 and 37°C. In the absence of UROS the linear tetrapyrrole
can spontaneously cyclise, giving rise to the biologically inactive isomer uroporphyrinogen |
(Jordan and Seehra, 1979). Following synthesis hydroxymethylbilane is released into solution
and picked up by UROS. This enzyme functions as both a cyclase and isomerase catalysing an
unusual reaction where the D pyrrole ring inverts, via a spiro-pyrrolenine intermediate,
interchanging the C, atoms (Stark et al., 1993). In organisms where UROS is defective or
absent, hydroxymethylbilane spontaneously converts to uroporphyrinogen |, which is then
oxidised to Uroporphyrin I. This oxidation product can be found in the urine of patients

suffering from congenital porphyria (Rimington and MILES, 1951; Louie et al., 1996).
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Porphobilinogen deaminase (PBGD)
PBGD is encoded by the hemC gene, which, when translated forms a monomeric enzyme with

a molecular mass ranging between 34 and 44 kDa, with optimal enzyme activity at pH 8
(Jordan, 1991). All PBGBs have a covalently tethered dipyrromethane cofactor, attached via a
thioester link to an active site cysteine residue, which is absolutely conserved across many
divergent species (Jordan et al., 1988; Warren and Jordan, 1988a; Witty et al., 1993). This
cofactor is assembled by the apoenzyme from two molecules of porphobilinogen. Once
formed, the protein-cofactor complex is permanent and highly important for stabilising the
PBGD structure (Scott et al., 1989). The dipyrromethane acts as a scaffold, upon which four
porphobilinogen molecules sequentially attach, functioning as a reaction primer to enable
the stepwise construction of linear hydroxymethylbilane. After the sequential addition of four
porphobilinogen molecules, a “hexapyrrole” is formed, composed of four
hydroxymethylbilane rings and two dipyrromethane rings. This hexapyrrole is then cleaved in
a hydration reaction to yield hydroxymethylbilane and regenerate the dipyrromethane co-
factor (Figure 1.14) (Warren and Jordan, 1988b; Shoolingin-Jordan et al., 2003a). The
dipyrromethane also appears to limit the total number of ligated porphobilinogen molecules
to four, as the addition of the fourth molecule stimulates hydrolytic cleavage and the release

of HMB (Battersby et al., 1983).

The structure of PBGB from E. coli (Figure 1.15) has been solved by X-ray crystallography to
resolutions of 1.9 A and 1.76 A (Louie et al., 1992; Louie et al., 1996). The structures reveal
that PBGB is a flexible three-domain polymerase, with a single catalytic site. The three
domains are of similar size and domains 1 and 2 have a similar af topology, namely, a doubly
wound five-stranded B-sheet composed of four parallel strands and one anti-parallel strands,
with a-helices packed against each face of the sheet. Domain 3 consists of a three-stranded
anti-parallel B-sheet, covered on one face by three a-helices. Although the dipyrromethane
cofactor is covalently linked to C242 in domain 3, it was found to form an extensive network
of salt-bridges and hydrogen bonds in the cleft between domains 1 and 2 (Louie et al., 1992;
Louie et al., 1996).
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Figure 1.14 The catalytic cycle of porphobilinogen deaminase (PBGD)

The elongation of the enzyme-bound dipyrromethane cofactor by the addition of four successive
porphobilinogen molecules. The enzyme cycles between four substrate-bound states, ES, ES,, ES; and
ES,, until a “hexapyrrole” is formed. The “hexapyrrole” is then cleaved by hydrolysis at the junction
between pyrroles 2 and 3 to yield hydroxymethylbilane and regenerate dipyrromethane (Shoolingin-

Jordan et al., 2003b).

Figure 1.15 Crystal structure of E. coli porphobilinogen deaminase
The crystal structure of E. coli PBGD solved to a resolution of 1.76 A (PBD 1PDA, Louie et al., 1992).
Highlighted in orange is the highly conserved C242, through which the dipyrromethane cofactor is

ligated.
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Uroporphyrinogen Ill synthase (URQOS)
UROS is encoded by the hemD gene (Rimington and MILES, 1951; Hansson et al., 1991) and is

responsible for producing uroporphyrinogen lll, the first cyclic tetrapyrrole in the pathway.
Early studies on the enzyme purified from rat liver suggested a folate derived cofactor was
required for activity (Kohashi et al., 1984). However, this was disputed when later studies on
UROS from Eulena gracilis showed this was not the case (Hart and Battersby, 1985). Rather,
these studies showed that UROS is a monomeric protein with a molecular mass ranging

between 31 and 39 kDa.

The crystal structure for human UROS (Figure 1.16) was solved to a resolution of 1.85 A. This
protein was revealed to have two domains arranged in an unusual dumbbell shape, where
the two domains are connected by a two-stranded antiparallel B-sheet. The two domains
have similar aff topology, in which a parallel B-sheet is surrounded by a-helices. Domain 1 is
structurally related to the flavodoxin-like fold family, whilst domain 2 has a DNA glycosylase-
like fold. The large open cleft between the two domains is home to the active site and is lined
with ten conserved residues. Of these only three were found to diminish activity when

mutated: Arg65Ala, Thr103Ala and Tyr168Phe (Mathews et al., 2001).

Figure 1.16 Crystal structure of human uroporphyrinogen Ill synthase
The crystal structure of the UROS monomer, from humans, solved to a resolution of 1.84 A (PDB 1JR2,

Matthews et al., 2001).

The formation of uroporphyrinogen Ill represents a branch point in the tetrapyrrole
biosynthetic pathway, where uroporphyrinogen Il can be directed down one of two routes;
C-methylation by uroporphyrinogen Ill methylase produces sirohydrochlorin and initiates the

synthesis of sirohaem, coenzyme F,3, or vitamin B;,, while decarboxylation by
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uroporphyrinogen Il decarboxylase (UROD) leads to coporphyrinogen Ill formation and the

synthesis of haems and chlorophylls.

1.4.4 Uroporphyrinogen III to coproporphyrinogen III

UROD, encoded by the haem gene, catalyses the sequential decarboxylation of the four
acetate side chains of uroporphyrinogen Ill to give rise to coporphyrinogen lll. The reaction
yields four methyl groups at the corresponding positions in the pyrrole rings. Under
physiological substrate conditions mechanistic studies show the decarboxylation proceeds in
an ordered clockwise manner beginning with the acetate side chain of D ring, followed by
decarboxylation of the acetate side chains on rings A, B and C (Phillips et al., 2009). When
uroporphyrinogen lll is present in excess, decarboxylation was observed to occur in a random
fashion (Luo and Lim, 1993). UROD can also decarboxylate uroporphyrinogen |, but the
product, coproporphyrinogen |, cannot be further metabolised. Unusually, UROD was found

not to require any prosthetic group or cofactor to function (Layer et al., 2010).

Sequence analysis of UROD genes reveals that the primary sequence is highly conserved and
has an apparent monomer molecular mass of ~40 kDa (Romeo et al., 1986; Whitby et al.,
1998). The crystal structures have been solved for UROD from humans, 1.6 A and 1.7 A,
(Whitby et al., 1998; Phillips et al., 2003), Nicotiana tabacum, 2.3 A, (Martins et al., 2001) and
Bacillus subtilis, 2.3 A (Fan et al., 2007).

Human UROD crystallises as a homodimer, where each monomer is comprised of only a
single domain. This domain forms a distorted aB-barrel, in which a central eight-stranded
parallel B-barrel is encased in a swirl of eight a-helices. An additional nine a-helices and a B-
hairpin are located on the loops between the alternating a-helices and B-strands that form

the central barrel (Figure 1.17 A) (Whitby et al., 1998).

The active site of UROD is located in a deep cleft formed by loops L1-L4 and L8. It is thought
uroporphyrinogen Il inserts into this cleft, which shields the porphyrin from the solvent.
Many of the 37 conserved residues are located around the active site cleft and the majority
of these residues have a role in forming a stabilising hydrophobic core (Whitby et al., 1998).
This structure hints towards two invariant residues, Asp86 and Tyr164, which point into the
cleft, having a role in catalytic activity. This was verified by the subsequent structure of
human UROD, which revealed Asp86 to form a hydrogen-bond with the substrate. When this
residue was substituted with an Asn, near-complete inhibition of wild-type activity was

observed (Phillips et al., 2003). Tyr164 was not found to be critical for catalysis, but required
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for wild type levels of function, as the mutant Tyr164Phe retained 25 — 30 % of wild type
activity (Phillips et al., 2003).

Figure 1.17 Crystal structures of human and tobacco uroporphyrinogen lll decarboxylase

Crystal structure of human UROD (A), monomer, with co-ordinated coporphyrinogen lll, and dimer,
solved to a resolution of 1.75 A (PDB 1R3Y, Phillips et al., 2003). Crystal structure of tobacco UROD (B)
solved to a resolution of 2.30 A (PDB 193, Martins et al., 2001).

In humans, a deficiency in UROD is responsible for one of the most common forms of
porphyria, cutanea tarda, which is characterised by the blistering of skin in areas exposed to
high levels of sunlight. This phenomenon is a result of uroporphyrinogen Ill accumulation,
which when exposed to light generates reactive-oxygen-species (ROS) (Kushner et al., 1976). |
plants, accumulation of uroporphyrinogen Ill in plants, leads to the formation of necrotic
lesions in leaves (Mock and Grimm, 1997; Hu et al., 1998; Mock et al., 1998), thought to
result from the release of uroporphyrinogen Il into the cytoplasm, where it becomes oxidised

(Shalygo et al., 1998).

1.4.5 Coproporphyrinogen III to protoporphyrinogen IX

Coporphyrinogen 1ll is transformed to protoporphyrinogen IX by the enzyme

coproporphyrinogen Il oxidase (CPOIll). The conversion requires the oxidative
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decarboxylation of the propionate side chains on rings A and B to yield two vinyl groups,

forming the divinyl compound protoporphyrinogen IX.

Figure 1.18 Crystal structure of oxygen-dependent coproporphyrinogen Il oxidase
The crystal structure of Saccharomyces cerevisiae oxygen-dependent CPOIIl solved to a resolution of

2.40 A, monomer (A), homodimer (B) (PBD 1TLB, Phillips et al., 2004).

There are two distinct types of CPOIll found in nature, one for the oxygen-dependent
reaction (HemF) and the other for the oxygen-independent reaction (HemN). The oxygen-
dependent enzyme is predominately found in eukaryotes and is dependent on molecular
oxygen as the terminal electron acceptor. The oxygen-independent enzyme, found in
bacteria, belongs to the radical SAM (S-adenosyl methionine) group of proteins and does not
use oxygen as the terminal electron acceptor. The two forms of CPOIIl share no sequence
similarity and are thought to have evolved independently under different oxygen
environments (Heinemann et al., 2008). Synechocystis, along with many other bacteria, has

been shown to have both types of CPOIIl; it is thought the two enzymes operate at different
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environmental oxygen levels enabling a stable supply of tetrapyrroles in environments with

fluctuating oxygen (Goto et al., 2010).

Figure 1.19 Crystal structure of oxygen-independent coporphyrinogen Ill oxidase
The crystal structure of E. coli CPOIIl solved to a resolution of 2.07 A. Highlighted in green are the two
SAM cofactors, in orange are the four Fe ions located in an Fe-S cluster with four S atoms (light brown).

The FeS cluster is ligated via three conserved cysteine residues (PDB 10LT, Layer et al., 2003).

In mammals, the oxygen-dependent HemF CPOIIl is mostly associated with the inner side of
the outer mitochondrial membrane (Grandchamp et al., 1978) and is targeted to the
mitochondria by a targeting sequence 110 amino acids long (Delfau-Larue et al., 1994). The
structures of HemF from yeast (Phillips et al., 2004) and humans (Lee et al., 2005) have been
solved and reveal that HemF is a single domain homodimeric protein (Figure 1.18 B).
Interestingly, HemF adopts an unusual secondary structure consisting of a relatively flat
seven-stranded anti-parallel B-sheet covered on both sides by a-helices (Figure 1.18 A)

(Phillips et al., 2004).

In plants, CPOIIl is found exclusively in the plastid, as demonstrated by immune-detection and
analyses of CPOIIl activity in peas and soya beans (Smith et al., 1993). Reduction of CPOIIl by
anti-sense RNA expression in transgenic tobacco leaves, leads to coporphyrinogen |ll
accumulation and light intensity-dependent leaf necrosis (Kruse et al., 1995). Although the
anti-photosensitisation processes were activated following knockdown of CPOIll activity,

these were not sufficient to prevent reactive oxygen species-induced cell death (Kruse et al.,
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1995). Reactive oxygen species induced cell death is also observed in the Arabidopsis lin2

(lesion initiation) mutant, which encodes a defective CPOIIl gene (Ishikawa et al., 2001).

The oxygen-independent CPOIIl is an iron sulphur protein and contains an unusual oxygen-
labile 4Fe-4S cluster (Figure 1.19). This cluster is co-ordinated though three conserved
cysteine residues located in the characteristic CxxxCxxC motif (Sofia et al., 2001). One of the
four FeS clusters is ligated to the s-adenosyl-L-methionine (SAM) cofactor that initiates
radical based catalysis (Layer et al., 2003). Figure 1.19 shows the crystal structure of HemN,
which was the first member of the radical-SAM family to have its structure determined by X-
ray crystallography. The radical SAM group of proteins all share the property of using an iron-
sulphur cluster to reductively cleave SAM to produce a radical, which can go on to perform a
wide variety of chemical transformations. The structure shows HemN is a monomeric protein,
consisting of two distinct domains; a large N-terminal domain and a smaller C-terminal
domain. The N-terminal domain consists of an unusual twelve-stranded curved B-sheet,
surrounded on the outer surface by a-helices; it is home to the iron-sulphur cluster and the

binding sites for two SAM molecules (Layer et al., 2003).

1.4.6 Protoporphyrinogen IX to protoporphyrin IX

The last enzyme common to both the haem and chlorophyll biosynthesis pathways is
protoporphyrinogen IX oxidase (PPO), which catalyses the flavin-dependent conversion of
protoporphyrinogen IX to protoporphyrin IX in a reaction that oxidises the macrocycle by the
withdrawal of six electrons. The oxygen-dependent reaction consumes three molecules of

oxygen and generates three molecules of peroxide.

In plants, PPO is encoded by two different genes, PPOI and PPOII. These two isoforms share
few similarities in the same species, but the sequence identity between the same isoform
from different species can be as high as 70% (Lermontova et al., 1997; Che et al., 2000;
Watanabe et al., 2001). PPO activity is detected in both the mitochondria and chloroplast,
making it the first enzyme in tetrapyrrole biosynthesis to be found in two subcellular
locations (Jacobs and Jacobs, 1987; Smith et al., 1993). As a target for the phthalimide-type
and diphenylether-type herbicides, PPO is of considerable commercial interest (Matringe et
al., 1989a; Camadro et al., 1991). Herbicide inhibition of PPO leads to the accumulation of
protoporphyrin IX in the plastids, which, upon leakage into the cytosol, is oxidised to
protoporphyrin IX by unspecific oxidases attached to the cells plasma membrane. These
excessive levels of protoporphyrin IX go on to generate lethal amounts of reactive oxygen
species, causing membrane peroxidation and, ultimately, cell death (Matringe and Scalla,

1988; Matringe et al., 1989b; Jacobs and Jacobs, 1993).
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Figure 1.20 Crystal structure of protoporphyrinogen IX oxidase

The crystal structure of PPO from tobacco solved to a resolution of 2.9 A (PDB 1SEZ, Koch et al., 2004).
The monomeric asymmetric unit is viewed from opposing angles; highlighted in green are the non-
covalently bound flavin cofactor, in light brown is the phenyl-pyrazol inhibitor (a class of herbicide) and

in green the Triton-X-100 molecule that inserts into the binding pocket.

The crystal structure of mitochondrial PPO from tobacco has been solved to a resolution of
2.9 A (Figure 1.20). This PPO is a dimeric yellow protein with a monomer molecular weight of
55 kDa that crystallised with a non-covalently bound FAD cofactor (Koch et al., 2004). The
protein is composed of three domains; FAD-binding, substrate-binding and membrane-
binding. The FAD binding domain is composed of a nine-stranded anti-parallel B-sheet coated
on one side by a-helices and a B-hairpin. This domain shows significant structural and
sequence homology to other flavoenzymes and displays a p-hydroxybenzoate-hydroxylase-
fold-like topology. Although PPO is a tightly bound membrane protein, it contains no

transmembrane helices. Rather, it binds monotopically to the inner mitochondrial membrane
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with two conserved membrane anchor sequences in a manner similar to that observed for
squalene-hopene cyclase (Wendt et al.,, 1999; Koch et al., 2004). The membrane binding
domain is composed solely of a-helices numbering eight in total; two of these helices are
involved in dimeric assembly of PPO. The active site is located between the FAD and
substrate-binding domains; several conserved residues are located at the interface of this
pocket one of which, Asn67 (that corresponds to the highly conserved Arg59 in mammals), is
responsible for the human inherited disorder variegate porphyria when mutated to Trp
(Maneli et al., 2003). The substrate binding domain is composed of a seven-stranded B-sheet,
with two a-helices located on the outer face and co-crystallises with a Triton-X-100 molecule

inserted into the binding pocket (Figure 1.20) (Koch et al., 2004).

In bacteria there are two forms of PPO, an oxygen-dependent (hemY) protein and an oxygen-
independent (hemG) protein. Unlike CPOIIl, only a single form of PPO is found in a given cell.
Recently a third PPO gene, hemJ, was found in Synechocystis, which lacks both the hemY and
hemG homologues. Bioinformatic analyses of this protein indicate it may contain

transmembrane helices and be flavin-independent (Kato et al., 2010; Boynton et al., 2011).

1.4.7 The branch-point of haem and chlorophyll biosynthesis

Protoporphyrin IX lies at the branch point of the chlorophyll and haem biosynthesis
pathways. Here, the fate of the porphyrin is dependent on the metal ion chelated into the
macrocycle. Insertion of a ferrous ion (Fe**) by ferrochelatase (FeCH) commits the porphyrin
to the haem branch, while insertion of a magnesium ion (Mg®*) by magnesium chelatase

(MgCH) directs the porphyrin towards the chlorophyll biosynthetic pathway.

Although the two enzymes perform a relatively similar role, namely insertion of a metal ion
into the protoporphyrin IX macrocycle, they are unrelated in structure and have opposing
energy requirements. FeCH is a single subunit enzyme that catalyses the energetically
favourable insertion of Fe*" into protoporphyrin IX without the requirement of ATP, whereas
MgCH is a multi-subunit protein that catalyses the energetically unfavourable insertion of
Mg into protoporphyrin IX. The removal of the hydration shell surrounding the Mg ion is

thought to be the reason for the absolute requirement of ATP (Reid and Hunter, 2004).

1.4.7.1 Ferrochelatase
As described earlier, FeCH catalyses the insertion of a ferrous ion into the centre of the

macrocycle in a reaction that generates protohaem. FeCHs are encoded by hemH and exist in
a variety of different forms with a momomeric molecular mass of approximately 36—40 kDa
(Dailey et al., 2000). There are examples of FeCHs existing as soluble monomers, membrane-

associated monomers and membrane-associated homodimers. Iron sulphur clusters [2Fe-2S]
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have been found in a limited number of prokaryotic FeCHs and all animal FeCHs, but have not
yet been reported in any FeCHs isolated from plants. As well as iron, FeCHs are capable of
chelating a variety of divalent metal ions in vitro, including copper, zinc, cobalt, nickel,
mercury, cadmium, lead and manganese. However, not all of these porphyrin-ion compounds
can leave the active site and so they effectively block FeCH activity (Dailey et al., 2000;
Medlock et al., 2009). FeCH is also able to utilise protoporphyrin IX molecules with a variety

of side groups on rings A and B (Dailey et al., 2000).

The location of FeCH within the cell is organism dependent; in mammalian and yeast cells the
enzyme is associated with the mitochondrial membrane (Dailey and Karr, 1987; Karr and
Dailey, 1988a), in plant cells, which have two FeCHs (type-l and type-Il), the enzyme is
localised in the mitochondria (type 1) and chloroplast (type | and type Il) (Chow et al., 1997,
1998; Masuda et al., 2000; Suzuki et al., 2000; 2002; 2003) and in prokaryotes FeCH is found
either in the cytoplasm or associated with the plasma membrane (Hansson and Hederstedt,

1994).

Eukaryotic FeCHs are nuclear encoded and synthesised in the cytoplasm as a pre-protein with
a mitochondria or plastid targeting sequence (Karr and Dailey, 1988b). Initial breakthroughs
into the study of eukaryotic FeCHs arrived with the cloning of Saccharomyces cerevisiae FeCH
(Labbe-Bois, 1990), which was closely followed by recombinant expression of human
(Taketani et al., 1992) and murine FeCHs (Taketani et al., 1990; Brenner and Frasier, 1991). In
non-plant eukaryotes a single FeCH is produced, which, following its translocation to the
inner membrane of the mitochondria is proteolytically cleaved into its mature form. Most
eukaryotic FeCHs are membrane associated, although they do not contain a transmembrane

domain.

FeCHs from algae, cyanobacteria and plant type Il FeCHs all possess a distinctive hydrophobic
C-terminal extension, with a conserved chlorophyll a/b (CAB) binding domain, connected to
the FeCH catalytic core by a proline-rich linker (Suzuki et al., 2002; Sobotka et al., 2011). The
cyanobacterium Synechocystis contains such a FeCH; initially it was thought the C-terminal
extension, which forms a putative transmembrane segment, was required for membrane
localisation. However, in a strain of Synechocystis (AH324) that contains a truncated enzyme
lacking the transmembrane segment, FeCH was still found to associate with the membrane,
but the enzyme was momomeric. Therefore it appears the C-terminal CAB-domain extension
is required for dimer formation. Additional analysis of truncated FeCH mutants revealed the

proline rich linker is essential for catalytic activity (Sobotka et al., 2008a; 2011).
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The crystal structure of human FeCH has been solved to a resolution of 2.0 A (Figure 1.21).
This protein exists as a homodimer with a molecular mass of ~86 kDa; the mature protein is
composed of residues 65-423, as residues 1-64 comprise the mitochondrial targeting tag,
which is proteolytically removed upon FeCH arrival in the organelle. Each monomer contains
an N-terminal and a C-terminal domain; the N-terminal domain (residues 65-247) forms part
of the active site pocket (residues 80-130) and the C-terminal domain (residues 248-423) co-
ordinates the [2Fe-2S] cluster (residues 390-423) and helps stabilise the homodimer (Wu et
al., 2001). The two domains are folded into similar af domains, where a four-stranded
parallel B-sheet is flanked by a-helices in a Baf motif, and are connected by a hinge region
formed by two a-helices in a similar fold to those found in other periplasmic binding proteins
(Wu et al., 2001). Although the human FeCH is a homodimer, the Bacillus FeCH is a monomer.
On closer examination of the crystal structures, it is apparent the human FeCH dimer is
stabilised via interactions between the neighbouring C-terminal extensions, which are absent

in the Bacillus FeCH.

The active site pocket of human FeCH is comprised of two hydrophobic lips and the lower lip
is lined with several highly conserved residues (His263, Glu343, His341, Phe337, Tyrl23,
Argl64 and Tyr165) arranged in hydrophobic ridges. Three cholate detergent molecules were
found inserted into the active site of the crystal structure, interacting with the
aforementioned hydrophobic residues. The N-terminal region around the active site pocket
has also been proposed as the region required for membrane association, as yeast containing
mutant FeCH lacking this region was found to accumulate in the mitochondrial matrix (Gora
et al.,, 1996; 1999). Given the hydrophobic nature and poor solubility of the porphyrin
substrate, it is not surprising that the membrane binding domain and entrance to the active
site pocket are in close proximity, allowing the active site to be orientated towards the
membrane. This positioning allows for the substrate and haem product to enter and leave the
active site via the membrane, thus eliminating any problems arising from aggregation of
these poorly soluble molecules in the mitochondrial matrix. The active site also contains a
Co™ ion coordinated by residues His231 and Asp383, which lies on the opposite side of the

active site to the hydrophobic entrance.

The observation that the porphyrin macrocycle of N-methylmesoporphyrin is distorted when
bound to the active site in Bacillus FeCH, led to the prediction that this distortion enables the
FeCH mediated insertion of Fe?* into the macrocycle (Al-Karadaghi et al., 1997). However, this
hypothesis was contradicted when the structure of human FeCH bound to protoporphyrin IX
showed only a slight distortion in the porphyrin, which was found rotated by 100° and

positioned 4.5 A deeper into the active site pocket, relative to N-methylmesoporphyrin in
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Bacillus FeCH (Al-Karadaghi et al., 1997; Wu et al., 2001; Medlock et al., 2007). It was later
showed that the FeCH reaction proceeded in at least two steps; a rapid substrate-binding
step, followed by a slower, irreversible, metal chelation step (Hoggins et al., 2007). In the
rapid substrate-binding step, the metal ion binding is fast, whereby the metal ion initially
binds at a remote site and moves to the active site, which is concurrently accompanied by the
binding of the porphyrin molecule. In the slower irreversible step, the Fe** ion is inserted into
the porphyrin maccrocycle and the metalloporphyrin is released from the active site (Hoggins

et al., 2007).

Figure 1.21 Crystal structure of ferrochelatase
The crystal structure of human FeCH monomer solved to a resolution of 2.00 A (PDB 1HRK, Wu et al.,
2001). Highlighted in green are the three cholate molecules that crystallise in the active site, in black

(S) and orange (Fe) is the 2Fe-2S cluster, ligated to four conserved cysteine residues.

The [2Fe-2S] cluster is located in an extension of the C-terminal domain not found in the
Bacillus subtilis FeCH, which does not contain an iron-sulphur cluster (Al-Karadaghi et al.,
1997). Four highly conserved cysteine residues (Cys196, Cys403, Cys406 and Cys411) are
involved in ligating the [2Fe-2S] cluster and are located in the binding motif Cx,0sCx,Cx,4C,
where x represents any amino acid residue. An unusual feature of this [2Fe-2S] cluster is the

absence of additional hydrogen bonding to the iron or sulphur atoms and the limited
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hydrogen bonding between the C-terminal extension and the core of the molecule (Wu et al.,
2001). However, this region appears to be essential for FeCH activity as a chimeric yeast
FeCH, where this 40 residue C-terminal extension had been exchanged for the corresponding

region in mouse FeCH, exhibited no enzyme activity (Gora et al., 1999).

1.4.7.2 Magnesium chelatase
The second enzyme at the haem-chlorophyll branch point is MgCH, which is responsible for

the chelation of a divalent magnesium ion into the centre of the porphyrin macrocycle: the
first committed step of chlorophyll biosynthesis. Unlike FeCH, MgCH is a multi-subunit
protein. The three genes required for MgCH composition are encoded within the loci bchl,
bchD, and bchH or chll, chID and chlH, depending on whether the host organism ultimately

synthesises bacteriochlorophyll (bch) or chlorophyll (chl).

MgCH activity was first observed in vivo using Rhodobacter sphaeroides extracts grown
anaerobically in the light, or under low oxygen conditions in the dark. These experiments
were carried out in the presence of the metal chelators EDTA or its related chelators EGTA, N-
(2-hydroxyethyl)-ethylenediamine-NN'N'-triacetate and trans-1,2-diaminocyclohexanetetra-
acetate, to prevent the spontaneous insertion of divalent zinc into the macrocycle (Gorchein,
1972). A few years later MgCH activity was demonstrated in intact isolated cucumber
chloroplasts, where the Mg chelation, observed in etioplasts or developing chloroplasts,
was found to be abolished in plastids heat treated to 100°C (Smith and Rebeiz, 1977).
Subsequently, MgCH was demonstrated to have an absolute requirement for ATP and MgCH
activity was blocked by AMP (Pardo et al., 1980). In MgCH assays using a cell free system
based on pea extracts, a six minute lag time was observed between ATP addition and MgCH
activity, indicating a requirement for ATP to activate the enzyme prior to chelation (Walker
and Weinstein, 1991a). As FeCH is relatively promiscuous in the metal ions it can insert into
protoporphyrin IX, the specificity of MgCH for inserting a divalent magnesium ion was also
investigated; it was found no other metal ions could serve as a substrate or inhibit MgCH

activity (Walker and Weinstein, 1991b).

The three bch genes (bchIiDH) required for MgCH activity were first identified when
disruptions in any of these three loci in Rhodobacter sphaeroides or Rhodobacter capsulatus,
resulted in abolition of Mg-protoporphyrin IX production and accumulation of the MgCH
substrate, protoporphyrin IX (Coomber et al., 1990; Bollivar et al., 1994c; Suzuki et al., 1997;
Naylor et al., 1999). The corresponding chl/ genes (chIDH) were later identified in
Synechocystis by the same method (Jensen et al., 1996a). Higher plant MgCH genes were
similarly localised in barley (Hordeum vulgare), when isolated etioplasts with lesions in either

of the three loci, Xantha-f, Xantha-g or Xantha-h, were found to accumulate protoporphyrin
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IX when fed with the chlorophyll precursor ALA (Jensen et al., 1996¢c; Hansson et al., 1999).
These studies provided the first evidence that three different protein subunits were required
for MgCH activity and that this enzyme is highly conserved between chlorophyll and

bacteriochlorophyll producing organisms.

MgCH activity was first reconstructed in vitro when individual extracts from E. coli containing
over-expressed BchH, Bchl or BchD from Rhodobacter sphaeroides were found to produce
Mg-protoporphyrin IX when combined (Gibson et al., 1995). The subsequent expression of
the Synechocystis ChIHID homologues in vitro also demonstrated MgCH activity (Jensen et al.,
1996a). Later experiments showed stoichiometries of BchHsg:Bchl;:BchD; and
ChlH,:Chll,:ChlD; were optimum for in vitro steady state assays (Gibson et al., 1999; Jensen et
al., 1999). MgCH activity has also been studied on recombinant proteins from tobacco
(Papenbrock et al., 1997), maize (Sawers et al., 2006), rice (Zhou et al., 2012) and the

thermophilic cyanobacterium Thermosynechococcus elongatus (Qian et al., 2012a).

The MgCH subunits, ChlH/BchH, Chll/Bchl and ChID/BchD, have predicted molecular masses
of 120-155 kDa, 37-47 kDa and 60-87 kDa, respectively. Homology analyses, using
bioinformatics, of each Chl/Bch pair from various species, show varying degrees of pairwise
identity. For example, there is 38% sequence identity between BchH from Rhodobacter
sphaeroides and Xantha-f from Barley and 86% identity between the ChlHs from Arabidopsis
and Antirrhinum. Similarly 50-90% identity exists between the | subunits and 28-58% between
the D subunits from various species. Interestingly, the N-terminus of the | and D subunits
share 40% sequence identity, suggesting that the two proteins evolved from a common
ancestor protein following a gene duplication event (Jensen et al., 1996b). Similar homology
analyses showed the H subunit shares significant sequence similarities with CobN, the largest
subunit of aerobic cobaltochelatase, which is a large heterotrimeric protein involved in
vitamin B, biosynthesis (Walker and Willows, 1997).Although the catalytic mechanism of
MgCH remains unknown, much has been deduced about the function and role of each

subunit.

The MgCH | and D subunits have been shown to form a complex, whose formation is
dependent on the presence of ATP and Mg®* (Gibson et al., 1999). Several studies indicate
that | forms homo-oligomeric structures upon addition of ATP and Mg*, however some
controversy remains as to their exact stochiometry. Jensen et al (1998) used gel filtration
studies to show dimeric Synechocystis Chll formed high molecular aggregates corresponding
to hexamers or octamers and that pre-incubation of | with a non-hydrolysable form of ATP

removed the lag-phase for the formation of the Synechocystis ID complex. However, single-
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particle analyses of Chll from the same species, showed a ring-like structure with seven-fold
rotational symmetry, suggesting Chll may exist as a heptamer (Reid et al., 2003). Single
particle images showed Bchl to form hexameric rings, onto which the authors modelled the
Bchl monomer (Fodje et al., 2001), whose crystal structure (Rhodobacter capsulatus Bchl) has
been solved to a resolution of 2.1 A. The formation of hexameric rings by Bchl was later
confirmed with additional analyses of single particle EM images (Willows et al., 2004). These
data suggest that the higher organisation of the | subunit is variable and dependent on
whether the host organism ultimately produces chlorophyll or bacteriochlorophyll, although

the exact stochiometry of Chll is not fully elucidated.

Figure 1.22 Crystal structure of Bchl from Rhodobacter capsulatus
The crystal structure of Bchl from Rhodobacter capsulatus solved to a resolution of 2.1 A (PDB 1G8P,
Fodje et al., 2001).

Functional and sequence analyses have identified the | subunit as having ATPase activity and
a AAA" (ATPases Associated with various cellular Activities) domain (Jensen et al., 1999;
Neuwald et al., 1999). The amino acids involved in nucleotide binding in AAA" proteins are
highly conserved and sequence analysis of | reveals a Walker A (GxxxxGK), a Walker B (D/Exx)
and a SRH (Second Region of Homology) motif. These conserved motifs are also found in the
D subunit, along with a C-terminal integrin | domain (Fodje et al., 2001). The Walker A motif is
required for binding the adenine and ribose rings of the nucleotide, whilst the residues in the
Walker B motif contribute towards the binding of triphosphate groups. The SRH motif, which
is also found in the H subunit, is thought to be involved in detecting nucleotide binding and
hydrolysis (Guenther et al., 1997). The integrin | domain found in D binds to certain amino

acid sequences such as LDV, RGE and RGD. The LDV motif has been identified in ChIH and
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BchH, RGE is found in Bchl and there is a RGD in Chll, indicating many possibilities for H-D, I-D

interactions.

A B C D

33

Figure 1.23 Single particle reconstruction of ChlH and BchH
3D models of single particle reconstituted ChlH (A&B) and BchL (C&D). Models were calculated for apo-
ChlIH/BchL (cyan) and porphyrin complexed ChlH/BchH (red),(Qian et al., 2012b).

The crystal structure of Bchl (Figure 1.22) has three main domains, an N-terminal domain,
AAA" domain and a C-terminal domain (Fodje et al., 2001). The Walker A and Walker B
nucleotide binding motifs reside in the N-terminal domain, which comprises of a twisted five-
stranded parallel B-sheet, flanked by a-helices to form a classic afa Rossmann fold. The AAA"
domain is located on top of the N-terminal domain and is composed of five loosely associated
B-strands and two short a-helical segments. The main feature of this domain is the large
sections of loop regions that may be involved in interactions with other chelatase subunits
(Fodje et al., 2001). The C-terminal domain is composed of four a-helices, connected in an

up-and-down manner characteristic of four helix bundles (Fodje et al., 2001).

The first clue as the role of the unusually large H subunit was the observation that E. coli cells
over-expressing BchH from Rhodobacter sphaeroides were tinted red. Spectra of these cells
revealed the pigment to be protoporphyrin IX and it was found incubation of ChIH with
protoporphyrin IX significantly reduced the lag time for Mg-protoporphyrin IX formation

(Gibson et al., 1995; Jensen et al., 1998). Subsequent deuteroprotoporphyrin IX binding
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studies using fluorescence quenching and co-elution on a gel filtration column confirmed this
observation (Karger et al., 2001), with protoporphyrin IX-BchH non-covalently binding in a 1:1
ratio (Willows et al., 1996); it should be noted the binding of protoporphyrin IX to ChIH/BchH
is observed by a red shift in the porphyrins fluorescence excitation and emission spectra

(Karger et al., 2001).

Given the size of the H subunit (~120-155 kDa) and the importance of regulating the flux of
substrate down the chlorophyll biosynthesis pathway, it was unsurprising that H was found to
be associated with other functions within the tetrapyrrole biosynthesis pathway.
Investigations into receptors for the plant hormone abscisic acid (ABA) identified the C-
terminal half of ChlH from Arabidopsis as an ABA binding protein (Shen et al., 2006a; Wu et
al., 2009a). These authors demonstrated that ABA-mediated signalling was a positive
regulator for seed germination, post-germination growth and stomatal movement. They also
demonstrated ChlH was expressed in all plant tissues, not just green tissues, and suggested
ChlH could be an ABA receptor, mediating ABA signalling at the whole plant level (Shen et al.,
2006a; Wu et al., 2009a). However, a recent study on the barley homologue Xantha-F showed
that ABA had no effect on MgCH activity and could not bind to the Barley ChlH/Xantha-F
subunit (Muller and Hansson, 2009). It has also been postulated that ChIH has a role in sugar
catabolism, via regulation of the anti-sigma factor, Sig (Osanai et al., 2005; Osanai et al.,
2009). The H subunit has also been shown to increase the activity of the next enzyme in the
pathway, Mg-protoporphyrin-IX-methyltransferase (methyltransferase) (Alawady et al., 2005;
Shepherd et al., 2005a). It is not known whether Mg-protoporphyrin IX, the product from the
MgCH reaction, dissociates from the H subunit. Therefore, it could be that the H subunit
facilitates substrate channelling by acting as a carrier that transfers Mg-protoporphyrin IX to

the methyltrasferase.

The structure of ChlH from the thermophilic cyanobacterium Thermosynechococcus
elongatus was recently elucidated using single particle reconstruction and small-angle X-ray
scattering (Qian et al., 2012a). Three dimensional structures of apo-ChlH and porphyrin-ChlH
to a resolution of 30 A were constructed from negatively strained proteins using single
particle reconstruction. These showed that ChIH forms a cage-like conformation, with a
globular N-terminal domain. It is thought the porphyrin molecule enters into this “cage”,
where it is non-covalently bound, ready for Mg** chelation. Although structures for both the
apo- and protoporphyrin IX- ChIH were solved, at this resolution no significant alterations in
conformation could be observed upon porphyrin binding (Qian et al., 2012a). Previous to this
study, a single-particle EM reconstruction of negatively stained BchH from Rhodobacter

capsulatus, revealed that BchH has a three-lobed structure (Sirijovski et al., 2008). Here, the

41



Chapter 1

structures of apo- and protoporphyrin I1X BchH, reconstructed to a resolution of 25 A,
revealed an alteration in conformation brought about by porphyrin binding, suggesting that

both the N- and C-terminal domains interact with the substrate.
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Figure 1.24 Model of the catalytic cycle of Mg-chelatase

Activation step: six | subunits are assembled into a hexameric ring in an ATP and Mg2+ dependent
process. Six D subunits form a hexameric ring independently of ATP. Two hexameric rings come
together to form a two tiered ATP-Mg-I-D complex. H subunit binds to protoporphyrin IX and Mg2+.
Chelation step: H subunit binds to ATP-Mg-I-D complex triggering ATP hydrolysis. After the formation

of Mg-protoporphyrin IX the complex dissociates (Masuda, 2008).

Although the exact mechanism and stochiometry of the chelatase has not yet been fully
elucidated, a mechanistic model of the MgCH reaction has been proposed based on the
information known about substrate binding and subunit interactions (Warren et al., 2009).
The H subunit, bound to protoporphyrin IX, is thought to interact with a Mg** ATP charged I-D

complex, to form a short-lived Mg**-ATP-protoporphyrin IX-H-I-D super-complex. Chelation of
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Mg into protoporphyrin IX is thought to be driven by ATP hydrolysis, resulting in the
formation of Mg? ADP and Mg-protoporphyrin IX. The super-complex is thought to dissociate
to Mg?*ADP-I-D and Mg-protoporphyrin IX-H, whereupon fresh Mg*ATP can enter the I-D

complex to recharge the enzyme for another reaction cycle (Figure 1.24).

The genome of Arabidopsis contains single genes encoding the D and H subunits, whereas the
| subunit is encoded by two homologous genes, CHLI1 and CHLI2. Arabidopsis ACHLI1/ ACHL2
strains displayed an albino phenotype, and ACHLI1 displayed a pale green phenotype
whereas ACHLI2 had no discernible effects (Apchelimov et al., 2007). It appears that while
CHLI2 could be used to synthesise some Mg-protoporphyrin IX it could not wholly
complement CHLI1; interestingly when CHLI2 was put under the control of the promoter for
CHLI1, wild type pigmentation returned, demonstrating that the only difference between the
two genes is expression and not an inability to function as part of the MgCH complex (Huang
and Li, 2009). The green sulphur bacterium Chlorobaculum tepidum has three paralogues of
the bchH gene; bchH, bchS and bchT. Strains in which these genes have been individually
inactivated all display a wild-type phenotype, as do the double mutant strains bchH/bchT and
bchS/bchT; it was not possible to create a bchS/bchH double mutant. These data suggest that
Chlorobaculum tepidum BchT alone cannot support the minimal bacteriochlorophyll
requirements for normal growth (Johnson and Schmidt-Dannert, 2008a; Gomez Maqueo et

al., 2009).

In higher plants, plastids differentiate into organelles that are consistent with the function of
the tissue in which they are located (Kirk and Tilney-Basset, 1978; Whittaker and Danks,
1978). For example, plastids located in the mesophyll cells of the leaf develop into
chloroplasts, whereas plastids located in the root cortical cells differentiate into amyloplasts
(starch containing plastids). In dark-grown plants the plastids located in the mesophyll cells
develop into etioplasts, identified by their characteristic array of pro-lamellar bodies, and
upon exposure to light these etioplasts develop into chloroplasts (Susek et al., 1993). Thus it
was hypothesised that environmental and intrinsic signals could combine to determine the
fate of the undifferentiated plastid. Such signals would require transmissions from the
nucleus to the plastid, and retrograde, feedback, signalling from the plastid to the nucleus. It
was hypothesised that genes required for retrograde signalling from the plastid to the
nucleus could be elucidated by identifying mutants in which the plastid and nuclear genomes
had become uncoupled. One such screen identified the Arabidopsis GUN (genomes
uncoupled) loci as components of plastid-nucleus signal transduction (Susek et al., 1993;
Mochizuki et al., 2001), these mutants were no longer able to repress the transcription of

nuclear genes encoding proteins required for photosynthesis or chlorophyll biosynthesis
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upon blockage of chloroplast development. The gunl-5 mutant was found to have de-
repressed expression of Lhcb (encodes a light-harvesting chlorophyll a/b binding protein), a
gene that is normally repressed in dark grown mutants and is expressed in response to
chloroplast development, in the presence of Norflurazon (an herbicide that stops
biosynthesis of photoprotective carotenoids). Four of these mutants, gun2, gun 3, gun 4 and
gun 5 were found to affect certain plastid enzymes involved in the biosynthesis of
tetrapyrroles. gun 2 was shown to encode haem oxygenase, gun3 encodes phytochromobilin
synthase, gun 4 encodes a stimulator of MgCH and gun5 encodes the ChlH subunit of MgCH
(Mochizuki et al., 2001; Larkin et al., 2003a).

A single point mutation, A990V, in the gun5/ChIH gene was identified as the propagator of
the gun5 phenotype (Mochizuki et al., 2001). This point mutation is located within a region
highly conserved among H genes leads to a 25% decrease in chlorophyll levels in comparison
to wild type; furthermore MgCH assays with the Arabidopsis gun5 mutant show comparable
MgCH activity when compared to wild type (Strand et al., 2003). These results show the
signalling phenotype of gun5 mutant is independent of gun5MgCH activity. Moreover,
comparison of the gun5 mutant phenotype with the phenotype of another MgCH subunit
mutant (Chll), showed Chll mutants did not exhibit a GUN phenotype and therefore only ChlH

could play a role in retrograde signalling (Mochizuki et al., 2001).

1.4.7.3 Gun4
The genomes uncoupled screen also identified gun4 as an important factor for chlorophyll

accumulation in Arabidopsis. Mutants with a lesion at the gun4 locus were found to have
reduced levels of the chlorophyll precursor Mg-protoporphyrin IX and chlorophyll;
Arabidopsis plants with this lesion exhibited a pale phenotype (Vinti et al., 2000; Mochizuki et
al., 2001).

The gene encoding gun4 was mapped to a 99-kb region on chromosome 3 using a series of
BAC clones until one was identified that could rescue the gun4 phenotype. One open reading
frame on the complementing BAC encoded a previously uncharacterised protein, highly
conserved in all oxygenic photosynthetic organisms, with a putative N-terminal chloroplast
signal sequence. A single missense mutation (Leu88Phe) was responsible for the observed
gun4 phenotype, this mutation is thought to affect gund4stability, as gun4mutants express
wild type levels of gun4 mRNA, but have significantly reduced GUN4 protein (Larkin et al.,
2003a). Further analysis of GUN4, identified the protein as co-precipitating with ChIH (GUN5),
a subunit of the MgCH, when purified from thylakoid membranes, and capable of binding
protoporphyrin IX, the substrate of MgCH. When GUN4 was assayed for effects on MgCH

activity, it was found that although not essential for activity in vivo or in vitro, Synechocystis
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GUN4 (sll0558) could stimulate MgCH activity. Interestingly, porphyrin binding studies with
Synechocystis GUN4 found the protein bound the product of MgCH, Mg-protoporphyrin IX,
more strongly than the substrate (Larkin et al., 2003a). This demonstrates GUN4 interaction
with the H subunit may play a role in chlorophyll biosynthesis by sequestering Mg-
protoporphyrin IX or delivering Mg-protoporphyrin IX to the next enzyme in the pathway,
Chim.

Figure 1.25 Crystal structure of GUN4
The crystal structure of GUN4 from Thermosynechococcus elongatus solved to a resolution of 1.5 A,

(PDB 1Z3X, Davison et al., 2005).

Detailed kinetic analyses of the effects of Synechocystis and Thermosynechococcus elongatus
GUN4 proteins on the activity of Synechocystis MgCH activity were carried out (Davison et al.,
2005a). These assays demonstrated that GUN4 is able to alter the threshold of Mg®* required
for MgCH activity. In the absence of GUN4 MgCH is essentially inactive at concentrations of
Mg?* below 2 mM, and addition of GUN4 essentially restores MgCH activity to the levels
observed under non-Mg?* limiting conditions (Davison et al., 2005a). Stimulation of MgCH by
GUN4 at these concentrations of Mg” is physiologically relevant, as chloroplast
concentrations of Mg can be as low as 0.5 mM in the dark, increasing to ~6 mM in daylight
(Reid and Hunter, 2004). Interestingly, GUN4 was found to restore MgCH activity to the levels
observed in wild type with no GUN4 present, in Synechocystis ChlH mutants carrying the
GUNS or cch mutations (Davison and Hunter, 2011). These mutant ChlH proteins are both
able to bind the substrate and assemble into the MgCH complex with the Chll/ChID subunits
in vitro, but have no MgCH activity. The partial restoration of MgCH activity by GUN4
provides an explanation for the continued chlorophyll biosynthesis observed in the
Arabidopsis GUN5 mutant (Davison and Hunter, 2011). Further evidence for the role of GUN4

in stimulating MgCH activity comes from ALA feeding experiments in Arabidopsis, which
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demonstrate that porphyrin bound forms of GUN4 associated more stably with the thylakoid
membranes, possibly promoting the formation of the MgCH by recruiting ChlH to the
membrane (Adhikari et al., 2009; Adhikari et al., 2011).

Overexpression of GUN4 in Arabidopsis leads to the general inactivation of the enzymes in
the chlorophyll biosynthesis pathway (Peter and Grimm, 2009), a response that does not
correlate with the observed mRNA levels, suggesting that GUN4 may operate post-
translationally on regulating chlorophyll biosynthesis. These authors also showed that GUN4
deficiency prevented ALA synthesis and chlorophyll accumulation during photoperiodic
growth. The abolition of GUN4 in Synechocystis leads to hampered MgCH activity and
decreased levels of chlorophyll binding proteins, in particular the photosystem Il antenna
protein CP47 (Sobotka et al., 2008b). Similar investigations in Chlamydomonas reinhardtii
found that disruption of the GUN4 gene drastically diminished accumulation of light-
harvesting complex proteins and reduced chlorophyll levels to half those observed in wild
type (Formighieri et al., 2012). The authors also identified 803 genes with altered expression
levels in Agund4 compared to wild type. These transcripts included genes encoding proteins
for the light harvesting complexes, tetrapyrrole biosynthesis, signal transduction,

transcription and chromatin remodelling (Formighieri et al., 2012).

The structures of Synechocystis and Thermosynechococcus elongatus GUN4 have been solved
to a resolution of 1.78 A and 1.5 A respectively (Verdecia et al., 2005; Davison et al., 2005a).
Both structures reveal that GUN4 is a highly helical two domain protein, with a novel
porphyrin binding fold that bears no resemblance to known porphyrin-binding proteins. The
two helical domains are linked by a single loop. The N-terminal domain is structurally similar
to a TPR (tetratricopeptide repeat) domain; proteins with this motif often function in protein-
protein interactions, although the function of this in GUN4 is currently unknown. The C-
terminal domain has a cluster of highly conserved surface exposed residues, which form a
small hydrophobic cleft, or “greasy palm”. Mutational analyses and porphyrin binding studies
have shown these are required for porphyrin binding (Verdecia et al., 2005; Davison et al.,

2005a).

1.4.8 S-adenosyl-L-methionine Mg-protoporphyrin IX methyltransferase

The enzyme S-adenosyl-L-methionine magnesium protoporphyrin IX methyltransferase,
catalyses the esterification of the carboxylic acid on the C13 side chain with the methyl group
of S-adenosyl-L-methionine to form magnesium protoporphyrin IX monomethyl ester
(MgPME). The methyltransferase is a recombinantly soluble, single subunit protein that is

dependent upon SAM as a cofactor and methyl donor group. The reaction is thought to be
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essential, as the methylation product of the methyltransferase prevents the spontaneous
decarboxylation of the propionate group during the formation of the isocyclic ring in the next
step of chlorophyll biosynthesis (Beale, 1999). This enzyme is designated ChIM in chlorophyll-

producing organisms and BchM in bacteriochlorophyll-producing organisms.

Initial studies of the methyltransferase, demonstrated that this protein is membrane localised
in Rhodobacter sphaeroides (Tait and Gibson, 1961; Gibson et al., 1963) and in chloroplast
preparations (Radmer and Bogorad, 1967). Although not an integral membrane protein, the
methyltransferase has a very hydrophobic region that could be involved in anchoring the
protein to the membrane. Arabidopsis and spinach methyltransferases have been shown to
have a dual localisation and are present in both the chloroplast envelope and thylakoid
membranes (Block et al., 2002). The significance of the dual location is unknown, but it may
be that both the substrate and product play a role in plastidic signalling (Susek et al., 1993;
Kropat et al., 2000; Pontier et al., 2007).

The first evidence for methyltransferase activity came from the recombinant expression of
Rhodobacter capsulatus BchM in E. coli. In this experiment, an E. coli cell free extract
containing over-expressed BchM was demonstrated to incorporate “*C-methyl-labelled SAM
onto the C13 propionate group of Mg-protoporphyrin IX (Bollivar et al., 1994a). Similarly,
Gibson and Hunter (1994) observed methyltransferase activity with BchM from Rhodobacter
sphaeroides recombinantly over-expressed in E. coli. It is interesting to note that although
Rhodobacter sphaeroides and Rhodobacter capsulatus are closely related organisms there is a
5 kDa difference in the BchM molecular masses; the Rhodobacter capsulatus enzyme has a
molecular mass of 22.3 kDa, and the Rhodobacter sphaeroides enzyme has a molecular mass

of 27.5 kDa.

The cyanobacterial ChIM homologue was first identified by functional complementation of a
Rhodobacter capsulatus BchM mutant using a cosmid library of the Synechocystis genome
(Smith et al., 1996). Expression of this gene, driven from the strong puc operon promoter,
was able restore chlorophyll biosynthesis levels to similar levels observed in wild type.
Surprisingly, the deduced primary sequence of ChiM displays only 29% sequence identity to
the BchM primary sequence, although both enzymes contain the essential putative SAM-
binding motif (Gibson and Hunter, 1994; Bollivar et al., 1994a; Smith et al., 1996). Secondary
structure threading techniques were used to assign the methyltransferase to the class of
small molecule methyltransferases, all of which contain a common seven-stranded B-sheet
and a SAM binding fold, enabling the methyltransferase to be compared with better

characterised enzymes, such as glycine-N-methyltransferase and M.Hhal (Shepherd and
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Hunter, 2004). Although there is not yet a crystal structure of the methyltransferase, the
structure of the closely related methyltransferase BchU has been solved to a resolution of
2.27 A. BchU, a dimeric protein involved in bacteriochlorophyll ¢ biosynthesis, is a class |
methyltransferase (Harada et al., 2005; Wada et al., 2006). The C-terminal domain of BchU
exhibits classic fold of methyltransferases, a seven-stranded B-sheet, which, in this case, is

flanked by six a-helices to form an open afa sandwich.

There is evidence for coupling of enzyme activity between the methyltransferase and the H
subunit of MgCH, the preceding enzyme in the chlorophyll biosynthesis pathway: Addition of
Rhodobacter capsulatus BchH to an E. coli cell free extract containing over-expressed
Rhodobacter capsulatus BchM, results in a seven fold increase in BchM activity (Hinchigeri et
al., 1997), purified recombinant Synechocystis ChlH has a stimulatory effect on purified
Synechocystis ChIM activity (Shepherd et al., 2005b) and a yeast two-hybrid system is positive
for an interaction between Tobacco ChIM and ChIH (Alawady et al., 2005). Additionally,
tobacco plants deficient in ChIM have been shown to have reduced MgCH activity, suggesting
a feedback loop or coupling occurs between these two enzymes (Alawady and Grimm, 2005).
Interestingly, the coupling of BchM from Chlorobaculum tepidum with each of its three BchH
paralogues (BchH, BchT, BchS) gives wildly different results on BchM activity measured in
stopped assays. Addition of BchH to BchM assays resulted in a 30% reduction in reaction
velocity, whereas addition of BchS or BchT resulted in BchM assay velocity increasing by 60%
and 30% respectively (Johnson and Schmidt-Dannert, 2008b). Although the exact mechanism
by which H and BchM interact is unknown, the results provide further evidence for H and
BchM functioning together to regulate the flux of porphyrins down the chlorophyll
biosynthesis pathway and for the formation of a substrate channelling super-complex

between the chlorophyll biosynthesis enzymes.

Kinetic analysis of the methyltransferase has proved difficult in the past due to the similar
spectral properties displayed by the substrate and product of the reaction. Heterologous
expression of Synechocystis ChIM in E. coli has enabled characterisation of the kinetic
properties of this enzyme. The kinetic mechanism of ChIM was determined using the water
soluble MgP analogue magnesium deuteroporphyrin IX (d-MgP) (Shepherd et al., 2003). The
steady state kinetics revealed that the reaction proceeds via a ternary complex and product
inhibition studies using S-adenosyl-L-homocysteine (SAH) indicated that substrate binding
was not ordered, instead occurring via a random binding mechanism, whereby SAH may bind
productively to either free enzyme or a ChiIM:d-MgP complex (Shepherd et al., 2003). Kinetic
analyses performed in the presence of the MgCH subunit ChIH revealed that ChlH

dramatically accelerated the formation and breakdown of an intermediate in the catalytic
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cycle of ChlM, thus suggesting that ChlH is directly involved in the reaction mechanism
(Shepherd and Hunter, 2004; Shepherd et al., 2005c). A method for overcoming the problem
of spectral similarity of the substrate and product of this reaction was recently described
(McLean and Hunter, 2009). These authors showed that by coupling the ChIM reaction to SAH
nucleosidase and adenine deaminase, SAH produced during the reaction could be converted
to adenine and hypoxanthine, enabling the accumulation of hypoxanthine to be monitored

by a decrease in absorbance at 265 nm (McLean and Hunter, 2009).

1.4.9 Mg-protoporphyrin IX monomethylester cyclase

Mg-protoporphyrin IX monomethylester cyclase (cyclase) catalyses the conversion of MgPME
to 3,8-divinylprotochlorophyllide (Pchlide), in a reaction accompanied by a red to green
colour change (Figure 1.26). Although studied in some detail, the enzyme(s) responsible for
the cyclisation reaction remains elusive and the least understood in the chlorophyll
biosynthesis pathway. Despite attempts over the past 60 years the active enzyme has never

been completely biochemically purified or successfully expressed in a recombinant system.

In 1950, Granick laid out the first hypothesis of how the cyclisation reaction was likely to
proceed based on the B-oxidation of fatty acids. He suggested the isocyclic ring would be
formed by B-oxidation of the Mg-PME 6-methylpropionate side chain to form methyl-$-
oxopropionate, progressing through the intermediates 6-acrylate, 6-B-hydroxypropionate
and 6-B-ketopropionate (Granik, 1950). The isolation of two of these intermediates, 6-B-
hydroxypropionate and 6-B-ketopropionate, from an organelle-free system further supported
his hypothesis (Wong et al., 1985). Subsequently, chemically synthesised 6-acrylate proved to
be an inactive substrate in organisms that form chlorophyll aerobically (Walker et al., 1988).
Experiments with O labelled molecular oxygen, showed the direct incorporation of
atmospheric O, into the carbonyl group of the isocyclic ring (Walker et al., 1989), suggesting
the chlorophyll producing cyclase is a mono-oxygenase. In contrast, the bacteriochlorophyll
producing Rhodobacter sphaeroides was found to incorporate oxygen donated from water,
indicating the involvement of a hydratase (Porra et al., 1996), giving the first evidence for at

least two cyclase proteins; one oxygen-dependent and one oxygen-independent.
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Figure 1.26 The cyclase reaction
The formation of the fifth ring, circled on divinyl-Pchlide, is responsible for the red to green colour
change observed with this reaction (A). Absorbance spectra for the substrate Mg-PME (red) and

product Pchlide (green) (B).

Experiments using lysates of whole cells from several photosynthetic organisms suggest the
oxygen-dependent cyclase requires two cofactors, iron and NADPH, and is composed of a
number of different subunits (Wong and Castelfranco, 1984a; Wong and Castelfranco, 1985;
Walker et al., 1988; Walker et al., 1991; Whyte and Castelfranco, 1993; Bollivar and Beale,
1996a; Rzeznicka et al., 2005). The first evidence of multiple subunits was from cyclase assays
using whole cell lysate fractions from cucumber cotyledon etioplasts, where cyclase activity
could only be observed in the presence of the combined membrane and soluble fractions
(Wong and Castelfranco, 1984a). Later, a partial biochemical purification of the cucumber
soluble protein suggested that it had a molecular mass of over 30 kDa (Walker et al., 1991).
Similar studies, using extracts from the green algae Chlamydomonas reindhardtii and
cyanobacterium Synechocystis, also demonstrated the absolute requirement of both a
membrane-bound and soluble subunit for cyclase activity (Bollivar and Beale, 1996a). Studies

using barley provided additional confirmation of this distribution, although genetic studies
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have also identified an additional membrane subunit encoded within the mysterious viridis-k
locus (Gough, 1972; Rzeznicka et al., 2005). In all cases any attempts to further purify the
membrane subunit from the crude membrane extracts resulted in abolition of cyclase

activity, further highlighting the extreme difficulty of solving the mystery of the cyclase.

Early evidence the cyclase requires iron as a co-factor was the observation that MgPME (the
substrate of the cyclase) accumulated in plants deficient in iron (Spiller et al., 1982).
Subsequently, iron chelators were found to inhibit cyclase activity when added to assays
using, intact wheat leaf chloroplasts (Nasrulhag-Boyce et al., 1987a), lysates of cucumber
cotyledon chloroplasts (Walker et al., 1991), the membrane fraction of Synechocystis and
lysates of Chlamydomonas reinharttii chloroplasts (Bollivar and Beale, 1996a). Further
probing into the type of iron required for cyclase activity, revealed the cyclase to co-ordinate
a non-haem, Fe? ion, located within the membrane bound subunit, as deduced from the
discovery that hydrophilic Fe** chelators and all Fe*" chelators had little effect on cyclase

activity (Bollivar and Beale, 1996a).

The first gene associated with anaerobic cyclase activity is bchE, which was indentified in
mutants of Rhodobacter sphaeroides and Rhodobacter capsulatus that accumulated MgPME
(Hunter and Coomber, 1988; Yang and Bauer, 1990; Gough et al., 2000). Later, the aerobic
cyclase was found to require the unrelated gene acsF (Pinta et al., 2002), of which
homologues have been found in all the oxygenic photosynthetic organisms investigated.
These include the genes Crd1 and Cth1 in Chlamydomonas reinhardtii (Moseley et al., 2000;
Moseley et al., 2002), sll1214 and sll1874 in Synechocystis (Minamizaki et al., 2008a; Peter et
al., 2009), Chi27 in Arabidopsis (Tottey et al., 2003a) and Xantha-I in barley (Rzeznicka et al.,
2005). Further bioinformatics analyses of the distribution of the anaerobic and aerobic
cyclase genes revealed that the bchE and acsF genes are found together in a wide range of
photosynthetic organisms. These include the filamentous anoxygenic phototrophs:
Chloroflexus aurantiacus, Roseiflexus sp. and Roseiflexus castenholzii, and the purple bacteria:
Rhodobacter  sphaeroides, Bradyrhizobium  sp, Rhodopseudomonas  palustris,
Methylobacterium sp., Rubrivivax gelatinosus and Roseobacter denitrificans and the
cyanobacterium Synechocystis. With the exception of Synechocystis, all of the bacteria
mentioned above are capable of growing under aerobic and anaerobic conditions, suggesting
the aerobic and anaerobic cyclases are differentially expressed to cope with changing

environmental oxygen conditions.

A recent study into the distribution of the AcsF and BchE genes throughout the

Proteobacteria revealed that the different functional groups of the phototrophic
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Proteobacteria employed different forms of the cyclase (Boldareva-Nuianzina et al., 2013).
The strictly anaerobic purple sulphur bacteria were found to contain only the bchE gene,
whereas the purple non-sulphur bacteria analysed were found to contain both acsF and bchE
and all of the aerobic anoxygenic phototrophs studied contained the acsF gene — almost half
of these also contained the bchE gene. Further phylogenetic analyses into the distribution of
bchE showed that unlike acsF its distribution is not conserved within the photosynthetic gene
cluster. Rather, bchE is found in different places of the genome, suggesting the gene was
transferred several times during evolution. This is further supported by the variance of the
bchE gene sequences found within the Gammaproteobacteria (Boldareva-Nuianzina et al.,
2013). Interestingly, the authors also noted bchE was present concurrently with bchJ — a gene
perhaps falsely attributed divinyl reductase activity, and whose exact function also remains

unknown (Canniffe et al., 2013).

Following discovery of the AcsF gene in Rubrivivax gelatinosis, the Crd1 (Copper response
defect 1) and Crt1 (Copper target homolog 1) genes in Chlamydomonas reinhardtii were
discovered via an independent investigation into the effects of copper depletion on protein
expression. Moseley et al. (2000 & 2002), showed that Crd1 expression was significantly up-
regulated under copper limiting or oxygen limiting conditions and was essential for the
maintenance of PSI and its associated light-harvesting complexes. Upon probing the
localisation of Crd1, it was found to be solely localised in the plastid membrane. Crt1 was
identified in the expressed sequence tag database as a paralog of Crd1 and although found to
have a similar function, it was found to be differentially expressed, regulated by a mechanism
of metalloregulation (Moseley et al., 2002). The Arabidopsis CHL27 gene was identified by its
homology to Crd1 and was found to be required for cyclase activity. CHL27-antisense plants
fed with ALA accumulated MgPME and were blocked at the cyclase step (Pinta et al., 2002;
Tottey et al., 2003a). CHL27 knock down mutants were also found to have severe growth
retardation, defects in chloroplast development and damaged PSII reaction centres (Bang et
al., 2008). Micro-array analyses of these mutants revealed widespread repression of genes
involved in photosynthesis, including those for light-harvesting complex | & II, PSI and PSII
(Bang et al., 2008). As with Crd1, localisation experiments showed the chl/27 gene product
was in the chloroplast, associated with both the inner-envelope and thylakoid membranes
(Tottey et al., 2003a). Interestingly, Arabidopsis contains only one copy of the CHL27 gene,
whereas the photosynthetic organisms Chlamydomonas reinhardtii and Synechocystis have
two isoforms; one reason for this could be the requirement of micro-organisms to adapt

rapidly to changing environmental conditions.
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Synechocystis contains three bchE homologues (slr0905, sll1242 and s/lr0309) and two acsF
homologues (sll1214 and sll1874). Of the two acsF homologues, sll1214 is thought to be the
sole cyclase operating under aerobic conditions, with sl/l1874 a cyclase that operates under
micro-oxic conditions. Experimental evidence demonstrated that the As/1214 mutant
accumulated MgPME and could only grow under micro-oxic conditions, whereas the Asll1874
mutant was able to grow aerobically, but not under micro-oxic conditions (Minamizaki et al.,
2008a; Peter et al., 2009). Knockout mutants in each of the three bchE homologues were able
to propagate under anaerobic conditions analogously to wild type cells, suggesting these
genes do not confer anaerobic cyclase activity in Synechocystis (Minamizaki et al., 2008b).
Although one subunit of the cyclase has been successfully identified, this subunit on its own
does not confer cyclase activity, demonstrated by assays on E. coli whole cell lysates in which
sll1214 and s/l1874 had been over-expressed (Hollingshead S, unpublished data). This is
concurrent with the evidence gathered from whole cell cyclase assays which all demonstrate
the absolute requirement of both a soluble and insoluble subunit (Walker et al., 1988; Walker
et al., 1989; Walker et al., 1991; Bollivar and Beale, 1996a; Rzeznicka et al., 2005). Thus, there

remains at least one cyclase subunit, located within the soluble fraction, to be identified.

The expression of the AcsF homologue in the green filamentous micro-organism Chloroflexus
aurantiacus has also been investigated (Tang et al., 2009); like Synechocystis this organism
also has genes encoding the aerobic and anaerobic cyclase. The authors were surprised to see
AcsF expressed under anaerobic growth conditions, when it was previously thought the AcsF
gene was only expressed under aerobic conditions (Pinta et al., 2002; Minamizaki et al.,
2008b). Pairwise comparison of the Chloroflexus aurantiacus AcsF gene to those of other
organisms revealed a 50 % or lower identity, much lower than the 70 % found between genes
from most other organisms. This led Tang et al. (2009) to propose that the Chloroflexus
aurantiacus AcsF may have additional roles to the cyclisation reaction, which still occur under
anaerobic growth conditions. These hypotheses include: a role in the biosynthesis of different
bacteriochlorophylls, a role as an iron transport protein or a role as a site for electron transfer

under anaerobic growth conditions (Tang et al., 2009).

Cobalamin has been identified as a required co-factor of the anaerobic cyclase (Gough et al.,
2000). Mg-protoporphyrins, particularly MgPME, were found to accumulate in the B;,-
requiring Rhodobacter capsulatus mutants, which carry the b/uE and bluB genes. These were
converted to Pchlide upon the addition of exogenous cobalamin, which restored anaerobic
cyclase activity. This observation has led to the proposal of a mechanism for the anaerobic
reaction; adenosylcobalamin is thought to form an adenosyl radical, which in turn leads to

the formation of the 13'-radical of MgPME. Withdrawal of an electron from the 13*-radical
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would give rise to a 13'-cation, which may be attacked by a hydroxyl ion to give the 13*-
hydroxy intermediate of MgPME; finally the withdrawal of three hydrogen atoms leads to the
eventual cyclisation and formation of Pchlide. BchE has also been identified as containing an
iron sulphur cluster, which may be involved in the initial electron transfer steps of the
mechanism, as iron-deficient Rhodobacter capsulatus was found to accumulate MgPME
(Cooper, 1963). Interestingly, bchE also contains the cysteine motif (CXXX-CXXC) essential for
the formation of iron-sulphur clusters in many anaerobic enzymes (Johnson, 1998). This was
later confirmed with UV-visible spectral analysis of the heterologously expressed

Rhodobacter gelatinosus BchE protein (Ouchane et al., 2004).
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Figure 1.27 The proposed reaction mechanism for the anaerobic cyclase
The reaction proceeds via the B-hydroxy and B-keto intermediates, while the monovinyl species can

also act as a substrate for the enzyme. Radicals are denoted by an asterisk (Gough et al., 2000).

It has been suggested that the chloroplast localised NADPH thioredoxin reductase and 2-cys
peroxidase have a role in promoting cyclase. An Arabidopsis mutant, in which the NADPH
thioredoxin reductase gene, ntrc, was disrupted, accumulated the chlorophyll precursor
pigments protoporphyrin IX, Mg-protoporphyrin IX and MgPME. The hypothesis for the
perturbation at the cyclase step, and the accumulation of pigments preceding this step, is
that the reactive oxygen species generated during the cyclase reaction would then go on to

destroy the proteins responsible for Pchlide catalysis. Stenbaek et al. (2008) also
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demonstrated that the addition of NADPH thioredoxin reductase and 2-cys peroxidase to the

cyclase reaction resulted in a stimulation of aerobic cyclase activity.

1.4.10 Protochlorophyllide reductase

After the formation of the isocyclic ring, Pchlide may be reduced at the 8-vinyl group of ring D
by the divinyl reductase (described in section 1.4.11) followed by reduction of the C17-C18
double bound catalysed by POR, or Pchlide may be directly reduced by POR. The addition of a
hydride across the C17-C18 double bond results in the formation of chlorophyllide (chlide);
this reaction may be catalysed by two different Pchlide reductases. The first is a light
dependent enzyme (POR), which is one of only two enzymes in biology whose catalytic
activity is known to be activated by light. The second (DPOR) can undertake catalysis in the
dark. Phylogenetic analyses of the two POR genes show that primitive anoxygenic
photosynthetic bacteria contain only dark POR and angiosperms (flowering plants) contain
only light POR. In contrast, cyanobacteria, green algae, mosses and most gymnosperms
possess both light and dark POR. The lack of dark POR in angiosperms makes these organisms

dependent on light for chlorophyll biosynthesis.

One theory for the distribution of light and dark POR enzymes across photosynthetic
organisms is based on the extreme oxygen sensitivity of dark POR. Dark POR is thought to
have evolved first in the ancient anoxygenic photosynthetic organisms. However, dark POR
has a half life that rapidly declines upon exposure to oxygen (Nomata et al., 2006); dark POR
of anoxygenic and oxygenic photosynthetic organisms have a very similar half life in the
presence of oxygen, suggesting that dark POR was not able to evolve to adopt greater oxygen
tolerance upon the advent of oxygenic photosynthesis (Yamazaki et al., 2006; Yamamoto et
al., 2009). Instead, bacteria capable of oxygenic photosynthesis are thought to have adapted
to the increasing oxygen content of the atmosphere by acquiring the oxygen insensitive light

POR (Reinbothe et al., 2010).

1.4.10.1 The “light” POR
The unique, light activated reduction of Pchlide to Chlide by POR is perhaps the most

interesting reaction in chlorophyll biosynthesis. Unlike the dark POR, POR is encoded within
the nuclear DNA as a single polypeptide, which gives rise to a protein of ~37 kDa. The first
evidence of POR activity was from experiments performed on material from dark grown
barley angiosperms (Griffiths, 1975a; Griffiths, 1975b; Griffiths, 1978). This dark-grown
etiolated material accumulates Pchlide and POR at high levels, which with the addition of
NADPH form large aggregated ternary complexes, known as “prolamellar bodies” (Griffiths,

1978). On illumination these prolamellar bodies rapidly dissociate as the hydride molecule is
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transferred from NADPH to Pchlide, forming Chlide (Heyes et al., 2006). Although several
spectral forms of Pchlide have been identified in these prolamellar bodies, they have been
attributed to the pigment interactions with membranes or proteins shifting the spectra,
rather than different species of Pchlide (Boddi et al., 2003). The differing spectral properties
of Pchlide and Chlide allow UV-VIS spectroscopic assays to be performed with ease. This,
coupled with the very nature of POR, its absolute requirement of light for catalysis, has
allowed the investigation of the very fast initial phase of the reaction — the transfer of hydride
from NADPH to Pchlide - which is completed on a sub-picosecond timescale; impossible to

analyse for most enzyme catalysed reactions.

Extensive studies have been made of the POR reaction using a combination of site-directed
mutagenesis, substrate analogues and various forms of spectroscopy. This has enabled a
detailed mechanism for the reaction of POR to be compiled. Experiments with the 4R and 4S
*H-labelled isomers of NADPH show that the pro-S hydride of the nicotinamide ring is the
proton transferred to the C17 position of Pchlide (Begley and Young, 1989). Two highly
conserved residues, which correspond to Tyrl89 and Lys193 in Synechocystis POR, are
essential for POR activity. During POR catalysis, after the transfer of the hydride from NADPH
to C17 of Pchlide, the proton at the C18 position is thought to be added from Tyr189. It is
thought Lys193 is necessary to lower the pKa of tyrosine, thus facilitating deprotonation
(Wilks and Timko, 1995). Analyses of the POR reaction at low temperatures (120K) led to the
discovery that the catalytic mechanism consists of an initial light-driven step, which is
followed by several dark reactions (Heyes et al., 2002; Heyes et al., 2003; Heyes and Hunter,
2004).

The rate limiting step of POR is the initial formation of the ternary complex, i.e. the binding of
NADPH to POR. Recent studies have shown that it is essential POR is pre-bound to NADPH; an
intricate process consisting of three distinguishable kinetic phases. These phases are
characterised by structural changes to the protein, which allow for the correct docking of
NADPH (Heyes et al., 2008). These data are one explanation for the formation of large
prolamellar bodies of ternary complex, as the formation of large quantities of protein already
bound to substrate will rapidly reduce the rate limiting step and allow for the organism to
produce Chlide and then chlorophyll as soon as the light cycle begins. It has been suggested
that phosphorylation of POR is required for the aggregation of POR into these prolamellar
bodies, although the exact mechanism of this phosphorylation remains unclear (Wiktorsson

et al., 1996; Kovacheva et al., 2000).
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Prokaryotic chlorophyll-producing organisms containing the dark POR gene contain only a
single copy of the POR-encoding gene (Rowe and Griffiths, 1995). However, three different
isoforms of the POR gene have been identified in higher plants, all of which are differentially
regulated depending upon light patterns and development stage (Holtorf et al., 1995;
Armstrong et al., 1995; Oosawa et al., 2000). These different isoforms are probably required
at different stages in the greening process to enable the plant to regulate its requirement for
chlorophylls. Two of these isoforms, PORA and PORB, are thought to form a high mass light-
harvesting complex within the prolamellar bodies of dark grown material. Here, they are
found in a ratio of 5 to 1 for PORA to PORB; this stochiometry is thought to optimise this step
of chlorophyll biosynthesis, so Chlide formation can occur rapidly, even under low light
intensities (Reinboth et al., 1999). However, it should be noted that the existence of these
complexes remains controversial and the matter of ongoing debate (Masuda and Takamiya,

2004).

No structural data for POR is currently available, as the enzyme is thought to be composed of
several mobile loops, rendering crystallisation impossible. Although work is ongoing to
ascertain the structure by NMR, the molecular mass of light POR at 37 kDa is at the very
upper limit of this technique, making progress slow and costly. However, bioinformatics
analysis of the PORs primary sequence reveals this protein is a member of the short-chain
dehydrogenase/reductase superfamily of enzymes. Structures of several members of this
family have been solved, and several groups have used these to construct homology models
of light POR from Synechocystis (Townley et al., 2001), pea (Dahlin et al., 1999) and barley
(Buhr et al., 2008). All three models suggest POR has a central seven-stranded parallel B-
sheet, which is predicted to be surrounded by nine a-helices. A 33 amino acid loop,
connecting two of these B-strands, was initially suggested to be required for Pchlide binding,
however this was later shown to be involved in the formation of prolamellar bodies
(Reinbothe and Reinbothe, 1996; Townley et al., 2001; Reinbothe et al., 2010). POR also has a
highly conserved Rossmann binding motif (GXXXGXG), which is located at the N-terminus and
the site of NADPH binding.

1.4.10.2 The “dark” POR
The dark POR is encoded within three genes, chl/bchB, chl/bchL, and chl/bchN. These were

first identified in Rhodobacter capsulatus, when mutations in any of these three loci resulted
in the loss of bacteriochlorophyll formation and the accumulation of Pchlide (Zsebo and
Hearst, 1984; Coomber et al., 1990; Yang and Bauer, 1990; Burke et al., 1993b). The
corresponding genes in chlorophyll-producing eukaryotes were found encoded within the

chloroplast genome (Kohchi et al., 1988). The first biochemical characterisation of the dark
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POR came from over-expression and purification of all three Rhodobacter capsulatus subunits
from Rhodobacter capsulatus (Fujita and Bauer, 2000). Two of the three genes, bchL and
bchN were expressed as S-tag fusion proteins, whilst the third gene, bchB, was untagged.
BchN was found to co-purify with BchB, indicating the formation of a tight complex. Fujita
and Bauer (2000) went on to demonstrate dark POR activity was absolutely dependent on the

presence of all three subunits, as well as ATP and reduced dithionite.

Although all three dark POR genes are encoded on the chloroplast genome, classical genetic
analyses have identified algal mutants that exhibit a yellow-in-the-dark (y) phenotype.
Mutations in any of these y loci result in the loss of chlorophyll production and the
accumulation of a small amount of Pchlide; their yellow phenotype is caused by carotenoid
accumulation (Armstrong, 1997). Each of these mutants is capable of synthesising Childe in
the light, when the light POR comes into play, but production of Chlide in the dark is
prohibited. Chlamydomonas reinhardtii has seven of these nuclear encoded loci, named y-1
to y-10, and mutations in any of these loci results in abolition of Chlide production (Sager,
1955; Ford and Wang, 1980a; Ford and Wang, 1980b). Analyses of wild type Chlamydomonas
reinhardetii cells showed that although ChIN and ChIB were present in similar concentrations
under light and dark grown wild type cells, ChIL was only present in cells grown in the dark or
at light intensities below 15 pmol m™ sec™ (Cahoon and Timko, 2000). These authors found
that ChIL expression was negatively photoregulated by the redox potential within the
chloroplast, and that accumulation of ChlL was dependent upon expression of the nuclear
encoded y genes. The existence of y genes is common to the green algae, as similar y genes
have also been identified in Chlorella sp. and Scenedesmus sp. (Bogorad, 1976; Schulz and

Senger, 1993).

Bioinformatics analyses show the primary sequences of all three subunits have significant
similarities to the nifH (35 % identity to chiL), nifD (19% identity to chIN) and nifK (19%
identity to chlB) subunits of nitrogenase, an enzyme that catalyses the reduction of
dinitrogen to ammonia (Fujita et al., 1993). Nitrogenase is an oxygen-sensitive enzyme that
catalyses the ATP-dependent reduction of atmospheric N, to ammonia. It is composed of a Fe
protein (a NifH dimer), which contains a 4Fe-4S cluster in each subunit, and a MoFe protein (a
NifD-NifK heterodimer), which has a 8Fe-7S cluster and a Mo-7Fe-9S-homocitrate cluster
(Einsle et al., 2002). The Fe protein is an ATP-dependent electron donor for the MoFe protein
and the MoFe protein provides the active site for dinitrogen reduction (Peters et al., 1995;
Igarashi and Seefeldt, 2003). In a similar manner to the nitrogenase, dark POR is composed of
an L-protein (a BchL dimer) and a catalytic component, the NB-protein (a BchN-BchB

heterotetramer) (Fujita and Bauer, 2000; Fujita and Bauer, 2003).
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Figure 1.28 Crystal structure of the L-protein of Rhodobacter sphaeroides dark POR

The crystal structure of Rhodobacter sphaeroides L-protein subunit of dark POR solved to a resolution
of 1.63 A. The homodimer in a complex with two Mg-ADP molecules, highlighted in green, in orange
are the four Fe ions located in a Fe-S cluster with four S atoms (light brown). The FeS cluster is ligated
via four conserved cysteine residues, Cys126 and Cys160, two from each subunit (PDB 3FWY, Sarma et

al., 2008).

Indeed, the recently solved crystal structures of the dark POR L-protein and NB-protein from
Rhodobacter sphaeroides and Rhodobacter capsulatus respectively, confirm that the
sequence identity of the dark POR proteins to the nitrogenase proteins is reflected in the
crystal structure (Sarma et al., 2008; Muraki et al., 2010). The crystal structure of the L-
protein, bound to MgADP, was solved to a resolution of 1.6 A (Sarma et al., 2008).
Recombinant L-protein was obtained by over-expression in an Azotobacter vinelandii system
and purified using a polyhistidine tag. Analyses of the iron content showed each mole of BchL

to contain 3.6 moles of Fe, consistent with the presence of a 4Fe-4S cluster.

Comparison of the Bchl structure to that of the nitrogenase Fe subunit showed that these

two proteins share an overall structural similarity including the subunit bridging 4Fe-4S

59



Chapter 1

cluster and the nucleotide binding site (Figure 1.28). However, despite this apparent high
structural similarity, BchL was unable to replace the nitrogenase Fe subunit in a nitrogenase

substrate reduction assay (Sarma et al., 2008).

Figure 1.29 Crystal structure of NB-protein from dark POR

The crystal structure of Rhodobacter capsulatus NB-protein subunit of dark POR solved to a resolution
of 2.8 A. Top, highlighted in cyan and light blue are the two BchN subunits and highlighted in pink and
light pink are the two BchB subunits. Bottom, the hetero-tetramer in a complex with two Pchlide
molecules (green), in orange are the four Fe ions located in an Fe-S cluster with four S atoms (light
brown). The FeS cluster is co-ordinated via cysteine residues Cys26, Cys51 and Cys112 from BchN and
Asp36 from BchB (PDB 3AEK, Muraki et al., 2010).
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The crystal structures for both the Pchlide-bound (Figure 1.29), and Pchlide-unbound NB
proteins were solved to resolutions of 2.3 A and 2.8 A respectively. As with the L-protein, the
NB-protein was found to have high structural similarity to the nitrogenase MoFe-protein,
with the spatial arrangements of the iron sulphur cluster and Pchlide of the NB-protein being
almost identical to the iron-sulphur cluster and FeMo-cofactor of the FeMo-protein (Muraki
et al., 2010). The only notable difference between the NB-protein and the FeMo-protein is
the unique C-terminal region possessed by BchB that is 100 residues in length. This region is
conserved among all BchB/ChIB proteins and probably plays an important role in dark POR
function; however, due to the disordered nature of this region, it is rendered “invisible” in the

crystal structure (Muraki et al., 2010; Reinbothe et al., 2010).

Each BchN-BchB hetero-dimer was co-ordinated with one 4Fe-4S cluster and one Pchlide
molecule; interestingly the iron-sulphur cluster co-ordinates with residues from both
proteins; three Cys residues from BchN (Cys26, Cys51 and Cys112) and one Asp residue from
BchB (Asp36). The Pchlide molecule was located within a hydrophobic substrate binding
cavity. Prior to determination of the NB-protein crystal structure, it was thought Cys95 in the
BchB protein also played a part in the iron-sulphur cluster co-ordination, as a BchB protein in
which this residue is mutated is unable to form an active complex with BchN (Fujita and
Bauer, 2003; Nomata et al., 2008; Brocker et al., 2008). However, this residue was found
located 6 A away from the closest Fe ion, suggesting instead that Cys95 plays a crucial role in
stabilising the BchB-BchN dimer (Muraki et al., 2010). The authors also found that the BchB
Asp36 was not required for assembly of the protein-iron sulphur complex, but that it was
absolutely required for catalytic activity. A significant structural change was found to occur
upon Pchlide binding, in the form of the partial unwinding of the a-helix located next to the
catalytic region of the BchN-BchB dimer. This goes on to form a lid structure, which closes to

form a hydrophobic pigment binding cavity (Muraki et al., 2010).

Naturally, the reaction mechanism employed by dark POR is fundamentally different to that
of light POR. The mechanism of double bond reduction as inferred from the structural data is
thought to begin with the transfer of a single electron from the 4Fe-4S cluster of the L-protein
to the 4Fe-4S cluster of the NB-protein. This electron is then transferred from the NB-protein
4Fe-4S cluster to the conjugated electron cloud of Pchlide. Simultaneously two protons, one
from BcbB-Asp274 and one from the propionate side chain of Pchlide, is transferred to C17
and C18, resulting in the production of a cation radical. The reaction is completed upon the
transfer of a second electron to Pchlide from the NB-protein 4Fe-4S cluster and the formation

of a single bond between C17 and C18 (Muraki et al., 2010; Reinbothe et al., 2010).
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Ferredoxin then reduces the oxidised L-protein, regenerating it ready for the next reaction

cycle (Nomata et al., 2005).

Very recently an in silico study has proposed the L-protein of dark POR and POR contain a
tyrosine-phenylalanine-tyrosine (TFT) motif, the first such similarity reported between the
two enzymes (Gabruk et al., 2012). This sequence is thought to be specific for the POR
reaction, as a similar motif is not present in the NifH subunit of the nitrogenase, or any short
chain dehydrogenases. The exact function of this TFT motif remains unknown due to a lack of
experimental data, but existing studies using POR and L-protein mutants show this region is

highly important for wild type levels of POR activity (Dahlin et al., 1999; Sarma et al., 2008).

1.4.11 Divinyl reductase

Chlorophylls may be classified into two groups depending on the number of vinyl side chains
they possess; 3-8-divinyl (DV) or 3-monovinyl (MV), with the DV molecule containing two
vinyl groups at positions 3 and 8 on the macrocycle and the MV molecule having a vinyl group
at position 3 and an ethyl group at position 8. Conversion of the 8-vinyl group to an ethyl
group is catalysed by the enzyme known as the divinyl reductase (DVR). Although the 8-vinyl
reduction is an essential step in chlorophyll biosynthesis (the only exception being the marine
plankton Prochlorococcus sp, which contain DV-chlorophylls), uncertainty still remains as to
the exact stage in the pathway the reaction occurs. Various MV and DV chlorophyll
precursors have been detected in plants and algae, which cannot be accounted for by the
stepwise operation of a linear biosynthetic pathway (Rebeiz et al., 1994), thus leading to the
hypothesis that several DVR enzymes are responsible for reducing different DV intermediates
(Tripathy and Rebeiz, 1986; Tripathy and Rebeiz, 1988a; Whyte and Griffiths, 1993). One
theory is that MV and DV pools of different intermediates represent separate routes for
chlorophyll biosynthesis, which can be altered by physiological and environmental factors,
such as age and light conditions (Rebeiz et al., 1983; Shioi and Takamiya, 1992). An
alternative theory is that a single 8-vinyl reductase exists with broad substrate specificity;
therefore the different MV/DV intermediates observed would simply be an effect of variation

in the rate of 8-vinyl reduction on different substrates.

Several groups have reported the ability of photosynthetic organisms to reduce the 8-vinyl
group to an 8-ethyl group at different stages of the chlorophyll biosynthetic pathway. It was
suggested the substrate for the DVR reaction in R. sphaeroides was DV-Pchlide, as this
precursor accumulates in cells treated with 8-hydroxyquinoline, an inhibitor of
bacteriochlorophyll biosynthesis (Jones, 1963a; Jones, 1963b). In 1974, Ellsworth and Hsing

demonstrated that DV-MgPME could be converted to MV-MgPME in crude homogenates of
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etiolated wheat plastids. Tripathy and Rebeiz (1988) then showed that exogenous DV-Pchlide
could be partially converted to MV-Pchlide by barley plastids. Later, Parham and Rebeiz (1992
& 1995) showed DV-Chlide could be converted to MV-Chlide in cucumber etioplast
membranes isolated from etiolated cotyledons, and by extracts from barley and maize leaves.
Meanwhile, Whyte and Griffiths (1993) found that etioplasts isolated from cucumber and
wheat tissue would convert an exogenous DV-Pchlide pool to a predominantly MV-Pchlide
pool in the dark. All the evidence supports a multi-branched pathway, but without the
isolation of an active enzyme the authors could not confirm the presence of a single, broad
specificity, DVR enzyme or a family of closely related DVR enzymes with different substrate

specificities.

A bch) mutant was isolated from Rhodobacter capsulatus that was able to synthesise
bacteriochlorophyll, but which accumulated and excreted DV-Pchlide, which lead to the
conclusion that bchJ encoded a DVR (Bollivar et al., 1994c). However, in a later study, it was
reported that mutants in any of the dark-POR genes (bchB, bchL or bchN) accumulated a
mixture of DV-Pchlide and MV-Pchlide, with a bchJ/bchlL double mutant accumulating Pchlide
with a significantly greater DV to MV ratio. It was also reported that the MgPME pool in
Rhodobacter capsulatus normally contained a mixture of DV and MV molecules, the ratio of
which was not affected in the bch) mutant. This led the authors to conclude that a second
DVR may be present, which can convert earlier intermediates to a MV form (Suzuki and
Bauer, 1995). Subsequently, the bch/ homologue in Chlorobaculum tepidum was disrupted;
the resulting mutant produced detectable amounts of MV-bacteriochlorophylls, but secreted
DV-Pchlide into the culture medium (Chew and Bryant, 2007). An identical result was
observed in Rhodobacter sphaeroides after disruption of the bchJ gene (Canniffe et al., 2013),
suggesting bchJ is not a DVR, but that it may play an important role in substrate channelling

or regulation of (bacterio)chlorophyll biosynthesis.

In 2005, two groups independently showed that the AT5G18660 gene of Arabidopsis encodes
a DVR (Nakanishi et al., 2005; Nagata et al., 2005a). When expressed in E. coli, AT5G18660
catalyses the conversion of DV-Chlide to MV-Chlide, in a reaction that requires NADPH
(Nagata et al., 2005a). Phylogenetic analysis reveals genes homologous to the A. thaliana DVR
gene across higher plants, green algae, photosynthetic bacteria and Synechococcus sp, but
not in other cyanobacterial lineages or red algae. One such homologue of AT5G18660, bciA
(CT1063), was identified in Chlorobaculum tepidum; disruption of this gene led to
accumulation of DV-chlorophylls. The recombinant BciA protein expressed in E. coli was

found to reduce DV-Pchlide to MV-Pchlide in vitro (Nagata et al., 2005b). Open reading
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frame, rsp_3070, was found to encode an orthologue of the bciA gene in Rhodobacter

sphaeroides (Chew and Bryant, 2007).

A DVR gene in Synechocystis, open reading frame s/r1923, was identified, which was
unrelated to bciA or bchJ through a bioinformatics screen. Subsequent mutation of this gene
resulted in mutants that were unable to synthesise MV-chlorophylls or grow under high light
intensities (Islam et al., 2008; Ito et al., 2008). In Synechocystis strains where the slr1923 gene
was replaced by either the Rhodobacter sphaeroides bchJ or bciA (rps_3070) genes, the bciA
strain was found to have WT levels of MV-chlorophyll, whereas the bchJ strain did not
(Canniffe et al., 2013). This provides further evidence that cyanobacterial lineages (excluding
Synechococcus) and red algae contain a class of DVR unrelated to the enzyme in plants and

non-cyanobacteria, and that Bchl is not a functioning DVR.

Very recently it was reported that one DVR enzyme is responsible for reducing the 8-vinyl
groups in various chlorophyll biosynthesis groups, with DVR proteins from different species
having diverse and differing substrate preferences, despite being homologues (Wang et al.,
2013). Enzyme assays using four recombinant DVR proteins from rice, maize, Arabidopsis and
cucumber were performed using five DV substrates: chlorophyll, Chlide, Pchlide, MgPME and
Mg-Protoporphyrin IX. The rice and maize DVRs were found to act on all five DV substrates,
whereas the cucumber and Arabidopsis proteins could only act on three of the substrates
(DV-Chlide, DV-Pchlide and DV-MgPME). This study led to the conclusion that a single DVR
with broad substrate specificity is responsible for reducing the 8-vinyl groups of chlorophyll

biosynthetic intermediates in higher plants (Wang et al., 2013).

1.4.12 Geranylgeranyl reductase and chlorophyll synthase

In the final stages of chlorophyll a biosynthesis Chlide is esterifyed with activated
geranylgeranyl, a C,, isoprenoid alcohol, which constitutes 30% of the total molecular weight
of the chlorophyll molecule. Chlorophyll synthase (ChlG) is unique in that it links the
isoprenoid and tetrapyrrole metabolism pathways, through the esterification of the
tetrapyrrole Chlide to the isoprenoid geranylgeranyl (see Figure 1.31 for a summary of the
isoprenoid pathway). The Chlide- geranylgeranyl molecule is then sequentially reduced to

phytol by the enzyme geranylgeranyl reductase, also known as ChlP.

Chlorophyll synthase, a single enzyme located in the thylakoid membrane, is able to esterify
Chlide with either geranylgeranyldiphosphate or phytoldiphosphate; the substrate used is
organism dependent. A. thaliana and Synechocystis can use geranylgeranyldiphosphate as a

substrate, but have a preference for phytoldiphosphate, whereas Rhodobacter capsulatus
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and Rhodobacter sphaeroides require geranylgeranyldiphosphate as a substrate (Rudiger et
al., 1980; Soll et al., 1983; Oster and Ridiger, 1997; Oster et al., 1997a; Addlesee et al., 2000).
The tetrapyrrole moiety used is also organism-dependent. Chlorophyll synthase from
chlorophyll-producing organisms may use Chlide a or Chlide b as a substrate, but not
bacterio-Chlide, whilst the bacteriochlorophyll synthase from Rhodobacter capsulatus can use
bacterio-Chlide as a substrate, but not Chlide (Benz and Ridiger, 1981; Oster and Rudiger,
1997; Oster et al., 1997a). Heterologous expression in E. coli of the chlG gene from
Synechocystis or the bchG genes from Rhodobacter sphaeroides and Rhodobacter capsulatus
was shown to produce an active (bacterio)chlorophyll synthase able to esterify
(bacterio)Chlide with geranylgeranyldiphosphate in vitro (Oster et al., 1997b; Addlesee et al.,
2000).

Initially it was not known if phytol was directly attached to Chlide or if a precursor was
attached, then modified to phytol. In 1974, Liljenberg found low levels of Chlide-
geranylgeranyl in developing horse chestnut leaves, a year later Ogawa and colleagues
reported a short-lived intermediate between Chlide and chlorophyll; evidence which suggests
a precursor is attached to Chlide and then later modified to phytol (Liljenberg, 1974; Ogawa
et al., 1975). This hypothesis was further supported by Bollivar when he identified a R.
capsulatus mutant disrupted in the gene bchP which accumulated bacteriochlorophyll
esterifyed with geranylgeraniol, not phytol (Bollivar et al., 1994b). The electron transfer from
the light-harvesting complex to the reaction centre was not affected in this mutant. However
the mutant’s growth rate was significantly retarded, possibly due to reduced stability of the
pigment-protein complexes. Rhodobacter sphaeroides with a mutation in the bchP gene
exhibits a significantly reduced level of light-harvesting LH2 complex and a red-shifted B850
absorbance maximum. However, all normal functions could be restored when the bchP
mutant was complemented with its homologous counterpart, chlP, from Synechocystis
(Addlesee et al., 1996). Recently Shpilyov and colleagues (2005) inactivated the Synechocystis
chlP gene. As with Rhodobacter capsulatus the mutant was found to accumulate excessive

levels of chlorophyll-geranylgeranyl.
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Figure 1.30 Terminal hydrogenation steps of chlorophyll biosynthesis
Sequential reduction of geranylgeranyl to phytol as performed by ChIP/BchP. R = chlorophyllide or
pyrophosphate.

Surprisingly an increase in the total abundance of phycobilisomes was observed, perhaps up-
regulated to counteract the decreasing levels of other light harvesting pigments (Shpilyov et
al., 2005). The AchlP strain of Synechocystis was incapable of growing photoautotrophically
and could only be cultivated with the aid of glucose as an external carbon source. The authors
proposed the increased rigidity of the phytol moiety caused instability within the pigment-
protein complexes, leading to photo-oxidative stress and rapid degradation of the

photosystems (Shpilyov et al., 2005; Shpilyov et al., 2012) .

Shortly after esterification the geranylgeranyl-reductase catalyses three successive reductions
across the C=C double bonds at positions Cg, C;y and Cy4 (Figure 1.30). The reaction requires
NADH/NADPH and ATP, although in the absence of ATP, NADPH alone is able to hydrogenate
Chlide-geranylgeranyl (Castelfranco and Beale, 1983). Schoch and colleagues observed
etiolated oat seedlings grown under anaerobic conditions accumulated Chlide-
geranylgeranyl, which suggests oxygen may be essential for hydrogenation and a possible
explanation for the presence of bacteriochlorophyll-geranylgeranyl in certain species of
anaerobic bacteria (Schoch et al., 1980). The A. thaliana geranylgeranyl-reductase is a
multifunctional enzyme, capable of catalysing the stepwise reduction of geranylgeranyl-
diphosphate into phytol-diphosphate as well as the reduction of Chlide-geranylgeranyl into
Pchlide-geranylgeranyl (Keller et al., 1998). It is not yet known if the Synechocystis

geranylgeranyl-reductase reduces geranylgeranyl to phytol before or after esterification to
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Chlide. Moreover, no in vitro kinetic analyses have been reported for the geranylgeranyl-

reductase, thus little is known about the enzyme’s mechanism.

1.5 Aims

This project seeks to investigate the interactions between the known chlorophyll biosynthesis
enzymes. To achieve this, a number of Synechocystis strains have been generated that
contain a known chlorophyll biosynthesis enzyme with an N-terminal FLAG-tag. These strains,
in conjunction with C-terminal FLAG-tagged chlorophyll biosynthesis enzymes that will be

generated in this work, will form the initial basis for FLAG-pulldown affinity experiments.
Ultimately it is hoped these FLAG-pulldown experiments will further our understanding of:

o whether the chlorophyll biosynthesis enzymes form a membrane associated super
complex

e identify the unknown components of the third committed enzyme in the chlorophyll
biosynthesis pathway, Mg-protoporphyrin IX monomethylester cyclase, an enzyme
which has remained an enigma for over 60 years

e identify as yet unknown proteins that may be involved in the efficient channelling of
chlorophyll to the sites of photosynthesis in the thylakoid membranes

e identify as yet unknown proteins that are involved in inserting chlorophyll into the

photosynthetic complexes and chlorophyll binding proteins

Additionally, this project aims to raise antibodies against several chlorophyll biosynthesis

enzymes to which there are no antibodies currently available. This will enable:

e comprehensive investigations into the locations of the chlorophyll biosynthesis
enzymes

e analysis of chlorophyll biosynthesis enzyme accumulation in photosynthetic mutants
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Figure 1.31 The isoprenoid pathway

Two routes for isopentyl diphosphate (IPP) occur. The mevalonate pathway (A) found in mammals and

yeasts and the deoxy-xylulose-5-phosphate pathway (B) found in bacteria, algae and higher plants. The

intermediate geranylgeranyl-diphosphate (GG-PP) is a substrate for the final stages of chlorophyll

biosynthesis, when GG-PP is esterifyed to chlorophyllide and reduced to phytol to form the

hydrophobic tail of chlorophyll. B-carotene also acts as a photo-pigment (Kajiwara et al., 1997; Lange

et al., 2000).
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2. Materials and methods

2.1 Standard buffers, reagents and media

All buffers and media were prepared using deionised Milli-Q water (Millipore). Growth media
and solutions used for DNA work were sterilised by autoclaving at 15 psi and 121°C for a
minimum of 20 minutes, or by filtration through 0.2 um filters. Heat sensitive reagents, such

as antibiotics and vitamins were added to medium cooled to below 50°C.

A list of all growth media used can be viewed in Table 2.1.

2.2 E. coli strains and plasmids

All E. coli stains were grown up in LB medium in the presence of any relevant antibiotics:
kanamycin 50 pg ml™, neomycin 50 pg ml™*, streptomycin 50 pg ml™*, ampicillin 50 pg ml™,

chloramphenicol 34 pg ml™. E. coli strains were stored at -80°C in 20 % (v/v) glycerol.

Plasmids used are listed in Table 2.2 and E. coli strains are listed in Table 2.3.

2.2.1 Chemically competent E. coli cells

JM109 chemically competent cells were obtained from Promega and stored as 25 pl aliquots

at -80°C. All other chemically competent cells were made as follows.

Cell lines to be made competent were removed from storage at -80°C and streaked onto LB-
agar plates containing the appropriate antibiotics and incubated at 37°C overnight. A single
colony was then used to inoculate 5 ml of LB media, which was grown shaking overnight at
37°C and 250 rpm. 1 ml of the overnight culture was used to inoculate 50 ml of LB media in a
250 ml shake flask, which was incubated at 37°C and 250 rpm until an optical density at
600nm (ODgq) of 0.4 — 0.5 was reached. The cells were then pelleted in an ice-cold Falcon
tube in a pre-chilled centrifuge at 4000 xg for 10 minutes. Following removal of the
supernatant, the pellet was washed with 25 ml ice cold 0.1 M MgCl, solution and the cells re-
pelleted by centrifuging at 4000 xg for 10 minutes. The supernatant was then decanted and
the pellet washed with 25 ml ice cold 0.1 M CaCl, solution, before being re-pelleted and re-
suspended in 1 ml ice-cold 0.1M CaCl,, 20% glycerol solution. 50 ul of competent cell-
suspension was then aliquotted into pre-chilled Eppendorfs, flash frozen in liquid nitrogen

and stored at -80°C until required.
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2.2.2 Transformation of chemically competent E. coli cells

An aliquot of competent E. coli cells was thawed on ice. Strains DH5a and JM109 were used
for cloning transformations, whilst BL21 (DE3) plysS, ROSETTA (DE3) PlysS and ROSETTA
GAMI (DE3) PlysS were used for protein over-expression. ~100 ng of DNA was added to
thawed competent cells. Cells were incubated on ice for 15 minutes, followed by heat shock
at 42°C for 45 seconds. Cells were incubated on ice for a further 2 minutes, followed by re-
suspension in 450 pl SOC medium heated to 37°C. The suspension was incubated at 37°C, 250
rom for 1 hour, followed by micro-centrifugation at 3000 rpm for 2 minutes. The pellet
formed was re-suspended in a smaller volume of LB (~100 ul) and was plated out on an agar

plate containing the relevant antibiotic. Agar plates were incubated overnight at 37°C.

2.3 Synechocystis strains

All strains of Synechocystis sp. described in this thesis were derived from a glucose tolerant
strain of Synechocystis sp. PCC6803 obtained from Professor Wim Vermass (Arizona State
University) (Williams, 1988), and are detailed in Table 2.4. Strains were routinely grown in
BG11 media, supplemented with glucose and TES KOH pH 8.2, grown under medium (40 umol

photons m™2s) or low light conditions (4 pmol photons m™s™) at 150 rpm and 30°C.

When antibiotic selection was required, the following concentrations were used: 30 pgmi™
kanamycin/ neomycin, 5 pg mlt zeocin, 15 pg ml™ erythromycin and 34 pg mlt

chloramphenicol.

Stocks of Synechocystis strains were stored at -80°C in 3:1 BG11 medium: 40 % DMSO (v/v).

2.3.1 Transformation of Synechocystis sp PCC6803

A shake flask containing 100 ml of Bgll culture was inoculated with a scraping of
Synechocystis cells from a Bgl1 agar plate and incubated with gentle shaking until an ODyso =
0.6 — 0.7 was reached. 1 ml aliquots of cell culture were then transferred to a sterile
eppendorf and the cells pelleted by centrifugation at 6,000 rpm for 5 minutes. Following
removal of the supernatant, the cells were gently re-suspended in 100 ul of fresh Bgll
medium. 10 — 50 ng of plasmid DNA or linear DNA was then added to the cell suspension, and
gently mixed by inversion. The cells were then incubated under medium light conditions for
30 minutes at 30°C. Following transformation, the cells were transferred to a Bgl1 agar plate
and the suspension was allowed to dry, before incubation at medium light intensity,

overnight at 30°C.
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Initial selection was performed by transferring the dried cell suspension to a Bgll agar plate
containing a low concentration of the appropriate antibiotic: 10 pug ml™ kanamycin/
neomycin, 2 ug ml™ zeocin, 5 pg ml™ erythromycin or 10 pg ml™ chloramphenicol. These agar
plates were incubated under medium or low light conditions (depending upon the severity of
the mutation introduced) until colonies appeared after approximately 8 — 12 days. Colonies
were then transferred to new Bgll agar plates, containing double the concentration of the
original antibiotic and incubated as before. Like many cyanobacteria, Synechocystis contains
many copies of its genomic DNA (the latest estimate being 60 copies per cell); therefore a
period of segregation on exponentially increasing concentrations of antibiotic is required, to
ensure the foreign DNA is introduced into every copy of the genome, to prevent
desegregation upon removal of antibiotic selection. The transfer of colonies to double the
concentration of antibiotic was continued until a fully segregated mutant was obtained, as

confirmed by colony PCR.

2.3.2 Construction of Synechocystis knock-out mutants

Replacement of a Synechocystis gene with an antibiotic resistance cassette was achieved
using a modification of the mega primer method of Key and Madison (1997). Sequences of
~500 bp up- and downstream of the gene of interest were amplified to generate primary
megaprimers. The upstream reverse and downstream forward primers contained overhang
sequences able to amplify a resistance cassette from a commercially available plasmid. The
upstream megaprimer along with a reverse primer and the downstream megaprimer with a
forward primer were used to amplify large over-lapping portions of the resistance cassette.
These secondary megaprimers were then used for overlap extension PCR to generate a large
DNA fragment able to integrate into the Synechocystis genome by homologous

recombination after transformation.

2.4 Nucleic acid manipulation

2.4.1 Preparation of plasmid DNA

Mini-preps were performed using a QIAGEN Plasmid mini-prep kit following the
manufacturer’s instructions. Midi-preps were performed using a QIAGEN Plasmid midi-prep

kit following the manufacturer’s instructions.

2.4.2 Polymerase chain reaction (PCR)

Synechocystis colony PCR reactions were performed using 2x ACCUZYME mix (Bioline). A

small scraping of Synechocystis cells was re-suspended in 10 pl QH,0 and 1 pl of this
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suspension was added to 5 pl 2x ACCUZYME mix, 25 ng F primer, 25 ng R primer, 0.2 ul DMSO
and made up to a final volume of 10 ul with QH,0. PCR reactions were then carried out using
an initial denaturing step of 4 minutes at 95°C, followed by 30 reaction cycles of (1 min at
96°C, 30 sec at 58°C and 2 min kb™ at 72°C) and a final extension for 10 minutes at 72°C in a

PHC-3 Thermal Cycler (Techne).

PCR reactions to obtain linear DNA for cloning were performed using 2x ACCUZYME mix
(Bioline). 100 ng of genomic or plasmid DNA was mixed with 25 pl 2x ACCUZYME mix, 125 ng
of F primer, 125 ng of R primer and 1 pl of DMSO. All reactions were topped up to a final

volume of 50 pl using QH,0. PCR reactions were carried out as above, for 25 reaction cycles.

Site-directed mutagenesis of DNA plasmids was performed using the QuickChange

(Stratagene) method, according to the manufacturer’s instructions.

Following amplification PCR reactions were either resolved by gel electrophoresis, or cleaned

up using the PCR purification kit (QlAgen) according to the manufacturer’s instructions.

A list of primers used in PCR reactions can be found in Table 2.5.

2.4.3 Restriction enzyme digests

All restriction enzymes were purchased from Promega or New England Biolabs. Restriction
digests were carried out in a final volume of 20 pl containing 1 pul of each restriction enzyme,
2 pl 10x enzyme buffer, 1 pl BSA (1 mg ml™), 5 pl mini-prep DNA and made up to 20 pl with

QH,0. These were then incubated at 37°C for 1 hour.

2.4.4 Agarose gel electrophoresis of DNA

Analytical gels: restriction digests and PCR reactions were analysed by electrophoresis ona 1
% (w/v) agarose gel containing 0.5 pg ml™ ethidium bromide, with Tris Acetate EDTA (TAE)
running buffer (0.04M Tris acetate, 0.001M EDTA, pH 7.2). Samples were mixed with 6x
loading buffer (Invitrogen) and loaded onto the gel (maximum volume of 30 ul was used). 5 pl
of DNA marker (BIOLINE Hyperladder 1) was run in tandem to estimate the size of DNA
fragments. Gels were run at 80mV for 1 hour. DNA was visualised under 254 nm ultraviolet

(UV) light.

2.4.5 Recovery of DNA from agarose gels

This was carried out using the QIAQuick (QIAGEN) gel extraction kit, following the
manufacturer’s instructions. Where the DNA being eluted was for cloning the elution volume

used was 30 pl to produce a higher DNA concentration.
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For small DNA fragments (< 300 bp) gel fragments were frozen in liquid nitrogen, then micro-
centrifuged at 13,000 rpm for 5 minutes. Liquid separated from the gel was transferred to a
fresh Eppendorf. DNA was precipitated by adding 1/10" volume of 3 M sodium acetate, pH
8.2 and 2 volumes of absolute ethanol and incubating at -20°C for two hours. DNA was
pelleted by micro-centrifugation at 13,000 rpm for 5 minutes. DNA pellet was washed with
200 pl of 70% ethanol (v/v) and re-pelleted by micro-centrifugation at 13,000 rpm for 5
minutes. All of the ethanol solution was pipette off and the DNA pellet dried. DNA was re-

suspended in 20 ul milli-Q water.

2.4.6 Ligation of DNA into vectors

Ligations were carried out in a final volume of 10 pl, comprising 1 pl of 10x ligation buffer,
100-200ng cut vector, 1 ul T4 DNA ligase (New England Biolabs) and varying ratios of purified
cut DNA/vector (e.g., 3:1, 1:1). These were incubated at room temperature for 15 to 30

minutes. Ligations were then transformed into competent cells.

2.4.7 DNA sequencing

A 15 ul sample of mini-prepped plasmid DNA was mixed with 15 ul of QH,0 and sent to
GATC-Biotech for sequencing. Returned results were analysed by CodonCode Aligner and

CLUSTALW?2.

2.4.8 Reverse transcription PCR

Total RNA was extracted from 25 ml of pelleted Synechocystis cells grown to an ODysq = 0.6 -
0.7. The cell pellet was re-suspended in 1 ml fresh BG11 media and mixed with an equal
volume of RNA protect reagent (QlAgen). Following incubation and centrifugation, according
to the manufactures instructions, the pellets were stored at -80°C until the RNA extraction
protocol was performed using the RNeasy kit (QlAgen) according to the manufacturer’s
instructions. Any DNA bound to the spin columns was removed with RNAse-free DNAase
(QlAgen). At the end of the protocol, the RNA was eluted from the spin columns using 50 pl
of RNAse free water. The concentration of RNA was then determined by UV-VIS spectroscopy
from the absorbance at A260 (for a sample of pure RNA in QH,0, an absorbance of 1 unit at
260 nm corresponds to 40 pg ml™ of RNA) and individual RT-PCR reactions were set up using
RNA starting concentrations of 50 ng, 100 ng, 200 ng and 400 ng. RT-PCR reactions were
performed using SuperScript® 1l Reverse Transcriptase (Invitrogen) in 20 pl reactions
containing 50 — 400 ng RNA, 250 ng random primers (Invitrogen), 10 mM each of ATP, GTP,
CTP and TTP, 4 ul 5x First-strand buffer, 2 ul 0.1 M DTT and 1 ul SuperScript Il reverse
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transcriptase. First stand cDNA synthesis was performed according to the manufacturer’s

instructions.

Following reverse transcription, 1 pl of cDNA was used as a template in PCR reactions with
gene specific primers, using MyTag DNA polymerase. Each PCR reaction volume was 20 pl
and contained: 125 ng F primer, 125 ng R primer, 4 pl 4x reaction buffer, 1 ul cDNA template,
12.9 pl QH,0 and 0.1 pl MyTag DNA polymerase. PCR reactions were performed with an
initial 1 minute at 95°C, followed by 30 reaction cycles of, 15 seconds at 95°C, 15 seconds at
58°C and 15 seconds kb at 72°C. Each PCR reaction was visualised by DNA gel

electrophoresis.

2.5 Analysis of protein

2.5.1 Polyacrylamide gel electrophoresis (PAGE)

2.5.1.1 SDS-PAGE

To separate protein samples SDS-Polyacrylamide Gel Electrophoresis was used. 12 % Bis-Tris
pre-packed gels were obtained from Invitrogen and run in 1x MES running buffer (Invitrogen,
NP0002). 75 ul of sample were mixed with 25 pl 4x SDS gel loading buffer, heated to 100°C
for 10 minutes and micro-centrifuged at 4000 xg for 5 minutes, 10 - 40 pl of sample was
loaded onto the gel. Molecular weight markers were obtained from BioRad. The gels were
run at 185 mV for 1 hour and the protein bands visualised by staining with Coomassie Magic

stain or Silver stain.

2.5.1.2 Clear Native (CN)-PAGE
To separate protein complexes, clear native PAGE was used. 4 — 16 % non-denaturing gels

were obtained from Invitrogen. Gels were run using the cathode buffer 0.02 % B-DDM, 0.05
% DOC, 50 mM Tricine and 7.5 mM imidazole pH 7.0 and the anode buffer 25 mM imidazole

pH 7.0 at 4°C and a constant current of 10 mA overnight.

2.5.2 Western blot analysis of protein

Western blots were performed using the XCell Il blot module (Invitrogen). The nitrocellulose
membrane was washed with distilled water and allowed to equilibrate in Western Transfer
Buffer (20 mM Tris, 150 mM glycine, 0.016 % SDS (V/V), 20 % methanol (V/V), pH 8.3) for 10
minutes with two sheets of Whatmann 3 MM filter paper and the blot pads. The blot module
was prepared according to the manufacturer’s instructions; two blot pads were placed at the
bottom of the blot module followed by one sheet of filter paper, the SDS-PAGE gel, the

nitrocellulose membrane, the second sheet of filter paper and four more blot pads. The blot
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module was placed inside the power pack and the transfer run at 4°C for 60 minutes at 350
mA. The transfer membrane was removed from the cassette and placed in blocking buffer (5
% non-fat milk protein, 20 mM Tris-HCI, 0.05 % Tween20 pH 7.2). For more information see

(Invitrogen, 2009)

2.5.3 Immunodetection

After Western blotting the PVDF membrane was placed in blocking buffer and incubated,
rocking, at room temperature for 60 minutes or at 4°C overnight. The membrane was washed
twice for 5 minutes in Western wash buffer (0.1 % Tween20, 20 mM Tris-HCI, pH 7.2). The
membrane was then incubated with primary antibody, at the correct dilution, for 120
minutes in blocking buffer, at room temperature, whilst shaking, or overnight at 4°C. This was
followed by two washes as before. The membrane was then incubated with secondary
antibody at the required dilution in Western wash buffer, at room temperature, shaking, for
60 minutes. Finally the membrane was washed twice more in Western wash buffer.
Immunodetection was performed using the ECL Detection System (Amersham), according to

the manufacturer’s instructions. The image was viewed using the GENEGNOME system.

2.5.4 Determination of protein concentration

The protein concentration of pure recombinant proteins was determined by absorbance at
280 nm. For protein concentrations in mg ml™, the following equation was applied to the

absorbance readings:

(5960nr,, + 128007y, + 120ncy;)

280 —
Mr

where ng,, nryr and ne,s are the numbers of tryptophan, tyrosine and cysteine residues
respectively, and Mr is the predicted molecular weight of the protein (Gill and Von Hippel,

1989).

Protein concentrations of mixed samples were determined spectroscopically using the

equation described by Kalb and Bernlohr (1977), using the equation:

Protein concentration ug ml™1 = (183 + Ay30) - (75.8 * Aygp)
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2.5.5 Analysis of proteins by mass spectrometry: whole solution digest
2.5.5.1 In solution tryptic digest

25 ul of FLAG-pulldown eluate was added to 3.5 pl of each of 1 M triethylammonium
bicarbonate (TEAB) pH 8.5 (Sigma), 10 % SDS (v/v) and 50 mM DTT and the sample was
sonicated for 60 seconds, followed by incubation at 60°C for 30 minutes. After the sample
was cooled to room temperature, 3.5 pl 100 mM iodoacetamide was added and the sample
was incubated in the dark for 30 minutes. 311 pl of 50 mM TEAB was then added to the
sample, followed by 4 pl of trypsin solution (Invitrogen) (1 g L™ trypsin in 1 mM HCl). The
mixture was then incubated at 37°C overnight, followed by drying down in a vacuum

centrifuge overnight.

2.5.5.2 Peptide clean-up by SCX spin columns
SCX spin columns were prepared by adding 40 pl Poros20 SP slurry in 50 % methanol to the

top of a barrier tip spin column and packed by centrifuging at 1000 rpm for 3 minutes. The
column was then washed with two applications of 100 ul of cleaning buffer (25 % acetonitrile
(v/v), 1 % 1 M potassium phosphate pH 3.0 (v/v) and 50 % 2 M potassium chloride (v/v)),
followed by centrifugation at 1000 rpm for 3 minutes. The column was then equilibrated with
two applications of 100 pl of loading buffer (25 % acetonitrile (v/v) and 1 % 1 M potassium

phosphate pH 3.0 (v/v)), followed by centrifugation at 1000 rpm for 3 minutes.

The tryptic peptides prepared in section 2.5.5.1 were re-dissolved in 200 pl loading buffer, by
sonicating for 5 minutes. 7 pl of 0.5 M phosphoric acid was then added to the sample (sample
pH should be between pH 2.5 — 3.0) and the sample was centrifuged at 13,000 rpm for 10
minutes. The tryptic peptides were then applied to the equilibrated spin column in 2x 100 pl

aliquots, each followed by centrifugation at 1000 rpm for 3 minutes.

The SCX column was then washed with 3x 100 ul applications of loading buffer and the tryptic
peptides were eluted into a clean low-bind Eppendorf tube with 80 pl elution buffer (25 %
acetonitrile (v/v), 1 % 1 M potassium phosphate pH 3.0 (v/v) and 25 % 2 M potassium
chloride (v/v)). The eluate containing the tryptic peptides was then dried down in the vacuum

centrifuge overnight.

2.5.5.3 Peptide clean-up by Cy5 spin columns
C1s SpinTip columns (Proteabio) were used to desalt the SCX eluted tryptic peptides prepared

in section 2.5.5.2. The dried peptides were prepared by re-suspending them in 100 ul
reconstitute and rinse solution and sonicating for 5 minutes. This was followed by
centrifugation at 13,000 rpm for 10 minutes. The sample was then applied to the equilibrated

Cis SpinTip columns according to the manufacturer’s instructions. Following Cgs
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chromatography the eluate containing the tryptic peptides was dried down overnight in low-

bind Eppendorfs in a vacuum centrifuge.

2.5.5.4 NanoLC-MS/MS analysis
Following C.s desalting (section 2.5.5.3), the dried tryptic peptides were re-dissolved in 7 pL

0.1% (v/v) TFA and 3% (v/v) acetonitrile. 5 plL was analysed by LC-MS/MS using an Ultimate
3000 RSLCnano liquid chromatography system (Dionex) with 5 mm x 300 um trapping and 75
pum x 15 cm analytical PepMap C,3 reverse-phase columns. Tryptic peptide elution was by a
60-min linear gradient from 94% solvent A (0.1% (v/v) formic acid) to 40% solvent B (0.1%
(v/v), 80% (v/v) acetonitrile) at a flow rate of 300 nl/min. Mass spectra were acquired online
using a Maxis UHR-TOF instrument (Bruker Daltonics, Bremen, Germany) operating in in-line
format with automated dependent MS/MS scans. Peak lists for database searching, in the
form of Mascot Generic Files (MGFs) were created from the datafiles using a processing script
supplied by Bruker. The MGFs were submitted for database searching using Mascot Daemon
v. 2.2.0 running with Mascot Server v. 2.2.01 (Matrix Science, London, UK) against the
Synechocystis complete proteome database (http://www.uniprot.org/uniprot/?query=

organism%3al1111708+keyword%3al1185&format=fasta). Search parameters were set to
allow for one missed cleavage with S-carbamidomethyl-cysteine as a fixed modification and
oxidised methionine as a variable modification. Tolerances were 0.5 Da for both peptide

(MS) and product (MS/MS) ions.

2.5.6 Analysis of proteins by mass spectrometry: in-gel digestion

2.5.6.1 In-gel tryptic digest

Protein sample of interest was separated by SDS-PAGE (see section 2.5.1). Following
Coomassie staining, the gel was soaked in keratin away solution (0.1 % acetic acid, 10 %
isopropanol) for 30 minutes, to remove any contaminates from the surface of the gel. Gel
bands of interest were then excised and the volume of each band estimated in pl. The bands
were then diced into 1 mm x 1 mm pieces and placed in pre-cleaned Eppendorf tubes. The gel
pieces were then incubated with 100 pl 50 mM ammonium bicarbonate for 5 minutes at
room temperature. 100 pl acetonitrile was added and the gel pieces incubated for a further
10 minutes at room temperature. The solvent was then discarded and the ammonium
bicarbonate/ acetonitrile step repeated 2-3 more times until the gel pieces became

colourless.

50 ul 10 mM DTT was then added to the gel pieces and the sample was incubated at 56°C for
30 minutes. Following reduction, the DTT was discarded and the gel pieces were incubated

with 50 pl acetonitrile for 10 minutes at room temperature. The solvent was then discarded
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and the gel pieces were incubated with 50 pul 55 mM iodoacetamide in 50 mM ammonium
bicarbonate in the dark at room temperature for 20 minutes. Following alkylation, the
iodoacetamide reagent was discarded and the sample incubated with 100 pl 50 mM
ammonium bicarbonate for 10 minutes. 100 ul acetonitrile was then added and the sample
was incubated for a further 10 minutes at room temperature. The incubation step with
ammonium bicarbonate/ acetonitrile was then repeated and the gel pieces dried down in a

vacuum centrifuge.

The dried gel pieces were then rehydrated with 20 ul digestion buffer (12.5 ng pl™ Trypsin
(Invitrogen), 5 mM calcium chloride and 50 mM ammonium bicarbonate) and incubated on
ice for 20 minutes. At this point more digestion buffer was added if required and the sample
was incubated for a further 45 minutes on ice. Following incubation, excess digestion buffer
was removed, and a sufficient volume of 50 mM ammonium bicarbonate with 5 mM calcium

chloride was added to cover the gel pieces. The sample was then digested overnight at 37°C.

After digestion, the buffer surrounding the gel pieces was transferred to a low-bind
Eppendorf tube on ice. The gel pieces were then mixed with 15 pl 25 mM ammonium
bicarbonate and incubated at room temperature for 10 minutes. The buffer surrounding the
gel pieces was transferred to the low-bind Eppendorf and 2x the estimated gel volume of
acetonitrile was added to the gel pieces and incubated at 37°C for 15 minutes. This buffer
was also removed from the gel pieces and transferred to the low-bind Eppendorf. 50 pl of 5 %
formic acid was then added to the gel pieces and the sample was incubated at 37°C for 15
minutes. The buffer surrounding the gel pieces was then transferred to the low-bind
Eppendorf. The pooled extracts were then dried in the vacuum centrifuge overnight and

stored at -20°C.

2.5.6.2 NanoLC-MS/MS analysis
The dried tryptic peptides prepared in section 2.5.6.1 were re-dissolved in 7 ul 0.1 % TFA and

3 % acetonitrile (v/v). 5 ul of sample was then loaded onto the nanoLC-MS/MS using an
Ultimate 3000 RSLCnano liquid chromatography system (Dionex, Camberley, UK) with 5 mm x
300 um trapping and 75 um x 15 cm analytical PepMap C18 reverse-phase columns. Tryptic
peptide elution was by a 40-min linear gradient from 94% solvent A (0.1% (v/v) formic acid)
to 40% solvent B (0.1% (v/v), 80% (v/v) acetonitrile) at a flow rate of 300 nL/min. Mass
spectra were acquired online using a Maxis UHR-TOF instrument (Bruker Daltonics, Bremen,
Germany) operating in line format with automated dependent MS/MS scans. Peak lists for
database searching, in the form of Mascot Generic Files (MGFs) were created from the

datafiles using a processing script supplied by Bruker. The MGFs were submitted for
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database searching using Mascot Daemon v. 2.2.0 running with Mascot Server v. 2.2.01
(Matrix Science, London, UK) against the Synechocystis complete proteome database
(http://www.uniprot.org/uniprot/?query=organism%3a1111708+keyword%3a1185&format=
fasta). Search parameters were set to allow for one missed cleavage with S-
carbamidomethyl-cysteine as a fixed modification and oxidised methionine as a variable

modification. Tolerances were +0.5 Da for both peptide (MS) and product (MS/MS) ions.

2.5.7 Analysis of protein complexes by sucrose density gradient ultra

centrifugation

Cultures of Synechocystis in the logarithmic growth phase were harvested by centrifugation

at 15,000 X g for 10 min. The pellet was re-suspended in three volumes of thylakoid buffer
(50 mM HEPES/NaOH, pH 7.0, 5 mM MgCl,, 25 mM CaCl,, 10% glycerol (v/v)) and the cells
were disrupted in a bead beater using 0.1 mm glass beads. Glass beads and unbroken cells
were removed by centrifugation for 5 min at 8,000 X g and the supernatant containing the
thylakoid membranes was ultra-centrifuged for 60 min at 150,000 X g. Thylakoid
membranes were re-suspended in thylakoid buffer to a concentration of 10 mg ml™ of

protein.

The thylakoid membranes were solubilised with 1 % 3-DDM in the dark using a homogeniser

for 5 minutes. Non-solubilised material was removed by centrifugation at 30,000 X gfor 30

min. The supernatant was loaded onto a 12 ml continuous sucrose density gradient (10-30%

(w/v) sucrose) in thylakoid buffer without glycerol but containing 0.04 % (w/v) B-DDM.

Ultracentrifugation was performed in a SW28 rotor for 16 h at 150,000 X gand 4°C.

2.6 Protein expression and purification

2.6.1 Protein expression in E. coli

The plasmid containing the gene for over-expression of the desired protein was transformed
into the desired E. coli strain (see Table 2.3 for a list of E. coli strains). A single colony was
used to inoculate 20 ml of LB containing the appropriate antibiotics and grown at 37°C
overnight. This starter culture was used to inoculate 500 ml LB + antibiotic and incubated at
the desired temperature until the desired ODgq for induction was achieved (see Table 2.6 for
a list of over-expression conditions for each recombinant protein). Cells were then induced

with isopropyl-beta-D-thiogalactopyranoside to a final concentration of 0.04 mM. The cells
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were either induced for two hours or overnight, shaking at 250 rpm, incubated at desired
induction temperature. Cells were harvested by centrifugation at 4,200 xg for 20 minutes,

supernatant was discarded and the pellet stored at -20°C.

2.6.2 Lysis of E. coli cells using sonication

Pelleted cells are re-suspended in the appropriate re-suspension buffer (see Table 2.6 for
details) containing EDTA-free protease inhibitor, DNAase and lysozyme. The lysis mixture was
incubated on rocker at room temperature for 20 minutes and cells were lysed by sonication
(30 seconds on, 30 seconds off) for 5 — 6 minutes. Cell lysate was then clarified by

centrifugation at 18,500 rpm for 30 minutes.

2.6.3 Purification of His¢-tagged proteins

2.6.3.1 Preparation of the nickel affinity column .

Fast flow chelating Sepharose (GE Healthcare) was packed into an Econo-Pac gravity flow
column (BioRad) to the desired bed height with 2 column volumes (CV) of QH,0. The column
was then equilibrated with 2 CV of 100 mM NiSQ, and washed with 3 CV of binding buffer (50
mM Tris pH7.4, 0.5 M NaCl, 10 mM Imidazole), ready for binding.

2.6.3.2 Nickel-affinity chromatography
Cell lysate (pre-filtered through a 0.45 um filter) was loaded onto the column, and the

flowthrough re-applied once. The column was then washed with His-binding buffer until no
protein could be detected in the eluate (BioRad reagent), followed by His-Wash | buffer (50
mM Tris pH 7.4, 0.5 M NaCl, 50 mM Imidazole), also until no protein could be detected in the
eluate. The column was then washed with 1 CV of His-Wash Il buffer (50 mM Tris pH 7.4, 0.5
M NaCl, 100 mM Imidazole) and the protein eluted with His-elution buffer (50 mM Tris pH

7.4, 0.5 M NaCl, 400 mM Imidazole), with the elute collected in 2ml fractions.

Each fraction was analysed for the presence of the desired protein by SDS-PAGE. Fractions
containing the protein of interest were pooled and either frozen at -80°C or further

processed.

2.6.3.3 Removal of the Hisg tag
Recombinant His-tagged protein purified as in section 2.6.3.2, was buffer exchanged into PBS

using a PD-10 desalting column (GE Healthcare). 80 U of thrombin (GE Healthcare) was then
added to < 30 mg recombinant protein and allowed to digest overnight, on an end-to-end
rocker at room temperature. The recombinant protein, with the Hiss-tag removed by

digestion, was then passed back through a nickel affinity column (equilibrated as in section
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2.6.3.1), which was washed with 1 CV of His-binding buffer. The recombinant protein, minus

the Hisg tag was collected in the flowthrough.

2.6.4 Purification of soluble GST-tagged proteins

2.6.4.1 Preparation of the GST affinity column

Glutathione Sepharose 4 fast flow resin (GE Healthcare) is packed and equilibrated in a Poly-
Prep’ gravity flow column (BioRad) to the desired bed height (normally 1 ml) with 10 CV of
PBS (140 mM NaCl, 2.7 mM KCl, 10 mM Na,HPO,, 1.8 mM KH,PO,, pH 7.3).

2.6.4.2 Preparation of the benzamidine affinity column
Benzamidine Sepharose 4 fast flow resin (Amersham Biosciences) is packed and equilibrated

in a Poly-Prep’ gravity flow column (BioRad) to the desired bed height (normally 1 ml) with 10
CV of QH,0. The column was then equilibrated with 10 CV of thrombin binding buffer (20 mM
sodium phosphate buffer, 0.15 M NaCl, pH 7.4).

2.6.4.4 GST-affinity chromatography
Cell lysate (pre-filtered through a 0.45 um filter) was loaded onto the column prepared as

detailed in section 2.6.4.1, and the flowthrough re-applied once. The column was then
washed with PBS until no protein could be detected in the eluate (BioRad reagent). The resin
was allowed to run until almost dry and the column stopped. The resin was then re-
suspended in 1 ml of PBS, transferred to a 7 ml bijou containing 80 U Thrombin (GE
Healthcare) and allowed to digest overnight, on an end-to-end rocker at room temperature.
The recombinant protein, minus the GST affinity tag was then washed off the GST resin with

PBS and the flow through collected.

2.6.4.5 Benzamidine-affinity chromatography
The flowthrough from the GST-affinity column (from section 2.6.4.4) was loaded to a

Benzamidine column, equilibrated as detailed in section 2.6.4.2. The column was then
washed with thrombin binding buffer until no protein was detected in the flowthrough by
BioRad reagent. Purified recombinant protein was then eluted with up to 10 CV of thrombin
elution buffer (20 mM sodium phosphate buffer, 1.0 M NaCl, 0.04 % 3-DDM, pH 7.4) and the
elute collected in 1 ml fractions. Fractions containing the desired recombinant protein, as
determined by SDS-PAGE analysis, were pooled, concentrated and stored at -80°C in buffer

containing 10 % glycerol (v/v).

2.6.5 Purification of insoluble GST-tagged proteins

Insoluble proteins were purified as detailed in section 2.6.4 with the addition of 0.04 % B-

DDM (v/v) in all buffers used.
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Following clarification of the cell lysate after sonication (section 2.6.2), the pellet obtained is
retained for solubilisation. This was re-suspended in a minimal volume of PBS (normally 5 ml
PBS for a pellet generated from 1 L original cell culture) and transferred to 25 ml glass beaker
containing a magnetic stirrer bar. 20 % B-DDM was then added very slowly, whilst sample is
continually mixed, to a final concentration of 2 % (v/v). Solubilisation was allowed to proceed
for 1 hour, before the solubilised pellet was clarified by centrifugation at 30,000 X g for 20
minutes to remove any remaining unsolubilised material. The resulting supernatant was
diluted with PBS to reduce the B-DDM concentration from 2 % to 0.4 % and loaded onto the

equilibrated GST column (as detailed in section 2.6.4.4).

2.6.6 Protein expression in Synechocystis

Genes encoding proteins to be expressed in Synechocystis were cloned into the pFLAG vector
between regions of DNA homologous to those found up- and downstream of one of the
Synechocystis genes encoding the photosystem |l D1 protein (s/r1311). These vectors were
transformed into Synechocystis as detailed in section 2.3.1. The resulting transformants
expressing FLAG-tagged proteins were grown photoautotrophically in 1 L, 8 L or 20 L cultures
of BG11 media at 30°C. Protein synthesis was initiated by growth under high light conditions
(100 uM photons m?s™). Cultures were grown to an OD5s, = 0.8 — 1.0 before being harvested
by centrifugation at 4,000 rpm for 1 hour at 4°C. Cell pellets were stored at -80°C until

required.

2.6.7 Breakage of Synechocystis cells by bead beating

Cell pellets containing over-expressed FLAG-tagged proteins (produced as detailed in section
2.6.6) were washed and re-suspended in a minimal volume of FLAG-buffer (25 mM sodium
phosphate buffer, 10 mM MgCl,, 10 % glycerol (w/v), 0.05 M NaCl, pH 7.4) containing EDTA
free protease inhibitor (BioCompare), lysozyme and DNase. This cell suspension was then
transferred to 6 ml bijous half filled with 0.1 mm glass beads, to create a 1:1 ratio of cell

suspension to glass beads.
From this point on, all steps were performed in the dark, or under dim green light.

Cells were broken by a series of eight bead-beating cycles, consisting of 55 seconds of
breakage, followed by 5 minutes cooling on ice. Following breakage the cell lysate was
removed from the beads by washing with 2 volumes of FLAG-buffer. The cell lysate was then

centrifuged at 3,000 rpm for 15 minutes to remove any unbroken cells.
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2.6.8 Separation of thylakoid membrane and soluble cell fractions

The clarified cell lysate obtained in section 2.6.7 was separated by centrifugation at 64,000 xg

for 45 minutes. The soluble fraction (blue) was then decanted from the insoluble fraction.

The thylakoid membrane pellet was then transferred to a new container using a small soft
paint brush and re-suspended in a minimal volume of FLAG-buffer. These were then
solubilised with a B-DDM at a final concentration of 1.5 % (v/v), as described for insoluble
proteins in section 2.6.5. The resulting solubilised supernatant was either loaded directly

onto a FLAG-affinity column or frozen in liquid N, stored at -80°C until required.

2.6.9 Purification of FLAG-tagged proteins

Note all solubilised material was purified using buffers containing 0.04 % 3-DDM.

2.6.9.1 Preparation of FLAG-affinity resin
ANTI-FLAG-M2-Agarose from Mouse (Sigma) was flow packed in a Poly-Prep” gravity flow

column (BioRad) to the desired bed volume (usually 100 — 300 ul) with 1 ml QH,0. The resin

was then equilibrated with 5 ml FLAG buffer.

2.6.9.2 FLAG-affinity purification
Solubilised Synechocystis membrane and soluble fractions were loaded onto separate FLAG

columns and the flow-through re-applied once. The column was then washed with 10 x 1 ml

applications of FLAG-buffer.

Following washing, the anti-FLAG resin was re-suspended in 300 ul wash buffer, containing
150 pg ml* FLAG peptide (sequence: DTKDDDDKDTKDDDDKDTKDDDDK) (Invitrogen),
transferred to an Eppendorf and incubated on a rocker for 1 hour at 4°C. The elute was then
separated from the FLAG-resin by passage through a Costar Spin-X column containing a 0.22

MM cellulose acetate membrane, frozen in liquid nitrogen and stored at -80°C.

2.7 Pigment extraction

2.7.1 Extraction of chlorophyll precursors

Standardised samples of Synechocystis (OD;so) were pelleted by centrifugation at 7,000 xg for
5 minutes. Each pellet was washed with water and re-pelleted in a 2 ml screw-cap micro-
centrifuge tube at 7,000 xg for 5 minutes. The supernatant was discarded and a volume of
methanol + 0.2 % ammonium (100 — 500 ul) was added to the cell pellet. This was mixed in
the bead beater for 15 seconds and incubated on ice for 15 minutes. The cell debris was

pelleted by centrifugation at 15,000 xg for 5 minutes and the supernatant transferred to a
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new micro-centrifuge tube. The extraction was repeated on the pellet, with half the original
volume of methanol + 0.2 % 35 % ammonium (Fisher) (v/v). The two supernatants were

pooled.

Hydrophobic components (chlorophylls and carotenoids) were removed by two extractions
with hexane. A half volume of hexane was added to the methanol extract, mixed by vortexing
for 10 seconds and incubated on ice for 5 minutes to allow for phase separation. The upper

hexane phase was discarded.

Precursor extracts were either analysed immediately, or dried down in a vacuum centrifuge

overnight and stored at -20°C until required. All steps were performed in the dark.

2.7.2 Determination of chlorophyll concentration

Standardised samples of Synechocystis (OD;s,) were pelleted by centrifugation and the
pigments extracted by methanol + 0.2 % ammonium (v/v) as described in section 2.7.1.
Samples were not extracted with hexane, which removes chlorophyll. The concentration of
chlorophyll was then determined using the method of Porra et al., (1989), represented in

Equation 2.1, below.

Equation 2.1 Calculation of chlorophyll a concentration

[Chla] mg L_l = (1629 - A665) - (854‘ ) A652)

2.7.3 Large scale purification of the mystery chlorophyll pigment

It is important to note the mystery pigment sticks to plastic, therefore all steps must be

carried out using glassware (including using glass pipettes) to prevent a dramatic loss of yield.

1L cultures of Synechocystis strain Aslr1780 and R82A were grown in BG11 media in glass
flasks to an OD;sq = 1.5, which allowed for a significant amount of pigment to accumulate.
Pigments accumulating in the supernatant were then extracted twice by phase partitioning
by adding a % volume of diethyl ether. The diethyl ether extractions were then pooled and
dried down under vacuum in a rotary evaporator. The dried pigment was re-suspended in a
minimal volume of methanol using a glass pipette and transferred to a glass HPLC sample vial.
The vial was then placed in a black Eppendorf and pigment was dried down in a vacuum

centrifuge overnight at 30°C.

The mystery pigment was then further purified using a preparative HPLC column (UniversSil
Cs) and the chlorophyll precursors program (described in Section 2.8 and Table 2.7), with the

HPLC modified with the addition of a 0.5 ml sample injection loop. The HPLC program was set
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to collect fractions every 15 seconds to ensure the mystery pigment could be collected in
highly pure fractions. The fractions containing the mystery pigment were pooled and diluted
with an equal volume of QH,0. The pigments were then loaded onto a C18 SEP-PAK column
(Sigma), washed with 1 ml 100 % MeOH and equilibrated with 1 ml 50:50 MeOH and QH,0.
Following loading, any ammonium acetate remaining from the HPLC buffer was removed by
washing with 2 ml QH,0. The concentrated pigment was then eluted in 100 % MeOH,
transferred to a glass HPLC sample vial and dried down in a vacuum centrifuge overnight at

30°C. The dried pigment was stored at -20°C until required.

2.8 High performance liquid chromatography

Analytical HPLC was performed on an Agilent 1200 high-performance liquid chromatograph.

All buffers were filtered through a 0.22 um membrane and degassed before use.
Details of the HPLC programs and the molecules separated on each can be found in Table 2.7.

Porphyrin elution was detected using a multichannel diode array detector (DAD) (Agilent) set
to record absorbance’s as follows: 400 nm (protoporphyrin), 416 nm (Mg-protoporphyrin IX
& MgPME), 433 nm (Mystery pigments), 440 nm (Pchlide, Chlide & Chlorophyll), 632 nm
(Pchlide) and 665 nm (Chlide). Porphyrin elution was also monitored with a fluorescence
detector (Agilent) using an excitation wavelength of 440 nm and monitoring emission at 632

nm.

2.9 Spectroscopy

2.9.1 Room temperature absorbance spectroscopy

Room temperature absorbance spectra were recorded on a Cary 50 UV-VIS
spectrophotometer. Whole cell spectra were taken between 350 nm and 750 nm and base-
line correction was performed. Samples were diluted as appropriate so that the

spectrophotometer readings were within the linear range.

2.9.2 77 K low temperature fluorescence spectroscopy

All whole cell emission spectra were recorded in solutions containing 80 % glycerol (v/v). UV-
VS fluorescence spectroscopy was performed in a SPEX Fluorolog spectrofluorometer (SPEX
Industries Inc.) with a xenon light source. Samples were re-suspended to an OD;so = 0.1 and
cooled to 77 K in an OpstistatDN nitrogen bath cryostat (Oxford Instruments, Oxford, UK).

The temperature of the sample was monitored with a thermocouple sensor (Comark,
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Stevenage, UK). Emission spectra were recorded from cells excited at 435 nm and 580 nm
with 5 nm slit widths, scanning between 450 — 900 nm and 600 — 900 nm, respectively, with

an integration time of 1 second. For each experiment, a three scan average was recorded.

2.9 Protein crystallography and data processing

For all crystallisation trials protein samples were concentrated to 10 mg ml™ in 100 mM
NaHCO3, 50 mM NaCl, pH 8.0. Crystals were obtained by the vapour diffusion method and all
crystallisation trays were incubated at 17°C. Initial screens were performed using a Hydra |l
robot, which set down sitting drops that contained 200 nl protein sample and 200 nl
crystallisation solution. These trials were performed using the broad QlAgen NeXtal screening

suites PACT, JCSG, Classics, Ammonium Sulphate, PEG and MPD.

Crystals selected for Diamond were looped in a solution of the mother liquor that contained
50 % ethylene glycol and transported in a cryostat. In all cases, test images were taken at
angles of 0° and 90° and the diffraction patterns were analysed by the Mosflm auto indexing
routine. Based on this information, a data collection strategy was implemented; two data
sets, each of 900 diffraction images taken with a rotation of 0.2 degrees were collected for
each crystal. Following data collection, MOSFLM was used to index the data, providing an
estimate of the mosaicity, Laue group and unit cell; the data collected was processed at

Diamond using Xia2 (Winter, 2009).

Data was processed using the CCP4i suite of packages (1994). Initial indexing, cell refinement
and integration were carried out using iIMOSFLM. MATTHEWS was used for solvent content
calculation (Matthews, 1968).These data were scaled and merged using SCALA (Evans, 2006),
before molecular replacement was carried out using PHASER and ARP/wWARP Classic.
REFMACS (Murshudov et al., 1997) was used for refinement; model building and structure

validation was carried out in COOT (Chen et al., 2010).

2.10 Nuclear magnetic resonance spectroscopy on chlorophyll

precursor pigments

Pigment NMR experiments were conducted using a 600 MHz Brucker spectrometer.
Experiments were done at room temperature, using a cryoprobe to improve sensitivity.
Pigments were re-suspended in deuterated MeOH to a final volume of 0.5 ml and transferred
to an opaque sample vial. All data was processed in Felix 2007 using in-house macros, which

can be found at /1d10/homel/dave/felix970/macs. All experiments were processed with a
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90° sine bell window function over the first 1024 points and a 90° sine bell window function

over all the nitrogen points.
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Table 2.1 Growth media

Growth Media

Reagents for 1 L media

LB/ LB agar and auto-

Ready mixed LB media from FORMEDIUM, prepared following the
manufacturer’s instructions.

Auto-induction LB grows IPTG-inducible expression strains without induction

to a high cell density, and then induces the production of the target protein

induction LB . . .
automatically. Inclusion of a small amount of glucose and lactose in the
media regulates expression from IPTG inducible promoters.

Super LB 40 % yeast extract, 20 % tryptone and 5 % sodium chloride

soc 0.5 % (w/v) bacto yeast extract, 2 % (w/v) bacto tryptone, 10 mM NaCl, 25
mM KCl, 10 mM MgCl,, 10 mM MgS0O,, 20 mM Glucose, adjusted to pH7.0
BG-11 stock solutions:
Trace Minerals: 2.86 g boric acid, 1.81 g manganese chloride, 0.22 g zinc
sulphate, 0.39 g sodium molybdate, 0.079 g copper sulphate, 0.049 g
cobaltous nitrate.
100X BG-11: 149.6g sodium nitrate, 7.49 g magnesium sulphate, 3.6 g
calcium chloride, 0.6 g citric acid, 0.56 ml of 0.5M stock pH 8.0 EDTA
(disodium salt), 100 ml trace minerals.
1000X Iron stock: 6 g ferric ammonium citrate
1000X Phosphate stock: 30.5 g dipotassium hydrophosphate

BG11 1000X Carbonate stock: 20 g sodium carbonate

1M Glucose stock: 180 g glucose
1M TES stock: 229.2 g TES pH 8.2 (KOH)

BG11 liquid media
10 ml 100X BG-11, 1 ml 100x Iron, 1 ml 1000x Phosphate, 1 ml 1000x
Carbonate, 10 mM TES, 5 mM glucose.

BG11 agar
10 ml 100X BG-11, 1 ml 100x Iron, 1 ml 1000x Phosphate, 1 ml 1000x
Carbonate, 10 mM TES, 5 mM glucose, 15 g Bactoagar.
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Table 2.2 Plasmids constructed

Plasmid Resistance

Manufacturer/ Source

Constructs

pET-14b Amp®

Invitrogen

pET14b-POR
pET14b-Ycf54
pET14b-A9G
pET14b-D39A
pET14b-F40A
pET14b-R82A
pET14b-CPO Il

pGEX-4T1 Amp"

GE-Healthcare

pGEX-SII1214
pGEX-SII1874
pGEX-ChIP
pGEX-DVR
pGEX-Pitt

pFLAG (N-terminal

R R
FLAG) Amp Kan

Dr Paul Davison, Dr Dan
Canniffe.

pFLAG-Pitt
pFLAG-POR
PFLAG-Ycf54
PFLAG-SII1214
PFLAG-SI11874
PFLAG-ChIP
pFLAG-ChIM
pFLAG-DVR
pFLAG-Ycf54-A9G
pFLAG- Ycf54-D39A
pFLAG- Ycf54-FA0A
pFLAG- Ycf54-R82A
pFLAG-sIr1702
pFLAG-sIr0483

pFLAG (C-terminal

R R
FLAG) Amp Kan

Dr Roman Sobotka.

pFLAG-POR
pFLAG-Ycf54
pFLAG-SII1214
pFLAG-SII1874
pFLAG-ChIP
pFLAG-ChIM
pFLAG-DVR

pET3a AmpR

Invitrogen

pET3a-Ycf54 point mutations (A9G,
F13A, E22A, E26A, D39A, FA0A,
R82A)

pPET32b AmpR

Invitrogen

pET32b-SI11214
pET32b-5111874
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Table 2.3 E. coli strains

Strain Properties Source
fhuA2 lac(del)U169 phoA ginva4

DH5a ®80' lacZ(del)M15 gyrA96 recA1  Novagen
relAl1 endA1 thi-1 hsdR17

BL32 (DE3) pLysS F=, ompT, hsdSB (8, mB), dem, Novagen

gal, \(DE3), pLyssS, Cam"®

ROSETTA (DE3) pLysS

FompT hsdSg (rg mg) gal
dem(DE3) pRARE (Cam®)

Merck Millipore

ROSETTAGAMI (DE3) pLysS

A(ara-leu)7697 AlacX74 AphoA
Pvull phoR araD139 ahpC galE
galK rpsL (DE3)

F'[lac” lacl® pro]gor522:Tn10
trxB pLysSRARE2 (Cam", Str®,
Tet")

Merck Millipore

JM109

endAl, recAl, gyrA96, thi,
hsdR17 (rk—, mk+), relAl,
supE44, A(lac-proAB), [F/,
traD36, proAB, laqlqZAM15]

Promega
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Table 2.4 Synechocystis strains

Strain

Properties

Source

Glucose tolerant Synechocystis

Generated from wild type
Synechocystis sp PCC6803

Prof. Wim Vermaas, Arizona
State University
(Williams, 1988)

N-terminal FLAG tagged constructs:

ChiM
Sl1214
SI11874
vef>4 Mutant of wild type, in which
POR .
DVR the slr1311 gene is replaced
with DNA encoding an N- This thesis
Chip .
terminally 3x FLAG-tagged gene
SIr0483 R
. and a Nm" cassette
Pitt
Ycf54-A9G
Ycf54-D39A
Ycf54-FA0A
Ycf54-R82A.
C-terminal FLAG tagged constructs:
ChiM . . .
Mutant of wild type, in which
Sll1214 .
the slr1311 gene is replaced
SI11874 . . . .
with DNA encoding an C- This thesis
Ycf54 .
POR terminally 3xFLAG-tagged gene
R
DVR and a Nm" cassette
ChlP
Mutant of wild type, in which
Aslr1780 th.e sirl 780.gene-|s replaced This thesis
with a zeocin resistance
cassette.
Mutant of wild type, in which
Asll1751 th'e sll1751 'gene '|s replaced This thesis
with a zeocin resistance
cassette.
Mutant of wild type, in which
AslF1702 th.e sirl 702.gene-|s replaced This thesis
with a zeocin resistance
cassette.
Mutant of wild type, in which
Aslr1135 th.e sll1135 .gene .|s replaced This thesis
with a zeocin resistance
cassette.
Mutant of wild type, in which
AsIr1906 th.e slr1906.gene_|s replaced This thesis
with a zeocin resistance
cassette.
Ycf54 point mutants:
Yef54-A3G Mutant of wild type, in which
Ycf54-F13A .
the slr1780 gene is replaced
Ycf54-E22A . . . .
with slr1780 gene containing a This thesis
Yef54-£26A single point mutation and a Cm"
Ycf54-D39A Casgsetfe
Ycf54-FA0A
Ycf54-R82A
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Table 2.5 PCR primers
Primer
C-terminal FLAG-DVR R:

QC remove Nhel DVR F:
QC remove Nhel DVR R:

C-terminal FLAG-ChIP R:

C-terminal FLAG-ChIM R:
C-terminal FLAG-SII1874 R:
C-terminal FLAG-ycf54 R:

C-terminal FLAG-1214 R:

SI11214 (Ncol) F:
SI11874 (Ncol) F:
SI11874 (Xhol) R:
COP Il F (Ndel):
FLAG-sIr0483 Notl F:
FLAG-sIr0483 Bglll R:
SI11135 KO Rz1:
SII1135 KO Fz2:
SIr0483 KO Rz1:
SIr0483 KO Fz2:
SIr1702 KO Rz1:
SIr1702 KO Fz2:
SII1214 (Xhol) R:
COPIII R (Xhol):
POR HindlIll QC F:
POR HindlIll QC R:
SII1751 KO F:
SI11751 KO R:
SII1751 KO 1zF:
SI11751 KO 2zR:
SII1751 KO 3zF:

SI11751 KO 4z:

Sequence
GCGCTAGCTTGCTGGGGAAGTTTATACTGCTCAAC

CCAGCCGAAGTGCTCGCCGCCAAGGTTAAT
ATTAACCTTGGCGGCGAGCACTTCGGCTGG
ATTGCTAGCAGGGGCTAAAGCGTTACCCCG
ATTGCTAGCAGAGCGCACCGCCTCTAAAATACG
ATTGCTAGCACACACCATCCCCCGACGGGC
TTAGCTAGCATCCAGGGATGCAAGGGGG
TTAGCTAGCGCGCACAGCTCCAGCCAAC
GCCCATGGTTAATACCCTCG

GCCCATGGTATCCACT
GCCTCGAGTTAACACACCATCCC
ATACATATGACCGTCTCTCCC
ATAAGAATGCGGCCGCAAACATTCAATCC
GCGAGATCTCTAACCGCCAAAAATTTGC
acattaattgcgttgegctcactgcCCAACACGGTGACCTCC
caacttaatcgcecttgcagcacatGGCTTCCCACTTGCATC
acattaattgcgttgegctcactgcCCATCTTCAACCAGTCC
caacttaatcgcecttgcagcacatGGCATGGGCTACACC
acattaattgcgttgegctcactgcGGATACGACGGTAGCC
caacttaatcgcecttgcagcacatCGGAATTGCCTGAAAAGCC
GCCTCGAGTTAGCGCACAGCTCC
CGCTCGAGCTAACTATTAACCC
ATACGGAGCTAAGGCCTTAATTGAC
GTCAATTAAAGCCTTAGCTCCGTAT
GGTTCAGTGGAAGTGGG

GCAAATTTATGCCGCC
CCACAAGTGTGACCTTTGTTTCC
acattaattgcgttgcgctcactgcGGAATAAATTCTTGATTAAGC
caacttaatcgcecttgcagcacatGATCTAATCTTAGAAAGTTTAGG

GCAGTAAACTAAGCAGTTTAACCATGC
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Primer
FtsZ F:

FtsZ R:

Ala9Gly F:

Ala9Gly R:
Phel3Ala F:
Phel3Ala R:
Glu22Ala F:
Glu22Ala R:
Glu26Ala F:
Glu26Ala R:
Asp39Ala F:
Asp39Ala R:
Phe40Ala F:
Phe40Ala R:
Arg82Ala F:
Arg82Ala R:

Ycf54 Upstream F1:
Ycf54 Upstream R1:
ChimR F2:

ChiImR R2:

Ycf54 Downstream F3:

Ycf54 Downstream R3:

QC Xbal Pitt F Primer:
QC Xbal Pitt R Primer:
SIr1780 KO 1zF:
SIr1780 KO 2zR:
SIr1780 KO 3zF:
SIr1780 KO 4zR:
SII1906 KO 1zF:
SII1906 KO 2zR:

SI11906 KO 3zF:

Sequence
CCTGCAATGACGCTCAATAATG

CTAACGGCGGGGAAAACG
CCTATTATTATGCTTTGGGAAGTCAAAAATTTCTCTTGG
CCAAGAGAAATTTTTGACTTCCCAAAGCATAATAATAGG
GGCAAGTCAAAAAGCTCTCTTGGAAGAGG
CCTCTTCCAAGAGAGCTTTTTGACTTGCC
GGAACCCTTTGAAGCGGTGCTGAAAGAACG
CGTTCTTTCAGCACCGCTTCAAAGGGTTCC
GGTGCTGAAAGCACGGCGACGGG
CCCGTCGCCGTGCTTTCAGCACC
ATAAGGAAATTGCCTTTTGGCAGGTG
CACCTGCCAAAAGGCAATTTCCTTAT
GGAAATTGACGCTTGGCAGGTG
CACCTGCCAAGCGTCAATTTCC
GGGTAAAACTCGCGTTGGAATATGTC
GACATATTCCAACGCGAGTTTTACCC
GGGAGATCTGGGGCTAAGGATCAACGCTGG
GGGTCTAGATTACTAATCCAGGGATGCAAGGGGG
GGGTCTAGACATCATCGTTGATCGGCACGTAAGAGG
CCCCATATGACTAGTTACGCCCCGCCCTGCCACTC

GGC ACTAGTGTTCAATAACCATGGCGATCG
GGGGGATCCGGGGATTTAGAAGTGATTCTC
GGGGGCACACCTCTGGAAAGTCAGGCGTTGG
CCAACGCCTGACTTTCCAGAGGTGTGCCCCC
GGAATTGGGGTCCCTGGCGATCG
acattaattgegttgegetcactgcCTTCAAAGGGTTCCTCTTCC
caacttaatcgcecttgcagcacatGCTCCCTCCGATGCCATTCC
CCAGCACCTATGGTACCTTCAGC
CGGATCAAACTGGCGATCGCC
acattaattgcgttgegctcactgcCCCAGACGGAACATAGTCACC

caacttaatcgecttgcagcacatCCTGCTCAACAAAGTCAATGTGC
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Primer
SI11906 KO 4zR:

YCF54-GEX F2:

L&L pET-Ycf54 F:

L&L pET-Ycf54 R:

pGEX-YCF54 F:
pGEX-YCF54 R:
pFLAG-YCF54 F:

pFLAG-YCF54 R:

Sequence
GCATGATGAAATCCCTGGCTCGGG

GCCGGAATTCATGGAAAGTTGGGCATTGAC
GCCGGCGGCCGCGAAAGTTGGGCATTGAC
GCCGCCATGGATGGAAAGTTGGGCATTGAC
GCCGGAATTCATGGCTACCTATTATTATGC
CCGGCGGCCGCCTAATCCAGGGATGCAAGGG
GCCGGCGGCCGCTACCTATTATTATGC

CCGAGATCTCTAATCCAGGGATGCAAGGG
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Table 2.6 Plasmids constructed

Plasmid Cell line Over-expression conditions Re-suspension
buffer

Sr:oovv; at_SZ (;Z_lan;( media to 50 mM Tris, 0.5

pET14b-POR ROSETTA 600 =~ M NacCl, 10 mM

Induced with IPTG for 3—4
hours at 20°C

Imidazole, pH 7.4

pET14b-Ycf54
pET14b- Ycf54-A9G
pET14b- Ycf54-R82A

BL21 (DE3) pLysS

Grown at 28°C in Super LB
overnight with no induction.

50 mM Tris, 0.5
M NaCl, 10 mM
Imidazole, pH 7.4

pET14b-D39A
pET14b-F40A

BL21 (DE3) pLysS

Grown at 37°Cin LB to an ODgqg
=0.6-0.8

Induced with IPTG overnight at
20°C

50 mM Tris, 0.5
M NaCl, 10 mM
Imidazole, pH 7.4

pET14b-CPO Il

BL21 (DE3) pLysS

Grown at 37°C to an ODggy = 0.6
-0.8
Induced with IPTG overnight at
20°C

50 mM Tris, 0.5
M NaCl, 10 mM
Imidazole, pH 7.4

pET32b-SI11214
pET32b-S111874

ROSETTA GAMI (DE3)
pLysS

Grown at 37°Cto an ODgy = 1.0
-1.2
Induced with IPTG for 3 -4

50 mM Tris, 0.5
M NaCl, 10 mM
Imidazole, pH 7.4

hours at 20°C
pGEX-SIl1214
pGEX-SI11874 Grown at 25°Cin auto-

BL21 (DE3) pLysS PBS
pGEX-ChIP (DE3) pLys induction media overnight.
pGEX-Ycf54

Grown at 37°Cin LB to an ODgqg
PGEX-Pitt ROSETTA -06-08 PBS

Induced with IPTG for 3 -4
hours at 20°C
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Table 2.7 HPLC programs

Molecules Column used Buffers used HPLC program
separated
0-35 minutes, linear
gradient from 65 % to
150 mm x 4.6 mm C18 5 um 75 % buffer B.
NovaPak (Waters), flowrate =
0.9 ml min™.
Buffer A: 350 mM
art:wnf;nium achtate 35-45 minutes linear
6.9 gradient from 75 % -
Chiorophvl 250 mm C18 x 4.6 mm 5 um pH 6. 100 % buffer B.
phy (Phenominex), flowrate = 1.0 ml
precursors _

. -1
min .

150 mm x 10 mm C18 5 um
Universil (Fortis), flowrate = 3.5
ml min™.

Buffer B: 100 %
methanol

45-50 minutes 100 %
buffer B.

50-60 minutes 65 %
buffer B.
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3. Investigating Protein-Protein Interactions in the

Chlorophyll Biosynthesis Pathway

3.1 Introduction

Higher plants and cyanobacteria contain at least three classes of tetrapyrrole molecules:
chlorophylls, phycobilins and haems. All of these pigments strongly absorb light and upon
illumination the free pigments may act as photosensitisers, which can lead to pigment
bleaching and cell death (Rebeiz et al., 2014). To minimise oxidising damage inside the cell,
these pigments are normally found bound to proteins, where their light energy is either
dissipated by use in cellular process, such as light harvesting and charge separation, or safely
dissipated by non-photochemical quenching mechanisms (Muller et al., 2001). However, the
biosynthetic precursors of these pigments are thought to be freely available in the cell, where
they have a greater potency for photo-oxidative damage (Matringe et al., 1989c; Matringe et
al., 1989d; Mock et al.,, 1998). Therefore it is not unreasonable to hypothesise that
photosynthetic organisms may have developed substrate channelling to enable the efficient
passage of photosynthetic intermediates though the chlorophyll, haem or phycobilins
biosynthesis pathways to their final destination as mature pigments. An additional argument
for substrate channelling is that the chemical composition of the chlorophyll precursors
means these molecules are innately hydrophobic and in danger of forming enzyme-
inaccessible aggregates if released directly into aqueous solution. Thus, if the chlorophyll
biosynthesis enzymes formed a large membrane-associated super-complex, hydrophobic
substrates could be channelled from protein to protein until the mature chlorophylls are
inserted into the protein complexes where they are required; this would prevent the
aggregation of the precursors, reduce photo-oxidative damage and facilitate the efficiency of

the chlorophyll biosynthesis pathway.

There are several existing examples of super-complexes that form in order to aid substrate
channelling and facilitate pigment biosynthesis. For example, carotenoid biosynthesis is
known to occur in a multi-enzyme complex containing the phytoene synthase, phytoene
desaturase, lycopene-B-cyclase and PB-carotene hydroxylase enzymes (Cunningham and
Gantt, 1998; Monaco et al.,, 2001; Lopez et al., 2008). Like chlorophylls, carotenoids are
hydrophobic molecules and substrate channelling between enzyme active sites is thought to
aid the efficiency of their synthesis. In the initial stages of tetrapyrrole biosynthesis, two of
the three enzymes responsible for ALA formation, GIUTR and GSAT, have been found to form

a functional complex that allows the channelling of GSA, a highly reactive intermediate,
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between the two enzymes (Nogaj and Beale, 2005b). Further down the tetrapyrrole
biosynthesis pathway, at the branch point of chlorophyll and haem biosynthesis, a complex is
known to form between PPO and FeCH; here the channelling of protoporphyrin IX between
the two enzymes is thought to protect the cell by minimising the production of reactive-
oxygen species (Masoumi et al.,, 2008). Another interaction has been identified at the
beginning of the committed chlorophyll biosynthesis pathway between the ChIH subunit of
MgCH and ChIM. Here, the ChlH interaction with ChIM was found to stimulate

methyltransferase activity (Shepherd et al., 2005b).

In Arabidopsis, a membrane associated complex composed of FLU and the chlorophyll
biosynthesis enzymes CHL27 (cyclase), POR and ChIP has been reported (Kauss et al., 2012a).
The FLU protein, which does not have a homologous counterpart in Synechocystis, is a
membrane associated regulatory protein that has a C-terminal tetratricopeptide repeat (TPR)
domain. FLU is thought to act in a metabolic feedback loop that mediates GIuTR activity
according to the flux of the chlorophyll branch of the tetrapyrrole pathway (Meskauskiene et
al., 2001a; Meskauskiene and Apel, 2002; Kauss et al., 2012b). Interestingly, in Synechocystis,
POR has been identified as forming a complex with Pitt (s/r1644), an integral membrane
protein, which, like FLU, contains a TPR domain (Sato et al., 2007; Schottkowski et al., 2009).
Pitt is thought to be localised in a specialised fraction of Synechocystis membranes, known as
the PDM or PratA-defined membrane, where early steps in the biogenesis of PSIl are thought
to occur (Rengstl et al., 2011). It would be interesting to see if Pitt also co-localises with ChlP,
the cyclase or any other components of the chlorophyll biosynthesis apparatus. Although FLU
and Pitt share no homology, parallels can be drawn between the two; they both associate

with the photosynthetic membranes and contain a C-terminal TPR domain.

Evidence from the literature suggests it would not be unreasonable to hypothesise that the
enzymes of the chlorophyll biosynthesis interact with each other to form a large membrane
associated multi-enzyme complex. Therefore, the aim of this chapter is to investigate
whether the chlorophyll biosynthesis enzymes interact with each other and/or enzymes
higher up the tetrapyrrole biosynthesis pathway. This project has focused on the use of in
vivo and in vitro pulldown assays to ascertain if the enzymes of the chlorophyll biosynthesis
pathway interact. Many of the genes involved in the committed chlorophyll biosynthesis
pathway in Synechocystis have been FLAG-tagged in vivo and used as bait in pulldown
experiments; this in vivo pulldown approach was used to determine if the enzymes in the

chlorophyll biosynthesis pathway form a multi-enzyme complex.
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During the course of these experiments, an unknown hypothetical protein, SIr0483, was
identified as a potential candidate with a role in chlorophyll biosynthesis. mRNA transcripts of
a Chlamydomonas reinhardtii homologue of slr0483 were found to be significantly up-
regulated in a Chlamydomonas reinhardtii GUN4 mutant (Formighieri et al., 2012), and
SIr0483 was additionally found to be pulled down by FLAG-tagged FeCH, ChiM, SlI11214 and
ChlP (data reported in this chapter). This chapter reports the initial steps taken to identify

what role SIr0483 may play in photosynthesis.
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—_—
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Figure 3.1 Method of FLAG-tagging proteins in Synechocystis

pFLAG vector contains two regions of homology (~¥500bp) to the psbAll promoter region (green arrow)
and the psbAll Il gene (green rectangle), situated between these is a 3xFLAG tag, a kanamycin
resistance cassette and a Notl/Bglll cloning site for the insertion of a gene of choice (A). Upon
transformation into Synechocystis the two regions of homology align with their compatriot regions in
the Synechocystis genome. A homologous recombination event occurs, inserting the FLAG-tagged
protein of interest into the Synechocystis genome (B). pFLAG F primer and pFLAG R primer, represent

the PCR primers used to amplify the psbAll region to confirm full segregation of the FLAG-construct.
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3.2 Results

3.2.1 Construction of FLAG-tagged chlorophyll biosynthesis enzymes in
Synechocystis

A pFLAG vector was constructed by Dr Daniel Canniffe, which enables the integration of a
FLAG-tagged recombinant gene at the locus of the light activated promoter, psbAll, in
Synechocystis (Figure 3.1). All N-terminal FLAG-tagged constructs were made by amplifying
the recombinant gene of interest, ChiM, SI11214, SI11874, POR, ChlIP or Pitt, with primers that
introduced a 5’ Notl site and a 3’ Bglll site. These gene products were then ligated
downstream of a 3xFLAG coding region; clones were confirmed by restriction digests and
sequencing analysis. N-terminal FLAG constructs ChIM, SI11214, SI11874, POR and ChIP were

constructed and fully segregated Synechocystis strains were obtained by Dr Daniel Canniffe.

A C-terminal pFLAG vector, identical to the N-terminal FLAG vector, was kindly gifted by Dr
Roman Sobotka (University of South Bohemia); this vector enables the C-terminal FLAG
tagging of the recombinant protein of interest. All C-terminal FLAG-tagged constructs were
made by amplifying the recombinant gene of interest, ChIM, Ycf54, SI11214, SI11874, DVR,
ChlP, with primers that introduced a 5’ Ndel site and a 3’ Nhel site. These gene products were
ligated upstream of a 3xFLAG coding region; clones were confirmed by restriction digests and

sequence analysis.

Synechocystis contains approximately 60 genome copies per cell; therefore to create a strain
where a FLAG-tagged gene of interest is unable to revert to wild type, a fully segregated
mutant must be obtained. This is achieved by increasing the antibiotic selection pressure,
until all copies of the genome contain a copy of the in vivo FLAG-tagged protein. Initial
transformants were selected on BG11 agar plates supplemented with a low concentration (5
mg ml™) of kanamycin, incubated under normal light conditions (30 pmol photons m™ s™) at
30°C. Single colonies were transferred to fresh plates containing double the concentration of
antibiotic, this transfer of colonies to plates supplemented with double the previous
concentration of antibiotic was continued until a fully segregated strain was isolated. To
confirm segregation, colony PCR was performed using primers pFLAG F and pFLAG R,

designed to amplify the psbAll locus (Figure 3.2).
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Figure 3.2 Colony PCR analyses to confirm complete segregation of N- and C-terminal FLAG tagged
proteins in Synechocystis

PCR analysis to show complete segregation of C-terminal FLAG-tagged (CTF) proteins ChlM, Ycf54,
Sl11214, SIl1874, DVR and ChIP and N-terminal FLAG-tagged (NTF) proteins CPOIIl, Pitt and SIr0483.
Primers were used to amplify the psbAll locus to confirm the complete segregation of the FLAG-tagged
strains. Full segregation is shown by the absence of PCR product in the WT strain and the presence of a
new, higher molecular weight PCR product in the mutant strain. PCR reactions were resolved ona 1 %
agarose gel, visualised with ethidium bromide. WT, 1490 bp; CTF-ChIM, 2750 bp; CTF-Ycf54, 2360 bp;
CTF-SII1214, 3111 bp; CTF-SI11874 3111 bp, CTF-DVR 3120 bp; CTF-ChIP 3140 bp; NTF-CPOIIl, 3110 bp,
NTF-Pitt, 2872 bp ; NTF-SIr0483 .

3.2.2 Production of antibodies to detect Synechocystis POR, ChlP, Pitt and
Ycf54

1 mg ml? of purified protein is required for the production of a rabbit primary antibody
(BioServe, Sheffield, UK). This protein was produced by N-terminally tagging ChlP, Pitt, POR
and Ycf54 with GST, which was achieved by cloning the gene of interest into the pGEX-4T-1
vector. All four genes were obtained by amplifying the gene of interest (ChlP, Pitt, POR or
Ycf54) from Synechocystis genomic DNA, with primers that introduced a 5’ EcoRl site and a 3’
Xhol site. Following digestion with the appropriate restriction enzymes, the genes were
ligated into pGEX-4T-1 and the resulting constructs confirmed by restriction digests and

sequence analysis (data not shown).

To determine the optimal expression conditions for the GST-tagged constructs, expression
trials were performed in two different E. coli cell lines, BL21 (DE3) pLysS or the ROSETTA
(DE3) pLysS, at two different induction temperatures (20°C and 25°C). SDS-PAGE analysis
showed GST-Pitt and GST-POR were more highly expressed in the ROSETTA (DE3) pLysS cell
line at 20°C and GST-ChIP and GST-Ycf54 expressed the best in the BL21 (DE3) pLysS cell line

at 20°C and 25°C respectively (data not shown).
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Figure 3.3 Purification of ChIP, POR, Pitt and Ycf54 for primary antibody production and analysis of
primary antibody

SDS-PAGE analysis of the purified recombinant proteins used for production of rabbit primary
antibodies and Western blot analysis of the primary antibody produced, probed against wild type
Synechocystis whole cell lysate. ChlP (s//1091) is 42 kDa, Pitt (sir1644) is 32 kDa, POR (s/r0506) is 37 kDa
and Ycf54 (s/r1780) is 12 kDa.

Purification of GST-tagged proteins requires purification over two columns. The GST-tagged
protein is first separated from the cell lysate by a GST-affinity column (thrombin cleavage
separates the protein of interest from the GST-tag), and the thrombin is removed by passage
over a benzamidine ion-exchange column (purifies the thrombin used for cleavage away from
the protein of interest). Details of the methods used can be found in Section 2.6.4, with the
exception of Pitt. It was found the Pitt protein did not bind to the benzamidine under the
buffer conditions recommended by the manufacturer, therefore modified buffer conditions,
with reduced NaCl concentrations, were used. Each round of purification was performed
using cell pellets harvested from 6 litres of over-expressed cell culture, with GST-POR and
GST-Ycf54 purified from the soluble fraction and GST-ChIP and GST-Pitt purified from the B-

DDM solubilised insoluble fraction (see section 2.6.4 for details).

Several contaminants remained after benzamidine chromatography; therefore all proteins
were further polished by purification over an S200 size exclusion column. The size exclusion
elution fractions containing the proteins of interest were pooled and concentrated to 1mg ml
! ready for antibody production. An SDS-PAGE gel of the purified proteins is shown in Figure

3.3. Rabbit primary antibodies were produced by BioServe (Sheffield, UK).
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All four antibodies were tested for their specificity by probing against a Western blot of wild
type Synechocystis whole cell lysate. As shown in Figure 3.3, all four antibodies are reactive to
the denatured Synechocystis protein. These antibodies are now able to be used in immuno-
precipitation experiments with Synechocystis cell lysates, to investigate interactions in the
chlorophyll biosynthesis pathway (not included in this thesis). Additionally, the antibodies will

be used to investigate the phenotypes of various Synechocystis mutants.
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Figure 3.4 Silver stained SDS-PAGE analyses of elution fractions from N-terminal FLAG-affinity
pulldowns

FLAG-affinity purification of Synechocystis wild type control and N-terminal FLAG-tagged ChIM (28
kDa), Sl11214 (45 kDa), SI11874 (45 kDa), POR (39 kDa) and ChlIP (48 kDa). FLAG-tagged proteins were
purified from Synechocystis soluble cytoplasmic (S) and B-DDM solubilised thylakoid (l) fractions using
anti-FLAG M2 affinity gel. Captured proteins were eluted using anti-FLAG peptide, separated by SDS-

PAGE and silver stained. The molecular marker is shown in kDa.
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Figure 3.5 Silver stained SDS-PAGE analyses of elution fractions from N-terminal and C-terminal
FLAG-affinity pulldown experiments

FLAG-affinity purification of Synechocystis N-terminal-FLAG-tagged CPOIIl (42 kDa), Pitt (35 kDa) and
DVR (48 kDa) and C-terminal-FLAG-tagged ChIM (28 kDa), Ycf54 (15 kDa), Sll1214 (45 kDa), SI11874 (45
kDa), DVR (48 kDa) and ChIP (48 kDa). FLAG-tagged proteins were purified from Synechocystis soluble
cytoplasmic (S) and B-DDM solubilised thylakoid (I) fractions using anti-FLAG M2 affinity gel. Captured
proteins were eluted using anti-FLAG peptide, separated by SDS-PAGE and silver stained. The

molecular marker is shown in kDa.
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3.2.3 FLAG-pulldown experiments

FLAG-pulldown experiments were performed in triplicate with fully segregated N-terminally
FLAG-tagged chlorophyll biosynthesis enzymes: CPOIIl, ChiM, SI11214, SII1874, DVR, POR, Pitt,
ChIP and SIr0483, and C-terminally FLAG-tagged chlorophyll biosynthesis enzymes: ChIM,
SI11214, SlI1874, DVR, Ycf54 and ChIP, as described in sections 2.6.8 and 2.6.9. 25 ul of the
elution fractions from a WT control and the FLAG-tagged proteins were separated by SDS-

PAGE and silver stained; images of these can be viewed in Figure 3.4 and Figure 3.5.

3.2.4 Identification of FLAG-eluted proteins by mass spectrometry

To confirm the presence of the FLAG-tagged bait proteins and identify their interaction
partners, the FLAG-eluted proteins were analysed by nano-flow liquid chromatography
coupled to mass spectrometry (nanoLC-MS), as detailed in section 2.5.5. NanoLC-MS was
used in preference to Western blotting to eliminate the requirement for antibodies to all the
potential interaction partners. In all cases, proteins were derivatised by S-
carbamidomethylation and digested by trypsin in the presence of SDS. The tryptic peptide
fragments were prepared for nanoLC-MS by solid phase extraction using both cation
exchange and C18 reverse-phase media. MS data acquisition was by a combination of survey
scans to detect tryptic peptide ions and automated product ion (MS/MS) scans of the most

intense peptide ions to obtain sequence-diagnostic spectra.

The survey scans and associated MS/MS spectra were converted to Mascot Generic Files to
enable submission for searching against the complete Synechocystis proteome database. The
Synechocystis proteins identified in each pulldown experiment were then entered into the
Prohits database. The control experiments, using WT cell lysates, generated a list of 16
proteins that bound non-specifically to the anti-FLAG affinity resin. These include
tryptophanyl-tRNA synthetase, elongation factor Tu and several phycobilisome subunits,
these were then subtracted from the lists of potential interaction partners generated for each
FLAG-tagged protein. Tables were then generated of the proteins present in each pulldown
experiment and their associated Mascot score, which can be viewed in the appendix in
Section 3.4. Proteins that appeared in > 2 pulldown experiments with a Mascot score > 30,
which did not appear in any of the control pulldown experiments, are listed as possible

interaction partners.

The Mascot score represents a probability scoring based algorithm, whereby the actual mass
of the MS/MS fragments detected are compared to an in silo database of MS/MS fragments

generated for every tryptic fragment in an organisms proteome; in this case, the
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Synechocystis PCC60803 proteome. From this, the detected ions score for an MS/MS match

that is based on the probability of the observed match between the experimental and in silico

data being a random event (Perkins et al.,, 1999). Generally, a Mascot score above 67 is

accepted as the tryptic fragment being present. However, in this work, a Mascot score of >30

was used as the cut-off. This lower score has been used in consideration of the nature of the

pulldown samples, which contain lowly abundant proteins and membrane proteins, which

are difficult to ionise and whose hydrophobic tryptic fragments are lost through the sample

preparation process.

Table 3.1 Summary of the potential interaction partners found using FLAG-pulldown experiments

Bait Hits

wild Phycobiliprotein subunits: SIl1577 (CpcB), SII1578 (CpcA), SIr2067 (ApcA)

type Aminoacyl tRNA synthetases and tRNA modification: SIr1884 (TprS)

control | Ribosomal proteins: RplL (SIl1746)
RNA synthesis, modification, and DNA transcription: Pnp (S111043), RpoA (S111818)
DNA replication, restriction, modification, recombination, and repair: SIr0925
(Ssb), SIl1712 (DBH)
Transport and binding proteins: SI11204
Hypothetical proteins: SI0839, SIr1102, SII0033 (CrtH), SIr0455, SIl1687 (Hik17),
SII1665

ChiM Tetrapyrrole biosynthesis: SI11184 (Haem oxygenase), SIr0506 (POR), SIr1780

(Ycf54), SI11091 (ChIP)

Carotenoid biosynthesis: SIr1254 (Phytoene desaturase)
Ribosomal proteins: SI11260 (RpsB)

Purine ribonucleotide biosynthesis: SIr1226 (PurC)
Adaptations and atypical conditions: SII0947 (IrtA)

Photosystem/ light harvesting subunits: SIl1867 (PsaA), SIr1835 (PsaB), Ssl0563
(PsaC), SIr0737 (PsaD), Ssr2831 (PsaE), SIl0819 (PsaF), SIr1655 (Psal), SIr1181
(PsbA), Ss12598 (PsbH), SIr2067 (ApcA), SIr1963 (OCP)

ATP synthase: Sl11326 (AtpA), SIr1329 (AtpB)

NADH dehydrogenase: SI10520 (NdHI)

Transport and binding proteins: SIr0447 (UrtA), SII1450 (NrtA)

Proteases: SI10020 (ClpC)

Glutamate family / Nitrogen assimilation: Ssl0707 (GInB)

Chemotaxis: SI11695 (HofG), SIr0161 (PilT)

Biosynthesis: SI11945 (1-deoxyxylulose-5-phosphate synthase)

Circadian clock: SIr0757 (KaiB)

Unknown: SH0837 (member of TPR superfamily), SII1769, Ssl0294, SI10982, Slr1220,
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(PRC superfamily), SIl1218 (Ycf39), SIr0483, Slr1417 (Ycf57), SI11528, SIr1128

Sl1214

Tetrapyrrole biosynthesis: SII1185 (CPOIIl), Sll1874, SIr1780 (Ycf54), SIr0505 (POR),
SIr1923 (DVR), SI11091 (ChlP)

Elongation factors: SI11099 (Tuf), SIr1463 (Fus)
Adaptations and atypical conditions: SII0947 (IrtA)
Chaperones: SIr2076 (GroEL), SII0416 (GroEL-2), SII0058 (Dnak), SIr2075 (Cpn10)

Ribosomal proteins: SIl1744 (RplA), SI11808 (RplE), SII1810 (RplF), Sll1274 (Rpll),
SI11801 (RplW), SIr1356 (Rps1), SI1097 (Rps7), SI11812 (RpsE), Sll1821 (RpsM),
Ss13432 (RpsS), Ssr2799 (RpmA), SsI3436 (RpmC)

RNA synthesis, modification, and DNA transcription: SI11789 (RpoC2)

Photosystem/ light harvesting subunits: SI11867 (PsaA), SIr1835 (PsaB), Ssl0563
(PsaC), SIr0737 (PsaD), Ssr2831 (PsaE), SIl0819 (PsaF), SIr1655 (Psal), SlIl0629
(PsaK2), SIr1181 (PsbA), SIr0906 (PshB), SIl0851 (PsbC), SII0849 (PsbD), Smr0006
(PsbF), SsI2598 (PsbH), SI11194 (PsbU), SI10226 (Ycf4), SIr0947 (Ycf27)

B6F complex: SII1317 (PetA), SI11316 (PetC)

Phycobiliprotein subunits: SIr1986 (ApcB), Ssr3383 (ApcC) SI10928 (ApcD), ApcE
(SIr0335), SI11580 (CpcC), SsI3093 (CpcD), SlI1471 (CpcG), SIr1878 (CpcE)

ATP synthase: SII1326 (AtpA), SIr1329 (AtpB), SII1327 (AtpC), SIr1329 (AtpD),
SIr1330 (AtpE), SI11324 (AtpF),

Pyruvate dehydrogenase: SIr1934

Glycolysis: SIr0394 (PGK)

CO, fixation: SI11342, SIr0009 (Rbcl)

Serine family / Sulphur assimilation: SII1908 (SerA)

Transport and binding proteins: SIr0447 (AmiC), SII1450 (NrtA)
Cell division: SIr1390 (FtsH)

Glutamate family / Nitrogen assimilation: Ssl0707 (GInB)
Antioxidant: SIr1198 (Rehydrin), SIl1621

Chemotaxis: SII1695 (HofG)

Unknown: SII1106 (DUF1269), SIl0296 (DUF0820), SIr0552, SIi1530
(methyltransferase), SIr0909 (methyltransferase), SIk0483, Slr1506 (hydrolase),
SIr1188 (Im30), Sll1130, SI11528

Sl11874

Tetrapyrrole biosynthesis: SI11214, SIr1780 (Ycf54)

Chaperones: SIr2076 (GroEL), SII0416 (GroEL-2), SIr2075 (Cpn10)
Ribosomal proteins: SI11808 (RplE)

Photosystem/ light harvesting subunits: Slr1963 (OCP)
Phycobiliprotein subunits: SIr1986 (ApcB)

Chemotaxis: SIl1695 (HofG)

Ycf54

Tetrapyrrole biosynthesis: SI11214, SII1874
Chaperones: SIr2076 (GroEL)
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Elongation factors: SI11099 (Tuf)

Ribosomal proteins: SI11821 (RplM)

CO, fixation: SIr0009 (Rbcl)

Regulatory: SIr1666 (DegT), SIr1140

Photosystem/ light harvesting subunits: Ssr2831 (PsaE), SIr1655 (Psal)
ATP synthase: SIr1329 (AtpB)

Antioxidant: SIr1198 (Rehydrin)

Proteases: SIr0619

Unknown: SI11106 (DUF1269), SIr5058 (AAA+ domain), SI11130

POR

Tetrapyrrole biosynthesis: SIr1923 (DVR)
Elongation factors: SI11099 (Tuf)
Chaperones: SIr2076 (GroEL), SI10416 (GroEL-2)

Ribosomal proteins: SI11744 (RplA), SI11802 (RplB), SII1800 (RplID), SII1808 (RplE),
SI11810 (RplF), SII1274 (Rpll), SI11821 (RpIM), SI11805 (RplP), SII1740 (RplS), SIr1678
(RplU), SsI3436 (RpmC), SII1097 (Rps7), SI1817 (Rpslil), SI11804 (RpsC), SlI1812
(RpsE), SII1101 (RpslJ), SII1821 (RpsM), Ssr1399 (RpsR)

Photosystem/ light harvesting subunits: Slr1835 (PsaB)
Unknown: SII1665, SIl1106 (DUF1269)

DVR

Unknown: SIr2121

Chip

Tetrapyrrole biosynthesis: SIr0506 (POR), SIr1923 (DVR)

Chaperones: SIr2076 (GroEL), SI10416 (GroEL-2), SIr2075 (Cpn10)
Photosystem/ light harvesting subunits: SIl1867 (PsaA), SIr1835 (PsaB)
Phycobiliprotein subunits: SIr1986 (ApcB)

ATP synthase: SIr1329 (AtpB)

Proteases: SI10020 (ClpC)

Chemotaxis: SI11695 (HofG)

Biosynthesis: SI11536 (MoeB)

Unknown: SIIZ751, SIF0483, SIr0244 (universal stress protein family), SIF1220,

SIr6021

Pitt

Transcription/ Translation machinery: RpomC, RpsL, Rpll, RpoC2

Chaperones: SIr2076 (GroEL), SII0416 (GroEL-2), SIr2075 (Cpn10)

Photosystem/ light harvesting subunits: SIr1986 (ApcB), SsI3093 (CpcD), SIr2051
(CpcG)

Unknown: SI11217 (DBH)

Key for highlighted unknown proteins:

Conserved in non-green lineage
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Conserved in cyanobacteria

No homology

Chim

SI1214

Sl1874

Ycf54

Figure 3.6 Interactions between chlorophyll biosynthesis enzymes identified from in vivo FLAG-tag
pulldown experiments

The interactions found between the chlorophyll biosynthesis enzymes are shown for in vivo pulldown
experiments with N-terminal and/or C-terminal FLAG-tagged ChIM, SIl1214, SIl1874, Ycf54, POR, DVR,
ChlP and Pitt. Interactions are shown for hits that had a Mascot score over 30 and appeared in two or

more pulldown experiments.

Figure 3.6 displays a schematic for the interactions that potentially occur between the
chlorophyll biosynthesis enzymes and their putative interaction partners and Table 3.1
summarises the hits found with each FLAG-tagged bait protein. These data showed that the
FLAG-tagged chlorophyll biosynthesis enzymes do indeed interact with each other. For
example, the two cyclase proteins Sl11214 and SIl1874 are both found to interact with each
other and with the unknown hypothetical protein SIr1780 (Ycf54) (found to be required for
cyclase activity, which is demonstrated in Chapters 4, 5 and 6); Sl11214 was additionally found
to interact with ChlIP, POR and SIr0483.

Several of the pulldown experiments contain several translation associated proteins, such as
ribosome subunits, chaperones and elongation factors. This would be expected for proteins
tagged at the N-terminus, as a partially translated protein would still be attached to the

translation machinery and be capable of binding to the FLAG-affinity column.
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The interaction partners that fall into the unknown category have all been subjected to BLAST
searches, to determine if these are conserved in the green lineages (plants, algae and
cyanobacteria, highlighted in green), in non-green lineages (highlighted in grey), or conserved
in cyanobacteria (highlighted in blue); those with no homology to proteins in other species

are not highlighted.

A Synechocystis knockout mutant of Sll1106, a potential interaction partner of POR and
Sl11214, was found to exhibit wild-type growth and no defects in the chlorophyll biosynthesis
pathway (Hollingshead S, unpublished data, 2012). Similarly, knockout mutants of Sl11751 and
Sl11091, potential interaction partners of ChIP and ChIM respectively, were also found to have

no defects in the chlorophyll biosynthesis pathway (Hollingshead S., unpublished data)

3.3 Discussion

3.3.1 Interactions are found to occur between the chlorophyll biosynthesis

enzymes

Substantial conclusions can be drawn regarding the interactions observed between the FLAG-
tagged chlorophyll enzymes and their protein partners. It is also clear from the FLAG-
pulldown experiments and subsequent analysis of knockout mutants (reported in Chapter 4
and Chapter 7) that the in vivo FLAG-pulldown approach can be used to successfully identify
proteins required for chlorophyll biosynthesis (Ycf54), and for the accumulation of

chlorophyll-photosynthetic complexes (SIr0483).

The approach of in vivo FLAG pulldowns was used to investigate if the chlorophyll
biosynthesis enzymes formed a large membrane-associated super-complex to enable the
channelling of photo-active and hydrophobic chlorophyll intermediates. This would enable
the efficient synthesis of chlorophyll, facilitating its arrival at the membrane, where it is
inserted into the photosynthetic chlorophyll binding proteins (Sobotka, 2014). The pulldown
data have enabled the identification of several interactions between the chlorophyll
biosynthesis enzymes (see Figure 3.7 and Table 3.1 for a complete list). A schematic showing
how these proteins may hypothetically form a complex associated with the membrane can be
viewed in Figure 3.7. This shows that SIr0483 could be a transmembrane protein scaffold
upon which its membrane-associated interaction partners (ChIP, ChIM and Sll1214)
congregate; it should be noted that this is a tentative suggestion, drawn from the pulldown

data gathered in this chapter.
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O

Ho  cp

membrane membrane

View from the side View from the top

Figure 3.7 Schematic showing the possible interactions between the chlorophyll biosynthesis
enzymes

Hypothetical diagram as to how the chlorophyll biosynthesis may arrange themselves on the
membrane surface. Interactions are shown from the side and from the top, looking down onto the
membrane. Ho (Haem oxygenase), Ycf54 (SIr1780), CPOIIl (oxygen-dependent coproporphyrinogen lli
oxidase), ChlIP (geranylgeranyl reductase), DVR (di-vinyl reductase), POR (protochlorophyllide oxio-

reductase), ChIM (protoporphyrin IX methyl transferase).

In Arabidopsis, the tetrapyrrole pathway is known to be controlled by a negative feedback
loop, where GIUTR activity is regulated independently by intracellular haem (Pontoppidan and
Kannangara, 1994; Vothknecht et al., 1998) and the FLU protein (Meskauskiene et al., 2001b;
Meskauskiene and Apel, 2002). The FLU protein is tightly associated with the chloroplast
membranes and has been shown to interact with the coiled-coil domain located at the end of
the C-terminal of GIUTR (seen in Figure 1.12) (Goslings et al., 2004) via a TPR domain located
at the C-terminus of FLU (Meskauskiene and Apel, 2002). Analysis of the migration of the FLU
protein on blue native gels showed that this protein forms higher complexes with molecular
weights of ~200 kDa and ~700 kDa (Kauss et al., 2012a). The authors subsequently analysed
these complexes by mass spectrometry and found that the FLU protein co-migrates with 117
proteins, including the chlorophyll biosynthesis enzymes ChiM, CHL27 (Sl11214 homologue),
PORB, PORC, DVR, ChIP and ChIG. They then performed immuno-precipitation experiments
using an in vivo expressed HA-tagged FLU protein, and found that FLU forms a stable complex
with CHL27, PORB, PORC and ChlIP. From these experiments, Kauss et al (2012) deduced that
the FLU protein formed a chloroplast membrane complex, linking the final stages of
chlorophyll biosynthesis with the initial stages of tetrapyrrole biosynthesis via an interaction
with GIuTR. Although the interactions found through the pulldown experiments described in
this chapter need further validation, it would appear the chlorophyll biosynthesis enzymes in

Synechocystis also form a higher order complex, which is associated with the membrane. A
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BLAST search of the Synechocystis genome for FLU homologues found no significant matches,
so the arrangement of the chlorophyll biosynthesis complex is likely to vary between the two
organisms. Nevertheless, the data presented by Kauss et al (2012) and the data presented in
this chapter do complement each other, and taken together they show it is very likely the
chlorophyll biosynthesis enzymes form a super-complex, enabling the channelling of

photoactive chlorophyll intermediates.

A few anomalies with previously reported data were also observed. In a previous study, ChIH
was reported to stimulate methyltransferase activity (Shepherd et al., 2005b), however no
ChlH was identified in the ChIM pulldown assay. There are several reasons why this may be,
for example the FLAG-tag on ChIM may interfere with the ChIM-ChIH interaction or the
interaction may be exceedingly transient and unable to survive the 100 column-volume wash
step. Unfortunately, it has not been possible to obtain a FLAG-tagged ChlH inserted at the
psbAll locus, (the ChlH gene is ~4,000 bp in length, which may exceed the limits of the
recombination machinery that inserts the DNA fragments into the genome), in order to
perform the reciprocal pulldown experiment. To address this problem, a construct has been
designed to N and C-terminally FLAG-tag ChlIH at the native locus, which requires the
insertion of a short length of DNA. In addition to the ChIM interaction, ChlH has been
implicated in several cellular events. For example, in Arabidopsis, ChIH was found to bind
abscisic acid and act as a possible ABA receptor (Shen et al., 2006b; Wu et al., 2009b), and be
cyclically expressed in response to the circadian rhythm (Harmer et al.,, 2000); in
Synechocystis it apparently regulates sugar catabolism via the anti-sigma factor SigE (Osanai
et al., 2005; Osanai et al., 2009),. Therefore, a FLAG-tagged ChlH protein could be essential
for exploring the possible interaction partners ChlH has in Synechocystis, and ascertaining the

presumed global role of this protein.

The second observed anomaly was the lack of POR in the FLAG-Pitt pulldown experiment, and
the lack of Pitt in the POR pulldown experiments. An interaction between POR and Pitt was
initially reported in a global yeast two hybrid study, which aimed to characterise the
interactome of Synechocystis (Sato et al., 2007), which was then validated in more detail
(Schottkowski et al., 2009). Schottkowski and co-authors observed that the levels of POR
were reduced in the Pitt knockout mutant and that the two enzymes co-migrated on BN-
PAGE and sucrose density gradients. However, they also reported that the complex is likely to
be transient, as they could not pull down POR in anti-Pitt immuno-precipitation experiments
and only a fraction of Pitt is found in higher-molecular weight complexes, where it
presumably forms a complex with POR. Presumably, the transient nature of this interaction is

why Pitt and POR are not detectable in the FLAG-POR and FLAG-Pitt pulldown experiments.
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An additional advantage of these FLAG-tagged pulldown experiments is the insights into
unknown proteins and/ or co-factors that the tagged target protein(s) interact with. For
example, only one subunit of the cyclase, the enzyme which catalyses the formation of the
chlorophyll fifth isocyclic ring, is known, when biochemical evidence suggests this enzyme
consists of two or more subunits (Walker et al., 1988; Walker et al., 1989; Walker et al., 1991;
Bollivar and Beale, 1996; Rzeznicka et al., 2005). Therefore, it could be possible to identify
additional components of the cyclase complex using the FLAG-pulldown approach (see

Chapter 4).

3.3.4 Further work

3.3.4.1 Further work for mapping the protein-protein interactions in the chlorophyll
biosynthesis pathway
With regard to the FLAG-pulldown experiments, a number of approaches could be applied to

further verify and understand the interactions observed. A combination of gel filtration and
native-PAGE could be used to ascertain the molecular weights of the complexes formed and
fractions and/or gel slices could be analysed by immuno-blotting and mass spectrometry to

determine the protein content of these complexes.

Many of the chlorophyll biosynthesis enzymes that interact can be produced recombinantley
by over-expression in E. coli. These could be incubated together in various combinations and
resolved by gel filtration or native-PAGE and the complexes analysed by mass spectrometry,
to determine whether these interactions can be recreated in vitro. Alternatively, the
Synechocystis supernatant could be resolved using native-PAGE and the bands containing the
high molecular weight complexes of interest could be excised and analysed by mass

spectrometry to determine their composition, as described in Kauss et al (2012).

Ongoing work involves the use of immuno-precipitation experiments with antibodies raised
against the chlorophyll biosynthesis enzymes, ChlH, Chll, ChID, GUN4, ChIM, Ycf54, POR, ChIP
and DVR. The aim of this approach is to find out if the interactions observed with the FLAG-
pulldown experiments are also observed in immuno-precipitation experiments, which would

further confirm the existence of a chlorophyll biosynthesis enzyme super-complex.

Many of the cellular interactions may be too transient to survive the mechanical disruption
and solubilisation process the FLAG-tagged protein containing strains are subjected to.
Therefore, it is likely the proteins identified as potential interaction partners in the FLAG-
pulldown eluates are only a fraction of those that occur within the cell. To identify these
interactions a very low concentration of a chemical cross-linker could be used on whole cells

in vivo and the proteins interacting with the FLAG-tagged protein of interest would be
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isolated via the FLAG-pulldown protocol. Recently, this in vivo cross-linking approach was
used to identify a phycobilisome-PSI-PSIl mega-complex in Synechocystis (Liu et al., 2013);
this interaction could not previously be consistently isolated owing to its weak and easily

disrupted interactions.
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4. Identification of Ycf54 (SIr1780) as an interaction
partner of the Mg protoporphyrin IX monomethylester
oxidative cyclase in Synechocystis PCC 6803

4.1 Introduction

All chlorophylls are modified tetrapyrrole molecules that possess a unique isocyclic ring,
known as the “fifth” or “E” ring. This isocyclic ring arises from the cyclisation of the methyl-
propionate side-chain at C-13 to the C-15 bridge carbon between rings C and D, in a reaction
catalysed by the Mg-cyclase. Figure 4.1, depicts a schematic by which the conversion of
MgPME to Pchlide is thought to proceed (Wong et al., 1985; Bollivar and Beale, 1996a). The
two proposed intermediates, Mg-protoporphyrin IX 6-methyl-B-hydroxypropionate and Mg-
protoporphyrin IX 6-methyl-B-ketopropionate, have both been shown to be catalytically
active substrates of the cyclase, as demonstrated using whole cell assays on cucumber

cotyledons (Wong et al., 1985).

The cyclisation of the C-13 side-chain is thought to be preceded by the addition of a keto-
group at C-13' (Mg-protoporphyrin IX 6-methyl-B-hydroxypropionate), possibly arising from
the addition of a hydroxyl group at C-13*, which is then further oxidised to a keto group (Mg-
protoporphyrin IX 6-methyl-B-ketopropionate) (Figure 4.1). This oxygen is known to originate
from two sources, oxygen or water, depending on whether the host organism possesses an
oxidative or anaerobic cyclase. Aerobic photosynthetic organisms, including higher plants
and cyanobacteria, have a mono-oxygenase Mg-cyclase, whereby molecular oxygen is the
source of the C-13' keto group. In the unrelated hydratase-type Mg-cyclase, found in
anaerobic photosynthetic organisms such as Rhodobacter sphaeroides, oxygen from a
molecule of water is incorporated (Chereskin et al., 1982; Porra et al., 1996). Some
organisms contain both types of Mg-cyclase, of which two examples are Rubrivivax
gelatinosus and Rhodovulum sulfidophilum (Porra et al., 1998; Pinta et al., 2002; Ouchane et
al., 2004). Synechocystis sp. is thought to contain only the aerobic Mg-cyclase, despite
possessing three homologues (SI11242, SIr0906, SIr0309) to the anaerobic cyclase (Minamizaki
et al., 2008a).

Perhaps the most striking feature of the Mg-cyclase is that it is solely responsible for
producing the characteristic green colour of chlorophyll. During the course of the Mg-cyclase
reaction, the colour of the tetrapyrrole molecule changes from the reddish pink of MgPME to

the bright green of Pchlide. This colour change arises from a shift in the Soret peak from 416
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nm (Mg-PME) to 440 nm (Pchlide), brought about by an extension of the conjugating double
bonds (Figure 1.26 A).

Huge advances have been made in characterising chlorophyll biosynthesis and most enzymes
in the pathway have now been characterised in detail; however, the Mg-cyclase remains the
notable exception and several components of this enzyme remain to be discovered. So far
enzymology analyses have been confined to assays using extracts from cucumber
chloroplasts (Fuesler et al.,, 1984; Wong and Castelfranco, 1984b), wheat etioplasts
(Nasrulhag-Boyce et al., 1987b) and cell extracts from Chlamydomonas reinhardtii,
Synechocystis sp PCC6803 (Bollivar and Beale, 1996b) and Arabidopsis thaliana (Tottey et al.,
2003b). The assays in cucumber and Synechocystis showed the cyclisation reaction was
catalysed by a multi-subunit complex that consisted of at least one membrane bound and
one soluble component (Bollivar and Beale, 1996a). Partial biochemical purification of
cucumber extracts suggested the soluble component had a molecular mass of over 30 kDa
(Walker et al., 1991). The only known candidate for a catalytic cyclase subunit was identified
by mutational analysis of Rubrivivax gelatinosus, where inactivation of the AcsF (aerobic
cyclisation system Fe-containing protein) gene resulted in accumulation of MgPME under
aerobic conditions (Pinta et al., 2002). Subsequently AcsF homologues were identified across
all oxygenic photosynthetic organisms, examples of which are crdl and crd2 in
Chlamydomonas reinhardtii (Moseley et al., 2002), chl27 in Arabidopsis (Tottey et al., 2003a)
and s/l1214 and sll1874 in Synechocystis (Minamizaki et al., 2008a). Of the two AcsF genes in
Synechocystis SII1214 is absolutely required for cyclase activity under aerobic conditions and

SI11874 for activity under micro-oxic conditions (Minamizaki et al., 2008a; Peter et al., 2009).

Despite these advances in solving the unknown components of the Mg-cyclase complex, at
least one soluble component that is absolutely essential for activity remains unidentified, as
well as possibly another membrane bound subunit, as analysis of two barley mutants viridis-
k-23 and xantha-I-35 showed that two different membrane components were required for

reconstitution of cyclase activity (Rzeznicka et al., 2005).

In Chapter 3 FLAG pulldown experiments using Synechocystis strains transformed with FLAG-
Sl11214 and FLAG-SII1874 identified the Ycf54-like protein (slr1780) as an interaction partner
in each case. A BLAST search revealed Ycf54 to be highly conserved among oxygenic
photosynthetic organisms, including all plants and cyanobacteria. As the Ycf54-like protein
was designated as a hypothetical protein with unknown function, it was decided to
investigate the effects of interrupting the slr1780 gene in Synechocystis. This chapter reports

the construction of a slr1780 knockout mutant and investigation of the resulting phenotype.
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4.2 Results

4.2.1 Identification of Ycf54 forming a complex with S111214 and S111874

In Chapter 3, in vivo pulldown experiments using N-terminal FLAG-tagged SI11214 and SI11874
identified Ycf54 (slr1780) as an interaction partner of both proteins. To further strengthen
this hypothesis, it was decided to perform the reciprocal pulldown experiment, with N-
terminal FLAG-tagged Ycf54 as bait, to determine if SI11214 and SI11874 could be captured by
Ycf54.

A N-terminal FLAG-tagged Ycf54 construct was created by amplifying the sir1780 gene from
Synechocystis genomic DNA and ligating it into the vector pFLAG (described in Section 2.4);
successful construction of pFLAG-Ycf54 was confirmed by restriction digests and sequencing.
The resulting pFLAG-Ycf54 vector was transformed into wild type Synechocystis cells and a
fully segregated mutant was obtained by sequential selection on increasing concentrations of

kanamycin (described in Section 2.3.1).

Three sets of FLAG-affinity pulldown experiments were then performed with the FLAG-Ycf54
mutant (detailed in Section 2.6.9). The elution fractions from each of the pulldown
experiments were analysed by mass spectroscopy (Table 4.1), western blotting (Figure 4.2 C)
and silver stained SDS-PAGE (Figure 4.2 B). Unlike SI11214 and SIl1874, FLAG-Ycf54 was found
to be highly over-expressed and present at significant levels in the pulldown elution fraction,
indicating FLAG-Ycf54 is able to accumulate at significantly greater levels than FLAG-SII1214
or FLAG-SII11874 proteins (Figure 3.5).

The western blot of the FLAG-Ycf54 pulldown elution fractions probed with anti-Chl27 (Figure
4.2 C) demonstrates that the cyclase subunits SI11214/Sl11874 interact with FLAG-Ycf54,
whereas the WT control fraction does not. This is further strengthened by the mass
spectrometry data (Table 4.1), which identifies FLAG-Ycf54 as interacting with Sl11214 in two
separate pulldown experiments, lending further support to the proposal that Ycf54 is
required for the cyclase step in chlorophyll biosynthesis. Sl11874 was not identified by mass
spectroscopy as interacting with Ycf54, but this is not surprising as SI11874 is expressed under
micro-oxic conditions (Minamizaki et al., 2008a; Peter et al., 2009) and the FLAG-Ycf54

cultures used in the pull-downs were grown aerobically.
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Figure 4.2 Silver stained SDS-PAGE and western blot analysis of a FLAG-Ycf54 pulldown

Elution fractions from the FLAG-affinity purification of Synechocystis wild type control (A) and FLAG-
tagged Ycf54 (B) were separated by SDS-PAGE and silver stained. FLAG-tagged proteins were purified
from Synechocystis soluble cytoplasmic (S) and B-DDM solubilised thylakoid (l) fractions using anti-
FLAG M2 affinity gel and eluted using the anti-FLAG peptide. (C) Western blot of Soluble (S) and
membrane (M) elution fractions from FLAG-Ycf54 and wild type control FLAG-affinity pulldown

experiments probed with anti-CHI27 to show Ycf54 interacts with SI11214.

4.2.2 Construction of a Synechocystis Aslr1780 mutant

To ascertain whether Ycf54 has a role in cyclase activity, it was decided to construct a
Synechocystis strain in which the sir1780 (Ycf54) gene is interrupted with a zeocin resistance
cassette. Using the mega primer method adapted from Ke and Madison (1997) a length of
DNA consisting of a zeocin resistance cassette flanked by ~500 bp of the upstream and
downstream regions of the s/r1780 gene locus was generated though sequential PCR
reactions. A fully segregated As/r1780 Synechocystis strain was created by transforming the
slr1780 resistance cassette into wild type Synechocystis and sequentially selecting on
increasing concentrations of zeocin until full segregation was achieved (Section 2.3.1).
Confirmation of full segregation by amplification of the s/ir1780 region is shown (Figure 4.3 C).
During segregation it was noted this mutant had a long doubling time and would only grow at

low light intensities under mixotrophic conditions.

118



Chapter 4

olg
oyd
kg

BLLTAIS

Sli1682
Sli1680
Hypothetical

protein
SlI1679

ajeydsc
|EXOp
SIA
08LTIIS
Unknown
Periplasmic

Alanine
dehydrogenase
Inayuk

decarboxylase

B
T — T
~— - — —
T e ~—— —
T e
F primer T _—
s = T~ — —
@ — Si1750 (321 bp) G -
4Rprimer
C D

WT  Aslr1780

0.4 1 422 439

slr1780 +
Zeo® cassette Chlorophyll
L/OD;s

_ 494 624 (mg/L/0D;:)
2 0.34
< 3.42£0.13
g
: da
3 S5
g 0.2 " u ",

slr1780 1 = wr 0.45+0.12

------ Aslr1780

350 450 550 650 750
Wavelength (nm)

Figure 4.3 Location of SIr1780 in the Synechocystis genome and production of a As/r1780 mutant

(A) Location of the Ycf54 coding gene sIr1780 in the Synechocystis genome. (B) Knock out cassette,
generated by fusion PCR, used to create Aslr1780 and the region of the Synechocystis genome into
which it integrates. (C) PCR amplification of the slr1780 region to confirm full segregation of the zeocin
resistance cassette, using the primers indicated in 1B. (D) Whole cell absorbance spectra of wild type

and Aslr1780 mutant Synechocystis cells.

4.2.3 Investigating the role of Ycf54 in Synechocystis

Initial observations of Aslr1780 suggested the Ycf54 protein had an important function in the
cell, as Aslr1780 cells exhibited significantly retarded growth and had a “blue” hue to their
pigmentation when compared to wild type cells. To further investigate the function of Ycf54
several methods were employed to analyse how the cell physiology of Synechocystis was

affected in Aslr1780.

4.2.3.1 Whole cell absorbance spectrum of Aslr1780
Examination of the absorption spectra from cells normalised for OD5,, shows the chlorophyll

absorbance maxima at 439 and 679 nm and the carotenoid absorbance maxima at 494 nm

are severely depleted in Aslr1780, whilst the absorbance maxima of the phycobiliproteins at
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624 nm remains unchanged when compared to the wild type (Figure 4.3 D). Upon
quantification of cellular chlorophyll (Figure 4.3 D), which was related to the same biomass as
assessed by light scattering at 750 nm, it was found Asl/r1780 accumulated 87 % less
chlorophyll than wild type cells grown under identical conditions. The absence of chlorophyll
in Aslr1780 is clearly seen in photographs of cell lysate fractions (Figure 4.5 A); in wild type
the whole cell lysate and membrane fraction are green, and in Aslr1780 whole cell lysate and

membrane fraction are blue and orange respectively.

4.2.3.2 HPLC analysis of Aslr1780 methanol extracted pigments
To investigate whether a deficiency in the chlorophyll biosynthesis pathway is the origin of

the significant reduction in chlorophyll in As/r1780, HPLC was used to analyse the chlorophyll
precursor pigments present in Aslr1780 and wild type cells. Cellular pigments from equal
quantities of cells were extracted with methanol (described in Section 2.7.1) and separated
on a Phenomenex C18 column according to the method described in Table 2.7. Figure 4.4 A
shows DAD absorbance spectra recorded at 432 nm. As observed with the whole cell
absorbance spectrum, the HPLC of As/r1780 is noticeably different to that of wild type cells.
Two “new” peaks are observed at 16.7 and 29.9 minutes and the peak at 26.4 minutes in the
wild type spectrum is absent in Aslr1780. The elution time and absorbance spectrum of the
peak at 29.9 minutes correspond to that of Mg-PME, the substrate of the cyclase and the
absent peak at 26.4 minutes corresponds to Pchlide, the product of the cyclase (for standards
see Figure 5.4). The accumulation of Mg-PME and absence of Pchlide suggest that the
chlorophyll biosynthesis pathway is blocked at the cyclase step, as the cells appear to be

incapable of converting Mg-PME to Pchlide.

The HPLC spectra also show a small peak with an elution time of 16.7 minutes (Figure 4.4 A)
that has an absorbance maximum of 432 nm (Figure 4.4 B) and does not relate to any known
photosynthetic precursor pigment; from here on this pigment will be referred to as pigment
A432. Of interest is that the Soret band of pigment A432 falls between the Soret bands of
Mg-PME (416 nm) and Pchlide (440 nm), as demonstrated in Figure 4.4 B. Similar behaviour
is observed with the red-end peak, which is located at 616 nm in pigment A432, at 589 nm in
Mg-PME and 631 nm in Pchlide. These spectra suggest pigment A432 may be an intermediate
in the cyclase reaction, or a breakdown product of MgPME, which is able to accumulate in the
absence of a working cyclase complex. To further investigate the identity of pigment A432, a
large scale purification protocol was devised to purify the pigment to near homogeneity to
allow for structural analyses using a combination of NMR and mass spectrometry (Section

4.3.4).
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Figure 4.4 HPLC analyses of methanol extracted pigments from wild type and Aslr1780 cells

(A) Chlorophyll precursors were extracted with methanol containing 0.2% (v/v) ammonium from an
equal volume of cells at an OD;5o = ~0.7 and analysed on a Phenomenex C18 column. Separation of
precursors was detected by a diode array detector set to 432 nm, the Soret peak of 3-formyl MgPME,
which is observed in Aslr1780 cells. The elution times of the pigments of interest, which differ
between wild type and Aslr1780 cells, are indicated. (B) Absorbance spectra of MgPME, Pchlide and 3-
formyl-MgPME (C) Mg-protoporphyrin IX monomethylester (D) Mg-3-formyl-protoporphyrin IX

monomethylester (E) Mg-protochlorophyllide.
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Figure 4.5 Accumulation of chlorophyll biosynthesis enzymes in wild type and Aslr1780 cells

Photographs of the whole cell, soluble and solubilised membrane lysate fractions, illustrating the
changes in pigmentation between wild type and As/r1780 (A). Western blot analysis of the soluble and
membrane fractions from wild type and Aslr1780 Synechocystis strains (B). Synechocystis cells were
disrupted by bead beating and whole cell samples were taken; soluble and insoluble samples were
Samples of known protein concentration (calculated using the
method of Kalb and Bernlohr (1977)) were separated by SDS-PAGE and transferred to a nitrocellulose

membrane, which was probed with antibodies to the magnesium chelatase subunits (ChlH, Chll, ChID
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4.2.3.3 Accumulation of the chlorophyll biosynthesis enzymes in Aslr1780
HPLC analyses showed that chlorophyll biosynthesis in a mutant lacking Ycf54 was blocked at

the Mg-cyclase step. To investigate whether the absence of Ycf54 affects the accumulation
of the chlorophyll biosynthesis enzymes, specifically the AcsF catalytic subunit of the Mg-
cyclase SI11214/SI11874, western blot analyses were performed on equal quantities of cell

lysates from wild type and Aslr1780 cells.

Cell lysates were obtained from cultures grown photomixotrophically under low light
conditions to an ODy5, of 0.6-0.8 (the method for preparation of cell lysates is described in
Section 2.6.7). These were then separated into the soluble and insoluble fractions by high
speed ultra-centrifugation and protein content was calculated using the method of Kalb and
Bernlohr (1977). Samples containing known quantities of protein were separated by SDS-
PAGE, then transferred to a nitrocellulose membrane and probed with antibodies to the
chlorophyll biosynthesis enzymes ChlIH, Chll, ChID, GUN4, ChIM, Ycf54, SIl1214/S111874
(CHL27), POR, DVR and ChlP (Figure 4.5 B).

Figure 4.5 B shows there to be differences in the accumulation of several chlorophyll
biosynthesis enzymes between wild type and Aslr1780 cells. Importantly, no Ycf54 is
observed in any of the Aslr1780 fractions. Greater levels of the MgCH subunits Chll and ChID
are observed in the soluble and membrane fractions of Asir1780 in comparison to wild type,
whilst the levels of ChlH, another sununit of MgCH, remain unchanged. Additionally, the
accumulation of GUN4, a stimulator of MgCH activity, is reduced in the membrane fraction of
Aslr1780 in comparison to wild type (Figure 4.5 B). Aslr1780 also has significantly reduced
accumulation of SI11214/S111874 and ChIP, and, to a lesser extent, reduced accumulation of
POR, in comparison to wild type. The observed decrease in Sll1214/SI11874 in Aslr1780
compared to wild type is not surprising given the two proteins are known to associate with
each other. More surprising is the effect As/r1780 has on the accumulation of ChIP, an

enzyme that does not directly precede or carry out the cyclase reaction.

No significant differences in the levels of ChlH, ChIM and DVR were found when probing
these blots. The amounts of these proteins appear to be similar across the three sets of

samples in all four strains.

4.2.4 Investigating the global cellular effects caused by the depletion of
Ycf54

It has been widely reported that a reduction in cellular chlorophyll accumulation has wider

implications for the cell, affecting the synthesis and stability of chlorophyll binding proteins
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like those found in the photosystem complexes PSI and PSIl. In turn, a reduction in
photosystem complex assembly is known to have knock-on effects on thylakoid formation
and cell size (Shimada et al., 2008; Fuhrmann et al., 2009). To investigate the effects caused
by depleting YCF54, likely to have wide-ranging consequences over the photosynthetic
machinery, the whole cell architecture was imaged using electron microscopy and
photosystem accumulation was assessed using a combination of CN-gels, sucrose density

gradients and low temperature fluorescence microscopy.

4.2.4.1 Comparison of Aslr1780 and wild type cellular architecture using electron microscopy
Given the dramatic reduction of chlorophyll observed in Aslr1780, it was decided to utilise

electron micrographs of thin layer sections to see if the composition of the thylakoid
membranes is affected. Electron micrographs of thin sections of both wild type and As/r1780
cells are shown in Figure 4.6. These micrographs were kindly prepared by Lenka Bucinska

using the method described in Kopecna et al. (2012).

Thin sections of wild type and mutant cells show significant changes in the ultrastructure of
the mutant (Figure 4.6). In the wild type the thylakoids are observed as parallel stacks of 2 —
5 membranes that closely follow the contour of the cell membrane (Figure 4.5). In Aslr1780
no such organised thylakoid membranes are visible. Instead membrane-like structures are
dispersed throughout the cytoplasm of the cell, whose curvature loosely follows that of the
plasma membrane. A similar phenotype is observed for the Synechocystis vippl (vesicle-
inducing protein in plastids 1) mutant. In Arabidopsis disruption of the VIPP1 gene severely
affects the ability of the plant to form structured thylakoids (Kroll et al., 2001) and in
Synechocystis partial deletion of the vippl gene leads to almost complete loss of thylakoid

formation (Westphal et al., 2001).

In Aslr1780 the abnormal biogenesis of the thylakoid membranes is likely to be a cumulative
effect stemming from the disruption of chlorophyll biosynthesis, leading to the reduced
assembly of photosystems, which form the majority of the protein component of the
thylakoids. To investigate this theory further, the accumulation of the photosystem
complexes photosystem | (PSI) and photosystem Il (PSll), as well as their light harvesting

antennae, the phycobilisomes, was investigated.
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Figure 4.7 Thin layer electron micrographs of wild type and Aslr1780 Synechocystis cells
Transmission electron microscopy of strained ultrathin sections from Synechocystis wild type and
Aslr1780 cells, grown photomixotrophically under low light conditions. Black arrows indicate thylakoid

membranes and white arrows indicate glycogen granules.

4.2.4.2 Analysis of photosystem and phycobilisome accumulation in Aslr1780
In wild type Synechocystis, the phycobilisome light harvesting antennae connect with the

photosystems and transfer light energy to the chlorophylls in PSI, which in turn transfer their
energy to a special pair of chlorophyll molecules located within the photosystem reaction
centres, where charge separation takes place (Renger and Holzwart, 2005). However, this
process is likely to be interrupted in Aslr1780 owing to the 93 % reduction in chlorophyll
accumulation, as the presence of chlorophyll is necessary for the assembly of functional
photosystem complexes (Mullet et al., 1990; Eichacker et al., 1992). A previous study found a
Synechocystis mutant lacking the light-independent protochlorophyllide reductase gene chilL
contained negligible levels of chlorophyll when grown in the dark, but still retained wild type
levels of the phycobilisome light harvesting antennae (Yu et al., 1999). From this previous
study it could be interpreted that the biosynthesis of chlorophyll containing complexes, such
as the photosystems, and their associated light harvesting antennae is “uncoupled”, with
synthesis of each occurring irrespective of their photosynthetic energy transfer partner. To
ascertain whether this is the case for other chlorophyll biosynthesis mutants, and not just a
phenomenon confined to dark grown chlorophyll-less mutants, the accumulation of the

photosystems and the phycobilisome light harvesting antennae in As/r1780 was determined.
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Initial analysis of photosystem accumulation was performed using two dimention CN-
PAGE/SDS-PAGE analysis. Purified membranes were prepared from As/r1780 and wild type
cells harvested at mid-log phase as described in Section 2.6.8. Isolated membranes,
normalised to the concentration of chlorophyll per OD;5, unit, were solubilised with -DDM

at a final concentration of 1 % (v/v) (described in Section 2.6.5).

The 2D PAGE analysis (Figure 4.7 A) of the wild type sample clearly resolves the PSI trimers
(PSI [3]), PSIl dimers (PSII [2]), PSI monomers (PSI [1]) and PSIl monomers (PSIl [1]). In the
slr1780 mutant, the bands representing PSI [3] and PSI [1] are present, but are far less
abundant than the wild type; the PSII [2] and PSIlI [1] complexes were undetectable on the
silverstained 2™ dimention SDS-PAGE. A Western blot of the second dimention was probed
with antibodies to ChIP, SI11214, POR and Ycf54. The ChIP and Sll1214 blots show these two
proteins to be significantly reduced in Aslr1780, which is concurrent with the Western blot
shown in Figure 4.6 B. A higher-order complex between POR and Sll11214, marked by an
asterisk, is present in the wild type, but absent in Aslr1780. This complex is supported by the

observation that Sll1214 interacts with POR, as discovered in Chapter 3.

To gain an understanding of the levels of PSIl and phycobilisome light harvesting antennae in
Asir1780, low temperature fluorescence emission spectra were recorded after excitation of
the chlorophylls at 435 nm and the phycobilisomes at 580 nm (described in Section 2.9.2).
For ease of comparison the 435 nm spectra were normalised for PSII fluorescence at 682 nm
and the 580 nm spectra were normalised to phycocyanin fluorescence at 646 nm. In wild
type cells after excitation at 435 nm, four clearly defined maxima are observed at 646 nm,
664 nm, 682 nm and 722 nm; an additional peak at 693 nm in the 682 nm shoulder is also
visible. The maxima at 682 nm, 693 nm and 722 nm arise from the chlorophyll molecules in
PSII (CP43), PSIl (CP47) and PSI, respectively, and the peaks at 646 nm and 664 nm represent
fluorescence from phycocyanin and allophycocyanin, respectively (Andrizhiyevskaya et al.,

2005).
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Figure 4.7 Analysis of photosystem accumulation in wild type and Aslr1780 Synechocystis cells

(A) For CN-gel electrophoresis isolated membranes were solubilised with 1 % B-DDM (v/v) and samples
were normalised for chlorophyll concentration/ OD;so. The fluorescence from the first dimension
native gel was photographed and after SDS-PAGE in the second dimension the gel was silver stained.
Alternatively, the gel was blotted and probed with antibodies specific to ChlP, SIl1214, POR and Ycf54.
(B) For the 77 K emission spectra, all samples were re-suspended in 80 % glycerol to an OD;5, = 0.1.
Fluorescence emission after excition at 435 nm (B) and 580 nm (C) was used to moitor PSI and the
phycobilisomes. For comparability the 435 nm emission spectra were normalised to the PSIl emission
peak at 682 nm and the 580 nm emission spectra were normalised to the peak at 646 nm. PC =

phycocyanin, APC = allophycocyanin and TPB = terminal phycobiliprotein.
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The differences after excitation at 435 nm between wild type and As/r1780 cells are
considerable (Figure 4.7 B) and include increased phycocyanin fluorescence at 646 nm, a blue
shift in the allophycocyanin peak from 664 nm to 659 nm, the loss of the PSII shoulder at 693
nm and a dramatic reduction in the PSI fluorescence maximum at 722 nm. The reduced
intensities of the PSI and PSII maxima derive from the reduced chlorophyll levels in Aslr1780
and the blue-shifted allophycocyanin peak can be explained by a disruption in energy transfer
between the terminal phycobiliprotein pigments and the photosystems, possibly suggesting
the phycobiliprotein light harvesting antennae are no longer attached to photosystem

complexes (Williams et al., 1980; Shimada et al., 2008).

After excitation at 580 nm (Figure 4.7 C) three highly defined maxima at 646 nm, 664 nm and
681 nm are observed. These represent phycocyanin, allophycocyanin and PSII respectively.
Although these peaks are all present in the wild type and Aslr1780 emission spectra, their
intensities differ. The emission maxima from allophycocyanin and PSll are greater in Aslr1780
cells than wild type cells. As mentioned earlier, the populations of the major chlorophyll
containing complexes, including PSIl are significantly decreased in Aslr1780, thus, the
increased intensity in the PSIl fluorescence maximum is unlikely to represent an increased
number of PSIl complexes. More plausible is that the increased fluorescence intensity is
generated from terminal phycobiliprotein pigments not associated with photosystem
reaction centres that lose their excess energy as fluorescence or increased vibration (Shimada

et al., 2008; Fuhrmann et al., 2009).

For further characterisation of the relative levels of phycobilisomes and photosystem
complexes, the photosynthetic complexes associated with the membrane were separated by
sucrose density gradient ultracentrifugation. Cultures of wild type and Aslr1780 cells were
harvested at mid-log phase (OD;5, = 0.5 — 0.8), the cells broken and the membrane fractions
isolated by ultra-centrifugation. Following normalisation of the membrane fractions to a
protein concentration of 20 mg ml™, the membranes were solubilised with B-DDM at a final
concentration of 1 % (v/v) using a homogeniser. The solubilised material was then diluted to
a final protein concentration of 1 mg ml™ and 1 mg of protein was separated by
ultracentrifugation on a continuous 10 — 30 % sucrose gradient (experiments were adapted
from Dihring et al (2006) and performed as described in Section 2.5.7). Images of the
thylakoid membranes fractionated by sucrose density gradient ultracentrifugation for wild
type and As/r1780 membrane complexes are presented in Figure 4.8. Both gradients have
three clearly defined coloured bands, which, moving from the slow to fast sedimenting
complexes, contain the free pigments, the PSI/PSII monomers and the PSI trimers

respectively.
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Figure 4.8 Separation of membrane protein complexes in wild type and Aslr1780 Synechocystis cells
via sucrose density gradients

10-30 % continuous sucrose gradients were used to separate membrane complexes, at a protein
concentration of 1 mg ml‘l, from B-DDM solubilised membranes isolated from wild type and Aslr1780
Synechocystis cells. Three clearly coloured bands were resolved, which represent free pigments,

PSI/PSIl monomers and PSI trimers.

4.2.4 Purification and identification of pigment A432 from Aslr1780

HPLC analysis of methanol extracted pigments from Aslr1780 reveals an unknown pigment
(pigment A432) that could be a putative intermediate of the cyclase reaction. The pigment
was found to elute at 16.7 minutes (Figure 4.4 A) and has a Soret peak at 433 nm (Figure 4.4
B). A large scale purification procedure was designed to obtain ~1 -2 mg of the pigment A432
in order to solve its identity through a combination of MS and NMR. However, this
purification was somewhat hindered by the low abundance of pigment A432. Therefore, an
alternative mutant, which accumulates the pigment A432 at a three-fold higher
concentration than Aslr1780 was used. This mutant (constructed and described in Chapter

5), has a point mutation in the s/r1780 gene and exhibits a similar phenotype to Asir1780.

Several methods to extract pigment A432 from the culture supernatant or pelleted cells were
tested, which ranged from using a solvent-based extraction system or a DEAE cellulose ion-
exchange column. However, the best method for extracting pigment A432 was to use phase
partitioning with diethyl ether to extract the pigment directly from a cell suspension of R82A,
grown to an ODysq ~1.5 (described in Section 2.7.3), avoiding all contact with plastic (the
pigment is highly sticky and the yield was dramatically reduced if the sample came into
contact with plastic). It was found the cells required growth to a relatively high OD in order

to accumulate significant amounts of pigment for extraction.
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Figure 4.9 HPLC analysis of large scale purification of pigment A432 from Synechocystis strain R82A

R82A cells were grown photomixotrophically under low light conditions to an OD;5q = ~ 1.5. Pigment
A432 was extracted from whole cell suspensions with diethyl ether via phase partitioning. The
pigments were further purified on a preparative HPLC column using a UniverSil C18 preparative
column. The HPLC chromatogram of the purification, recorded at 432 nm, is shown above. The two
forms of pigment A432 and their associated absorbance spectra are highlighted. Two samples were

collected for NMR and MS analysis, fraction 1 (highlighted in gold) and fraction 2 (highlighted in green).

Analysis of the pigment purified using the large scale protocol revealed the accumulation of
two peaks, which were only partially resolved by HPLC, each with the characteristic
absorbance spectra of pigment A432 (Figure 4.9). Given the similarity of the absorbance
spectra and the difficulty of separating these peaks with the use of different HPLC protocols,
it is likely these could be monovinyl and divinyl versions of the same pigment, as the DVR
enzyme is known to act upon multiple substrates in the chlorophyll biosynthesis pathway
(Tripathy and Rebeiz, 1986; Tripathy and Rebeiz, 1988b; Whyte and Griffiths, 1993; Rebeiz et
al.,, 1994). Owing to the close elution times of the two peaks, only the outer regions,

highlighted in yellow and green, were collected for further experimental work, to help
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minimise cross-contamination of the two samples. From here on in fraction 1 will be referred

to as peak 1 and fraction 2 as peak 2.

For MS analysis, ~350 pg of dried pigment A432 was dissolved in 50 ul of LCMS grade
methanol and infused, via a syringe pump into a MaXis UHR-TOF instrument (Bruker
Daltronics), at a flow rate of 3 ul min™. For NMR analysis ~0.75 — 1 mg of dried pigment was
re-suspended in 500 pl of deuterated methanol, placed in a sample vessel and the 1D spectra

acquired at 298 K in a 600 MHz Bruker spectrometer fitted with a cryoprobe.
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Figure 4.10 MS analysis of pigment A432
Mass spectrum showing the radical cations generated from HPLC purified fraction 1, containing

pigment A432 (peak 1) (A). Close up of the isotopic cluster peaks of the major product ion at 623.2191
m/z (B). MS analysis was performed by Dr Phil Jackson.

Mass analysis using electrospray ionisation (ESI) MS showed that the molecular ion peak of
pigment A432 has an m/z of 623.2191 (Figure 4.10 A), a mass value that is compatible with

the expectations of an m/z around 600 with a fractional mass of 0.20 - 0.24 Da. Upon
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maghnification of the spectra (Figure 4.10 B), the isotopic cluster peaks correspond to a
molecule with up to three **C atoms. To elucidate the chemical composition of pigment
A432, the closest matching empirical formula was estimated for a radical cation with a
molecular mass of 623.2191 Da, using the MgPME empirical formula as a backbone. The
closest match to this mass corresponds to an empirical formula of C3sH3;N,OsMg, which has a
molecular mass of 623.2139 Da, with an error of 8 ppm. This error is reasonable given the
MS instrument used. The mass difference between MgPME (CssH3;N,0,Mg = 598.9753 Da)
and pigment A432 is 24.9709 Da, which translates to the addition of one carbon and one
oxygen, as well as the loss of three hydrogen atoms from MgPME to form to pigment A432.
Additionally, the estimated m/z of pigment A432 does not correspond to the mass of either
of the proposed cyclase intermediates, B-hydroxypropyl monomethylester or B-ketopropyl
monomethylester, whose molecular weights are 614.9748 Da and 612.9589 Da, respectively.
This finding suggests pigment A432 may not be a direct intermediate of the cyclase reaction,
but rather the product of further, as yet unknown chemical transformation, likely to be

driven by the high intracellular concentration of MgPME.

To further probe the structural identity of pigment A432 MS-MS analysis was performed. The
target ion at 623.2191 Da (Figure 4.13 A) was selected for MS-MS, which is represented by
the precursor ion peak at 623.2295 Da in Figure 4.11 B (the mass difference between the two
ions is due to reduced mass sensitivity during MS-MS analysis). The MS-MS did not yield
many product ions, a commonly reported phenomenon when analysing the MS-MS of
tetrapyrrole molecules (Alvarez et al., 2012), arising from the innate stability of the
tetrapyrrole ring system. Nevertheless, some interesting ions, representing neutral losses
from the macrocycle could be detected and are highlighted in Figure 4.11 B. Possible
fragment ions, representing the loss of side chains from the main macrocycle are shown in
Figure 4.11 A, along with the structures and molecular weights of the C-13 side chains from
the two predicted cyclase reaction intermediates, B-hydroxypropyl monomethylester and B-
ketopropyl monomethylester. The neutral loss of 72 Da (highlighted in blue) corresponds to
the radical cation generated from the loss of the functional group (CH,CH,COOH) attached at
C17, indicating this side chain is unaltered in the conversion of MgPME into pigment A432. A
neutral loss of 36 Da is also observed, which corresponds to the removal of two H,0
molecules, one of which is likely to be lost from the carboxylic acid side chain attached at
C17; the other may arise from the as yet unidentified C13 functional group. Two smaller
fragments with masses at 343.2319 Da and 371.2474 Da, with a mass difference of 28 Da are
also observed in the MS-MS. It is not clear where these peaks originate from, but they

possibly represent fragments of the broken macrocycle, the neutral loss of 28 Da is likely to

132



Chapter 4

represent the loss of a CO moiety. No losses were observed that correspond to the C13
functional groups of the proposed intermediates of the cyclase reaction. This suggests that
whilst parts of the macrocycle remain unchanged in comparison to MgPME the functional
group attached at C13 has been modified in a manner that is not consistent with the

proposed intermediates of the cyclase reaction.
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Figure 4.11 MS-MS analysis of 623.2191 Da target ion

Mass spectrum showing the radical cations generated from MS-MS analysis of the 623.2191 product
ion. (A) Structure of the tetrapyrrole backbone common to both MgPME and Pchlide. The three
different side chains likely to be lost during MS-MS are highlighted, and their corresponding molecular
weights are given. ?7? represents the three potential side chains likely to be attached at position 13C
according to existing literature. (B) Spectra of product ions generated after MS-MS of the 623.2191
product ion highlighted in Figure 4.13 A. Highlighted are the major product ions and their mass

difference from the precursor ion (623.2295 Da).
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Figure 4.12 1D NMR analysis of pigment A432

1D NMR spectra showing the protons in pigment A432 (A), highlighted in blue are the signals
generated from methanol and water, highlighted in grey are the signals from contaminants within the
buffer and highlighted in orange are the regions of spectra shown in B and C. (B) proton signals from
MgPME, Pchlide and pigment A432 with a chemical shift between 4.2 — 4.6 ppm, highlighted in blue is
the additional triplet signal from the mystery pigment. (C) mesoproton signals from MgPME, Pchlide
and pigment A432 with a chemical shift between 9.5 — 12.0 ppm, asterisked on MgPME and Pchlide are
the mesoprotons to which the signals correspond; peaks a and b in the pigment A432 spectra

represent two additional proton peaks. NMR analysis was performed by Dave Armstrong.

134



Chapter 4

In order to gather a clearer picture as to the structure of pigment A432, 1D NMR was
performed and the spectra of pigment A432 was compared to those generated by MgPME
and Pchlide. Also present in the 1D NMR spectra of pigment A432 (Figure 4.12 A) are several
signals from other sample components, such as the intense shifts from methanol and water,
at 3.5 ppm and 4.7 ppm, respectively, and the shifts in the low field region, between 0 and
2.5 ppm, which are most likely from remaining column material or remaining impurities from
Synechocystis. Two regions of interest, in which pigment A432 spectra differs from the 1D
spectra of MgPME and Pchlide, are highlighted in yellow (B and C) and magnified for further
clarification in Figure 4.12 B & C.

Figure 4.12 B displays a magnification of the region between 4.2 and 4.6 ppm, which shows a
set of three triplets in the spectra of pigment A432, a set of two triplets in the MgPME
spectra and a doublet of triplets in the Pchlide spectra. The differences observed between
the MgPME and Pchlide spectra are due to the proximity of the Pchlide C17 side chain
protons to the cyclised C13 side chain, which in MgPME is not cyclised, hence the signals from
the MgPME-C17 side chain protons are not split, as the protons in the C15 and C17 side
chains are not close enough in space to exert an effect on each other. These spectra suggest
the C13 side chain is not cyclised in pigment A432, as the triplets observed have not been
split into a doublet of triplets. However, the presence of a third triplet in this region,

highlighted in blue, may indicate an additional CH or CH, group on the C13 side chain.

The singlet signals generated by the meso-CH’s in MgPME, Pchlide and pigment A432 are
magnified in Figure 4.12 C; the signals from these protons are shifted into the region
between 10 -10.5 ppm due to their proximity to the delocalised tetrapyrrole ring. Typically
these appear in the order of C5, C10, C15 and C20 moving up-field (Fookes and Jeffrey, 1989;
Alvarez et al., 2012). The four singlet signals from MgPME are from the protons located on
C5, C10, C15 and C20, whilst the four singlet signals from Pchlide are from the protons
located on C5, C10 and C20. The loss of a signal at C15 in Pchlide is due to the loss of the
proton at C15 upon formation of the isocyclic ring. The pigment A432 spectra clearly show
three meso-CH singlets between 10 — 10.5 ppm, most probably representing the protons
located at C5, C10 and C20. The spectra also shows two additional singlets, signals a and b,
located further downfield at 11.6 ppm and 10.9 ppm, respectively. This downfield shift could
be caused by two chemical environments, either the presence of an additional ring structure,
which magnifies the effect of delocalisation on the proton shift, or the presence of an
electron withdrawing substituent, such as the addition of an oxygen. This suggests that the
pigment A432 C13 side chain could consist of an isolated proton group, situated next to an

additional ring structure or oxygen functional group, which would account for one of the
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singlet peaks. The second singlet peak is likely to be from the mesoproton at C15, as the
signals shown in Figure 4.12 B show the isocyclic ring is unformed, with the further shift
arising from the proximity of this proton to the delocalised ring structure or oxygen

containing functional group situated on the C13 side chain.

Although the structure of pigment A432 has not yet been fully elucidated, several advances
have been made in determining its identity. ESI-MS has enabled the pigment’s molecular
weight to be determined as 623.2 Da and both ESI-MS and NMR have suggested the presence
of an additional oxygen atom, most likely located on the C13 side chain. It is also known that
the C17 side chain remains unchanged from MgPME and that the C13 side chain has not
cyclised to form the isocyclic group. However, to allow for further elucidation of the
structure of pigment A432, additional NMR studies are required, incorporating the use of
further structural diagnosis techniques. Similar studies on the structures of tetrapyrrole
molecules have shown ROESY (Rotating-frame Overhauser Effect SpectroscopY) analyses to
be a powerful tool in determining the distances between protons (Xiliang et al., 2005; Alvarez
et al., 2012) and this technique will therefore be used in future studies to obtain the

structural identity of pigment A432.

4.3 Discussion

The aim of the work presented in this chapter was to determine if the protein Ycf54 had a
functional role in the Mg-cyclase. Based on the available biochemical data, the Mg-cyclase is
expected to be active as a multi-subunit complex. This evidence comes from reconstitution
of cell extracts from cucumber, barley, Chlamydomonas reinhardtii and Synechocystis, where
both soluble and insoluble fractions of the cell lysate were required for conversion of MgPME
to Pchlide to be observed (Walker et al., 1991; Bollivar and Beale, 1996a; Rzeznicka et al.,
2005). In addition, genetic analyses show the membrane component is likely to be composed
of two proteins; one is a homologue of AcsF (Pinta et al., 2002), a known gene, and the other
is an as yet unknown protein so far only identified in the barley mutant viridis-k (Rzeznicka et
al., 2005). Current knowledge of the individual components of the Mg-cyclase is limited to
homologues of the Rubrivivax gelatinosus AcsF protein. Previous work identified two genes
in Synechocystis, sll1214 and sll1874, as acsF homologues, which encode a membrane
associated component of the Mg-cyclase (Minamizaki et al., 2008a; Peter et al., 2009), which
contains a putative di-iron site and, thus, is viewed as the true catalytic subunit of the Mg-

cyclase (Tottey et al., 2003a).
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4.3.1 Ycf54 interacts with the Mg-cyclase catalytic components S111214 and
S111874

To identify other Mg-cyclase components, the N-termini of Sll1214 and Sll1874 was tagged in
vivo with a 3xFLAG peptide. Pulldown experiments identified the unknown hypothetical
protein Ycf54 as an interaction partner in each case (Chapter 3). A reciprocal pulldown assay
using N-terminal FLAG-tagged Ycf54 as bait, trapped SIl1214 (Figure 4.2). Although SIl1874
was absent from the FLAG-Ycf54 elute, this was not surprising as Sll1874 is reported to only
accumulate under micro-oxic conditions (Minamizaki et al., 2008a) and the FLAG-Ycf54 strain

was cultured under aerobic conditions.

4.3.2 Synechocystis cells deficient in Ycf54 are blocked at the Mg-cyclase
step

Analysis of the cellular localisation of Ycf54 (Figure 4.5) shows the protein to be highly
hydrophilic, with a small proportion associating with the membranes, where it presumably
forms an interaction with SIl1214/SI11874 (Figure 4.2 C). Thus, Ycf54 is presumably a
candidate protein for the “soluble” component of the Mg-cyclase. To test this hypothesis and
to further understand the function of Ycf54, a strain of Synechocystis was generated, where
the Ycf54 encoding gene sIr1780 was replaced with a zeocin resistance cassette. The
resulting strain Aslr1780 produced a strong phenotype, which greatly impeded cell growth
and reduced the level of chlorophyll accumulation to 13 % of wild type (Figure 4.4). Most
importantly, Aslr1780 accumulated very high levels of MgPME, the substrate of the Mg-
cyclase, and no Pchlide, the product of the Mg-cyclase, could be detected (Figure 4.4 A); this

is the first evidence for Ycf54 being a newly identified component of the Mg-cyclase.

The absence of Ycf54 has consequences for the accumulation of other chlorophyll
biosynthesis enzymes, most notably the AcsF homologue Sll1214 and the geranylgeranyl
reductase, ChIP (Figure 4.5). The decrease in Sll1214 could itself (to an extent) explain the
observed 93 % reduction in chlorophyll content, as a sll1214~ Synechocystis mutant
possessing about 50 % of wild type SI11214 displays a similar decrease in chlorophyll content
(Minamizaki et al., 2008a). One possible conclusion to be drawn is that Ycf54 may not be a
true catalytic component of the Mg-cyclase, but rather required for the stability and
accumulation of the catalytic SIl1214 protein. Alternatively, Ycf54 could facilitate the
formation of a catalytic complex between the Mg-cyclase and the chlorophyll biosynthesis
enzymes that precede and carry out the Mg-cyclase reaction. Evidence for the formation of a

large multi-enzyme chlorophyll biosynthesis complex was found in Chapter 3 of this thesis.
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Both AcsF homologues, SIl1214 and SII1874, were found to interact with CPOIll, POR and

ChlIP, chlorophyll biosynthesis enzymes found up- and downstream of the cyclase reaction.

4.3.3 Reduction in chlorophyll accumulation in Aslr1780 has global effects

on chlorophyll containing complexes and the thylakoid membranes

The knock-on effects of reduced chlorophyll accumulation are dramatic and have severe
consequences for the accumulation of “green” proteins and the internal cellular architecture
of Synechocystis. Chlorophyll is known to be essential for the assembly and innate stability of
the PSI and PSIl complexes (Kim et al., 1994; Kopecna et al., 2013) and 80 % of cellular
chlorophyll is associated with PSI when Synechocystis is grown under low light conditions
(Mimuro and Fujita, 1977; Rogner et al., 1990). In the case of Aslr1780, cellular chlorophyll is
reduced by 87 % (Figure 4.3 D) and both low temperature fluorescence spectroscopy (Figure
4.7 B & C) and sucrose density gradient analyses (Figure 4.8) show PSI is proportionally
reduced. Defects in thylakoid membrane formation are known to arise from different
limitations, including depletion of photosystem components and assembly factors (Voelker
and Barkan, 1995; Meurer et al., 1998; Fuhrmann et al., 2009), galactolipids (Kobayashi et al.,
2007), carotenoids (Mohamed et al., 2005) and chlorophylls (Eichacker et al., 1992; Falbel
and Staehelin, 1994). Aslr1780 has reduced accumulation of chlorophyll and PSI, two factors
which have been shown to result in undeveloped or a reduced number of thylakoid
membranes (seen in Figure 4.6). The reduced number of thylakoid membranes could also be
a factor in the decreased levels of chlorophyll biosynthesis enzymes ChIP and SI11214. Both
are non-transmembrane proteins that localise with the thylakoid membranes (Srivastava et
al., 2005) so it is plausible these proteins could be degraded soon after translation if they

cannot properly localise with the thylakoid membrane.

4.3.4 Pigment A432, which accumulates in Aslr1780 cells is not one of the

proposed cyclase intermediates

In addition to accumulating MgPME, Aslr1780 was also found to accumulate pigment A432,
an unidentified pigment (Figure 4.4 A), whose absorption spectra (Figure 4.4 B) revealed
some intriguing spectroscopic properties. At 432 nm, the Soret peak of pigment A432 falls
directly between MgPME (416 nm) and Pchlide (440 nm), suggesting this pigment is an
intermediate between the substrate and product of the Mg-cyclase, thus indicating we may
have identified an intermediate in the cyclase reaction. However, the absorption
characteristics of this pigment do not correspond to the spectroscopic properties of the
proposed intermediates B-hydroxypropyl- and B-ketopropyl- monomethylester; the former

has absorbance characteristics very similar to those of MgPME (Walker et al., 1988) and the
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latter has a similar absorbance spectrum that is red-shifted by a few nanometers (Smith and
Goff, 1986). Therefore it was decided to structurally identify the pigment using a

combination of mass spectrometry and NMR.

The molecular mass of the pigment had an m/z of 623.21 Da (Figure 4.8), which is slightly
larger than the molecular masses of MgPME and Pchlide, whose molecular weights are
598.2430 Da and 610.94 Da respectively. This correlates to the addition of one each of
carbon and oxygen and the loss of three hydrogen’s from MgPME, assuming that pigment
A432 is a product originating from MgPME, which is likely given pigment A432 still retains the
propanoic side chain situated at C17. NMR analyses further revealed the pigment to retain a
non-cyclised side chain at C13, which, according to the downfield shift of the C15 mesoproton
(Figure 4.10 C) and predicted empirical formula, is likely to contain an oxygen atom and a
possible delocalised ring system. Whilst the exact structure of pigment A432 has yet to be
fully elucidated, two important conclusions can be drawn. Firstly, pigment A432 appears to
retain much of the MgPME backbone, but with a modification at the C13 side chain and
secondly, pigment A432 is not either of the proposed intermediates, B-hydroxypropyl- or -

ketopropyl- monomethylester.

4.3.5 Conclusions and future work

Overall the data gathered within this chapter lead to the conclusion that Ycf54 is required for
cyclase activity in vivo and for the accumulation of chlorophyll and chlorophyll requiring
complexes. However, whether Ycf54 has a role in catalytic Mg-cyclase activity, or if the
protein plays a critical role in the synthesis/maturation of SI11214/Sl11874 or in the assembly
of a cyclase complex is unclear and is further investigated through a series of in vivo point

mutations in Chapter 5.

The work performed in this chapter complements the work published by Hollingshead S, et al.
(2012), which was performed using an unstable partially segregated slr1780" mutant
obtained from Professor T Ogawa. Analysis of the two slr1780 mutant strains showed that
both strains synthesised very low levels of chlorophyll (4slr1780 has a 93 % reduction and
slr1780° has a 70 % reduction compared with wild type cells) and accumulated significant
levels of MgPME, indicating a “blockage” at the cyclase step. However, differences are
observed in the accumulation of the chlorophyll biosynthesis enzymes. Whilst both strains
exhibited a reduction in the AcsF subunits SI11214/SI11874, the s/r1780 strain was found to
have reduced levels of ChIM and POR, whilst Aslr1780 retained wild type levels of these
proteins. Additionally, Aslr1780 was found to have reduced levels of ChlP, whilst s/ir1780~ did

not. It is likely these differences result from the slr1780 strain was constructed and grown;
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SIr1780 was constructed by the insertion of an erythromycin resistance cassette between
175 bp and 176 bp of the slr1780 gene (data obtained by sequencing the slr1780 region),
which means half of the 321 bp gene will be expressed, and could possibly interfere with
cellular mechanisms and s/r1780~was grown in medium containing 10 ug ml™* erythromycin,
an antibiotic that works by binding to the 50s ribosome subunit, preventing the transfer of

tRNA from the A site of the ribosome to the P site and protein synthesis (Weisblum, 1995).

These data suggest the biosynthesis of the chlorophyll-containing complexes PSI and PSlI
occur independently of the biosynthesis of the phycobilisomes light harvesting antennae with
which they are associated. This is an interesting phenomenon as it is not known why a cell
would synthesise complex protein complexes that are surplus to requirements. Additionally,
the phycobiliproteins not associated with photosystem reaction centres will absorb actinic
light whose energy cannot be dissipated through charge separation, but rather will be lost as
heat or down other pathways likely to be harmful to the cell. Therefore, future work is likely
to focus on understanding the relationship between phycobilisome and PS biosynthesis and

how these pathways are regulated with respect to each other.

Analyses of the chlorophyll biosynthesis enzymes and light harvesting complexes showed a
huge difference in their accumulation between wild type and Aslr1780 cells. However, these
experiments were limited to probing for known enzymes with a limited number of available
antibodies. In order to assess the global effects caused by the Ycf54 deficient phenotype,
guantitative MS will be performed comparing the proteome of Aslr1780 and Ny labelled wild
type cells. Such a study may result in the identification of previously undiscovered proteins
involved in the regulation of chlorophyll biosynthesis, photosystem assembly and possibly the

unidentified subunit(s) of the cyclase.

Although several steps have been taken to solve the identity of pigment A432, further
experiments are required to obtain full structural identity. As discussed earlier, future work
to fully solve the structure of pigment A432 is likely to involved analysing a larger quantity of

pigment, cleaned up to contain fewer impurities in the up-field region, by ROSEY NMR.
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5. Introduction of point mutations into the native
slr1780 (Ycf54) gene to determine the role of Ycf54 in
the Mg-protoporphyrin IX monomethylester oxidative

cyclase complex

5.1 Introduction

The previous chapter described how Ycf54, a protein required for cyclase activity, was
identified through pulldown experiments with the known oxidative cyclase components
SlI1214 and Sll1874. A Synechocystis Ycf54 knockout mutant (Aslr1780) was created and the
effects of this mutation on the cell were characterised. These analyses showed that the
Aslr1780 strain to be severely impaired at the step of the Mg-protoporphyrin IX
monomethylester oxidative cyclase, which in turn led to the Aslr1780 cells being almost
devoid of chlorophyll. Additionally, it was found As/r1780 had reduced accumulation of the
chlorophyll biosynthesis enzymes SI11214 and ChIP and that this mutant contained virtually
no thylakoid membranes, when thin sections were imaged using electron microscopy. Taken
together these results lead to the conclusion that Ycf54 is required for cyclase activity in vivo
and for the accumulation of chlorophyll and chlorophyll-requiring complexes. However, the
exact function of Ycf54 has not been established. For example, it is not known if Ycf54 is
required for the assembly and stability of an active cyclase complex, or if the protein is
essential for catalytic activity of the cyclase. If Ycf54 is not an essential component of the
cyclase, it may be required to promote stability of the cyclase or a higher chlorophyll
biosynthesis complex. This hypothesis stems from the significant reduction in Sl11214 and
ChlP observed in the Aslr1780 mutant. Furthermore, Sll1214 is a critical component of the

cyclase and a reduction in this protein alone would explain the blockage at the cyclase step.

To determine whether Ycf54 has a catalytic or complex stabilisation/formation role it was
decided to identify highly conserved residues within the Ycf54 gene and systematically
mutate these to alanine in vivo. In the absence of a working cyclase complex, in vitro enzyme
assays cannot be performed, therefore the observation of point mutations on the
Synechocystis phenotype is a valid approach for determining the role of Ycf54 in cyclase
function. Additionally, many groups have successfully used in vivo point mutations to study
the function of proteins that cannot easily be performed in vitro (Chamovitz et al., 1993; Shen

et al., 1993; Vermaas, 1993; Giese and Vierling, 2002).
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In this chapter the role of seven absolutely conserved residues on Ycf54 function is
investigated through a variety of techniques including, absorbance and fluorescence

spectroscopy, HPLC analyses, FLAG-pulldown affinity experiments and western blots.

5.2 Results

5.3.1 Identification of conserved residues in the Ycf54 gene

A BLASTp search of the Synechocystis Ycf54 gene was performed to identify homologues in
other photosynthetic organisms.  Ycf54 genes from fourteen different organisms,
representing a diverse spectrum of oxygenic photosynthesisers, were aligned and conserved
residues identified using ClustalW2. The alignments reveal a conserved core domain of
ninety residues, seven of which are absolutely conserved (Figure 5.1). The N-terminal
domain extension (highlighted in green) found in the plant and algal proteins is a plastid
localisation sequence required to target the nuclear encoded Ycf54 to the site of

photosynthesis inside the chloroplasts.

All of the conserved seven residues are found within discrete groups of high similarity,
suggesting these regions may be important for Ycf54 function. With reference to the
Synechocystis Ycf54 primary sequence the seven conserved residues are: Ala9 (A9), Phel3
(F13), Glu22 (E22), Glu26 (E26), Asp39 (D39), Phe40 (F40) and Arg82 (R82). To determine if
these residues are required for Ycf54 function in vivo a construct was made to individually
mutate six of these residues to alanine (F13, E22, E26, D39, F40 and R82A) and A9 to a
glycine. Currently, there is no reproducible assay to monitor cyclase activity in vitro,
therefore one of the only methods available for probing the function of these residues is by in
vivo point mutations. By placing each of these point mutations in the native gene under the
control of the native sir1780 promoter, rather than the light driven psbAll promoter used for
expression of FLAG-tagged proteins, the true effect of these point mutations on the whole

cell physiology will be observed.

5.2.2 Construction of a vector to introduce point mutations into sir1780

Homologous recombination in Synechocystis requires the alignment of ~300 bp of
homologous DNA. To allow for a recombination event at the slr1780 locus, a plasmid was
constructed containing the slr1780 gene and the 300bp directly upstream of the start codon,
followed by a chloramphenicol resistance cassette and the 500 bp directly downstream of
slr1780 (Figure 5.2). The plasmid was constructed by amplifying the two regions of

Synechocystis DNA from Synechocystis genomic DNA (using primers Slr1780 Upstream F +

142



Chapter 5

Synechocystis PCC6803
Synechococcus WH5701
Synechococcus JA-2-3B
Prochlorococcus marinus MIT920
Gloeobacter violocerus PCC7421
Thermosynechococcus elongatus
Cyanidium caldarium

Gracilaria tenusistipitata liu

Vitis vinifera MHFIT—= === === === ——— IFKI1QLGASF KTAVASIESDQLSS---SDPA 33
Arabidopsis thaliana MWSVTGALTVAVPPTAAACRTKPFL I SSSFPKQTKKLHLSSPSLSLPSSHFSSSFKTAAT 60
Oryza sativa Japonica group ~MVAPATLSLRPFATLAPSRAALPRVGAGFA------ LPPAVSCQPRRRRLS--LRAVAV 51
Zea mays ~MVTPATFSLRPSAPPAPPRAGLPRARACFAPAIR--TSPSVAFSYQPRRFSGIRRAVAV 57
Ostreococcus tauri MRVRARAHAD AASTEGWTART ISA---RRAT 28
Cyanidioschyzon merolae 10D ~ ————— oo
N-terminal plastid localisation peptide
Synechocystis PCC6803 P---FEEV[EKEZREDYGEKNKE IDEW 41
Synechococcus WH5701 P---LEEV/EREZVRNYGEVGKAIDEW 46
Synechococcus JA-2-3B —---PLEEV|EEE;RRYYCEEHHHPVDFF 45
Prochlorococcus marinus MIT920 P---LDE I EKERMENYKENNKE IDFW 41
Gloeobacter violocerus PCC7421 --—-AQEV[EEEXT[®HYLAHSKAIDFW 41
Thermosynechococcus elongatus P---LEEV[FREZQ&RHYREQGKE IDFW 41
Cyanidium caldarium P---LEEIERENT[EHF IANNKSIDEW 45
Gracilaria tenusistipitata liu P-——1EEIEREXTINHYKN IKKEIDEW 41
Vitis vinifera --EHFKEL|EFEZILRYYGERSKEQDFW 81
Arabidopsis thaliana --EHFQEQEFE;ILINYFGERELVQDFW 114
Oryza sativa Japonica group --EHFQEQEKENLEHLYGEREKEQDFW 109
Zea mays —--EHFQEQFAENLINYAERDKEQDFW 114
Ostreococcus tauri NNEHFPE I EREZIREFFKEKGKEQDEW 82
Cyanidioschyzon merolae 10D -—-AVEEIERE}SEYYLAKSLKKDFA 42
|

Synechocystis PCC6803 iVIQPAFLNAPELAEAKAKAPEKNVA———I LR EY“LTGEFEAPSDAI 98
Synechococcus WH5701 MLKRPAFLSAPELSALATKVPSPAAA---V LR EFvAKGSFEAPSASI 103
Synechococcus JA-2-3B VPQPAFMEAPELKPLRDKLKEPLGA---V! LR TFvEKGSFVAPSESI 102
Prochlorococcus marinus MIT920 [MLKNPSFLQTTQFADLKAKIPSTPAV---VL LR EFvAVGEFECPNAEI 98
Gloeobacter violocerus PCC7421 [BVRTPAFLAVPEFADLRHRCPAPAAA---V HR QYvLLGQFEAPSAAI 98
Thermosynechococcus elongatus [MVPEPAFLEQPQFAEQKARCPQPAAA---11 LRIEEY\Y|LXGQFTS--EEV 96
Cyanidium caldarium |JFD-STKLNAHSPNE IKTLQKTFFFPTILI I LR RYuFTDKIQLAIKL— 103
Gracilaria tenusistipitata liu &1 TNSSLLKSFSLEHIKEQLNEDYAA---V1 LR GFvTIGKFESNYIFS 98
Vitis vinifera BV 1 EPKFLDKFPN I TKRLRRPAVALV----~ LR DRvLSESYEAVSLEE 136
Arabidopsis thaliana BV 1 EPKFLDNFPK I TQRLRRPAVALV -~ —-— LR DRvLYDSFEATSLDE 169
Oryza sativa Japonica group [®VVEPKFLDRFPN I TKRLKRPAVALV-———--| LR DRvLAEQFEAETLEE 164
Zea mays [B\/VEPKFLDRFPN I TKRLKRPAVALV----~ LR DRvLQDQFDAESVEE 169
Ostreococcus tauri ]VPNPAFLDAMPEVKKK IRQPCVAVYV -~ ——~ LR DRvYKGGVEGAVCDI 137
Cyanidioschyzon merolae 10D LDAEDFKDYLPTHLAPLN-QFMLIV=----~ LREQY\|YKSYFDTD---- 92

Synechocystis PCC6803 PDPLASLD - —m oo 112
Synechococcus WH5701 EDPLAQQAY —— —m— e 112
Synechococcus JA-2-3B PDPLRSLSAAGS ——— = ——m m e e 114
Prochlorococcus marinus MIT920 IDPLKVE---—-- 105
Gloeobacter violocerus PCC7421 PDPLAVHTAAR-——————— 109
Thermosynechococcus elongatus PNPLASLASVLEHHHHHH- 114

Cyanidium caldarium
Gracilaria tenusistipitata liu
Vitis vinifera

Arabidopsis thaliana

Oryza sativa Japonica group
Zea mays

Ostreococcus tauri
Cyanidioschyzon merolae 10D

ALASNPTDIE-FEKPENWVAPYPKYEFGWWEPFLPPGSVKPKV 178
ALASNPTTLE-FDKPKNWVTPYPKYEPGWWDTFLPKVTQESAV 211
ALASNPVDLK-FDKPEKWTAPYPKYEYGWWEPFLPPKSSNGTA 206
ALASNPVELK-FEKPEKWTAPYPKYGFGWWEPFLPPKFSNGTA 211
LKSAAPVEADAFEAPKTWTAPYAKYAGGWWHVFEPNGDF---- 176
————————— QP ILKPKHKSYPl----——-—————————————- 105

Figure 5.1 Sequence alignment showing the evolutionary conserved residues of the Ycf54 domain

Amino acid sequence alignments of proteins predicted to contain the Ycf54 domain, generated using
ClustalW2. Sequences were obtained from: primordial cyanobacterium, Gloeobacter violoceus;
cyanobacteria, Synechocystis sp PCC6803, Synechococcus sp WH5701 and JA-2-3B, Prochlorococcus
marinus MIT920 and Thermosynechococcus elongatus; green plants, Vitis vinifera, Arabidopsis
thaliana, Oryza sativa and Zea mays; red algae Cyanidium caldarium, Cyanidioschyzon merolae and

Gracilaria tenusistipitata and the green alga Ostreococcus tauri. Conserved, highly similar and similar

residues are highlighted in blue, dark grey and black respectively.
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SIr1780 Upstream R and SIr1780 Downstream F + Slr1780 Downstream R) digesting them with
appropriate restriction enzymes and ligating them into pET3a, so as to flank a
chloramphenicol resistance cassette (PCR amplified using primers Cm® F + Cm® R) inserted at
the multiple cloning site. The resulting construct was confirmed by restriction digests and

sequencing and named pPM-s/r1780.

pPM-sir1780

upstream g (e 4l downstream

upstream downstream
l Aslr1780 genome
<< Lo
F primer % 02 é § gg é R primer
— * u; % k& I;I(. n*: —
upstream slr1780 cm?

slr1780 point mutant genome

Figure 5.2 Construction of a sIr1780 in vivo point mutation cassette

(A) Diagram of the cassette constructed to insert individual point mutations into the Aslr1780 genome,
via homologous recombination of the up- and down-stream regions. (B) Isolation of fully segregated
Aslr1780 knockout mutant and slr1780 point mutation mutants, confirmed by colony PCR by
amplifying the sir1780 locus (shown by F primer and R primer). Lane 1, WT; lane 2, AsIr1780; lane 3,
A9G; lane 4, F13A; lane 5, E22A; lane 6, E26A; lane 7, D39A; lane 8, F40A; lane 9, R82A.

The Stratagene QuickChange site directed mutagenesis kit was used to introduce the seven
point mutations of interest into the s/ir1780 gene located on pPM-slr1780. The primers used
to introduce these point mutations are listed in Table 2.5. Individual point mutations were
confirmed by sequencing of pPM-slr1780 before their transformation into the Synechocystis

genome.
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To ensure the point mutations are fully recombined into the Synechocystis genome the
constructs were transformed into the Synechocystis Aslr1780 mutant, which lacks the native
slr1780 gene (transformations and selection on chloramphenicol were performed as

described in Section 2.3.1). The transformants were serially plated onto BG-11 agar plates
containing 20 ug ml™, 40 pg ml™*, 80 pg ml™* and 160 pg ml™ chloramphenicol. Complete

segregation was confirmed by PCR analysis (Figure 5.2) using the primers Ycf54 F and Ycf54 R.

To confirm the point mutations were in all copies of the genome and in the correct location,
the slr1780 region was amplified with primers Aslr1780 KO F1 and Aslr1780 KO R2 and
sequenced, with the sequencing analysis confirming all the point mutation transformations as

successful.

5.2.4 Analysis of the slr1780 point mutants

Several methods were employed to determine if any of the seven point mutations had an
aberrant effect on cyclase activity or other components of the photosynthetic apparatus.
Analyses of the whole cell spectra and photosynthetic precursor pigments revealed
disruptions in chlorophyll accumulation, whilst native PAGE and western blot analyses
revealed differences in the assembly of the photosynthetic apparatus and expression of the

chlorophyll biosynthesis enzymes.

5.2.4.1 Spectroscopic analysis of s/r1780 point mutant strains
In order to determine any differences in the physiology of the Synechocystis slr1780 point

mutants, whole cell spectra were recorded and compared to wild type and Aslr1780 strains.
Each of the strains was grown photomixotrophically under low light conditions in BG-11
medium supplemented with 5 mM glucose to an OD;sy of 0.5-0.6. The cells were normalised
for OD;50 = 0.6 and whole cell spectra for each sample was measured by monitoring

absorbance between 350 nm and 800 nm on a UV-VIS spectrophotometer (Figure 5.3 A).

Differences in the whole cell pigments were observed by comparing the spectra of methanol
extracted pigments. Methanol extracts were obtained from cell pellets of slir1780 mutants
normalised for OD;5o = 1.0. These were washed in distilled water, before the pigments were
extracted as described in Section 2.7.1. The methanol extracted pigments were analysed by

UV-VIS spectroscopy by monitoring absorbance between 350 nm and 750 nm (Figure 5.3 B).

As a control, the pPM-slr1780 plasmid containing the wild type s/r1780 gene and no point
mutations was transformed into the As/r1780 mutant, enabling any effects caused by the
insertion of the chloramphenicol resistance cassette to be determined. This strain is referred

to as the Cm" control. Comparison of whole cell and methanol extracted spectra from the
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Cm® control and wild type strains show the introduction of a chloramphenicol resistance
cassette has no adverse effect on either of the absorbance spectra. Therefore, any variances
between the spectra of the point mutants and wild type Synechocystis will be a result of
introducing a specific point mutation and not an effect of the chloramphenicol resistance

cassette (Figure 5.3).
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Figure 5.3 Whole cell and methanol extracted pigment spectra of slr1780 mutant strains
Synechocystis strains were grown photomixotrophically under normal light conditions and
standardised for ODs5o = 0.6. (A) Whole cell absorbance spectra recorded for samples normalised to
light scattering at 750 nm. (B) Absorbance spectra of pigments extracted in 90 % methanol from cell
pellets. 1, WT; 2, cm® control; 3, A9G; 4, F13A; 5, E22A; 6, E26A; 7, D39A; 8, F40A; 9, R82A; 10,
Aslr1780.

The whole cell spectra of the majority of sir1780 point mutants (A9G, F13A, E22A, E26A,
D39A and F40A) are virtually identical to wild type indicating these point mutations have little
or no discernible effect on whole cell physiology. Also, the methanol extracted pigment
spectra of mutants A9G, F13A, E22A and E26A are identical to wild type, indicating pigment
biosynthesis in these strains is unaffected by any of these point mutations. Interestingly, the
methanol extracted pigment spectra of D39A and F40A both have an additional peak at 420

nm, which is not found in wild type and not detectable in the whole cell spectra. This
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suggests that D39A and F40A have an aberration in the biosynthetic pathway of a visible
pigment, which most likely translates into an aberration in the chlorophyll biosynthesis

pathway.

Of all the point mutants, R82A exhibits the most interesting phenotype; both the spectra
taken of R82A are very similar to the spectra of Aslr1780. The whole cell spectrum shows
that whilst the absorbance peak of the phycobilisomes at 632 nm is barely affected, there is a
significant reduction in the absorbance peaks of the photosystems at 443 nm and 684 nm.
The methanol extract spectrum also shows peaks at 416 nm and 442 nm, which differ from
the blue-end peaks found in the wild type spectra at 437 nm and 476 nm. Additionally, the
chlorophyll a absorption peak at 665 nm is significantly reduced in R82A to the level observed
in Aslr1780, illustrating chlorophyll is unable to accumulate in this mutant, an early sign of an

aberration in chlorophyll biosynthesis.

5.2.4.2 Growth rates and chlorophyll a content of Synechocystis slr1780 point mutant strains
To determine the effects of each point mutation on photoautotrophic growth and chlorophyll

a biosynthesis, the doubling time and chlorophyll a content of cells in mid-log phase were

ascertained.

Photoautotrophic growths were performed in triplicate under normal light conditions in BG-
11 medium supplemented with 10 mM TES pH 8.2. Growths were set up from starter
cultures of all strains grown under low light conditions in BG-11 medium supplemented with
10 mM TES and 5 mM glucose. The starter cultures were standardised by OD;so, washed in
BG-11 medium to remove the glucose, and used to inoculate the photoautotrophic growth
cultures to a starting OD;50 = 0.1. The starter cultures used were grown in medium
supplemented with glucose, as Aslr1780 and R82A were unable to achieve significant growth
without the aid of an external carbon source. The doubling time of each mutant was
monitored by taking cell density readings at OD;so every 12 hours for a total of 108 hours.
The doubling times (Table 5.1) were calculated (Equation 5.1) for each strain by taking the

exponent (u) from the equation for the trend-line plotted of each growth curve.

Equation 5.1 Calculation of doubling times (hours)
y=n-e*

u
Doubling time (hours) = 32

The chlorophyll a content was calculated in triplicate from methanol extracts of cultures

grown photoautotrophically, under normal light conditions (40 pumol photons m™ s*),
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normalised for cell density at OD5, = 0.6, using Equation 2.1 (Porra et al., 1989), as described

in Section 2.7.2.

The doubling times and chlorophyll a content calculated for the wild type and €m" control
strains are almost identical, demonstrating that insertion of a chloramphenicol resistance
cassette directly downstream of the s/r1780 gene has no effect on cell growth and

accumulation of chlorophyll a.

Table 5.1 Photosynthetic growth rates and chlorophyll a content of s/r1780 mutants

Doubling time Chlorophyll a
Strain Hours fold increase gL 0Dy % reduction
compared to WT compared to WT

wT 32 (+1) _ 3.4(+0.1) _

Aslr1780 120 (+12) 4 1.0 (+ 0.4) 72

control 32(x1) 1 3.2(+x0.4) 6

A9G 33 (x3) 1 3.0(+0.1) 15

F13A 33 (+3) 1 3.1(+0.3) 10

E22A 33(x2) 1 3.3(x0.2) 3

E26A 33(x1) 1 3.0(+0.1) 12

D39A 33 (1) 1 2.0(+0.1) 40

FA0A 34 (+1) 1 2.0 (+0.1) 40

R82A 79 (£ 4) 3 0.7 (x0.1) 81

A9G, F13A, E22A, E26A, D39A and F40A, have doubling times ranging between 32 and 34
hours, which are similar to the doubling time of 31 hours calculated for the wild type. With a
doubling time of 79 hours, R82A was the only mutant to have a significantly retarded growth
rate in comparison to wild type, although this is still significantly less than the doubling time

of 120 hours calculated for Aslr1780 (Table 5.1).

Comparison of the chlorophyll a levels reveals that chlorophyll @ accumulation is reduced by
40 % in both D39A and F40A, and by 81 % in R82A (Table 5.1). The other point mutants
exhibit less significant reductions in chlorophyll a, which range between 3 % for E26A and 15
% for A9G. Taken together these data imply that although D39A and F40A are unable to
accumulate chlorophyll a at the levels of wild type, the growth of these strains under
photoautotrophic conditions is not significantly affected, suggesting these mutants are
capable of synthesising enough chlorophyll to meet the demands of the photosynthetic

apparatus under the growth conditions studied.

These results also indicate that the critical chlorophyll level per cell, i.e. the amount of

chlorophyll a required for normal growth, falls between 2.04 mg/L/OD;5, and 0.97
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mg/L/OD;s,, the amount of chlorophyll a found in D39A/F40A and R82A/ Aslr1780.
Interestingly, the amount of chlorophyll a was calculated to be lower in R82A (0.65
mg/L/ODs0) than in Aslr1780 (0.97 mg/L/ODys,), which is unexpected given Aslr1780 has a
longer doubling time than R82A, suggesting it is less capable of growing under

photoautotrophic conditions.

5.2.4.3 HPLC analysis of chlorophyll precursor pigments in slr1780 point mutants
The methanol extracted pigments were separated by HPLC to determine if chlorophyll

photosynthetic precursor pigments were responsible for the unusual absorbance spectra
observed for mutants D39A, F40A and R82A (Figure 5.3 B). HPLC analyses were performed as
described (Section 2.8 and Table 2.7) on a 250 mm x 4.16 mm C;3 Phenomenex reverse phase
column. The retention times and absorbance spectra (obtained from the online DAD) of the
two pigments Pchlide (27.7 mins) and Mg-protoporphyrin IX (17.6 mins) are shown for

reference (Figure 5.4).

Figure 5.5 displays the retention times and absorbance spectra of each of the photosynthetic
precursor pigments found in the slr1780 point mutant strains. Generally, each mutant falls
into one of two classes, wild type-like spectra or Aslr1780-like spectra. The point mutants
that had methanol extracted pigment spectra similar to wild type (A9G, F13A, E22A and
E26A) have HPLC absorbance spectra virtually identical to that of wild type, where the major
pigments observed are monovinyl (26.4 mins) and divinyl (27.7 mins) Pchlide and
synechoxanthin. The point mutants that fall into the Aslr1780-like spectra are D39A, F40A
and R82A. Each of these mutants exhibits two additional peaks, located at 16.9 mins and
29.8 mins, which are not observed in wild type. The 16.9 minute pigment corresponds to
pigment A432 whose Soret peak is located between that of MgPME and Pchlide (see Chapter
4 for details) and the 29.8 minute peak is MgPME, the substrate of the cyclase. The R82A
mutant was found to accumulate greater amounts of pigment A432 than the Aslr1780
mutant, therefore this mutant was used as the source of pigment A432 for structural studies

using NMR and mass spectrometry
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Figure 5.4 Retention times of MgProto and Pchlide standards
Retention times and absorbance spectra of pigment standards; MgProto, retention time of 17.6 mins,
recorded at DAD 416; Pchlide, retention time = 27.7 mins, recorded at DAD 632. Pigments were

separated on a Phenomenex 250 mm C;5 column, using the precursors method detailed in Table 2.7.
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Figure 5.5 HPLC analyses of methanol extracted pigments from wild type and slr1780 mutant strains

HPLC analyses of methanol extracted pigments from wild type and slrl780 mutants grown under
photomixotrophic conditions and normalised for absorbance at OD;sq. 1, WT; 2, Aslr1780; 3, A9G; 4,
F13A; 5, E22A; 6, E26A; 7, D39A; 8, F40A; 9, R82A. The retention times of peaks of interest and their
respective absorbance spectra are; A, pigment A432, 16.5 mins; B, MV and DV Pchlide, 26.4 and 27.7
minutes respectively; C, MgPME, 29.8 mins; D, synechoxanthin, 35.3 mins. Pigments were separated

on a Phenomenex 250 mm Cy5 column, using the precursors method detailed in Table 2.7.
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5.2.4.4 Analysis of the levels of chlorophyll biosynthesis enzymes and photosystem |
accumulation in the slr1780 point mutants
In order to elucidate the hypothesis that Ycf54 is a factor required for the accumulation of

chlorophyll biosynthesis enzymes or the formation of a higher chlorophyll biosynthesis
complex, the accumulation of chlorophyll biosynthesis enzymes in the slr1780 mutants was
determined by western blot and the accumulation of photosystem | (PSI) trimers was

determined by clear native-PAGE (CN-PAGE).

75 kDa

50 kDa
37 kDa

Ponceau-§

- ChiP

- Ycf54

< tSIl1214

- DVR

Western Blot

———— — — — ——— - POR

— — — — — — — — — - ChIM

Figure 5.6 Analysis of levels of chlorophyll biosynthesis accumulation in slr1780 mutant strains
Western blot analysis of the levels of chlorophyll biosynthesis enzymes in sir1780 mutants. Whole cell
lysates of each of the As/r1780 mutant strains, grown under photomixotrophic conditions, were
normalised for protein concentration and the proteins separated by SDS-PAGE, before transfer to a
nitrocellulose membrane. The blots were probed with antibodies to the chlorophyll biosynthesis
enzymes, ChlIP, Ycf54, Chl27 (Arabidopsis homologue to Sll1214), DVR, POR, GUN4 and ChIM. Lane 1,
WT; lane 2, Aslr1780; lane 3, A9G; lane 4, F13A; lane 5, E22A; lane 6, E26A; lane 7, D39A; lane 8, F40A;
lane 9, R82A.

Cultures of each of the s/r1780 mutants were grown under photomixotrophic conditions (due
to the inability of R82A and the Aslr1780 mutant to grow under photoautotrophic conditions)
and whole cell lysates, normalised for protein concentration, were prepared for western
blotting as described in Section 2.6.7. For each mutant 40 ug protein was separated by SDS-
PAGE and transferred to a nitrocellulose membrane (Section 2.5.2), which was sequentially

probed with antibodies to the chlorophyll biosynthesis enzymes: ChlIP, Chl27 (Sll1214), Ycf54,

152



Chapter 5

DVR, POR, GUN4 and ChIM. The membrane was also stained with Ponceau-S to confirm

equal protein loadings (Figure 5.6).

The levels of the chlorophyll biosynthesis enzymes, POR, GUN4, ChIP and ChIM, remain
constant in all of the mutant strains when compared to wild type Synechocystis. However,
the accumulation of SI11214/S111874 is significantly reduced in strains R82A and A9G (Figure
5.6, lanes 3 and 9). This reduction in S11214/S111874 in R82A (lane 9) and Aslr1780 (lane 2)
could be responsible for the near abolition of cyclase activity observed, as indicated by levels
of the MgPME substrate (Figure 5.5). However, this hypothesis is thrown into doubt when
taking into account the impediment of cyclase activity in the FA0A and D39A strains, which
accumulate SI11214 at levels comparable to wild type, and the wild type phenotype exhibited
by the A9G strain, which also has reduced levels of Sll1214. This suggests Ycf54 may be
required for catalytic activity of the cyclase, rather than as an assembly, regulatory or stability

subunit of SI11214.

Interestingly the levels of ChIP are not affected in any of the point mutants, which is
surprising given the significant reduction of ChIP observed in Aslr1780. One reason for this
could be that the stability of ChIP is dependent upon the presence of thylakoid membranes
(ChIP is a membrane localised protein) and the lack of thylakoid membranes in Asir1780 leads
to the degradation of ChIP, hence its absence in Aslr1780. A similar theory could also be put
forward for the disappearance of SI11214/S111874, which is also a membrane localised
protein. However, this would not explain the loss of SI11214/S111874 in A9G and R82A, both

of which contain levels of ChlP akin to wild type.

CN-PAGE was used to determine the effect of the point mutations on PSI assembly.
Accumulation of PSI trimer complexes was investigated by separating solubilised thylakoid
membranes by CN-PAGE (Figure 5.7 A), as described in Section 2.5.7. Cultures of each of the
mutant strains were grown photomixotrophically under low light conditions to an OD;so = 0.7
- 0.8. Membranes were then isolated from the cells and solubilised as described in Section
2.6.7; 500 pg of protein was then separated on a 4-16 % Bis-Tris native gel (Invitrogen). The
high molecular weight PSI was separated from the rest of the cellular complexes by

electrophoresis performed overnight at 4°C.

The majority of the mutants, with the exceptions of R82A and Aslr1780, were found to
accumulate PSI trimers at a level comparable to wild type (Figure 5.7 A). Although R82A only
accumulated very low levels of PSI trimers, this is a slight improvement on Asir1780, which

appears to accumulate no PSI trimers.
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Low temperature fluorescence microscopy was used to further probe the accumulation of PSI
and the phycobiliprotein light harvesting antennae in wild type, A9G, D39A, F40A and R82A
Synechocystis strains. The fluorescence emission spectra of cells re-suspended to an OD;sy =
0.1 in 80 % glycerol were recorded for excitation at 435 nm (analysis of chlorophyll
fluorescence) and 580 nm (analysis of phycobiliprotein fluorescence). These spectra were
then normalised to the PSIl maxima at 680 nm (Figure 5.7 B) or the phycocyanin maximum at
464 nm (Figure 5.7 C); of these spectra, only A9G was found to exhibit PSI chlorophyll
fluorescence akin to wild type cells. The three mutant strains with deficiencies in chlorophyll
biosynthesis all exhibit varying degrees of reduction in PSI fluorescence. D39A and F40A both
have a small reduction in PSI fluorescence, which is to be expected in cells whose chlorophyll
accumulation is reduced by a third, but was not reflected in the CN-PAGE analysis. R82A has
a severe decrease in PSI fluorescence, which is almost, but not quite, as severe a reduction as
observed in Aslr1780; this corresponds to the visualisation of a small amount of PSI trimer in
R82A, but not Aslr1780 on the CN-PAGE (Figure 5.7 A). Thus, when chlorophyll is depleted, a
knock-on effect is observed in the PSI/PSII ratio, with all the mutants containing a lower ratio
of PSI to PSIl. Given that 80 % of cellular chlorophyll is associated with PSI, it is to be
expected that a depletion in chlorophyll will have a directly proportional effect on the
amount of chlorophyll available to be sequestered into PSI complexes and therefore on the
number of PSI complexes that can be assembled. As discussed in Chapter 4, the PSII
fluorescence at 693 nm is seen only as a shoulder of the PSIl maximum at 682 nm. These two
peaks are normally of equal height in cells grown mixotrophically under constant light

conditions.

The fluorescence emission spectra from the phycobiliproteins, obtained by exciting at 580
nm, show several changes in the mutant cells in comparison to wild type, with the exception
of A9G, which has similar phycobilisome fluorescence to wild type. In all spectra, there are
fluorescence maxima at 646 nm, 664 nm, 680 nm and 722 nm, which correspond to the
phycobiliproteins phycocyanin, allophycocyanin, PSIl and PSI, respectively. The
phycobiliprotein vibrational bands can also been seen as a small maximum at 745 nm

(Szalontai et al., 1985; Szalontai et al., 1994; Yokono et al., 2008).
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Figure 5.7 Analysis of photosystem accumulation in wild type and slr1780 mutant Synechocystis cells
(A) Membrane fractions isolated from each of the slr1780 mutant strains were separated by CN-PAGE
and visualised by recording fluorescence emission at 680 nm and 549 nm. Indicated are the PSI and
PSII complexes. (B) 77K whole cell emission spectra from Synechocystis strains wild type, Asir1780,
A9G, D39A, F40A, R82A. Spectra were recorded for emission at 435 nm and 580 nm. For comparability
the 435 nm spectra were normalised to PSIl emission at 682 nm and the 580 nm spectra were

normalised to phycocyanin emission at 646 nm.

A general trend can be observed with the chlorophyll deficient mutants with the fluorescence
emission peak from PSIl at 680 nm gradually increasing in proportion to the decreasing levels
of chlorophyll in the mutant, with the order of fluorescence being A9G < WT < D39A < F40A <
Aslr1780 < R82A. Due to the limiting levels of chlorophyll in these cells, the increase in PSlI
fluorescence in comparison to PC fluorescence is unlikely to represent an increase in PSlI
molecules. In a previous study on Synechocystis cells depleted in the CP43 protein Shimanda
and co-authors (2008) observed a large emission maximum at 680 nm, proposed to arise
from the lowered ratio of PSIlI to phycobilisomes, resulting in uncoupled phycobiliprotein

complexes that lose their energy via fluorescence from the terminal pigment.
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5.2.5Is the expression of Ycf54 altered in mutant A9G?

In Figure 5.6 it was noted Ycf54 accumulation in the point mutant strain A9G was reduced to
less than a quarter of the level observed in wild type, which is of particular interest
considering the cell spectra, cellular pigments, growth rate and chlorophyll a content of A9G
were not significantly different to wild type. To rule out this observation as an artefact of the
point mutation affecting the Ycf54 antibody epitope, recombinant A9G (produced as
described in Chapter 6) was tested for antigenicity to the Ycf54 antibody (Figure 5.8 A). The
western blot, which compares the antigenicity of wild type and A9G recombinant Ycf54
proteins, shows the Ycf54 antibody recognises A9G and wild type Ycf54 proteins equally well,

proving the reduction of Ycf54 observed in A9G is a true physiological result.
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Figure 5.8 RT-PCR analysis of slr1780 expression in wild type and A9G Synechocystis strains

(A) Comparison of the Ycf54 antibody reactivity to Ycf54 and A9G. Five concentrations (2 ug, 4 ug, 6 ug,
8 ug and 10 pg) of purified recombinant Ycf54 protein were probed with the Ycf54 antibody. (C) 100 ng
of total RNA extracted from wild type and A9G cells grown to D;50 ~ 0.6 under photomixotrophic

conditions. (D) RT-PCR analysis of s/r1780 and FtsZ expression levels in WT and A9G strains.

Next, the mRNA expression level of A9G was ascertained using RT-PCR and compared to that
of wild type. The total RNA was extracted from each strain (rRNA can be seen in Figure 5.8 B)
and the mRNA converted to cDNA, using random primers and reverse transcriptase (as
described in Section 2.4.8). As a control the expression levels of the housekeeping gene ftsZ
were also determined. Figure 5.8 C displays the mRNA expression levels of both s/r1780 and
ftsZ. Both genes were found to be expressed at slightly lower levels in A9G than wild type.
As the slightly reduced mRNA levels are comparable and consistent between ftsZ and slr1780,

this is probably not enough of a reduction to explain the dramatic decrease in Ycf54
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expression. This leads to the conclusion that the transient levels of slr1780 are not
significantly affected in A9G, and is therefore not likely to be the root cause of the

significantly reduced accumulation of Ycf54.

5.2.5 Can the Ycf54 mutants with disrupted chlorophyll biosynthesis
interact with S111214/S111874?

The data gathered so far indicates the conserved residues D39, F40 and R82 are crucial for
the accumulation of chlorophyll at wild type levels, whilst the conserved A9 is essential for
accumulation of Ycf54. |If either D39, F40 or R82 are replaced with an alanine, aberrant
chlorophyll biosynthesis is observed via a blockage at the cyclase step, whereas if A9 is
replaced with a glycine, a significant reduction in Ycf54 is observed, but cyclase activity
appears to remain unaffected. To determine if cyclase activity is dependent upon Ycf54
interacting with SI11214/S111874, each of these mutants was N-terminally FLAG-tagged and

pulldown experiments were performed.

Synechocystis strains containing the FLAG-tagged Ycf54 protein with one of the following
point mutations, A9G, D39A, F40A or R82A were generated as described in Section 2.3.1.
These strains were constructed using QuickChange mutagenesis to insert one of the four
point mutations into the pFLAG-Ycf54 vector (constructed in Chapter 4, Section 4.3.1). These
were then transformed into As/r1780, so as to remove the native Ycf54 protein, which could
potentially out-compete the FLAG-tagged Ycf54 mutant for the binding site on
SI11214/S111874.  Full segregation was achieved by sequential selection on increasing
concentrations of kanamycin and confirmed by PCR. These strains were named FLAG-A9G/

Aslr1780, FLAG-D39A/ Aslr1780, FLAG-FA0A/ Aslr1780 and FLAG-R82A/ Aslr1780.

FLAG-pulldown experiments were performed using cultures grown under photomixotrophic
conditions as described in Section 2.6.9. The resulting elution fractions were analysed for the
presence of SI11214/S111874 and FLAG-tagged Ycf54 proteins by western blot (Figure 5.9).
Equal volumes of the elution fraction from the FLAG-ycf54 mutant pulldowns were separated
by SDS-PAGE and the proteins were transferred to a nitrocellulose membrane, which was

probed with anti-Chl27 (Agrisera) and anti-FLAG (AbCam).

Figure 5.9 shows that all the FLAG-Ycf54 mutant proteins, with the exception of FLAG-A9G,
are expressed at levels comparable to wild type FLAG-tagged Ycf54, whereas FLAG-A9G, like
its untagged counterpart, accumulates at a reduced level. According to this blot the root
cause of the disruption in cyclase activity is the inability of FLAG-D39A, FLAG-F40A and FLAG-
R82A to interact with the SI11214/S111874 subunits. Although FLAG-A9G is present in reduced
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quantities, the protein is still able to interact with SIl1214/ Sll1874 at levels comparable to
wild type Ycf54, suggesting there is enough Ycf54 available for the cyclase to function. Thus,
it would appear the interaction of Ycf54 with SI11214/Sl11874 is absolutely essential for
normal function of the cyclase. Whether Ycf54 has a role in catalysis of the cyclase reaction,
or is required to activate the cyclase complex remains unclear and requires further

elucidation.
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Figure 5.9 Western blot analyses of FLAG-tagged mutant pulldown experiments

FLAG-Ycf54 was purified from the dodecyl-B-maltoside solubilised membrane fractions from
Synechocystis strains, FLAG-Ycf54, FLAG-Ycf54.A9G, FLAG-Ycf54.D39A, FLAG-Ycf54.F40A and FLAG-
Ycf54.R82A. Eluted proteins from the FLAG-pulldown assays were resolved by SDS-PAGE and
transferred by Western blot to a nitrocellulose membrane. The membrane was probed with anti-Chl27

(Agrisera), which detects Sll1214 and anti-FLAG (Sigma), which detects FLAG-tagged Ycf54.

5.3 Discussion

In the previous chapter, which was dedicated to investigating the effects of a Synechocystis
mutant deficient in Ycf54, the Ycf54 protein was found to be essential for Mg-cyclase function
in vivo, although its precise role remained unclear; two hypotheses, as to this protein’s
function, were proposed. The first is that Ycf54 is a catalytic component of the Mg-cyclase
and thus, could be the soluble component of the enzyme, which was first identified in assays
using whole cell lysates, but whose identity is as yet unknown (Walker et al., 1991; Bollivar
and Beale, 1996a). The second postulates that Ycf54 plays a critical role in the
synthesis/maturation of Sll1214/S111874 or in the assembly of the Mg-cyclase complex or a
higher order chlorophyll biosynthesis complex, as the accumulation of SIl1214 and
chlorophyll biosynthesis enzyme ChlP were dramatically reduced in Aslr1780. To further
investigate the role of Ycf54, a series of Synechocystis mutants, with targeted point mutations
within the slr1780 gene, were generated. These point mutations are all at the location of
absolutely conserved residues, identified by aligning Ycf54 sequences from fourteen diverse
oxygenic photosynthetic organisms (Figure 5.1). Of the seven mutant strains made, four had

a detectable phenotype; these were mutants A9G, D39A, F40A and R82A.
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5.3.1 Ycf54 point mutants are “blocked” at the Mg-cyclase

The three mutant strains D39A, F40A and R82A, all accumulated MgPME (Figure 5.5), the
substrate of the cyclase, and all had reduced chlorophyll accumulation (Table 5.1), evidence
that all three of these residues are required for normal function of the Ycf54 protein. In
contrast the mutant strain A9G accumulated ~ 75 % less Ycf54 protein than wild type cells
(Figure 5.6), but showed no other detectable phenotype (Figure 5.7 and 5.9), evidence which
suggests Ycf54 is present in excess, as only a small proportion of the synthesised protein
appears to be required by the Mg-cyclase. Without a working in vitro assay for the Mg-
cyclase, probing the exact effects of these point mutations of Mg-cyclase activity is difficult
and analysis has therefore focused on examining the physiological effects these point

mutations have on the whole cell.

Of the three mutant strains found to have reduced chlorophyll accumulation, R82A exhibited
the most severe phenotype. Under photoautotrophic conditions, the doubling time of R82A
was 2.5 fold greater than wild type and chlorophyll was reduced by 81 %, whilst the doubling
time of Aslr1780 was 3.8 fold longer than wild type, but chlorophyll accumulation was
reduced to a lesser extent by 72 %. Why chlorophyll accumulation is reduced by a further 10
% in R82A than Aslr1780, when the doubling time of Aslr1780 is significantly longer than that
of R82A is not known and requires further investigation. Interestingly, the chlorophyll
content of Aslr1780 grown under mixotrophic conditions (measured in Chapter 4) is reduced
by 93 %, suggesting the mode of growth can impact on chlorophyll accumulation. In mutants
D39A and F40A, chlorophyll accumulation was reduced by 40 %, suggesting that although
chlorophyll biosynthesis is impaired in these two strains, the impediment is not as severe as
in R82A. Indeed, the growth rates of these mutants under photoautotrophic conditions and
normal light intensity were not significantly altered in comparison to wild type (Table 5.1).
Furthermore, the HPLC traces (Figure 5.5) show that while both D39A and F40A accumulate
significant amounts of MgPME, both strains are capable of synthesising detectable amounts
of Pchlide, whereas R82A and Aslr1780 are not. Thus, D39A and F40A could be considered to
exhibit “leaky” cyclase function, as the enzyme is capable of operating, but at reduced levels.
Further elucidation of the effect these mutations have on Mg-cyclase activity could be
resolved by detailed kinetic studies; however, this is not yet possible, as not all of the

components for a working Mg-cyclase complex are known.

Perhaps the most interesting point mutation is A9G as, although this strain was found to
accumulate wild type levels of chlorophyll (Table 5.1) and photosynthetic precursor pigments

(Figure 5.5) and exhibit wild type growth rates (Table 5.1), western blot analysis showed
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Ycf54 accumulation to be reduced by ~75 % (Figure 5.6) and Sl111214/SI11874 to be reduced to
the levels found in R82A and Aslr1780. This result is significant, as it disproves an earlier
hypothesis that the reduction in SIl1214/Sl11874 in Aslr1780 is the sole agent causing the
severe impediment at the Mg-cyclase step. Additionally, these data show SI11214/S111874
accumulation is dependent on the level of Ycf54, further supporting the proposition that
Ycf54 may play a critical role in the assembly/stability of the Mg-cyclase complex and its
constituents. It may be the case that Ycf54 plays a similar role to that of the GUN4 protein
and the MgCH complex, where GUN4 not only acts to lower the Mg** threshold required for
MgCH activity (Larkin et al., 2003a; Reid and Hunter, 2004; Davison et al., 2005b), thus
stimulating MgCH activity under physiologically relevant conditions, but also has a wider role
in regulating the chlorophyll biosynthesis enzymes and flux down the tetrapyrrole
biosynthesis pathway (Sobotka et al., 2008b; Peter and Grimm, 2009; Formighieri et al.,
2012).

5.3.2 Ycf54 interaction with S111214/S111874 is essential for normal Mg-

cyclase function

One of the most significant results deduced from the study of s/r1780 point mutations, is that
the interaction of Ycf54 with SI11214/SI11874 is essential for normal chlorophyll biosynthesis.
This observation was deduced from experiments with FLAG-tagged Ycf54 constructs of each
of the point mutations A9G, D39A, F40A and R82A. Analyses of the pulldown elution
fractions from each of these strains showed the three mutants with deficiencies in
chlorophyll biosynthesis, D39A, F40A and R82A, were unable to interact with the catalytic
cyclase component SI11214/S111874, whereas the FLAG-A9G construct, which like the A9G
point mutation was present at lower levels, pulled down SI11214/S111874 in similar quantities
to those observed in the FLAG-Ycf54 control pulldown (Figure 5.9). These results explain to
some extent the observable lack of a phenotype in A9G, as they suggest the level of
SI11214/S111874 capable of interacting with Ycf54 is consistent between FLAG-Ycf54 and FLAG-
A9G. Indeed, pulldown experiments (Figure 4.2), showed only the FLAG-Ycf54 located within
the insoluble fraction was capable of interacting with SI11214/SI11874 and analyses of the sub-
cellular localisation of Ycf54 showed only a small minority of this protein was located in the
insoluble membrane fraction (Figure 4.8). Therefore it is reasonable to conclude that
although A9G is only capable of accumulating a small amount of Ycf54, there is more than
enough protein available to interact with SI11214/SI11874, thus, Mg-cyclase activity is allowed
to proceed unhindered. It is not unusual for an enzyme within the chlorophyll biosynthesis
pathway to be present in excess, as Synechocystis mutants with 5 — 10 % of wild type levels of

FeCH are not deficient in haem and have no other discernible phenotype (Sobotka et al.,
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2005; Sobotka et al., 2011); similarly Synechocystis mutants with reduced levels of ChlG have
no growth or pigmentation defects (Sobotka 2012, unpublished data). The nature of the
interaction of Ycf54 with SI11214/Sl11874 is unknown and can only be truly elucidated with
structural studies of these proteins. It may be the case that residues D39A, F40A and R82A
do not form the specific interactions with SI11214/SI11874 that normally enable the proteins
to form a complex, but rather that these mutations cause a global structural alteration in
Ycf54 that prevents these proteins from interacting. Without structures of the native Ycf54
and the associated point mutations, it cannot be hypothesised as to the kind of effect these
mutations have on the intrinsic make-up of Ycf54. Therefore, one of the aims of this project
was to solve the structure of Ycf54 as well as the structures of the point mutants that have a
detectable phenotype, hence, the crystal structures of several Ycf54 proteins have been

solved and are reported in Chapter 6.

5.3.3 Ycf54 mutants affect accumulation of chlorophyll biosynthesis

proteins and photosystems

In Chapter 4, it was shown the accumulation of ChIP was differentially regulated by varying
expression and transcription of slr1780 (Figure 4.6 & 4.8); however, A9G and R82A were
found to accumulate ChIP at levels akin to wild type (Figure 5.6). The cause for the
differences in ChIP accumulation is as yet unresolved and could be influenced by several
different factors, such as the number of thylakoid membranes or the quantity of
Ycf54/S111214/S111874 proteins.  ChIP is known to be a non-transmembrane protein,
associated with the thylakoid membranes (Shpilyov et al.,, 2005), therefore it could be
hypothesised that association of ChlP with the thylakoid membranes is a requirement for this
protein’s stability. In Aslr1780 the thylakoid membranes were found to be reduced (Figure
4.10), which was reflected in the dramatic reduction in PSI fluorescence (Figure 5.7). It is
entirely possible the reduction of thylakoid membranes in Aslr1780 adversely affects the
stability of ChlP. However, the point mutant R82A also exhibits a similarly dramatic reduction
in PSI fluorescence and accumulates noticeably fewer chlorophyll complexes than wild type
(Figure 5.7), suggesting the number of thylakoid membranes in this mutant are similarly
decreased, but western blot analyses (Figure 5.6) show ChIP accumulation to be akin to wild
type. Therefore, it would appear the state of the thylakoid membranes may not be an
influencing factor on ChIP accumulation. To further investigate this observation, electron
microscopy analysis of R82A thin layer sections would be required to ascertain the number
and condition of the thylakoid membranes in this mutant. Additionally, the accumulation of
ChIP was similarly unaffected by the reduction of SI11214/Sl11874 in R82A and A9G, and Ycf54

in A9G. In Chapter 3, ChlP was identified as an interaction partner of Sll1214 and thus, it was
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suggested in Chapter 4 that the reduction of SI11214/S111874 or Ycf54 in Aslr1780 may also
influence the accumulation of ChIP, as the stability of these proteins may be dependent upon
them forming a “higher” multi-enzyme complex. However, as shown by the western blot in
Figure 5.6, this appears not to be the case, as the point mutants with decreased
SI11214/SI11874/Ycf54 all accumulate ChIP to the levels observed in wild type; therefore the
exact cellular process, by which the levels of ChIP are altered by differential expression of

Ycf54 (Figure 4.6) remains to be elucidated.

5.3.4 Ycf54 may have a wider role in regulating components of the

photosynthetic apparatus

Generally it is known synchronisation exists between the biosynthesis of chlorophyll and the
expression of chlorophyll binding proteins, which allows for chlorophyll to be titrated into
chlorophyll-binding complexes upon synthesis, thus avoiding the harmful accumulation of
chlorophylls and chlorophyll precursors (Thomas, 1997; Yaronskaya et al.,, 2003).
Additionally, the pathway is further complicated by the need to direct intermediates down
the alternative haem pathway, a step known to be regulated by interplay between the Mg-CH
and Fe-CH enzymes, which sit at the branch point and whose expression/activities are
controlled by light (Hihara et al., 2001), the redox state of the photosynthetic electron
transport machinery (Hihara et al., 2003) and diurnal/ circadian rhythms (Papenbrock et al.,
2000; Matsumoto et al., 2004). Whether the variable disruption at the Mg-cyclase step has
further reaching consequences with regard to porphyrin flux down the chlorophyll and haem
pathways and on the expression/activities of enzymes located upstream of the branch-point
on this pathway is not yet known. Tight post-transcriptional regulation of the Mg-cyclase
catalytic proteins SIl1214 and Sll1874 is known to exist, presumably representing a control
point in the chlorophyll pathway, although a depletion of their interaction partner, Ycf54, is
known not to affect the expression of the genes encoding these two proteins (Figure 4.6), but
is known to decrease expression of chlP (Figure 4.6) and affect the accumulation of
SI11214/S111874 and ChIP (Figure 5.6). However, the R82A point mutation in the Ycf54
protein, which results in a matching phenotype to Aslr1780, does not result in a decrease in
ChlP accumulation (Figure 5.6), suggesting the role Ycf54 plays in Mg-cyclase activity and its
effects on ChlIP expression/accumulation are unrelated. Thus, it is possible Ycf54 may have a
role in the expression or stability of other enzymes in the chlorophyll biosynthesis pathway,
including the unknown entity of the Mg-cyclase complex; whether this is the case could be
further elucidated by comparing the relative transcriptome or proteome of Aslr1780 verses
wild type cells. A study of the transcriptome isolated from a Chlamydomonas reinhardtii

mutant deficient in GUN4 revealed significant alterations in expression of protein encoding
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genes for light-harvesting complexes, tetrapyrrole biosynthesis, signal transduction,
transcription and chromatin remodelling (Formighieri et al., 2012). One of the differentially
expressed genes from this study, which corresponds to the unknown-hypothetical gene
slr0483 in Synechocystis, was found to interact with protoporphyrinogen oxidase, FeCH and
SlI1214 using pulldown experiments (Sobotka 2013, personal communication) and the
subsequent Synechocystis knock-out mutant had reduced PSI, PSIl and significantly retarded
growth, indicating an important, but as yet unidentified, role in the photosynthetic machinery
(see Chapter 7 for more details). There is plausible evidence that such genome/proteome
wide approaches can be used to unearth unknown, yet important, regulatory or enzymatic

factors required for normal photosynthetic function, such as the missing Mg-cyclase subunit.
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6. Crystallisation and Structure Determination of Ycf54

6.1 Introduction

In Chapter 4 it was discovered that the Ycf54 protein is required for conversion of MgPME to
Pchlide, a reaction catalysed by the cyclase enzyme complex. Large amounts of MgPME were
found to accumulate in Synechocystis cells devoid of Ycf54 and no Pchlide could be detected
(Figure 4.6). As would be expected, for a mutant severely hampered at one of the steps in
chlorophyll biosynthesis, the amount of chlorophyll a synthesised by AYcf54 was dramatically
reduced; upon quantification AYcf54 was found to contain 92 % less chlorophyll than an
equivalent amount of wild type cells. In Chapter 5, the role of Ycf54 was further investigated
by analysing the importance of seven absolutely conserved residues in the Ycf54 primary
sequence. Seven Synechocystis strains were generated, each with an individual point
mutation in the Ycf54 locus, in which one of the seven conserved residues was substituted
with an alanine or a glycine. These analyses revealed that three residues, D39, F40 and R82,
are required for Pchlide formation (Figure 5.5). The Synechocystis strains in which each of
these residues were individually converted to an alanine all accumulated considerable levels
of MgPME and synthesised less Pchlide than the wild type strain. Additionally, when FLAG-
tagged and used in in vivo pulldown assays, none of these Ycf54 mutants was able to interact
with SI11214/S111874, the catalytic component(s) of the cyclase (Figure 5.10). In addition to
the three mutants deficient in Pchlide formation, another mutant, A9G, was found to exhibit
a wild type phenotype, but accumulate ~75 % less Ycf54 and ~50 % less S111214/S111874 than
wild type cells (Figure 5.6). Subsequent analysis of the Ycf54 mRNA transcripts showed similar
transcription levels of Ycf54 mRNA in wild type and A9G Synechocystis strains (Figure 5.9),

indicating that altered expression of Ycf54 is not the root cause of this phenotype.

To further investigate the Synechocystis Ycf54 protein and its potential role in the cyclase
reaction, the crystal structure of the Synechocystis wild type protein was solved to a
resolution of 1.3 A. This crystallography was greatly facilitated by the availability of two other
Ycf54 structures in the PBD, one from Thermosynechococcus elongatus (PDB 3ZHE), which
was solved to a resolution of 2 A and the other from Nostoc sp PCC7120 (PDB 3JSR), which
was solved to a resolution of 1.8 A. In order to understand the changes wrought on the Ycf54
protein structure by the point mutations A9G and R82A, the crystal structures of these two
proteins were also solved. The structures showed that whilst the interaction between Ycf54
and SII1214 may be interfered with via a change in the electrostatic charge surrounding

residue 82, no structural change was visible to account for the reduced accumulation of A9G.
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6.2 Results

6.2.1 Production of Recombinant Ycf54

An over-expression vector for the production of recombinant N-terminally His-tagged Ycf54
was constructed by cloning the slr1780 (Ycf54) gene, amplified from Synechocystis genomic
DNA, into pET14b (Novagen). This was achieved by designing primers which introduced an N-
terminal Ndel site and a C-terminal BamHI site at the 5 and 3’ ends of the Ycf54 gene,
respectively. This insert was ligated into pET14b, digested with identical restriction enzymes
and the final construct confirmed by further restriction digests and sequencing (GATC-

Biotech). This vector was named pET14b-Ycf54.

The pET14b-Ycf54 construct was transformed into BL21(PlysS) competent cells and optimum
expression of recombinant His-Ycf54 was determined to be in Super Luria Broth with cultures
incubated for 24 hours at 25°C, shaking at 200 rpm with no IPTG induction. Following over-
expression the cells were pelleted, re-suspended in a minimal volume of HIS-binding buffer
(50 mM Tris-HCI, 500 mM NaCl, 10 mM Imidazole, pH 7.4) and stored at -20°C until required.
Recombinant His-Ycf54 was then purified by nickel affinity chromatography as described in
Section 2.6.3, buffer exchanged into PBS and the His-tag removed by thrombin cleavage.
Following removal of the His-tag and passage of the mixture back through an equilibrated
nickel affinity column, the recombinant Ycf54 was found to be pure enough to be used
directly in crystal trials. The highly purified Ycf54, shown in Figure 6.1, was buffer exchanged
into 100 mM NaHCOs, 50 mM NaCl pH 8.2 buffer and concentrated to 10 mg ml™ for use in
crystal trials. Generally 5-10 ml of purified Ycf54 at a concentration of 5-10 mg ml™* was

purified from 500 ml of cell culture.

6.2.2 Crystallisation of wild type Ycf54 and data collection

Initial crystal trials were performed using purified recombinant Ycf54 protein at a
concentration of 10 mg ml* in 100 mM NaHCO; buffer at pH 8.2. The preliminary
crystallisation conditions were screened for using the sitting-drop vapour diffusion technique
with the NeXtal® commercial crystallisation screens (QIAgen®) and a Hydra Il Plus | robot. As
it is not possible to predict the conditions under which a protein will crystallise, four separate
screens, each consisting of 96 different conditions, were trialled: AmSO, suite, classics suite,
JCSG suite and the PACT suite. Each sitting drop contained 100 nl of protein and a 100 nl of
crystallisation buffer. After dispensing the buffer and protein, the trays were incubated at

17°C and checked for crystal growth after 7-10 days.
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Figure 6.1 Crystals of Synechocystis wild type Ycf54 and purified Ycf54 protein used in crystal trials
Photographs of the wild type Ycf54 crystals formed during the initial screening trials and the
crystallisation conditions in which they grew. These trials were performed using the sitting drop vapour
diffusion technique in 96 sitting-drop well plates. (A) 0.2 M ammonium fluoride, 2.2 M ammonium
sulphate, (B) 0.2 M ammonium iodide, 2.2 M ammonium sulphate, (C) 0.2 M caesium sulphate, 2.2 M
ammonium sulphate, (D) 0.2 M potassium sodium tartrate, 2.2 M ammonium sulphate, (E) 0.2 M
potassium sulphate, 2.2 M ammonium sulphate, (F) 2.2 M ammonium sulphate, (G) 0.1 M tri-sodium
citrate, 2.4 M ammonium sulphate, (H) SDS-PAGE gel of purified Ycf54, molecular weight marker is in
kDa.

Wild type Ycf54 was found to easily form crystals under many different ammonium sulphate
based conditions, photographs of a selection of these can be viewed in Figure 6.1. These
crystals grew to a sufficient size in order to be looped, thus several crystals were looped and
cryogenically stored in a solution of the mother liquor containing ethylene glycol at a final
concentration of 30 % (v/v), ready for transportation to the Diamond Light Source (Oxford).
Once there, diffraction data were collected from the 104 beam line. Each crystal was screened
by taking three diffraction images at 0.2 degrees oscillation, with a 45 degree separation
between each image. An exposure time of 0.15 seconds was sufficient to give diffraction
patterns that could be processed for data quality and resolution. From this, it was found the

crystal that grew in 0.2 M ammonium fluoride and 2.2 M ammonium sulphate provided the
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best diffraction. Thus, two data sets, each of 900 diffraction images taken with a rotation of
0.2 degrees, were collected from this crystal. 900 images with a 0.2 degree oscillation will
give 180 degrees coverage of the crystal; this strategy was chosen because all unique

reflections will be assessed over this range regardless of crystal symmetry.

Following data collection, the diffractions were processed by Diamond into MTZ files,
encoding the information about electron density. Initial analysis of the diffraction data
indicated wild type Ycf54 had unit cell dimensions of: a = 42.73 A, b=4593A,c=119.294, a
=B =y = 120°, the space group C 2 2 2, and a resolution of 1.3 A. The data collection statistics

for wild type Ycf54 crystals are listed in Table 6.1.

Figure 6.2 Sample region from the electron density map taken from the beginning, middle and end of
the refinement process

Electron density maps of wild type Ycf54, showing the region encompassing residues E18 P19 F20 E21
E22, taken from the initial model after molecular replacement using the Thermosynechococcus
elongatus Ycf54 (A), the refinement model following mutagenesis to Synechocystis Ycf54 primary
sequence (B) and the final refinement model, which includes the water molecules (C). In white are
carbon and hydrogen atoms, oxygen atoms are in red, nitrogen atoms are in blue and waters are blue

spheres.
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6.2.3 Data processing, model building and structure validation for

Synechocystis wild type Ycf54

The MTZ file of the combined datasets was fed into the Cell Content Analysis module in the
CCP4 Molecular replacement processing program (1994) to estimate the solvent content and
number of molecules within the unit cell. This revealed the unit cell to be 47.8 % solvent, with
a Matthews’s coefficient of 2.35 A’/Da, containing a single protein molecule. Following
calculation of the number of molecules in the unit cell, the MolRep Molecular Replacement
Program was used to solve the Synechocystis Ycf54 structure. The Synechocystis Ycf54 MTZ
data were input, along with the Thermosynechococcus elongatus Ycf54 .pdb as a template
(PDB 3HZE) and the search parameter of one monomer per asymmetric unit. This generated
the .pdb file of the initial model, which underwent several rounds of rebuilding and
refinement using the Refmac5 module in the CCP4 processing suite (1994) and COOT (Emsley
et al., 2010). Figure 6.2 shows a representative region of the model and electron density map

before refinement, in the middle of refinement and the final model.

After rounds of rebuilding and refining all of the Ycf54 protein chain could be built into the
density; no residues were truncated to Ca or un-modelled. Refinement statistics from
Refmac5 and the Validate Model module in the CCP4 processing suite are presented in Table
6.2. The R-factor and Rfe. are 0.189 and 0.22 respectively, and the Ramachandran plots
displayed in Figure 6.3 show all residues are within the favoured range for psi () and phi (¢)
angles. B-factors were also calculated for each residue within the Ycf54 model, the majority
of which have a B-factor less than 30 (Figure 6.5). A few of the lysine and glutamic acid side
chains have a B-factor greater than 60, most likely resulting from these flexible residues
crystallising in multiple conformations. Indeed four residues, E56, K73, R82 and E84, were

found to have two distinct conformations well defined in the electron density (Figure 6.4).

The electron density map also contained density that did not correspond to the main chain or
waters. Subsequent analysis of these suggested they belonged to a phosphate group and an
ethylene glycol molecule, which would have been introduced by the purification conditions

and cryoprotectant used (Figure 6.6).
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Figure 6.3 Ramachandran plots of the wild type Ycf54 structure

Ramachandran plots generated from the Richardson’s data using RAMPAGE in the CCP4 suite. All

residues are within the favoured regions, with 98.1 % of residues located within the favoured region

and 1.9 % of residues located within the allowed region.
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E56 K73

E84

Figure 6.4 Residues in YCF54 found to adopt dual conformations

Electron density maps of wild type Ycf54, showing the four residues that were found to adopt dual

conformations in the crystal structure.
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Figure 6.6 Location of the phosphate and ethylene molecules and map of the electron densities
surrounding the phosphate group in the Ycf54 crystal structure

Location of the ethylene glycol (EDO) and phosphate (PO,) molecules with reference to the wild type
Ycf54 molecule (A). Electron density maps of the phosphate group found to crystallise with wild type
Ycf54, showing the neighbouring residues (B). The phosphate group is co-ordinated by hydrogen
bonding with waters and the main chain along the symmetry axis. In white are carbon and hydrogen
atoms, oxygen atoms are in red and nitrogen atoms are in blue, the waters are shown as blue spheres
and hydrogen bonds as blue dashed lines. The symmetry related molecule in the neighbouring unit cell

is shown in grey.
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6.2.4 Structure description

As anticipated from the structures of Thermosynechococcus elongatus (PDB 3HZE) and Nostoc
sp PCC 7120 (PDB 3JSR) Ycf54 proteins, the Synechocystis YCF54 structure is composed of one
domain (annotated as Ycf54 domain in PFAM) in which a central four-stranded anti-parallel B-
sheet is flanked on both sides by a-helices. These a-helices were named al — a5, and the B-
sheets were designated B1 — B4; a-helices 1, 2 and 5 are partitioned from a-helices 3 and 4 by
the central B-sheet. These are all connected by eight short loop regions, designated L1 — L8,
which range in length from 1 to 5 residues. Interestingly, the sequences of L5 and L6 are
highly similar, comprising of APEL and APEK respectively. There is also a long C-terminal
extension, L9, which is likely to be flexible that encompasses residues P94 — D106. An
annotated diagram of YCF54 is presented in Figure 6.7 and shows the “front” and “back”

views of the protein.

Despite its small size (12.1 kDa), YCF54 displays several interesting surface features, which
are emphasised upon mapping the surface electrostatics (Figure 6.8). The protein forms a
disc-like conformation, with a concave and a convex surface, which is covered with a number
of charged nodes that point out from the main body (annotated in Figure 6.9). Although
these nodes look interesting, upon examination of the conserved residues (Figure 6.11 and
Figure 5.1), none of these was found to be conserved among the YCF54 homologues

examined.

Undoubtedly the most notable surface feature is the negatively charged ridge created by a
procession of evenly spaced glutamate residues arranged along the outer surface of a2
(Figure 6.10). Unlike the charged nodes mentioned earlier, several of these residues (E18, E22
and E26) are conserved among Ycf54 homologues. However, when individual in vivo point
mutations of E22 and E26 were created in Synechocystis (Chapter 5), there was no detectable
phenotype. Nevertheless, after viewing the locations of these residues, it is probable the
single mutations constructed did not reduce the charge of this region significantly enough to

affect any functional role a2 may have.
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180°

Figure 6.7 Ribbon diagrams of Synechocystis Ycf54
Ribbons diagrams show the “front” and “back” view of Ycf54 rotated 180° around a horizontal axis. The
rainbow colours track the progression from the N-terminus (blue) to the C-terminus (red). The a-

helices (al — a5), B-sheets (B1 — B4) and loops (L1 — L9) are labelled.
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180°

Figure 6.8 Surface electrostatics of Ycf54
Surface electrostatics of Ycf54 from all angles, calculated using the Adaptive Poisson-Boltzman Solver

(APBS) in PyMOL. Blue: positive charge, Red: negative charge, White: neutral.
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Figure 6.9 Residues that form charged nodes that project from the surface
The YCF54 surface features several charged node that project from the surface like prongs. Several of

these are annotated on the ribbon structure and on the surface electrostatic diagram.

E33

D30
E26

Figure 6.10 Glutamic acid residues on a-helix 2 that form a negative ridge
Highlighted are the five glutamic acid residues located on a-helix 2 that form the negatively charged

ridge.

6.2.5 Phylogeny of YCF54 and analysis of conserved residues

YCF54 is a highly conserved domain found in all oxygenic photosynthetic organisms
examined. In the PFAM database 65 cyanobacterial and 36 eukaryote species are reported to
contain YCF54 (viewed on 01 October 2013). Of the 65 YCF54 sequences located in
cyanobacteria, the majority of sequences (40) are from the Chrococcales and a small number
of sequences are from the Oscillatoriales (9), the Prochlorales (7), the Nostocacese (7) and
the Stigonematales (1). In the eukaryotes the YCF54 sequences are located in green plants
(18), green algae (8), Steamenophiles or brown algae (5), red alga (5) and one amoeboid (1).
The phylogenetic relationship between all of these YCF54 sequences was calculated using the
maximum likelihood method (Figure 6.12). Interestingly, the mosses Physcomitrella patens

and Selaginella moelienforffii contain isoforms of distantly related YCF54 genes, and the
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cyanobacterium Synechococcus genus, contains many distantly related YCF54 genes, perhaps
representing independent evolution of these bacteria over a wide geographical range. The
amoeboid Paulinnella chromatophora, which recently enslaved a Prochlorococcus-like
cyanobacterium, has (as would be expected) an YCF54 gene closely related to those found
within the Prochlorococcles. Also of interest is the location of Synechocystis YCF54, whose
sequence appears to be more closely related to those of plants than the majority of

cyanobacteria, and as such is located on a node with Arabidopsis and Poplar (Figure 6.12).

N71 FA

D39 | Fa0 {

569

Figure 6.11 Highly conserved residues mapped onto Synechocystis Ycf54

The seven absolutely conserved residues are highlighted in yellow (A) and labelled in (B). The highly
similar conserved residues (according to the sequence alignment conducted in ClustalW2, shown in
Figure 5.1) are highlighted in green and the similar conserved residues are highlighted in tan, shown in
(C) and labelled in (D). Images (A) and (C) are taken from the same view point and (B) and (D) are

rotated 180°C to show the back of the protein.

176



Chapter 6

- =
% " &
% g8 § 2 I§ ,
o (=) = > o
% 8 £ 8 & & = g
. 2 ® ) ] o A
2 = % a 5 £ B G
:‘% ?9/ % E £ ] g o é/ & ~, .
L % 3% % : e s R E R s F oy o
‘“ 2 s 8 £ 8 & & & & 2 A
£ S T T 8 g 8 N & & &
LNV T T R A A
% % 3 5 £ 2 5 2 & - &
N %, "P’f_ru_ %D 2 3 T 5 i"i & & & &
e 2% 3G FESERE L ¢ & & &
b 2 T 2T 32 § & & & o &
%, %% FAES S
% 5, 7 & & & 2O o]
% by B & & & e ps
2, By, %4_ %@ < '@v, é}p o\"s Q-Q('L Y\o%cjg‘k
qf/a% Q"b, % & éf‘d‘ 6955 0“\\\14
’r'%oQ f@,/ ‘)q(\ Qﬁ(\o:_o R ) @‘T'l
G G 5
Ri oy % sf o pce
%y, o, Nay o - .
o A
Vedleogs g, s O o™ e 780
1
Uneg tis P‘:"N o nw\as
105 vinig N\'\crocc'\eur> c
(J
e
Cyaﬂothece sn L\mgb\‘aw pC oo
. is raciborskii C5-
Picea sitchensis Cylindrospermopsis racibo
Hordeum vulgare var. distichum Microcol eus vaginatus FGP-2
jpponi Fischerey)
Oryea sativa subse: paoske 35p.1SC11
aga\aef““‘a odu;aﬂds -
igen,
s apicd® Anab e, 9 CCraqq4
sorgn v Nas, bifis p »
o Uy 3
g geet Yo 9 nmr"’hep ’
0O, 2 C
5('&““‘} i @?\’CJ@ 5 J‘:’/fsh Yoe C73102
$ s
,}\\br"c o 5 &% ey T
) ar.‘:" o 2 ‘%“ 90, Cc &
o ‘ec“' ‘_\\039 & G %’m Og,
o & G & ¢ ANNN
v & & AN
@‘3 Q'Q g . % ““% %Q\r %e g, ¢
& ¥ ¢ i R 2z % T e 6%- %e
& e LS 8w - = 2 Z % g T D
& c.}“ Sr{;’ & 3§ ‘3: § o8 A 22 2 3 % “??\ Q) Y
i i (=} Vom -
N & s s /F %888 g3 Y %, AN
& & S g & ¥ 55 3 232 A 7 9 . L)
& FEsE73285%8 5323 2
& & s B L X £ &8 2 7T w2 =y 2,
& F S T %
Q (& <L /&£ & E £ T g 2 = £ Z
g g § & 8 5 L 8 = %
5 £ 7 s 2 % = R
s £ g 2 28 3 & 5 3
T £ g § o = 5
T £ ° =
s = ()
g >
Plants Mosses
Red Algae Amoeboids
Green Algae Stramenopiles

Figure 6.12 Molecular phylogenetic analysis of YCF54 distribution among oxygenic photosynthetic

organisms by the maximum likelihood method
The evolutionary history of Ycf54 was inferred by using the maximum likelihood method based on the

JTT matrix-based model (Jones et al., 1992). The tree with the highest log likelihood (-12712.1676) is

shown. An initial tree for the heuristic search was obtained automatically by applying Neighbour-Join

and BioNJ algorithms to a matrix of pairwise distances estimated using a JTT model. The tree is drawn

to scale, with the branch lengths measured in the number of substitutions per site. The analysis

involved 72 amino acid sequences. All positions containing gaps and missing data were eliminated.

There were a total of 91 positions in the final dataset. Evolutionary analyses were conducted in MEGAS

(Tamura et al., 2011).
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There are many residues that are conserved across the different YCF54 homologues; all of
these are highlighted in Figure 6.11 D. No conserved residues were found in a3, a4, B3 or B4.
In Chapter 5, it was noted seven of these residues were absolutely conserved. When the
locations of these residues are highlighted (Figure 4.9 B), they are all visibly concentrated on
one half of the structure, which may represent a highly conserved structural motif. Three of
these seven residues, D39, F40 and R82, were found to be important for YCF54 to interact
with its binding partner, the catalytic component of the cyclase, Sll1214,whilst another
mutation, A9G, was found to reduce the accumulation of Ycf54 by ~75 % in comparison to
wild type. To investigate whether any of these residues result in structural changes in Ycf54,
recombinant proteins of each Ycf54 mutant were produced and crystal trials were performed

(Section 6.3.8).

Figure 6.13 Superimposition of Synechocystis, Thermosynechococcus elongatus and Nostoc sp. Ycf54
proteins

Secondary structure alignment and superimposition of the Ycf54 proteins from Synechocystis (green),
Thermosynechococcus elongatus (pink) and Nostoc sp (blue) generated using Pymol. The PDB
references for the Thermosynechococcus elongatus and Nostoc sp structures are 3HZE and 3JSR
respectively. Diagrams to the left show how the secondary structures align and the diagrams to the

right show the alignment of the Ca backbone. RMSD = 0.537 A and is inclusive of all atoms.
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6.2.6 Structural homologues

A structural alignment of the Thermosynechococcus elongatus (shares 63 % sequence
identity), Nostoc sp PCC 7120 (shares 70 % sequence identity) and Synechocystis wild type
Ycf54 proteins can be viewed in Figure 6.13. The Themosynechococcus elongatus structure
was used over the Nostoc sp. structure for molecular replacement, as the Nostoc sp. PDB
entry is annotated as hypothetical protein all0216, and was only identified in later Dali
searches as an Ycf54 homologue. These alignments show the Ycf54 proteins to all retain
highly similar secondary structures with a RMSD for all o carbons of 0.537 A. The major
significant differences occur at the loop regions, which are likely to be flexible and form

different conformations in the crystal.

Figure 6.14 Superimposition of Thermosynechococcus elongatus and Nostoc sp PCC 7120 Ca
backbones with structural homologues

Superimposition of structural homologues identified in a Dali database search with the Ca backbones
of Thermosynechococcus elongatus (grey) and Nostoc sp PCC 7120 (green). (A) E. coli DNA polymerase
II, residues E39 to M115 (B) Azospirillum brasilense Pl like protein, residues M1 to E98 (C) Pyrococcus
horikoshii transcriptional regulation factor HP1062, residues H6 to F52 and D69 to V106 (D) E. coli D-

lactate dehydrogenase, residues L377 to H433.
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The Dali server (Dietmann et al., 2001) was used to search the Protein Data Bank for proteins
with structural homology to Thermosynechococcus elongatus Ycf54 (PDB 3HZE, Chain A) and
Nostoc sp. PCC 7120 Ycf54 (PDB 3JSR). The top results are displayed in Table 6.3 and 6.4
respectively. In general, all the hits found Ycf54 to have structural similarity to sub-sections of
larger proteins including DNA polymerase Il and the nitrogen metabolism regulatory protein
PIl. Figure 6.14 displays superimpositions of the Thermosynechococcus elongatus and Nostoc
sp. Ycf54 proteins with the regions of structural similarity identified in DNA polymerase I, PII,

transcription regulation factor HP1062 and D-lactate dehydrogenase.

Analysis of the E. coli DNA polymerase Il sequence, the top non-Ycf54 hit for both 3HZE and
3JSR, revealed that the region of structural similarity (residues 39 —115) is situated upstream
of the exonuclease domain (residues 130 — 370), with no particular associated function (Pham

et al., 2001). Of more interest are the P, protein and D-lactate dehydrogenase hits.

P, is a highly conserved signal transduction protein that co-ordinates assimilation of nitrogen
and carbon metabolism in bacteria, archaea and plants. Regulation of nitrogen assimilation
and photosynthesis is of critical importance in non-heterocyst forming cyanobacteria, as
nitrogenase, the enzyme responsible for reducing atmospheric N, to NHjs, is highly sensitive
to O, damage (Masephol and Forchhammer, 2007). The region to which Ycf54 displays
homology (residues 1-98) encompasses the conserved residue S49, which is modified by
phosphorylation in response to intracellular 2-oxoglutarate levels and the conserved residues

K58 and Q39, which are involved in 2-oxoglutarate binding (Fokina et al., 2010).

FAD-binding D-lactate dehydrogenase is a 65 kDa peripheral membrane protein involved in
electron transfer that catalyses the oxidation of D-lactate to pyruvate. The protein has three
domains, the cap domain, the membrane binding domain and the FAD-binding domain. Ycf54
displays structural homology to the C-terminal half of the cap domain (residues 377-433),
which is composed of residues 269-310 and 388-425 (Dym et al., 2000). As its name suggests,
the cap domain forms a lid over the FAD co-factor binding site; although this domain is not
directly involved in flavin binding, the FAD molecule does lie at the junction between all three

domains (Dym et al., 2000).

6.2.7 Production of recombinant Ycf54 point mutants

To ascertain whether any of the Ycf54 point mutants with detectable phenotypes (described
in Chapter 5) have any structural alterations, recombinant versions of these proteins were

produced with the aim of producing material for crystal trials.
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The point mutations A9G, D39A, FA40A and R82A were introduced into pET14b-Ycf54
(constructed in Section 6.3.1) using the QuickChange kit (Stratagene) and the primers listed in
Table 5.1. Insertion of the correct point mutation was confirmed by sequencing analysis
(GATC-Biotech). These plasmids were named pET14b-A9G, pET14b-D39A, pET14b-F40A and
pET14b-R82A.

Each of the Ycf54 point mutation plasmids was transformed into BL21 (DE3) pLysS E. coli cells,
ready for recombinant protein over-expression. Strains pET14b-A9G and pET14b-R82A were
over-expressed as described for pET14b-Ycf54 in Section 6.3.1. The over-expression of strains
pET14b-D39A and pET14b-FA0A was modified, as these proteins were liable to precipitate at
the high concentrations resulting from this method of over-expression. Therefore an
alternative overexpression condition, producing a lower level of recombinant protein, was
determined (growth in LB media at 37°C to an ODgy 0.7 — 0.8, followed by induction with

IPTG and overnight overexpression at 25°C).

All four Ycf54 point mutants were purified as described for wild type Ycf54 in section 6.3.1

and SDS-PAGE analysis of the purified Ycf54 mutant proteins can be viewed in Figure 6.15.

6.2.8 Crystallisation of Ycf54 mutants and data collection

Initial crystal trials were performed using purified recombinant Ycf54 mutant proteins at a
concentration of 10 mg ml™ in 100 mM NaHCO; buffer at pH 8.2, as described for the wild
type Ycf54 protein in section 6.3.2. The preliminary crystallisation conditions were screened
for using the sitting-drop vapour diffusion technique with the NeXtal® commercial
crystallisation screens (QIAgen®) and a Hydra Il Plus | robot. Six separate screens, each
consisting of 96 different conditions, were trialled: AmSO, suite, classics suite, JCSG suite,
PACT suite, pH Clear suite and the MPD suite. Each sitting drop contained 100 nl of protein
and a 100 nl of crystallisation buffer. After dispensing the buffer and protein, the trays were

incubated at 17°C and checked for crystal growth after 7-10 days.

A9G, FA0A and R82A were found to form crystals in a small subset of the conditions trialled,
pictures of the A9G and R82A crystals are displayed in Figure 6.16. There was no evidence of
crystallisation from D39A. A9G and F40A were found to form large cubic crystals in
ammonium sulphate based conditions and R82A was found to form needle-like clusters under
a variety of different conditions. Some of the crystallisation conditions were identical
between the mutant and wild type Ycf54s, with A9G and wild type both forming crystals in
0.1 M tri-sodium citrate and 2.4 M ammonium sulphate and R82A and wild type both forming

crystals in 2.2 M ammonium sulphate.

181



Chapter 6

Wild

A9G D39A F40A R82A
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Figure 6.15 Purified recombinant Synechocystis Ycf54 proteins
20 pg of purified wild type Ycf54 protein and Ycf54 mutant proteins A9G, D39A, FA0A and R82A were
analysed by SDS-PAGE and strained with Coomassie blue to confirm the final purity of the recombinant

protein before crystal trials. Molecular weight marker is in kDa.

Ycf54 A9G

Ycf54 R82A

Figure 6.16 Crystals of Synechocystis mutant Ycf54 proteins A9G and R82A

Photographs of the crystals formed by Ycf54 mutants A9G and R82A during the initial screening trials
and the crystallisation conditions in which they grew. These trials were performed using the sitting
drop vapour diffusion technique in 96 sitting-drop well plates. (A) 0.2 M di-ammonium tartrate and 2.2
M ammonium sulphate, (B) 0.1 M tri-sodium citrate and 2.4 M ammonium sulphate, (C) 0.2 M lithium
sulphate, 0.1 M Tris pH 8.5 and 40 % (v/v) PEG 400, (D) 2.2 M ammonium sulphate, (E) 0.1 M tri-
sodium acetate pH 4.5, 0.1 M Bis-Tris pH 5.5 and 25 % (w/v) PEG 3350, (F) 0.1 M PCB buffer pH 4 and
25 % (w/v) PEG 1500.
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The mutant Ycf54 crystals were looped and cryogenically stored in the mother liquor
supplemented with ethylene-glycol to a final concentration of 30 % (w/v) and cooled in liquid
nitrogen, ready for transportation to the Diamond light source (Oxford). Diffraction data were
collected from the 102 beam-line, where three diffraction images at a rotation of 0.2 omega
degrees were collected for each crystal. It was found the A9G crystal that grew in 0.2 M di-
ammonium tartrate and 2.2 M ammonium sulphate and the R82A crystal that grew in 2.2 M
ammonium sulphate provided the best diffraction, whereas both the F40A crystals tested
only diffracted to a resolution of 3.8 A. Two data sets, each of 900 diffraction images taken
with a rotation of 0.2 omega degrees, were collected from the best diffracting A9G and R82A
crystals. Following data collection, the diffractions were processed by Diamond into MTZ files,
encoding the information about electron density. Initial analysis of the diffraction data
indicated A9G had unit cell dimensions of: a = 42.20 A, b = 46.13 A, c = 119.66 A, a = B=y=
90°, the space group C 2 2 2, and a resolution of 1.5 A, whilst R82A had unit cell dimensions
of:a=5552A, b=91.15A ¢ =120.30 A, a = B =y = 90°, the space group P 2, 2, 2; and a
resolution of 2.2 A. The data collection statistics for all the Ycf54 crystals are listed in Table

6.1.

Following the results from the initial data collection, trials were set up to optimise the
crystallisation of FA0OA and R82A with the aim of obtaining better diffracting crystals, however
no crystals were found to grow in any of the conditions tested and no further optimisation

was performed.

6.2.9 Data processing, model building and structure validation for

Synechocystis Ycf54 mutants A9G and R82A

The MTZ file of the combined datasets was fed into the Cell Content Analysis module in the
CCP4 Molecular replacement processing program (1994) to estimate the solvent content and
number of molecules within the unit cell. This revealed the A9G unit cell to be 42.84 %
solvent, with a Matthews'’s coefficient of 2.17 A%/Da, containing a single protein molecule and
the R82A unit cell to be 58.53 % solvent, with a Matthews coefficient of 2.99 A3/Da,
containing four protein molecules per unit cell. After calculating the number of molecules in
the unit cell, the MolRep Molecular Replacement Program was used to solve the structures of
A9G and R82A. The MTZ data were input, along with the wild type Synechocystis Ycf54.pdb as
a template, and the search parameter of one monomer (A9G) or four monomers (R82A) per
asymmetric unit. This generated the .pdb file of the initial models, which underwent several
rounds of rebuilding and refinement using the Refmac5 module in the CCP4 processing suite

and COOT. Figure 6.17 and Figure 6.19 show a representative region of the model and
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electron density map before refinement, after processing through the ArpWarp module and

the final refinement model of A9G and R82A respectively.

After rounds of rebuilding and refining all of the A9G protein chain could be built into the
electron density; no residues were truncated to Ca or un-modelled. Refinement statistics
from Refmac5 and the Validate Model module in the CCP4 processing suite are presented in
Table 6.2. The R-factor and Rs.. are 0.21 and 0.26 respectively, and the Ramachandran plots
displayed in Figure 6.18 show all residues are within the favoured range for psi () and phi
() angles. The B-factors calculated for each residue within the A9G model shows all of the
waters and backbone residues to have a B-factor less than 30. Some of the lysine, argenine
and glutamate side chains have a B-factor greater than 60, most likely resulting from these

flexible residues having multiple conformations.

Following rounds of rebuilding and refining the majority of the R82A protein chains could be
built into the density. Of the four monomer chains in each unit cell, chains A and C were
found to have the better electron density, enabling modelling of the protein chains into the
density, whilst the density in chains B and D was markedly poorer. This disparity in density is
represented by the higher percentage of residue side chain B-factors over 60 in chains B and
D, with the most problematic region to refine situated between residues 10 - 24 and residues
47 - 65. Additionally, the Ramachandran plots displayed in Figure 6.20 show the greatest
number of outlier residues belong to chain D. Nevertheless an overlay of all four chains
(Figure 6.21) shows the majority of the Ca backbone to conform to the same secondary
structure. The refinement statistics for R82A are presented in Table 6.2, and include an R-

factor of 0.19 and an R Of 0.26.

No significant electron density was observed in the A9G or R82A density maps that did not
correspond to the main chain and its associated water molecules, suggesting the phosphate
molecule observed in the wild type structure (Figure 6.6) is an artefact of the purification or
crystallisation conditions used. Additionally, no ethylene glycol molecules were observed in
the density maps of either mutant Ycf54 protein, which is unsurprising as the presence of
these molecules in the wild type electron density maps is a result of the cryoprotectant in

which the wild type Ycf54 crystals were stored.
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Figure 6.17 Sample regions from the A9G electron density map taken from the beginning, middle and
end of the refinement process

Electron density maps of the Ycf54 mutant A9G, showing the region encompassing residues E18 P19
F20 E21 E22, taken from the initial model after molecular replacement using the Thermosynechococcus
elongatus YCF54 (A), the refinement model following processing using the Refmac5 module Arp Warp
against the wild type Ycf54 structure (B), and the final refinement model (C). In white are carbon
atoms, in red are the oxygen atoms, in blue are the nitrogen atoms and the waters are shown as blue

spheres.
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Figure 6.18 Ramachandran plots of the A9G Ycf54 mutant structure

Ramachandran plots generated from the Richardson’s’ data using RAMPAGE in the CCP4 suite. All

residues are within the favoured regions, with 98.1 % of residues located within the favoured region

and 1.9 % of residues located within the allowed region.
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Figure 6.19 Sample regions from the R82A electron density map from the beginning and end of the
refinement process

Electron density maps of the Ycf54 mutant R82A, showing the region encompassing residues E18 P19
F20 E21 E22, for each of the four chains in the unit cell; Chain A (A), Chain B (B), Chain C (C) and Chain
D (D). The images to the left represent the electron density from the initial model generated from
molecular replacement using the wild type Synechocystis YCF54 and the images to the right represent
the final refinement model. In white are carbon atoms, in red are the oxygen atoms, in blue are the

nitrogen atoms and the waters are shown as blue spheres.
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Figure 6.20 Ramachandran plots of the R82A Ycf54 mutant structure

Ramachandran plots generated from the Richardson’s data using RAMPAGE in the CCP4 suite for all

four chains of R82A present within the unit cell. The majority of residues are within the favoured

regions, with 94.8 % of residues located within the favoured region, 3.5 % of residues located within

the allowed region and 1.7 % of residues located within the outlier region.
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Figure 6.21 Superimposition of the four YCF54 molecules located in each R82A unit cell

Secondary structure alignment and superimposition of the R82A mutant Ycf54 proteins located within
each unit cell; Chain A (green), Chain B (orange), Chain C (pink), Chain D (mauve). Diagrams to the left
show how the secondary structures align and the diagrams to the right show the alignment of the Ca
backbone. Chain A on Chain B RMSD = 0.241 A, Chain A on Chain C RMSD = 0.254 A, Chain A on Chain D
RMSD = 0.381 A, RMSD values are inclusive of all atoms.

6.2.10 Comparison of wild type and mutant Ycf54 structures

To investigate the effects caused by the two point mutations A9G and R82A, the crystal
structures obtained for these mutant Ycf54 proteins were compared with the wild type Ycf54
crystal structure. Both the wild type and A9G crystal structures were found to crystallise
within the same space group (P 2 2 2,) with a single molecule in the asymmetric unit,
whereas R82A was found to crystallise in an alternative space group (P 2, 2, 2;) with four
molecules (Chains A, B, C and D) in the asymmetric unit. As displayed in Figure 6.21 the four
chains of R82A crystallise in two different conformations, whose secondary structures are
very similar aside from the difference that occurs at the N-terminal end of helix a2. Therefore
in all structural comparisons of R82A with wild type Ycf54, the two chains with the best

density (Chain A and Chain B) representing both crystallisation conformations were used.
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Figure 6.22 displays the superimposition of the secondary structures of the wild type, A9G,
R82A Chain A and R82A Chain B Ycf54 molecules. These images and the RMSD of the Ca
backbone calculated show all the structures to have a highly conserved secondary structure
with no major abnormalities. The only region at which the structures visibly deviate is at the
N-terminal of helix a2 (highlighted in Figure 6.22), where wild type and R82A Chain B have
the same conformation and A9G and R82A Chain A follow the same conformation. This
suggests that the Ycf54 structure may be flexible in this region, which is why two
conformations, conserved between two different crystal structures, are observed.
Additionally, the crystal structures of the Ycf54 homologues from Thermosynechococcus
elongatus and Nostoc sp were observed to crystallise in the same conformation as A9G and

R82A Chain A (Figure 6.13), lending validity to this hypothesis.

Figure 6.22 Superimposition of wild type A9G and R82A Ycf54 structures

Secondary structure alignment and superimposition of Ycf54 proteins wild type (green), A9G (blue),
R82A Chain A (violet) and R82A Chain B (pink) generated using PyMol. Diagrams to the left show how
the secondary structures align and the diagrams to the right show the alignment of the Ca backbone.
A9G on wild type RMSD = 0.193 A, R82A Chain A on wild type RMSD = 0.282 A and R82A Chain B on
wild type RMSD = 0.335 A. Highlighted by the circle is the region on greatest disparity between the

structures.
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Wild type A9G

Figure 6.23 Analysis of the hydrogen bonds and electrostatic surface charges in the vicinity of the
A9G base substitution

Analysis of the hydrogen bonding between residue 9 and the surrounding residues in the wild type
Ycf54 structure and A9G mutant structure is shown in (A); residue 9 is highlighted by an asterisk (*),
the waters are shown as red spheres and the hydrogen bonds are marked by blue dashes. The location
of residue 9 on the surface of the wild type and A9G Ycf54 proteins is highlighted in green (B) and
representations of the surface electrostatics on this face of the protein are shown in (C). Surface
electrostatics were calculated using the Adaptive Poisson-Boltzman Solver (APBS) in PyMOL. Blue:

positive charge, Red: negative charge, White: neutral.
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As no major alterations in the secondary structure are observed for either point mutation,
the effects of A9G and R82A base substitutions on the conformation of the local structure
and surface charges was examined. Figure 6.23 A shows the hydrogen bonds in the local
region surrounding residue 9 are identical between the wild type and A9G structures.
Similarly the surface exposed area of residue 9 and the surface electrostatics observed are
identical between the two structures (Figure 6.23 B and C), demonstrating the loss of a CH; R-

group from residue 9 has no discernible effects on the local structure of the surrounding area.

Unlike the A9G point mutation, closer examination of the structure surrounding residue 82
shows alterations in the hydrogen bonding network (Figure 6.24) and the surface
electrostatics (Figure 6.25), despite there being no obvious alterations in the conformation of

the residues surrounding residue 82 (Figure 6.26).

In the wild type structure R82 crystallises in two conformations (Figure 6.4). In one, R82
forms two direct hydrogen bonds with the side chain of E17 as well as the backbone carbonyl
of L83, and two indirect hydrogen bonds mediated by a water are formed between the
backbone carbonyl of F20 and the side chain of E17. In the second conformation, R82 forms a
water-mediated hydrogen bond with the side chain of W78 (Figure 6.24). However, upon
substitution of R82 for an alanine, none of the hydrogen bonds between the arginine side
chain and the surrounding residues may form, thus removing this network of interactions.
Instead an “empty” space is observed where R82 should reside and no hydrogen bonding
interactions occur between the regions encompassing residues E17-F20 of a2 and residues
W78-L83 of a5. Furthermore, by substituting the arginine with an alanine, residue 82 can no
longer switch between the two conformations observed. Unfortunately, as the precise role of
R82 in cyclase function is not known, it is impossible to speculate how the dual conformations
of this residue and its local hydrogen bonding network are involved in interacting with the

catalytic component of the cyclase, SI11214/SI11874, or cyclase activity.

The surface occupancy of residue 82 (viewed Figure 6.25 A where R82 or A82 is highlighted in
green in the wild type and mutant structures respectively) is vastly reduced in the mutant
compared to the wild type, altering the topography of the surface area in this region.
Additionally, the surface electrostatics in this region are also altered (Figure 6.25 B and C);
the base substitution R=>A changes the surface electrostatics from predominately positive to
predominately negative. Thus, it is possible to imagine an electrostatic interaction mediated
between the positive region in the vicinity of R82 and a negatively charged region on an as

yet unidentified interaction partner (perhaps SI11214/SI11874, given R82A can no longer
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interact with these proteins), would be disrupted by the altered surface charges on the R82A

Ycf54 mutant.

Figure 6.24 Analysis of the hydrogen bonds around residue 82 in wild type Ycf54 and mutant Ycf54
proteins

Analysis of the hydrogen bonding between residue 82 and the surrounding residues in the wild type
Ycf54 structure, A9G mutant structure and all four chains of the R82A crystal structure. Residue 82 is
highlighted by an asterisk (*), the waters are shown as red spheres, the hydrogen bonds present in all
structures are marked by blue dashes, the hydrogen bonds present only in the wild type and A9G

structures are marked by green dashes.
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Wild type R82A

Figure 6.25 Comparison of the surface electrostatics between wild type and R82A structures

The location of the R82A residue on the surface of the wild type and R82A Ycf54 proteins is highlighted
in green (A). Representations of the surface electrostatics of this face of the protein are shown in (B)
and a close up of the region encompassing residue 82 in the wild type and R82A Ycf54 structures is
shown in (C). Surface electrostatics were calculated using the Adaptive Poisson-Boltzman Solver (APBS)

in PyMOL. Blue: positive charge, Red: negative charge, White: neutral.
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Figure 6.26 Superimposition of the residues surrounding residue 82 in the wild type A9G and R82A

Ycf54 structures

Secondary structure alignment and superimposition of the residues surrounding R82A in the Ycf54

proteins wild type (green), A9G (blue), R82A Chain A (violet) and R82A Chain B (pink) generated using

PyMOL. In the wild type structure, R82 adopts a dual conformation, which is shown in the diagrams
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6.3 Discussion

It is commonly accepted that the ancestor of the plastids found in plants and algae was once
a free-living cyanobacterium that became enslaved by a host eukaryote cell. Over the course
of evolution, many essential genes encoded within the symbiont were transferred to the
hosts’ nucleus, whilst others became redundant and were lost (Race et al., 1999). However, a
small number of proteins (¥10 %) essential for fully functional chloroplasts have been
retained in the plastid genome. Analyses of the genetic information retained in the plastid
genomes of various plant and algal species showed that they primarily encode components
essential for the biochemistry of the plastid, specifically photosynthetic proteins, integral
membrane proteins, fatty acid biosynthesis proteins and the associated machinery required
for their expression (Leister, 2003). Of these genes, ~80-90 open reading frames encode
proteins not involved in the gene-expression/ translation machinery and the functions of a
large proportion of these have been elucidated (Kleine et al., 2009). The remaining genes,
with no known function were given the prefix ycf (hypothetical chloroplast open reading
frame). Ycf54 is one of these unknown hypothetical genes and its function has recently
started to be elucidated through the work presented in this thesis, in addition to the
manuscripts of Hollingshead et al., (2012) and Albus et al., (2012) and the doctoral thesis of
Wallner T (2012).

Ycf54 is a highly conserved protein with identifiable homologues in all sequenced oxygenic
photosynthetic organisms. All homologues share the DUF (domain of unknown function)
domain DUF2488 also known as the Ycf54 domain. Examination of the evolutionary
relationships between the Ycf54 homologues using molecular phylogenetic analyses (Figure
6.13) show the plant Ycf54 homologues to be closely clustered, indicating tight evolutionary
constraints, whilst the Ycf54 homologues from stramenopiles, mosses, green algae, red algae
and cyanobacteria are interspersed with each other, a possible outcome of horizontal gene

transfer in addition to adaptation to specific ecological niches.

The primary goal of this chapter was to determine the crystal structure of wild type Ycf54 and
the structures of the Ycf54 mutants (A9G, D39A, FA0A and R82A) found to have an in vivo
phenotype in the experiments conducted in Chapter 5. Of these four point mutations, three
(D39A, F40A and R82A) were found to affect the ability of the cell to convert MgPME to
Pchlide and one (A9G) was found to affect the accumulation of Ycf54 and its interaction
partners Sll1214 and SII1874, but not the ability of the cell to produce Pchlide. To further
understand how these mutations affect the inherent structure of Ycf54 attempts were made

to solve the crystal structures of each of these proteins. As a result, the crystal structures of
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three proteins were successfully solved, wild type, A9G and R82A. Unfortunately, D39A did
not crystallise under any of the conditions trialled and although F40A did form crystals, none

of these diffracted to a resolution better than 4 A.

6.3.1 Summary of wild type Ycf54 structure

The structure of wild type Ycf54 was successfully solved to a resolution of 1.3 A. The final
refinement model reveals Synechocystis Ycf54 to consist of a single domain, in which a four
stranded anti-parallel B-sheet is situated between two short sections of a-helices (Figure 6.7).
Comparison of this structure to the two Ycf54 structures from Thermosynechococcus
elongatus and Nostoc sp existing in the PDB (Figure 6.13) shows that as well as sharing a high
sequence identity, these three structures also share high structural similarity. Given the
Ycf54 domain is highly conserved throughout all oxygenic photosynthetic organisms (Figure
5.1 and Figure 6.12) the level of sequence and structural homology observed further

underlines the importance of this protein.

From the work presented in Chapters 4 and 5 of this thesis and by Albus et al., (2012) and
Wallner (2012), it can be concluded that Ycf54 is required for normal procession of the
cyclase reaction in Synechocystis and Nicotiana tabacum; thus, Ycf54 can be regarded as a
component of the cyclase complex. Previous biochemical studies using fractionated extracts
from cucumber cotelydons (Walker et al., 1991), barley plastids (Rzeznicka et al., 2005),
Synechocystis cells and Chlamydomonas rehinhardtii cells (Bollivar and Beale, 1996a) all
found that the cyclase complex consists of several subunits, one which is located in the
soluble fraction and two that are membrane bound. The identity of only one cyclase subunit
has been discovered, which is the membrane bound AcsF protein (Pinta et al., 2002; Tottey et
al., 2003a; Rzeznicka et al., 2005; Minamizaki et al., 2008a). Western blots of fractionated
Synechocystis cell lysates probed with anti-Ycf54 show that Ycf54 is located predominantly in
the soluble fraction. In addition the recombinant Ycf54 protein was found to be highly
soluble. Taken together these data suggest Ycf54 may be the unidentified soluble component
of the cyclase. However, biochemical assays using fractionated Synechocystis membranes and

recombinant Ycf54 should be conducted to obtain conclusive evidence.

Often referred to as the catalytic subunit, AcsF (known as Sl11214/S111874 in Synechocystis)
belongs to a family of di-iron carboxylate proteins, a group of non-heme and non-
transmembrane iron proteins that co-ordinate a binuclear iron centre via six conserved
amino acids (four carboxylate, two histidine). Unlike other mono-oxygenase enzymes, the
family of di-iron carboxylate proteins are not soluble and do not traverse the membrane,

instead they are bound interfacially to one leaflet of the lipid bilayer (Berthold and Stenmark,
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2003). In addition to the cyclase, other members of this family include the alternative
oxidase, the plastid terminal oxidase and the di-iron 5-dethoxyquinone hydroxylase.
Biochemical studies using fractionated lysates all report that a reducing agent (NADPH) was
required for cyclase activity, however analysis of the AcsF and Ycf54 sequences shows there
no Rossmann fold in either protein, meaning an additional subunit, with the ability to bind

and reduce NADPH remains to be discovered.

To further elucidate the function of Ycf54, the Dali server was employed to identify structural
homologues. Two of the top hits, D-lactate dehydrogenase and the nitrogen regulatory
protein P,, were of interest because of their respective roles in electron transfer and
orchestration of balancing nitrogen fixation and photosynthesis (Figure 6.14) (Dym et al.,
2000; Fokina et al., 2010). However, without further information on how Ycf54 interacts with
the other members of the cyclase complex and the mechanism of the cyclase reaction, it is
difficult to draw conclusions from these structural homologues and how they may relate to

the function of Ycf54.

6.3.2 Summary of mutant Ycf54 structures

In addition to the structure of wild type Ycf54, the structures of two Ycf54 mutants, A9G and
R82A, were solved to resolutions of 1.5 A and 2.2 A respectively. These two mutants were
both found to have a detectable in vivo phenotype in Chapter 5 and in order to understand
how these mutations may alter the function of Ycf54 their crystal structures were

determined.

Neither secondary structure was significantly altered (Figure 6.22) as an overlay of the
mutant and wild type Ycf54 structures showed all the Ca atoms to have an RMSD of 0.2 A for
A9G and 0.3 A for R82A. Thus, the phenotypes observed in A9G and R82A are not a result of
the mutant proteins adopting a different conformation or failing to fold. In addition, analyses
of the electrostatic surface potential and local hydrogen bonds surrounding residue 9 in A9G,
showed no differences between wild type Ycf54 and the A9G mutant (Figure 6.23). In
conclusion there is no obvious structural basis for the reduced accumulation of Ycf54
observed in the Synechocystis strain A9G. Nevertheless, this mutant has been important in
determining that the cellular accumulation of Ycf54 and Sl11214 is likely to be in excess, as the
Synechocystis strain A9G is able to synthesis chlorophyll to the same levels observed in wild

type Synechocystis (Table 5.1).
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R82

Figure 6.27 Surface availability of conserved residues D39, F40 and R82
Image of the surface area occupied by the conserved residues D39 (orange) and R82 (green) generated

using PyMOL.

Upon closer comparison of the R82A and wild type Ycf54 structures, two disparities could be
observed. Firstly, there is an alteration in the electrostatic surface potentials at the site of
residue 82. In the wild type structure, R82 gives the local surface a positive charge;
replacement of this residue with an alanine results in the local surface adopting an overall
negative charge (Figure 6.25). Secondly, there are several alterations in the network of
hydrogen bonds surrounding residue 82. In the wild type, R82 forms several stabilising
hydrogen bonds with both “in-space” and “in-sequence” neighbouring residues, directly and
through a hydrogen-bonded water molecule (Figure 6.24). When replaced with an alanine,
residue 82 can no longer form these interactions, which may alter the stability of this region.
Lastly, R82 was observed to crystallise in two distinct conformations (Figure 6.4), which is no
longer an option in the R82A mutant. It may be that the flexibility of R82, along with its
associated positive surface potential is required for docking of Ycf54 onto SI11214/S111874, as
pulldown assays using FLAG-R82A as bait show this mutant is no longer able to interact with

the catalytic subunit of the cyclase (Figure 5.10).

6.3.3 Conclusions and future work

Overall the data gathered within this chapter show that the both the sequence and known
structures of Ycf54 are highly conserved, which highlights the importance of this protein in
chlorophyll biosynthesis. However, the specific role of Ycf54 along with its purpose in the
cyclase complex has not yet been fully elucidated; several factors remain to be investigated,

some of which are discussed below.

The site at which Ycf54 docks onto the catalytic subunit(s) of the cyclase S11214/S111874 is
unknown. In Chapter 5, in vivo pulldown assays using the FLAG-tagged Ycf54 mutants D39A,

FA0A and R82A showed that none of these mutants were able to interact with
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Sl11214/S111874. However, when the surface occupancy of each of these molecules is viewed
(Figure 6.27), it becomes apparent that F40 is buried and that D39 and R82 could be
considered to be on different faces of Ycf54, separated by a “over-surface” distance of ~25 A.
Without a structure of D39A or F40A, the effects of these mutations on the folding of Ycf54 is
not known, so conclusions cannot be drawn as to how these point mutations affect the
interaction between Ycf54 and Sl12114/S111874. Nevertheless, it is unlikely that D39A, F40A
and R82A form a docking area for SI11214/Sl11874 on the surface of Ycf54. The most ideal
method to map the regions of SI11214/SI11874 that interact would be to co-crystallise
SI11214/S111874 and Ycf54 to obtain a structure of the complex. However, there are two
reasons why this is unlikely to be successful; firstly, SIl11214/Sl11874 is a membrane-associated
protein and requires solubilising with detergents in order to be purified from Synechocystis
(where it only accumulates at low levels, even when expressed with a FLAG-tag from the
strong light driven promoter psbAll), secondly, numerous expression constructs and
conditions have been trialled to produce recombinant Sll1214 or SIl1874, none of which have

yielded significant protein.

Although Ycf54 is a soluble protein, located in the cytoplasmic fraction of Synechocystis
(Figure 4.7), it is not known whether it is the soluble protein required for reconstitution of
cyclase activity in assays using cell lysates. As discussed in Chapter 4, biochemical assays using
the membrane fraction of Synechocystis and recombinant Ycf54 should be conducted, using
the method of Bollivar and Beale (1996) to determine if Ycf54 is the elusive soluble protein

described by Walker et al., (1991).

Upon analysis of the surface electrostatic charges of Synechocystis Ycf54, a negatively
charged ridge, located on a2, was discovered. Closer inspection of the residues responsible
for this area of negative charge, revealed two of the glutamate residues, E22 and E26, to be
two of the seven residues that are absolutely conserved across all known Ycf54 homologues
(Figure 5.1). Comparison of the surface electrostatic charges on the corresponding helices in
the Thermosynechococcus elongatus and Nostoc sp Ycf54 proteins (Figure 6.28), showed that
these two proteins also have a negatively charged ridge, a strong indication that this feature
is structurally conserved. In Chapter 5, E22 and E26 were individually point mutated to an
alanine in vivo, however no detectable phenotype was observed in either of the
Synechocystis strains Ycf54-E22A or Ycf54-E26A. As discussed earlier, the observable lack of
phenotype may be due a single point mutation not having a significant impact on the overall
negative charge of this area; thus any electrostatic interactions in which this ridge may
partake may not be perturbed. Further investigation into the role of this interesting

structural feature could involve the insertion of several lysine resides (so as to reverse the
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charge of the ridge) into the native Ycf54 gene in vivo, followed by investigation of the

strain(s) generated to determine if they have an altered phenotype.

Synechocystis Thermosynechococcus Nostocsp PCC 7121
elongatus

Figure 6.28 Acidic ridge is conserved between Synechocystis, Thermosynechococcus elongatus and
Nostoc sp Ycf54 proteins

The surface electrostatic charges of the electronegative ridge, located on helix 2 of Synechocystis
Ycf54, are displayed for the Synechocystis, Thermosynechococcus elongatus and Nostoc sp Ycf54
proteins. Surface electrostatics were calculated using the Adaptive Poisson-Boltzman Solver (APBS) in

PyMOL. Blue: positive charge, Red: negative charge, White: neutral.
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Table 6.1 Data collection statistics for Ycf54 crystals

Dataset Ycf54 A9G R82A
Spacegroup C222, C222 P2,2,2,
Unit cell parameters

A 42.73 42.20 55.52
B 45.93 46.13 91.15
C 119.29 119.66 120.30
A 120 90 90

B 120 90 90

r 120 90 90
Matthews coefficient A’ Da  2.03 2.17 2.99
lI:/ll’](i);ecules per asymmetric 1 1 4
Temperature (K) 100 100 100
X-ray source Diamond 102 Diamond 102 Diamond 102
Detector

Resolution (A) 1.31 1.50 2.20
Energy (keV) 0.979 0.979 0.979
Mosaicity (°) 0.332 0.165 0.09
Unique observations 28342 18732 31210
Rimerge 0.04 0.08 0.05
Rprim 0.03 0.04 0.02
Completeness (%) 98.9% 98.5 98.7
Multiplicity 4.4 6.1 6.6
Anomalous multiplicity 2.2 3.1 3.4
Mean (S[;’I]]) _ 1.019 0.913
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Table 6.2 Refinement statistics for Ycf54 structures

Parameter Ycf54 A9G R82A
Resolution (A) 1.31 1.50 2.20
Number of reflections 28342 18732 31210
Used reflections 26909 17771 29636
Number of atoms 1029 959 3637
Number of waters 120 83 149
Number of ions 2 1 0
Un-modelled residues 0 0 0
Residues truncated to ca 0 0 0
I(Roz)machandran favoured 98.10 98.10 94.8
Ramachandran outliers (%) 0 0 1.7
Poor rotamers 0 0

RMSD bond length (A) 0.03 0.02 0.02
RMSD bond angle (°) 2.22 2.01 1.67
RMS chir volume 0.16 0.14 0.10
Average B factors (A%)

Main chain 19.8 - -
Waters 18.2 - -
R-factor (%) 18.86 20.60 18.90
Reree (%) 21.68 26.00 26.00
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Table 6.3 Top Dali hits with Thermosynechococcus elongatus PDB 3HZE Chain A used as the

search model

Sequence
PDB . . . RMSD .
Chain Species Description Z-score OS Identity
code (A)
(%)
Nostoc
3JSR A Sp. PCC 7120 Ycf54 19.4 0.9 73
1Q8I A Escherichia coli DNA Polymerase Il 4.7 3.0 14
1F0X A Escherichia coli D-Lactate 4.5 3.4 10
dehydrogenase
Transcriptional
1IMW7 A Helicobacter pylori regulatory protein 4.3 2.8 9
(HPO162)
Hypothetical
DCL B E‘é:’;;fﬁs protein 43 3.2 7
(PH1503)
2BOA B Human Carboxypeptidase | 3.2 4
A4
3L7p b Streptococcus N|trogen regulatory a1 33 6
mutans protein PlI
2QFM A Human Spermine synthase 4.1 3.7 10

Z-score is a measure of the statistical significance of a match in terms of Gaussian statistics.

The higher the Z score, the higher the statistical significance of the match.

RMSD is the Root Mean Square Deviation calculated between Ca atoms of matched residues
at the best 3D superposition of the query and target structures. Generally the larger the
RMSD, the more distant the matched structures are.
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Table 6.4 Top Dali hits with Nostoc sp PCC 7120 PDB 3JSR used as the search model

Sequence
PDB . . i RMSD .
Chain Species Description Z-score S Identity
code (A)
(%)
3HZE Thermosynechococcus Yefsa 19.5 0.8 73
elongatus
. DNA Polymerase
3K59 E. coli I 5.0 4.3 12
3MHY Azospirillum PIl like protein 4.4 3.6 7
brasilense
219D Methanocaldococcus o) e eotein 4.4 4.0 8
jannaschii
Anabaena  variabilis . .
3DFE ATCC 29413 Pll like protein 4.4 3.4 7
Transcriptional
2DCL Pyrococcus horikoshii regulz?tory 4.3 2.8 9
protein
(HPO162)
Uncharacterised
3MO5 Humans protein 4.3 4.3 1
PEPE_1480

Z-score is a measure of the statistical significance of a match in terms of Gaussian statistics.

The higher the Z score, the higher the statistical significance of the match.

RMSD is the Root Mean Square Deviation calculated between Ca atoms of matched residues
at the best 3D superposition of the query and target structures. Generally the larger the
RMSD, the more distant the matched structures are.
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7. Investigating the role of Aslr0483 in Synechocystis

7.1 Introduction

In a recent study by Formighieri et al (2012), quantitative transcription profiling of a
Chlamydomonas reinhardtii gun4 insertion mutant was performed on cells grown in the dark.
The authors found 69 nuclear genes that encoded predicted chloroplast proteins that were
differentially expressed in gun4” by more than three-fold when compared to the wild type.
These proteins were found to be involved in a variety of cellular processes including
signalling, photosystem/ light-harvesting complexes, tetrapyrrole metabolism, gene
expression, chromatin reorganisation and nitrogen metabolism. Of interest are the up-
regulated tetrapyrrole metabolism genes: GSA, UROIIl, CPOIIl, the magnesium chelatase
subunits ChIH and Chll (but not ChID) and the chlorophyll biosynthesis enzymes ChiM, POR1,
ChlIP, and the up-regulated photosystem/ light harvesting genes: LHCBM4, LHCBM5, CP26,
LHCSR1 and LHCA1-9. Such global changes in the expression of the genes associated with
photosynthesis in the absence of GUN4, implies that GUN4 may have a wider role in
regulating the tetrapyrrole biosynthetic pathway, as well as it’s well documented role as part
of the MgCH complex (Larkin et al., 2003b; Davison et al., 2005b). In addition to the known
photosynthetic genes, 11 genes with no known functional annotation were also found to be
differentially expressed. Given the number of tetrapyrrole metabolism and light-harvesting
genes whose expression is affected in the absence of GUN4, it is plausible some of these may
also have an as yet unidentified role in photosynthesis. Therefore, each of the 11 unknown
genes was subjected to BLAST searching, from which one gene was identified as potential
photosynthesis candidate, as it is highly conserved across the lineage of photosynthetic

organisms. This gene corresponds to s/r0483 in Synechocystis.

In Chapter 3, SIr0483 was found in the eluates from FLAG pulldown experiments using the
bait proteins CT-FLAG-ChIM, CT-FLAG-SI11214 and CT-FLAG-ChIP and has also been identified
in the eluates from pulldown experiments using NT-FLAG-Protoporphryinogen oxidase, NT-
FLAG-SII1214 and NT-FLAG-FeCH (Dr. Roman Sobotka, personal communication). As the
SIr0483 protein represents a highly conserved protein of unknown function, which is
conserved across the oxygenic photosynthetic lineages, it was decided to investigate the role

of SIr0483 further.

SIr0483 is a member of the PFAM family CAAD/PF14159 and contains a domain of unknown

function, DUF4308, which can found in amino-acyl tRNA enzymes as well as in isolation in
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single domain proteins. The CAAD domain stands for Cyanobacterial Aminoacyl-tRNA
synthetases Appended Domain, and is found in protein domains that are localised in the
thylakoid membrane. The domain consists of two putative transmembrane helices, and is
present in glutamyl-, isoleucyl- and valyl-tRNA synthetases, as well as several proteins

unrelated to the aminoacyl tRNA synthetases (InterPro 2014).

There are five known domain organisations that contain the CAAD domain (according to the
PFAM database on 30 December 2013), which can be viewed in Figure 7.1. The most
common domain architecture, accounting for 267 or 93 % of the known CAAD containing
proteins (287 sequences in total), is when CAAD is found in isolation in single domain proteins
and is usually situated at the C-terminus; SIr0483 has this domain architecture. So far the
CAAD domain has been found in 100 species, including 69 cyanobacteria, 2 microscopic algae,
1 amoeboid, 8 green algae, 1 moss and 19 vascular plants; interestingly CAAD domains have

not been reported in any species of red algae or stramenopiles.
w— CAAD == 267 sequences
- tRNA-synt_1 == Anticodon_1 === CAAD == Binding arm === 12 sequences

- tRNA-synt_1 = Anticodon_1 === CAAD = 7p finger == 4 sequences
Trichodesmium erythraeum IMS101
Microcoleus chthonoplastes PCC7420
Oscillatoria sp. PCC6506
Microcoleus vaginatus FGP-2

—  tRNA-synt_1g -@- TRNASynt 1 = CAAD - Anticodon_1 == 1 sequence

Lyngbya sp. PCC8106

= tRNA-synt_1c se— CAAD = 1sequence
Trichodesmium erythraeum IM5101

CAAD = CAAD = 1lsequence

Oryza glaberrima

Figure 7.1 Domain architecture in proteins containing the CAAD domain
The six-domain architectures found in proteins containing the CAAD domain, of which SIr0483 is a

member.

7.2 Results

7.2.1 Bioinformatics analysis of SIr0483

The SIr0483 primary sequence was subjected to bioinformatics analyses to determine if the
protein contained the two predicted transmembrane domains, which constitute the

conserved CAAD domain. Analyses performed using the PSlpred program suggests SIr0483
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has two transmembrane helices, located towards the C-terminus of the protein (Figure 7.3
B), as well as three non-transmembrane helices. The FLAG-tagged SIr0483 protein was found
to be associated with the insoluble fraction in FLAG-pull down experiments (Figure 7.4),

which suggests that, as expected, this protein is membrane associated.

A

SIr0480 SIr0482 SIr0483 SIr0484 SIr0487 SIr0488

hypothetical YCF46 unknown hypothetical Two component sensor histidine hypothetical Virulence factor MviN
protein hypothetical protein protein protein kinase protein

knock out cassette

Zeocin® down stream (73

SIr0483 F primer.
- nechocystis genome

SIr0483 (450 bp)

PE—
SIr0483 R primer

Figure 7.2 SIr0483 locus in the Synechocystis genome and knock out cassette used to generate
Aslr0483

Location of slr0483 in Synechocystis and the flanking genes (A); knock out cassette used to

generate Aslr0483 and the region of the Synechocystis genome into which it integrates (B).

7.2.2 Creation of a AsIr0483 deletion mutant

To investigate the function of the unknown conserved protein SIr0483, a Synechocystis strain
was constructed in which the s/r0483 gene is interrupted with a zeocin resistance cassette.
The strain was constructed using the mega primer method adapted from Ke and Madison
(1997). A length of DNA consisting of a zeocin resistance cassette flanked by ~500 bp of the
upstream and downstream regions of the slr0483 gene locus was generated though

sequential PCR reactions (Figure 4.3).

A fully segregated Aslr0483 Synechocystis strain was created by inserting a zeocin resistance
cassette into s/r0483 (Figure 7.2 B) and sequentially selecting on increasing concentrations of
zeocin until full segregation was achieved (Section 2.3.1). Confirmation of full segregation by
amplification of the s/r0483 region is shown (Figure 7.3 A). During segregation it was noted
that although this mutant could grow photoautotrophically and photomixotrophically, it had

a significantly longer doubling time than wild type.
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Figure 7.3 Production of As/r0483 and spectroscopic analysis of the resulting phenotype

PCR analysis to show complete segregation of s/r0483 disrupted with a zeocin resistance cassette (A).
Full segregation is shown by the absence of PCR product in the WT strain and the presence of a new,
higher molecular weight product in the mutant strain. PCR reactions were resolved on a 1 % agarose
gel (w/v), visualised with ethidium bromide. The s/r0483 primary sequence was analysed using the
PSIPred program. S/r0483 is predicted to form five a-helices, two of which (a4 and a5) are
transmembrane helices (B). Whole cell absorbance spectra of wild type (green) and As/r0483 mutant
(red) Synechocystis cells (C) were recorded for cells were grown under normal light conditions in BG-11
medium supplemented with 5 mM glucose and 10 mM TES pH 8.2. Spectra are measured for cells in
log phase normalised for cell density at ODyso. For the 77K emission spectra, all samples were re-
suspended in 80 % glycerol to an ODy5, = 0.1. 77K whole cell emission spectra (D) were recorded for
excitation at 435 nm (wild type, green line; As/r0483 mutant, red line) and 580 nm (wild type, blue line;
Aslr0483 mutant, orange line). For further comparability, the 435 nm emission spectra were
normalised to the PSIl emission peak at 682 nm and the 580 nm emission spectra were normalised to

the phycocyanin fluorescence at 648 nm.

7.2.3 Spectral properties of Aslr0483
The whole cell absorbance spectra of wild type and As/r0483 cells normalised for an ODs

~0.2 were recorded using a UV-VIS spectrophotometer (Figure 7.3 C). The Aslr0483 spectrum

has markedly lower absorbance maxima at 446 nm and 686 nm, which represents the
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absorbance maxima of chlorophyll-containing complexes, indicating that a population of
chlorophyll binding proteins is reduced, either though retarded synthesis or enhanced
degradation, or that chlorophyll biosynthesis is perturbed in As/r0483. Quantification of the
amount of chlorophyll a in wild type and Aslr0483 confirms that chlorophyll levels are
decreased by ~50 % in the mutant (Table 7.1). The absorbance spectra also show that the
phycobilisome absorbance peak at 643 nm is reduced in As/r0483, suggesting that the

accumulation of phycobilisomes may also be reduced in the mutant.

Table 7.1 Chlorophyll a content of wild type and Asir0483 cells grown under photomixotrophic

conditions
. . % reduction
Strain Chlorophyllamg-L" - OD;s5o°
compared to WT
WT 3.42 (£ 0.13) _
Aslr0483 1.84 (£0.12) 54

Given the observed ~50 % decrease in chlorophyll in As/r0483 compared to wild type, the
photosynthetic pigments were extracted from an equal quantity of wild type and As/r0483
cells. HPLC analyses of these showed there to be no build-up of precursor pigments or
partially reduced geranylgeranyl-chlide in As/r0483, which suggests SIr0483 may not be

directly involved in chlorophyll biosynthesis (data not shown).

Low temperature fluorescence spectroscopy was used to investigate differences in the
spectral properties of the photosystems and phycobilisome light-harvesting antennae in
Aslr0483. The emission spectra were recorded after excitation of chlorophylls at 435 nm and
phycobilisomes at 580 nm for wild type and As/r0483 cells re-suspended in 80 % glycerol to
an OD;5 of 0.1, so as to minimise the effects of cell scattering (Figure 7.3 D). For ease of
comparison, the 435 nm spectra were normalised for PSIl fluorescence at 682 nm and the

580 nm spectra were normalised to phycocyanin fluorescence at 646 nm.

After excitation at 435 nm (Figure 7.3 D, wild-type is in green and As/r0483 is in red), four
clearly defined maxima are observed at 648 nm, 664 nm, 682 nm and 722 nm, which arise
from phycocyanin, allophycocyanin, PSII (CP43) and PSI respectively. A small shoulder can
also be observed to the right of the PSIl (CP43) maxima at 693 nm, which represents
fluorescence from PSIl (CP47) (Andrizhiyevskaya et al., 2005). Comparison of the wild type
and As/r0483 435 nm emission spectra shows an observable decrease in allophycocyanin

fluorescence and a decreased PSI to PSll ratio (PSl is decreased in relation to PSII) in Aslr0483.
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Three highly defined maxima at 646 nm, 664 nm and 681 nm are observed after excitation at
580 nm (Figure 7.3 D, wild type is blue and As/r0483 is orange). These represent phycocyanin,
allophycocyanin and terminal phycobiliprotein fluorescence respectively (Andrizhiyevskaya et
al., 2005). With respect to the level of phycocyanin the levels of both allophycocyanin and

terminal phycobilisomes fluorescence are reduced in As/r0483 compared to the wild type.

7.2.3 SIr0483 interacts with enzymes in the tetrapyrrole biosynthesis
pathway
In Chapter 3 of this thesis, mass spectrometry analysis of the eluates from pulldown

experiments with C-terminal FLAG-ChIM, C-terminal FLAG-SII1214 and C-terminal FLAG-ChIP
identified SIr0483 as a potential interaction partner of each protein. In addition SIr0483 has
been identified as interacting with NT-FLAG-Protoporphyrinogen oxidase, NT-FLAG-FeCH and
NT-FLAG-SII1214 and (Dr Roman Sobotka, personal communication). To further strengthen
the hypothesis that these proteins interact, reciprocal pulldown experiments with N-terminal
FLAG-SIr0483 as bait were performed. The construction of N-terminal FLAG-SIr0483 is
described earlier in this chapter in Section 3.2.1; a PCR confirming full segregation of the

FLAG-SIr0483 Synechocystis mutant is shown in Figure 3.2.

WT FLAG
Control SIr0483
S |

—NT-FLAG
SIr0483

Figure 7.4 SDS-PAGE analysis of FLAG-SIr0483 eluate

FLAG-tagged proteins were purified from Synechocystis soluble cytoplasmic (S) and B-DDM solubilised
thylakoid (I) fractions using anti-FLAG M2 affinity gel and eluted using the anti-FLAG peptide. The
eluates from the Synechocystis wild type control and N-terminal FLAG-tagged SIr0483 pulldown

experiments were 4x concentrated, separated by SDS-PAGE and silver strained.

Three sets of FLAG-affinity pulldown experiments were performed with the N-terminal FLAG-
SIr0483 mutant (described in Section 2.6.9). The elution fractions from each of the pulldown

experiments were analysed by silver stained SDS-PAGE (Figure 7.4). N-terminal FLAG-SIr0483
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has a predicted molecular weight of ~20 kDa, but appears to migrate at a molecular weight of
~ 23 kDa on the silver stained SDS-PAGE. FLAG peptides have a high content of acidic residues
such as aspartic acid, which could influence the binding of SDS affecting the relative mobility,
thus giving the protein a larger apparent molecular weight. This may be the cause for N-
terminal FLAG-SIr0483 having a larger than expected molecular weight. Bioinformatics
analysis of the SIr0483 primary sequence suggested that SIr0483 contains two
transmembrane helices (Figure 7.2 B); SDS-page analysis of the N-terminal FLAG-SIr0483
pulldown eluate show that SIr0483 and its associated interaction partners are, as would be

expected, located in the insoluble fraction.

7.2.4 Abundance of chlorophyll biosynthesis enzymes in Aslr0483
Western blot and mass spectrometry analyses indicate that the As/r0483 strain may interact

with protoporphyrinogen oxidase and FeCH, as well as the chlorophyll biosynthesis enzymes
Sl11214 and ChlIP. Additionally, a SIr0483 homologue was identified as being up-regulated in a
Chlamydomonas reinhardetii strain deficient in GUN4. Therefore, it was decided to investigate
whether the absence of SIr0483 affected the cellular accumulation of any chlorophyll
biosynthesis enzymes (Figure 7.5), with specific focus on GUN4, the magnesium chelatase
subunits (ChlH, Chll and ChID), the cyclase subunits Sl11214/S111874, ChIM and ChIP. Whole
cell lysates were obtained from wild type and As/r0483 cells grown under photomixotrophic
conditions to an OD;so of 0.6-0.8, using the method described in Section 2.6.7. These were
then quantified by protein concentration (using the method of Kalb and Bernlohr, 1977),
rather than chlorophyll, as As/r0483 accumulates ~50 % less chlorophyll than wild type
Synechocystis (Table 3.1). Equal quantities of protein were then separated by SDS-PAGE and
transferred to a nitrocellulose membrane, which was probed with antibodies to FeCH
(AbCam), ChIH, Chll, ChID, GUN4, ChiM, CHL27 (Agrisera), POR, DVR, ChIP and D1 (Agrisera).
Of the proteins probed, only the cellular accumulation of POR is altered, which is more
abundant in As/r0483 than in wild type cells. The reason for the increase in POR is unknown

and requires further investigation.
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Figure 7.5 Analysis of chlorophyll biosynthesis enzyme accumulation in As/r0483 mutant cells

Western blot analysis of the chlorophyll biosynthesis enzymes in wild type and As/r0483 cells (A).
Whole cell lysates from wild type and Aslr0483 cells, grown under photomixotrophic conditions, were
normalised for protein concentration (5 pg, 10 ug or 20 ug), separated by SDS-PAGE and transferred to
a nitrocellulose membrane. The blots were probed with antibodies to SIr0483 (kindly gifted by Prof.
Dario Lester), the porphyrin biosynthesis enzymes, FeCH, ChIH, Chll, ChID, GUN4, ChiM, Cyc
(CHL27,Arabidopsis homologue to SIl1214/S111874), Ycf54, POR, DVR and ChlP, and the PSII subunit D1.

In Chapter 3, it was suggested that SIr0483 could form a docking site, to which the interfacial-
membrane localised chlorophyll biosynthesis enzymes could associate, facilitating the
formation of a chlorophyll biosynthesis super-comeplex. Western blot analyses were
employed to investigate whether the membrane localisation of the chlorophyll biosynthesis
enzymes in Aslr0483 is altered in comparison to wild type. Following breakage of the As/ir0483
and wild type cells, the cell lysates were separated into their respective soluble and insoluble
fractions by ultra-centrifugation (as described in Section 2.6.8). After separation of the
soluble and insoluble fractions, remaining insoluble contaminants in the soluble fraction were
removed by a further round of ultra-centrifugation and remaining soluble contaminants in
the insoluble fraction were removed by washing the insoluble pellet in FLAG-buffer. The

membrane associated proteins in the insoluble pellet were then solubilised with 3-DDM at a
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final concentration of 2 % (v/v) (as described in Section 2.6.8). Equal quantities of protein
(calculated using the method of Kalb and Bernlohr, 1977) were then separated by SDS-PAGE
and transferred to a nitrocellulose membrane, which was probed with antibodies to FeCH
(AbCam), ChiH, Chll, CHID, GUN4, ChiM, CHL27 (Agrisera), POR and ChlIP (Figure 7.6). These
analyses show that Aslr0483 accumulates more of the MgCH subunits ChIH, Chll, ChID and
GUN4 in the soluble fraction than wild type and that CHL27 accumulation is reduced in the
insoluble fraction of As/r0483 in comparison to wild type (Figure 7.6). The reason for the
increased accumulation of the MgCH subunits in the soluble fraction of As/r0483 is unknown

and requires further investigation.

Soluble proteins Insoluble proteins
Wild Type Asir0483 Wild Type Aslr0483
Protein (ug) 20 10 5 20 20 10 5 20 Antibody
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Figure 7.6 Analysis of chlorophyll biosynthesis enzyme location in wild type and As/r0483 mutant
cells

Western blot analysis of the localisation of the chlorophyll biosynthesis enzymes in wild type and
Aslr0483 cells. Whole cell lysates from wild type and As/r0483 cells, grown under photomixotrophic
conditions, were separated into their respective soluble and insoluble membrane fractions (the
membrane fractions were solubilised with 2% (v/v) B-DDM), normalised for protein concentration (5
ug, 10 pg or 20 ug), separated by SDS-PAGE and transferred to a nitrocellulose membrane. The blots

were probed with antibodies to SIr0483 (kindly gifted by Prof. Dario Lester), and the porphyrin
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biosynthesis enzymes, FeCH, ChlH, Chll, ChID GUN4, ChiM, SIl1214/SI11874 (CHL27), POR, DVR and
ChlP.

7.2.5 Abundance of chlorophyll containing complexes in Aslr0483
To further investigate the relative levels of phycobilisomes and photosystem complexes, the

proteins associated with the membranes were separated by sucrose density gradient ultra-
centrifugation. Cultures of wild type and As/r0483 cells were harvested at mid-log phase
(ODy5o 0.6-0.8), the cells broken and the membranes isolated by ultra-centrifugation. The
membrane fraction was re-suspended and normalised to a protein concentration of 10 mg
ml™?, then solubilised with B-DDM at a final concentration of 1 % (v/v) in a homogeniser. The
solubilised material was diluted to a final protein concentration of 1 mg ml™ and 1 mg of
protein was separated by ultracentrifugation on a continuous 10 — 30 % (w/v) sucrose
gradient (experiments were adapted from Dihring et al (2006) and performed as described in

Section 2.5.7).

Figure 7.7 A shows the results of the detergent fractionation and sucrose density gradient
ultracentrifugation. Both gradients have three clearly defined coloured bands which contain
the free pigments, the PSI/PSIl monomers and the PSI trimers respectively. 0.5 ml fractions
were harvested from the gradients (indicated in Figure 7.7 A) and the absorbance spectra

recorded for each.

Plotted on the graph in Figure 7.7 B are the absorbance maxima for chlorophyll a (678 nm),
phycobiliproteins (620 nm) and B-carotene (487 nm) for each of the 16 harvested gradient
fractions. This traces the presence of chlorophyll complexes (green line), phycobiliproteins
(blue line) and carotenoids (orange line) through the gradients, giving an indication as to their

relative abundances in wild type (solid lines) and As/r0483 (dashed lines) membranes.
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Figure 7.7 Separation of membrane protein complexes in wild type and Aslr1780 Synechocystis cells

via sucrose density gradients

10-30 % (w/v) continuous sucrose gradients were used to separate membrane complexes, at a protein

concentration of 1 mg ml'l, from B-DDM solubilised membranes isolated from wild type and Aslr1780

Synechocystis cells. Three clearly coloured bands were resolved, which represent free pigments,

PSI/PSIl monomers and PSI trimers (A). Sixteen 0.5 ml fractions were harvested from the gradient and

their absorbance spectra recorded. Plotted are the absorption maxima for B-carotene (487 nm),

phycobilisomes (620 nm) and chlorophyll (678 nm) (B). The fractions were also separated by SDS-

PAGE, transferred to a nitrocellulose membrane and probed with antibodies to SIr0483 (kindly gifted

by Prof. D. Lester), GUN4, POR, CHL27 (cyc) and ChIP (C).
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The PSI band (located in fractions 1 and 2) is visibly greener in the wild type gradient than in
the Aslr0483 gradient, indicating the wild type membranes have more PSI trimers than
Aslr0483 membranes. The graph also shows that wild type fractions 1 and 2 have almost
double the absorbance for chlorophyll and B-carotene than the corresponding fractions in
Aslr0483. Inspection of fractions 1 and 2 (Figure 7.7 B) show that there are ~50 % fewer PSI
trimers in Aslr0483 membranes. Separation of the membrane-associated complexes on a
clear native gel, (Figure 7.8, data courtesy of Dr Roman Sobotka and Dr Jana Kopecna), shows
a significant reduction in the abundance of both the high molecular weight green super
complex and PSI trimers in As/r0483 in comparison to wild type. Additionally, the clear native
of Aslr0483 shows the appearance of two unusual phycobiliprotein complexes below the PSI

monomer (Figure 7.8 A), which are not present in the wild type sample.

A B

Super complex 4
PSI timer —|i— —
[Fe——— L PSII dimer

PSI monomer 4. . st - PSIE monomer

11

Figure 7.8 Accumulation of chlorophyll containing complexes in photomixotrophically grown wild
type and Aslr0483 cells

Membranes associated photosynthetic complexes were solubilised from the membrane fraction using
2% B-DDM and separated by clear-native-PAGE (A). Coloured complexes can be viewed in (A) and the
fluorescence emission of chlorophyll containing complexes, visualised by excitation of chlorophylls at

435 nm, can be viewed in (B). The clear-native gel was kindly produced by R Sobotka and J Kopecna.

The chlorophyll fluorescence recorded from the clear-native gel (Figure 7.8) shows the
accumulation of PSIl dimers in Aslr0483 membranes is significantly reduced. Second
dimension separation of these complexes by SDS-PAGE (Figure 7.9, data courtesy of Dr R
Sobotka and Dr J Kopecna) shows that the levels of PSIl subunits, CP43, CP47, D1 and D2 are

greatly reduced in As/r0483 compared to wild type.
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Phycobilisome stability also appears to be compromised in As/lr0483 compared to wild type,
as Aslr0483 accumulated two lower molecular weight phycobiliprotein complexes (indicated
by the arrows), which are not observed in the wild type. Also observable in both the sucrose
gradients and clear-native gels is the increased levels of free carotenoid pigments in As/r0483
than wild type, which is indicated by the intensity of the free pigment band (Figure 7.7 A and
Figure 7.8) and the greater absorbance at 487 nm in As/r0483 (Figure 7.7 B).
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Figure 7.9 2D-gel analysis of photosynthetic complexes in photoautotrophically grown wild type and
Aslro4383 cells

A second dimension of the clear-native gels depicted in Figure 7.7 was resolved by SDS-PAGE and
stained with Sypro Orange. Proteins were then transferred to a nitrocellulose membrane, which was
probed with antibodies to FeCH and ChIM (MgPMT). 2D-gel was kindly produced by R Sobotka and J

Kopecna.

To investigate the distribution of SIr0483, the wild type and As/r0483 sucrose gradient
fractions were separated by SDS-PAGE and transferred to a nitrocellulose membrane for
immuno-blot analysis. Antibodies raised against SIr0483 (kindly gifted by Prof. Dario Lester),

GUN4, POR and ChIP were used to probe the blots (Figure 7.7 B). The blot, probed with anti-
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SIr0483, shows SIr0483 to be mainly concentrated in the slower sedimenting fraction of the
gradient, but small levels of this protein are found distributed throughout the gradient, in the
regions where PSI/PSIl monomers and PSI trimers are found. Importantly, the Asl/r0483
fractions contained no detectable SIr0483, which demonstrates that the As/r0483 mutant is
fully segregated. The blots show that GUN4 and POR association with the membrane is
reduced in As/r0483 compared to wild type, but that the amount of ChIP associated with the
membrane is increased in As/r0483. These results are interesting, as the abundance of GUN4
and ChlIP is unchanged in As/r0483 compared to wild type (Figure 7.5), but the abundance of
POR is increased in Aslr0483.

7.3 Discussion

7.3.1 SIr0483 is related to the Arabidopsis CURVATURE THYLAKOID1

proteins

Although designated as an unknown hypothetical gene in the Synechocystis genome, SIr0483
is homologous (28 % sequence identity) with the Arabidopsis TMP14 protein, which was first
identified in a screen to find phosphorylated proteins associated with the thylakoid
membrane (Hansson and Vener, 2003). This protein is exclusively located in the lamella and
was found to co-localise with PSI when the lamella proteins were separated via 2D-BN-
PAGE/SDS-PAGE or sucrose density gradients (Khrouchtchova et al., 2005). Analysis of TMP14
accumulation in various PSI mutants showed that TMP14 is up-regulated in the absence of
Psa0, and virtually undetectable in the absence of PsaF, PsaG and Psal (Khrouchtchova et al.,
2005). Later, a yeast-two hybrid experiment found TPM14 to interact with Psal (Yu et al.,

2008). Taken together these data suggest that TMP14 interacts with PSl in Arabidopsis.

However, in a recent publication by Armbruster et al (2013) TMP14 was described as a
member of the CURVATURE THYLAKOID1 (CURT1) family, of which there are four reported
members, CURT1A, CURT1B (TMP14), CURT1C and CURT1D. Here, they presented evidence
that the CURT1 proteins were enriched at the grana margins and found that the grana
architecture was dependent on the levels of CURT1 proteins; fewer grana margins were
found in plants without CURT1 and an increased number of grana membrane layers, with a
smaller diameter, were seen in plants over-expressing CURT1A (Armbruster et al., 2013).
Overall, the authors concluded the CURT1 genes were essential for facilitating grana

curvature and the formation of wild type grana architecture.
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CURT1 proteins are evolutionarily conserved and homologues are found in cyanobacteria,
algae and plants. However, CURT1 homologues are absent in the early diverging
cyanobacteria lineages (including Gloeobacter violaceus and Synechococcus PCC7336), which
suggests the CURT1 protein originated after the initial cyanobacteria divergence (Luque and
Ochoa de Alda, 2013). A sequence alignment of the four Arabidopsis CURT1 proteins and the
Synechocystis CURT1 homologue (SIr0483) is shown in Figure 7.10.

CURT1A MAISYAASSEMAYMVPRVP———————— AVSTRCSAVPYLP-PREFGRSE-FTVPLKLVSG 50
CURT1B -MAS[ESVSSREIST| I IDSRAPPSRLASASASSPSCISLPTLP-1Q8HTRAAKATAYCRKIVR 58
CURT1C -MAS ISATLESPELLTQRK-======———— SNLTE1QKLP--FSLTRGIINDLSPLSLTRN 46
CURT1D --ME[ECTRSYT IUTHLPASFNGHGYLAGKSVDR ISLPLQRNVASLVLQSRTLRCSRKFPG 58
S1r0483 ————IGRKH§ IR IKDWLK - == === ——— MEEQKTATAGIK--TRVGP IJJTPNPQKSPITD 45
CURT1A NGLQ--KVELLKTR 91
CURT1B NVVTRATTEVGEAP 101
CURT1C PSSISLMVKASGES 84

CURTID  ETVTEETSTGVNEFGVEDRDGVVVAAEEKNSNSEAPSAEDEETOALZFLNBIKLDSDKTY 118
SIr0483  QAWQEWLQPVWEVLG 77

CURT1A TVLIYGGG
CURT1B AIGSLAFA GSAG
CURT1C GL IGLGFAEI AZANEWASLN
CURT1D SILLYGSGRYAZARYLTS
S1ro483 ISLGHILLE RRSVKILT

ATVAV|IESN] | GWEVY[RYLLFKSSRNELAE 151
GWETYSNLVFKPRREALFE 161
TWETYRYLLFKPRREOELSK 144
LWETTRYLLFKRNREELKT 178

WE IWEYLWKAENROELAS 137

CURT1A DLUESLKKM IAGSE-- 164
CURT1B KWYKSTYKILGSS-- 174
CURT1C IWKKSVAR ILGQ--- 156
CURT1D KWYSE I KK®LGSDSE 193
S1ro483 E[§GALKE®) IFGG--- 149

Figure 7.10 Sequence alignment showing the evolutionarily conserved residues of the Ycf54 domain
Primary sequence alignment of the Arabidopsis CURT1 proteins (CURT1A, CURT1B, CURT1C and
CURT1D) and the Synechocystis SIr0483 protein, generated by CLUSTALW2. Conserved, highly similar

and similar residues are highlighted in blue, dark grey and black respectively.

CURT1 could play an analogous role in curving thylakoid membranes. Although Armbruster et
al (2013) were not successful in generating a fully segregated SIr0483 Synechocystis knock-
out mutant, they did complement the slr0483 with Arabidopsis curtlA. They found CURT1A
could only partially complement SIr0483 and suggested from electron micrographs of the
cellular architecture that the phycobilisomes were detached from the thylakoid membrane in
the mutant. However, what the authors indicate as detached phycobilisomes closely
resemble glycogen granules, which can be viewed in the electron micrographs of the Ycf54

mutant (Figure 4.10) and (Kopecna et al., 2012).

Although SIr0483 has been identified as a homologue with the CURT proteins, this homology
is only shared by the C-terminal CAAD domain, which corresponds to the two putative
transmembrane helices, responsible for anchoring these proteins to the thylakoid

membranes (Figure 7.10). These proteins share little homology at the N-terminus, which is
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the region likely to confer a function and potentially interact with other proteins in the cell;
therefore it is plausible that although these proteins potentially evolved from a membrane-
anchored common ancestor, the variable N-terminus may have adapted to perform different
functions within the cell. This theory potentially explains the discrepancies observed between
the Arabidopsis CURT mutants, in which PSI and PSIl accumulation is unaffected, and the

Synechocystis Aslr0483 mutant, in which PSI and PSIl accumulation is significantly affected.

7.3.2 Photosystem accumulation is detrimentally affected in Aslro483

Analysis of the PSI and PSIl subunits in the CURT1 deficient Arabidopsis plants revealed that
their accumulation is akin to wild type (Armbruster et al., 2013). However, analysis of PSI and
PSIl accumulation in As/r0483 showed that both complexes are significantly reduced (Figure
7.8 and Figure 7.9), indicating that in Synechocystis Slr0483 either plays an important role in
PSI/PSII stability or assembly and in the absence of this protein, accumulation of PSI and PSI|
is compromised. It is likely that SIr0483 may be involved in PSI and PSIl assembly, for example
by facilitating the transfer of chlorophyll molecules to PSI/PSII from the terminal chlorophyll
biosynthesis enzymes, as SIr0483 has been identified in the pulldown experiments as an
interaction partner of PPO, FeCH, SIl1214 and ChIP (personal correspondence, Roman
Sobotka). Additionally, CURT1B (TMP14) has been identified as interacting with PSI in
Arabidopsis (Khrouchtchova et al., 2005); it would be interesting to see if any PSI subunits are

located in the FLAG-SIr0483 pulldowns.

7.3.3 Further work

Experimental characterisation of As/r0483 is in its initial stages and further work is required to
fully elucidate the role of this protein in Synechocystis. Several avenues should be

investigated to characterise the role of this protein, which are detailed below.

Initially, the Arabidopsis CURT1B (TMP14) of SIr0483 was identified as a phosphorylated
protein associated with PSI in the chloroplast lamella (Hansson and Vener, 2003). Early work
on determining the phosphorylation state of SIr0483 suggests that this protein is not

phosphorylated in Synechocystis (Dr Phil Jackson, personal communication).

It should be established whether the reduced chlorophyll accumulation in As/r0483 (Table
3.2) is due to a reduced rate of chlorophyll biosynthesis or to an overall reduction in the
chlorophyll binding proteins, such as PSI/PSIl complexes. Figure 7.5 shows the cellular levels
of all the chlorophyll biosynthesis enzymes (with the exception of POR, which is up-regulated
in Aslr0483) are unchanged between wild-type and As/r0483 mutant cells, although the

association of some of these enzymes with the thylakoid membrane is altered in As/r0483
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compared to wild type (Figure 7.7). Additionally, the rate of chlorophyll biosynthesis in wild-
type and As/r0483 should be compared. This could be achieved by monitoring the
incorporation of [**C]Glu into chlorophyll using a pulse-chase experiment as described in

Kopecna et al (2012).

Thin section electron micrographs of the cellular architecture of As/r0483 will determine the
number and morphology of thylakoid membranes in comparison with the wild-type. The
localisation of SIr0483 in the cell should also be determined, to ascertain whether the protein
accumulates at the curved edges of the thylakoids, as suggested in Armbruster et al (2013).
Work has already commenced to GFP and YFP label SIr0483, for imaging using confocal
microscopy (Spence et al., 2003) and STORM (Huang et al., 2010).
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8. Concluding remarks

The work reported in Chapter 3 of this thesis has lead to the first hypothetical models of
interactions between the chlorophyll biosynthesis enzymes, and suggests that, as
hypothesised, the enzymes of the chlorophyll biosynthesis pathway may indeed form a
substrate channelling super-complex. In addition, the in vivo FLAG-pulldown studies have
lead to the identification of two previously unknown proteins Slr1780 and SIr0483 as having

roles in chlorophyll biosynthesis and photosystem stability respectively.

Chapter 4, Chapter 5 and Chapter 6 of this thesis has focused upon investigating the
previously unknown hypothetical protein Ycf54 (SIr1780), which has been identified as a
component of the Mg-protoporphyrin IX monomethylester cyclase complex. The data in
these chapters represents the first studies on characterising the Ycf54 protein and validation
of its role as a component of the cyclase. In addition, the work carried out in Chapter 5 of this
thesis identified that three of the seven absolutely conserved residues in the Ycf54 protein
are required for Pchlide formation in Synechocystis. The work in this Chapter also lead to the
finding that Ycf54 proteins in which any of the three absolutely conserved residues (D39, F40
and R82) are mutated to an alanine cannot interact with the di-iron catalytic component of
the cyclase; thus establishing that Ycf54 interaction with SI11214/SI11874 is required for
cyclase activity. This knowledge was expanded upon in Chapter 6, in which the first crystal
structure of Synechocystis wild Ycf54 and two Ycf54 mutants were reported. These crystal
structures lead to the conclusion that the residue R82 plays a functional role in the

interaction of Ycf54 with SI11214/SI11874.

Chapter 7 of this thesis represents the first studies into the function of the highly conserved,
but previously unknown protein SIr0483. Although there is much investigation required to
fully elucidate the exact role of this protein, the work in this chapter suggests that SIr0483 is

required for the stability of PSI trimers and PSII.

Overall, the results from this work show that in vivo FLAG-pulldown experiments are a
successful approach in fishing expeditions to identify as yet unknown components in a

partially characterised biological pathway.
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Mass spectrometry data from FLAG-Pulldown experiments reported in Chapter 3

Table 1. Hits from Synechocystis wild type control pulldown experiments

Synechocystis wild type control pulldown experiments Hits identified in >1
Synechocystis Individual pulldown experiments using the Individual pulldown experiments using the pulldown with a
Gene ID soluble fraction insoluble fraction Mascot score >30
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
SI11577 78 104 29 69 40 59 46 45 | Sll1577
Slr1884 212 | 29 54 | 254 | 114 | 84 | 120 | 122 | 138 | 209 | 85 105 | 291 | 252 | 174 | 50 | SIr1884
SI11568 123 105 175 | 158 | 75 SI11568
SIr2067 148 34 83 146 | 157 | 54 SIr2067
SlI1746 35 72 104 | 30 SI11746
S111099 61
S111043 40 328 | 123 S111043
S111818 49 96 S111818
SIr0925 49 44 SIr0925
S110839 35 47 49 47 | SIlog39
SIr1102 157 58 160 | 150 172 | 194 | 483 | 160 | 203 SIr1102
S110033 32 32 | Slloo33
Sli1204 28 26 SI11204
Sl1712 62 107 | 114 | 61 SI11712
SIr0455 104 58 SIr0455
Sl11687 116 | 118 55 907 | 710 | 558 SI11687
SI11681 26
SIr0162 35
SIr2141 30
SIr1270 27
SI11665 35 131 | 36 SI11665
Slr6047 27
SII1166 27
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Table 2. Hits from Synechocystis CT-FLAG SIr0525 (ChIM) pulldown experiments

Synechocystis CT-FLAG ChIM pulldown experiments
Synechocystis Gene Individual pulldown Individual pulldown Hits IdentIﬁEd. i >1 1 \its identified in | Possible interaction
ID experiments using the experiments using the pulldown with a control pulldown partners

soluble fraction insoluble fraction Mascot score >30

1 2 3 1 2 3
SIr0525 621 657 796 592 574 868 | SIr0525 SIr0525
S111945 323 203 183 S111945 S111945
SIlr0447 247 104 115 Slr0447 SIlr0447
SI11578 181 46 163 101 SI11578 SI11578
SI11450 145 124 51 SI11450 SI11450
SI11184 144 45 SI11184 SI11184
SIr0384 121
SIr0506 114 173 133 SIr0506 SIr0506
S110020 108 69 63 S110020 S110020
SIr1835 96 56 43 SIr1835 SIr1835
SIr0737 94 102 69 SIr0737 SIr0737
S110819 94 74 83 S110819 S110819
SI11769 89 92 SI11769 SI11769
Ssl0294 86 110 Ssl0294 Ssl0294
S110982 85 29 46 S110982 S110982
SlI1746 83 74 64 SI11746 SI11746
SIr0483 79 74 59 SIr0483 SIr0483
Slr1254 78 56 Slr1254 Slr1254
SI11577 76 76 150 SI11577 SI11577
Sl1147 75 75 76 Sll1147 Sl1147
Sli1260 73 59 145 Sl11260 Sli1260
SII1326 67 100 41 SI11326 SlI1326
SI11665 65 84 66 SI11665 SI11665
SIr1220 61 41 SIr1220 SIr1220
SIr1311 60 42 57 SIr1311 SIr1311
SIr1091 60 68 59 SIr1091 SIr1091
S110237 59 31 59 Sl10237 S110237
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SIr1963 58 29 SIr1963 SIr1963
S110378 54

SI11528 54 98 SII1528 SI11528
S110947 53 34 S110947 S110947
SIr1128 50 103 SIr1128 SIr1128
SI11218 46 38 44 SI11218 SI11218
SI11867 45 30 79 SI11867 SI11867
SIr1665 41 47 46 SIr1665 SIr1665
SI11530 40

5110839 39 50 40 S110839 S110839

SIr2067 38

SIr1226 38 37 SIr1226 SIr1226
Ssr2831 37 31 46 Ssr2831 Ssr2831
Ssl0707 36 28 Ssl0707 Ssl0707
SIl1694 35 39 43 SII1694 SIl1694
SI0519 35 87 S110519 SI0519
Ssl0563 33 31 Ssl0563 Ssl0563
SII1561 33

SIr1329 33 29 44 SIr1329 SIr1329
SIr2067 32 28 53 SIr2067 SIr2067
SIr0161 30 29 37 SIr0161 SIr0161
SI11029 29

SI15097 27

SIr1780 77 57 SIr1780 SIr1780
SIr0757 35 28 30 SIr0757 SIr0757
SIr0536 31

S110837 85 44 77 S110837 S110837
SIl0569 55

Ssl2598 54 27 Ss12598 Ssl2598
S110058 50
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Table 3. Hits from Synechocystis NT-FLAG SI11214 pulldown experiments

Synechocystis NT-FLAG Sl11214 pulldown experiments Hits identified in | . . o )

Synechocystis Individual pulld ; ; dividual pulld ; ; >1 pulldown with Hits identified in _P055|ble_
Gene ID ndividual pulldown experllments using Individua pulldown experlr_nents using . Mascot  score control interaction

the soluble fraction the insoluble fraction 230 pulldown partners

1 2 3 4 5 6 1 2 3 4 5 6

SI11214 1082 | 648 | 630 | 714 | 341 | 359 | 171 | 641 | 927 | 469 | 488 | 955 | Sll1214 Sll1214
SII1578 88 113 256 | 139 | 187 SII1578 SII1578
SI11874 66
SI10416 40 64 539 | 268 | 925 Sllo416 Sllo416
5111080 33
SIr1918 33
SIr2141 27
SIr0506 264 | 375 SIr0506 SIr0506
5111099 66 1025 | 131 | 36 S111099 111099
SI11577 51 | 147 344 | 349 | 366 SI111099 5111099
5110296 31 33 5110296 5110296
SIr1986 27 147 | 110 | 80 SIr1986 SIr1986
5111106 62 100 Sl11106 Sl11106
5110058 52
5110819 50 71 S110819 S110819
SIr1835 43 47 SIr1835 SIr1835
SIr1655 37 36 SIr1655 SIr1655
Ss17039 28
SIr7088 28
SIr1780 33 40 73 31 SIr1780 SIr1780
SIr2076 35 220 | 220 | 184 SIr2076 SIr2076
SIr1884 35 | 274 SIr1884 SIr1884
SIr0288
SI11130 41 56 72 Sl11130 Sl11130
SIr1923 125 75 | SIr1923 SIr1923
5111091 79 | 138 | 30 152 | Sll1091 SI11091
SI11147 31
5111908 208 | 87 5111908 5111908
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SIr1463 184 30 Sir1463 Sir1463
SIr1329 162 | 346 SIr1329 SIr1329
SIr0844 103

SI11580 100 | 166 90 SI11580 SI11580

Sli1604 90 128 Sli1604 Sli1604

Ssl0707 74 60 59 Ssl0707 Ssl0707
Sl11097 74 107 44 SI11097 SI11097

SIr1934 72 44 SIr1934 SIr1934
Sli1744 67 133 | 118 Sll1744 Sll1744

S111808 63 148 97 SI11808 SI11808

SI11326 62 306 39 Sl11326 Sl11326

SIr0394 58 63 SIr0394 SIr0394
SI11316 53

Sl11687 52 51 172 Sl1687 SI11688

Sl11317 51

Ssr1399 48

SIr0743 44

SIr0552 39 160 SIr0552 SIr0552
SIr0039 38

Sl11746 38 164 | 109 SII1746 Sl11746

Ssr1156 35 98 95 Ssr1156 Ssr1156
SI10359 35

SIr1198 34 83 34 SIr1198 SIr1198
SIr0947 33 45 SIr0947 SIr0947
SIr7041 33

SslI3093 29 56 88 SsI3093 SsI3093
Slr666 28

Ssl3432 28 30 Ssl3432 Ssl3432
SIr1963 284

Sl10020 261

SIr0335 204 46 SIr0335 SIr0335
SIr1102 186

SI10058 172 57 SI10058 SI10058

SIr1834 149

S110947 143 65 SI110947 SI10947
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SIr0737 139

SII1261 136

SIr1128 117

SIl1274 112 | 153 SII1274 SII1274
SI11812 102 57 SI11812 SI11812
DIr1678 81 81 DIr1678 DIr1678
SI11821 61 34 SI11821 SI11821
SIr1329 60

SI11819 58

SIr1854 56

SI11810 55 38 SI11810 SI11810
SI11801 54 59 SI11801 SI11801
SIr0924 54

SI11811 53

SI11818 52 36 S111818 SI11818

SI10569 50

SI11342 50 82 SII1342 SII1342
S111043 50 55 S111043 S111043

SIl1621 47 34 Sli1621 Sli1621
SII1816 46 31 SII1816 SII1816
SI11789 45 105 SI11789 SI11789
SIl1471 34 46 Sll1471 Sll1471
Ssr3383 32 28 Ssr3383 Ssr3383
SIr1223 31

SI11324 31

SI11185 31 56 SI11185 S111185
SsI3436 31 109 SsI3436 Ss13436
SIr2075 330 56 | SIr2075 SIr2075
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Table 4. Hits from Synechocystis CT-FLAG Sll1214 pulldown experiments

Synechocystis CT-FLAG SI11214 pulldown experiments
Hits identified in o R, .

. >1 pulldown with Hits identified in !3055|ble.
Synechocystis Individual pulldown Individual pulldown | 3 Mascot score | OM©! interaction
Gene ID experiments using the experiments using the | 30 pulldown partners

soluble fraction insoluble fraction

1 2 3 4 1 2 3 4
Sl11867 327 47 323 68 397 PsaA PsaA
Sllod16 235 90 GroEL-2 GroEL-2
Sll1214 225 515 | 540 | 942 | 513 | 724 | 1027 | Sll1214 Sll1214
SIr2076 225 201 91 GroEL GroEL
SI11091 205 148 221 Chlp ChlP
SIr0737 198 73 221 224 PsaD PsaD
Sll1604 193
S110819 184 43 258 258 PsaF PsaF
SIr1330 155 9% AtpC AtpC
SIr2067 150 41 181 32 198 40 ApcA ApcA
SI11694 143 112 172 HofG HofG
Ssl0563 128 269 261 PsaC PsaC
SI0617 126 105 227 Im30 Im30
sl182 117 38 35 RplB RplB
Sl1326 115 349 | 67 402 AtpA AtpA
sli1324 114 50 85 AtpF AtpF
SIr2075 98
Sl11807 92
SIr1329 88 39 211 522 AtpB AtpB
SIr1986 87 82 52 175 ApcB ApcB
SIr0906 84 111 251 PsbB PsbB
SI11799 82
SI11577 79 124 | 253 354 CpcB CpcB
Sll1746 77 68 79 84 RplL RplL
Sl1274 77 71 Rpll Rpll
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SIr1835 72 297 28 287 PsaB PsaB
SIr1884 71 132 | 229 38 138 TrpS TrpS

SIr0342 71

SI11530 68 61 SI11530 SI11530
Sll0226 67 46 Ycf4 Ycf4
SIr1329 63 84 AtpD AtpD
Ssr2799 63 50 RpmA RpmA
Sl0851 63 197 202 PsbC PsbC
SIr1311 61 283 225 PsbA PsbA
SIr0156 60

Sl11184 60

SI11194 60 56 152 PsbU PsbU
SI11218 58

Ssl1046 57

SIr0483 56 42 65 60 SIr0483 SIr0483
SIr0909 34 56 SIr0909 SIr0909
SI11578 123 | 139 266 | 42 CpcA CpcA

SIr0009 109 | 39 RbclL RbcL
SI11712 81 88 DBH DBH

Ss13093 59

SIr1655 49 91 56 PsalL Psal
SI10839 45 47 52 51 53 S110839 SI10839

Ssl0707 40 51 GInB GInB
SIl0033 33 33 S110033 SIl0033

SIr0906 159 187 PsbD PsbD
Ssr2831 137 163 PsaE PsaE
Sll1744 119 76 RplA RplA
SIlr0447 104 66 AmiC AmiC
SI11808 101 78 RplE RplE
SI11317 101 101 PetA PetA
SI11528 98 29 SI11528 SI11528
SIr1185 96 98 PetC PetC
SIr1102 96 59 62 SIr1102 SIr1102

Sll1463 90 44 FtsH FtsH
SI11665 82 137 SI11665 SI11665
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Ssl2598 63 32 PsbH PsbH
SI11810 52 52 RplF RplF
SIr1506 48 37 Slr1506 SIr1506
SI10629 43 54 Psak2 Psak2
SI10533 41

SI11450 40 76 NrtA NrtA
Smr0006 37 49 PsbF PsbF
Sl11327 29 39 AtpG AtpG
SIr0940 29

Sli1106 37 46 SI11106 Sli1106
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Table 5. Hits from Synechocystis NT-FLAG SI11874 pulldown experiments

Synechocystis NT-FLAG SI11874 pulldown experiments
Hits identified in o . .

' >1 pulldown with Hits identified in .Posmble.
Synechocystis Individual pulldown Individual pulldown | 3 Mascot score | <°MO! interaction
Gene ID experiments using the experiments using the | s30 pulldown partners

soluble fraction insoluble fraction

1 2 3 4 1 2 3 4
Sl11874 326 41 41 40 88 569 | 207 53 Sl11874
Sl1577 32 226 | 274 35 91 Sl1577 Sl1577
Sli1214 28 921 120 Sli1214 Sli1214
SIr0937 108
SIr2075 85 220 144 | SIr2075 SIr2075
Sl1147 50
SIr2076 47 152 78 28 250 | SIr2076 SIr2076
SI11580 255
Sl12067 206 | 176 130 | Sli2067 Sl12067
SI11578 178 | 217 36 65 SI11578 SI11578
Sl0416 168 157 | sllo41e Sl0416
SIr1884 162 | 185 99 176 | SIr1884 SIr1884
Sl11687 108 102 | 323 | Sll1687 Sl11687
Sl11746 95 214 | 144 154 | Sli1746 Sl11746
Ssr3383 62
Ss13093 56
SI11694 40 44 SI11694 SI11694
Ssl0707 35
SIr1986 33 78 SIr1986 SIr1986
Sl1471 30
SIr1102 939 | 175 SIr1102 SIr1102
SIr1780 234
SIr0244 212
SI11326 211
SIr0906 198
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S111808 183 76 | SI11808 S111808
SI11867 171

SIr1311 154

SIr1128 152

SI11812 151

SI111099 148

SI11106 137

5110849 136

SI11322 128

SI11665 127 | 43 SI11665 SI11665

SIr1835 124

SIr1963 85 39 SIr1963 SIr1963
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Table 6. Hits from Synechocystis NT-FLAG Slr1780 (Ycf54) pulldown experiments

Synechocystis NT-FLAG Ycf54 pulldown experiments
Synechocystis Gene Individual pulldown Individual pulldown Hits |dent|f|?d N>1 | Hits identified in Possible interaction
ID experiments using the experiments using the pulldown with a control pulldown partners
soluble fraction insoluble fraction Mascot score >30
1 2 3 1 2 3
SIr1666 117 142 119 129 Slr1666 SIr1666
SIr2067 113 291 82 SIr2067 SIr2067
SI11577 104 508 103 84 57 72 SIl1577 SIl1577
SIr1140 101 178 72 38 SIr1140 SIr1140
Sli1746 45 200 80 Sl11746 Sl11746
S111821 40 102 SI11821 S111821
SIr1198 39 79 35 SIr1198 SIr1198
SIr1780 38 103 41 36 35 33 SIr1780 SIr1780
Slr1884 34 242 59 150 Slr1884 Slr1884
SIr2076 34 335 108 SIr2076 SIr2076
SI11578 28 266 120 65 45 SI11578 SI11578
SII1130 28 27 SI11130 SII1130
Sllo416 431
SII1580 319
SIr1986 318 43 SIr1986 SIr1986
SIr0335 204
S111099 187 63 SI11099 S111099
SI11687 172 149 197 SI11687 SI11687
Sli1214 31 35 SI11214 Sli1214
SI1712 30
S111098 30
SIr0288 50
SIr0376 38 47 51 SIr0376 SIr0376
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Table 7. Hits from Synechocystis CT-FLAG Slr1780 (Ycf54) pulldown experiments

Synechocystis CT-FLAG Ycf54 pulldown experiments

. Hits identified _|n Hits identified in | Possible
Synechocystis Individual pulldown Individual pulldown | >1 pulldown with : -
Gene ID experiments using the soluble | experimentsusing | @ Mascot score control Interaction

pulldown partners
fraction the insoluble fraction | >30
1 2 3 4 1 2 3

SI11578 135 131 68 63 57 SI11578 SI11578
SIr1780 79 49 374 302 64 90 379 | SIr1780 SIr1780
SI1577 76 46 Sl1577 SI1577
SIr0009 58 39 SIr0009 SIr0009
SIr1986 44 44 38 SIr1986 SIr1986
SIr1884 43 35 SIr1884 SIr1884
SIr0012 40
SI11874 504 340 SI11874 SII1874
Sll1106 293 228 Sll1106 Sll1106
SIr0737 69
Ssl0294 46
Ssr2831 46 33 Ssr2831 Ssr2831
Sll1214 36 33 Sll1214 Sll1214
Sl11867 35
SIr0483 34
SIr1655 32 29 SIr1655 SIr1655
SI11322 30 29 SI11322 SI11322
Sl11294 26
SIr5058 26 SIr5058 SIr5058
SIr0619 28 SIr0619 SIr0619
SIr2067 32 74 SIr2067 SIr2067
Ssl0707 28

236



Appendix

Table 8. Hits from Synechocystis NT-FLAG SIr0506 (POR) pulldown experiments

. ynechooyetls TTTLAG POR pullour e’fp.e”ments Hits identified' in >1 Hits identified in | Possible interaction
Synechocystis Individual pulldown experiments using .lndIVIdua! pu”down pulldown  with  a control pulldown partners
Gene ID the soluble fraction experiments usm'g the insoluble | Mascot score >30

fraction

1 2 3 4 5 1 2 3 4
SIr0506 1628 | 428 492 496 501 | 1454 | 655 586 491 SIr0506 SIr0506
SI11097 121 52 38 49 146 45 53 SI11097 SI11097
Ss13436 68 97 33 SsI3436 Ss13436
SII1746 99 127 96 136 158 | 96 147 166 SI11746 SII1746
SI11744 125 38 49 40 92 90 181 SII1744 SI11744
SII1106 91
SI11812 52 38 87 42 64 SI111812 SI11812
SI11099 195 80 SI111099 SI11099
S111802 41 77 S111802 SI111802
SIr0244 82 94 76 SIr0244 SIr0244
Sll1101 28 64 Sli1101 Sll1101
110043 59
SII1577 105 194 120 137 64 54 103 134 50 SI1577 SI1577
SIr2067 57 135 155 125 106 | 53 71 142 71 SIr2067 SIr2067
SIr1963 53
s1l0947 52
Sll1801 50
SIr0335 49
Ssr1399 32 37 47 46 Ssr1399 Ssr1399
SI11033 27 44
SIr1835 42 33 SIr1835 SIr1835
SI11578 38 125 187 144 113 42 109 88 47 SI11578 SI11578
SI11810 42 34 46 113 SI11810 SI11810
SIr2001 33
SI11824 48 33 SI11824 SI11824
SI11180 32
SI11799 32 29
SI1743 30
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S111800 30 29 75 SI11800 S111800
Ssl3432 30 34 Ss13432 Ssl3432
S110587 38 29

SIr1923 96 30 SIr1923 SIr1923
SI11740 29

SIl1561 28

SIr2121 35 28

SII1151 27

SIr1102 42 44 30 118 122 SIr1102 SIr1102

S111808 174 69 45 82 41 117 103 5111808 S111808
SIr1844 156 227 236 111 114 121 SIr1844 SIr1844

SIr1678 32 65 110 SIr1678 SIr1678
SII1665 63 97 SII1665 SII1665
SI11817 53 60 SI11817 SI11817
Sll1274 59 46 52 134 SIl1274 Sll1274
S111804 47 39 SI11804 S111804
S111803 41

SII1821 38 71 31 81 SI11821 SII1821
SIr2076 140 71 122 52 81 SIr2076 SIr2076
S111109 125 48 SI11109 S111109
S110837 84

SI11580 74 80 SI11580 SII1580

S110819 47

SI11805 47 35 35 S111805 SI11805
S111043 61 40 44 29 111043 S111043

SI11634 29

SI11687 512 455 508 SI11687 SI11687

S1l0416 47 326 5110416 S1l0416
SI11809 29

SI11821 41 40 SI111821 SI11821
SIr1986 37 29
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Table 9. Hits from Synechocystis NT-FLAG SIr1923 (DVR) pulldown experiments

Synechocystis NT-FLAG Sll1874 pulldown experiments
Hits identified in o R, .

' >1 pulldown with Hits identified in .Possmle.
Synechocystis Individual pulldown Individual pulldown | 3 Mascot score | €M interaction
Gene ID experiments using the experiments using the >30 pulldown partners

soluble fraction insoluble fraction

1 2 3 4 1 2 3 4
SIr1923 319 | 2039 | 1030 | 193 | 480 | 2040 | 771 | 855 | SIr1923 SIr1923
Sl11687 129 104 Sl11687 Sli1687
Sl1577 127 80 45 65 | SIl1577 SI11577
SI11578 109 118 | 102 66 65 | SIl1578 SI11578
SIr2067 64 42 43 52 | SIr2067 SIr2067
SIr1844 63 175 124 SIr1844 SIr1844
Sl0416 53
SIr2076 28 87
SIr2121 36 36 SIr2121 SIr2121
SI11099 35
SIr2081 29 29
SIr1102 101 72 | SIr1102 SIr1102
Sl11746 56 81 90 | Sll1746 SII1746
S110819 32
SIr2080 45
SI11043 44
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Table 10. Hits from Synechocystis NT-FLAG SI11091 (ChIP) pulldown experiments

Synechocystis NT-FLAG ChIP pulldown experiments
Synechocystis Gene Indi\{idual pull§0wn Individual pulldown experiments ;I:;leisvn:\:i: I: 1| Hits identified in Possible interaction
ID exp:;:rbiztfi:;lir;ithe using the insoluble fraction Mascot score >30 control pulldown partners
1 2 3 1 2 3 4
Sl11091 1248 1878 1652 1720 1246 513 465 Sl11091 S111091
SIr1884 106 68 109 143 153 SIr1884 SIr1884
SIr1102 94 69 352 SIr1102 SIr1102
Sll1746 38 117 40 47 Sll1746 Sll1746
SIr1923 114 27 SIr1923 SIr1923
SIr2001 38
Sl10067 102
SIr0506 31 43 SIr0506 SIr0506
Slla577 262 137 42 Sll1577 SI1577
SII1751 204 29 SII1751 SI11751
S111099 177
SIr0844 168
SIr2067 144 86 SIr2067 SIr2067
SI11580 88
Ssl2296 77
SIr1578 72 67 SIr1578 SIr1578
S111808 47
Ssr1399 38
Sl1317 33
SIr1140 31
Sl11762 28
SI11665 43
Sll1821 41
S110819 36
SIr1655 32
Sl0416 214 379 Sll0416 Sll0416
Sl11687 171 228 Sl11687 SI11688
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SIr2075 67 35 SIr2075 SIr2075
SII5076 35
SIr2076 32 66 SIr2076 SIr2076
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Table 11. Hits from Synechocystis CT-FLAG SI11091 (ChIP) pulldown experiments

Synechocystis CT-FLAG ChIP pulldown experiments
Hits identified in o e s .

. Hits identified in | Possible
Synechocystis Individual pulldown >1 pulldown with control interaction
Gene ID Indivic?ual pulldown experiments experiments using the iaOMaSCOt SCOT€ | bulldown partners

using the soluble fraction ) .
insoluble fraction
1 2 3 4 5 1 2 3 4

SI12091 938 | 936 | 886 | 996 | 899 | 1318 | 959 | 660 | 398 | SIl1091 SI12091
SIr2076 878 | 416 | 512 38 32 SIr2076 SIr2076
Sll0416 388 72 385 Sll0416 Sll0416
SIr2075 298 | 137 | 135 SIr2075 SIr2075
Slr1096 219
SI11326 172 32 87 SII1326 SII1326
SI11694 168 | 188 SI11694 SI11694
S110020 168 41 S110020 S110020
SII1577 159 82 40 SlI1577 Sl11577
SI11769 147
Slr1884 139 | 225 | 336 44 47 271 75 30 | SIr1884 Slr1884
SI11687 126 33 84 Sll1687 Sll1687
SI11578 112 30 33 126 | 130 | Sl1578 SI11578
SIr0737 105
S110982 94
SI11184 85
Sl11867 76 68 Sl11867 SI11867
SIr0058 76
SIr0731 73
SI11218 61
SIr0552 55
SIr0244 50 34 75 SIr0244 SIr0244
S110823 48
SIr1220 45 80 SIr1220 SIr1220
SIr1329 44
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SI11665 44 69 Sl11665 SI11665

SIr1835 42 92 SIr1835 SIr1835
SI11536 39 58 SI11536 SI11536
Ssl0563 39

SIr2067 39 82 63 64 | SIr2067 SIr2067

SIl0569 38

SI11633 36

SIr1963 36

SIr0483 34 39 SIr0483 SIr0483
Sl11456 32

SIr0886 31

Smr0006 30

SI1261 29

SI11580 27

SI11945 167

Slr0447 114

SII1746 84 81 SII1746 SIl1746

SI10819 79

SIr1986 69 67 42 SIr1986 SIr1986
SI11430 60

Ssr2831 48

SIr1102 47 126 516 SIr1102 SIr1102

SI11450 47

SI11029 45

SIr6021 35 35 SIr6021 SIr6021
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Table 12. Hits from Synechocystis NT-FLAG Slr1644 (Pitt) pulldown experiments

Synechocystis NT-FLAG SIr1644 (Pitt) pulldown
experiments
] Individual . Hits |dent|f|ec! in >1 Hits identified in | Possible interaction

Synechocystis Gene pulldown Individual pulldown pulldown with a

] . . control pulldown partners
ID experiments experiments using the Mascot score >30

using the soluble insoluble fraction
fraction
1 2 1 2 3

Slr1044 790
Slr1644 638 82 288 58 231 Slr1644 Slr1644
SIr1277 287
SIr1577 196 307 204 267 252 SIr1577 SIr1577
SIr1834 123
Slr1884 100 215 96 133 101 SIr1884 Slr1884
SIr2067 98 133 189 161 206 SIr2067 SIr2067
SIr1272 94
SIr0906 92
SI11942 91
SI11665 61
SI11578 60 131 170 143 170 SI11578 SI11578
SI11106 59
SI11326 55
SIr0552 52
SI11837 46
S110818 43
Ssl3436 42 77 Ssl3436 Ssl3436
Ssr2831 40
SIr1329 39
Ssl0563 36
Ssr3451 35
SI11096 32 35 S111096 SI11096
SIr0737 31
SI11274 29 110 Sli1274 SI11274
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SIr1102 28

SIr2076 237 26 SIr2076 SIr2076
SII1687 212

S110416 124

SIr1140 105

SII1746 98 61 83 SI11746 SII1746

SI11812 96

SI11821 52

SI11817 47

SIr1678 45

SIr2075 45

SIr0009 43

SI1811 36

SIr1986 35 86 143 SIr1986 SIr1986
SI11260 33

SIr0467 32

S111097 32

S110601 31

Ssl3093 30 65 109 57 Ss13093 Ssl3093
SIr0455 27

SIl1471 68 34 SIl1471 SIl1471
SII1712 57 49 SI1712 SII1712
SIr0394 49

SI11789 30 138 SI11789 SI11789
SIr1708 29

S111099 72

SI11580 36
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