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Abstract

In plants and algae the Genomes Uncoupled 4 (GUN4) is a nuclear-encoded, chloroplast
localized, porphyrin binding protein implicated in retrograde signaling between the chloroplast
and nucleus. Functionally, it enhances Mg-chelatase activity, the enzyme that inserts
magnesium into protoporphyrin IX (PPIX) in the chlorophyll biosynthesis pathway, possibly
through the removal of Mg protoporphyrin IX (Mg-PPI1X) the product of the reaction. Our in
vitro results show that purified GUN4 increases the production of PPIX-generated singlet
oxygen in the light by a factor of five compared with PP1X alone. Additionally the functional
GUN4-PPIX-ChIH complex and GUN4-Mg-PPIX generate singlet oxygen at a reduced rate
compared with GUN4-PPIX. Recent evidence points to singlet oxygen being a possible plastid
to nucleus signal, possibly through second messengers. The light dependent singlet oxygen
generation by GUN4-PPIX may be part of a signal transduction pathway from the chloroplast
to the nucleus which senses the availability and flux of PPIX through the chlorophyll
biosynthetic pathway in order to control the concentrations of enzymes and chlorophyll binding
proteins in the chloroplast. Additionally, unlike the cyanobacterial GUN4, the chloroplastic
orthologues have an extra C-terminal domain that is phosphorylated and is required for
magnesium chelatase activity. The low resolution solution structure of full length GUN4 at ~20
A was determined, by using small-angle X-ray scattering (SAXS) and report that the protein
has a more elongated structure compared to the cyanobacterial protein. Also, the first crystal
structure of truncated eukaryotic GUN4 from Chlamydomonas reinhardtii was solved. The
structure is in broad agreement with those of previously solved cyanobacterial structures. Most
interestingly, conformational divergence is restricted to several loops which cover the
porphyrin-binding cleft. The conformational dynamics suggested by this ensemble of structures

lend support to our understanding of how GUN4 binds PPIX or Mg-PPIX.
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Chapter 1. Introduction

1.1 Photosynthesis

Photosynthesis is directly or indirectly responsible for the survival of nearly all living
organisms, with only chemolithotrophic bacteria not requiring this natural process (Nisbet et
al., 1995, Raymond et al., 2002, Xiong and Bauer, 2002, Leslie, 2009). Photosynthetic
organisms require chlorophyll (Chl) or bacteriochlorophyll (Bchl) for the collection and
conversion of solar energy into chemical energy (Chew and Bryant, 2007, Reinbothe et al.,
2010). In plants, algae and oxygenic bacteria (cyanobacteria) Chls are involved in aerobic
photosynthesis, while for anaerobic photosynthetic bacteria Bchl molecules are responsible for
light trapping (Zeilstra-Ryalls and Kaplan, 2004, Kiang et al., 2007).

1.1.1 Tetrapyrroles

The basic structure of a pyrrole is a 5-membered carbon-nitrogen heterocyclic compound with
the formula C4H4NH. Tetrapyrroles consist of 4 covalently attached pyrroles and may be either
linear (e.g. hydroxymethylbilane) or cyclic (e.g. chlorophyll). The most well-known
tetrapyrroles, heme and chlorophyll play vital roles in higher plants in photosynthesis and
metabolism (Tanaka and Tanaka, 2007). Heme is an iron-centered tetrapyrrole while Bchl/Chls
are magnesium-tetrapyrroles, consisting of four pyrrole rings joined to form a tetrapyrrolic
macrocycle with a magnesium atom in the center (Figure 1.1), and variations in the side chains
and/or reduction states (Wettstein et al., 1995, Chen, 2014). Two other tetrapyrroles, siroheme,
and phytochromobilin are vital, the former as a cofactor for sulphite and nitrite reductases and
the latter as a photoreceptor (Tanaka and Tanaka, 2007, Tripathy et al., 2010). All four
tetrapyrroles are derived from a common biosynthetic pathway (Figure. 1.2). The major site of
tetrapyrrole biosynthesis is localized in plastids and only the last few steps of heme biosynthesis

occurs in both mitochondria and plastids (Tanaka and Tanaka, 2007).
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Figure 1. 1 Molecular structure of bacteriochlorophyll and chlorophyll

The two predominant light-capturing pigments found in nature (Tamiaki et al., 2007).

1.1.2 Tetrapyrrole biosynthetic pathway

The first six steps of siroheme, heme, phytochromobilin and Chl biosynthesis have a shared
pathway (Figure 1.2). The first step, catalysed by glutamyl tRNA synthetase, activates
glutamate by ligating it to its cognate tRNA to form tRNAGIu (Schon et al., 1986). Following
this, glutamyl tRNA reductase (GIUTR) reduces glutamyl-tRNA, producing glutamate-1-
semialdehyde (GSA) with this step coupled to oxidation of NADPH (Wang et al., 1984). GSA
is then converted into 5-aminolevulinic acid (ALA) by glutamate 1-semialdehyde
aminotransferase (GSA-AT) (Hoober et al., 1988) in the third step of the pathway. The fourth
enzyme, ALA dehydratase, converts two molecules of ALA to porphobilinogen, a pyrrole
molecule (Jaffe, 1993). Subsequently, four porphobilinogen molecules are joined to form a
linear tetrapyrrole, 1-hydroxymethylbilane. The fifth enzyme, uroporphyrinogen Il synthase,
converts hydroxymethylbilane to uroporphyrinogen Il which is the first closed tetrapyrrole in
the pathway (Beale, 1999). This is the first branchpoint of the four tetrapyrrolic end products.

In the first step of the siroheme branch of the pathway, S-adenosyl-L-methionine-dependent
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methyltransferase methylates uroporphyrinogen 1ll to form dihydrosirohydrochlorin.
Subsequently, siroheme ferrochelatase chelates an iron atom into dihydrosirohydrochlorin to
form siroheme in an ATP-independent manner (Tanaka and Tanaka, 2007). The remaining
steps are still shared with uroporphyrinogen 111 decarboxylase converting uroporphyrinogen Il
to coproporphyrinogen 111, which in turn is decarboxylated to form protoporphyrinogen IX by
an eighth enzyme, coproporphyrinogen 111 oxidase (Beale, 1999). The ninth step in the pathway
is accomplished by protoporphyrinogen IX oxidase that generates PP1X, a substrate common
to both the heme and Chl branches (Lermontova et al., 1997).

This is the second branchpoint in the tetrapyrrole biosynthetic pathway and is differentiated by
chelation of PPIX by two different metals Fe?* or Mg?*. The iron (Fe) branch produces heme,
into which Fe is inserted into the center of the PPIX macrocycle by Fe-chelatase
(Ferrochelatase) enzyme, while the Mg branch leads to chlorophyll as the end product, which

starts with the insertion of Mg?* into PPIX (Xiong and Bauer, 2002, Chen, 2014).

1.1.3 Tetrapyrroles as photosensitizers

From uroporphyrinogen Il onwards, pathway intermediates can be oxidized by molecular
oxygen to form the corresponding porphyrins, which are capable of absorbing light energy
forming highly reactive singlet oxygen (Oz(a'Ag)) (Tanaka and Tanaka, 2007) and damaging
the plastid membrane, and up-regulating detoxifying enzymes mRNA in a process called photo-
oxidative damage (Mock et al., 1998). Thus, flux through this pathway, specifically at the
branch point of the Chl and heme branches, must be carefully controlled. Therefore, the
regulation of the flux of the tetrapyrrole pathway is necessary as well as limiting the
concentration of free tetrapyrroles in vivo. Recent evidence suggests sensor proteins such as

GUN4 are responsible for photo-protection of tetrapyrroles (Brzezowski et al., 2014). However,
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our finding about O2(a'Ag) production role of GUN4 contradicts the current supposition that

GUNA4 has a photo-protective role (Chapter 5).
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Figure 1.2 The tetrapyrrole biosynthetic pathway in plants

The enzymatic steps of tetrapyrrole production in higher plants. Tetrapyrrole biosynthetic
pathway, with outlined heme, siroheme branches presented in blue boxes, and the Chl branch

presented in a green box.
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1.2 Mg-chelatase enzyme
The Mg-chelatase enzyme is a key regulator of Chl biosynthesis, as it catalyses the adenosine
triphosphate (ATP) dependent insertion of magnesium into PPIX to form Mg-PPIX (Figure 1.2)

in the branch point between Chl and heme synthesis (Walker and Weinstein, 1994).

Mg chelatase /
(CHL I, CHL D, CHL H)

Mg, ATP

COOH COQH COOH COOH

Figure 1.3 Mg-chelatase enzymatic activity
Mg-chelatase inserts a divalent magnesium ion into the substrate PPIX, generating Mg-PPIX
(Lake et al., 2004).

This enzyme has three genes called bchl/chll, bchD/chID, and bchH/chlH, which encode three
protein subunits: Chll/Bchl (~45 kDa), ChlD/BchD (~80 kDa) and ChlH/BchH (~145 kDa).
These subunits are conserved from bacteria to higher plants, and are responsible for different
functions. Chll/Bchl are members of the AAA™ superfamily with ATPase activity required for
enzyme catalysis. Moreover, they bind Mg?* and ATP, and are molecular chaperones for
ChID/BchD subunits. BchD/ChID subunits appear to have an inactive AAA* ATPase N-
terminal domain, which is homologous to Bchl/Chll, and acts as a structural platform for
Bchl/Chll (Gibson et al., 1995, Jensen et al., 1996a, Lake et al., 2004, Reid and Hunter, 2004,
Stenbaek and Jensen, 2010). Functional BchH/ChIH subunits bind both PPIX and Mg-PPIX.
Additionally, a porphyrin carrier protein called GUN4 is involved in PPIX substrate delivery
to ChlH in oxygenic photosynthetic organisms, and also binds the product (Mg-PP1X) of Mg-
chelatase (Larkin et al., 2003, Davison et al., 2005, Verdecia et al., 2005). The role of this

protein will be discussed in more detail in section 1.3.4.3.
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Mg-chelatase enzyme complex has been extensively studied in order to understand the
interactions between its three subunits, and their respective roles in Mg-PPIX synthesis (Walker
and Willows, 1997). So far, our understanding of the mechanism for Mg-chelatase activity has
relied upon: a) biochemical characterization of Mg-chelatase activity in whole cells of
photosynthetic bacteria and in isolated chloroplasts from higher plants, b) examination of
mutants deficient in Mg-chelatase activity, ¢) in vitro reconstitution of Mg-chelatase activity
using purified recombinant expressed subunits, and structural studies of individual subunits and
protein complexes (Fodje et al., 2001).

The more recent information on the function of Mg-chelatase subunits and interaction of
subunits with each other in the complex will be described in section 1.3. Also, a comprehensive
overview of Mg-chelatase with emphasis on the structure and possible mechanism for insertion
will be discussed later in sections 1.4 and 1.5.

1.3 Mg-chelatase is a multifunctional enzyme

1.3.1 In vivo assays

Mutation analysis of the photosynthetic gene cluster from Rhodobacter sphaeroides (R.
sphaeroides) and Rhodobacter capsulatus (R. capsulatus) indicated that all three Mg-chelatase
subunits are required for Mg-PP1X biosynthesis (Gorchein et al., 1993, Bollivar et al., 1994).
In vivo evidence in higher plants also supported this idea, as it has been previously described
that xantha-f, xantha-g and xantha-h mutants of barley lacking ChlIH, ChID, and Chll,
respectively, are unable to synthesize Chl (Jensen et al., 1996a, Kannangara et al., 1997). The
first Mg-chelatase activity assay was undertaken in intact cells of R. sphaeroides that
demonstrated the biological insertion of magnesium into PP1X with the production of Mg-PPIX
monomethyl ester, not Mg-PPIX (Gorchein, 1972). However, Mg-PPIX monomethyl ester

treatment of the whole cells with various electron transport inhibitors or uncouplers decreased
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the amount of Mg-PP1X monomethyl ester formation (Gorchein, 1973) indicating an ATP
requirement for Mg-chelatase activity (Gorchein, 1972, Gorchein, 1973). The first in vitro Mg-
chelatase activity measured from higher plants was with unpurified homogenates of etiolated
wheat seedlings (Ellsworth and Lawrence, 1973, Willows et al., 1996), while the first
stimulation of Mg-chelatase activity was carried out by incubating etioplasts or developing
chloroplasts from cucumber cotyledons with PPIX and a mixture of longer wavelength
metalloporphyrins ( Zn-PPIX, Mg-PPI1X and Mg-PPIX monoester) (Smith and Rebeiz, 1977).
Further characterisation of Mg-chelatase was achieved with intact cucumber chloroplasts
(Pardo et al., 1980, Richter and Rienits, 1980) and isolated chloroplasts from tobacco
(Papenbrock et al., 1999, Papenbrock et al., 2000), barley (Jensen et al., 1996b) and pea (Walker
and Weinstein, 1991a). Another study illustrated that developing chloroplasts require glutamate
for Mg-chelatase activity (Castelfranco et al., 1979), which could be substituted with 10 mM
ATP (Pardo et al., 1980). In addition, it has been shown that ATP hydrolysis is required for
Mg-chelatase activity since non-hydrolysable analogues of ATP adenosine 5°-[f,y-methylene]
triphosphate and adenosine 5’-[B,y-imido] triphosphate cannot support Mg-chelatase activity

(Walker and Weinstein, 1991a).

1.3.2 In vitro assays

The first plant in vitro Mg-chelatase activity assay in cucumber chloroplast demonstrated
preliminary Kinetic analysis and generated hyperbolic curves for magnesium, ATP, and PPIX
substrates which is representative of a non-regulatory effect (Richter and Rienits, 1982, Walker
and Weinstein, 1991a). However, a previous study shows a sigmoidal relationship of PP1X and
ATP with cucumber chloroplasts (Fuesler et al., 1981). A later study on pea chloroplast then
showed a sigmoidal relationship of Mg-chelatase activity with magnesium and ATP (Guo et

al., 1998). Furthermore, other studies on Synechocystis and Chlorobium tepidum (C. tepidum)
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showed sigmoidal effects of Mg-chelatase with magnesium (Jensen et al., 1998, Reid and
Hunter, 2004, Johnson and Schmidt-Dannert, 2008). These data suggested a regulatory role of
the magnesium substrate.

The discovery of a two-step nature of Mg-chelatase reaction was demonstrated by biochemical
characterization of Mg-chelatase activity fractions from lysed pea chloroplasts (Walker et al.,
1992). The activity of Mg-chelatase from lysed pea chloroplasts and thylakoid required both a
soluble (~80 %) and membranous component (Walker and Weinstein, 1991b), with a
synergistic effect when mixed together, demonstrating that at least two protein components are
involved (Walker and Weinstein, 1991b, Walker et al., 1992). However, in contrast to pea, only
the membrane fraction was required for Mg-chelatase activity of cucumber, and the loss of
activity after disruption of cucumber plastids was recovered by the addition of PPIX and ATP
(Lee et al., 1992). If the pea lysate is not pre-incubated with ATP, a “lag-phase” in Mg-PPI1X
formation is observed over time indicative of a then unknown enzyme complex assembly
(Walker et al., 1992). Preparation with ATP causes a destruction of the “lag-phase” (Walker et
al., 1992). During the first stage of the Mg- chelatase reaction which is involved in complex
assembly, ATP can be replaced by a slowly hydrolysable ATP analogue (adenosine 5°-[y-
thio]triphosphate), but there is an obligatory ATP requirement for the second stage of the
insertion of magnesium into PPIX and formation of Mg-PP1X product (Walker and Weinstein,
1994).

The first in vitro assay of a bacterial Mg-chelatase was with crude Bchl, BchD, and BchH
proteins from R. sphaeroides recombinantly expressed in E. coli (Gibson et al., 1995), these
proteins were then purified by a combination of anion exchange and gel filtration and activity
demonstrated by reconstitution of all three subunits (Willows et al., 1996). The BchH protein
cell lysates were red and this was attributed to PPIX bound to this overexpressed protein

(Willows et al., 1996). The Mg-chelatase activity of the R. sphaeroides and R. capsulatus
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requires all three proteins, magnesium and ATP, with exogenous PPIX not needed as it was
bound to BchH from Chlorobium vibrioforme (C. vibrioforme) (Petersen et al., 1998), and R.
capsulatus (Willows and Beale, 1998). The ChIH subunit from Synechocystis PCC6803 lose
their red colour during anion exhange purification indicating a weaker association with PPIX
(Jensen et al., 1996b). In all cases reconstitution of activity requires all three subunits, ATP or
an ATP regenerating system along with PPIX or BchH-PPIX. Further studies on both Mg-
chelatase characterization and purification from bacteria used a 6xHis-Tag on the N-terminal
for protein expression due to its rapid purification by metal ion affinity chromatography (Jensen
et al., 1998, Petersen et al., 1998, Gibson et al., 1999, Willows et al., 1999).

In the recent in vitro study hybrid Mg-chelatases containing mixtures of subunits from
Synechocystis and T. elongatus enzymes were generated. Both Synechocystis and T. elongatus
chelatase are closely related, but T. elongatus is more thermostable and showed simpler steady
state kinetics compared with the Synechocystis enzyme. Also they react differently in response
to free Mg?*, where the hybrid chelatase of T. elongatus ChlD and Synechocystis Chll and ChIH
is not co-operative with Mg?*, but Synechocystis enzyme is highly co-operative (Reid and
Hunter, 2004, Davison et al., 2005). The loss of cooperativity after substituting ChID indicates
that ChID subunit of Synechocystis plays an important role in the Mg?* regulation of the Mg-
chelatase. Thus, there might be a particular interaction that is responsible for the change in co-
operativity in the Synechocystis subunit which is missing in T. elongatus subunit (Adams et al.,

2014a).
1.3.3 ATPase activity site (Bchl/Chll- BchD/ChID complex)

1.3.3.1 Bchl/Chll subunit
As a member of AAA™ protein family, the Bchl/Chll subunit (Neuwald et al., 1999, Vale, 2000,

Ogura Teru and J., 2001, lyer et al., 2004) exhibits properties common to this family including
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chaperoning (Neuwald et al., 1999) and reassembling different target molecules in an ATP-
dependent manner (lyer et al., 2004). In the case of Bchl/Chll these two functions are observed
since the Bchl functions as a chaperone for BchD, preventing its degradation and the Chll/ChID
double hexamer functions as the motor complex during hydrolysis of ATP (Lundqyvist et al.,
2013). The addition of ATP to the AAA™ protein family causes the formation of oligomers with
large conformational changes (Gibson et al., 1999, Hansson et al., 2002). It has been shown
that the ATPase activity of Bchl depends on the concentration of free magnesium in
Synechocystis, indicating that the magnesium atom could be surrounded by the I subunit (Reid
et al., 2003). It was demonstrated that ATPase-deficient Bchl mutants from R. capsulatus are
still able to form oligomers if bound to ATP but ATP hydrolysis of each subunit within the
Bchl complex is obligatory for activity (Hansson et al., 2002). Most photosynthetic organisms
only have one Bchl/Chll subunit. However, the Bchl from C. vibrioforme has two isoforms (38
and 42 kDa) with each demonstrating a similar final Mg-chelatase activity (Peterson et al.,
1998). Additionally, there are two Chll subunits (Chll1 and ChlI2) of Arabidopsis thaliana (A.
thaliana) that both play a role in chelation (Rissler et al., 2002, Kobayashi et al., 2008).

The data shows that, ChlI2 has the ability to form a functional Mg-chelatase complex and
participate in catalysis therefore it is able to form an active Mg-chelatase complex (Kobayashi
etal., 2008, Huang and Li, 2009). However the natural mRNA levels of chll2 is ~4-6 fold lower
than chlll (Huang and Li, 2009). Since the chll1/chll2 double mutant was recovered with
overexpression of Chll2 driven by the Chll1 promoter, it is likely each isoform may take part
in the Mg-chelatase complex. The differences between Chli1 and ChlI2 include: The C-
terminal of Chll2 is larger than Chll1 (Apchelimov et al., 2007), also Chll2 has lower basal
expression in vivo (Rissler et al., 2002) and has lower Vmax and a higher Kmate than Chlil

(Kobayashi et al., 2008).
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The Bchl/Chll contains sensor I/I1 motifs and an arginine sensor (Arg289), which is present
only in AAA™ proteins (Neuwald et al., 1999, Vale, 2000, Fodje et al., 2001). These sensor |
and sensor Il motifs are essential for ATP hydrolysis, whereas the arginine sensor is involved
in ATP-hydrolytic conformational changes (lyer et al., 2004). It has been demonstrated that in
Bchl mutants of R. capsulatus the substitution of lysine for arginine may lead to a complete
loss of ATPase activity, which indicates the importance of this sensor (Arg289) (Hansson et al.,
2002). However, there are some structural features of Bchl which do not belong to the common
structure of an AAA" protein including; a B-hairpin protruding from helix3, along with 2 other
hairpins from the core of the Bchl structure (Fodje et al., 2001).

Investigating seven mutants in barley xantha-h locus encoding Chll showed that four are
recessive and three are semidominant. Recessiveness was explained by a lack of mutant chll
expression (Hansson et al., 2002). Thus, in heterozygous plants there is only wild type
complexes. Semidominant mutation in bchl led to amino acid exchange in the binding site of
ATP at the interface of two Bchl monomers and abolished ATPase activity, yet the mutant
subunits formed hexamers in the presence of ATP. Mixed hexamers were also formed with wild
type Bchl. These mixtures of mutants and wild type Bchl showed an intermediate ATPase
activity and reduced Mg-chelatase activity. It was concluded the ATPase sites act autonomously

of each other and Mg-chelatase activity requires all sites to be active (Hansson et al., 2002).

1.3.3.2 BchD/ChID subunit

The BchD/ChID subunit also belongs to the AAA™ protein family but has no ATPase activity
(Fodje et al., 2001). BchD forms an oligomeric structure in the absence of ATP (Hansson and
Kannangara, 1997, Jensen et al., 1999, Petersen et al., 1999), and this oligomer plays an
important structural role as a platform for the assembly of Bchl/Chll and BchH/ChIH subunits

(Grafe et al., 1999, Axelsson et al., 2006). Mutational studies demonstrated cooperativity
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between BchD subunits in the oligomeric state (Axelsson et al., 2006). The BchD and Bchl
subunits directly interact (Papenbrock et al., 1997, Gibson et al., 1999, Grafe et al., 1999, Jensen
et al., 1999) and in vitro assays of Mg-chelatase activity requires excess Bchl over BchD for
the stability of the Bchl-BchD complex. BchD aggregates in the absence of Bchl in vitro in R,
capsulatus, so an excess of Bchl is required to maintain its solubility during refolding of BchD
and formation of a functional Bchl-BchD complex (Jensen et al., 1998, Willows and Beale,
1998, Gibson et al., 1999, Sawicki and Willows, 2008).The chaperone-type activity of the Bchl
subunit for the BchD oligomer is important for the stability of ChID in vivo as the cellular
concentration of ChiID is reduced in ATPase-defective chll mutants from barley as well as chll
knockouts in A. thaliana (Hansson et al., 1999, Petersen et al., 1999, Lake et al., 2004, Huang
and Li, 2009). In contrast, cellular levels of ChID remained unaffected in chlH mutants from
barley (Hansson et al., 1999, Olsson et al., 2004), A. thaliana (Huang and Li, 2009) and C.
reinhardtii (Chekounova et al., 2001, Lake et al., 2004). Taken together these results indicate
that the ChlH subunit does not directly affect the quantity of ChID, but the intracellular
concentration of ChlID, and hence Mg-chelatase activity, is dependent upon Chll with a
functional ATPase activity (Lake et al., 2004, Sawicki and Willows, 2008). This chaperoning
role of Bchl/Chll appears to be ATP-dependent manner, as the formation of a Bchl/Chll and
Bchl/ChID complex is ATP dependent in vitro (Sawicki and Willows, 2008).

Barley (Hordeum vulgare) mutants with single and multiple point mutations in Mg-chelatase
genes have been characterized and analyzed (Axelsson et al., 2006). Some of the corresponding
mutations have been generated in the R. capsulatus Mg-chelatase genes that have been
expressed in Escherichia coli. Enzyme activity analysis of these mutant BchD proteins
compared to wild type as well as mixtures of wild type and mutant subunits showed that BchD
oligomers with mixed mutant and wild type subunits could form and were less active than wild

type oligomers alone. Hence, cooperativity is required between BchD subunits for maximal
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activity that not all subunits in a Bchl-BchD complex were needed for one round of enzymatic
activity (Axelsson et al., 2006). Kinetic experiments using R. capsulatus subunits revealed
BchD behaves as the enzyme since enzymatic activity increases linearly with increasing BchD
concentration and excess amounts of the other two substrates; Bchl and BchH-PPIX (Sawicki

and Willows, 2008).

1.3.3.3 Bchl-BchD/ChllI-ChID complex

The BchI*BchD/ChlI=ChlD complex is the catalytic center of Mg-chelatase and formation of
the Bchl16D6 complex requires preincubation of Bchl/Chll and BchD/ChID subunits with ATP
and magnesium (Walker et al., 1992, Willows et al., 1996, Jensen et al., 1998, Willows and
Beale, 1998). This was initially reported in R. sphaeroides and Synechocystis with gel filtration
data of complex formation showing a molecular mass of 200 kDa (Gibson et al., 1999, Jensen
et al., 1999). The optimal stoichiometry of this complex also differ between the organisms, but
it is always concentration dependent. ChlI*ChlD complex formation in Synechocystis requires
magnesium, ATP or ADP, and it is energy dependent, as non-hydrolysable ATP-analogues
(adenosine 5°-[y-thio]triphosphate) are required for preservation of a 1:1 complex (Jensen et
al., 1999). In R. sphaeroides Mg- chelatase, a 5:1 Bchl:BchD ratio is optimal at 8.5 nM BchD,
though 1:1 Bchl:BchD ratio is optimal at 27 nM BchD (Gibson et al., 1999, Willows, 2003).
Similarly, optimal Mg-chelatase activity in R. capsulatus requires a 4:1 Bchl:BchD ratio at 700
nM BchD, though 2.5:1 is sufficient at 1840 nM BchD (Gibson et al., 1999, Willows, 2003).
This problem with ratios was solved when Bchl was treated as the substrate in the reaction and
BchD was treated as the enzyme (Reid and Hunter, 2004, Sawicki and Willows, 2008). Under
these conditions saturation kinetics was observed forming dynamic and unstable Bchl-B¢chD

complex which was observed to be dependent on the concentration of the Bchl subunit.
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Consequently, in vitro assays according to the stoichiometry of these subunits do not represent
the functional ratio of each subunit in the active complex.

Moreover, previous in vitro studies of T. elangatus have demonstrated Mg-chelatase enzyme is
non-co-operative in response to free Mg?*, and the ChID subunit of Synechocystis plays an
important role in the Mg?* regulation (Adams et al., 2014a). Based on Kinetic experiments in
Synechocystis, at limiting concentrations ChlD behaves as an enzyme, while Chll and ChlH act
as saturable substrates (Jensen et al., 1998), as Kn of Chll is 2-3 times lower than that of ChIH
(Jensen et al., 1998). Thus, the interaction between ChID and Chll is stronger than the
interaction between ChID and ChIH (Grafe et al., 1999).

If any of Bchl/Chll, magnesium and ATP are absent or present below optimal concentrations,
BchD/ChID is degraded in vivo (Lake et al., 2004). A decrease in each of these components
occurs during prolonged darkness in plants (Usuda, 1988, Papenbrock et al., 1999, Ishijima et
al., 2003). Also, it has been shown in an in vivo study of tobacco plants that Mg-chelatase
functionality decreases in both anti-sense and sense chll transgenic tobacco plants, as formation
of a ChlI-ChID complex is essential for the activity of Mg-chelatase (Papenbrock et al., 2000).
1.3.4 Porphyrin binding complexes

1.3.4.1 BchH/ChIH (GUNS) subunit

BchH/ChIH is at the core of the Mg-chelatase complex due to binding both the substrate (PP1X)
and the product (Mg-PPIX) of the enzymatic reaction (Gibson et al., 1995, Willows et al., 1996,
Willows and Beale, 1998, Karger et al., 2001, Sirijovski et al., 2008). The retention of the PPIX
binding to BchH or ChlH varies during purification of the protein. When BchH from
R.capsulatus is heterologously expressed in E. coli, the protein naturally sequesters PP1X from
the cell, and the purification of BchH can be followed by collecting this red/brown pigment

which is retained throughout this process of gel filtration and ion exchange chromatography
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(Willows et al., 1996, Willows and Beale, 1998). In R. sphaeroides, PPIX removal from BchH
requires detergent and RP-HPLC separation (Hansson and Kannangara, 1997), while,
incubation of BchH-PPIX from R. capsulatus with detergent (Tween80) and purification with
nickel affinity chromatography was found to be ineffective in producing undenatured apo-
BchH (BchH without PPIX bound) (Sawicki and Willows, 2010). In Synechocystis, PPIX is
depleted from ChlIH after purification by ion exchange chromatography (Jensen et al., 1998).
The strength of the PPIX or deuteroporphyrin binding to BchH/ChIH is measured by titration
of porphyrin and monitoring tryptophan quenching. R. sphaeroides BchH has a K, of 0.15 or
0.36 uM for PPIX (Willows and Beale, 1998, Gibson et al., 1999), whereas ChlH from
Synechocystis has a K" of 1.25 uM (Jensen et al., 1998). Surprisingly, R. capsulatus BchH
has a similar K" to Synechocystis ChlH (1.23 uM) (Willows and Beale, 1998, Sawicki and
Willows, 2008). Direct comparison of R. sphaeroides BchH and Synechocystis ChlH
demonstrated the stronger binding of deuteroporphyrin to BchH with a dissociation constant
(Kq) of 0.53 uM for BchH against 1.22 uM for ChlH (Karger et al., 2001).

The requirement of pre-activation of BchH/ChIH on Mg-chelatase activity has been studied in
anumber of ways. It was found that the “lag-phase” in the Mg-chelatase assay could be reduced
if Synechocystis ChIH was pre-incubated with deuteroporphyrin in the presence of magnesium,
while the ATP was not required for this pre-activation (Jensen et al., 1998). The binding of
deuteroporphyrin to the Synechocystis ChlH appeared to be enhanced in the presence of
magnesium chloride during gel filtration (Karger et al., 2001), but the Kq of ChIH binding to
deuteroporphyrin was found to be 2-3 fold higher when measured by fluorescence quenching
(Karger et al., 2001) which is the opposite of what should occur. Moreover, ChlH was preserved
from inhibition by the cysteine-modifying molecule, NEM (N-ethyl maleimide) via
preincubation of ChIH with PP1X and Mg-ATP (Jensen et al., 2000), but preincubation of ChIH

with PPIX alone did not protect against NEM inactivation (Jensen et al., 2000). To account for
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the discrepancy between these results, it was suggested that different conformers of ChlH may
exist in solution with a slow equilibrium between the conformers depending on the porphyrin

bound status and the magnesium bound status of ChlIH.

1.3.4.2 ChlH (GUNS5) is a multi-functional protein

Mutations in the gun5/cch gene of A. thaliana corresponding to commonly known ChlH results
in increased transcription of nuclear-encoded lhcb (Mochizuki et al., 2001). This phenotype is
a genome uncoupled phenotype and indicates a defect in plastid to nucleus signaling occurs
with mutation in ChIH. (Mochizuki et al., 2001). ChlH from A. thaliana binds the
phytohormone abscisic acid (ABA) and was reported as an ABA receptor with further work
showing that mutations in ChIH affect ABA signalling and stomatal closure (Shen et al., 2006,
Wu et al., 2009). However, the role of ChlH as an ABA receptor has been questioned as there
is no evidence of ABA binding to the barley ChlH and barley chlh mutants do not appear to be
defective in ABA perception or signaling (Muller and Hansson, 2009).

ChIH from Synechocystis has an additional role in regulating gene expression. It binds to the
sigma factor, SigE, and represses gene expression and this anti-sigma factor (anti-SigE)
function is both light dependent and enhanced by Mg?* (Osanai et al., 2009). Recently a study
of three ChlH’s, from Oryza sativa, Hordeum vulgare and C. reinhardtii, expressed in E. coli
found monomeric and multimeric forms of ChlH separable by size exclusion chromatography
(Mdller et al., 2014). The monomers were consistent from batch to batch and at least four times
more active than multimers, whereas the multimeric form showed varied batch to batch activity,
suggesting that the ChlH’s were being oxidatively damaged during purification and expression
(Mdller etal., 2014). Once purified the monomeric form was stable and lacked PPIX suggesting

that the lack of bound PPIX could be the reason for light stability (Muller et al., 2014), in
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contrast the R. capsulatus BchH with bound PPIX aggregated and was inactive upon light

exposure (Sirijovski et al., 2006).

1.3.4.3 GUN4 subunit

Genomes Uncoupled 4 (GUN4) is an additional Mg-chelatase enhancer protein which plays a
major role in the magnesium chelation branch of Chl biosynthesis by binding porphyrin
intermediates (PP1X and Mg-PP1X) and stimulating the activity of Mg-chelatase (Karger et al.,
2001, Larkin et al., 2003, Davison et al., 2005, Verdecia et al., 2005). Effective function of Mg-
chelatase requires interaction of magnesium at physiological concentrations (~2 mM
magnesium) as well as GUN4 with ChIH (Davison et al., 2005). It has been shown that in A.
thaliana and Synechocystis this interaction increases the Mg-chelatase activity in vitro (Larkin
et al., 2003, Davison et al., 2005, Verdecia et al., 2005, Sobotka et al., 2008). A significant
proportion of GUN4-PPIX complex in vivo is expected to be in complex with ChlH which is
required for optimal Mg-chelatase activity and this GUN4-PPIX complex exists in the
membrane (Adhikari et al., 2009). GUN4 has a higher affinity for both PPIX and Mg-PPIX
binding compared with ChIH (Karger et al., 2001, Larkin et al., 2003, Davison et al., 2005,
Verdecia et al., 2005), and a 1:1 molar ratio of GUN4:ChlH was suggested sufficient for near-
optimal Mg-chelatase activity during in vitro assays (Davison et al., 2005). GUN4 is also
involved in binding and trafficking of both PPIX and deuteroporphyrin substrate to ChlH in
oxygenic photosynthetic organisms (Verdecia et al., 2005). The Km for deuteroporphyrin using
GUN4 and Mg-chelatase is approximately 5-fold lower than with Mg-chelatase alone (Verdecia
et al., 2005). This suggests that GUN4 binds to deuteroporphyrin and delivers it to ChIH
(Verdecia et al., 2005). It is possible that GUN4 plays a role in PPIX delivery, since
Synechocystis gun4 mutant cells showed 20-30 % activity of Mg-chelatase and ferrochelatase

compared with wild type (Wilde et al., 2004). GUN4 also binds Mg-PPIX monomethyl ester,
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uroporphyrin 111, and coproporphyrin I11 (Adhikari et al., 2009). Hence, GUNA4 plays a critical
role in porphyrin channelling to other enzymes in the Chl and heme biosynthetic pathways
(Adhikari et al., 2009). It has been suggested that GUN4 plays a major role in Mg-PPIX
trafficking or shielding PPIX and Mg-PPIX from collisions with molecular oxygen which might
yield ROS (Larkin et al., 2003). Structural studies of GUN4 from Synechocystis indicates a
hydrophobic surface or so called ‘greasy palm” which binds the hydrophobic porphyrin
substrate. It was suggested that this binding site protects the porphyrin from collisions with
molecular oxygen after excitation with bright light (Verdecia et al., 2005).

In a recent study of C. reinhardtii, the expression of tetrapyrrole biosynthesis genes and
photosynthesis-associated nuclear genes positively correlated with O2(a'Ag) levels, and GUN4
was involved in both sensing these changes and signal transmission. Therefore, two roles were
proposed for GUN4 firstly as a photo protector of both PPIX and Mg-PPIX preventing Oz(a'Ag)
production, and secondly a sensor of excess PPIX resulting from perturbations in the
tetrapyrrole biosynthesis pathway. The free excess PPIX contributing to Oz(a'Ag)-mediated
retrograde signalling pathway (Brzezowski et al., 2014).

Additionally, association of ChlH and GUN4 in vivo was observed using white, red, far-red,
and blue light up-regulation of gun4 transcripts during greening of A. thaliana seedlings along
with chlH (Stephenson and Terry, 2008). GUN4 is one of several gun mutants originally
identified in A. thaliana, which all displayed a phenotype indicating they were impaired in
plastid to nuclear signalling (Susek et al., 1993). The gun4 gene was the first loci to be identified
from this mutant screen (Susek et al., 1993, Willows and Hansson, 2003), and it has since been
shown to be involved in both retrograde signalling and post-translational regulation of
tetrapyrrole biosynthesis (Larkin et al., 2003, Davison et al., 2005, Verdecia et al., 2005, Peter
and Grimm, 2009). Both GUN4 and GUN5/CCH/ChIH are key participants in the generation

of a plastid signal, although GUN4 binds to Mg-PPIX more tightly than GUNS5 in Synechocystis
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(Larkin et al., 2003). It is most likely that GUN4 acts as a regulator of Mg-PPIX synthesis,
metabolic trafficking, or in porphyrin-induced changes of nuclear gene expression (Larkin et
al., 2003). It was suggested that accumulation of Mg-PPIX is the direct signal to quench
expression of nuclear encoded plastid-related genes (Strand et al., 2003) and this idea was used
to describe the involvement of GUNA4 in signalling. However, this theory has been shown to be
inviable as both PPIX and Mg-PPIX concentrations never reach the levels required for this to
occur (Mochizuki et al., 2008, Moulin et al., 2008, Woodson et al., 2011).

The GUN4 protein is only found in oxygenic photosynthetic organisms, with no known
homolog of GUN4 in Bchl biosynthetic organisms such as R. capsulatus (Larkin et al., 2003,
Davison et al., 2005). gun4 from A. thaliana and Synechocystis both have a photosensitive
phenotype (Larkin et al., 2003, Davison et al., 2005) and as the tetrapyrrole biosynthetic
pathway involves several phototoxic intermediates, the enzymatic reactions of Chl biosynthesis
must be regulated in a way to prevent the photo oxidation of the cell (Walker and Willows,
1997, Papenbrock et al., 2000). Thus GUN4 has a putative photo protective role within the
chloroplast which may protect plants from reactive oxygen species (ROS) that are produced by
collisions between oxygen and porphyrins under bright light (Larkin et al., 2003, Sobotka et al.,
2008).

Recent determination of the Ky of the more water soluble porphyrin analogues
deuteroporphryin  (DPIX) and Mg-deuteroporphyrin  (MgDPIX), with GUN4 from
Synechocystis by isothermal titration caliometry (ITC) shows a stronger affinity for DP1X (0.8
uM) over MgDPIX (1.3 uM) (Chen et al., 2015a). This is the opposite of previous studies which
determined Ky using tryptophan fluorescence quenching with MgDPIX (Kqg of 0.3 uM/0.449
uM) and DPIX (Kg of 2.29 uM/0.865 uM) (Davison et al., 2005, Verdecia et al., 2005). ChIH
has a slightly higher Kq of DPIX (1.22 uM) and MgDPIX (2.43 uM) over GUN4 using the

fluorescence quenching method (Karger et al., 2001) while Kg of DPIX for BSA is 1.7 uM
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(Rotenberg and Margalit, 1985). The ITC method is a direct measurement of molecular
interaction through changes in enthalpy (AH) while fluorescence quenching relies on
tryptophan residues in close proximity to the binding site therefore the tryptophan-quenching
derived Kq data should be taken with caution. Discrepancies between these two methods for
determining binding constants have been previously observed with Kq of ferulic acid binding
to BSA where ITC showed two binding sites whilst tryptophan fluorescence showed one (Ojha
et al., 2012). Weaker binding of GUN4 or ChIH to the product of the Mg-chelatase reaction
(Mg-PPIX) compared to substrate PPIX seems more plausible as it would favour release of
product to the next enzyme in the chlorophyll biosynthetic pathway (magnesium-
protoporphyrin IX methyltransferase (ChiM)) which has a calculated Kq of 2.37 uM (Shepherd

et al., 2003).

1.3.5 Biochemical interaction of Mg-chelatase subunits

The enzyme kinetic data clearly indicates that ChlH interacts with GUN4 and Chll interacts
with ChID subsequently ChIH-GUN4-PPIX interacts with Chll-ChID (Sawicki and Willows,
2008). Direct interaction between Mg-chelatase subunits has been seen in tobacco, using the
yeast two-hybrid system (Papenbrock et al., 1997, Jensen et al., 1998, Petersen et al., 1998).
The interaction of Chll and ChID subunits has already been discussed in section 1.3.3.3, but in
conjunction with kinetic properties it is more likely that the Chll and ChID subunits together as
an Chll-ChID complex is required for the interaction with the ChIH subunit, (Papenbrock et al.,
1997). The addition of BchH-PPIX/ChIH-PPIX to the Bchl-BchD/ChlI-ChID complex have
been shown to increase the ATPase activity in Synechocystis and R. capsulatus (Jensen et al.,

1998, Sawicki and Willows, 2008).
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1.3.6 Reactive Oxygen Species and its role in retrograde signalling

Generally ROS can inactivate Mg-chelatase in vitro (Willows 2003), inhibit Chl biosynthesis
in vivo (Peter and Grimm, 2009) and promote both photo bleaching and cell death (Willows,
2003, Aarti et al., 2007). More importantly, low levels of ROS alters the intracellular redox
state, activation of redox-sensitive proteins, redox-sensitive parts of proteins and potentially
inhibit or increase enzymatic activity. All of this indicates that ROS has a major role in cellular
physiology and thus plays an important role in the life of the plants (Reinbothe et al., 2010,
Bhattacharjee, 2012). Plants have shielding mechanisms for ROS and they also generate ROS
for regulation of every aspect of biology from perception of environmental cues to gene
expression (op den Camp, 2003, Reinbothe et al., 2010). In particular the highly reactive
02(alAy) is an important ROS which can lead to impaired physiological function and even cause

cell death depending on the amount produced (Foyer and Noctor, 2000, Bhattacharjee, 2012).
1.4 Structural studies

1.4.1 Bchl/Chll subunit

The high resolution crystal structure of | subunit from R. capsulatus has been solved to 2.1 A
resolution (Figure 1.3). ATPase activity is only reported in the Bchl/Chll subunit where it has
a characteristic ATP binding site (Walker A motif GX4GKSX6A and Walker B motif
hhhhD(D/E)) which are responsible for ATP hydrolysis (Walker and Weinstein, 1994, Hansson
and Kannangara, 1997, Peterson et al., 1998, Jensen et al., 1999, Hansson et al., 2002, Lake et
al., 2004). The Bchl/Chll subunit has two domains, the N terminal domain includes both the
Walker A(P-loop)(G[DH]RGTGKS) and the B nucleotide binding motif characteristic of ATP
binding (Fodje et al., 2001, Sirijovski et al., 2006) and the C-terminal domain has four up-down
bundled a-helices and two domains linked with a long alpha helical segment (Willows et al.,

1999, Fodje et al., 2001, Willows and Hansson, 2003).
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Additionally, the overall sequence based analysis of Bchl/Chll subunit, indicate it belongs to
the AAA™ protein family with the closest structural homologues to HslU, NSF-D2 and Pol-I1II
AAA" proteins. The AAA" proteins form hexameric ring structures and use ATP hydrolysis to
move parts of their characteristic domain (Neuwald et al., 1999). The formation of a hexameric
structure of Bchl from R. capsulatus, or heptameric structure of Chll from Synechocystis in the
presence of ATP has been revealed by EM single particle analysis (Reid et al., 2003, Willows
et al.,, 2004). However, oligomerisation of the Chll from Synechocystis is concentration-
dependent, indicating that without ATP in high protein concentration (8 mg.mL™) oligomers
form (208 kDa Chll complex), but without ATP at lower protein concentration (0.8 and 2
mg.mL™) only partial oligomerisation occurs (~81 and 108 kDa sized structures) (Jensen et al.,

1998).

Figure 1.3 Crystal structure of Bchl subunit

Different orientation of Bchl crystal structure of R. capsulatus at 2.1 A shown as a ribbon
diagram with 90° rotation relatively to each other. The C-terminal four-helix bundle is

connected to the N-terminal domain by a long helical region (Fodje et al., 2001).
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1.4.2 BchD/ChID subunit

There is no high resolution structure of BchD/ChID. All information about the structure of the
BchD/ChID subunit comes from the sequence analysis of different organism, and substitution
of the integrin domain with Chll-BchD appears to form a hexameric ring in the absence of ATP
(Axelsson et al., 2006). ChID from tobacco was deconstructed to the N-terminus, C-terminus,
glutamine/asparagine/proline-rich central region, and flanking sections, which are the important
parts involved in protein—protein interaction and enzyme activity (Grafe et al., 1999). The
glutamine/asparagine/proline-rich center along with the two flanking regions show some Mg-
chelatase activity (30 %), while removal of the N-terminus from wild type ChID retains wild-
type activity and removal of the C-terminus reduces Mg-chelatase activity by approximately
50-60 %. This indicates that the C-terminus is the most essential part for the activity. However,
when the N-terminus of ChID is replaced with the N-terminus of Chll, only ~20 % of enzyme
activity remains. Therefore, the ChID N-terminus is functionally distinct from the Chll N-
terminus despite their sequence homology (Grafe et al., 1999), and is classified as an AAA*
protein (Fodje et al., 2001). The walker A motif for ATP/GTP binding and hydrolysis is not
conserved in BchD/ChID and maybe only partially intact depending on the species (Sirijovski
et al., 2006). The C-terminal integrin-1 and AAA" domain of the BchD subunit plays an
important role in ATP binding to Bchl and conformational changes of Bchl to BchD (Lundgvist
et al., 2010). Integrins are known to be involved in protein-protein interaction (Takagi, 2007)
and potential interaction sites for the integrin 1 domain were found in Bchl/Chll and
BchH/ChIH, with recognition sequences of RGE/D in Bchl/Chll, and LDV in BchH/ /Chll
(Fodje et al., 2001). The integrin I domain includes a metal ion coordination motif, which

supports the binding of BchD/ChID to a magnesium ion (Fodje et al., 2001). The interaction
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between the Bchl and BchD proteins are suggested to occur via three B-hairpin elements of
Bchl structure (Fodje et al., 2001). Direct interactions are reported using affinity assays between

tobacco ChID and Chll or ChIH (Grafe et al., 1999).

1.4.3 Bchl-BchD/ChlI-ChID complex

Both Bchl/Chll and BchD/ChID are classified as AAA™ protein family and are able to form ring
shaped hexamers (Neuwald et al., 1999, Fodje et al., 2001, Willows et al., 2004). Moreover,
they associate in a 1:1 ratio complex (EImlund et al., 2008). These two reasons aid in the
hypothesis that the Bchl-BchD/ChlI-ChID complex could take the form of a double-hexameric
ring (Fodje et al., 2001, EImlund et al., 2008, Sawicki and Willows, 2008) which is a variation
of type-2 AAA" proteins. In these proteins each monomer has two sequential AAA* types; one
with and one without ATPase activity. The one without ATPase activity (BchD) may play a
structural role in such oligomer (Vale, 2000).

The EM structure of Bchl6D6 double hexameric ring of R. capsulatus at 7.5 A, 14 A and 13 A
resolution have been solved in the presence of ADP, the nonhydrolyzable ATP analogue
AMPPNP, respectively (EImlund et al., 2008, Lundqvist et al., 2010). The validation of the
cryo EM structure was confirmed by the analysis of the chemical cross-linked peptides
(Lundgvist et al., 2010). Incubation of Bchl and BchD with a non-hydrolyzable ATP analogue
AMPPNP leads to double hexameric structure which is compressed in the direction of
symmetry and contracted in diameter. However, incubation with ATP results in the same
contraction at the diameter, but the structure is elongated at the symmetry axis. This could be
the BchH binding conformation (Lundgvist et al., 2010).

Various mechanistic and schematic models have been proposed for double hexameric ring
Bchl6D6 formation. Assembly of the BchD hexameric ring is the first step which occurs

spontaneously in ATP-independent manner (Axelsson et al., 2006). The second step is ATP and
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Mg?* dependent assembly of Bchl subunits in which six subunits are stepwise assembled into
a hexameric ring using the BchD hexameric structure as a platform (Walker and Weinstein,
1994, Fodje et al., 2001, Reid et al., 2003, Reid and Hunter, 2004, Willows et al., 2004,
Axelsson et al., 2006). Finally, the complex forms a 3-fold symmetry generated from a trimer
of homodimers in each ring (EImlund et al., 2008, Lundqvist et al., 2010). Figure 1.4 shows
Bchl-BchD complex structure in the presence of ADP.

In the next step of Mg-chelatase structure conformational changes, the Bchl-BchD complex
binds to the BchH subunit, which will be explained in detail in the functional model of Mg-
chelatase activity (Figure 1.9). After the formation of Mg-PPI1X, the whole enzyme complex
disassembles except for the BchD hexameric ring, which then moves to the new catalytic cycle

to function as a platform (Axelsson et al., 2006).
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Figure 1.4 Structure of BchlsDs complex in the presence of ADP

Reconstructed model of Bchl6D6 complex in the presence of ADP at 7.5 A. The structure was
rotated 90° relative to each other. A)The Bchl-BchD complex showing the Bchl ring, B) and
D) side view of the Bchl-BchD complex showing the C-terminal integrin | domain and the
proline-rich region of the BchD dimer, C) The Bchl-BchD complex showing the BchD ring
(Elmlund et al., 2008).

1.4.4 BchH/ChIH subunit

An EM structural representation of the native and PP1X-depleted R. capsulatus BchH revealed
a structure at 25 A° resolution consisting of three lobe shaped domains connected at the central
point. Two of the lobes have protrusions termed, thumbs and fingers, which are joined upon

substrate presentation. Structural differences have been reported for apo and PP1X bound forms
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of BchH, and a large conformational change is indicated upon binding to PPIX (Sirijovski et
al., 2008). The structural change of BchH could be due to the interaction of BchH with the Behl
and BchD subunits (Sawicki and Willows, 2008). However, the distinct residue for PPIX
binding in BchH/ChIH has remained elusive. The three histidine residues of BchH/ChIH are
conserved amongst plants (A. thaliana, barley, Antirrhinum majus) and bacterial species (R.
capsulatus, Synechocystis). Mutant studies may assist in identifying the residues involved
(Walker and Willows, 1997). Furthermore, 35-40 % of sequence identity between BchH from
R.capsulatus and the ChlH subunits from Synechoscystis, T. elangatus and A. thaliana, and ~
60-80 % sequence identity between ChlIH from oxygenic organisms have been reported. (Qian
etal., 2012).

Recently an open symmetrical cage shape structure of ChIH form T. elangatus has been
reported by using EM data at 27 A resolution. The apo-ChlIH structure contains a small globular
head joined to the whole protein by a narrow neck, and an internal cavity of ~100 nm?® (Qian et
al., 2012). The N-terminal domain of ChIH has been identified as a head domain based on
labelling with a nitrilotriacetic acid-nanogold particle that attaches to the N-terminal His-tag.
In addition, it was suggested that although both C-terminal and N-terminal domain are involved
in PPIX binding, but the N-terminal domain contains most of the porphyrin binding residues
(Sirijovski et al., 2008). Deletion of the N-terminus (566 residues) resulted in complete
abolition of Mg-chelatase activity, while the PPIX binding part was unaffected (Qian et al.,
2012). Additionally, it is possible that Gly-127-Phe-156 region in ChlH sequences controls the
movement of head domain and also closing or opening the enclosed cavity within ChlH. Thus,
mobility of head domain might be responsible for catalytic activity of Mg-chelatase enzyme,
because neighbouring cavity regions with a mobile head domain provides a large enough region
for PPIX insertion and Mg-PPIX product releasing (Qian et al., 2012). Small Angle X-ray

Scattering (SAXS) data of apo-ChlH from Synechocystis revealed a structure with two domains
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(small and large) at a Dmax value of 170 A (Figure 1.5), and similarities were noticed between
two apo-ChlH structures by superimposing the EM structure of the T. elangatus and the SAXS
structure of the Synechocystis (Qian et al., 2012). The structural information of ChIH SAXS
data appears to be related directly to previous kinetic studies of Mg-chelatase from
Synechocystis (Jensen et al., 1998, Gibson et al., 1999, Joanne Viney et al., 2007).

It was suggested that ChlH evolved the cage shape during the evolution of oxygenic
photosynthesis from anoxygenic organisms. BchH with a flexible three lobed shape structure
improved to the ChIH with cage shape structure, in order to enclose the product of Mg-chelatase
(Mg-PPIX) and protect it from photo oxidation (Qian et al., 2012). Both SAXS and EM data
were collected and analyzed for the ChlH-deuteroporphyrin-PPIX complex from the
Synechocystis and T. elangatus, but no structural differences were found between the apo-ChlIH
and the ChlH-D-PPIX complex (Qian et al., 2012). The crystal structure of full length ChIH
protein from Synechocystis has been determined recently (Chen et al., 2015b), and this is shown
in ribbon diagram in Figure 1.6. The overall architecture with dimensions of 133 A x 80 A x
75 A is a cage shape assembly which is consistent with previous ChIH SAXS analysis (Qian et
al., 2012, Adams et al., 2014b). The crystal structure shows that ChlH is composed of six
domains (I-V1). Domains 111-V1 constituting the cage-like assembly, and domains I and 11 form
the N-terminal ‘head’ and ‘neck’ regions (Chen et al., 2015b). The dimerization interface is
located between | and V domain and the two ChIH subunits within the dimer are nearly
structurally identical (Figure 1.6) (Chen et al.,, 2015b). This structure advances our
understanding of molecular basis for substrate channelling during the magnesium-chelating
process. The putative active site of ChlH protein is a hydrophobic pocket buried deeply inside
the protein. This pocket is located at the interface between domains Il and V. Residues
surrounding the pocket are Asn467, Val468, Leu624, Asn657, Glu660 and 11663 from domain

11, and Trp985, Vall041, Phel042, Asnl1097, Tyrl102, Asnl1107, Tyrl125, Lys1129,
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Aspl163, 1le1167, Valll72, His1174, Tyrll75 and Aspl1177 from domain V (Chen et al.,
2015b These residues are conserved throughout evolution, suggesting a conserved PPIX
binding mechanism for ChlH subunits of different species. The ChlH crystal structure from
Synechocystis suggested that both cch and gun5 mutants of ChIH protein introduce changes in
the interior of the protein and thus prevent the chelation reaction from happening in an interior
pocket (Chen et al., 2015b). ). Although the unliganded full length ChlH structure provides the
first hint of a potential PP1X binding pocket, the confirmation of this pocket as the PP1X binding

site needs to be confirmed.

Figure 1.5 : SAXS structure of BchH

BchH solid Surface model on the left and mesh surface model with colorful balls representing
excluded dummy atoms on the right. The thumb and finger protrusions fuse while binding to
substrate (PP1X) (Qian et al., 2012).
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Figure 1.6 : Crystal structure of ChiH

A-C) represent different orientation of the ChlH crystal structure of Synechocystis at 2.5 A
(PDB entry: 4ZHJ) shown as a ribbon diagram with 90° rotation relatively to each other. The
active site is buried deeply inside the protein interior, and the surrounding residues are
conserved throughout evolution (Chen et al., 2015b). Different colors (red and blue) are

representative of individual chains indicatin g the dimeric crystal structure.

1.4.5 GUN4 subunit

Analysis of the known GUN4 sequence shows high sequence similarity of the C-terminal
domain among all GUN4 family members (Figure 1.8). In contrast, the N-terminal is the most
highly variable sequence and is only unique to some of the prokaryotic family members
(Davison et al., 2005, Verdecia et al., 2005). The role of the N-terminal helical bundle within
prokaryotes is still unknown, while the C-terminal domain region is suggested to be involved
in PP1X binding based on site-directed mutagenesis and kinetic analysis (Davison et al., 2005).
The crystal structures of the GUN4 protein from Synechocystis GUN4 and T. elongatus GUN4
have already been solved. The C-terminal domain consists of eight alpha helices in both crystal

structures, indicating functional and structural conservation (Davison et al., 2005, Verdecia et
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al., 2005). Figure 1.7 shows the structure of Synechocystis GUN4 presented in panels A—C and
the structure of T. elongatus GUN4 presented in panels D—F. Both crystal structures are mostly
similar, but the position of extended poly-peptides are differently aligned, with the position 219
and 214 Arg the most notable (Davison et al., 2005, Verdecia et al., 2005, Zhou et al., 2012).
Additionally an organized, long poly-peptide region found between helix 6 and 7 on
Synechocystis and helix 7 and 8 on T. elongatus is not classified as part of the helices (Davison
et al., 2005, Verdecia et al., 2005). The mechanism of GUN4 activation of Mg-chelatase is
different in eukaryotes compared to cyanobacteria, as the orthologous C-terminal peptide
VFKTNYPSF has been identified as a phospho-peptide in A. thaliana (Reiland et al., 2009).
All plant and algal GUN4 have YSF conserved, however, orthologous cyanobacterial GUN4
proteins are missing this C-terminal extension. Without this C-terminal peptide plant and algal
GUN4 are unable to activate ChlH. It has been suggested that phosphorylation of GUN4 is
required for formation of a stable chloroplastic GUN4-ChIH complex (Zhou et al., 2012). The
solution structure of GUN4 from C. reinhardtii was determined using SAXS at 20 A, and
compared our SAXS GUN4 model with the two proposed cyanobacterial crystal structures
(Davison et al., 2005, Verdecia et al., 2005). This finding will be explained in more details in
chapter 3 of this thesis. Taken together it is clear that chloroplastic GUN4 has a more elongated
structure, and it has an additional 9-10 amino acid C-terminal domain at the end of main
molecular axis that is phosphorylated and required for Mg-chelatase activity. In addition, the
N-terminal 4 helix bundle found in cyanobacterial GUN4 proteins is absent from chloroplastic
GUN4 (Zhou et al., 2012). Recently, crystal structures of GUN4 with porphyrin bound (PDB
codes 4xkb and 4xkc) from Synechocystis have been elucidated. Both are predominantly a-
helical proteins comprised of a smaller N-terminal domain (five a-helices) connected to a larger
C-terminal domain (eight a-helices) (Chen et al., 2015c¢). Finally, the crystal structure of GUN4

from C. reinhardtii at 3.5 A resolution was solved, and hence the first structural details of an
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eukaryotic GUN4 protein have been revealed (Tarahi Tabrizi et al., 2015). When our GUN4
crystal structure superposed with cyanobacterial GUN4 structures, the a-helical scaffolds are
conserved. Whilst, the a2/a3 and a6/a7 loops previously predicted to undergo movement to
accommaodate porphyrin binding display markedly different conformations (Chen et al., 2015c).
This diversity of fold captured by multiple crystal structures supports the notion that these loops
undergo conformational rearrangement to accommaodate the insertion of PPIX or Mg-PPIX into
hydrophobic cleft, as observed in the recent porphyrin-bound Synechocystis structures (Chen et

al., 2015c).

Figure 1.7: Crystal structure of GUN4 from Synechocystis and T. elongatus.
A—C) represent different orientation of the Synechocystis GUN4 structure coloured in pink
(Davison et al., 2005). D-F) are the same orientation as A—C for the 7. elongatus GUN4

structure coloured in blue (Verdecia et al., 2005).
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Figure 1.8 Structure-based sequence alignment of GUN4
Sequence alignment of GUN4 from C. reinhardtii, Synechocystis, and T. elongatus using
PROMALS3D. The yellow labelled sequence is represented the C-terminal elongated part at

end of GUN4 from C. reinhardtii which is absent in the other prokaryotic organisms.

1.5 Functional model of Mg-chelatase:
This model explains Mg-chelatase subunits binding, complex formation, and the Mg-chelatase

enzyme assembly and disassembly.
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Figure 1.9 Functional model of the Mg-chelatase enzyme

1-Binding of GUN4, PPIX and ChlIH, and generation of the GUN4-ChIH-PPIX complex. 2-
Interaction of Chll (ATP-dependent subunit) with ChID (ATP-independent subunit) and
formation of a ChlI-ChID complex, then binding of this complex to the GUN4-ChIH-PPIX
complex. This binding leads to the insertion of Mg?* into PPIX and the assembly of the Mg-
chelatase enzyme. GUN4-ChIH-PP1X complex acts as a substrate for Chll-ChID complex. 3-
Insertion of Mg?" into PPIX, and formation of Mg-PPIX. 4-Diassembly of Mg-Chelatase
enzyme. The hexameric ChID ring will remain assembled and ready to function as a platform
in new catalytic cycle. 5- ChIM binding to Mg-PP1X. The enzyme directly downstream of Mg-
chelatase, ChIM removes Mg-PP1X from GUN4 and/or ChlH in order to allow the chlorophyll

biosynthetic pathway to proceed.

1.6 Project aims

Mg-chelatase is one of the most challenging enzyme of the chlorophyll biosynthetic pathway.
Despite several decades of research many aspects of this important enzyme have yet to be
elucidated.

In order to better understand the Mg-chelatase enzyme the work presented in this thesis was
dedicated to both functional and structural aspects of Mg-chelatase enzyme subunits. Special
attention was given to structural studies to further investigate the functions of specific subunits
of Mg-chelatase enzyme. The overall aim of this work was, as such, to understand the structure

and function of the GUN4 and ChIH subunit of Mg-chelatase. In order to achieve this aim, two
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separate structural analysis (Small angle X-ray scattering and X-ray crystallography) were
utilized to investigate the structural details. Additionally, the functional understanding of both
GUN4 and ChIH subunits were carried out using two different biochemical/ biomolecular
approaches. The three main aims of this project are listed below:

AIM I- Determine the structure of GUN4, and ChlH proteins using SAXS.

Structural information of GUN4 and ChlH proteins and GUN4-ChIH-PPIX complex of Mg-
chelatase assists in visualizing the intricate nature of this reaction mechanism. The structural
information of all mentioned proteins is discussed in chapter 3.

AIM I11- Determine the crystal structure of GUN4.

The three dimensional X-ray crystal structure of GUN4 from C. reinhardtii is the first
eukaryotic GUN4 crystal structure which gives us more structural details about hydrophobic
part/PPIX binding site of GUN4 protein.

AIM I11 - Elucidating the mechanisms by which GUN4 is involved in plastid to nuclear
signaling.

GUNA4 is a chloroplast located protein and binds both PPIX and Mg-PP1X, therefore it appears
to be involved in PP1X delivery or stabilization to the ChIH subunit of the Mg-chelatase (Larkin
et al., 2003). GUNA4 regulates the flux of intermediates into chlorophyll biosynthesis and also
mediates the chloroplast to nuclear signaling mechanism (Larkin et al., 2003). The role of
GUN4 and ChlIH proteins in Oa(alAg) production and chloroplast to nucleus signaling is

extensively explained Chapter 5 and a functional model for this role is also provided
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Chapter 2. Materials and methods

2.1 Materials

Unless stated elsewhere all materials were from Sigma-Aldrich (NSW, Australia), Astra
Scientific (NSW, Australia), Chem-Supply (NSW, Australia), Amresco (NSW, Australia),
Gensearch (Queensland, Australia), Bio-Rad (NSW, Australia), Thermo Fisher Scientific (VIC,
Australia), GE-Healthcare life science (NSW, Australia), Merck Millipore and Life
Technologies (VIC, Australia).

Growth medium was from Difco Laboratories. PPIX and deuteroporphyrin were from
Porphyrin Products (Logan, UT, U.S.A). Milli-Q H20 (Millipore) was used for preparation of

all media and buffers.

2.2 Cloning of chll1, chll2 chID, chlH, and gun4

RNA was extracted from C. reinhardtii cells using a Masterpure yeast RNA purification kit
(Epicenter) according to the manufacturer’s instructions. mRNA was converted to cDNA using
a superscript VILO cDNA synthesis kit using random primers. Details of chlh cloning into
pET-28a was previously described in (Publication I in Appendix 2). The chID, and gun4 genes
from C. reinhardtii were cloned from cDNA into expression vector pET28a (Merck-Novagen),
while chll1 and chll2 were cloned into pGEX-6P-1 using primers and restriction sites listed in
(Table 2.1). Transformation of each construct into E. coli strain BL21 (DE3) from Life

Technologies was performed according to the manufacturer’s instructions.
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Table 2.1: Primers used for construction of expression plasmids.

Crchll1-Fwd 5’-CGCGGATCCTGCAATGTGGCGACTGGAC-3’
Crchll1-Rvs  5’-GGCCTCGAGTTACTCCATGCCGAACACCTG-3’
Crchll2-Fwd  5’-CGCGGATCCGCCGCGAAGAAGCCGAAC-3’
Crchll2-Rvs  5’-GGCTCGAGTTACCGACGAGGGGGCAAG-3’
CrchID-Fwd 5’-CGCGGATCCGCCATGAAGGTGTCTGAGGAG-3’
CrchID-Rvs  5’-GGCCTCGAGGCCACTGCACCTTGCCACCTC-3’
CrchlH-Fwd  5’-CGCGGATCCTGCAATGTGGCGACTGGAC-3’
CrchlH-Rvs  5’-GGCCTCGAGGGGAGGCCGCTTATTGGAC-3’
CrGUN4-Fwd 5’-CGCGGATCCGCGGGCAAGCTGGACTC-3’

CrGUN4-Rvs 5’-GGCTCGAGAGCCGCTGAGCTGCTGAG-3’

2.3 Protein production

Mg-chelatase subunits (Chll1, Chll2, ChID, ChlH) and GUN4 from C. reinhardtii were
heterologously expressed in E. coli according to the procedures described in this section.

2.3.1 Protein expression

Expression of each protein was performed separately as a fusion with an N-terminal poly-His
tag (ChID, ChIH, GUN4) or a GST-tag (Chll1 and Chll2) which was later cleaved with
PreScission Protease (GE Healthcare). The His-tagged proteins were cloned from cDNA of C.
reinhardtii cc124 into expression vector pET28a (Accession XM_001700843 between 141 and
4416 bp) between the BamHI and EcoRl sites (Merck-Novegen, Darmstadt, Germany) (Muller
et al., 2014). The GST-tagged proteins were cloned from cDNA of C. reinhardtii cc124 into

expression vector pGEX-6P-1(GE-Healthcare).
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Glycerol stocks (20 %) were prepared from single colony transformants from solid LB medium
(10 g/l Bactotryptone, 5 g/l yeast extract, 10 g/l NaCl, 20 g/l agar); with either 50 mg/I
kanamycin for His-tagged proteins or 100 mg/l ampicillin for GST-tagged proteins, grown to
mid-late log phase. The glycerol stock (10 ul) was spread on LB agar containing the appropriate
antibiotics and grown overnight at 37 °C. Fresh LB (10 mL) was added to the plate and slowly
shaken at 150 rpm at room temperature for 5 min to resuspend the colonies. The resuspended
colonies were used to inoculate 1 L of LB medium (10 g/l Bactotryptone, 5 g/l yeast extract, 10
g/l NaCl) at 37 °C with either 50 mg/l kanamycin or 100 mg/lI ampicillin (Mdiller et al., 2014)
in 3 L flasks. The incubation and shaking at 180 rpm and 37 °C were continued until an ODesoonm
of 0.5 was reached. The cells were then cooled for 30 min in an ice-water bath set at ~ 10 °C
prior to induction of protein expression by the addition of isopropyl-B-D-thiogalactoside
(IPTG) to a final concentration of 0.1 mM and incubation and shaking continued for a further
15hat 15 °C.

The cells were harvested by centrifugation (4,000 x g, 10 min, 4 °C) and resuspended in binding
buffer (20 MM Tris-HCI pH 7.9, 0.5 M NaCl, 5 mM imidazole) for His-tagged proteins or PBS
(140 mM NacCl, 2.7 mM KCI, 10 mM NazHPOQO4, 1.8 mM KH2PO4 pH 7.3) for GST-tagged
proteins prior to lysis by two passes through a French press. Soluble and insoluble lysis
fractions were separated by centrifugation (20,000 x g, 15 min, 4 °C), and stored at -80 °C in

small aliquots.

2.3.2 Protein purification

His-tagged ChIH, ChID and GUN4 were purified by immobilized metal ion affinity
chromatography using a 5 ml HisTrap FF column using Ni?* as the metal ion (GE Healthcare).
The supernatant from lysed cells was loaded onto the column and washed with 10 volumes of

wash buffer (20 mM Tris-HCI pH 7.9, 0.5 M NaCl, 60 mM imidazole) and the proteins were
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eluted with elution buffer (80 mM Tris-HCI pH 7.9, 0.5 M NaCl, 1 M imidazole). The peak
elution fractions were determined and selected by Bradford Reagent (BioRad). Proteins were
immediately desalted into Mg-chelatase standard buffer (0.5 mM Tricine-NaOH pH 8.0, 10 %
(w/v) glycerol, 2 mM MgCl,, 2 mM dithiothreitol) using PD-10 columns according to the
manufacturer’s instructions (GE Healthcare). Proteins were concentrated to a final
concentration of 2-10 mg/mL using a 10 kDa Amicon centrifugal filter device (Millipore) by
centrifugation at 4,000 x g for 15 min at 4 °C, and stored in small aliquots (50 pl) at -80 °C.
GST-tagged Chlll or Chll2 lysates in 40 ml PBS (pH 7.3) were applied to a 5 ml GST-trap
column (GE Healthcare), and washed with PBS until no protein was detected via Bradford
assay (Bradford, 1976). Protein was eluted with GST-elution buffer (50 mM Tris-HCI pH 8.0,
and 10 mM reduced glutathione), desalted with a PD-10 into precission cleavage buffer (50
mM Tris-HCI, 150 mM NaCl, 1 mM EDTA, 1 mM DTT pH 7.5), and concentrated to 5 ml.

1 M unit of PreScission Protease (GE Healthcare) was added to 100 ug GST-tagged Chll and
the digest allowed to continue for 15 h at 4 °C. The mixture was re-applied to the GST-trap
column, and the run-through containing Chll1/2 with no GST-tag collected, desalted into
exchange buffer, concentrated and stored at -80 °C in small aliquots.

2.3.3 Size exclusion chromatography

ChIH and GUN4 proteins were additionally purified using size exclusion chromatography with
an AKTA purifier 10 system (GE Healthcare). The experiments were all conducted at 4 °C. A
Superose™ 6 10/300 GL column (GE Healthcare) was used for ChIH purification at a flow rate
of 0.5 ml/min and 0.5 ml fractions were collected. A Superdex™ 200 HR 10/30 column (GE
Healthcare) was used for GUNA4 purification at a flow rate of 0.5 ml/min and 0.5 ml fractions
were collected. The tubing was 0.5 mm, and multiple injections for each protein sample were

conducted, with an injection volume of 500 ul. Both ChlH and GUN4 proteins were eluted into
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Mg-chelatase standard buffer (50 mM Tricine—-NaOH, pH 8.0, 10 % (w/v) glycerol, 2 mM
MgClz, and 2 mM DTT) and were detected using the absorbance at 280 nm and 260 nm. Peaks
were confirmed to contain protein by assaying fractions using a nanodrop instrument or
Bradford reagent (BioRad) (Section 2.3.5). For ChlH, the two defined peaks corresponding to
an oligomer at 8 ml and monomer at 12.5 ml were pooled separately, while GUN4 only had
one peak. Each protein containing peak fraction was concetrated using a 10 kDa Amicon
centrifugal filter device (Millipore) by centrifugation at 4,000 x g for 15 min at 4 °C, to a final
concentration of 2-10 mg/mL and stored in small aliquots (50 pl) at -80 °C.

2.3.4 Expression and purification of BchH protein

Expression and purification of Mg-chelatase BchH subunit from R. capsulatus for the O2(alAy)
production measurement in chapter 5 of this thesis was conducted by Dr. Artur Sawicki
(Sawicki and Willows, 2007). The PPIX concentration bound to the BchH was determined by
separating pigment bound through addition of basic organic solvent resulting in protein
precipitation and solubilised PPIX. Thus, an aliquot of purified BchH was added to an excess
of 80 % (v/v) acetone and 20 % (v/v), 1 M ammonia (acetone/ammonia) and immediately
vortexed. The solution was centrifuged at 18,000 x g for 5 min at room temperature, and the
supernatant was used to measure the amount of PPIX present using a PerkinElmer Life Sciences
LS 55 luminescence spectrometer by referring to a PPIX standard curve of Ex400 nm and

Em630 nm (Sawicki and Willows, 2008).

2.3.5 Protein quantitation and quality analysis
Protein concentration and estimation of purity was performed using nanodrop/Bradford assays
and SDS-PAGE respectively:

a) Concentration assays
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A NanoDrop 1000 (BIOLAB) instrument provided a rapid estimate of protein concentration at
280 nm using a molar extinction coefficient of 41,940 Mt.cm™ for GUN4, 152,250 Mt.cm™
for ChlH, 31,205 Mt.cm for ChID, 12,950 M*.cm for Chli1 and 117,140 M.cm™ for Chl12
(Gasteiger et al., 2005). For each NanoDrop reading 1 ul protein was used immediately after
each protein fraction was purified from the column.

Protein concentrations were also estimated by Bradford assay using Bio-Rad protein assay
reagent, according to the manufacturer’s instructions using BSA to generate a standard curve
(Bradford, 1976) at 595 nm. Measurements were recorded using a BMG-PHERAstar plate
reader with 200 pl BSA, and 25 pl protein sample in a CELLSTAR 96 well plate (Sigma-
Aldrich).

b) SDS-PAGE analysis

SDS-PAGE is used to analyse protein samples in order to judge protein purity and estimate
protein size. Precision Plus Protein™ All Blue standards were used according to manufacturer’s
instructions as a reference. Samples were centrifuged (16,000 x g, 3 min), and depending on
protein concentration 1-5 pL or 2-5 pg protein, 1.5 pL loading dye (4X-Bolt LDS sample buffer,
Life Technologies), and water to 10 pL were mixed in an eppendorf tube, boiled for 5 min at
95 °C, and centrifuged (16000 x g, 3 min) again. The supernatants were then loaded onto a mini
protein TGX stain-free gels (Bio-Rad). Proteins were separated at 154 V for 15 min in Tris-
Glycine-SDS buffer (3.03 g/l Tris, 14.41 g/l glycine, 1 g/l SDS pH 8.9). Proteins were then left
to gently shake overnight in staining solution (Coomassie Brilliant Blue G-250 (0.25 % wi/v),
ethanol (10 % v/v), acetic acid (10 % v/v)). The staining solution was drained, the gel was
destained with water by gentle shaking for 2 hours before visualization using the Gel Doc EZ

imaging system.
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2.4 Porphyrin preparation

Porphyrin concentrations were determined using absorbance spectrometry with a Beckman
DU640 UV-Vis spectrophotometer using a quartz cuvette of path length 1 cm in 5 % (v/v) HCI
at 407.5 nm and a molar extinction coefficient of 278,000 M*.cm™ (Dawson et al., 1986). PPIX
stock solutions were freshly prepared for each Mg-chelatase enzyme assay by dissolving a
speck of solid PPIX in 1 pl of 1 M NaOH, adding 100—-1000 pl water, and centrifugation at
16,000 x g for 5 min. The supernatant was transferred to a fresh tube a small volume added to
5 % (v/v) HCI and the concentration determined spectrophotometrically using the extinction
coefficient stated above. Mg-PPI1X was synthesized from PPIX according to the procedure of
(Fuhrhop and Granick, 1971). Also, the Mg-PPIX preparation method was the same as PPIX
with the concentration determined using the same extinction coefficient (Sawicki and Willows,

2007). Stock solutions for both PPIX and Mg-PPIX were prepared fresh daily.

2.5 Mg-chelatase enzymatic assay

Preparation of each protein solution was in assay buffer consisted of 50 mM Tricine—-NaOH
(pH 8.0), 15 mM MgClz, 2 mM DTT, 4 mM ATP. A ChlIH-GUNA4-PPIX complex was prepared
by first separately mixing a four-times concentrate of ChIH-PPIX and GUN4-PPIX complexes
consisting of 1000 nM of ChIH with 1000 nM PPIX, and 1000 nM of GUN4 with 1000 nM
PPIX. Each tube was incubated at 22 °C for 20 min in the dark, then equal volumes of ChlH-
PPIX and GUN4-PPIX were mixed and incubated at 22 °C for another 20 min in the dark to
give a 2 times concentrate of ChIH-PPIX-GUNA4. Preparation of the Chll11-ChlI2-ChID complex
involved an initial preparation of a 50-fold concentrate composed of 500 nM ChID, 500 nM
Chll2 and 3000 nM which was then diluted 25 times to get a 2 times concentrate. Final
concentrations of Mg-chelatase subunits used in the assays were; 10 nM ChID, 60 nM ChlI1,

10 nM Chll2, 250 nM ChlH, together with 250 nM GUN4 and 500 nM PPIX. Assays were
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started by adding an equal volume of Chll1-ChlI12-ChID to ChlH-PPIX-GUN4 and immediately
measuring fluorescence in a BMG-PHERAstar plate reader. Fluorescence was measured using
Ex420 nm and Em600 nm, with time intervals of 10 s for a duration of 30 min to determine the
initial rate in nmol Mg-proto.min-.nmol™ ChID using a Mg-proto standard curve.

2.6 Small angle X-ray scattering

2.6.1 SAXS sample preparation

Purified ChlH and GUN4 proteins were concentrated to appropriate concentrations in the range
1-10 mg/ml in Mg-chelatase standard buffer (50 mM Tricine-NaOH, pH 8.0, 10 % (w/v)
glycerol, 2 mM MgCl;, and 2 mM DTT) at 22 °C. The GUN4-ChIH-PPIX complex was formed
by mixing ChIH with PP1X in a stoichiometric ratio of 1:1 with 1 mM ATP, and incubated at
22 °C for 20 min. GUN4 was added to the ChlIH-PPIX mixture in a stoichiometric ratio of 1:1,
and incubated at 22 °C for 20 min. Proteins were diluted 3-fold in the same final buffer

composition for batch mode SAXS analysis.

2.6.2 SAXS data collection

Measurements were performed at the Australian Synchrotron SAXS/WAXS beamline
equipped with a Pilatus 1 M detector (170 X 170 m, effective pixel size, 172 X 172 pm). The
wavelength of the X-rays was 1.0332 A. For most measurements a sample-detector length of
1576 mm was used providing a g range of 0.006-0.4 A, where q is the magnitude of the
scattering vector, which is related to the scattering angle (20) and the wavelength (A) as follows:
q= 4mnsin(0) /A .

SAXS data was collected in two different methods: a) A 96 well plate using a 1.5 mm glass
capillary at 12 °C under continuous flow at 2 second exposures. b) Samples were run through
an inline chromatography system equipped with a Superose™ 6 PC 3.2/30 SEC column (GE

Healthcare) at a flow rate of 0.2 mL.min, with either 2 s, 5 s or 10 s exposures. Protein

63



concentrations are indicated in the relevant sections. SCATTERBRAIN was used to create two-
dimensional radially averaged intensity plots, normalized to sample transmission, and
background subtracted (Petoukhov et al., 2007).

The raw SAXS data were normalized with the incident radiation intensity using the photodiode

reading in the beam stop, which also accounts for absorption properties of the sample.

2.6.3 SAXS data analysis

The ATSAS software package (Konarev et al., 2003) was used for SAXS analysis of the buffer
blank subtracted data. The radius of gyration (Rg) of the scattering complex and the scattering
intensity were extrapolated to zero q to obtain I (0) using two methods. One method was Guinier
analysis using the ATSAS program PRIMUS (Konarev et al., 2003), and the other method used
the numerical method of Glatter (Glatter, 1977b) using the ATSAS program GNOM (Svergun,
1992). Data quality was assessed using the Guinier region with PRIMUSQT (Konarev et al.,
2003). The Guinier region is expected to be linear at low q (usually less than 0.003) according
to the relationship In 1(q) = In 1(0) — (Rg?/3)g?. Thus, plotting In 1 vs g2 gives a straight line at
low g and allows calculation of Rg and 1(0) from the slope and y-intercept, respectively. The
lowest q point used to derive this linear fit line was also used as the lowest g point for the
numerical method and Fourier transform of Glatter (Glatter, 1977a). GNOM also provided the
maximum dimension (Dmax), defined by the distance (r) at which the probability distribution
function p(r) approaches zero. The distribution function, P(r), was derived by the indirect
Fourier transform method (Glatter, 1977a).

2.6.4 SAXS 3D shape reconstruction

DAMMIN program (Svergun, 1999) was used to build ab initio low resolution shape of
randomly oriented particles in solution using their regularized scattering data provided by

GNOM. DAMMIN default fast mode was used for shape determination, and the q range
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between 0.034 to 0.45 A* was set for all three tested proteins (GUN4, ChlH, and GUN4-ChIH-
PPIX). In each DAMMIN run, few default parameters were same for the three tested protein
samples. Default parameters include R-factor: 1.5, Maximum order of harmonics: 10, Point
symmetry of the particle: P1, Number of equivalent positions: 1, Minimum number of contacts:
6, Maximum number of contacts: 12.

However, Table 2.2 presents the default parameters which was calculated differently in three
protein samples. Also, to validate the results of the modelling, DAMMIN was run several times
and the results of separate reconstructions were compared with one another and averaged. Eight
3D shapes were finally superimposed with DAMFILT and averaged with the DAMAVER
program of ATSA package (Volkov and Svergun, 2003). Modelling was carried out using
Chimera (Goddard et al., 2007).

Table 2.2 Default Parameters used for SAXS shape reconstructions

Name of Protein Final Number of initial Number of Number of
SQRT(Chi) dummy atoms Final dummy cycles
atoms
GUN4 1.096 2819 1541 155
ChiH 1.355 6101 2562 257
GUN4-ChIH-PPIX 1.100 4266 1769 174

2.7 Crystallization methods

2.7.1 Screening

Spare matrix screening was utilized to identify conditions conducive to form crystalline
material of specific soluble proteins (Jancarik and Kim, 1991). A range of commercial Kits

JCSG", JCSG I, JCSG 1, JCSG I, JCSG VI (QIAGEN), MCSG-I, MCS-II, MSCG-II
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(Microlytic), PEG/Iron, Salt RX, Crystal Screen, Index (Hampton research) were chosen for
screening crystallization of GUN4 (Table 4.1). These commercial matrix screening Kits
incorporate a wide range of solution variables, salt and precipitants statistically found to be the
most successful in crystallizing proteins.
Screening of the GUN4 protein for nucleation was conducted in a sitting-drop vapour diffusion
format, employing a 1:1 ratio of protein:precipitant in total volumes of 1-2 pl over 50 pl
reservoir using 3-well intelli-plateas (Art Robbins Instruments). Crystallization screens were
set up using a robotic liquid handling dispenser (Phoenix, Art Robbins Instrument) housed at
the University of New South Wales, Australia (School of Physics). Wells with buffer alone
were also prepared to account for inorganic salt crystal formation. The entire plate was then
sealed with adhesive seals (Crystal-Clear strip, Douglas Instrument). All crystallization plates
were maintained in the dark and at 25 °C for eight weeks. All wells were examined for signs of
crystal growth under microscope (100-200 fold magnification) after 24 hours and then various
intervals.
2.7.2 Optimization
To produce crystals of sufficient size and quality for diffraction optimization around successful
initial hit conditions utilising fresh protein samples are required. For each hit condition
associated with a protein, a combination of two or more of the following optimization strategies
were utilized:

a) Grid screening around initial ‘hit’ (different concentrations of precipitant, buffer,

additives and pH)
b) Testing variations of protein:precipitant ratios (1:1, 1:1/2)
¢) Microseeding using nucleated crystals as seeds to introduce in to new drop

d) Ligand soaking to obtain the ligand bound state in which PPIX was added to the drops
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Optimization screens utilized both sitting-drop (Cryschem Plate) and hanging-drop (VDX
plate, Hampton research) formats over wells containing 500 pl precipitant solution. An aliquot
of 1-3 pl of this precipitant was mixed with an equal volume of protein on a silicon glass cover
slip which was then inverted over each pre-greased well. Following manual set up of

optimization screens, trays were stored in the dark at 25 °C for up to eight-weeks.

2.7.3 Harvesting

Crystals were harvested directly from mother liquor at (Garvan Institute of Victor Chang
Cardiac Research Institute) using loops attached to a steel pin and magnetic base (Hampton
Research). Harvesting was achieved by simply looping crystals from the mother liquor and then
plunge-cooling them in liquid nitrogen with no cryoprotection regime. Crystals were then

transported to the Australian Synchrotron for data collection.

2.7.4 Crystallographic data collection

Each of approximately 50 crystals were placed on a goniometer head, and rotated around a
single axis by small progressive increments while exposed to the X-ray beam and a diffraction
image was recorded during each rotation increment (Dauter, 1999), providing the information
of the molecular arrangement determination in the crystal (Harp et al., 1998). The data was
recorded at 100 K on MX2 (beam size 37 X 32 um) in 0.5-1.0 ° increments. Diffraction was
measured on ADSC quantum 210r and 315r detectors, respectively (ADSC, Poway, USA).
Usable diffraction data, using an unattenuated beam and three second exposures was only
obtained from 2 crystals. Although analysis of diffraction data starts after the data set is
complete, the data collection experiment and its analysis are tightly linked. The extent to which
a crystal diffracts directly determines how detailed the final reconstruction of the electron
density will be (Rupp, 2010). All crystallographic data collection statistics are presented in

Table 4.5 and they were performed by Dr. Stephen Harrop.
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2.7.5 X-ray crystallography methods

All steps of data processing, calculation, electron density reconstruction, model building,
structure refinement, validation and analysis were conducted with standard software tools.
Processing starts by measuring spot positions and determining the underlying lattice that would
produce such a pattern of spots (“indexing”), such that a crystallographic space group can be
assigned (Lamzin and Perrakis, 2000). Once this is done, the intensities of all spots over all the
images are integrated. Finally, the intensities derived from the same reflection found on
different images are compared, such that the intensities on different images can be scaled
(“scaling” step), allowing multiple measurements of the same spots to be averaged and
assembled into a final dataset (the “merging” step), which will then be used for model
refinement.

The GUN4 data were indexed using the software MOSFLM (Leslie and Powell, 2007). This
software allowed was used to obtain pixel labeling, smooth scaling to avoid changes in scale
factor, robust estimation of parameters as well as resolution correction for dependent radiation
damage to individual reflection. MOSFLM has the advantage that the accuracy of the refined
cell parameters does not depend on the accuracy of the crystal to detector distance or direct
beam position, providing these are known sufficiently well to allow correct indexing of the
reflections (Leslie and Powell, 2007). The program POINTLESS (Evans, 2005) was used to
investigate unmerged integrated intensities and determine the lattice with the highest possible
symmetry compatible with unit cell parameters. This enabled a more confident determination
of the space group, symmetry and screw axes to be made (Evans, 2011). When a unique solution
with the highest total probability was obtained, it was chosen as a space group solution.
However, when more than one laue group was equally likely, the true space group was
recognized by trialing all possible space group solutions. After determination of the most

probable space group of the dataset, the program steps INTEGRATRET and CORRECT were
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rerun with correct space group. The program AIMLESS was implemented for merging and
scaling reflections from the different images from different datasets and outputting a final list
of reflections and their average intensities (Evans and Murshudov, 2013).

2.8 Proteomic analysis

2.8.1 Trypsin in-gel digestion

Each stained gel lane was cut into 16 equal size pieces and each piece was further chopped and
placed into a well of a 96-well plate. In order to destain, the gel pieces were briefly washed
with 100 mM NH4HCOs3, then twice with 200 pL of acetonitrile (50 %)/100 mM NH;HCO3 (50
%) for 10 min and finally dehydrated with 100 % acetonitrile. The samples were air dried and
reduced with 50 pL of 10 mM DTT/NH4HCOs3 (50 mM) at 37°C for 1 h before alkylating in
the dark with 50 puL of 50 mM iodoacetamide/ NH4HCO3 (50 mM) at room temperature for 1
h. They were then briefly washed with 100 mM NH4HCOs3, 200 pL of acetonitrile (50 %)/100
mM NHsHCO3 (50 %) for 10 min, dehydrated with 100 % ACN and then air dried. Finally,
samples were digested with 20 pL of trypsin (12.5 ng/mL in 50 mM NH4HCO3) for 30 min on
ice and then overnight at 37 °C. Peptides resulting from trypsin digestion of proteins were
extracted twice with 30 uL of acetonitrile (50 %)/formic acid (2 %), dried in a vacuum

centrifuge and reconstituted to 10 pLL with 2 % formic acid.

2.8.2 Mass spectrometry

Each sample was analyzed on a Q Exactive Orbitrap mass spectrometer (Thermo Scientific).
Samples from each fraction were separated over a 70 minute gradients by using an Easy Nano
LC 1000 (Thermo Scientific). Samples from each fraction were separated over a 70 min
gradients. Ten microliters of sample was injected onto a halo C18 75 pum 2.5 cm peptide trap
column and desalted with 20 pl of 0.1 % formic acid. The peptide trap was then switched on

line with a halo C18 75 um x 10cm analytical reversed phased column. Peptides were eluted
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from the column using a linear solvent gradient, with steps from 1-50 % of buffer (99.9 % (v/v)
ACN, 0.1 % (v/v) formic acid) for 70 min, 50-85 % of the same buffer for 2 min, hold at 85 %
for 8 min with a flow rate of 300 nl/min across the gradient.

The column eluate was directed into a nanospray ionization source of the mass spectrometer.
A 1.5 kV electrospray voltage was applied via a liquid junction upstream of the column. Spectra
were scanned over the range 350 - 2000 amu (atomic mass unit). Automated peak recognition,
dynamic exclusion, and tandem MS of the top ten most intense precursor ions at 30 %
normalization collision energy were performed using Xcalibur software (Thermo scientific).
Raw files obtained from nanoLC-MS/MS were converted to mzXML files and searched against
gun4 genome sequence using the global proteome machine (GPM) software, Version 2.1.1
(http://www.thegpm.org) and the X!Tandem algorithm. Spectra were also searched against a
reversed sequence database for estimation of false discovery rates (FDR). Peptide
identifications with log (e) values less than -1 were chosen. Parent ion tolerance of 100 ppm
and fragment ion mass error of 0.4 Da were used for peptide identification. Complete
modification of carbamidomethylation of cysteine and potential modifications of oxidation of
methionine and tryptophan were considered.

2.9 Singlet oxygen detection

2.9.1 Reconstitution of ChIH and GUN4 with PP1X

Reconstitution of ChIH or GUN4 with PPIX was achieved by mixing an equal concentration of
PP1X with ChlIH, pre-incubating at 22 °C for 20 min and desalting into reconstitution buffer
(20 mM Tricine—NaOH, pH 8.0, 2 mM MgCl>) using a 5 ml HiTrap Desalting Column (GE
Healthcare). The peak elution fractions were pooled after assaying by Bradford Reagent

(Biorad).
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2.9.2 Histidine dependent singlet oxygen consumption measurements

The rate of light induced PPIX-generated Oz(a'Ag) production was measured using histidine as
the Oz(alAg) acceptor which ultimately removes oxygen from solution and this was detected
using a standard Clark-type electrode (Rank Brothers Oxygen Electrode) (DeRosa and
Crutchley, 2002, Rehman et al., 2013). The concentration of consumed Oz(a'Ag) was quantified
following calibration of the oxygen electrode assuming oxygen-saturated water has a
concentration of 240 uM (Day et al., 1985). Assays were performed in triplicate in buffer
containing 5 mM Histidine, 50 mM Tricine—-NaOH pH 8.0, and 2 mM MgCl; with 2.5 uM
PPIX and variable concentrations of GUN4 and ChlH as stated in figure legends (Figure 5.4)
in a final volume of 3 mL. The total amount of oxygen removed from solution per minute was
measured with a conversion factor of [O2] = 2.4 x 107 mol-d ™ which was used for calibration
of the oxygen electrode using air saturated water. Each experiment was performed over a 20-
60 minute period under the direct incandescent light source of 132 umol m2s* as measured in

the water jacketed chamber at 30 °C.

2.9.3 SOSG fluorescent singlet oxygen production measurements

The rate of Oz(alAg) production was measured using Oz(a*Ag) Sensor Green (SOSG) reagent;
a ROS-selective fluorescent sensor (Life technologies/Molecular Probes) (Flors et al., 2006).
PPIX or Mg-PPIX were used as photosensitizers to generate Oz(a'Ag) at a final concentration
of 10 uM unless otherwise stated in figure legends (Figure 5.2). All assays were measured under
the exposure of direct incandescent light 12 cm from the plate through a glass sheet to prevent
heating with a measured light intensity of 132 pmol m2s. Assays were performed in triplicate
in buffer consisting of 50 mM Tricine—-NaOH, pH 8.0, 10 % (w/v) glycerol, 2 mM MgCl,, and
2 mM DTT. Concentrations of GUN4, ChlH, or BSA proteins used in the assays were 1, 2, 3,

and 5 puM with 5 uM SOSG (containing a final concentration of 0.02 % (v/v) methanol in
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assays) used for detection. The fluorescence spectra were measured using Ex485 nm and
Em520 nm and readings were taken every 50 s for 20 min in a BMG-PHERAstar plate reader

at a gain of 400 at 30 °C.
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Chapter 3. Structure characterization of GUN4, ChlH and GUN4-ChlH-
PPIX complex by Small Angle X-ray Scattering (SAXS)

3.1 Introduction

GUNA4 is the regulatory subunit of Mg-Chelatase and is required for optimal enzyme activity.
Cyanobacterial GUN4 binds the chlorophyll biosynthesis intermediates (PPIX and Mg-PPIX),
and stimulates Mg-chelatase activity. ChlH is the largest subunit of Mg-chelatase, and plays
regulatory, catalytic and chaperoning roles in oxygenic photosynthetic organisms (Hudson et
al., 1993, Gibson et al., 1996). ChlIH also binds both PPIX substrate and the Mg-PPIX product.
It has been suggested that ChlH chaperones the Mg-PPI1X product to the active site of the ChIM
(the next enzyme in chlorophyll biosynthetic pathway) in Synechocystis (Shepherd et al., 2005),
and in tobacco (Alawady and Grimm, 2005). As discussed in section 1.3.4.3 the GUN4 protein
interacts with ChlH in higher plants and cyanobacteria (Larkin et al., 2003, Wilde et al., 2004,
Adhikari et al., 2011). Interaction of these two subunits heavily influences the activity of Mg-
chelatase (Davison et al., 2005) by mediating PPIX binding to ChIH and releasing the Mg-PP1X
from ChIH (Davison and Hunter, 2011). Previous studies have demonstrated that ChlIH is the
only protein that co-purified with GUN4 (Larkin et al., 2003, Sobotka et al., 2008).

Structure determination will shed more light on the structure and function of GUN4, ChIH and
GUNA4-ChIH-PPIX complex in the Chl biosynthesis pathway. Therefore, to better understand
the mechanical basis, porphyrin binding mechanism and Mg-chelatase stimulatory activity of
GUN4, we undertook SAXS analysis of the GUN4, ChIH and GUN4-ChIH-PPIX proteins from
C. reinhardtii to determine the low resolution solution structure.

This chapter elucidates the structural analysis of both ChIH and GUN4 subunits separately and
also assembly of the GUN4-ChIH-PPIX complex, which will help us to clarify the functional

role of GUN4 and its interaction with the ChIH subunit. Additionally, | have compared the C.
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reinhardtii GUN4 and ChlH proteins SAXS structures with the cyanobacterial protein crystal

structures.

3.2 Protein purification

The GUN4 and ChlH proteins were purified as described in section 2.3.2 and 2.3.3. Coomassie
Brilliant Blue-stained SDS-PAGE gels indicate that proteins were pure after HisTrap FF
purification (Figure 3.1, lane 1 and lane 2). The total yield of protein per culture volume was 6
mg. Further purification was conducted for ChIH and GUN4 by gel filtration using Superose ™
6 10/300 GL, and Superdex™ 200 HR 10/30 columns (GE- Healthcare) respectively. The gel
filtration profiles from these final steps of purifications are shown in Figure 3.2 A, and B. ChIH
expressed in E. coli produces monomers and oligomers, therefore an optimized method
according to a previous study was used to achieve a large proportion of monomers (Mdller et
al., 2014). Hence, ChlH protein with detection of absorption at 280 nm and 405 nm had two
major components, the oligomeric component eluted at 8 mL and a monomeric component
eluted at ~12.5 mL (Figure 3.2.A). The GUN4 protein with detection of absorption at 280 nm
eluted at ~17 mL which resulted in a mono-dispersed monomeric protein (Figure 3.2B). The

high purity degree of the preparation was confirmed by the SDS-PAGE.
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GUN4
ChlH

250 kD2

150 kDa gy

100 KDa gy .

75kDa mm
50 kDa

37kDa mm

Figure 3.1 SDS-PAGE of purified proteins

SDS—polyacrylamide gel electrophoresis of the purified His-tagged proteins (2 pug of each
protein was loaded).

Lanel. IMAC and Superdex 200 10/300 purified GUN4, lane 2 IMAC and Superose 6 10/300
purified ChlH monomer. The positions of molecular mass markers are indicated at the left.
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Figure 3.2 Semi preparative purification of ChlH and GUN4

Chromatographic separation was conducted in buffer consisting of 50 mM Tricine-NaOH, pH
8.0, 10 % (w/v) glycerol, 2 mM MgCl;, and 2 mM DTT.

A) Gel filtration chromatography of ChlH (black line, detection of absorption at 280 nm; red
line, detection at 405nm) on Superose 6 10/300. B) Gel filtration chromatography of GUN4 on
Superdex 200 10/300. The green lines in A) and B) are indicating the void volume of 8 ml for
both ChIH and GUN4 calibration.

3.3 Mg-chelatase activity measurements

To ensure that the ChIH and GUN4 proteins from C. reinhardtii were functional, the Mg
chelatase assay was used (Luo et al., 1999, Sawicki and Willows, 2008). The assay requires
separate preparation of a ChlH-PPIX-GUN4 complex, and a Chll1-ChlI2-ChiD complex,
followed by their unification to start the assay. Final concentrations of 250 nM GUN4, and 250
nM of ChIH with 20 nM ChlID, 400 nM Chli1, 20 nM Chll2. The Mg-chelatase activity of 2.6
+ 0.1 nmol/min/nmol ChID was determined for the monomeric ChIH. The activity for the
monomer is ~5 fold higher than a previous study utilizing ChlH from C. reinhardtii in
combination with GUN4 and remaining Mg-chelatase subunits from Oryza sativa (Miiller et

al., 2014). Oligomeric ChIH from rice and barley has variable activity compared to the
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monomer, typically in the range of (0-25%) (Mdller et al., 2014). The same variable results

were observed using C. reinhardtii oligomeric ChlIH.
3.4 Small angle X-ray scattering experiment

3.4.1 Significance of SAXS experiment

SAXS has become an important method to study biological macromolecules, providing the
overall structure information including both architectural arrangements and conformations in
the 50-10 A resolution range in near physiological conditions (Svergun and Koch, 2002,
Putnam et al., 2007).

In this study, SAXS was performed to obtain structural information for the homogeneous and
monodisperse GUN4, ChlH and the GUN4-ChIH-PPIX complex in solution at 20 A. The
monomeric ChIH sample was chosen for SAXS and for preparation of the complex as it was
more active in the Mg-chelatase activity assay and was found to contain monodispersed
scattering particles, which are required for standard SAXS analysis. The purity of the sample
preparation was confirmed using a combination of SDS-PAGE and analytical gel filtration
chromatography (Figures 3.1 and 3.2).

3.4.2 Size Exclusion Chromatography SAXS (SEC-SAXS)

Scattering data was obtained from SEC-SAXS method using a superpose 6 (PC 3.2/30, 2.4ml)
column (GE- Healthcare) at SAXS beamline. Final concentrations of 97.92 uM GUN4 and 5.9
UM ChlH proteins were used for SEC-SAXS analysis. High quality, aggregate free, scattering
data was collected for GUN4, ChIH and GUN4-ChIH-PPIX complex proteins by running the
samples through the in-line SEC column to eliminate aggregate. A table of SAXS data

collection parameters for all proteins including the beamline set up is presented (Table 3.1).
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Table 3.1 SAXS data collection parameters of GUN4, ChlH and GUN4-ChIH-PPIX

complex

Instrument Australian Synchrotron SAXS beamline
Beam geometry Wavelength (A) 120 micron point source, 1.033 A

q range (A1) 0.034t0 0.45 At

Exposure time (second) 2, 5 0r 10 second (sample flow at 1 pl/sec)
Concentration range loaded (mg/m1) 0.09 - 3mg/ml

Temperature (°C) 25 °C

Gel-filtration profiles of the proteins are shown in Figures 3.3 and 3.5. All gel-filtration profiles
started with 5 minutes delay between SAXS and UV-Vis at the beginning. Similarly, in Figures
3.4, 3.6 and 3.7, low g and high g profiles were of the same proteins are shown. In Figure 3.3
the GUNA4 protein with detection of absorption at 280 nm eluted at ~25 min (after subtraction
of 5 min delay), which is similar to the elution of GUN4 from the buffer at ~25 min presented
in buffer subtraction profile in Figure 3.4. The data across the peak of GUN4 between 20 to 25
minutes was chosen for further data analysis. PRIMUS software was used for buffer subtraction

(Konarev et al., 2003).
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Figure. 3.3 GUN4 SAXS gel-filtration profile
Gel filtration chromatography of GUN4 in line with UV-Vis using Superose™ 6 PC 3.2/30 SEC

column (GE Healthcare) at absorbance 280 nm. Chromatographic separation was conducted in
buffer consisting of 50 mM Tricine-NaOH, pH 8.0, 10 % (w/v) glycerol, 2 mM MgCl,, and 2

mM DTT.
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Figure. 3.4 GUN4 SAXS high Q and low Q profile
Subtraction of GUN4 protein from buffer consisting of 50 mM Tricine—-NaOH, pH 8.0, 10 %
(w/v) glycerol, 2 mM MgCl,, and 2 mM DTT. The blue line represents GUN4 protein, and the

black line represents the buffer.

Both ChIH protein and GUN4-ChIH-PPIX complex with detection of absorption at 280 nm
eluted at ~20 min (Figure 3.5). The data across the peak of ChlH and GUN4-ChIH-PPIX
complex between 15 to 25 minutes was chosen for further data analysis. Buffer subtraction
profile of ChlH in Figure 3.6 shows the elution of ChIH from the buffer at ~25 min, which is
similar to the buffer subtraction profile of GUN-ChIH-PPIX complex in Figure 3.7. The data

across the peak of the complex between 18 to 28 minutes was chosen for further data analysis.

81



150000 - 300000

100000+ - 200000

Abs 280 nm
pAU

1S
[
QD
% < 50000- - 100000
w =
]
<
0'%__ T 7 T ﬁl‘\ T 0
10 20 30 40 50
Time(min)
-50000- L -100000

Figure. 3.5 ChlH and GUN4-ChIH-PPIX SAXS gel-filtration profile

Gel filtration chromatography of ChlH and GUN4-ChIH-PPIX complex in line with UV-Vis
using Superose™ 6 PC 3.2/30 SEC column (GE Healthcare). The black line represents (ChlH),
and the red line represents (GUN4-ChIH-PPIX) separation at absorbance 280 nm.
Chromatographic separation was conducted in buffer consisting of 50 mM Tricine—-NaOH, pH

8.0, 10 % (w/v) glycerol, 2 mM MgCl,, and 2 mM DTT.
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Figure. 3.6 ChlH SAXS high Q and low Q profile
Subtraction of ChIH protein from buffer consisting of 50 mM Tricine-NaOH, pH 8.0, 10 %
(w/v) glycerol, 2 mM MgCl,, and 2 mM DTT. The blue line represents ChlH protein, and the

black line represents the buffer.
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Figure. 3.7 GUN4-ChIH-PPIX SAXS high Q and low Q profile
Subtraction of GUN4-ChIH-PPIX complex from buffer consisting of 50 mM Tricine-NaOH,

pH 8.0, 10 % (w/v) glycerol, 2 mM MgCl, and 2 mM DTT. The blue line represents GUN4-
ChIH-PPIX complex, and the black line represents the buffer.

The data chosen across each peak of proteins was then averaged and merged using PRIMUS

(Konarev et al., 2003) from ATSAS package to obtain the scattering curve. The software

employed for SAXS data analysis is shown in Table 3.2.
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Table 3.2 Software program employed for structure characterization of GUN4, ChiH and

GUN4-ChIH-PPIX complex by SAXS

Primary data reduction SCATTER BRAIN (Australian Synchrotron)
Data manipulation PRIMUS

Data processing GNOM

Ab initio analysis DAMMIN

Validation and averaging DAMAVER

Computation of model intensities CRYSOL

Three-dimensional graphics representations Chimera

3.5 SAXS structural parameters

3.5.1 Probability distribution functions

To obtain a geometrically interpretable function, the SAXS data of each protein were used to
derive a probability distance distribution P(r) that represents the number of distances of length
(r) present in the scattering volume (Glatter and Kratky, 1982). Also, by transforming the
scattering data from reciprocal to real space it is possible to create a distance distribution plot
(P(r)). The P(r) plot is positively skewed at the highest protein concentrations which is strongly
indicative of elongated species (Figure 3.8B). At lower protein concentrations the P(r) is less
skewed suggesting less elongated protein species (Figure 3.9B and 3.10B).

The scattering curves obtained for each protein is shown in Figures 3.8A, 3.9A, 3.10A, and
Figures 3.8B, 3.9B and 3.10B present the P(r) plots. The P(r) curves of all proteins have one
principal maximum peak each. The GUN4 has a principal maximum at distance 25 A (Figure
3.8B), ChlH at distance 50 A (Figure 3.9B) and the complex at distance 53 A (Figure 3.10B),

indicating the characteristic of globular molecules for all three proteins. The GUN4-ChIH-
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PPIX complex has the highest maximum particle distance (53 A) with no significant difference

with the ChlH structure A (Figure 3.10B).
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Figure 3.8 Experimental scattering curves on absolute scale for GUN4

A: GUN4 scattering curve and guinier plot with linear fit (red lines), shifted on the vertical axis for clarity, showing well determined Rg regions.

B: GUN4 P(r) curve, transformation of scattering curve gives radius of gyration and maximum diameter of the particle. Rg =29.44 A,

Dmax = 120+5 A
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A: ChlH scattering curve and guinier plot with linear fit (red lines), shifted on the vertical axis for clarity, showing well determined Rg regions.

B: ChlH P(r) curve, transformation of scattering curve gives radius of gyration and maximum diameter of the particle. Rg=47.19 A,

Dmax = 15545 A
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Figure 3.10 Experimental scattering curves on absolute scale for GUN4-ChlH-PPIX:
A: GUN4-ChlH-PPIX scattering curve and guinier plot with linear fit (red lines), shifted on the vertical axis for clarity, showing well determined
Rg regions. B: GUN4-ChlH-PPIX P(r) curve, transformation of scattering curve gives radius of gyration and maximum diameter of the particle.

Rg: 46.20 A, Dmax: 175+5 A
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3.5.2 Radius of gyration

To determine whether the scattering data are from monodispersed species, radius of gyration
(Rg) were determined by SAXS. Rg gives an estimation of the distribution of mass within
GUN4, ChlH, and GUN4-ChIH-PPIX complex, also defines the root mean square difference of
all atoms from the canters of mass. The guinier region of each data set was also plotted to check
the signs of large aggregation at very low Q. In insets of Figures 3.8A, 3.9A and 3.10A guinier
plots indicate that there are no protein aggregates. Guinier plots are used to derive guinier Rg

values (logl vs.g?).

3.5.3 Maximum dimension

The SAXS data provides the maximum dimension (Dmax), defined by the distance (r) at which
the distribution function p(r) approaches zero or close to zero. The distribution function
provides an estimation of the distribution of distances between scattering canters, giving an idea
of particle size (Glatter and Kratky, 1982). Structural parameters derived from scattering data
are presented for each protein in Tables 3.3, 3.4 and 3.5.

Previously, the SAXS and EM data (Qian et al., 2012) showed that ChIH forms an extended,
asymmetric molecular assembly and there is no significant difference between the Rg of 47.19
A, derived for C. reinhardtii ChlH at 20 A in this study and the Rg of 46.9 A, derived for ChIH

from Synechocystis at 30A calculated from SAXS data (Qian et al., 2012).
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Table 3.3 SAXS structural and physical parameters of GUN4.

1(0) [from P(r)] (cm™)

1(0) (from Guinier) (cm™)

Rg [from P(n)] (A)

Rg (from Guinier) (A)

Dmax (A)

Volume [from P(r)] (A%

Volume (from Guinier) (A3

Volume of Correlation [from P(r)] (A?)
Volume of Correlation (from Guinier) (A?)
Molecular mass [from 1(0)] (Da)
Molecular mass (from Guinier) (Da)

Calculated monomeric molecular mass from sequence (Da)

0.004

0.003

29.44

29.71

12045

51003

62998

161.211

217.62

9324

15216

26000
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Table 3.4 SAXS structural and physical parameters of ChlH.

1(0) [from P(r)] (cm™)

1(0) (from Guinier) (cm™)

Rg [from P(n)] (A)

Rg (from Guinier) (A)

Dmax (A)

Volume [from P(r)] (A%

Volume (from Guinier) (A%

Volume of Correlation [from P(r)] (A?)
Volume of Correlation (from Guinier) (A?)
Molecular mass [from 1(0)] (Da)
Molecular mass (from Guinier) (Da)

Calculated monomeric molecular mass from sequence (Da)

4.09

3.72

47.19

46.15

155+5

4852955

3464369

930

927

160916

162330

154000
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Table 3.5 SAXS structural and physical parameters of GUN4-ChIH-PPIX

1(0) [from P(r)] (cm™) 5.20
1(0) (from Guinier) (cm™) 5.60

Rg [from P(N] (A) 46.20
Rg (from Guinier) (A) 47.48
Dmax (A) 1755
Volume [from P(r)] (A3) 457378
Volume (from Guinier) (A%) 492355
Volume of Correlation [from P(r)] (A?) 645
Volume of Correlation (from Guinier) (A?) 695
Molecular mass [from 1(0)] (Da) 817000
Molecular mass (from Guinier) (Da) 926000
Calculated monomeric molecular mass from sequence (Da) 200000

3.5.4 Porod volume and volume of correlation

Some other physical parameters including scattering particle’s volume (Vp), correlation length
(Ic), Q and volume of correlation (V¢) could also be determined by SAXS (Glatter and Kratky,
1982). Q requires convergence of the SAXS data at high scattering vectors (g, A™) in a ¢?I(q)
versus g. Vp and |c are undefined for flexible particles, but Rg is the only structural parameter
that can be reliably derived from SAXS data on flexible systems (Rambo and Tainer, 2013).
Vp =272 . 1(0)/Q Q=Jq?.1I(q) dq = c. 27%( Ap)>. v

Volume of correlation (V) is determined as the ratio of the particle’s zero angle scattering

intensity, 1(0), to its total scattered intensity.
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Ve=1(0)/ | '@ 9 = c\V2, (AP)Y cV?, (AP)? 2al; = Vp/2al,

V. is a newly defined SAXS invariant akin to Rg and is derived from the total scattered intensity
plot and represents the ratio of the particle's volume to correlation length. This parameter will
be sensitive to conformational changes and can be used to corroborate changes in Rg. Also, V¢
can be combined with Rg to define Qg ratio, for determining the molecular mass of the
scattering particle.

Qr = (Vc % Rg)

The mass parameter Qg, defined as the ratio of the square of V. to Rq with units of A3, and is
linear versus molecular mass in a log—log plot (Figure 3.11). Qr follows a power-law (Porod’s
law) relationship between Qr and molecular mass.

I(q)=A\q* q*. I(@=A q' . 1@=A +c.q*

Porod’s law, like guinier approximation is defined within a limited range of data. ScAtter
software was used for determining all the above scattering parameters (Rambo and Tainer,

2013), and data for this analysis are mentioned in Tables 3.3, 3.4 and 3.5.

3.5.5 Molecular mass determination by Qr

Accurate determination of molecular mass has been one of the main difficulties in SAXS
analysis. Existing methods to obtain particle mass requires an accurate particle concentration,
the assumption of a compact near-spherical shape, and SAXS measurements on an absolute
scale (Orthaber et al., 2000, Rambo and Tainer, 2011). However, using the ScAtter software we
determined molecular mass of proteins in solution regardless of concentration or shape
assumptions (Rambo and Tainer, 2013). Rg, V¢ and Qr were calculated as described above from
our SAXS profiles (Tables 3.3, 3.4 and 3.5) using ScAtter software, and Power-law relationship
between Qr and particle mass allows direct mass determination (Rambo and Tainer, 2013):

Mass= (Qr/ €)'k IN(Qr) =K . In(Mass) + ¢
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Figure 3.11 shows the parameterized power-law relationship for the set of known protein
(black), mixed nucleic acid protein complexes (cyan) and RNA (red) structures from the PDB.
Qr was calculated from SAXS simulations by CRYSOL (Svergun, 1992) using highly pure
protein samples resulted in the determination of k and ¢ parameters which are specific to the

class of macromolecular particle (Rambo and Tainer, 2013).
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Figure 3.11 Power-law relationship between Vc, Rg and protein mass, adapted from
(Rambo and Tainer, 2013) .

The linear relationship for protein observed for the ratio V¢ 2Rg * (black) suggests that a power-
law relationship exists between the ratio and particle mass of the form ratio=c(mass)*. The ratio,
Vc 2Rg?, is defined by units of A® with mass in Daltons, and power-law relationship (black)
produces an average mass error of 4.0 £ 3.6 %. Additional ratios examined (green, cyan, grey
and red) displayed asymmetric nonlinear relationships. In green, the fit included generic m
(0.92466 £ 0.0008) and n (1.89260 * 0.0005) parameters in a nonlinear surface optimization

resulting in an average mass error of 4.0 £ 3.6 %. (Rambo and Tainer, 2013).

Molecular mass calculation of GUN4 from 1(0) is 9324 Da and from Guinier is 15216 Da which

is underestimated compared with 26000 Da calculated monomeric molecular mass from
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sequence (Table 3.3). The big difference in the molecular mass calculation of GUN4 might be

due to a few reasons:

a)

b)

d)

Calculation for volume of correlation is dependent on the integral approaching a
constant value at high g which is well presented and aesthetic for ChlH and GUN4-
ChIH-PPIX complex in Figure 3.12 B. However, the integral does not reach a constant
value at high g for GUN4 in Figure 3.12 B.

Many outliers were shown in molecular mass calculation of various particles (Figure
3.11). There might be few outliers in molecular mass calculation of GUN4, as it is a
very small and elongated structure.

The scattering of GUN4 was not strong enough as it is a very small molecule, and this
might affect the molecular mass calculation of GUN4.

C-terminal domain of GUN4 SAXS structure is elongated. This elongation is linearly
effected by Rg. In Qr = (V¢ %/ Rg) equation for molecular mass calculation, there is a
direct relationship between V¢ and molecular mass, and a reverse relationship between
Rg and molecular mass. Elongation in C-terminal domain of GUN4 SAXS structure
increased the Rg. Thus, molecular mass was decreased as well.

The buffer subtraction of GUN4 from blank was very difficult, also because GUN4 is a

small molecule.
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Figure 3.12 Volume of correlation for GUN4, ChlH and GUN4-ChIH-PPIX complex

A: Total scattered intensity of all three protein samples. Guinier extrapolated dataset as g . 1(q).
B: Integrated area of g.1(q). The integral approaches a constant value at high g.

Integral of q.1(q) is proportional to the particle’s correlation length (Ic). The ratio of (lo) to Ic
defines the volume per correlation length (V). Strong divergence at high q suggest poor buffer

subtraction. Ratio of (V¢ %/ Rg) defines an invariant proportional to mass.

3.5.6 Probability distribution P(r) comparison

No structural information has been reported for the GUN4-ChIH-PP1X complex previously. In
this study we found that among all three Dmax values identified for GUN4 (120+5 A), ChIH
(155 A), and the GUN4-ChIH-PPIX complex (175 A), the complex has the largest Dmax.
Figure 3.13 shows that there is a significant difference between the Dmax of Gun4 compared
to the Dmax of ChlH and the complex, but there is no significant difference between the Dmax
of ChlH and the complex. The large hollow cage shape structure of ChlH might be the reason
for explanation of the particle size similarity between ChIH and the complex, as ChlH could
enclose the PPIX and GUNA4. This idea needs more structural and functional studies of catalytic

site of Mg-chelatase enzyme.
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The ChlH subunit binding to PPIX and Mg-PP1X have been described in section 1.3.4. ChlH

subunit also interacts with GUN4 subunit (Larkin et al., 2003, Sobotka et al., 2008), and

activates Mg-Proto-methyltransferase (Shepherd et al., 2003, Alawady et al., 2005, Shepherd

et al., 2005). ChlH from T. elongatus is a large 140 kDa protein with 1326 amino acids. This

large hollow cage shape structure was suggested to encircle the Mg-PPIX and protect it from

photo oxidative damage by channelling it to the ChIM enzyme (Qian et al., 2012).
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Figure 3.13 Probability distance distribution P(r) curves

Probability distance distribution P(r) curves of GUN4, ChlH, and GUN4-ChlH-PPIX complex.
The area under the curve equals 1, produced with GNOM, with P(0) and P(Dmax) forced to

ZC10.
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3.6 Models of GUN4, ChlH and GUN4-ChIH-PPIX complex generated from SAXS data
3.6.1 Ab initio models generation

The scattering data were analysed and eighteen independent ab initio dummy atom models
derived by DAMMIN (Svergun, 1999). Ab initio models were then superimposed and averaged
to recover the three-dimensional structure from the one-dimensional scattering pattern. Figures
in appendix 6, 7 and 8 show models generated from scattering pattern. The ensemble consensus
structure derived by DAMFILT and averaged structure by DAMAVER (Volkov and Svergun,

2003) are shown in Figures 3.14, 3.15 and 3.16.

A

Figure 3.14 GUN4 shape determination
A: GUN4 ensemble consensus structure (DAMFILT), B: GUN4 averaged structure
(DAMAVER)

Figure 3.15 ChlH shape determination
A: ChlH ensemble consensus structure (DAMFILT), B: ChlH averaged structure (DAMAVER)
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Figure 3.16 GUN4-ChlIH-PPIX shape determination
A: GUN4-ChIH-PPIX complex ensemble consensus structure (DAMFILT), B: GUN4-ChlH-
PPIX complex averaged structure (DAMAVER)

3.6.2 Comparison of SAXS models

The multiple models generated for each protein (appendix 6, 7 and 8) are visually similar and
all are globular. Figure 3.17 A, B and C shows the representative ab initio dummy atom model
derived by DAMMIN for GUN4, ChlH and GUN4-ChIH-PP1X complex. Surface models are
displayed as mesh model and colourful bolls represent excluded dummy atoms. All structures
in Figure 3.17 are presented in the same scale to facilitate the comparison.

The SAXS structure of the GUN4-ChIH-PPIX complex is very similar to the SAXS structure
of the ChIH subunit suggesting that GUN4-PPIX may attach somewhere inside the cage shape
structure of ChIH subunit to form a complex and this hypothesis needs more investigation on
the complex formation and the complex structural analysis in future.

Moreover, the atomic model of GUN4 crystal structure with mesh surface display from C.
reinhardtii (Tarahi Tabrizi et al., 2015) is presented in Figure 3.17 D. This model only presents
the core domain of the full structure. Due to proteolysis in the long term crystallization process
a part of the N-terminal domain and the last ~20 residues of C-terminal domain was removed

from the full length protein (Tarahi Tabrizi et al., 2015).
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Crystal structure of full length ChlH protein from Synechocystis has been determined very
recently (Chen et al., 2015b), and this is shown in atomic model with mesh surface display in
Figure 3.17 E. The overall architecture with dimensions of 133 A x 80 A x 75 A is a cage shape
assembly which is consistent with previous ChIH SAXS analysis (Qian et al., 2012, Adams et
al., 2014b). Hence, ChlH crystal structure is in a broad structural similarity compared with our
ChIH SAXS structure with a maximum diameter of 155 A. Additionally, in Figure 3.18 the
crystal structure of ChlH from Synechocystis (Chen et al., 2015b) fit in to our SAXS model of
ChIH from C. reinhardtii. It is clear from Figure 3.18 that there is a high similarity in overall

structural architecture.
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Figure 3.17 SAXS models comparison

A): SAXS model of GUN4, B): SAXS model of ChlH, C): SAXS model of GUN4-ChlH-PPIX
Complex, D): Crystal structure of GUN4 from C. reinhardtii (Tarahi Tabrizi et al., 2015),

E): Crystal structure of ChlH from Synechocystis (Chen et al., 2015b).

A, B, and C models are SAXS atomic models of the proteins with mesh surface presentation.
Model D is the atoms model of GUN4 crystal structure with mesh surface presentation. This
model only presents the core domain of the whole structure because a part of N-terminal domain
and the last ~20 residues of C-terminal domain was removed due to proteolysis. Model E is the
atoms model of ChlH crystal structure with mesh surface presentation. The scale bar shows the

100 A for diameter comparison of the presented protein structures
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Figure 3.18 ChlH crystal structure fit of ChlH SAXS model

The blue structure represents the Synechocystis crystal structure of ChlH (PDB entry 4ZHJ)
(Chen et al., 2015b), and the mesh model is SAXS ChlH structure from C. reinhardtii (data on
Figure 3.9, and model on Figure 3.17 B).

3.6.3 GUN4 SAXS structure determination
It was found that GUNA4 activation of Mg-chelatase requires PPIX and Mg?* and GUN4 binds

both PPIX and Mg-PPI1X (Davison et al., 2005). On the other hand, maximum activity of Mg-
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chelatase enzyme requires pre-incubation of GUN4 with ChlH (Davison et al., 2005, Adhikari
et al., 2009). This has been described in details in section 1.3.4.1. The mechanism of GUN4
activation of Mg-chelatase is different in eukaryotes compared to cyanobacteria, because the
orthologous C-terminal peptide VFKTNYpSF has been identified as a phospho-peptide in A.
thaliana (Reiland et al., 2009) and all plant and algal GUN4 have the YSF as a conserved
sequence. This indicates, that the orthologous cyanobacterial GUN4 proteins is missing this C-
terminal extension. Additionally, plant and algal GUN4 without this C-terminal peptide is
unable to activate ChlH (Figure 1.5). It has been suggested that phosphorylation of GUN4 is
required for formation of a stable chloroplastic GUN4-ChIH-PP1X complex (Zhou et al., 2012).
A comparison of chloroplastic GUN4 with the two proposed cyanobacterial GUN4 models
created from the crystal structure of 7. elongatus and Synechocystis (Davison et al., 2005,
Verdecia et al., 2005) was carried out. It is clear in Figure 3.19 from the GUN4 SAXS model
that chloroplastic GUN4 has an additional 9-10 amino acid C-terminal domain at the end of
main molecular axis that is phosphorylated and is required for Mg-chelatase activity. Also, the
N-terminal 4 helix bundle found in cyanobacterial GUN4 proteins is absent from chloroplastic

GUN4 (Zhou et al., 2012).
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Figure 3.19 GUN4 structure fit in SAXS Model:

The green structure represents Synechocystis crystal structure of GUN4 (PDB entry 1y6i), and
the purple structure represents 7. elongatus crystal structure of GUN4 (PDB entry 1z3y), and
the mesh model is SAXS chloroplastic GUN4 structure from C. reinhardtii (data on Figure 3.8
and model on Figure 3.17 A).
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Chapter 4. Crystallization and structure determination of GUN4 from

Chlamydomonas reinhardtii

4.1 Introduction

4.1.1 Importance of protein crystallization

Crystallization is a commonly used technique to obtain a detailed model of the atomic structure
of biological macromolecules (such as proteins, DNA, RNA, etc.), and gain insights into
structure and function relationships of macromolecules in biological systems. Crystallographic
studies have become of considerable importance to pharmaceutical, biotechnological and
chemical industries, as well as promising tools in protein engineering, drug design and other
applications in biological systems (Rhodes, 2006).

The first and the most difficult step of this method is the growth of sufficiently large crystals.
A protein crystal is a three-dimensional periodic arrangement of protein molecules. Protein
crystallization is not only crucial for three-dimensional protein structure identification, but is
also a very interesting subject for crystal growth mechanisms studies. Protein crystals typically
display relatively slow growth kinetics and have large unit cell dimensions (individual protein
molecules are very large) compared to small molecule (often salts) crystal growth systems

(Giacovazzo, 2002, Rhodes, 2006).

4.1.2 Complexity of protein crystallization

Protein crystallization is a very complex and difficult process due to some reasons: a) Protein
molecules are composed of large, flexible molecules, and are often comprised of several
subunits. b) They are chemically and physically unstable (unfolding and temperature
sensitivity). Moreover, the physical and chemical properties of every protein is unique since

every amino acid sequence produces a unique three-dimensional structure having distinctive
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surface characteristics. Therefore, conditions applied for one protein are usually only
marginally applicable to others. However, it is still impossible to predict the crystallization
conditions of a protein from its other physical properties, because changes in a single
experimental parameter can simultaneously influence other aspects of a crystallization

experiment (Rhodes, 2006, Nemc¢ovi¢ova and Smatanova, 2012).

4.1.3 Principals of growing crystals

The general procedure for crystallization is to reduce the solubility of the protein and create
supersaturation to pressurize the protein out of the solution while self-assembling into
diffraction-quality crystals. The solubility of a protein might be reduced by either adding
precipitants to the solution or removing solvent (water), or by a combination of both (Rhodes,

2006, Rupp, 2010).

4.1.4 Thermodynamics of crystal growth

Several parameters are involved in protein crystallization: concentration of both protein and
precipitant, pH, and temperature are the most common parameters. Also, the parameters are
varied in the search for optimal crystallization conditions (Mcpherson, 1990, Weber, 1997). In
theory when the concentration of protein and precipitation combination exceeds threshold
values, precipitation should occur (Rhodes, 2006).

The three stages of macromolecule crystallization are nucleation, crystal growth and cessation
of growth. Nucleation is the initial formation of molecular clusters from which crystals grow.
During nucleation, three dimensional associations of molecules form thermodynamically stable
nuclei which provide surfaces suitable for crystal growth. In the phasing diagram inset A
(Figure 4.1) the blue region shows the nucleation and growth region which requires protein
and/or precipitant concentrations higher than the solubility threshold for slow precipitation. If

nucleation conditions endure, many nuclei formations may occur resulting in either an
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amorphous precipitate or many small crystals forming instead of a few larger ones. The phasing
diagram inset B (Figure 4.1) shows the ideal crystal growth strategy, initiating with the
conditions corresponding to the blue region of the phase diagram A, and after nuclei formation,

move into the green region, where the growth region is (Weber, 1997, Rhodes, 2006).
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Figure 4.1 Phase diagram

The solubility curve (solid) divides phase space into regions that support the crystallization
process (supersaturated solution) from those where the crystals will dissolve (unsaturated
solution). The supersolubility curve (dashed) further divides the supersaturated region into
higher supersaturation condition where the blue region is separated from green region.

A) Yellow region indicates concentrations of protein and precipitant where the solution is not
saturated with protein. The green and blue regions indicate unstable solutions that are
supersaturated with protein. Conditions in blue region support both nucleation and growth,
while conditions in the green support growth only. B) An ideal strategy for growing large
crystals is to let nucleation occur under conditions in the blue region, then to move to conditions

in the green region until crystal growth ceases (Rhodes, 2006).

4.1.5 Crystallization methods
Screening is the first step of crystallizing a specific protein in any structure project, and it is a

crucial and rate-limiting step for its structure determination. It is not possible to predict exactly
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under what conditions any protein will form a crystal and thus a large number of solution
variables must be thoroughly searched (Rhodes, 2006).

Vapour diffusion is a commonly used crystallization technique, in which the protein/precipitant
solution is allowed to equilibrate by diffusion through air in a closed container with a larger
aqueous reservoir containing the precipitant solution only. For proteins with pH-dependent
solubility, supersaturation can also be achieved by diffusion of volatile acids and bases from
reservoir solutions (Weber, 1997, Rhodes, 2006) Two forms of the vapour diffusion technique
are the hanging-drop and sitting drop methods which have both been successfully used for
protein crystal growth.

Optimization is the second step of crystallization which refines the chemical and physical
parameters to produce crystals of sufficient size and quality for diffraction by utilizing the
information derived from the screening experiments. In crystals produced from optimization,
both environmental parameters (such as temperature) and chemical parameters (type and
concentration of chemicals and pH) might be refined (Luft et al., 2007). Optimization strategies
predominantly focus on decreasing the rate of vapour diffusion between the protein droplet and
the reservoir precipitant solution that may slow the nucleation rate (Cudney et al., 1994).

Grid screening, is a widely used optimization strategy, in which solution pH and precipitant
concentration are varied to determine optimal conditions for protein crystal growth (Cox and
Weber, 1988). Some other examples of optimization techniques are screening against a suite of
additives suitable for biomolecular targets (common cofactors, inhibitors, etc.), and variation
of protein: precipitant ratios (1:1, 1:2, and 2:3). Also, seeding is the most powerful optimization
method to separate growth and nucleation (Bergfors, 2003). In this method nucleated crystals

are used as seeds and introduced into new drop equilibrated at lower levels of supersaturation.
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4.2 GUNA4 crystallization screening trials

Initially, GUN4 was purified in 50 mM Tricine-NaOH pH 8, 2 mM MgClz, 2 mM DTT, 10 %
(w/v) glycerol. Three litters of growths culture yielded 18 mg of soluble protein for numerous
crystallization trails via the purification procedure outlined in section 2.3.2 and 2.3.3.

Table 4.1 Protein production information. The N-terminal tag from the cloning vector is
highlighted in yellow, while green highlighted sequence is part of the N-terminal domain of
GUNA4 that has been lost due to proteolysis in the crystal structure.

Source organism Chlamydomonas reinhardtii
Expression vector pET-28a
Expression host E. coli BL21 (DE3) star

Complete amino-acid sequence of the construct produced

MRGSHHHHHHGMASMTGGQQMGRDLYDDDDKDHPFTMAMRVTVAAGKLDSVSL
FGGDTASLMGGSQTVEKKKSGKEAVMEVQLSSTAGIDYTVLRDHLANGEFREAEDE
TRALLIKLAGPEAVKRNWVYFTEVKNISVTDFQTLDNLWKASSNNKFGYSVQKEIW

VONQKRWPKFFKQIDWTQGENNNYRKWPMEFIYSMDAPRGHLPLTNALRGTQLFQ

AIMEHPAFEKSSTAKTLDQKAAEAAGRTQSLF

Given that there is a strong association of protein crystallization with purity, homogeneity and
mono-dispersity of the protein sample (Benvenuti and Mangani, 2007) additional purification
steps and a final gel filtration step was performed on the GUN4 protein used in subsequent
crystallization trials and optimizations. Figure 4.2 shows the purity of the GUN4 sample used
in all subsequent crystallization trials, with different loadings ranging from 2 to 0.125

micrograms loaded and no obvious other protein bands in the sample detected.
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Figure 4.2 GUN4 SDS-PAGE determination
SDS—polyacrylamide gel electrophoresis of the serial dilution of purified His-tagged GUN4.
Inlane 1, 3, 4, 5 and 6 from left to right 2, 1, 0.5, 0.25, 0.125 pug of GUN4 protein was loaded

respectively.

Sparse matrix crystal screening (employing numerous commercially supplied screens each
containing 96 conditions) was used for crystallization of purified GUN4 protein at various
concentrations from 3.8-35.7 mg/ml (listed in Table 4.2). Twenty one sparse matrix screens (a
total of 2,016 wells) were visually inspected for crystal growth over a 48-week period and any
manifestation of any crystallization or precipitation recorded. All screening methods are
outlined in section 2.7.1.

Inspection of the trays /experiments 1, 2 and 3 showed mostly clear drops or, in a few instances,
protein precipitation of varying intensity (light, medium and heavy), with no obvious trend
relating to pH, salt type/concentration or precipitant present (listed in Table 4.2). To address
clear drops, one can increase the protein concentration to increase the likelihood of achieving a

supersaturated state. Hence, the protein concentration was increased from 3.8 mg/ml gradually
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to 35.7 mg/ml. Additionally, among four buffer conditions (experiments 1-4), listed in Table

4.2, GUN4 protein was more stable in buffers containing 20 mM Tricine-NaOH pH 8, and 2

mM B-ME (2- B Mercaptoethanol).

Table 4.2 Determination of suitable buffer condition, and protein concentration for

crystallization trials. Four different experiments with variation in GUN4 concentration, buffer

condition, and crystallization screens. GUN4 concentration and buffer condition in experiment

4 was determined as the most suitable GUN4 crystallization condition.

GUN4 Crystallization | Buffer
Experiment | Concentration | Screens Condition
# mg/ml
MCSG I 50 mM Tricine-
MCSG 1T NaOH pH 8
1 3.8 MSCG III 2mM  MgCl
JCSG+ 2mM  DTT
10 % (W/v)
glycerol
PEG/Iron 50 mM Tricine-
Salt RX NaOH pH 8
2 19.3 Crystal Screen | 2mM  MgClh
Index 2mM  DTT
10% (W/v)
glycerol
PEG/Iron 50 mM Tricine-
Salt RX NaOH pH 8
3 343 Crystal Screen | 2mM  MgCh
Index 2mM  DTT
10 % (wW/v)
glycerol
JSCG+ 20 mM Tricine-
JCSG1 NaOH pH 8
JCSG II 2mM B-ME(2-B
35.7 JCSG III Mercaptoethanol)
4 JCSG VI
PEG-Iron
Index
Crystal screen
Salt RX
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Crystallization was only successful in experiment 4, 2-weeks after establishing trays. In this
experiment GUN4 protein was at the highest protein concentrations, and nano-crystals were
observed in several conditions (listed in Table 4.3).

Table 4.3 Seventeen GUN4 protein crystallization conditions from this work
Appearance of GUN4 crystals in different time intervals

# Crystallization condition Screen Time of
name appearance
1 0.03 M Citric acid 0.07 M BIS-TRIS | PEG-Ion 2-weeks

propane (pH 7.6) 20 % (w/v)
Polyethylene glycol 3,350

2 0.02 M Citric acid 0.08 M BIS-TRIS | PEG-Ion 2-weeks
propane (pH 8.8) 16 % (w/v)
Polyethylene glycol 3,350

3 4 % (v/v) Tacsimate (pH 7.0), 12 % | PEG-Ion 2-weeks
(w/v) Polyethylene glycol 3,350

4 4 % (v/v) Tacsimate (pH 8.0), 12 % | PEG-Ion 2-weeks
(w/v) Polyethylene glycol 3,350

5 0.1 M Tris pH 7.0 20 % (w/v) PEG | JCSG1 2-weeks
2000 MME

6 0.2 M sodium chloride, 0.1M Na/K | JCSG II 2-weeks
phosphate (pH 6.2) 40 % (v/v) PEG
400

7 0.2 M lithium sulfate, 0.1 M CHES | JCSG IV 16-weeks
(pH 9.5), 1.0 M sodium/potassium
tartrate

8 0.1 M Bicine (pH 9.0), 24 M | JCSG IV 16-week
Ammonium sulfate

9 1.0 M Ammonium citrate tribasic (pH | Salt Rx 44-weeks
7.0), 0.1 M BIS-TRIS propane (pH
7.0),

10 0.7 M Sodium citrate tribasic | Salt Rx 44-weeks
dehydrate, 0.1 M Tris (pH 8.5)

11 0.8 M Lithium sulfate monohydrate, | Salt Rx 44-weeks
0.1 M Tris pH 8.5

12 1.0 M Magnesium sulfate hydrate, 0.1 | Salt Rx 44-weeks
M Tris pH 8.5

115



sulfate

13 0.7 M Ammonium tartrate dibasic, | Salt Rx 44-weeks
0.1 M BIS-TRIS propane (pH 7.0),

14 0.7 M Ammonium tartrate dibasic, | Salt Rx 44 weeks
0.1 M Tris(pH 8.5),

15 0.01 M Cobalt(Il)  chloride | Crystal 44 weeks
hexahydrate, 0.1 M Sodium acetate | Screen HT
trihydrate pH 4.6, 1.0 M 1,6-
Hexanediol

16 0.1 M MES monohydrate pH 6.5, 1.6 | Crystal 44 weeks
M Magnesium sulfate heptahydrate Screen HT

17 0.1 M Sodium chloride, 0.1 M | Crystal 44weeks

HEPES pH 7.5, 1.6 M Ammonium | Screen HT

Crystals 1-6 in Table 4.3 were photographed and are shown in Figure 4.3. The size of these

crystals were not satisfactory and they did not display good morphology. Thus, extensive

optimization trials were required to increase the quality of crystals.
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Figure 4.3 Six GUN4 nano-crystals obtained directly from spare matrix screens
Nano-crystals number 1-6 were grown using sitting drop format (1-2ul) and monitored by
microscope (100-200 fold magnification), and observed after 2-weeks. Relevant growth

conditions 1-6 listed in Table 4.3.

4.3 Crystal optimization

Various optimization methods are presented in section 2.7.2. The crystallization condition of
crystal 2 (Table 4.3) was chosen as the best target for optimization trails as it was obtained with
slightly better morphology and larger size when compared to the other five nano-crystals. A
grid screening strategy (different concentration of PEG and different pH), around this ‘hit” was
used in conjunction with variation of protein: precipitant ratios (1:1, 1:1/2). Crystal growth
following optimization was visualized under microscope (100-200 fold magnification) and
recorded at various intervals, but there were no significant differences in the size and

morphology of crystal formation after 8 weeks.
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The grid screening may not have been successful could be because the optimal conditions for
nucleation of the crystal were not ideal to support growth and/or the level of supersaturation
was too high since large crystal growth requires lower supersaturation level.

Microseeding technique was then used to optimize crystal 1 (Figure 4.4). All crystals in inset 1
from Figure 4.3 were pulverized (smashed) into a crystalline slurry by glass rods and vortexed,
in order to prepare seed stock (Luft and DeTitta, 1999). This seed stock was then used either in
conjunction with variations of protein:precipitant:seed stock ratios (1:1:1/2) (Figure 4.3), and

also streak seeding using cat whiskers (Stura and Wilson, 1990).

Figure 4.4 Utilizing microseeding technique for optimization
GUN4 micro crystals were grown using microseeding technique, and hanging drop format (2-
3 ul). Both the size and morphology of the crystals were improved over 3-weeks.

Additionally, in order to test the possibility of protein-ligand optimization methods, ligand
soaking was employed in conjugation with the microseeding method by adding PPIX to the
precipitate solution and utilizing variations of protein, precipitant, seed stock ratios (1:1:1/2).
Unfortunately, this method was not successful as there was no evidence of crystal formation.

For these experiments inspection of trays was complicated by the requirement to use a red filter
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due to the light sensitivity and photo-oxidative damage to the protein from the PPIX. From all
these optimization techniques, micro seeding was found to be the most useful in terms of
improving the size of the crystals (Figure 4.3).

After 16 weeks of incubation, crystals 7 and 8 (Table 4.4) were observed and photographed

(Figure 4.5). Unfortunately the size of these crystals was still not sufficient for data collection.

Y
Vo e

Figure 4.5 GUN4 micro crystals obtained directly from spare-matrix screens

GUN4 micro-crystals number 7-8 were grown using sitting drop format (1-2 pl) and monitored
by microscope (100-200 fold magnification), and observed after 16-weeks. Relevant growth
conditions 7-8 listed in Table 4.3.

4.4 Harvesting and crystallization data collection

After 44-weeks of incubation, GUN4 crystals suitable for data collection were obtained directly
from spare-matrix screens. Following 1 min exposure on in-house diffractometer (Nonius
FR591 rotating X-ray generator), images were collected on a Mar345 detector. Crystal 9 (Figure
4.6) showed diffraction to low (<9.0 A) resolution. Crystallization information for crystal 9 is
presented separately in Table 4.4. Harvesting and crystallographic data collection methods are
outlined in sections 2.7.3 and 2.7.4.

Conditions 9-17 in Figure 4.6 provided crystals large enough to harvest, and 52 of these were

plucked from mother liquor using nylon loops, then plunge-cooled into liquid nitrogen with no
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additional cryoprotection regime. These crystals were transferred in a frozen state to the
Australian Synchrotron (Melbourne). All crystallographic data collection statistics are

presented in Table 4.5.

15 16

Figure 4.6 GUN4 Crystals obtained directly from spare-matrix screens

Crystals were grown using sitting-drop format (1-2 pl) and monitored by microscope (100-200
fold magnification) in various intervals and observed after 44-weeks. Growth condition of each
target is indicated in Table 4.2.
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Figure 4.7 GUNA4 Crystals diffraction on in-house diffractometer

GUNA4 crystal directly from mother liquor diffracted to low (<9.0 A) resolution. Diffraction

quality is poor, and the resolution is low.

Table 4.4 Crystallization details of crystal 9

Method

Plate type

Temperature (°C)

Protein concentration (mg mi™)
Buffer composition of protein solution

Composition of reservoir solution

Volume and ratio of drop
Volume of reservoir (ul)

Vapour diffusion, sitting drop

24-well (Cryschem plate, Hampton Research)
25

35

20 mM Tricine (pH 8.0), 2mM -
mercapoethanol

1.0 M ammonium citrate tribasic (pH 7.0), 0.1
M Bis Tris Propane (pH 7.0)

2 ul and 1:1(protein:reservoir)

500

Table 4.5 Diffraction data collection statistics

+ As calculated by AIMLESS

Wavelength (A)
Space group

Unit cell dimensions: a,b,c (A); o, B, v (°)
Resolution range (A)
Observed reflections
Unique reflections
Completeness (%)
Multiplicity

Rmerge I

Mean I/5 (I)
Wilson B (A?)
CC(1/2)

0.9537
P3,21

115.0, 115.0, 141.2; 90, 90, 120
3.50-44.56
48483

13965

99.1 (99.0)
3.5(3.6)
0.21 (0.67)
5.2(1.9)

78

0.964 (0.434)

121



Figure 4.8 Structure determination workflow

Indexing
MOSFLM

Space group determination

AIMLESS

122



4.5 Crystallization data processing

The workflow of data processing steps and software tools are summarized in Figure 4.8 and the
X-ray crystallographic methods are presented in section 2.7.5. Useful diffraction data was
collected from two crystals (A: 44 frames and B: 22 frames in Figure 4.9 from crystallization
condition 9 (Table 4.3). Each diffraction image was recorded over a 1° oscillation. All images
were indexed and integrated to 3.5 A with MOSFLM (Leslie and Powell, 2007). The diffraction

images of two crystals are shown in (Figure 4.9).

Figure 4.9 GUN4 crystal diffraction on MX2 beamline
Two GUN4 crystals directly from mother liquor diffracted to (<3.5 A) resolution and relevant

diffraction patterns.
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The space group (P3221) was confirmed with POINTLESS (Evans, 2011). Integrated reflections
from these two crystals were scaled and merged with AIMLESS (Evans and Murshudov, 2013),
accessed via the CCP4 software interface (Winn et al., 2011). Checks were introduced into data
processing stages to ensure that both crystals were predicted to share the same space group and
identical (or nearly identical) unit cell parameters. The two data sets were separately processed
as outlined above, however they were scaled and merged together to increase data completeness
and multiplicity. A portion of the data was assigned to be the Rfree Set to be excluded from

refinement and used only for model validation.
4.6 Structure determination

4.6.1 Molecular replacement

The diffraction data from a protein crystal is a reciprocal space representation of the crystal
lattice. The crystal symmetry, unit cell size and shape dictate the arrangement of the diffraction
reflections during data collection experiment (Hauptman, 1997). The intensity of each
diffraction reflection is very important because of proportionality to the square of the structure
factor amplitude. The structure factor is a complex number containing information about the
amplitude and phase of the X-ray wave. Both amplitude and phase must be known to construct
the electron density map (Wilmanns and Weiss, 2005) into which the model will be built. At
the diffraction experiment, it is not possible to identify the phase but only the amplitude can be
identified, the so-called “the phase problem” (Hauptman, 1997). Initial phase approximation
can be achieved by several ways: molecular replacement, multiple isomorphous replacement,
phasing via anomalous X-ray scattering. In this study, molecular replacement (MR) was chosen
for structure determination. MR is the most commonly used method of solving the phase
problem. In this approach, a related 3D structure has to be known with more than 30 % of

sequential identity to determine the orientation and position of the molecules within the unit
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cell (Taylor, 2003). The phases from the correctly positioned search model can then be used as
a starting point for structure refinement. To define the correct orientation and translation of the
chosen model in the unit cell of our crystal, the calculation of three rotation and three translation
parameters have to be performed (Wilmanns and Weiss, 2005).

Table 4.6 Structural homologues of GUN4

Sequence identity (%) Source organism PDB file
40 Thermosynechococcus elongatus 173X
35 Synechocystis 1Yé6l

My GUN4 structure was determined by MR with the program PHASER (McCoy et al., 2007)
embedded within CCP4 suite. Among two homologues for GUN4 (Table 4.6) the search model
with the highest sequence homology was taken from the T. elongatus WT structure (PDB entry
173X). This structure is 40 % identical at the amino acid sequence level over 165 residues.
The more divergent first 88 residues of this structure (the N-terminal domain) were excluded
from the search model. Molecular replacement initially identified four GUN4 molecules in the
asymmetric unit, consistent with the crystal comprising 48 % solvent (as calculated from the
Matthews Coefficient and full-length GUN4). However, incomplete crystal packing and
inspection of electron density maps suggested that additional unaccounted molecules might in
fact be present. The search model was subsequently trimmed further (another 18 residues
removed from the N-terminus, and removal of several loops divergent in the T. elongatus and
Synechocystis structures, and side-chains truncated to the CP position), which allowed
PHASER to fit six non-clashing molecules in the asymmetric unit (solvent content of 53 % for
6 molecules of ~150 residues). Hence, it appeared that the N-terminal domain of the molecules

was missing.
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4.6.2 Model building and refinement

After solution of the phase problem an initial model can be built. This initial model can be used
to refine the phases. Every cycle of this process leads to the improvement of the model;
therefore a new model would be applied for further structure refinement. The refinement cycle
involves fitting atomic positions of the model and their corresponding B-factors (parameter that
reflects the thermal motion of the atom) to the observed electron density map, usually yielding
a better set of phases (Taylor, 2003). Sensible stereochemistry, hydrogen bonds and allocation
of bond lengths and angles are corresponding quantities which help guide model building and
refinement (Wilmanns and Weiss, 2005). The refinement process is performed until the model
fails to become improved, as judged by the statistical agreement of spot intensities derived from
the model with those measured in the diffraction experiment. The two statistical parameters
which are monitored are the Rwork and Riree factors (Table 4.7). Both factors depend on the
resolution of the data. For macromolecules R-factors usually vary from 0.6 to 0.2. The Riree IS
a minor subset of the reflections which are never used during refinement, and serve only as an
independent indicator of closeness of the model to the data (Brunger, 1992). Restrained B-
factor refinement of GUN4 was performed with REFMACS5 (Murshudov et al., 2011), using
local non-crystallographic symmetry (NCS) restraints. NCS restraints were employed as there
were 6 molecules in the asymmetric unit, all with effectively the same structure. However,
there is only a limited amount of data describing them, especially given the very low resolution
of the data (i.e. not a very big number of reflections). These restraints effectively penalise
segments of individual molecules from “wandering” too far from the average geometry of the
6 molecules, allowing refinement of more sensible models at the end of refinement. Between
rounds of refinement, electron density maps and their fit to the model were examined using
COQT (Emsley et al., 2010). Amino acid side chains were added if suggested by difference

map electron density. Difficult segments of the model were built with sensible geometry using
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BUCCANEER (Cowtan, 2006). Structure validation was performed using the MOLPROBITY
web server (Chen et al., 2010). Refinement statistics are shown in Table 4.7. The coordinates
for the final model have been deposited in the Protein Data Bank (PDB entry 4YKB). All

structural refinement and model validation statistics are presented in Table 4.7.

Table 4.7 Structural refinement and model validation

Protein molecules/asu 6
Resolution (A) 3.5
Atoms modeled/asu 6241
Ramachandran®; Favoured/Outliers (%)  92.5/0.71
RMSD bond lengths (A) 0.011
RMSD bond angles (°) 1.46
R/Rfree 0.26/0.31

Residues Chain A (side-chains absent) 151 (40)
Residues Chain B (side-chains absent) 147 (44)

RMSD (A) superposed on Chain A 0.29 over 146 CA atoms
Residues Chain C (side-chains absent) 146 (39)

RMSD (A) superposed on Chain A 0.15 over 146 CA atoms
Residues Chain D (side-chains absent) 148 (45)

RMSD (A) superposed on Chain A 0.14 over 145 CA atoms
Residues Chain E (side-chains absent) 145 (39)

RMSD (A) superposed on Chain A 0.15 over 145 CA atoms
Residues Chain F (side-chains absent) 141 (44)

RMSD (A) superposed on Chain A 0.24 over 141 CA atoms
PDB entry 4YKB

4.7 Proteomic analysis of GUN4 and GUN4 crystals

The GUN4 protein (control), and two GUN4 crystal samples were analysed on LC-MS/MS.
The chemical conditions of two crystals varied from each other. Crystal 9 was prepared with
1.0 M Ammonium citrate tribasic (pH 7.0), 0.1 M BIS-TRIS propane (pH 7.0), while crystal
13 was in 0.7 M Ammonium tartrate dibasic, 0.1 M BIS-TRIS propane (pH 7.0). The peptide
coverage identified for GUN4 protein was used as a reference to compare with the amino acid

sequences achieved using mass spectrometer. The sequence coverage for crystal 9 starts from
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AA 56 to 238 and for crystals 13 is from AA 56 to 242. The last five AA in all three samples
were not detected in MS analysis. The result of the MS analysis indicates the last 18 amino
acids from crystal 9 and 22 amino acids from crystal 13 are truncated from the C-terminal
domain of the both crystals (Figure 4.10). The details about the percentage of peptide coverage,

sequence coverage, redundant peptide counts and accession are mentioned in Table 4.8.
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Table 4.8 LC-MS/MS result summary of the GUN4 control, GUN4 crystal 9 and GUN4 crystal 13.

Samples

% Coverage
(measured)

% Coverage
(corrected)

Sequence
Coverage (260 aa)

Unique
Peptides

Redundant
Peptide Count

Accession

Description

Crystal 9

47

56

56-238 aa

16

86

0i|159485454]

GUN4:p,
tetrapyrrole-binding
protein
[Chlamydomonas
reinhardtii]

Crystal 13

46

55

56-242 aa

16

91

0i[159485454]

GUN4:p,
tetrapyrrole-binding
protein
[Chlamydomonas
reinhardtii]

GUN4
Control

74

93

56-255 aa

39

175

0i[159485454]

GUN4:p,
tetrapyrrole-binding
protein
[Chlamydomonas
reinhardtii]
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220 ALRGTQLFQAIMEHPAFEKSSTAKTLDQKAAEAAGRTQSLF 260

|
Crystal 9 G K

G
S, [t
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220 ALRGTQLFQAIMEHPAFEKSSTAKTLDQKAAEAAGRTQSLF 260

Figure 4.10 The last 40 amino acids of GUN4 protein (from 220-260) compared with the
two GUNA4 crystals. There are 22 residues missing from crystal 9 and 18 residues are missing

from crystal 13.

4.8 Crystal structure of GUN4 from Chlamydomonas reinhardtii

Six GUN4 molecules were found in the crystallographic asymmetric unit (chains A to F). In
their N-terminal domain residues (1-47) are missing due to proteolysis, and residues (48-73)
are present in the crystal based on peptide mass fingerprinting of individual crystals but they
are not resolved in the crystal structure (Figure 4.11). The first resolvable residue number is 81
in wild type sequence in and residue number 73 in Table 4.1, and all of them are missing the
last 22-24 residues (last resolvable residues numbering 235-238, in Figure 4.11). The fold of
the resolvable ~150 residues modelled are effectively the same in all chains with Root-Mean-
Square-Deviation (RMSD) of 0.14-0.29 relative to chain A (Figure 4.12). Due to the low
resolution of the data, between 25 and 30 % of the amino acid side chains in the various chains
have not been modelled (Table 4.7). Those unmodelled are predominantly on the surface of the
domain, whilst those buried in the hydrophobic core of the domain are generally well ordered.
The fold is largely a-helical, as expected from the T. elongatus and Synechocystis structures

(PDB entries 123X and 1Y61). The A-chain superposes with the 123X structure with an RMSD
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of 0.97 A (over 143 CA positions) and with the 1Y6I structure with an RMSD of 1.1 A (over
131 CA positions) (Figures 4.12 and 4.13).

The GUN4 molecules resolved in the crystal have undergone proteolysis, as shown by
proteomic analysis of a number of crystals. The N-terminus of the resolvable domain
immediately abuts a missing KKK sequence motif (analogous to the region linking the N- and
C-terminal domains in related structures), whilst the C-terminal limit is adjacent to lysine 238
(the last residue modelled in chain A). The C-terminal residues missing in our structure contain
sites of phosphorylation in eukaryotes, but are not sequence features found in the cyanobacterial
GUN4 molecules. The extended time taken for crystal growth presumably reflects the time
taken for a contaminating protease within the crystallization drop to convert sufficient

molecules to the doubly truncated form such that crystal growth could occur.

4.9 Insights into PPIX binding and activity of GUN4

Proteolysis within the crystallization experiment removed 25 amino acids from the N-terminal
domain based on the peptide sequence coverage from a digest of individual crystals and the last
~20 residues, leaving the bulk of the C-terminal domain intact; the domain involved in binding
PPIX and Mg-PPIX. Although the structure is of relatively low resolution, the bulk of the side
chains which line the “greasy palm” cleft, thought to be involved in binding the porphyrin ring,
can be resolved. When superposed with cyanobacterial GUN4 structures, whilst the a-helical
scaffolds are conserved, the a2/a3 and a6/a7 loops previously predicted to undergo movement
to accommodate porphyrin binding, display markedly different conformations. This diversity
of fold captured by multiple crystal structures supports the notion that these loops undergo
conformational rearrangement to accommodate PPIX or Mg-PPIX insertion into the underlying
hydrophobic cleft, as observed in the recent porphyrin-bound Synechocystis structures (Chen et

al., 2015c).
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Whilst the overall fold of the C-terminus of our C. reinhardtii GUN structure is highly similar
to the cyanobacterial structures (Figure 4.13; Synechocystis structure coloured light blue and T.
elongatus structure in dark blue), the biggest differences, and also the biggest differences
between the cyanobacterial structures themselves, concern two “loop” segments; the loop
linking helices 2 and 3 of the Synechocystis structure, and the loop linking helices 6 and 7. The
a2/a3 loop is actually a short section of helix and the a6/a7 loop is a beta-turn in the porphyrin
bound Synechocystis structures (Chen et al., 2015c), whilst the aforementioned o.2/03 and a6/a7
loops help cover the hydrophobic “greasy palm” in the unbound Synechocystis structure
(Verdecia et al., 2005) (Figure 4.12; a2/a3 and o6/a7 loops coloured pink and orange,
respectively). The T. elongatus structure and our C. reinhardtii structure are thus intermediate
between the porphyrin bound and unbound Synechocystis structures (Figure 4.14).

The a6/a7 loop covers the greasy palm surface but projects very few residues into the cleft,
namely a proline residue (conserved in all three organisms) and a leucine residue (substituted
by a threonine residue in the T. elongatus structure and in our C. reinhardtii structure) (Figures
4.12 and 4.14; proline and threonine residues from our structure drawn as sticks). The porphyrin
bound Synechocystis structures (Chen et al., 2015c) clearly show that this a6/a7 loop has a
propensity for conformational dynamics to form a beta-hairpin making a more structured cleft

which enables porphyrin binding.
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Figure 4.11 Sequence alignment of GUN4 performed with ClustalW?2 (Larkin et al., 2007).

Highlighted in yellow is the portion of the C. reinhardtii GUN4 resolvable in the crystal

structure. Underlined region shows peptide coverage from proteomic analysis of crystals. Star-

highlighted residues (*) are directly involved in porphyrin binding in the SyGUN4 structures

and the blue highlighted residues are involved in secondary structure rearrangements (Chen et

al., 2015c).
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Figure 4.12 Cartoon representation of crystal structure of GUN4.
Three different perspectives are shown. The a2/a3 and a6/a7 “loops” are coloured pink and
orange, respectively. The side-chains of proline 216 and threonine 218, within the a6/a7 loop,

are drawn as sticks. The N and C termini are also indicated.

Figure 4.13 Superposition of GUN4 from C. reinhardtii

Three different perspectives are shown. The a2/a3 and a6/a7 “loops” are coloured pink and
orange, respectively from (Figure 4.12) with cyanobacterial GUN4 crystal structures;
Synechocystis (light blue) and T. elongatus (dark blue). The a2/03 and a6/a7 loops are
indicated, as are the N and C termini. The side-chains of proline 216 and threonine 218 from

the C. reinhardtii structure are shown as sticks.
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Figure 4.14 Porphyrin binding clef of GUN4 from C. reinhardtii

o

GUN4 has been trimmed of the a2/ a3 and a6/a7 loops to reveal the porphyrin-binding cleft.
Both a front-on (left) and a side view (right) are presented. The side chains of numerous residues
lining the channel can be viewed under the transparent surface. Tyrl166 is positioned at the base
and approximately in the middle of the cleft. Other residues are identified to help mark the

extremities of the cleft.

Figure 4.15 Electron density Superposition of a2/a3 and a6/a7 loops

Three different perspectives of a2/a3 loops are shown on top and coloured blue. Three different

perspectives of a6/a7 loops are shown on the bottom and coloured green.
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4.10 Discussion

The crystal structure of the GUN4 protein from C. reinhardtii was solved. Proteolysis within
the crystallization experiment removed the N-terminal domain and the last ~20 residues,
leaving the bulk of the C-terminal domain intact; this domain is involved in binding PP1X and
Mg-PPIX. Although the structure is of relatively low resolution, the bulk of the side chains
which line the ‘greasy palm’ cleft involved in binding the porphyrin ring can be resolved. When
superposed with cyanobacterial GUN4 structures, whilst the a-helical scaffolds are conserved,
the a2/03 and a6/a7 loops previously predicted to undergo movement to accommodate
porphyrin binding display markedly different conformations. This diversity of fold captured by
multiple crystal structures supports the notion that these loops undergo conformational
rearrangement to accommodate the insertion of PPIX or Mg-PPIX into the underlying
hydrophobic cleft (Figure 4.14), as observed in the recent porphyrin-bound Synechocystis

structures (Chen et al., 2015c)
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Chapter 5. GUN4 of Chlamydomonas reinhardtii enhances singlet oxygen
production in the presence of light and protoporphyrin IX (Publication I1I:
prepared for submission)

5.1 Abstract

The Genomes UNcoupled4 (GUN4) is a nuclear-encoded, chloroplast localized, porphyrin
binding protein implicated in retrograde signalling between the chloroplast and nucleus
although its exact role in this process is still unclear (Larkin et al., 2003, Davison et al., 2005,
Verdecia et al., 2005, Sobotka et al., 2008). Functionally, it enhances Mg-chelatase activity, the
enzyme that inserts magnesium into protoporphyrin IX (PP1X) in the chlorophyll biosynthesis
pathway, possibly through the removal of Mg-protoporphyrin IX (Mg-PP1X) the product of the
reaction. Since GUN4 is present only in organisms that carry out oxygenic photosynthesis and
because it binds PP1X and Mg-PPIX it has been suggested that it prevents production of reactive
oxygen species by these photosensitizers (Larkin et al., 2003, Adhikari et al., 2011). A recent
in vivo study shows a chld-1/GUN4 mutant with elevated PPIX has a light-dependent up-
regulation of GUN4 implicating this protein in light-dependent sensing of PPIX, with the
suggestion that GUN4 reduces PPIX-generated singlet oxygen, Oz(a'Ag), and subsequent
oxidative damage (Brzezowski et al., 2014). In direct contrast, purified GUN4 and oxidatively
damaged ChIH (also known as GUND) increased the production of PPIX-generated singlet
oxygen in the light, by a factor of five and ten, respectively, compared with PPIX alone.
Additionally the functional GUN4-PPIX-ChIH complex and GUN4-Mg-PPIX generates
02(alA) at a reduced rate compared with GUN4-PPIX. As O, (a'Ag) is a potential plastid to
nucleus signal, possibly through second messengers, light dependent O (alAg) generation by
GUNA4-PPIX is proposed to be part of a signal transduction pathway from the chloroplast to the

nucleus, with GUN4-PPIX sensing the availability and flux of PPIX through the chlorophyll
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biosynthetic pathway. The biochemical properties of GUN4, as a small and mobile protein, a
porphyrin binding protein, a phosphor-protein and now as an Oz(alAg) generator make GUN4

ideal for retrograde signalling.

5.2 Introduction

The consequence of organisms relying on oxygen for metabolism is the continual generation of
reactive oxygen species (ROS) including superoxide (O2"), hydrogen peroxide (H202),
hydroxyl radical ("OH") and singlet oxygen (O (a'Ag)) (Triantaphylidés and Havaux, 2009,
Ogilby, 2010, Shapiguzov et al., 2012). In plants the reaction center of PSII and the antenna
system of the chloroplast has been reported as the major source of ROS generation (Krieger-
Liszkay, 2005). A low-medium concentration of ROS triggers an acclimation response while a
high level initiates cell death (Laloi and Havaux, 2015). In either case a signal is delivered from
the chloroplast to the nucleus (retrograde signalling) (Shapiguzov et al., 2012, Laloi and
Havaux, 2015). In vivo sub-lethal Oz(a'Ag) levels have been generated by a Arabidopsis flu
mutant which resulted in protochlorophyllide accumulation (Meskauskiene et al., 2001, op den
Camp, 2003) and triggered signalling mechanisms which led to changes in nuclear gene
expression (op den Camp, 2003). This effect was suppressed with the double mutant
EXECUTER 1 and 2 thus implicating these two proteins in O2(alAg) dependent plastid to
nucleus signalling (Wagner et al., 2004, Lee et al., 2007).

The GUNL1-5 (Genome-uncoupled) proteins are also implicated in retrograde signalling since
mutant gun plants in Arabidopsis still allowed transcription of photosynthesis associated
nuclear-encoded genes (PhANG) for example the genes for light harvesting complex binding
proteins (LHCB) (Susek et al., 1993). Exogenous feeding of Mg-PPIX resulted in reduced
LHCB (Strand et al., 2003) therefore this porphyrin was suggested as a retrograde signalling

molecule (Strand et al., 2003). However, intracellular concentrations of PPIX and Mg-PPI1X
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never reach the levels required for this to occur (Mochizuki et al., 2008, Moulin et al., 2008,
Woodson et al., 2011).

The gun4 mutants of Arabidopsis and C. reinhardtii show a pale-green phenotype indicating
reduced chlorophyll biosynthesis (Larkin et al., 2003, Formighieri et al., 2012). In vitro it is a
regulatory tetrapyrrole-binding regulatory protein involved in enhancing Mg-chelatase activity
in the chlorophyll biosynthetic pathway presumably through substrate delivery and possibly
release (Larkin et al., 2003, Davison et al., 2005, Verdecia et al., 2005, Sobotka et al., 2008).
Mg-chelatase subunit ChlH, also known as GUNS5, binds PPIX or receives PPIX from GUN4,
The PPIX bound to ChlH has Mg?* inserted during ATP hydrolysis by Chll-ChID Mg-chelatase
motor complex (Zhou et al., 2012). It is proposed that all porphyrin molecules in vivo exist in
complex with their protein partners GUN4 and/or ChlH since free porphyrins are
photosensitizers with Oz(a'Ag) being generated in the light under aerobic conditions (DeRosa
and Crutchley, 2002, Tripathy et al., 2007). Since GUN4 appears to be exclusively found in
oxygenic photosynthetic organisms, it is likely that it plays a direct or indirect role in oxygen-
related stress (Larkin et al.,, 2003, Peter and Grimm, 2009, Formighieri et al., 2012).
Additionally a Mg-chelatase deficient strain chld-1/GUN4 that accumulates PPIX and
overexpresses GUN4 implicates GUN4 in retrograde signalling through sensing and binding
tetrapyrrole metabolites with the suggestion that it may prevent O2(alAg) production
(Brzezowski et al., 2014). It is generally presumed that GUN4 plays a photo-protective role
within the chloroplast, which may protect plants from ROS that are produced by collisions
between O> and porphyrins under bright light (Larkin et al., 2003, Sobotka et al., 2008).
Furthermore, it was suggested that GUN4 participates in Mg-PPIX trafficking or shields PPIX
and Mg-PPI1X from collisions with O> that might yield ROS (Larkin et al., 2003).

The crystal structure of ligand-free GUN4 suggested that its porphyrin-binding domain offered

protection from collisions with molecular O2 (Verdecia et al., 2005). However recent structural

140



data with PP1X bound GUN4 shows a half-open porphyrin binding pocket which is presumably
important for delivery of the substrate to ChIH or ChIM or in retrograde signalling pathways
(Chen et al., 2015c¢) and with the cleft being similar in the C. reinhardtii GUN4 structure
(Tarahi Tabrizi et al., 2015). The porphyrin bound GUN4 has the bound porphyrin open and
exposed and contrasts with a deep hydrophobic cavity which is proposed to bind PPIX in ChIH

(Chen et al., 2015b).
5.3 Results

5.3.1 Protein purification

Chlly, Chlly, ChID, ChiH, and GUN4 proteins were purified as described in the methods. The
Coomassie Brilliant Blue-stained SDS-PAGE gel indicates that Chll1, Chll2 and ChID were >
90 % pure after HisTrap FF purification and buffer exchange (Figure 5.1), and were used in
assays without further purification. Since ChIH and GUN4 were to be used for Oa(alAg)
generation experiments, additional purification by gel filtration was performed using
Superose™ 6 10/300 GL, and Superdex™ 200 HR 10/30 columns respectively (Figure 3.2).
ChlH expressed in E. coli produces monomers and oligomers, therefore an optimized method
according to a previous study was used to achieve a large proportion of monomers (Muller et
al., 2014). Hence, ChlH was separated into the minor oligomeric and major monomeric
components eluting at 8 mL and 12.5 mL respectively (Figure 3.2A) (Miiller et al., 2014). For
GUN4, the previously used method was followed and resulted in a mono-dispersed protein
(Figure 3.2B) which allowed its crystallization (Tarahi Tabrizi et al., 2015). GUN4 eluted as a
single monomeric peak at ~17 mL on Superdex 200 which was used for all assays (Figure

3.2B).
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Figure 5.1 SDS-PAGE of purified proteins
Lanel IMAC and Superdex 200 10/300 purified GUNA4, lane 2 IMAC and Superose 6 10/300

purified ChIH monomer, lane 3 Chll1, lane 4 Chll2, lane 5 ChID. The positions of molecular

mass markers are indicated at the left.

5.3.2 Mg-chelatase activity measurements

To ensure ChlH and GUN4 proteins from C. reinhardtii were functional, the Mg chelatase assay
was used (Luo et al., 1999, Sawicki and Willows, 2008). The assay requires the separate
preparation of a ChIH-PPIX-GUN4 complex, and a Chll1-Chll12-ChID complex, followed by
their unification to start the assay. Final concentrations of 250 nM GUN4, and 250 nM of ChIH
with 20 nM ChID, 400 nM Chli1, 20 nM Chll2. The Mg-chelatase activity of 2.6 £ 0.1
nmol/min/nmol ChID was determined for the monomeric ChIH. The activity for the monomer
is 5 fold higher than a previous study utilizing ChlH from C. reinhardtii in combination with

GUN4 and remaining Mg-chelatase subunits from Oryza sativa (Muller et al., 2014).

142



Oligomeric ChIH from rice and barley has variable activity compared to the monomer, typically
very low, but in some preparations up to 25 % (Mdiller et al., 2014). The same variable results

were observed using C. reinhardtii oligomeric ChlIH.

5.3.3 In vitro singlet oxygen production detection using fluorescent sensor reagent (SOSG)
In order to measure Oz(a'Ag) production of protein-porphyrin complexes in solution two
methods were used, SOSG with either PPIX or Mg-PPIX used as the photosensitizer and
histidine dependent Oz(alAg) quenching with PPIX. In the first method, to confirm the increase
in PPIX-generated Oa(alAg) production by GUN4 and ChlIH, the commercially available
02(alA) -specific SOSG method were used in the presence of photosensitizers PP1X and Mg-
PPIX. The kinetics of the SOSG fluorescence development during exposure of the assay
mixture to light was evaluated as an indicator of Oz(a*Ag) formation. The rate of Oa(alAg)
production for free Mg-PPIX is higher than free PPIX (Figure 5.2A), however, the rate of
02(alAg) production for GUN4 protein using Mg-PP1X does not show any protein concentration
dependent increase (Figure 5.2B).

Conversely, there is a large ~5 fold increase in the rate of O(alAg) production which is
concentration dependent. As expected, addition of NaNs; decreased the rate of Oz(aAq) as
measured with SOSG indicating that it was Oa(a’Ag) that was being produced. In a separate
series of experiments there was an increased rate of PP1X dependent Oz(a'Ag) production for
titrations with increasing concentrations of GUN4, ChlH and GUN4-ChIH but not for BSA
(Figure 5.2C). GUN4 had the highest increase of O2(a'Ag) production among all tested proteins.
ChlH had slightly lower Oz(alAg) production compared with GUN4. The GUN4-ChIH-PPIX
complex showed a slower rate of increased Oz(a*Ag) production but was still much greater than

BSA, which showed a marginal O2(a'Ag) production (Figure 5.2C).
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The SOSG method is very sensitive and requires sub microgram quantities of protein the
quantity of fluorescent product and fluorescent yield can be affected by SOSG binding to
sensitiser and protein and these experiments required relatively long irradiation times at

medium light intensity which may damage the protein during the experiment.
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Figure 5.2. O2 (a*Ag) production measured using SOSG

A. PPIX and Mg-PPIX O2(alAq) producers.

B. GUN4 stimulated O2(a'Ag) production from PPIX but not Mg-PPIX

Mg-PPIX or PPIX (5 uM) titration with increasing GUN4. Control assay showing quenching
using 1 mM NaNs.

C. Increase in rates of O2(aAg) production using GUN4-PPIX, ChlH-PPIX, GUN4-ChIH-
PPIX complex, and BSA-PPIX proteins.
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5.3.4 In vitro singlet oxygen production measurement using histidine mediated uptake

To verify the results of SOSG method an alternative method was used. In this method histidine
reacts with O2(a'Ag) to produce short-lived peroxide species, which in turn destabilizes to form
oxidized histidine resulting in concentration-dependent O2(a'Ag) removal from solution that can
be measured using an oxygen electrode (Verlhac et al., 1984, Agon et al., 2006, Méndez-
Hurtado et al., 2012, Rehman et al., 2013). Using this method the rate of Oz(a*Ag) removal using
PPIX (O2(alAg) sensitizer) was saturable with titration of PPIX concentrations (Figure 5.4) as
expected under light limiting conditions. The Oa(alAg) production rates indicate that the
02(a'Ag) production is dependent on PPIX concentration and 2.5 uM PPIX was a suitable
concentration to use as it is close to concentrations found for PPIX in vivo and it is above the
Kq values for porphyrin binding to the proteins tested. Using this method GUN4 protein
significantly enhances the rate of O2(a'Ag) production from PPIX (Figure 5.3A) in a
concentration-dependent manner and this was ~ 2.5 fold greater than BSA-PP1X. BSA was used
as a control as it is known to bind PPIX (Brancaleon and Moseley, 2002) and the titration
saturation observed (Figure 5.3A) is consistent with reported Kq values for PPIX binding to
GUN4 and BSA. A comparison of the direct effect of PP1X bound to GUN4, and ChIH proteins
in O2(a'Ag) production was tested by reconstituting ChlH and GUN4 with PPIX. The O2(alAy)
production level of ChIH-PPIX monomer and oligomer, and GUN-PPIX proteins is increased
significantly in a concentration dependent manner (Figure 5.3B). The rate of Oz(alAg)
production is enhanced in the presence of protein as found using the SOSG method. An
oxidatively damaged form of ChIH-PPIX (oligomer) produces Oz(a'Ag) at 2 times the rate of
GUN4-PPIX, while ChIH (monomer) was half the GUN4-PPIX O2(a'Ag) production rate (Table
5.1). A comparison of these Ox(aAq) production rates with PSII shows that these porphyrin

complexes can produce O2(alAg) at much greater rates which has implications for signalling.

146



Singlet Oxygen production (uM/min)

16

14

12

10

-o—- GUN4
-=- BSA

Singlet oxygen production (uM/min)

16-

14-

12-

10

8 12 16 20

Protein (uM)

=¥ ChlH(oligomer)-PPIX Complex
=o— GUN4-PPIX Complex

=#= ChlH(monomer)-PPIX Complex
== PPIX }

0.5 1.0 15 2.0 2.5
PPIX (uM)

Figure 5.3 Quantification of rates of O2(a'Aq) production using histidine quenching.

A. Titration of GUN4 and BSA proteins with 2.5 pM PPIX to produce O2(a'Ag).

B. Measurement of the concentration dependence of PPIX-derived O2(a'Ag) from free
PPIX, GUN4-PPIX complex, ChlH (monomer)-PP1X complex and ChlH (oligomer)-PPIX
complex. The molar ratio of PPIX combined with protein was 1:1.

147



Table 5.1 Singlet oxygen production rate (LM singlet oxygen/min/ uM PPIX) of free PPIX

and Protein complexes derived from Figure 5.3B

The data presented in this table are representative of the all slope of the lines from Figure 5.4B.

PSII rate from (Telfer et al., 1994) is adjusted to light intensity of 132 umol photons /s/m? for

comparison with our results.

* Data calculated from supplied in this chapter and normalised for light intensity for

comparison.
pumol singlet oxygen/min/uM

Protein complexes and PPIX tetrapyrrole
ChlH(oligomer)-PPIX Complex 15.1+0.8
ChIH(monomer)-PPIX Complex 3.6+0.2
GUN4-PPIX Complex 7.5+0.3
PPIX 1.5+0.2
PS Il-chlorophyll (Telfer et al., 1994)* 1.85

Singlet oxygen production {phM/min)
FY

- PPIX

0 4 8 12 16 20 24

Concentration (pM)

Figure 5.4 PPIX generated singlet oxygen production measurement by histidine

quenching. The rates of O2(alAg) production using variable concentrations of PPIX.
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5.3.5 Singlet oxygen production rate of BchH-PPIX complex

Details of bchH cloning into pET15b was outlined previously (Willows and Beale, 1998).
Expression of BchH protein was performed separately as a fusion with an N-terminal poly-His
tag, and monomeric BchH from R. capsulatus was purified as previously described (Sawicki
and Willows, 2008). The Oa(alAg) production level of BchH-PPIX complex is increased
significantly in a concentration dependent way (Figure 5.5). The rate of Oz(a'Ag) production is
significantly higher in ChlH-PP1X (oligomer) and GUN4-PP1X compared with BchH-PPIX and

ChIH (monomer).
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Figure 5.5 Rate of PPIX-derived singlet oxygen production of bchH-PPIX complex
GUN4-PPIX complex, ChlH (monomer)-PPIX complex and ChlH (oligomer)-PPIX
complex using a clark type electrode.
Rates of Oz(a'Ag) production of GUN4-PPIX complex, BchH-PPIX complex, and ChlH
(monomer and oligomer) complexes with PPIX. All proteins were pre-combined to 2.5 uM
PPI1X. The ratio of PPIX combined with protein was 1:1.
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5.4 Discussion

GUNA4 is involved in modulating ALA biosynthesis in response to chlorophyll biosynthesis
pathway intermediates and sensing PP1X and Mg-PPIX (Peter and Grimm, 2009, Brzezowski
et al., 2014), however, the mechanism is not related to any significant measurable changes in
the intracellular levels of these tetrapyrroles (Mochizuki et al., 2008, Moulin et al., 2008,
Woodson et al., 2011). As GUN4 accentuates PPIX-generated O2(a'Ag) rather than attenuating
it as suggested (Mochizuki et al., 2008, Moulin et al., 2008, Schlicke et al., 2014) the increased
production of Oa(alAg) is an important factor that needs to be considered in the context of
retrograde signalling. As such a new framework for the role of GUN4 and ChlH (GUNS) in
plastid to nucleus communication were postulated. It has been shown that GUN4 and
oxidatively damaged GUNS5 (ChIH) in complex with PPIX are O(alAg) generators. Given that
GUN4 and ChIH have been localized to both membrane and soluble components within
chloroplasts (Adhikari et al., 2009, Adhikari et al., 2011) and that they have a function in
retrograde signalling, a new O2(a'Ay) initiated model of retrograde signalling involving GUN4
and ChlH is postulated (Figure 5.6). In this model a Oz(a'Ag) signal is generated from GUN4-
PPIX, and possibly oxidatively damaged ChIH-PPIX, when these molecules interact directly
with a O2(a'Ag) sensing system such as the membrane associated EXECUTER 1 and 2 system.
Due to the reactivity and short half-life of Oz(a’Ag), the O2(a'Ag) producer must be in close
proximity (10-20nm) to the O2(alAg) sensor (Kuimova et al., 2009, Ogilby, 2010, Bosio et al.,
2013) The proximity dependence is limited by the lifetime of Oz(a'Ag) which is ~1.6 psec in
vivo, with 3 times the lifetime corresponding to a rms radial diffusion distance of less than 20
nm (Kuimova et al., 2009, Ogilby, 2010, Bosio et al., 2013). Thus the model must take into
account the relative location of the Oz(alAg) producer to the Ox(alAq) sensor and this must be
within 20 nm. This model for O2(alAg) production and sensing does not require high

concentrations of PPIX, but it does require the ability of GUN4-PPIX to change its location
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within the chloroplasts to interact with the O2(alAg) sensor possibly the EXECUTOR 1 or 2
O2(aAg) sensing system. The nature of the signalling from EXECUTOR 1 and 2 is unknown
but several candidates have been identified (Laloi and Havaux, 2015, Singh et al., 2015). This
signalling would trigger differential regulation of target genes that include PPI1X/chlorophyll
biosynthetic enzymes, PhNANG genes and other stress-related genes.

The movement of GUN4 and ChIH required by this model has been shown to occur in
organello, as GUN4 has been shown to relocate from the soluble phase to the membrane
(Adhikari et al., 2009, Adhikari et al., 2011) under various conditions. In addition the C-
terminal of GUN4 is phosphorylated in plants (Reiland et al., 2009) and this phosphorylation
may also influence GUN4’s location within the chloroplast to sense the flux of chlorophyll
intermediates. Importantly, this model also explains much of the in vivo data for mutant and
artificially perturbed systems in which high endogenous concentrations of tetrapyrrole
intermediates accumulate. The effect of tetrapyrrole accumulation would depend on the
location and quantity of the tetrapyrrole and the quantity and location of tetrapyrrole binding
proteins as both could potentially disrupt or complicate signalling by producing large quantities
of O2(a'Ag) as well as other ROS species.

In conclusion our data assigns a role of GUN4-PPIX and oxidatively damaged ChIH-PPIX
protein complexes as generators of Oa(alAg) signals in the presence of light. It has been
suggested that GUN4 is involved in sensing the flux of chlorophyll synthesis via generation of
02(alAg) and that this signal is transmitted to the nucleus, possibly via EXECUTOR 1 or 2, to
alter nuclear gene expression. This leads to further questions to determine the impact of this
signal in vivo in chlorophyll biosynthesis and in chloroplast biogenesis. It could be anticipated
that the O2(alAg) signal must be either dealt with specifically through dedicated signalling
mechanisms or reacted with particular antioxidant molecules to produce a secondary signalling

molecule. This second possibility is particularly interesting potential secondary plastid to
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nucleus signals have been identified but the source of the ROS which generates them have not

been identified (Szechynska-Hebda and Karpinski, 2013, Singh et al., 2015).
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Figure 5.6 Model for function of GUN4 in O2(a'Ag) production and chloroplast to nucleus
signalling.

Sghemati% diagram of the interactions between the chloroplast and nucleus. Chlorophyll
biosynthetic intermediates like PP1X, Mg-PPIX act as sensitisers with molecular oxygen in the
presence of light to form Oa(alAg). It has been shown that GUN4 moves to chloroplast
membrane after binding to PP1X (Adhikari et al., 2009). EXECUTER 1 and 2 proteins sense
the O2(alAg) produced by the GUN4-PPIX which is in close proximity or bound to the Ex1 or
Ex2 which sends the signal to nucleus through an unknown mechanism. The black arrows show
trafficking of this GUN4-PPIX complex and movement of damaged ChlH-PPIX complex to
the chloroplast membrane. The size of the red star indicates the relative production rate of
02(alAg) from different molecules in chloroplast and also its likely diffusion distance before
decay.
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Chapter 6 General Discussion

6.1 Overview

The work presented in this thesis focused on combining the structural and functional studies of
the Mg-chelation step in the chlorophyll biosynthetic pathway with a spotlight on the ChIH and
GUN4 proteins. The SAXS structure of the GUN4 and ChlIH proteins from C. reinhardtii and
complex formation of these two along with PP1X have been discussed in chapter 3. The crystal
structure of GUN4 from C. reinhardtii has been identified and described in chapter 4. Also, a
crucial function of GUN4 and ChIH in O2(alAg) production with implications for chloroplast to
nucleus retrograde signalling have been identified and explained in chapter 5. The key findings
from this thesis are compiled into a cohesive discussion, and summarized in a general

conclusion. Also, suggestions for future directions will be described in this chapter.

6.1.1 Structure of GUN4 and the PPIX binding site (ChIH-PP1X complex) of Mg-chelatase
Structural information of individual subunits and selected complexes of Mg-chelatase and
GUNA4 has greatly helped in visualizing the intricate nature of this reaction mechanism. The
crystal structures of Bchl (Fodje et al., 2001), GUN4 (Davison et al., 2005, Verdecia et al.,
2005, Chen et al., 2015c), and ChlH (Chen et al., 2015b) are now known, as well as ChlI-ChID
motor complex.

As a result of this project, four protein subunits of Mg-chelatase (Chli1, Chli2, ChID, ChIH)
and GUN4 from C. reinhardtii were successfully heterologously expressed and purified in E.
coli using a combination of methods. GUN4, ChlH and GUN4-ChIH-PPIX purified proteins
were structurally observed by SAXS and GUN4 was additionally solved by X-ray

crystallography and the details of the results is outline in chapter 3 and 4.
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6.1.2 SAXS analysis of GUN4, ChIH and GUN4-ChlIH-PPIX complex

This project aimed to determine the low resolution solution structure of GUN4, ChIH, and
GUN4-ChIH-PPIX complex from C. reinhardtii at ~20 A, by using SAXS. It was identified
that chloroplastic GUN4 has a more elongated structure, due to an additional 9-10 amino acids
at C-terminal domain at the end of the main molecular axis. This extension at the C-terminal
domain is phosphorylated and required for Mg-chelatase activity, also it is involved in binding
PPIX and Mg-PPIX. In addition, the N-terminal 4 helix bundle found in cyanobacterial GUN4
proteins is absent from chloroplastic GUN4 (Zhou et al., 2012). Comparison of the GUN4
crystal structure from cyanobacteria (Davison et al., 2005, Verdecia et al., 2005) with our SAXS
structure of the eukaryotic GUN4 provides a model for the structure of the extra C-terminal
domain of GUN4 not present in structurally determined homologues (chapter 3).

The ChIH SAXS structure is in a broad structural similarity compared with crystal structure of
full length ChIH protein from Synechocystis (Chen et al., 2015b). Also, structural dimensions
of our ChIH SAXS structure is very similar to the previously reported cyanobacterial ChiH
SAXS structure (Qian et al., 2012, Adams et al., 2014b). However, no structural information
has been reported for the GUN4-ChIH-PPIX complex previously. Therefore, modelling the
SAXS structure of the GUN4-ChIH-PPIX complex, provided a framework for further
investigation of the structure assembly and kinetic studies of this complex. Furthermore, there
IS no binding affinity information for the complex formation, hence the approach in this thesis
to determine the structures of these proteins represents a route towards describing the nature of
complex formation. This suggest that hollow cage shape structure of ChlH might provide an

open space to hold the GUN4-PPIX inside.
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6.1.3 Crystal structure of GUN4

The experimental stages that have always been recognized as the greatest bottlenecks in protein
structure studies are achieving sufficient level of protein concentration and protein
crystallization. This thesis aimed to determine the X-ray crystal structure of GUN4 protein from
C. reinhardtii. I was successful in achieving a high level of soluble GUN4 protein (35 mg.ml
1y for crystallization, and crystallization of GUN4 protein required a long incubation time (308
days). This allowed us to solve and refine the GUN4 crystal structure and deposit its coordinates
in the PDB (4YKB; 3.5 A) (chapter 4). However, the structure was doubly truncated due to the
long term crystallization process, with proteolysis removing the N-terminal domain (first 88
residues) and the last ~ 20 residues from C-terminal domain (paper I1). Based on sequence
analysis of GUN4 from Synechocystis, T. elangatus, C. reinhardtii, and A. thaliana, the N-
terminal region of the cyanobacterial GUN4 protein is not highly conserved (chapter 4). The
significance of the variation in the N-terminus is not clear, although the structure of all these
proteins appears to be helical, which suggests that GUN4 might have multiple roles in Chl
biosynthesis. However, sequence similarity of the C-terminal domain is high and suggests a
conservation of structure and function. The C-terminus in both known cyanobacterial crystal
structures of GUN4 contains 8 a-helices (Davison et al., 2005, Verdecia et al., 2005).
Recently, GUN4 has been crystallized with Deuteroporphyrin IX, and Mg-Deuteroporphyrin
IX from Synechocystis (Chen et al., 2015c). In these GUNA4 structures the C-terminal domain
also contains eight a-helices which are connected to a smaller N-terminal domain comprising
five a-helices. Using this information, the position of residues contributing to PPIX binding
pocket (greasy palm) has been assigned to the C. reinhardtii GUN4 structure in the long loop
between helices 06 and a7 (chapter 4). Structural comparison of the PPIX bound and unbound
GUN4 from Synechocystis showed that two regions between helices 02 and o3, and the loop

a6/a7 undergo significant conformational changes (Chen et al., 2015c).
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Our eukaryotic GUN4 crystal structure from C. reinhardtii is also largely a helical, with a
highly similar C-terminus domain to cyanobacterial GUN4 structures. However, the main
difference between our C. reinhardtii GUN4 crystal structure with Synechocystis, and T.
elangatus GUN4 structures, and also the largest differences between the cyanobacterial
structures themselves, is the loop linking helices 2 and 3, and the loop linking helices 6 and 7.
Among the residues in a6/a7 loop a proline residue is conserved in all three organisms but a
leucine residue is substituted by a threonine residue in T. elongatus and in the C. reinhardtii
structure. Thus, these findings suggest that these loops undergo conformational rearrangement
to hold the insertion of PPIX and/or Mg-PPIX (paper II). Finally, the use of PPIX analogues
like (platinum-PPIX) might facilitate the crystallization process towards the success of full

length crystal structure of GUN4 from C. reinhardtii.

6.1.4 GUN4 in complex with PPIX is a singlet oxygen generator

The most surprising outcome of this thesis is identifying a novel role of Oz(alAg) generation of
GUNA4 in complex with its natural porphyrin substrate, PPIX. This finding is directly opposite
to current information implying that GUN4 protects cells from ROS damage. This result sheds
new light on a function of GUN4 as a candidate for initiating communication between
chloroplast and nucleus via Oz(alAg). This finding will significantly affect our understanding
of the role that biosynthetic intermediates play in the context of normal cellular development
(chapter 5).

In plants and algae the chloroplast is the major source of ROS generation in photosynthetic
oxygenic organisms. Since GUN4 only found in oxygenic photosynthetic organisms, it is likely
that GUN4 plays a direct or indirect role in oxygen-related stress (Peter and Grimm, 2009,
Formighieri et al., 2012). GUN4 has been suggested as a key regulator of post-translation

mechanism of chlorophyll biosynthesis pathway and sensing accumulated PPIX and Mg-PPIX
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levels (Peter and Grimm, 2009, Brzezowski et al., 2014) Our in vitro findings are the opposite
of the current studies based on in vivo studies in which GUNA4 is suggested to prevent Oz(alAg)
production (chapter 5). It has been found that GUN4 of C. reinhardtii increases Oz(a'Aq)
production in the presence of light and PP1X in vitro. Additionally, PP1X Binding to ChlH and
GUN4 individually increased the rate of Oz(alAg) production in the presence of light (paper
).

Identification of monomeric and oligomeric forms of ChIH protein allowed comparison of each
structural form of this protein in Oa(alAg) production. Oligomeric ChlH represents an
oxidatively damaged form, corresponding to 25 % reduced Mg-chelatase activity that has been
identified during overexpression in E. coli (Paper 1). | obtained 15.2 uM (singlet oxygen/min/
UM PPIX) of ChIH oligomer-PPIX complex as the highest O,(alAg) rate among all the other
tested protein complexes (Figure 6.1). If physiologically relevant, oligomerization of
oxidatively damaged ChlH might have a functional role in the chloroplast, possibly as a signal
of oxidative stress. This may be an in vivo Oz(a’Ag) stress signal to indicate there is a sub-
optimal Mg-chelatase complex or this may explain how Mg-chelatase is turned-over during
periods when it is not required. However, further analysis is required to determine if the
oligomeric form of ChlIH is physiologically relevant or simply an artefact during overexpression
in E. coli as originally observed (paper 1), as well as, identifying the formation, and role of
monomeric ChlH in vivo.

A high level of GUN4-PPIX in vivo is expected to be in complex with ChIH which is required
for optimal Mg-chelatase activity and this complex exists in the membrane (Adhikari et al.,
2009). The results showed that formation of GUN4-ChIH-PPIX complex generates Oz(alA) at
a reduced rate compared with GUN4-PPIX, which suggests that PPIX binding is stronger when
both GUN4 and ChlIH are in complex with PPIX. Thus, PPIX is less accessible to interact with

oxygen and light. It is suggested that the movement of GUN4-PPIX to the membrane might be
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a reason for its interaction with the O2(a'Ag) receptors (EXECUTOR 1 or 2). The mechanism
of signalling from EXECUTOR 1 and 2 to the nucleus is unknown (Uberegui et al., 2015), and
O2(alAg) generation by GUN4-PPIX may be part of a signal transduction pathway from the
chloroplast to the nucleus (chapter 5). However, this signalling would trigger differential
regulation of target genes that has been anticipated to include PPIX/chlorophyll biosynthetic

enzymes, PhANG genes and other stress-related genes.
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Figure 6.1 Singlet oxygen production rate (UM singlet oxygen/min/ uM PP1X) of free PPIX

and protein complexes (Data derived from Table 5.1).

6.2 Conclusion
Chls and Bchls are crucial to the process of photosynthesis, and understanding of Chl and Bchl

biosynthesis is essential for the regulation of assembly of the photosynthetic apparatus.
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Moreover, identification of the Chl biosynthesis intermediates role in intracellular signaling,
and communication between the nucleus and chloroplast are other significant points in the field
of Chl biosynthesis which needs to be discussed. Numerous enzymes are involved in
transforming the first committed precursor (ALA) into the final products, Chl or Bchl. My thesis
focused on the Mg-chelation step of the Chl biosynthetic pathway. A key discovery was the
discovery of GUN4-PPIX protein complex as a strong Oz(a*Ag) generator in vitro. | have shown
that GUN4 increases the production of PPIX-generated Oz(aAg) in the light by a factor of five
compared with PPIX alone and the O2(a'Ag) generated from GUN4 and ChIH oligomer are a
strong candidates for a plastid to nucleus signal, possibly through second messengers.
Additionally, determination of GUN4 crystal structure from C. reinhardtii has broadened our
knowledge about the PPIX binding site of the protein which is in extensive agreement with
previously solved cyanobacterial crystal structures. In summary this work has combined
structural and functional approaches to help further define roles for ChlH of Mg-chelatase and

GUN4 as Oz(a'Ag) generators in the Chl biosynthetic pathway in plants and algae.

6.3 Future directions

The combination of structural and functional analysis of ChIH and GUN4 presented in this
thesis provides previously unassigned functional roles of the porphyrin binding implications of
these two proteins in the presence of oxygen and light. This work has opened a new outlook on
plastid to nucleus signalling, the mechanism of which will require a global approach involving
measurements of at least EXECUTOR 1/2 proteins, second messengers as well as GUN4/ChIH
and Oz(alAg). However initial fundamental experiments involving protein-protein interactions
of ChlH and GUN4 are needed.

The interaction between ChlH-PPIX and GUN4 to form the GUN4-ChIH-PP1X complex is not

well-defined. Novel protein-protein interaction studies may be required to resolve this, since
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interaction of GUN4 and ChiH is very slow, and the mixture of GUN4-ChIH with PPIX has to
be incubated for 5-20 min. A possible method may be to use the thermodynamic parameters of
GUNA4 interaction with ChIH-PPIX, and their binding affinity using ITC (Isothermal Titration
Calorimetry). This method could also be used to understand the binding affinity of Chll protein
with ChID protein and ATP, or the ChllI-ChID complex binding affinity. It would be essential
to further identify the different growth conditions for GUN4 protein in vivo, and the exact
location of protein in plant cell. It could also be tested if GUN4 with PPIX bound can deliver
PPIX to ChlH for Mg-chelatase activity. It would be advantageous to have an X-ray crystal
structure of full length eukaryotic GUN4 to further identify the phosphorylation side of GUN4
in eukaryotic organisms. This could succeed in improving the quality of the GUN4 crystals
from C. reinhardtii using analogues of PPI1X (eg, platinum-PPIX).

Furthermore, small angle neutron scattering (SANS) analysis might be an interesting procedure
to provide structural details of a GUN4-ChIH-PP1X complex. Studying the structural details of
protein interactions will lead to a better understanding of mechanisms underlying their
malfunction in important metabolic pathways. It will also be important to consider the Oz(a’Aq)
production rates of other intermediates in Chl biosynthesis and heme biosynthesis pathway,
such as detailed mutational studies on GUN4 to identify the crucial amino acids involved in

generating or quenching Oz(alAg) by PPIX.
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Appendix 1. Synopsis of publication I: Inducing the oxidative stress response
in Escherichia coli improves the quality of a recombinant protein:

Magnesium chelatase ChiH

This paper describes the ChIH protein expression and purification method from C. reinhardtii,
Oryza sativa, and Hordeum vulgare. Size exclusion chromatography result of all three
eukaryotic species showed that ChlH protein forms multimeric and oligomeric forms. The
monomeric form was active in Mg-chelatase activity assay. However, the oligomeric form was
found to be oxidatively damaged as it was formed because of oxidative conditions during

expression and purification.

Appendix 2. Publication 1
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The ~150kDa ChlH subunit of magnesium chelatase from Oryza sativa, Hordeum vulgare and
Chiamydomonas reinhardtii have been heterclogously expressed in Escherichia coli. The active soluble
protein is found as both a multimeric and a monomeric form. The multimeric ChlH appears to be
oxidatively damaged but monomer production is favoured in growth conditions that are known Lo cause
an oxidalive stress response in E. coli. Inducing an oxidalive stress response may be ol general ulilily Lo
improve the quality ol proteins expressed in E coli. The similar responses of ChlH’s [rom the three
different species suggest that oligomerization of oxidatively damaged ChlH may have a functional role
in the chloroplast, possibly as a signal of oxidative stress or damage,

Chelatase @ 2014 Elsevier Inc, All rights reserved.
Magnesium
Introduction magnesium into protoporphyrin IX [5]. When studying the kinetics

Magnesium chelatase is one of the enzymes located at the
branchpoint between hemes and chlorophylls in the synthesis of
tetrapyrroles. The enzyme inserts magnesium into protoporphyrin
IX in an ATP hydrolysis dependent manner, The product, magne-
sium protoporphyrin IX, is the first committed intermediate in
the synthesis of chlorophyll or bacteriochlorophyll. Magnesium
chelatase consists of three subunits, Bchl/Chll (40 kDa), BchD/ChlD
(70 kDa) and BchH/ChIH (150 kDa) | 1| with the prefixes Bch and
Chl used to distinguish the proteins from bacteriochlorophyll or
chlorophyll synthesizing organisms respectively. The Bchl/Chll
and BchD/ChID subunits form a double hexameric AAA + motor
complex, BchlgBchDg, and show conformational rearrangements
depending on the nuclectide present [2]. The BchH/ChIH subunit
has no ATPase activity but binds the substrate and product of the
reaction [3,4]. This lead to the proposal of a mechanism where
ATP is bound and hydrolyzed by IsDg causing a conformational
change in BchH/ChIH that subsequently drives chelation of
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of the reaction the BchH/ChIH and BchI/Chll subunits act like
“substrates” in the magnesium chelatase reaction with the BchD/
ChlID subunit treated as the “enzyme” [6,7].

In addition to its direct role in chlorophyll synthesis, ChlH has
further been implicated in plastid to nucleus signalling as point
mutants in chiH have a so-called gun {genomes uncoupled) pheno-
type with disrupted control of nuclear gene expression [8]. The
ChlH subunit has also been suggested to be an abscisic acid recep-
tor |9-11]. Although its direct receptor role has been challenged
[12,13], it does still appear to be involved in some way in abscisic
acid signaling [13].

In chlorophyll synthesizing organisms, an accessory protein
called GUN4 is required for optimal magnesium chelatase activity.
GUN4 was discovered in a mutant screen of plants with defects in
plastid control over nuclear gene expression |8]. Both cyanobacte-
rial and eukaryotic GUN4 binds protoporphyrin IX and magnesium
protoporphyrin 1X, interacts with ChlH and stimulates the activity
of magnesium chelatase [14-17].

Here we report on the heterologous expression of ChlH from
three different eukaryotic organisms, each giving a monomeric
and a multimeric state by size exclusion chromatography. The
monomeric state gave consistent specific activity in enzymatic
assays while the multimeric state varied from batch to batch.
The ratio of these two states depended primarily on oxidative
conditions during induction of expression.
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Materials and methods

Expression clones of ChlH from Chlamydomonas reinhardtii, Hordeum
vulgare and Oryza sativa

Expression constructs for ChlH used in this work were prepared
from c¢DNA of H. vulgare cultivar Svalofs Bonus, O. sativa L japonica
Nipponbare and C reinhardtii ¢c124. The 0. sativa L japonica
Nipponbare and H. vulgare expression plasmids, pET28a-Os-ChlH
and pET15bXanF respectively, have been described previously
[12,17]. The Chlamydomonas expression construct pET28a-Cr-ChlH
was constructed by cloning the PCR product of the chlH from cDNA
(Accession XM_001700842 between 141 and 4416 bp) between
the BamHI and EcoRI sites of pET28a. The Chlamydomonas,
H. vulgare and 0. sativa proteins are differentiated by the prefixes
“Cr”, “Hv"” and “0s” respectively.

Expression of ChlH

The expression vectors described above were used to transform
Escherichia coli strains BL21(DE3) Star, or BL21({DE3) pLysS or
BL21(DE3) Rosetta 2 {Novagen). All three strains yielded soluble
expressed protein. 20% glycerol stocks were prepared from single
colony transformants from solid LB medium (10 gfl tryptone,
5 g/l yeast extract, 10g/l NaCl, 20 g/l agar; with appropriate
antibiotics: either 50 mg/fl kanamycin or 100 mg/1 ampicillin; and
20 mgfl chloramphenicol when using pLysS or Rosetta strains)
grown to mid-late log phase. The glycerol stock (10 pL) was spread
on LB agar containing the appropriate antibiotics and colonies
grew overnight at 37 °C. Fresh LB (10 mL) was added to the plate
and slowly shaken at 150 rpm for 5 min to resuspended the
colonies. The resuspended colonies were used to inoculate
250 mL-1L of LB media with antibiotics to ODsgoo = 0.05. After
growth to ODggo=0.6 at 15°C (Os- and Cr-ChlH) or 20°C
(Hv-ChlH), the protein expression was induced by addition of
isopropyl B-D-1-thiogalactopyranoside to 0.1 mM and incubated
for 24 h at 15 °C.

For anoxic expressions, a 30 mL culture in LB (with ampicillin
and chloramphenicol) was grown from ODgpp = 0.05 to ODggg = 1
at 30 °C (shaken at 200 rev. min~") and then diluted to 300 ml with
LB (with 10 mM glucese and antibiotics) in a 300 ml screw cap bot-
tle containing a magnetic stirring flea. The bottle was capped
tightly with no air and stirred for 1 h at 30 °C, then induced by
addition of 0.1 mM IPTG and stirred for 24 h at 18 °C. Other varia-
tions to expression conditions are as described in the results
section.

Cells were harvested (10,000xg, 15 min, 4 °C}, washed in bind-
ing buffer (50 mM Tricine-NaOH pH 8.0, 250 mM NaCl, 50 mM
MgCly, 20 mM imidazole) and pelleted again {10,000xg, 15 min,
4 °C) to be resuspended in binding buffer for lysis by two runs
through a French press. Scluble and insoluble lysis fraction were
separated by centrifugation (15,000xg, 15 min, 4 °C).

Purification of ChIH

ChlH was purified by immobilized metal ion affinity chroma-
tography (IMAC)? using a 5mL HisTrap column using Ni?* as the
immobilized metal ion (GE Healthcare). The supernatant was loaded
onto the column and washed with 10 volumes wash buffer (50 mM
Tricine-NaOH pH 8.0, 250 mM NacCl, 50 mM MgCl,, 40 mM imidaz-
ole) and the protein was eluted with elution buffer (50 mM
Tricine-NaOH pH 8.0, 250 mM NaCl, 50 mM MgCl,, 250 mM imidaz-
ole). The peak elution fractions were determined by Bradford

4 Abbreviations used: IMAC, immobilized metal ion affinity chromatography.

Reagent (BioRad) and pooled. The yield of ChlH per liter of culture
at this purification stage ranged from a low yield of 0.5 mgjL when
methylviologen was added during expression to a high yield of
15 mg/L with no additives. The ChlH was either further purified
and buffer exchanged directly by gel filtration chromatography as
detailed below or the samples were buffer exchanged on PD-10
desalting columns (GE Healthcare) into an imidazole-free buffer
(50 mM Tricine-NaOH pH 8.0, 250 mM NaCl, 50 mM MgCl,, 2 mM
dithiothreitol). The buffer exchanged ChlH was concentrated to
between 5-10 mg/mL using a 30 K Amicon centrifugal filter device
(Millipore).

Deviations from this standard procedure are detailed in the
results.

Gel filtration chromatography

A SMART system {Pharmacia) or an AKTA system (GE Health-
care) system was used for analytical size exclusion chromatogra-
phy with Superose 12 (3.2/300) column. 50 pL samples were run
on these Superose columns in a buffer containing 15 mM Tris—
HCL, pH 7.5, 150 mM NacCl, 2 mM dithiothreitol, 1 mM EDTA.

For larger scale purifications an AKTA system (GE Healthcare)
with a Superdex 200 (10/300) column was used with 50 mM Tri-
cine-NaOH, pH 8.0, 250 mM NacCl, 50 mM MgCl,, 2 mM dithiothre-
itol. This was later modified to 50 mM Tricine-NaOH, pH 8.0,
250 mM Nacl, 2 mM dithiothreitol to allow for better control of
the MgCl, concentration in assays.

Magnesium chelatase activity measurements

The assay utilized O. sativa Chll, ChID and GUN4 subunits as
described previously [17]. Briefly, the assay consisted of 50 mM
Tricine-NaOH, pH 8.0, 2 mM dithiothreitol, 15 mM MgCl, and
4mM ATP with 10nM Os-ChID, 100nM 0Os-Chll and 500 nM
0s-GUN4, 500 nM protoporphyrin IX and 500 nM ChlH. The reac-
tion was started by mixing equal volumes of H-premix (1000 nM
ChlH, 1000 nM GUN4 and 1000 nM protoporphyrin IX mixed in
50 mM Tricine-NaOH, pH 8.0, 2 mM dithicthreitol, 15 mM MgCl,
and 4 mM ATP, preincubated at ambient temperature at 30 °C for
30 min prior to starting the assay) with ID premix (50 mM Tri-
cine-NaOH, pH 8.0, 2 mM dithiothreitol, 15 mM MgCl, and 4 mM
ATP with 20 nM Os-ChiID, 200 nM Os-ChlI). The fluorescence emis-
sion at 600 nm upon excitation at 420 nm was monitored in a
BMG-Pherstar plate reader at 15 s intervals for 30 min. The maxi-
mum rate over a 2min interval was determined from the linear
part of the progress curves and activity units are in nmoles of mag-
nesium protoporphyrin formed per minute per nmole of ChID.

Results
Expression, purification and assay of ChlH proteins

The ChlH proteins were purified as described in the methods.
Although the proteins appeared to be more than 90% pure as esti-
mated by SDS-PAGE (Fig. 1) the gel filtration profiles on Superdex
(Fig. 2) and Superose 12 (see an example in Fig. 3) indicated that
the ChlH proteins had two major components - a multimeric com-
porent eluting at 8 mL on Superdex 200 and 0.9 mL on Superose 12
and a monomeric component eluting at ~12.5 mL on Superdex 200
and 1.25 mL on Superose 12. (see Figs. 2 and 3A) The major peak at
0.9 mLis close to the exclusion limit determined with blue dextran
for Superose 12 of 0.85 mL. The smaller peak at 1.25 mL eluted at
the same position as standard IgG indicating a monomeric
Hv-ChlH.
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Fig. 1. SDS-PAGE of IMAC purified ChlH proteins. Position of molecular weight
markers in kDa shown on the left. Lane 1 Hv-ChlH, Lane 2 Os-ChlH, Lane 3 Cr-ChiH.

Enzymatic assays of ChlH were routinely done at 0.5 uM and
1M of ChlH based on the ChlH protein concentration with
0. sativa Chll, ChID and GUN4 subunits. The reason for choosing
these ChlH protein concentrations for routine assays was to pro-
vide a meaningful comparison of ChlH batches or column fractions.
If all of the ChIH in the sample was active in the assay then 0.5 pM
and 1 uM would give activities close to V., based on the data in
Table 1 and in Supplementary Figs. 1 and 2. Using these criteria it
was found that the magnesium chelatase activity of the ChlH
monomer was, batch to batch, very consistent with activities
within 20% to the Vi, values shown in Table 1. In contrast the
ChlH assayed after IMAC was at most 50% of the purified
monomeric ChlH and was often much lower than this (See
Supplementary Fig, 2 for example). One possibility was that the
multimeric ChlH’s would be inactive, but somewhat surprisingly
the multimeric ChlH proteins often had enzymatic activity. One
ChlH multimer preparation had 25% of the activity of the
monomeric ChlH subunits, although this was extremely variable
and in some preparations no activity was detected for the purified
multimeric ChlH.

Oligomers of ChiH

H. vulgare, 0. sativa and C. reinhardtii ChlH were all produced as
multimeric and monomeric soluble forms (Fig. 2), with a small
amount of a dimeric form. However, in addition to the soluble
monomer and multimeric forms of Os- and Cr-ChlH, insoluble mis-
folded Os- and Cr- ChlH was also produced. The production of this
insoluble Os- and Cr- ChIH could be minimized if these E. coli cul-
tures were grown and protein expression induced at 15 °C instead
of growing the cultures at 30 °C and shifting to lower temperature
forinduction. In addition, non-reducing SDS-PAGE indicated only a
small percentage of multimeric ChlH were linked via disulphide
bonds (see Supplementary Fig. 3).

Sirijovski et al. [4] showed that the ChIH orthologue from Rho-
dobacter capsulatus, BchH, aggregated upon light exposure. To test
if this was occurring with ChlH, separated Hy-ChlH monomers and
multimers were treated in light for 2 h on ice. In contrast to the
BchH, gel filtration of these light treated proteins showed both
monomers and aggregates to be stable {Fig. 3B and C, respectively).

The Ni-affinity purified Hv-ChlH preparation was reddish,
which indicated the presence of bound substrate protoporphyrin
IX from the expression host. In the gel filtration elution profiles,
the protoporphyrin [X-absorption at 405 nm was monitored in
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Fig. 2. Separation of IMAC affinity purified ChlH's {shown in Fig. 1) on Superdex 200
expressed under optimal final conditions with 2 pM protoparphyrin and 200 pEin-
steins light exposure. Upper panel is Hv-ChlH, middle is Os-ChlH and lower is Cr-
ChlH.

addition to protein absorbance at 280 nm. As the elution profiles
showed a significant 405 nm absorbance with the multimers only,
it was possible that ChlH bound protoporphyrin IX subsequently
aggregated possibly in combination with light exposure. Protopor-
phyrin IX produces singlet oxygen upon light exposure, which
might cause the aggregation of ChlH. To test this all steps of
expression, lysis and purification were carried out in the dark. This
purified ChlH contained almost exclusively aggregates (Fig. 3D),
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Fig. 3. Size exclusion chromatography of Hv-ChIH after Ni-affinity purification. Absorbance at 280 nm is in black, absorbance at 405 nm in red. (A) Hv-ChlH from expression
culture grown under normal laboratory lighting (~45 pEinsteins). (B) Oligomeric Hv-ChlH exposed to 45 pEinsteins fluorescent light for 2 h on ice. (€). Monomeric ChiH
exposed to 45 pEinsteins fluorescent light for 2 h on ice. {D) Hv-ChIH from normal expression culture incubated in complete darkness. (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)

Table 1

Comparative maximum magnesium chelatase activities of monomeric ChlH. Vi, in
nmol Mg-protoporphyrin IX/min/nmol OsChID. (See Supplementary Figs. 1 and 2 for
graphs ol kinetic data).

Source of monomeric ChiH subunit in Ses Vinax Vinax
assay (M) %
Oryza sativa 300 1.0+0.014 100
Chiamydomonas reinhardtii nd* 0.017 +0.004" 1.7
Hordeum vuigare 150 017 +0.02 17

? Not determined.

" Due to the lower activity of Cr-ChlH in the assays a kinetic analysis was nat
possible. However, maximum activity was at ~0.5 pM and did not increase further
at 1 pM of Cr-ChlH. The activity shown is for 0.5 pM Cr-ChlH in triplicate.

suggesting that light exposure was necessary for monomer produc-
tion during expression.

Stability testing of IMAC purified Hv-ChlH, separated Hv-ChIH
monomers and Hv-ChlH multimers (shown in Fig. 3) on wet ice
for a week showed that there was no change in the gel filtration
profile, indicating that the multimeric and monomeric states of
ChIH were stable and did not interconvert once they had been
purified. It was therefore something during expression or during
purification in the E. coli extract that was causing the formation
of multimers.

0.2
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405 nm
5
© 0.1 0.008
<
0.004
0 04 08 12 16 2
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Shifting the proportion of monomeric and oligomeric forms of ChiH

To further test the effect of light exposure on the aggregation of
ChlH, a standard expression culture and one with increased light

exposure (200 pEinsteins) were grown, lysed and IMAC purified.

The light exposed expression (Fig. 4B) clearly showed a higher
proportion of monomeric ChlH than the standard expression

(Fig. 4A). It was noted that although the aggregates still dominated
the 405 to 280 ratio of the aggregates was higher. This led us to test

the addition of protoporphyrin IX (1 uM) to the expression culture
at time of induction both in the presence and absence of light. The
ratio of menomeric to multimeric ChlH in these protoporphyrin IX
fed cultures increased but the combination of light (200 pEin-
steins) and protoporphyrin IX resulted in the highest yield of
monomers (Fig. 5A).

As protoporphyrin IX in the presence of oxygen produces singlet
oxygen, methylviclogen and methylene blue, which also produce
ROS were also added to the expressing cultures to see the effect
of ROS during induction. Methylviologen (Paraquat) produces
superoxide anion radicals in the light and methylene blue also pro-
duces superoxide anions. In the presence of methylviologen or
methylene blue the ratio of monomeric Hv-ChlH to multimeric
Hv-ChlH increased {Fig. 5B and C), although the overall protein
yield was lower possibly due to toxicity of these compounds or

03y B
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Fig. 4. Gel filtration of Hv-ChlH {Ni-affinity purified) expressed under different light conditions. Absorbance at 280 nm is in black, absorbance at 405 nm in red. (A) Hv-ChlH
from standard expression culture. (B} Hv-ChlH from expression culture under increased light exposure. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)
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Fig. 5. Gel filtration of Hv-Ch1H (Ni-affinity purified) expressed under different conditions. (A) Protoporphyrin IX 1 pM added at induction with 200 pEinsteins light exposure.
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acid to 200 uM added at induction with 45 pEinsteins light.
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Fig. 6. Gel filtration of Hv-ChlH (Ni-affinity purified) expressed under anoxic conditions. {A) Hv-ChIH purified in normal buffers. (B) Hv-ChlH purified in the absence of

dissolved oxygen (25 mg/l sodium dithionite in buffers during lysis and purification).

the global effects of ROS. In contrast, adding the protoporphyrin IX
precursor é-aminolaevulinic acid (ALA) to the cultures upon induc-
tion had very little effect on the ratio of monomer to multimer
(compare Figs. 3A and 5D).

It thus appeared that the presence of ROS during expression in
E. coli improved the ratio of monomeric to multimeric Hv-ChlH.
Excess ROS cause an oxidative stress response in E. coli which
results in increased production of enzymes such as SOD and cata-
lase so the bacteria can cope with the increase in ROS species [18].
It was thus possible that it was this ROS stress response allowing
the E. coli to better cope with the ROS being produced which
increased the proportion of monomeric Hv-ChlH. To test this we
expressed Hv-ChlH under strict anaerobic conditions and purified
this anaerobically expressed Hv-ChlH in the presence and absence
of oxygen. (Fig. 6).

Oligomeric forms dominated if Hv-ChlH was purified from
anaerobic cultures in normal oxygen containing buffers (Fig. 6A).
However, if oxygen was removed from the purification buffers by
addition of sodium dithionite (25 mg/l), the ratio of monomers
and aggregates was comparable to ChlH produced in the presence
of protoporphyrin IX in light {compare Figs. 6B and 5A).

Discussion
The concomitant existence of two soluble forms of ChlH in over-

expression cultures and the complex connection of their ratio to
the incubation conditions was surprising. Dark grown cultures

contained primarily oligomers and had low specific activity, while
light grown ones had varying ratios of monomers and cligomers
with generally higher specific activity.

The monomeric form of ChIH was readily separated from the
oligomeric form of ChlH. The batch to batch activity of ChlH mono-
mer was very consistent, with magnesium chelatase activities
consistently 80-100% of the Vmax values shown in Table 1 when
assayed at 0,5 and 1,0 pM ChlH, In contrast the specific magnesium
chelatase activity of the oligomeric form of ChlH’s varied seem-
ingly randomly from trace activity to 25% of the V. activities
shown in Table 1. This suggests that the oligomer was damaged
or modified compared to the monomer.

The ratio of oligomeric to monomeric forms was influenced by
the presence of ROS. Light and the photodynamic compounds pro-
toporphyrin IX, methylene blue and methylviclogen cause singlet
oxygen and/or superoxide anion radicals formation and more
monomers as products of the overexpression. If the presence of
these ROS were preventing the multimer formation, then growing
E. coli under anaerobic conditions should yield multimer exclu-
sively. However, that was not the case, as a substantial amount
of monomer resulted as long as the dissolved oxygen concentration
was minimized not only in the actual expression, but also in cell
lysis and purification. Thus, both oxidative stress and absence of
oxygen resulted in monomers of ChlH.

In order to explain these findings, the focus needs to be wid-
ened from ChlH and its oligomerization to the entire expression
system. The presence of ROS causes E. coli to induce protective
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mechanisms against oxidative stress [19-21]. The response pro-
duces enzymes like superoxide-dismutase and catalase that pre-
vent accumulation of ROS. A possible scenario to explain the
findings for ChlH expression emerges in which this cellular stress
response also serves to protect the overexpression product ChlH.
ChlIH as such appears to be highly sensitive to oxidation by ROS
and if ROS detoxifying mechanisms are not induced, the ChlH is
oxidized and forms multimers. The high susceptibility of ChlH to
oxidation during expression and purification compared to the high
stability after purification indicate the oxidative sensitivity is both
during translation and during the purification phase.

Monomers eluting from gel filtration have very low 405 absor-
bance indicating no protoporphyrin bound. This contrasts with
BchH from R. capsulatus [4] which does have protoporphyrin bound
and aggregates on light exposure. The increased susceptibility of
BchH to light might be due to the presence of both the bound pro-
toporphyrin and a FeS cluster with both being possible photosensi-
tisers [22]. It is thus possible that the lack of protoporphyrin bound
to the ChlH monomers is a factor in their light stability after
purification.

The sensitivity of these three ChlH's to oxidation and subse-
quent multimerization raises the question: Does multimeric ChlH
form in vive? In vivo biochemical studies of ChlH have mainly been
in Arabidopsis thaliana. Given the sequence similarity between the
disparate ChlH proteins here and the Arabidopsis ChIH {At-ChlH}) it
is very likely that the At-ChlH oligomerizes in certain conditions in
a fashion comparable to that described here with Os- Cr- and Hv-
ChlIH's. At-ChlH co-sediments with membranes [ 16] which may be
interpreted as membrane association or could be sedimentation of
multimer.

So if multimeric ChlH does form in vivo how does it form and
what does it do? The protein GUN4 interacts with and mediates
protoporphyrin IX binding to ChlH [23], and magnesium protopor-
phyrin IX release from ChIH [14]. It has also been suggested that
GUN4 may sequester tetrapyrrole intermediates [24]. Thus a
potential involvement of GUN4 is to prevent the oligomerization
of ChlH. It could do this by sequestering the protoporphyrin IX
from ChIH which would otherwise cause photodynamic cxidation
and subsequent oligomerization of the ChlH. Thus, the multimeric
form of ChlH would only form in vive in conditions where proto-
porphyrin or magnesium protoporphyrin remains bound to ChlH
causing oxidation and multimerisation of ChlH. This scenario could
occur when the ratic of GUN4 relative to ChlH is low or when the
concentration of protoporphyrin is high enough such that both
ChlH and GUN4 have porphyrin bound. The presence of oxidized
multimeric ChlH then signals a need for regulation of tetrapyrrole
synthesis and other processes within the chloroplast.

ChlH from barley and Chlamydomonas was found to be active
with Chll, ChID and GUN4 from rice. Interestingly, the Sy 5 value
determined was lower than that for Os-ChlH although the Hill
coefficient was significantly lower. The availability of this fully
recombinant system has great advantages over the semi-recombi-
nant system used before in which the constant quality of plastid
lysate is of crucial importance [12]. A fully recombinant system
allows more variation of assays and greater reproducibility, mix
and match experiments involving subunits from different organ-
isms are possible and limitations of the homologous magnesium
chelatase of R capsulatus, which has no Gun4 and poor solubility
of BchD [5,6], can be overcome in this hybrid system.

Conclusions
Soluble multimers of ChlH are formed from monomers of ChlH

due to reactive oxygen species. Protective mechanisms induced
during an oxidative stress response in E. coli minimize this damage.

The oligomeric states of ChlH could explain some of the character-
istics of ChlH reported.
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Appendix 3. Synopsis of publication I1: Structure of GUN4 from

Chlamydomonas reinhardtii

This publication is all about the crystal structure of GUN4 protein from C. reinhardtii, which
has been deposited to Protein Data Bank (PDB). Also, the PDB validation report is presented

in appendix 9 of this thesis.

Appendix 4. Publication Il
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The genomes uncoupled 4 (GUN4) protein stimulates chlorophyll biosynthesis
by increasing the activity of Mg-chelatase, the enzyme that inserts magnesium
into protoporphyrin IX {PPIX) in the chlorophyll biosynthesis pathway. One of
the roles of GUN4 is in binding PPIX and Mg-PPIX. In eukaryotes, GUN4 also
participates in plastid-to-nucleus signalling, although the mechanism for this is
unclear. Here, the [irst crystal struclure ol a eukaryolic GUN4, [rom
Chlamydomonas reinhardtii, is presented. The structure is in broad agreement
with (hose ol previously solved cyanobactlerial structures. Most inlerestingly,
conformational divergence is restricted to several loops which cover the
porphyrin-binding cleft. The conformational dynamics suggested by this
ensemble ol structures lend support to the understanding ol how GUN4 binds
PPIX or Mg-PPIX.

1. Introduction

In plants and algae, tetrapyrrole biosynthesis occurs in the
chloroplast, and the genes for light-harvesting proteins are
encoded in the nuclear genome (Formighieri er af., 2012).
Retrograde signalling pathways belween these lwo organelles
were discovered through the Arabidopsis thaliana genomes
uncoupled (GUN) mutants (Susek et al., 1993 Willows, 2003).
Five gua mutants have been reported (gunl-gun5), among
which four {gun2-guns) are on the same retrograde signalling
palhway and encode proteins thal [unction in lelrapyrrole
metabolism. gun2 codes for haem oxygenase, gund for
phytochromobilin synthase and gun3 for the H subunit of Mg-
chelatase. Mg-chelatase is the enzyme complex which inserts
the Mg ion into protoperphyrin 1X (PPIX), generating Mg-
PPIX, in an ATP-dependent manner, and which constilutes
the precursor for chlorophyll biosynthesis. Mg-chelatase
consists ol three protein subunits: Chll/Behl (3842 kDa),
ChID/BchD  (60-74 kDa) and BchH/ChIH  (140-150 kDa;
Gorchein er al., 1993; Jensen ef al., 1996; Papenbrock er al.,
1997; Wang et al., 1974). These subunits are conserved from
bacteria to higher plants and are responsible for different
functions. The Chll/Bchl subunits are members of the AAA*
superfamily with ATPase activity required for catalysis. They
bind Mg®" and ATP and also lunction as molecular chaper-
ones for the ChlD/BchD subunits. The ChID/BchD subunits
appear to have an inactive AAA™ ATPase. The ChIH/BchH
subunits are the largest within the complex and form the core
of the magnesium chelatase enzyme, and they bind both PPIX
and Mg-PPIX.

The gun4 gene was the first locus to be identified in the
screen for genome uncoupled mutants (Susek ef al, 1993;
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Table 1 Table 2

Protein-production information. Crystallization.

Source organism C. reinhardtii Method Sitting-drop vapour diffusion
Expression vector pET-28a Plate type 24-well {Cryschem plate, Hampton
Expression host E. coli BL21{DE3) Research)

Complete aminoc-acid sequence  MRGSHHHHHHGMASMTGGQQMGRDLYDDDDKDHP— Temperature (°C} 25

of the construct produced FTMAMRVTYAAGKLDSVSLFGGDTASLMGGSQ-
TVEKKKSGKEAVMEVQLSSTAGIDYTVLRDHL-
ANGEFREAEDETRALLIKLAGPEAVKRNWVYF—
TEVKNISVTDFQTLDNLWKASSNNKFGYSVQK—
EIWVQNQKRWPKFFKQIDWTQGENNNYRKWPM-
EFIYSMDAPRGHLPLTNALRGTQLFQAIMEHP—
AFEKSSTAKTLDQKAAEAAGRTQSLF

Protein concentration (mgml™*) 35
Buffer composition of protein 20 mM tricine pH 8.0, 2 mM
solution B-mercaptoethanol
Compeosition of reservoir solution 1.0 M ammonium citrate tribasic pH 7.0,
0.1 M bis-tris propane pH 7.0
Volume and ratio of drop 2 pl; 1:1 proteinreservoir
Volume of reservoir {pl) 500

Willows & Hansson, 2003), and it has since been shown to be
involved in both retrograde signalling and post-translational
regulation of tetrapyrrole biosynthesis (Larkin e af, 2003;
Peter & Grimm, 2009). The gund gene product (GUN4) has
also been shown to be required for optimal Mg-chelatase
activity through its interaction with the ChlH subunit
(Davison et al., 2005; Verdecia et al., 2005). In doing so, it acts
as a regulatory subunit and facilitates delivery of the PPIX
substrate to ChlH, and also binds the product (Mg-PPIX;
Chen et al, 2015; Davison et af., 2005; Larkin et al., 2003;
‘Verdecia et al., 2005). Two crystal structures of GUN4 proteins
have been elucidated from the cyanobacteria Synechocystis
(PDB entries 1y6i, 4xkb and 4xkc; Verdecia er 4., 2005; Chen
et al., 2015) and Thermosynechococcus elongatus (PDB entries
123x and 1z3y; Davison et al., 2005). The structures with PDB
codes 4xkb and 4xkc are with porphyrin bound. Both are
predominantly «-helical proteins comprised of a smaller
N-terminal domain (five o-helices) connected to a larger
C-terminal domain (eight a-helices). Structural conservation
is stronger in the C-terminal domains, consistent with the high
sequence similarity of the C-terminal domains among GUN4
family members across a broad spectrum of species. The
N-terminal domain is more variable and is missing in some
prokaryotic family members (Davison et al., 2005; Verdecia et
al., 2005). Here, we report the crystal structure of GUN4 from
Chlamydomonas reinhardtii at 3.5 A resolution and hence
reveal the first structural details of an eukaryotic GUN4
protein.

2. Methods and materials
2.1. Protein expression and purification

The GUN4 gene from C. reinhardtii was cloned from cDNA
into expression vector pET28a (Merck-Novagen) and was
expressed in Escherichia coli strain BL21(DE3) as a fusion
with an N-terminal poly-His tag (Table 1). The IPTG-induced
cells were grown at 37°C in LB medium. His¢-tagged GUN4
was purified by immobilized Ni2+—aﬁﬁnity chromatography
using a Sml HisTrap FF column (GE Healthcare). The
supernatant from cleared lysate was loaded onto the column
and washed with ten volumes of wash buffer (20 mM Tris—-HC1
pH 7.9, 0.5 M NaCl, 60 mM imidazole) and the immobilized
proteins were eluted in elution buffer (80 mAM Tris-HCI pH
7.9, 0.5 M NaCl, 1 M imidazole). The peak protein fractions

were determined using the Bradford reagent (Bio-Rad).
Proteins in pooled fractions were immediately desalted using a
PD-10 column (GE Healthcare) to a final buffer consisting of
20 mM tricine-NaOH pH 8.0, 2 mM S-mercaptoethanol. The
GUN4 samples were concentrated to 20-35 mg ml ! using a
10K Amicon centrifugal filter device (Millipore) prior to
crystallization experiments.

2.2. Crystallization and data collection

The GUN4 protein was screened for crystallization using
a robotic liquid-handling dispenser (Phoenix, Art Robbins
Instruments) at the University of New South Wales, Sydney,
Australia. Crystals were grown using the vapour-diffusion
technique and a sitting-drop format, in which equal volumes
of protein and well solutions were combined in total drop
volumes of 1-2 pl. Crystallization was monitored by a micro-
scope at various time intervals. Numerous crystallization hits
(17) were observed from these sparse-matrix screens. The
small (100 pm in the longest dimension) rice-grain-like hexa-
gonal crystals used in X-ray diffraction experiments appeared
only after a prolonged period of room-temperature incuba-
tion, 44 weeks after the trays were established. The crystal-
lization condition was solution BS from the SaltRx HT screen
(Hampton Research), which consisted of 1.0 M ammonium
citrate tribasic pH 7.0, 0.1 M bis-tris propane pH 7.0. The
protein for this sample was originally supplied at 35 mg ml~
Harvesting was achieved by simply looping crystals from the
mother liquor and then plunge-cooling them in liquid nitrogen
with no cryoprotection regime. Crystals were transported to
the Australian Synchrotron for data collection. Diffraction
data were collected at 100 K on beamline MX2. Dozens of
crystals were investigated; however, useable diffraction was
only obtained from several crystals using an unattenuated
beam and 3s exposures. Crystallization information is
summarized in Table 2.

2.3. Structure determination and refinement

Diffraction data from two crystals (44 frames and 22 frames,
respectively, each recorded over 1° oscillations with 3 s
exposures to an unattenuated beam) were indexed and inte-
grated to 3.5 A resolution with MOSFLM (Leslie & Powell,
2007). The space group (P3,21) was confirmed with POINT-
LESS (Evans, 2011). Integrated reflections from these two
crystals were scaled and merged with AIMLESS (Evans &

Acta Cryst. {2015). F71, 1094-1099
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Table 3
Diffraction data-collection statistics.

Valucs in parcntheses arc for the highest resolution shell.

0.9537

P321

a=h=1150.c= 1412,
w=f=90,y=120

44.56-3.50 (3.83-3.50)

48483 (11641)

13965 (3267)

99.1 (99.0)

‘Wavelength (A)
Space group A
Unit-cell parameters (A, ©)

Resolution range (A)
Observed reflections
Unigque reflcctions
Complelenesst (%)

Multiplicityt 3.5 (3.6)
Ronerge? (.21 (0.67)
Riyim? (.19 (0.58)
Mean Lo (I)+ 52 (1.9
Wilson B factor (.5&3] 78

T As caleulated by AIMLESS.

Murshudov, 2013), accessed via the CCP4 sollware inlerlace
(Winn et ol, 2011}. The data (rom mulliple crystals were
combined to maximize the data completeness and multiplicity.
Data-collection and processing statistics are summarized in
Table 3.

The structure was determined by molecular replacement
with Phaser (McCoy et al,, 2007). The search model was taken
from the T. elongatus wild-type structure (PDB entry 123x),
which is 40% identical at the amino-acid sequence level over
165 residucs. The more divergent first 88 residucs of this
structure (the N-terminal domain) were cxcluded from the
scarch model. Moleccular replacement initially identified four
GUN4 molecules in the asymmetric unil, consistent with the
crystal comprising 48% solvent (as calculated from the
Matthews coellicient and [ull-length GUN4). However,
incomplete crystal packing and inspection of electron-density
maps suggested that additional unaccounted-for melecules
might in fact be present. The scarch model was subscquently

Table 4
Structure refinement and model validation
Protein molecules in asymmetric unit 6
Atoms modelled in asymmetric unit 6241
Ramachandran plot#
Favoured (%) 925
Outliers (%) 0.71
R.m.sd., bond lengths (&) 0.011
R.m.sd.. bond angles (") 146
Ry Riveo 0.26/0.31
Residucs, chain A (side chains absent) 151 (40)
Residues, chain B (side chains absent) 147 (44)
R.m.s.d.. chain B superposed on chain A (A) (.29 over 146 C* atoms
Residues. chain € (side chains absent) . 146 (39)
R.m.s.d., chain ¢ superposed on chain A (A) 0.15 over 146 C* atoms
Residues, chain 2 (side chains absent) ) 148 (45)
R.m.s.d., chain D superposed on chain A (A) 0.14 over 145 C* atoms
Residues, chain E (side chains absent) 145 (39)
R.m.s.d., chain £ superposcd on chain A (;:\) 0.15 over 145 C* atoms
Residues. chain F (side chains absent) 141 (44)

R.m.s.d., chain F superposed on chain A (A) 0.24 over 141 C* atoms
Average B factor (A7) 6d.4
PDB enlry 4ykb

+ As caloulated by MolProbity

trimmed further (a further 18 residucs were removed from the
N-terminus, with the removal of several loops that were
divergent in the T. elongaties and Synechocystis structures and
with sidc chains truncated to the CF position), which allowed
Phaser 1o [it six non-clashing molecules in the asymmetric unit
(solvent content ol 53% [or six molecules of ~150 residues).
Hence, it appearced that the N-terminal domain of the mole-
cule was missing.

Restrained B-factor refinement was performed with
REFMACS (Murshudov er al, 2011), using local noncrys-
tallographic symmetry (NCS) restraints. Between rounds of
refinement, clectron-density maps and their fit to the model
were examined using Coot (Emsley ef al., 2010). Amino-acid
side chains were added if suggested by difference map

Figure 1

C.reinhardtii
Synechocystis
T.elongatus

C.reinhardtii
Synechocystis
T.elongatus

C.reinhardtii
Synechocystis
T.elongatus

C.reinhardtii
Synechocystis
T.elongatus

C.reinhardtii
Synechocystis
T.elongatus

~MLAQTHTASSRSACRGRAQRGQLAFSAPRPISQRSGSLIQQAPSMAMRVTVAAGK
—--MSDNLTELSQQLHDASEKKQLTATAALAEMGEGGQGILLDYLAKNVPLEKP--V
PEFMVTTEPALADLQEQLYNGNEKSQLAAMSTLSTAGTEGYHLLOQEFLKDSATFSPPPAP
ol a2
LDSVSLFGGDTASLMGGSQTVEKKKSGKEAVMEVOLSSTAGIDYTVLRDHLANGEFREAE
LAVGNVYQ---TLRNLEQETITTOLORNYPTGIFPLOSAQGIDYLPLOEALGSQDFETAD
WIRGQAYR---LLFHSPEASVQAFLQQHYPQGVIPLRSDRGVDYQELAKLLVAEKFEAAD
a2/o3 a3 ad as
DETRALLIKLAGPEAVKRNWVYFTEVKNISVIDFQTLDNLWKASSNNKFGYSVQRKEIWVQ
EITRDKLCELAGPGASQROWLYFTEVEKFPALDLHTINALWWLHSNGNFGFSVQRRLWLA

RLTTQKLCELAGPLAQKRRWLYFTEVEQLPIPDLQTIDQLWLAFSLGRFGYSVQRQLWLG
*

a6 ol
NOKRWPKFFKQIDWTQGENNNYRKWPMEFIYSMDAPRGHLPLTNALRGTQLFQAIMEHPA
SGKEFTKLWPKIGWKSG--NVWTRWPKGFTWDLSAPQGHLPLLNQLRGVRVAESLYRHPV
CGONWDRLWEKIGWRQG-—-KRWPRYPNEFIWDLSAPRGHLPLTNQLRGVQVLNALLNHPA

* *

* * *k kK

FEKSSTAKTLDQKAAEAAGRTQSLF 260
WSQYGH-— = —mm = ——mmm e 233

55
52
60

115
109
117

175
169
177

235
227
235

Sequence alignment of GUN4 performed with Cluste/W2. Highlighted in yellow is the portion of C. reinhardti GUN4 that is resolvable in the crystal
structure. The underlined region shows peptide coverage from MSMS proteomic analysis of the crystals. Residucs highlighted by stars arc directly
involved in porphyrin binding in the Syrechocystis GUN4 structures and the blue highlighted residues are involved in secondary-structure
rearrangements (Chen ez al . 2015). a-Helix sections are shown in bold, with the labelling above the sequences the same as used in the text and the other

figurcs.
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clectron density. Difficult scgments of the model were built
with sensible geometry using Buccaneer (Cowtan, 2006).
Structurce validation was performed using the MolProbity web
server (Chen et al., 2010). Refinement statistics are shown in
Table 4. The coordinates [or the [inal model have been
deposited in the Protein Data Bank (PDB entry 4ykb).

3. Result and discussion
3.1. Overall structure

Six GUN4 molccules were found in the crystallographic
asymmetric unit {chains A-F). All ol them are lacking the
N-terminal domain (the first resolvable residues are 80-83),
and all of them are lacking the last 22-25 residues (the last
resolvable residues are 235-238) (see Fig. 1). The fold of the
resolvable ~150 residues modelled is ellectively the same in
all chains (r.m.s.d. of 0.14-0.29 relative to chain A; see Fig. 2).
Owing to the low resolution of the data, between 25 and 30%
of the amino-acid side chains in the various chains have not
been modelled (Table 4). Those unmodelled are predomi-
nantly on the surface of the domain, whilst those buried in the
hydrophobic corc of the domain arc gencrally well ordered.

The fold is largely o-helical, as expected from the 7. elon-
gatus and Synechocystis structurcs (PDB cntrics 123x and 1y6i,

N oa6/a7

CJ Lp

v‘“@

respectively). The A chain superposcs with the 1z3x structurc
with an r.m.s.d. of 0.97 A (over 143 C¥ positions) and with the
1y6i structure with an r.m.s.d. of 1.1 A (over 131 C* positions)
(Tig. 2).

The GUN4 molecules resolved in the crystal have quite
clearly undergone proteolysis. as confirmed by MSMS
proteomic analysis of tryptic digests of a number of crystals.
The N-terminus of the resolvable domain immediately abuts
a {missing) KKK sequence motif (analogous to the region
linking the N- and C-terminal domains in related structures),
whilst the C-terminal limit is adjacent to Lys238 (the last
residue modelled in chain A). The C-terminal residucs missing
in our structurc contain sitcs ol phosphorylation in cukar-
yotes, but arc not scquence features that arc found in the
cyanobacterial GUN4 molecules. The extended time taken
for crystal growth presumably reflects the time taken for a
contaminating protcasc within the crystallization drop to
converl sufficient molecules Lo the doubly truncated [orm such
that crystal growth could occur.

3.2. Comparison with cyanobacterial structures

Whilst the overall fold of the C-terminus of our C. rein-
hardtii GUN structure is highly similar to the cyanobacterial
structures (Fig. 2; the Synechocystis structure is coloured light

a6/a7

S a2 /a3

(b)

Figure 2

Crystal structurc of GUN4 from C. reinhardtii. (a) Three different perspeetives are shown. The «2/a3 and a6/a7 loops arc coloured pink and orange,
respectively. The side chains of Pro216 and Thr218 within the «6/e7 loop are drawn as sticks. The N- and C-termini are also indicated. (b) Superposition
of GUN4 from C. reinhardtii [tan, orange and pink; as in (a)] with cyanobacterial GUN4 structures from Synechocystis (light bluc) and 7. elongatus (dark
bluc)
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Figure 3

Porphyrin-binding cleft of GUN4 from C. reinhardtii. GUN4 has been trimmed of the @2/e3 and a6/a7 loops to reveal the porphyrin-binding cleft. Both a
front-on (left) and a side view (right) are presented. The side chains of numerous residues lining the channel can be viewed under the transparent
surfacc. Tyrl66 is positioned at the base and approximatcly in the middle of the cleft. Other residucs arc identificd to help mark the extremitics of the

cleft.

blue and the T. elongatus structure dark blue), the largest
differences, and also the largest differences between the
cyanobacterial structures themselves, concern two ‘loop’
scgments: the loop linking helices 2 and 3 of the Synechocystis
structurce and the loop linking helices 6 and 7. The «2/3 loop
is actually a short scction of helix and the «6/a7 loop is a
B-turn in the porphyrin-bound Synechocystis structures (Chen
et al., 2015), whilst these loops help to cover the hydrophobic
‘greasy palm’ in the unbound Synechocystis structurc
(Verdecia et al., 2005) (Fig. 2; a2/a3 and a6/a7 loops). The T.
elongatus structurc and our C. reinhardiii structurc arc thus
intermediate between the porphyrin-bound and unbound
Synechocystis structures (Fig. 2).

The ab/a7 loop covers the greasy-palm surface but projects
very few residucs into the cleft, namely a proline residuc
(conserved in all three organisms) and a leucine residue
(substituted by a threonine residue in the 7. elongatus struc-
ture and in our C. reinhardtii structure) (Fig. 2; proline and
threonine residues [rom our structure are drawn as sticks).
The porphyrin-bound Synechocystis structures (Chen et al.,
2015) clearly show that this a6/e7 loop has a propensity for
conformational dynamics to form a p-hairpin, making a more
structured cleft which enables porphyrin binding.

4. Conclusion

We have solved the crystal structure ol the GUN4 protein
from C. reinhardtii. Protcolysis within the crystallization
experiment removed the N-terminal domain and the last ~20
residues, leaving the bulk ol the C-terminal domain intact; this
domain is involved in binding PPIX and Mg-PPIX. Although

the structure is of relatively low resolution, the bulk of the side
chains which linc the ‘greasy palm’ cleft involved in binding
the porphyrin ring can be resolved. When superposed with
cyanobacterial GUN4 structures, whilst the a-helical scaflfolds
arc conscrved, the e2/e3 and a6/a7 loops previously predicted
to undergo movement to accommodate porphyrin binding
display markedly different conformations. This diversity of
fold captured by multiple crystal structures supports the
notion that these loops undergo conformational rearrange-
ment to accommodate the insertion of PPIX or Mg-PPIX into
the underlying hydrophobic cleft (Fig. 3), as obscrved in the
recent porphyrin-bound Synechocystis structurcs (Chen e al.,
2015).
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Appendix 5. Synopsis of publication 111 (Prepared for submission)

This research article investigated the YO, production of GUN4 and ChIH proteins in vitro. The
generated 'O, was detected using histidine-mediated chemical trapping and SOSG fluorescent
methods. The experiments are designed to measure the rate of 1O, production for GUN4, ChIH,
and GUN4-ChlH proteins in complex with PPIX or without PPIX. This chapter is presented as
a publication research article and reports that GUN4-PPIX increases the singlet oxygen
production in vitro, and the role of this protein in chloroplast to nucleus retrograde signalling.
We compared the singlet oxygen production rate. We also generated a model for function of
GUN4 in O production and chloroplast to nucleus signaling. We aimed to identify GUN

involvement in 2Oz production is chloroplast biosynthesis pathway.
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Appendix 6. GUN4 SAXS shape determination
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Appendix 6. GUN4 SAXS shape determination

A: Independent ab initio reconstructions (DAMMIN)
B: Ensemble consensus structure (DAMFILT)

C: Averaged structure (DAMAVER
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Appendix 7. ChlH SAXS shape determination
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Appendix 8. GUN4-ChIH-PPIX SAXS shape determination
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Appendix 8. GUN4-ChIH-PPIX SAXS shape determination

A: Independent ab initio reconstructions (DAMMIN)
B: Ensemble consensus structure (DAMFILT)
C: Averaged structure (DAMAVER)
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Appendix 9. GUN4 crystal structure validation report
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Page 3 Full wwPDB X-ray Structure Validation Report 4YKB

2 Entry composition (i)

There is only 1 type of molecule in this entry. The entry contains 6241 atoms, of which 0 are
hydrogen and 0 are deuterium.

In the tables below, the ZeroOcc column contains the number of atoms modelled with zero occu-
pancy, the AltConf column contains the number of residues with at least one atom in alternate
conformation and the Trace column contains the number of residues modelled with at most 2
atoms.

e Molecule 1 is a protein called Tetrapyrrole-binding protein.

Mol | Chain | Residues Atoms ZeroOcc | AltConf/| Trace
1 A 151 ?ggzl 7(54 1211 2(81 iS% 0 0 0
1 B 147 ?82)%1 6((35 11;14 1(528 iS% Y 0 0
1 ¢ 146 TBZZI 6(733 11;18 1(30 g 0 o 0
1 b 148 ?gzt%il 6(639 11;]1 182 2 0 o 0
! B 145 ?ggil 6(834 11;]5 1(33 2 0 0 0
L a 141 T(:(;;g l 622 116\313 1(;3 52; 0 o 0

There are 126 discrepancies between the modelled and reference sequences:

Chain | Residue | Modelled | Actual Comment Reference
A 32 MET > initiating methionine | UNP A8I5N5
A 33 GLY - expression tag UNP ASI5NSG
A 34 SER - expression tag UNP ASI5N5
A 35 SER - expression tag UNP AS8I5NS
A 36 HIS - expression tag UNP ASI5NG
A 37 HIS - expression tag UNP AS8I5N5
A 38 HIS - expression tag UNP ASI5NS
A 39 HIS - expression tag UNP ASI5N5
A 40 HIS - expression tag UNP ASI5NS
A 41 HIS - expression tag UNP ASI5N5
A 42 SER - expression tag UNP AS8I5NS
A 43 SER, - expression tag UNP ASI5NG
A 44 GLY - expression tag UNP ASI5NSG
A 45 LEU - expression tag UNP ASI5NS
A 46 VAL - expression tag UNP ASI5N5
A 47 PRO - expression tag UNP ASI5NSG
A 48 ARG - expression tag UNP ASI5N5

Continued on next page...
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Page 4

Full wwPDB X-ray Structure Validation Report

Continued from previous page...

Chain | Residue | Modelled | Actual Comment Reference
A 49 GLY - expression tag UNP ASI5N5
A 50 SER - expression tag UNP ABI5ENH
A 51 HIS - expression tag UNP ASI5N5
A 52 MET - expression tag UNP ASI5N5
B 32 MET - initiating methionine | UNP AS8I5N5
B 33 GLY - expression tag UNP ASI5N5
B 34 SER - expression tag UNP AS8I5N5
B 35 SER - expression tag UNP ASI5N5
B 36 HIS - expression tag UNP ASBI5N5
B 37 HIS - expression tag UNP. A8I5N5
B 38 HIS - expression tag UNP ASI5N5
B 39 HIS - expression tag UNP ASBI5N5
B 40 HIS - expression tag UNP A8I5NG
B 41 HIS - expression tag UNP AS8I5N5
B 42 SER - expression tag UNP ASI5N5
B 43 SER - expression tag UNP ASBI5N5
B 44 GLY - expression tag UNP ASI5N5
B 45 LEU - expression tag UNP ASI5N5
B 46 VAL - expression tag UNP ASI5NG
B 47 PRO - expression tag UNP ASI5N5
B 48 ARG - expression tag UNP ASI5N5
B 49 GLY - expression tag UNP ASBI5ENH
B 50 SER - expression tag UNP ASI5N5
B 51 HIS - expression tag UNP ASI5N5
B 52 MET - expression tag UNP ASBI5N5H
C 32 MET - initiating methionine | UNP A8SI5N5
C 33 GLY > expression tag UNP AS8I5N5
C 34 SER - expression tag UNP ASBI5N5H
C 35 SER - expression tag UNP ASBI5N5
C 36 HIS - expression tag UNP AS8I5N5
C 37 HIS - expression tag UNP ASI5N5
C 38 HIS - expression tag UNP ASBI5N5
C 39 HIS - expression tag UNP AS8I5N5
C 40 HIS - expression tag UNP AS8I5N5
C 41 HIS - expression tag UNP ASBI5N5
C 42 SER - expression tag UNP AS8I5N5
C 43 SER - expression tag UNP AS8I5N5
C 44 GLY - expression tag UNP ASI5N5
C 45 LEU - expression tag UNP ASI5NG
C 46 VAL - expression tag UNP AS8I5N5
C 47 PRO - expression tag UNP ASBI5N5
C 48 ARG - expression tag UNP ASBI5ENH
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Continued from previous page...

Chain | Residue | Modelled | Actual Comment Reference
C 49 GLY - expression tag UNP AS8I5N5
C 50 SER. - expression tag UNP AS8I5N5
C 51 HIS - expression tag UNP AS8I5NS
C 52 MET - expression tag UNP ASI5NH
D 32 MET - initiating methionine | UNP A8I5N5
D 33 GLY - expression tag UNP AS8I5N5
D 34 SER - expression tag UNP A8I5N5
D 35 SER - expression tag UNP ASI5NS
D 36 HIS - expression tag UNP ASI5NS
D 37 HIS - expression tag UNP. A&I5NA
D 38 HIS - expression tag UNP A8I5NG
D 39 HIS - expression tag UNP ASI5N5
D 40 HIS - expression tag UNP AS&I5NS
D 41 HIS - expression tag UNP AS8I5NS
D 42 SER - expression tag UNP ASI5NS
D 43 SER. - exXpression tag UNP AS8I5N5
D 44 GLY - expression tag UNP ASI5NS
D 45 LEU - expression tag UNP ASI5NS
D 46 VAL - expression tag UNP ASI5NG
D 47 PRO - expression tag UNP AS8I5NS
D 48 ARG - expression tag UNP AS8I5N5
D 49 GLY - expression tag UNP AS8I5N5
D 50 SER - expression tag UNP AS8I5NS
D 51 HIS - expression tag UNP AS8I5N5
D 52 MET - eXpression tag UNP ASI5N5
E 32 MET - initiating methionine | UNP A8I5N5
E 33 GLY = expression tag UNP AS8I5N5
B 34 SER. - exXpression tag UNP ASI5N5
E 35 SER - expression tag UNP AS8I5NS
E 36 HIS - expression tag UNP AS&IANS
E 37 HIS - expression tag UNP AS8I5NS
E 38 HIS - expression tag UNP AS8I5NS
E 39 HIS - expression tag UNP ASI5NS
B 40 HIS - expression tag UNP AS8I5NS
E 41 HIS - expression tag UNP ASI5NS
E 42 SER - expression tag UNP ASI5NS
B 43 SER - expression tag UNP AS8I5NS
E 44 GLY - expression tag UNP ASI5NS
E 45 LEU - expression tag UNP ASI5NG
B 46 VAL - expression tag UNP ASI5NS
E 47 PRO - expression tag UNP ASI5NS
B 48 ARG - expression tag UNP AS8I5N5

Continued on next page...
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Full wwPDB X-ray Structure Validation Report

Continued from previous page...

Chain | Residue | Modelled | Actual Comment Reference
E 49 GLY - expression tag UNP ASI5N5
B 50 SER - expression tag UNP ABI5ENH
E 51 HIS - expression tag UNP ASI5N5
E 52 MET - expression tag UNP ASI5N5
F 32 MET - initiating methionine | UNP AS8I5N5
B 33 GLY - expression tag UNP ASI5N5
B 34 SER - expression tag UNP AS8I5N5
I 35 SER - expression tag UNP ASI5N5
B 36 HIS - expression tag UNP ASBI5N5
F 37 HIS - expression tag UNP. A8I5N5
F 38 HIS - expression tag UNP ASI5N5
B 39 HIS - expression tag UNP ASBI5N5
I 40 HIS - expression tag UNP A8I5NG
I 41 HIS - expression tag UNP AS8I5N5
B 42 SER - expression tag UNP ASI5N5
F 43 SER - expression tag UNP ASBI5N5
F 44 GLY - expression tag UNP ASI5N5
B 45 LEU - expression tag UNP ASI5N5
F 46 VAL - expression tag UNP ASI5NG
B 47 PRO - expression tag UNP ASI5N5
F 48 ARG - expression tag UNP ASI5N5
F 49 GLY - expression tag UNP ASBI5ENH
B 50 SER - expression tag UNP ASI5N5
F 51 HIS - expression tag UNP ASI5N5
F 52 MET - expression tag UNP ASBI5N5H
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3 Residue-property plots (i)

These plots are drawn for all protein, RNA and DNA chains in the entry, The first'graphic for a
chain summarises the proportions of errors displayed in the second graphic. The second graphic
shows the sequence view annotated by issues in geometry and electron density. Residues are color-
coded according to the number of geometric quality criteria for which they contain at least one
outlier: green = 0, yellow = 1, orange = 2 and red = 3 or more. A red dot above a residue indicates
a poor fit to the electron density (RSRZ > 2). Stretches of 2 or more consecutive residues without
any outlier are shown as a green connector. Residues present in‘the sample, but not in the model,
are shown in grey.

e Molecule 1: Tetrapyrrole-binding protein
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4 Data and refinement statistics (i)
Property Value Source
Space group P3221 Depositor
Cell constants 115.00A 115.00A 14L.19A ;
Depositor
a, b, ¢, a, 3, 7y 90.00° 90.00°  120.00°
. 4450 — 3.50 Depositor
Resolution (4) 1255 — 350 EDS
% Data completeness 99.0 (44.50-3.50) Depositor
(in resolution range) 09.2 (42.55-3.50) EDS
Rierge 0.21 Depositor
Reym (Not available) Depositor
<[Ifo(f)>1 1.78 (at 3.48A) Xtriage
Refinement program REFMAC 5.8.0103 Depositor
R, Ry 0.256 ;. 0.313 Depositor
e 0.255 +, 0.309 DCC
Rfree test set 753 reflections (5.71%) DCC
Wilson B-factor (A?) 79.9 Xtriage
Anisotropy 0.003 Xtriage
Bulk solvent key(e/A%), Boi(A?) 0.33,74.9 EDS
Estimated twinning fraction 0.049 for -hsk,1 Xtriage
L-test for twinning <|E|> =047, < [?> =029 Xtriage
Outliers 1-of 13941 reflections (0.007%) Xtriage
F,.F, correlation 0.88 EDS
Total number of atoms 6241 wwPDB-VP
Average B, all atoms (A?) 64.0 wwPDB-VP

Xtriage’s analysis on translational NCS is as follows: The largest off-origin peak in the Patterson
function is 6.14% of the height of the origin peak.’ No significant pseudotranslation is detected.

Intensities estimated from amplitudes.

v

He

i
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5 Model quality (i)

5.1 Standard geometry (i)

The 7 score for a bond length (or angle) is the number of standard deviations the observed value
is removed from the expected value. A bond length (or angle) with |Z] >"5 is considered an
outlier worth inspection. RMSZ is the root-mean-square of all Z scores of the bond lengths (or
angles).

. Bond lengths Bond angles

Mol | Chain | 1oy #é\ >5 | RMSZ #é\ >5

1 A 0.56 0/1118 0.76 2/1534 (0.1%)

1 B 054 | 0/1055 | 079 | 3/1453 (0.2%)

1 C 054 | 0/1069 | 077 | 1/1468(0.1%)

1 D 0.52 0/1062 0.70 1/1467 (0.1%)

1 E 056 | 0/1084 | 077 | 2/1492 (0.1%)

1 F 056 | 0/1018 | 0.76 | 271405 (0.1%)
All All 0.54 0/6406 0.76 | 11/8819 (0.1%)

There are no bond length outliers.

All (11) bond angle outliers are listed below:

Mol | Chain | Res | Type Atoms Z | Observed(®) | Ideal(°)
1 B 187 ILE | CG1-CB-CG2 | -9.54 90.42 111.40
1 E 91 LEU CA-CB-CG 6.87 131.10 115.30
1 A 119 | ARG /| NE-CZ-NH1 | 6.74 123.67 120.30
1 C 208 | MET CG-SD-CE 6.66 110.86 100.20
1 E 119 | ARG | NE-CZ-NH1 | 617 123.38 120.30
1 F 231 | MET CG-SD-CE 6.00 109.80 100.20
1 B 187 ILE [-CB-CG1-CD1/| 5.49 129.27 113.90
1 F 231 | MET CB-CG-SD 5.36 128.48 112.40
1 B 133 | ARG | NE-CZ-NH1 | 5.15 122.87 120.30
1 D 115 | GLU | OE1-CD-OE2 | -5.10 117.18 123.30
1 A 133 | ARG | NE-CZ-NH2 | -5.03 117.79 120.30

There are no chirality outliers.

There are no planarity outliers.

5.2 Close contacts (1)

In the following table, the Non-H and H{model) columns list the number of non-hydrogen atoms
and hydrogen atoms in the chain respectively. The H{added) column lists the number of hydrogens
added by MolProbity. The Clashes column lists the number of clashes within the asymmetric unit,
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and the number in parentheses is this value normalized per 1000 atoms of the molecule in the
chain. The Symm-Clashes column gives symmetry related clashes, in the same way as for the

Clashes column.

Mol | Chain | Non-H | H(model) | H(added) | Clashes | Symm-Clashes
1 A 1089 0 923 15 0
1 B 1030 0 875 9 0
1 C 1044 0 900 7 0
1 D 1034 0 3bd 3 0
1 E 1054 0 887 12 0
1 F 990 0 808 6 0
All All 6241 0 5248 48 0

Clashscore is defined as the number of clashes calculated for the entry per 1000 atoms (including

hydrogens) of the entry. The overall clashscore for this entry is 4.

All (48) close contacts within the same asymmetric unit are listed below,

Atom-1 Atom-2 Distance(A) | Clash(A)
1.C:115:GLU.OE2 1:C:119:ARG:NH1 1.79 1.14
1:D:189:TRP:CZ2 | 1:D:217:LEU:HD12 235 0.61
1:B:115:GLU:OE2 1:B:217:LEU.HG 2.02 0.59
1:A:137:TYR:CZ 1:E:135: TRP:CH2 2.93 0.57
1:B:218:THR:HG21 | 1:B:230:ILE:HD12 1.86 0.57

1:.D:218: THR:O 1:D:219:ASN:HB2 2.03 0.56
1:C:218:THR:HG21 | 1:C:230:ILE:HD12 1.87 0.56
1:E:218:THR:HG21 | 1:E:230:ILE:HD12 1.87 0.56
1:A:218:THR:HCG21 | 1:A:230:ILE:HD12 1.88 0.56

1:D:218:THR:O 1:D:219:ASN:CB 253 0.56
1:F:218:THR:HG21 | 1:F:230:1LE:HD12 1.88 0.55
1:A:133:ARG:HH22 | 1:A:140.GLU:CD 2.11 0.54
1:D:218:THR:HG21 | 1:D:230:ILE:HD12 1.90 0.54
1:A:147:THR:HG22 1:C:206:TYR:H 1.71 0.54
1:C:133:ARG:HH22 | 1:.C:140:GLU:.CD 2.11 0.53
1:D:133:ARG:HH22 1:D:140:GLU:CD 2.12 0.53
1:F:133:ARG:HH22 1:F:140:GLU:CD 2.11 0.53
1:A:137:TYR:CZ 1:E:135: TRP:HH2 2.28 0.51
1:E:133:ARG:HH?22 1:E:140:GLU:CD 2.12 0.51
1:B:133:ARG:HH22 1:B:140:GLU:CD 2.12 0.51
1:F:133:ARG:NH2 1:F:140:GLU:OE1 2.45 0.50

1:E:218:THR:O 1:E:219:ASN:CB 2.60 0.49
1:E:133:ARG:NH2 1:E:140:GLU:OE1 2.46 0.49
1:B:115:GLU.OE2 1:B:217.LEU:N 2.42 0.49
1:C:133:ARG:NH2 1:C:140:GLU:OE1 2.46 0.49
1:A:190: THR:HG22 | 1:A:197:TYR:CD2 2.47 0.49

Continued on next page...
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Atom-1 Atom-2 Distance(A) | Clash(A)

1:A:137.TYR:C7Z 1.E:135:TRP:.CZ2 3.01 0.49
1:B:133:ARG:NH2 1:B:140:GLU:OE1 2.46 0.49
1:A:137:TYR:CE1 1:E:135:TRP:CZ2 3.01 0.49
1:D:133:ARG:NH2 | 1:D:140.GLU:OFE1 2.46 0.48
1:A:133:ARG:NH2 | 1:A:140:GLU:OE1 2.46 0.48
1:A:137:TYR:CE1 1:E:135:TRP:HZ2 2.33 0.47
1:A:190:THR:HG22 | 1:A:197:TYR:CE2 2.50 0.47
1:F:201:PRO:O 1:F:202:MET:CB 2.62 0.4h
1:B:115:GLU:OE2 1:B:217:LEU:CB 2.66 0.44
1:A:146:VAL:HG23 | 1:C:203:GLU:HA 2.00 0.43
1:A:137:TYR:CE2 1:E:135:TRP:HH?2 2.38 0.42
1:F:199:LYS:0 1:F:203:GLU:CB 2.67 0.42
1:D:173: TRP:HA 1:D:183:PHE:CD1 2.54 0.42
1:E:91:LEU:HD22 1:E:99:TYR:HB2 2.03 0.41
1:B:115:GLU.OE2 1:B:217.LEU.CG 2.67 0.41
1:B:160:SER:HA 1:B:208:MET:SD 2.61 0.41
1:D:233:HIS:CG 1:D:234:PRO:HD2 2.55 0.41
1:A:160:SER:HA 1:A:208:MET:SD 2.61 0.41
1:A:147: THR:CG2 1:C:206: TYR:H 2.34 0.41
1:E:115:GLU:OE2 1:E:217:LEU:N 2.46 0.40
1:B:233.HIS:.CG 1:B:234:PRO:HD2 2.56 0.40
1:F:233:HIS:CG 1:F:234:PRO:HD2 2.57 0.40

There are no symmetry-related clashes.

5.3 'Torsion angles

5.3.1 Protein backbone ()

In the following table, the Percentiles column shows the percent Ramachandran outliers of the
chain as a percentile score with respect to all X-ray entries followed by that with respect to entries
of similar resolution.

The Analysed column shows the number of residues for which the backbone conformation was
analysed, and the total number of residues.

Mol | Chain Analysed Favoured | Allowed | Outliers | Percentiles
1 A 145/229 (63%) | 132 (91%) | 13 (9%) 0 100100
1 B 141/229/(62%) | 133 (94%) | 8 (6%) 0 100100
1 C 140/229 (61%) | 130 (93%) | 8 (6%) 2 (1%) 161 70
1 D 144/229 (63%) | 132 (92%) | 10 (7%) 2 (1%) 161 70

Continued on next page...
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Mol | Chain Analysed Favoured | Allowed | Outliers | Percentiles
1 E 139/220 (61%) | 130 (94%) | 9 (6%) 0 f1ooff100}
1 F 135/229 (50%) | 124 (92%) | 9 (T%) 2 (2%) 15) 69

All All 84471374 (61%) | 781 (92%) | 57 (T%) 6 (1%) 30 |83

All (6) Ramachandran outliers are listed below:

Mol | Chain | Res Type
1 C 198 ARG
1 D 219 ASN
1 D 224 THR
1 C 218 THR
1 F 224 THR
1 F 201 PRO

5.3.2 Protein sidechains (1)

In the following table, the Percentiles column shows the percent sidechain outliers of the chain
as a percentile score with respect to all X-ray entries followed by that with respect to entries of
similar resolution. The Analysed column shows the number of residues for which the sidechain
conformation was analysed, and the total number of residues.

Mol | Chain Analysed Rotameric | Outliers | Percentiles
1 A 93/193 (48%) 92 (99%) 1 (1%) 84
1 B 86/193 (45%) 85 (99%) 1 (1%) 82
1 C 90/193 (47%) 88 (98%) 2 (2%) 64
1 D 85/193 (44%) 83 (98%) 2 (2%) 61
1 E 90/193 (47%) | 90 (100%) 0 {100}
1 F 80/193 (42%) 79 (99%) 1 (1%) 80
All All 524/1158 (45%) | 517 (99%) 7 (1%) 80

All (7) residues with a non-rotameric sidechain are listed below:

Mol | Chain | Res Type
1 A 197 TYR
1 B 149 PHE
1 C 149 PHE
1 C 219 ASN
1 D 149 PHE

Continued on next page...
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Continued from previous page...
Mol | Chain | Res | Type
1 D 217 LEU
1 F 149 PHE

Some sidechains can be flipped to improve hydrogen bonding and reduce clashes. There are no
such sidechains identified.

5.3.3 RNA (D

There are no RNA chains in this entry.

5.4 Non-standard residues in protein, DNA, RNA chains (1)

There are no non-standard protein/DNA /RNA residues in this entry.

5.5 Carbohydrates (i)

There are no carbohydrates in this entry.

5.6 Ligand geometry (i)

There are no ligands in this entry.

5.7 Other polymers (i)

There are no such residues in this entry.

5.8 Polymer linkage issues

There are no chain breaks in this entry.
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6 Fit of model and data (i)

6.1 Protein, DNA and RNA chains (i)

In the following table, the column labelled ‘4#RSRZ> 2’ contains the number (and percentage)
of RSRZ outliers, followed by percent RSRZ outliers for the chain as percentile scores relative to
all X-ray entries and entries of similar resolution. The OWAB column contains the minimum,
median, 95" percentile and maximum values of the occupancy-weighted average B-factor per
residue. The column labelled ‘Q< 0.9 lists the number of (and percentage) of residues with an
average occupancy less than 0.9.

Mol | Chain Analysed <RSRZ> | #RSRZ>2 OWAB(A?) [ Q<0.9

1 A 151/229 (65%) -0.16 40, 61, 85, 97 0

1 B 147/229 (64%) -0.17 44,64, 82, 93 0

1 C 146/229 (63%) -0.21 35,61, 78,94 0

1 D 148/229 (64%) -0.12 36, 61,81, 102 0

1 E 145/229 (63%) -0.18 39, 62, 79, 108 0

1 F 141/229 (61%) 0.0L 40, 66, 94, 104 0
All All 878/1374 (63%) -0:14 35, 63, 84, 108 0

There are no RSRZ outliers to report.

6.2 Non-standard residues in protein, DNA, RNA chains (i)

There are no non-standard protein/DNA /RNA residues in this entry.

6.3 Carbohydrates (i)

There are no carbohydrates in this entry,

6.4 Ligands (1)

There are no ligands in this entry.

6.5 Other polymers (i)

There are no such residues in this entry.
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MACQUARIE UNIVERSITY
Biosafety Committee

REQUEST FOR AMENDMENT FORM

This form is to be completed and forwarded to the Biosafety Secretary for ALL
amendments/modifications including extensions to approved Biosafety protocols. This
includes the addition or removal of personnel.

This form must be completed by the Chief Investigator (if you are an Honours, postgraduate
or HDR student, your supervisor must be nominated as the Chief Investigator) and emailed

to the Biosafety Secretary at Biosafety@maq.edu.au
(July 2010 Version)

Hand written forms will not be accepted.
1. ChieflInvestigator/Supervisor:
Faculty: Science
Department: CBMS
Email: robert.willows@mgq.edu.au
(Note: If the project is to be undertaken by an Honours/postgraduate/HDR student, the

supervisor will be considered the Chief Investigator. The student may be named as a co
-investigator.)

2. Project Title:

Expression of proteins involved in essential metabolic processes from photosynthetic and non
photosynthetic organisms

3. Biosafety Committee Approval Reference No:
| 5201001087

4. Name/s of Student/s (if applicable):
| Andre Hallen

5. Names of Co-Investigators/Associate Supervisors/Research Assistants:
Angela Moncrieff, Artur Sawicki, Zane Duxbury, Tony Jerkovic

6. Does the proposed amendment involve dealings withGMOs?

XYes |:| No
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If you have not already received approval to conduct dealings with GMOs then you
must submit a new application to the Committee for review. Please download an
application from

http://www.research.mqg.edu.au/for/researchers/how to obtain ethics approval/bio
safety research ethics/forms

7. Reason foramendment/s:
Please provide details of the changes you propose and explain why these are necessary
(in your response please outline what laboratory procedures are in place, how samples
will be transported, handled and disposed. Please also indicate what measures are in
place to minimize any risks that might be incurred as a result of this proposed
amendment).

New student working in the lab will be working on the project, Shabnam Tarrahi Tabrizi.
Andrew Scafaro is working on this project.
Andre Hallen is no longer working in my lab on this project.

8. Adding/removing personnel: X Adding X Removing

If Adding, provide the following (If more than one, please copy this page).
If Removing, please complete name and title sections only.

Name: Shabnam Tarrahi Tabrizi
Title: Ms

Personnel type: Student

Staff / Student no.: 42661706

(Mandatory)

Qualifications:

Bachelor degree and Masters degree

Positions held:

(if student, specify Faculty,
Department, degree and
course in which enrolled)

Science
CBMS
PhD

What specific skills will the
new personnel bring to the
project?

General laboratory skills

Full mailing address:

104 Agincourt Road Marsfield NSW 2122 AUSTRALIA

Tel No. (W): X8219

Tel No: (H):

Mobile No: 0432036004
Fax number:
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Name:

Andrew Scafaro

Title:

Dr

Personnel type:

Postdoctoral associate

Staff / Student no.: 20058332
(Mandatory)
Qualifications: PhD

Positions held:

(if student, specify Faculty,
Department, degree and
course in which enrolled)

Research associate

What specific skills will the
new personnel bring to the
project?

Molecular Biology and protein expression.

Full mailing address:

Macquarie University
Department of CBMS
North Ryde 2109

Tel No. (W): 9850 8219
Tel No: (H):

Mobile No:

Fax number:

Name: Andre Hallen
Title: Mr
Personnel type: Student

Staff / Student no.:
(Mandatory)

Qualifications:

Positions held:

(if student, specify Faculty,
Department, degree and
course in which enrolled)

What specific skills will the
new personnel bring to the
project?

Full mailing address:

Tel No. (W):

Tel No: (H):

Mobile No:

Fax number:
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9. Expected date of implementation of amendments toresearch:
Date: [10/7/12] Immediately.
10. Will the amendment/s impact on the research |:| Yes X No |:| N/A

funding arrangements?
If YES, please provide details.

11. Any other information [ Jves [ ] No [IN/A
If YES, please provide details and attachthese.

CHECK LIST
Compliance with the guidelines set out by the OGTR X Yes |:| No
Compliance with legislative requirements: X Yes |:| No

For further information see:

http://www.ogtr.gov.au/

http://www.research.mg.edu.au/for/researchers/how to obtain ethics approval/biosafe
ty research ethics

IMPORTANT NOTICE: ELECTRONIC SUBMISSION OF THIS FORM IS EQUIVALENT
TO THE SIGNATURE OF THE CHIEF INVESTIGATOR.
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From: Biosafety @mq.edu.au

Biosafety@mgq.edu.au

Subject: Biosafety Application (Ref: 5201300777 - Exempt Dealing) - Final Approval

Date: 19 November 2013 at 10:30 AM
To: A/Prof Robert Willows robert.willows@mg.edu.au

Cc: Ms Angela Moncrieff angela.moncrieff@mg.edu.au, Dr Artur Sawicki

artur.sawicki@mg.edu.au, Ms Shabnam Tarahi Tabrizi shabnam.tarahi-

tabrizi@students.mq.edu.au

Dear A/Prof Willows:

Re: "Expression of proteins involved in essential
metabolic processes from photosynthetic and non
photosynthetic organisms" (Ref: 5201300777)

Thank you for your recent correspondence. Your
responses have been reviewed by the Institutional
Biosafety Committee (IBC) and approval of the above
Exempt Dealing has been granted, effective 19
November 2013.

Approval has been granted subject to your
compliance with the Office of the Gene Technology
Regulator's standard conditions for exempt work
listed below:

1. The project must be conducted in accordance with the OGTR Guidance
Notes for the Containment of Exempt Dealings
(http://www.ogtr.gov.au/internet/ogtr/publishing.nsf/Content/ExemptDeal
Guide Sept11_2-htm)

2. The Guidance Notes are only applicable to exempt dealings
conducted under the Gene Technology Act 2000. They do not
provide guidance for laboratory safety, good laboratory practice or
work health and safety issues

For these purposes, refer to AS/NZS 2243.3:2010.

3. Youmust inform the Institutional Biosafety Committee if you
complete or abandon the exempt dealings with GMOs.

Please note the following standard requirements of approval:

1. Approval will be for a period of 5 years

subject to the provision of annual reports. If,

at the end of this period the project has been

completed, abandoned, discontinued or not commenced
for any reason, you are required to submit a Final Report.
If you complete the work earlier than

you had planned you must submit a Final Report as soon

as the work is completed. Please contact the Committee

Secretary at biosafety@mag.edu.au in order to obtain a
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report.

A Progress/Final Report for this project will be due on: 19 November 2014

3. If you will be applying for or have applied

for internal or external funding for the above

project it is your responsibility to provide the
Macquarie University's Research Grants Management

Assistant with a copy of this email as soon as possible.

Internal and External funding agencies will

not be informed that you have final approval for
your project and funds will not be released until
the Research Grants Management Assistant has
received a copy of this email.

If you need to provide a hard copy letter of Final
Approval to an external organisation as evidence
that you have Final Approval, please do not hesitate
to contact the Committee Secretary at
biosafety@mg.edu.au or by phone 9850 4063.

Please retain a copy of this email as this is your
formal notification of final Biosafety approval.

Yours Sincerely

A/Prof Subramanyam Vemulpad

Chair, Macquarie University Institutional Biosafety Committee
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