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ABSTRACT

As reported previously, CPR5 negatively regulates the onset of leaf death, hypersensitive
response, disease resistance and early leaf senescence. cpr5 plants contain aberrant
trichomes and higher levels of ROS, SA and JA. Cell-cycle, JA/ET, ABA and sugar signalling are
also affected in cpr5 plants. These results suggest that CPR5 is a master regulator of multiple
processes. However, how CPR5 manages to exert pleiotropic effects is still poorly understood.
The first objective of the current study was the purification of the CPR5 protein to solve its
crystal structure. Extensive in silico analyses were carried out and the results showed that
CPRS5 is predicted to be a membrane protein with 4 or 5 transmembrane (TM) domains.
Additionally, CPR5 contains intrinsically disordered regions (IDRs) at its N-terminus. Proteins
containing IDRs and TM domains are often difficult to purify for crystallization studies.
Therefore, the undesirable regions of CPR5 such as, IDR and TM domains were deleted and a
set of 24 constructs were developed. Despite several efforts, none of the CPR5 recombinant
proteins were isolated. In addition to predicting IDR and TM domains, in silico results also
predicted three NLS-encoding clusters, casein kinase phosphorylation sites, multiple start
codons, coiled-coil domains and glycine motifs. To find out the roles of these putative
structural elements on CPR5 functions, firstly a CPR5 cDNA was synthesised and termed as
SynCPR5. Subsequently, predicted sites or motifs were mutated in SynCPR5 through site-
directed mutagenesis and a set of 25 mutated CPR5 transgenes (cDNA constructs) were
developed. Using a complementation strategy, all the constructs were transformed into cpr5-
2 plants. The results show that the complementation of cpr5-2 plants with SynCPR5, fully
restored HR-like lesions, wildtype-like trichomes and leaves on SynCPR5 plants. Further
physiological characterization such as, transcript abundance of SynCPR5, PR1, PR5 and
PDF1.2, leaf area measurements and ploidy levels showed that CPR5 regulates some of its
functions and phenotypes quantitatively as well as qualitatively. When compared with the
wildtype, better growth (larger leaves) but enhanced disease susceptibility was found in
metCPR5 transgenic lines (in which putative start codons were mutated), indicating that CPR5
regulates a balance between growth and resistance. Functional characterization of NLS

mutants (n/sCPR5) showed that NLS-encoding clusters are important for CPR5 proper



functions. However, current evidence is insufficient to relate their role in CPR5 localization.
Moreover, in silico results show that putative NLS clusters are present in the region of CPR5
which were annotated as intrinsically disordered region (IDR). Similar phenotypes shown by
both nlsCPR5 and Del63CPR5 (in which the first 63 amino acids of CPR5 including putative NLS
were deleted), indicate that the putative NLS clusters could be part of IDR and may have dual
functions. Loss-of-function phenotypes shown by coiled-coil domain mutants (ccdCPR5)
reinforce the role of coiled-coil domains in CPR5 homo-dimerization. Moreover, in contrast
to previous reports, the downregulation of PDF1.2 in the majority of CPR5 complementation
lines proposes CPR5 to be a positive regulator of PDF1.2. Based on the results presented in
the current study, putative CPR5 IDRs and coiled-coil domains are proposed to facilitate CPR5
dimerization in order to restrict the entry of deregulated cargos into the nucleus. Moreover,
these results uncover a novel role of CPR5 in the regulation of balance between plant growth
and resistance. Furthermore, this study, for the first time, reports evidence of the

requirement of NLS clusters for CPR5 functions.
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Chapter 1 CPR5 as a master regulator- review of literature

1.1 INTRODUCTION

During the plant-pathogen arms-race, plants evolved a number of defence strategies and
mechanisms in order to defend them from an array of pathogens. In contrast to animals, plants
have rigid cell walls, a waxy cuticle and spikey trichomes, which help to protect them from
pathogen ingress and attack (\War et al., 2012). Plants produce various antimicrobial chemicals,
such as, phytoalexins. Additionally, resistance is regulated in response to pathogen attack.
Resistance can be classified as; 1) general resistance, the activation of which confers resistance
to a broad spectrum of pathogens, and 2) specific resistance, which renders resistance to
specific pathogens. In 1942, Flor showed that the inability of pathogen to infect host depends
on the presence and detection of the pathogenesis gene by the corresponding gene present in
the host. If the host has no corresponding gene, the pathogen is able to infect and spread.
Whereas a host restricts pathogen ingress, upon the successful detection of pathogen presence
through the corresponding gene and then activates defence-related responses. In cases where
the presence of the corresponding gene is found in the host and there is unsuccessful infection
growth, the pathogenesis gene is known as the avirulence gene. Whereas, in the event of the
absence of the corresponding gene in the host and successful infection growth, the
pathogenicity gene is known as the virulence gene (Flor, 1971). Overall, genes from pathogens
or microbes are called pathogen- or microbe-associated molecular patterns (PAMPs/ MAPMs).
Corresponding genes in the host are referred to as pathogen recognition receptors (PRRS),
which are generally localised in the plasma membrane of the host cell. Upon pathogen attack,
the PAMPs are recognised by the PRRs and trigger resistance, and hence immunity is conferred
(Jones and Dangl, 2006). This type of immunity is known as PAMP-triggered immunity (PTI)
and is believed to represent the first line of defence in the host (Jones and Dangl, 2006). In
order to avoid PAMP-mediated detection, pathogens have managed to dampen PTI through the
delivery of effectors (Jones and Dangl, 2006). However, over time, hosts have evolved to detect
effectors through resistance (R) proteins, which have a specific type of receptors known as,
TNL-NBS-LRR or CC-NBS-LRR. (McHale et al., 2006) Thus, plants detect the effectors
delivered by the pathogens and confer resistance, known as effector-triggered immunity, which
then renders the second layer of defence (Jones and Dangl, 2006). Additionally, defence

responses are regulated through numerous biotic and abiotic factors, and have separate defence
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systems for biotrophic and necrotrophic pathogens in order to reduce fitness cost (\Wang et al.,
2014b). For example, resistance to biotrophic pathogens is generally mediated through salicylic
acid, whereas resistance to necrotrophic pathogens is mediated by jasmonic acid or ethylene
(Jing et al., 2007).

1.1.1 CONSTITUTIVE EXPRESSER OF PATHOGENESIS-RELATED GENES
(CPR) mutants

To combat pathogens, hosts recognise pathogen attack and respond promptly and efficiently
through the production of antimicrobial proteins (phytoalexins) and/or the activation of defence
responses and the execution of hypersensitive responses (Dangl et al., 1996). In order to study
signal transduction and the activation of resistance pathways, a number of mutants were
isolated through mutagenesis. Of these mutants, the first group displayed loss-of-resistance
phenotypes e.g. nprl (non-expresser of pathogenesis related genes; (Cao et al., 1994, Delaney
etal., 1995, Shah et al., 1999) and eds5 (enhanced disease susceptibility) mutants (Rogers and
Ausubel, 1997, Nawrath and Métraux, 1999). Both nprl and eds5 displayed hyper-
susceptibility to pathogen attack. Whereas the second class of mutants showed constitutive
activation of defence-related genes and enhanced defence responses, such as, acd6 (accelerated
cell death6) and cprl (constitutive expresser of pathogenesis-related genes 1; (Bowling et al.,
1994). In addition to cprl, there are a number of other loci which are known to show
constitutive expression of PATHOGENESIS-RELATED GENES as well, such as, cpr2 and cpré
(Clarke et al., 2000). All of the cpr mutants were found to be very important candidates for the
dissection of resistance signaling and pathways, since cpr5 mutants display upregulation of PR

genes and resistance responses without pathogen attack.

1.1.2 CONSTITUTIVE EXPRESSER of PATHOGENESIS-RELATED GENES 5
(CPR5) and other CPR5 mutant alleles

In addition to the isolation of cprl, cpr2 and cpr6 (Bowling et al., 1994), Bowling and co-
workers found another cpr mutant, which also displayed the constitutive expression of
pathogenesis-related genes PR1 and PR5 (Bowling et al., 1997). In addition to PR1 and PR5,
the levels of another plant defence gene, PDF1.2, were also upregulated in this mutant.
Additionally, mutant plants also showed HR-like spontaneous lesions on their leaves without
pathogen attack. Thus, Bowling et al., (1997) named this locus, CONSTITUTIVE EXPRESSER
OF PATHOGENESIS-RELATED GENES 5 (CPR5). They isolated two mutant alleles of cpr5;
2



cpr5-1 and cpr5-2, which have mutations at different positions. While screening T-DNA
mutagenized plants in order to find out genes necessary for trichome development, Bechtold
and co-workers (Bechtold and Pelletier, 1998) also found a mutant whose phenotypes were
similar to cpr5 mutants. Therefore, the mutants were referred to as cpr5-T1 and cpr5-T2, both
of which have T-DNA insertions in the first intron. Similarly, Jing and co-workers (Jing et al.,
2002) found a mutant which displayed hypersensitive (HR)-like lesions and the onset of leaf
death. Therefore, they named this locus, ONSET of LEAF DEATH1 (OLD1). Three
independent mutant alleles (old11-1, old11-2 and old11-3) of OLD1 are reported by Jing et al.,
(2002). Despite mutations at different positions, all of oldl mutants displayed similar
phenotypes. In the same year, a mutant was discovered by Yoshida and co-workers (Yoshida
et al., 2002) which showed hypersensitivity to sugar and accelerated leaf senescence, which
they referred to as HYPERSENESCENCE1 (HYS1). They reported two mutant alleles, hys1-1
and hys1-2, of HYS1. When mapped, CPR5, OLD1 and HYS1 were all found to be the same
locus (gene) but were also found to contain mutations at different positions and share many
phenotypes in common (Bowling et al., 1997; Jing et al., 2002; Yoshida et al., 2002). In 2011,
Borghi and coworkers (Borghi et al., 2011) found another CPR5 allele, “cpr5-3”, which was
found to have a T-DNA insertion in the fourth exon. The cpr5-3 plants showed K* reductions
and other phenotypes in a similar fashion to cpr5-1 and cpr5-2. CPR5 alleles (cpr5-1, cpr5-2,
hys1-1 and hys1-2) are in Arabidopsis Columbia (Col-0) ecotype background, whereas OLD1
(old1-1, old1-2, old1-3) and cpr5-3 are in Arabidopsis Landsberg erecta (Ler-0) ecotype
backgrounds (Figure 1.1). cpr5-2 mutant allele was used in the current study because 1) it is in
Col-0 ecotype background, 2) whole genome sequence of Col-0 is available and 3) Col-0 is
better ecotype for Agrobacterium-mediated transformations compared to Ler-0 (Desfeux et al.
2000).

The CPRS5 gene belongs to Arabidopsis thaliana, which is a small weed but has served as a
model plant for decades (TAIR; http://arabidopsis.org/). According to the information available
at TAIR, the genomic sequences of CPR5, OLD1 or HYS1 genes (AT5G64930) are comprised
of 2630 nucleotides (Kirik et al., 2001, Yoshida et al., 2002). Compositionally, the CPR5 gene
is comprised of 4 exons and 3 introns, whereas the CPR5 coding sequence consists of 1692
nucleotides which encodes 564 amino acids (Figure 1.1). The CPRS5 protein is predicted to
contain a bipartite nuclear localisation signal (NLS) at its amino terminus and 5 transmembrane

(TM) domains predicted in the carboxyl terminus (Figure 1.1).



1.1.3 CPR5 Localizes in nuclear membrane

As mentioned above, the CPR5 protein is predicted to contain a bipartite nuclear localisation
signal (Yoshida et al., 2002, Kirik et al., 2001). Based on the presence of a bipartite nuclear
localisation signal (NLS), CPR5 was proposed to be targeted to the nucleus (Yoshida et al.,
2002). However, the majority of the cytoplasm of the cell was found to be fluorescent when
GFP was fused to the C-terminus of the CPR5 protein. Thus, Gao and co-workers (Gao et al.,
2011) suggested that CPR5 embeds either in the plasma or in the outer-nuclear membrane. In
the same year, Perazza and co-workers (Perazza et al., 2011), found CPR5 to be localized in
the nucleus when CPR5 was fused to GFP at the N-terminus of CPR5. As shown (Gao et al.,
2011), all of the cytoplasm, including the nucleus, appears to be full of CPR5 protein. It could
be possible that the overexpression of CPR5 by the 35S promoter could have resulted in the
non-specific (everywhere) localisation of the CPR5 protein in Gao et al., (2011) studies.
Whereas, GFP could have escorted CPR5 to the nucleus and resulted in the non-native
localisation of CPR5 in the studies conducted by Perazza et al., (2011). Surprisingly, both
CPR5 transgenes used in the studies Gao et al., (2011) and Perazza et al., (2011), managed to
rescue the majority of cpr5 phenotypes. Recently, CPR5 is shown to be located in the nuclear
membrane as one of the nucleoporin (Wang et al., 2014b, Gu et al., 2016), which supports the
Perazzaetal,. (2011) results. CPR5 is predicted to contain a bipartite nuclear localisation signal
(Kirik et al., 2001) however the role of putative bipartite NLS in CPR5 localisation has not

been characterized in any of the aforementioned studies.

1.1.4 CPR5 is constitutively expressed in the majority of plant tissues

In order to check the expression levels of CPRS5, the transcript abundance of CPR5 was
quantified in various plant tissues. CPR5 is shown to be expressed in the majority of
developmental stages, such as, rosette leaves, seedlings, roots, siliques, stems and flowers
(Kirik et al., 2001; Gao et al., 2011). Since CPR5 is a lowly expressed gene or protein, the
quantification of CPR5 protein, and a comparison between CPR5 and cpr5 recombinant
protein, have not been shown by any of the aforementioned studies. However, Jing et al., (2002)
for the first time, quantified the transcript abundances of CPR5 and cpr5 mutant genes using
real-time gPCR. Their results showed that mutation in CPR5 resulted in a significant reduction
of cpr5 transcript abundance as compared to the wildtype. Based on the loss-of-functions

phenotypes shown by the cpr5 alleles, these mutations were considered as null mutations, and



resultant cpr5 mutant proteins were assumed to be non-functional. In summary, these results

show that CPR5 is constitutively expressed in the majority of tissues.

1.2 Role of CPR5 in programmed cell death, hypersensitive response and pathogen
resistance

Whether a cell should stay alive or die, is of central importance for the survival of multicellular
organisms and largely depends on the type, function and/or need of cells (Bruggeman et al.,
2015). Cells die as a result of overwhelming stress or damage, to which the organisms or cells
have no resilience to survive (Okada and Mak, 2004, Degterev and Yuan, 2008). Cells also die
in a very sophisticated, efficiently regulated and orchestrated process, called programmed cell
death (PCD). PCD is highly conserved and is a completely genetically directed mechanism
across many species (Gilchrist, 1998, Collazo Cordero et al., 2006). PCD can be divided into
two types, autolytic and non-autolytic PCD. Autolytic PCD involves the formation of a large
Iytic vacuole and the prompt clearance of cytoplasm when the tonoplast is ruptured and
hydrolases are released (van Doorn, 2011). On the other hand, rapid cytoplasm clearance is not
accomplished in the non-autolytic type of PCD. Additionally, autolytic PCD commonly occurs
during development, whereas non-autolytic PCD is frequently observed in response to stresses
(van Doorn, 2011). PCD can be regulated in many ways (Collazo Cordero et al., 2006). Firstly,
PCD is inherently initiated by default in order to shape the different organs of an organism
during differentiation and organogenesis (Norbury and Hickson, 2001, Elmore, 2007,
Christofferson and Yuan, 2010). Secondly, PCD can be triggered in response to stresses
(Gilchrist, 1998, Fesik, 2000, Khurana et al., 2005, Elmore, 2007). Thirdly, programmed cell
death can also occur in response to a number of external cues, such as, radiation exposure,

drugs and/or different hormones (Elmore, 2007).

Programmed cell death in animals is referred to as apoptosis (Kerr et al., 1972). Apoptosis is
characterized as the disassembly of various systems e.g. the blebbing of plasma membrane,
shrinkage of cytoplasm, loss of cell-cell to contact, and/or the shearing and fragmentation of
DNA in unwanted cells (Ellis et al., 1991). Apoptosis includes the elimination of cells, which
are: 1) primarily formed for temporary functions e.g. a tadpole’s tail; 2) epigenetically
produced in abundance, such as, vertebrate neurons; 3) Millerian duct cells, which are required
for sex determination in females but not in males; and/or 4) cells which are destined to die

during cell specialization e.g. keratinocytes (Jacobson et al., 1997).
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PCD is inevitable for normal development and stresses in plants (Ellis et al., 1991, Fesik, 2000,
Elmore, 2007, Williams and Dickman, 2008) and plays an important role during various
vegetative and reproductive phases of plant growth and development (Greenberg et al., 2000,
Collazo Cordero et al., 2006). For example, PCD is of central importance in: (1) the
degeneration of pollen nuclei to prevent self-pollination in out-crossing plant species (\Wilkins
etal., 2015, Thomas and Franklin-Tong, 2004); (2) the formation of vascular bundles i.e. xylem
and phloem (Bonke et al., 2003); (3) the abscission of leaves, petals and fruit from plants
(Yamada et al., 2007); (4) the death of petals after fertilization (Pennell and Lamb, 1997); (5)
root cap development (\Wang et al., 2014a)); (6) post-embryonic decay of the suspensor and
aleuronic layers (Yeung and Meinke, 1993, Kuo et al., 1996); (7) somatic and zygotic
embryogenesis (McCabe et al., 1997); (8) leaf senescence (Jing et al., 2003), and; (9) sex
determination in plants(Dellaporta and Calderon-Urrea, 1994). Programmed cell death in
plants can also be activated during hypoxia and in waterlogged conditions (Armstrong, 1980)

in order to form aerenchyma cells (Jackson et al., 1985).

The execution of the hypersensitive response is a classic example of programmed cell death in
plants (Khurana et al., 2005). Upon pathogen challenge, plants are expected to recognize
pathogen(s) through receptors, known as pathogen- or microbe-associated molecular patterns
(PAMPs or MAMPS) and restrict pathogen growth through hypersensitive response (HR) and
the induction of defence responses (Dangl et al., 1996). Upon successful pathogen recognition,
plant defence system immediately induce the production of reactive oxygen species (ROS) and
nitric oxide (NO) to restrict the growth of infection by a robust and local collapse of infected
cells; the hypersensitive response (HR) (Dangl et al., 1996). HR-induced cell death is a
genetically mediated process (Lamb and Dixon, 1997, Moeder and Yoshioka, 2008) and is
largely similar to programmed cell death (Khurana et al., 2005, Collazo Cordero et al., 2006).
HR is reported to transduce the plant defence system and systemic acquired resistance (SAR)
(Kovalchuk et al., 2003). HR-like lesions are also mimicked by another process known as,
necrosis, a type of cell death induced by damage or injury (Mizuno et al., 2010, Inaba et al.,
2011). The regulation of lesions induced by HR or PCD is highly complex, and it is very
difficult to discern one from the other (Mur et al., 2008).



Trp391stop Trp473stop Pro535Ser
old1-2 hys1-1 hys1-2
T-DNA
T-DNA cprs-3

NLS pr-T2 v
SR e I N Py =

| T-DNA |
Gly120 Asp cprs-Tl Gly420Asp Gly459Ser
old1-3 Cpr5—l old1-1 Trp477*

cpr5-2

Figure 1.1 Annotated architecture of CPR5 Gene
This figure represents position of annotated NLS, TM domains, T-DNA insertions, and various mutations reported in CPR5. Black rectangular

boxes represent exons, whereas the blue lines between the boxes shows introns. Black bold bars in the fourth exon represent the position of
annotated 5 TM domains, whereas, the blue bar in the first exon indicates the position of the predicted nuclear localisation signal (NLS). The
orange-coloured pointed arrows in the first intron and fourth exon indicate the positions of T-DNA insertion in CPR5. The asterisk represents stop
codon resulted by a mutation in cpr5-2 allele of CPR5, and the numbers shows the positions of the amino acids changed due to mutations in the

said allele.



HR is generally executed in response to pathogen recognition, defence responses (Mur et al.,
2008) the generation of reactive oxygen species (ROS) and/or nitric oxide (NO) (Pennell
(Pennell and Lamb, 1997), and increased Ca*? and H* influx or K* efflux (Levine et al., 1996).
A number of mutants have been isolated, which display spontaneous (HR) lesions without
pathogen attack. For example, Arabidopsis mutant acd2 (accelerated cell death2), Isd (lesions
simulating disease), and cpr5 (constitutive expresser of pathogenesis related genes 5), all of
which display HR-like lesions without pathogen attack (Dietrich et al., 1994, Greenberg, 1996,
Bowling et al., 1997, Jing et al., 2002). The exhibition of HR lesions without pathogen attack
makes such genes (cpr5) unique from other resistance genes and important candidates for the

elucidation of regulation of defence-related pathways in the absence of external stimuli.

As reported, cpr5 is shown to have spontaneous lesions, early leaf senescence, enhanced
resistance and increased ROS levels. Thus, CPR5 could have a direct or indirect suppressive
role in the regulation of the aforementioned processes. Since HR-like lesions, senescence and
SAR are types of PCD regulation, their activation in cpr5 plants suggests that CPR5 has a direct
or indirect role in the regulation of programmed cell death. Moreover, all of these processes
are integrally interconnected with each other. Therefore, it is impossibly difficult to show
which process is induced in the first place and which in turn is regulated in second place. For
example, none of the studies showed that HR-lesions in cpr5 are the consequence of SAR or
that SAR is the result of HR activation. A number of efforts have been made to understand the
nature, signalling and accomplishment of resistance in cpr5. For example, PR1 and PR5 are
known markers for the confirmation of the upregulation of SA-mediated resistance in plants
(Clarke et al., 2000). Similarly, PDF1.2 is a marker gene for the confirmation of induction of
resistance against necrotrophic pathogens. Additionally, cpr5 plants confer resistance to both
bacterial (hemi-biotrophic) and fungal (necrotrophic) pathogens. The upregulation of PR1, PR5
and PDF1.2 genes in cpr5 (Bowling et al., 1997) suggests that both types of resistance i.e.
resistance to biotrophic and necrotrophic pathogens, are upregulated in cpr5. These results
indicate that CPR5 may be involved in the suppression of non-specific (general) type resistance

instead of resistance against specific pathogens.

To gain deeper insight into how resistance in cpr5 is regulated, levels of salicylic acid were
measured, and results showed that the level of salicylic acid (SA) in cpr5 is higher than in the
wildtype (Bowling et al., 1997). Thus, it was assumed that resistance in cpr5 could be mediated

by SA. The nprl (non-expresser of pathogenesis-related proteinsl), and eds5 (enhanced
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disease susceptibility) mutants are defective in SA signaling and SA biosynthesis
respectively, and nprl and eds5 both display enhanced susceptibility when challenged with
pathogens (Bowling et al., 1997; Clarke et al., 2000). The retention of resistance by cpr5nprl
and loss of resistance in cpr5eds5 double mutant plants, show that SA is required for cpr5
resistance, however, cpr5 resistance is independent of the SA-mediated pathway (Clarke et al.,
2000, 2001). This notion was further strengthened when cpr5-mediated resistance was lost in
cpr5NahG plants in which SA was supposed to be converted to catechol by a bacterial NahG
gene (Bowling et al., 1997; Clarke et al., 2000).

In addition to the SA-mediated resistance pathway, generally, resistance to necrotrophic fungal
pathogens is mediated by ethylene and/or jasmonic acid (Clarke et al., 2000). Since cpr5 plants
show elevated levels of the PDF1.2 gene and JA hormone (Jing et al., 2007), the JA/ET-
mediated signalling pathway was also explored. For this purpose, cpr5jarl (JAR1, JA
signalling gene) and cpr5ein2 (EIN2, ET signalling gene) double mutants were hypothesised
to show susceptibility if cpr5 resistance to a fungal pathogen was mediated by JA or ET.
However, both of these double mutants exhibited resistance to bacterial and fungal pathogens
in a similar fashion to cpr5 (Clarke et al., 2000). These results suggest that the resistance
activated in cpr5 is independent of ethylene and jasmonic acid signalling pathways as well.
Furthermore, the relationship of resistance (R) proteins with CPR5 was also studied. EDS1
(ENHANCED DISEASE SUSCEPTIBILITY1), RPS2 (RESISTANCE TO PSEUDOMONAS
SYRINGAE), PAD4 (PHYTOALEXIN DEFICIENT 4) and RPM1 (RESISTANCE TO
PSEUDOMONAS SYRINGAE PV MACULICOLAL) are some of the known R-genes whose
mutant versions exhibit susceptibility (Clarke et al., 2001, Jirage et al., 2001). As shown by
Clarke et al., (2001) and Jirage et al., (2001), cpr5edsl, cpr5rpml and cprbpad4, all showed
susceptibility, except cpr5rps2, which displayed resistance in a cpr5-like fashion (Boch et al.,
1998). These results show that functional R-genes, except RPS2, are required for cpr5-

mediated resistance.

CPR5 is shown to be indirectly implicated in effector-triggered immunity (ETI) (\Wang et al.,
2014b). It was further proposed that CPR5 protein guards the cell-cycle inhibitors, SIAMESE
(SIM) and SIAMESE-RELATED1 (SMR1) proteins, which dissociate from CPR5 upon
recognition of effectors by NB-LLR receptors and subsequently, phosphorylate CDK, which
is required for cell cycle progression. Concomitantly, SIM and SMR1 also activate another

unknown kinase, which results in retinoblastoma (RB) hyperphosphorylation and E2F
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overactivation, leading to effector-triggered PCD and disease resistance (\Wang et al., 2014b).
Recently, CPR5 has been shown to be embedded in the nuclear membrane and has been
proposed to act as one of the nucleoporins (Gu et al., 2016). CPR5 essentially acts as a gate
and controls the entry of an array of cargoes e.g. NPR1, JAZ1 and ABI5 (Gu et al., 2016). This
gating appears to be disturbed in cpr5, which allows the entry of a number of deregulated
molecules. These deregulated cargoes, in turn, regulate different pathways and processes.
Taken together, these results conspicuously propose a central role of CPR5 in the execution of
PCD, HR and resistance to bacterial and fungal pathogens. Despite higher SA, PDF1.2 and JA,
cpr5-mediated resistance is shown to be independent of the SA- or JA-mediated signalling
pathways, which then raises the question as to how CPR5 suppresses SA and JA production.
Alternatively, resistance induced in cpr5 could be the consequence of the activation of some

other process or pathway, for instance, leaf senescence (Section 1.2.1) or oxidative stress.

1.3 Leaf senescence regulation and CPR5

In addition to HR, leaf senescence is also a type of programmed cell death process, which is
highly coordinated and genetically controlled (Buchanan-Wollaston, 1997). Leaf senescence
is a terminal developmental stage of plant life, in which older leaves die and their nutrients are
translocated to the young actively growing tissues, seeds, and storage organs (Buchanan-
Wollaston, 1997). As discussed above, defence-related responses are activated in cpr5 yet the
exact mechanism of resistance regulation is poorly understood. As shown, early leaf
senescence is reported in cpr5 (Jing et al., 2002, Yoshida et al., 2002). The concurrent
activation of defence and senescence pathways in cpr5 indicates that the upregulated defence-
related responses could be the result of induced leaf senescence in cpr5. Alternatively, leaf
senescence could be the consequence of activation of resistance in cpr5, since senescence is
also shown to be modulated in response to pathogen attack. For instance, biotrophic pathogens
are known to promote senescence, whereas necrotrophic pathogens accelerate senescence
(Haffner et al., 2015). Plant resistance and senescence are integrally interconnected with each
other and share the same signalling cascade and many signalling components (Love et al., 2008,
Rivas-San Vicente and Plasencia, 2011), PHYTALEXINS DEFICIENT4 (PAD4) is reported to
be involved in leaf senescence regulation, whereas PAD4-mediated premature leaf senescence
in Arabidopsis contributed to basal resistance in response to the green peach aphid “GPA”
(Pegadaraju etal., 2005). In addition to PAD4, ENHANCED DISEASE RESISTANCE 1 (EDR1)

is also shown to negatively regulate disease resistance and ethylene-induced leaf senescence
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(Tang et al., 2005). These results suggest the existence of overlapping signalling pathways

between resistance and leaf senescence.

Leaf senescence initiation and execution is shown to be dependent on a number of intrinsic and
extrinsic stimuli and various age-related signals (Guo and Gan, 2012, Kim et al., 2015). The
majority of plant hormones, such as, ethylene, SA, JA and ABA including brassinosteroids and
oxidative stress (ROS), have been shown to play important roles in the regulation of growth
and resistance, and are also key players for the mediation of leaf senescence regulation (Haffner
et al., 2015). For instance, ethylene, which is reported to be implicated in growth and
developmental stages, such as, seed germination, fruit ripening and resistance to necrotrophic
pathogens (Masood et al., 2012, Nazar et al., 2014, Igbal et al., 2017), also promotes leaf
senescence (Jing et al., 2002, 2005, 2007). Ethylene accelerates leaf senescence by activating
the EIN3 transcription factor, which in turn represses micro-RNA miRNA164, allowing the
accumulation of ANAC092 and OREL1 TFs, the induction of which, positively regulates leaf
senescence (Balazadeh et al., 2010a). Consistent with these studies, leaf senescence was found
to be accelerated in cpr5 by ethylene when applied exogenously (Jing et al., 2002) despite of
having wildtype-like levels of ethylene (Jing et al., 2007). These results suggest that CPR5 has
no direct role or effect on the regulation of ethylene biosynthesis, ethylene-mediated resistance
and senescence signalling, since cpr5ein2 showed no difference in leaf senescence or resistance

compared to cpr5 (Clarke et al., 2001).

ET and JA both act synergistically with regards to the regulation of resistance and leaf
senescence (Penninckx et al., 1998). JA promotes senescence and this was first reported by
Ueda and Kato (Ueda and Kato, 1980). Several JA-biosynthetic genes are found to be
upregulated during senescence (He et al., 2002). Similarly, leaf senescence was not shown to
be affected in coil (defective in jasmonate signalling) when coil plants were induced for
senescence by JA application (He and Gan, 2002). However, JA appears to have no role in the
regulation of said processes in cpr5, since cpr5jarl displayed senescence and resistance
indifferently from cpr5 (Clarke et al., 2001). Since cpr5 seedlings show hypersensitivity to ET
and JA, Jing et al., (2007) concluded that cpr5 plants are shown to be defective in the
perception, coordination and integration of ethylene signalling. Additionally, they proposed
that CPR5 ensures normal growth and development by repressing cell death during the early
life of the plant (Jing et al., 2007).
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Similar to ET and JA, SA is also shown to have a dual function in regards to resistance and
leaf senescence activation. For example, senescing leaves have higher SA levels, and leaf
longevity has been shown to be mediated through SA modulation by SA-3-hydroxylase (Zhang
etal., 2013). Additionally, the SENESCENCE-ASSOCIATED GENE101 (SAG101) is reported
to interact with PAD4 and EDS1 and controls senescence (Zhu et al., 2011). Similarly,
senescence was observed to be delayed in plants carrying a bacterial gene, NahG, which
converts SA into catechol (Zhang et al., 2013). Thus, these results show that SA can regulate
senescence. As discussed and established above in Section 1.2, SA is essential for cpr5-
mediated resistance. Thus, SA could have induced both of the processes simultaneously, or the
activation of one pathway, for instance disease resistance, could have transduced the other

process i.e. senescence or vice versa.

The execution of resistance and senescence is shown to be affected by sugar levels (Yoshida
et al., 2002). For example, higher sugars levels resulted in accelerated senescence in tobacco
leaf discs (Wingler et al., 1998). Similarly, sugar levels and leaf senescence were found to be
enhanced when plants were grown under higher CO2 conditions (Miller et al., 1997). Enhanced
leaf senescence was observed in plants in which HEXOKINASE (a sugar sensing receptor) was
constitutively expressed. In addition to leaf senescence, higher levels of sugar also correlated
with enhanced resistance (Herbers et al., 1996, Salzman et al., 1998). As shown by Yoshida et
al., (2002), hysl (HYPERSENESCENCEL), one of the cpr5 alleles, shows hypersensitivity to
sugars in a HEXOKINASE expression dependant manner and also displays early leaf
senescence. Thus, Yoshida et al., (2002) proposed CPR5 to be a repressor of disease resistance
and leaf senescence. Moreover, they concluded that the sensitivity of the HEXOKINASE
receptor has somehow been enhanced in cpr5 and therefore, cprb plants are hypersensitive to
sugars. Similar results were also found by Anderson (Anderson, 2006) and Jing et al., (2007,
2008). Keeping in view the overlapping in signalling of resistance and senescence, it is very
difficult to pinpoint the regulatory nodes required for hexokinase, CPR5 and sugars signalling,

and their redundant roles in this said signalling.

As mentioned above, the levels of reactive oxygen species (ROS) are also generally found to
be upregulated in senescent tissues. ROS act as signalling molecules for pathogen resistance
and leaf senescence, whereas they also act as antimicrobial compounds during PCD and
necrosis (Lamb and Dixon, 1997, Van Breusegem and Dat, 2006). ROS are generated during

numerous biochemical processes, such as, photosynthesis, respiration, metabolism,
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senescence, and hormone signalling (Tripathy and Oelmuller, 2012). The generation of ROS
is essential for normal plant growth and development, however their relentless high levels in
cells are deleterious to cells and sometimes result in cell death (Pallavi et al., 2012, Tripathy
and Oelmuller, 2012). This kind of stress on the cell is known as oxidative stress (Jing and
Dijkwel, 2008). Oxidative stress covers the production of superoxide, nitric oxide, triplet and
singlet of oxygen, salicylic acid, and hydroxyl radicals (Jing et al., 2007, Hong-Ying et al.,
2010). Despite their harmful effects, ROS act as stimulators for the activation of systemic
acquired resistance (SAR), programmed cell death, cell cycle and responses to various abiotic
and biotic stresses (\Vanacker et al., 2006, Zimmermann et al., 2006, Pitzschke and Hirt, 2010,
Moller et al., 2001). ROS levels in cells are regulated by antioxidant enzymes, such as,
catalases, superoxide dismutases (SOD), peroxidases and glutathione-S-transferases (GST),
and antioxidant compounds like ascorbic acid and glutathione (De Gara et al., 2003, Gill and
Tuteja, 2010). Antioxidant activity is reduced and ROS levels are increased to execute
senescence (Navabpour et al., 2003, Wu et al., 2012). Likewise, the majority of senescence
inducing transcription factors are shown to be upregulated when plants are challenged with
H20; (Miao et al., 2004, Balazadeh et al., 2010b, Balazadeh et al., 2011, Garapati et al., 2015).

As shown by the results (Jing et al., 2008), cpr5 contain elevated levels of ROS. Their results
showed that the majority of genes, which were found to be differentially expressed in cpr5,
belonged to a stress-related class of genes and SENESCENCE-ASSOCIATED GENES (SAGS).
Furthermore, transcriptomic studies confirmed that cpr5 plants have fivefold higher transcripts
of the ROS gene network compared to the wildtype (Jing et al., 2008). Thus, they concluded
that early leaf senescence in cpr5 plants is essentially a consequence of altered redox levels in
cpr5 plants (Jing et al., 2008). Their results were further reinforced when the expression of
SOD genes was found to be slightly higher in cpr5. Based on the upregulation of ROS and
SAGs, early leaf senescence and HR phenotypes could be the result of altered ROS levels in
cpr5 (Jing et al., 2008). In addition to transcriptomic analyses, the photo-oxidation stability of
cpr5 was also measured in terms of photosynthesis system stability in response to H2O»
treatment, i.e. how stable is the photosynthesis system of cpr5 as compared to wildtype when
plants were exposed to H>O>. The photosynthesis system Il of cpr5 was found to be resistant
to H20, compared to the wildtype (Hong-Ying et al., 2010). The decrease in Fv/Fm ratios was
found to be 25-fold lower in cpr5 leaves than in the wildtype (Hong-Ying et al., 2010).

Membrane leakage was also reported to be five-fold lower in cpr5 leaves than in the wildtype.
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An increase in the expression level and activities of antioxidants, such as, GSH, SOD, and
APX, was also observed in cpr5 compared to the wildtype (Aki et al., 2007, Hong-Ying et al.,
2010). In summary, these results indicate an imbalance of ROS levels in cpr5, which could be
the result of mutation in CPR5 or a consequence of disturbance(s) in other integral processes.
Based on these results, it is tempting to propose a role of CPR5 in maintaining ROS balance in
the cell, possibly by modulating antioxidant activity in order to supress leaf senescence or

disease resistance.

Taken altogether, leaf senescence and defence responses both share many physiological events,
such as, increased levels of SA, JA and ethylene (Ryals et al., 1996, Morris et al., 2000), the
generation of ROS (Levine et al., 1994, Pastori and Del Rio, 1997) and the accumulation of
SENESCENCE-ASSOCIATED GENES (Yoshida et al., 2001, Jing et al., 2007). Thus it is
difficult to nominate which one of these processes results in the activation of the other
processes, and which of the regulators, such as, SA, JA, ET, or ROS is produced first in

response to mutation in CPR5.

1.4 Cell cycle, cell growth and development, and CPR5

Normal cell cycle progression is crucial for proper plant growth and development (De VVeylder
et al., 2011). The cell cycle chiefly uses the same cellular machinery for meiosis, mitosis and
endoreduplication processes (Breuer et al., 2010, Chevalier et al., 2011, De Veylder et al.,
2011). The cell cycle is generally divided into four stages; G1 (gap 1), S (DNA synthesis), G2
(gap 2) and M (mitosis) (Breuer et al., 2010; Chevalier et al., 2011; De Veylder et al., 2011).
Cells grow in number by cell division and expand in size through endoreduplication (De
Veylder et al., 2011). In endoreduplication, genome (DNA) of the cell replicates, however, the
cell does not divide and re-enters into the cell cycle for the next round of replication, resulting
in the duplication of the original genome (Chevalier et al., 2011; De Veylder et al., 2011). Cell
cycle progression is integrally regulated and progressed through the activities of a number of
cyclin-dependent kinases (CDK) and their respective cyclins. CDK inhibitors (CKIs), such as,
KIP-RELATED PROTEINS (KRPs), SIAMESE (SIM) and SIAMESE-RELATED (SMR),
also play a central role in the regulation and progression of cell cycle (Kasili et al., 2010). CDK
activities are shown to be higher during G1/S and G2/M transitions, however, mitotic CDK

activities are repressed during endoreduplication (Inagaki and Umeda, 2011).
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Despite many studies, the switching from the mitotic to the endocycle is poorly understood.
Mitotic CDK activity is believed to be reduced or repressed, and this repression of mitotic CDK
activity is shown to be achieved through the activation of the anaphase-promoting
complex/cyclosome (APC/C). Thus, APC/C is shown to be an important point of convergence
for cell division and endoreduplication signalling switching (Peters, 2006, Marrocco et al.,
2010, Inagaki and Umeda, 2011). APC, a multi-subunit E3 ubiquitin ligase, essentially controls
cell cycle progression through the degradation of cell cycle proteins (Peters, 2006, Marrocco
et al., 2010). FIZZY-RELATED (FZR), CELL DIVISION CYCLE 20 (CDC20) and CDH
HOMOLOG 1 (CDH1) are shown to be positive activators of APC (Peters, 2006, Larson-Rabin
et al., 2009, Marrocco et al., 2010). Five homologues of CDC20 (CDC20.1-CDC20.5) and
three homologues of CDH1 (CCS52A1, CCS52A2, and CCS52B) are reported in Arabidopsis.
Of three CDH1 homologues, CCS52A1 and CCS52A2 both are implicated in endoreduplication
(Lammens et al., 2008, Larson-Rabin et al., 2009, Vanstraelen et al., 2009, Kasili et al., 2010).
On the other hand, a number of APC negative regulators such as, OSD1 (OMISSION OF
SECOND DIVISION 1), GIG1 (GIGAS cell 1) and UVI4 (UV INSENSITIVE 4) have also been
found (Hase et al., 2006, Heyman et al., 2011, Iwata et al., 2011). In conclusion, the proper
progression of cell division and endoreplication is of key importance for normal cell growth

and development.

As shown, cpr5 plants show smaller leaves, aberrant trichomes and reduced ploidy levels, all
of which are dependent on cell cycle for their cell division and expansion through
endoreduplication (Bowling et al., 1997, Kirik et al., 2001). These results further highlight that
cell cycle (cell division or endoreduplication) appears to be disturbed in cpr5, since epidermal
pavement cells of cpr5 were found to be significantly (70 %) smaller than wildtype. A
comparison of ploidy levels (DNA content) of cpr5-2 and CPR5 plants revealed that the
number of cells having 16C DNA content is greatly (~90 %) reduced in cpr5 compared to
wildtype (Kirik et al., 2001). Similarly, trichomes on cpr5 leaves were found to have either
none, or contain one appendage and showed reduced ploidy levels (Brininstool et al., 2008).
Since cell size and ploidy levels are positively correlated with endoreplication (Brininstool et
al., 2008), smaller cells and reduced ploidy levels in cpr5 show that the regulation of cell cycle
especially the endocycle, appear to be distorted in cpr5 plants. In contrast to the wildtype, the
majority of cpr5 leaf cells and trichomes contain 8C DNA content, while few cells contain 16C
ploidy levels (Kirik et al., 2001). These results (the presence of 8C and 16C nuclei) indicate
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that cell cycle or cells are able to enter into the endocycle, however, their entry is somehow
restricted past the second round of replication, allowing only a few cpr5 cells to enter in the
third round of endoreduplication. How CPRS5 exerts an effect on the restriction of the endocycle
in cpr5 is not shown yet, and is an interesting question to be answered. A number of studies
focus on understanding the role or effect of CPR5 in the regulation of cell cycle, as discussed

below.

Endoreduplication is found to be promoted in osdl and uvi4 loss-of-function mutants when
these genes are mutated individually. However, the lethality of female gamete is observed when
mutated collectively in osd1luvi4 double mutants (Kasili et al., 2010). Epistatic analyses were
carried out between osdl, uvi4 and cpr5 in order to find out the role of CPR5 in
endoreduplication. The results show that cpr5 managed to supress the majority of uvi4 ectopic
phenotypes (enhanced endocycles) and lethality of osdluvi4 double mutants. The severity of
aberration of trichome appendages and resistance observed in cpr5 was found to be increased
in cprbuvi4 (Bao and Hua, 2014). In addition, cell cycle (cyclin B) genes, CYCB1;1, CYCB1;2
and CYCB1;4, were shown to be upregulated in cpr5, which indicates that mitotic activity was
higher in cpr5. Based on their results, Bao and Hua, (2014) concluded that CPRS5 interacts with
OSD1 and UVI4 in a highly complex (unknown) network where CPR5 appears to affect cell
cycle signalling downstream of OSD1, UVI14 and FZR (CCS52A) genes.

GL1 ENHANCER BINDING PROTEIN (GeBP) or GeBP-like proteins (GPLSs) are putative
activators of the GLABRA1 (GL1) gene, which is required for normal cuticle and trichome
formation as well as plant defence responses (Xiaetal., 2010). GeBL/GPLs overlap with CPR5
signalling and are found to activate a set of genes, which represents a subset of CPR5 signalling
pathway genes induced in cpr5 (Perazza et al., 2011). This CPR5 subset of genes is shown to
be implicated in cell expansion and endoreplication in a CPR5 dose-dependent manner
(Perazza et al., 2011). Despite the aforementioned studies, little is known about the direct role

of CPR5 in the cell cycle, and specifically in endoreduplication regulation.

In 2014, the CPR5 was shown to physically interact with CKIs, such as, KRP2, SIM and SMR
(Wang et al., 2014b). Additionally, it was proposed that CKls are safeguarded by CPR5 in the
nuclear membrane, which are released upon pathogen detection by NB-LLR and subsequently
phosphorylate RB-E2F signalling in order to initiate cell cycle progression (\Wang et al.,

2014b). Recently, CPR5 has emerged as one of the nucleoporins of the nuclear pore complex
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(NPC) and has been shown to restrict the entry of an array of nuclear cargoes (Gu et al., 2016).
Gu and co-workers also proposed that CKls are dissociated from CPR5, phosphorylate RB-
E2F signalling and induce cell cycle progression upon pathogen recognition (Gu et al., 2016).
In cpr5, the proper shutting and opening of the NPC is compromised, which in turn results in
the deregulated entry of a large number of molecules in the nucleus that could lead to intrusions
in a number of pathways (Gu et al., 2016). Aberrant phenotypes and disruptions in various
pathways could be a consequence of loss of gating ability of CPR5. To summarize, these results
show that cell cycle and endoreduplication is affected in cpr5, the exact mechanism of which
is not understood yet.

1.5 Potassium homeostasis in cpr5

Potassium (K™) is one of the essential macronutrients required for normal plant growth and
development (Borghi et al., 2011). Potassium plays an important role in the regulation of
enzyme activity, stomata movement, cell expansion and defence in plants (Ashley et al., 2006).
For example, upon challenge, plant-pathogen interaction results in the activation of Ca*, which
in turn triggers anion channels, plasma membrane depolarization and the induction of K*
permeable efflux channels for the export of K*, and eventually initiates HR execution (Jabs et
al., 1997, Jeworutzki et al., 2010). Jasmonic acid (JA) rapidly detects low K* levels (shortage)
and promptly responds to low K* (Armengaud et al., 2004, Armengaud et al., 2009).
Furthermore, ABA application results in K reduction in the xylem during drought exposure
(Shabala, 2007). As shown (Bowling et al., 1997; Jing et al., 2007), cpr5 plants show HR-like
spontaneous lesions, contain elevated JA levels and display hypersensitivity to exogenous JA
and ABA application. It is possible that CPR5 could have a direct role in K™ homeostasis. The
reduced growth, or cell expansion, and the basal resistance of cpr5 could be the consequence
of low K* in cpr5 cells. Borghi et al., (2011) studied cpr5 alleles and dissected the role of CPR5
in potassium homeostasis in the cell. In order to check the role of JA or SA in K* misregulation,
they carried out epistatic analyses and found that the reduced K* levels in cpr5 leaves are
independent of SA, JA and HR signalling. Additionally, they showed that cpr5 (cpr5-2 and
cpr5-3) leaves have higher transcript abundance of Cyclic Nucleotide Gated Channels
(CNGC), such as, CNGC10, CNGC11, CNGC12, CNGC19 and CNGC20 compared to the
wildtype (Borghi et al., 2011). Since they did not find a direct link between CPR5 and K*
homeostasis, they proposed that low K* in cpr5 leaves could be a consequence of K* efflux,
resulted from the constitutive activation of CNGCs. Essentially, the activation of CNGCs may
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have enhanced K* efflux either indirectly, by increasing cytosolic Ca*? levels, and/or directly,
by increasing K* transport activity. As mentioned earlier, BA results in the reduction of K+
levels and cpr5 plants display hypersensitivity to ABA (e.g. cpr5 shows delayed germination
and reduced hypocotyl length, (Jing et al., 2007, Gao et al., 2011), it could be possible that
ABA hypersensitivity is the result of low K* levels or altered K* levels in cpr5. Likewise,
enhanced defence responses, but reduced growth, could also be the result of altered K* levels
in cpr5. In conclusion, this study was also unable to draw a definite role of CPR5 in K*

homeostasis.

1.6 Germination and seedling growth response in cprb

Phytohormones are vital for many plant growth and developmental, as well as defence-related
stages Dekkers and Bentsink, 2015; (Kucera et al., 2007, McSteen and Zhao, 2008, del Carmen
Rodriguez-Gacio et al., 2009, Dekkers and Bentsink, 2015). Any defect in their biosynthesis
or signalling leads to detrimental effects (Dekkers and Bentsink, 2015). cpr5 seedlings were
found to be hypersensitive to JA and ET when applied exogenously e.g. cpr5 seedlings were
less green and shorter in length compared to wildtype (Jing et al., 2007). These results were
found to be in line with Gao et al., (2011), wherein they studied cpr5 response to the ABA
hormone and found similar effects on seed germination and seedling growth. They further
poroposed that CPR5 controls normal germination and development through the lipoxygenases
(LOX) signalling pathway (Gao et al., 2011).

The seedling growth and germination of both wildtype Col-0 and cpr5 plants was shown to be
inhibited at similar levels in response to ABA when applied exogenously. However, cpr5
exhibited a lower germination rate, reduced cotyledons greening and shorter root lengths at 1%
ABA concentrations as compared to the wildtype plants, which displayed the aforementioned
phenotypes at 4% of ABA (Gao et al., 2011). In contrast to cpr5 and the wildtype, CPR5
overexpression plants were found to be insensitive to higher ABA application (Gao et al.,
2011), indicating that CPR5 may act as a repressor of ABA signalling. Furthermore, the
inhibition of germination and seedling growth of cpr5 in response to NDGA, an ABA
biosynthesis inhibitor (Gao et al., 2011), indicates that CPR5 may be involved in ABA
signalling rather than ABA biosynthesis.

Sugar and ABA signalling pathways are reported to crosstalk with each other in regards to
plant germination and dormancy (Finkelstein et al., 2008). ABA and sugar are reported to have
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antagonistic effects on each other (Dekkers et al., 2008). Physiological studies show that higher
sugar concentrations result in the inhibition of seed germination and seedling development
(Dekkers et al., 2008). In contrast to ABA, cpr5 hypersensitivity to sugar was abolished in the
cpr5hxk5 mutant, however, cpr5hxk5 still displayed hypersensitivity to ABA, JA, ET, and SA
(Akietal., 2007; Yoshida et al., 2002). This observation indicates that the hypersensitivity of
cpr5 plants to sugar is not due to increased sugar levels but rather is due to the deregulation of
sugar sensing and signalling (Aki et al., 2007; Yoshida et al., 2002). These results suggest that
CPR5 is involved in the regulation of the sugar signalling response and acts as a negative
regulator of sugar-induced inhibition of plant development through the suppression of the
glucose dependent HXK signalling pathway. In conclusion, these studies propose CPR5 to be
an important component in coordinating signalling pathways required to regulate hormonal

homeostasis, yet the exact mechanism of regulation and signalling is poorly understood.

1.7 Plant growth and resistance trade-off and CPR5

Unlike animals, plants are sessile and lack a highly specialized memory system, thus they have
developed an array of constitutive, as well as induced, defence responses to protect themselves
from pathogens (Chisholm et al., 2006). Growth and pathogen resistance are two opposing
mechanisms e.g. the activation of defence responses has a significant compromise on growth.
Therefore, there is a trade-off between growth and immunity in order to reduce the cost of
fitness (Yang et al., 2011). This trade-off is believed to happen largely due to the limited
resources that a plant needs to invest either in growth or defence for its survival (Coley et al.,
1985, Simms and Rausher, 1987, Herms and Mattson, 1992). The activation of defence-related
responses is costly since the expression of resistance that genes exert, negatively effects plant
fitness (Simms and Rausher, 1987, Purrington, 2000). The negative correlation between growth
rate and defence has been well established and is a well-known phenomenon (Smedegaard-
Petersen and Tolstrup, 1985, Fagerstrom and Schneider, 1989, Hoffland et al., 1995).
Arabidopsis transgenic lines constitutively overexpressing SAR (systemic acquired resistance)
were found stunted in growth and lower in seed yield than wildtype plants (Bowling et al.,
1994, Greenberg et al., 2000, Jirage et al., 2001). Similarly, the exogenous application of JA
or MeJA on plants in order to increase resistance to herbivores, dramatically reduced seed
production (Baldwin, 1998, Redman et al., 2001), leaf growth (Alves et al., 2008) and delayed
flowering and fruiting (Redman et al., 2001). Nevertheless, investments in defence regulation
always pay off in terms of plant survival, when plants are challenged to pathogens (Baldwin,
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1998, Walters and Heil, 2007). Thus, during adaptation and evolution, plants have managed to
develop some sophisticated mechanisms to achieve a balance between growth and defence, and
reduce fitness costs (Huot et al., 2014). The balance between growth and plant immunity is
mainly achieved through the interplay of plant hormones, called phytohormones (Denance et
al., 2013, Yang et al., 2013, Yang et al., 2012).

Phytohormones are intrinsically integrated by complex networks in plants to respond to
developmental and environmental cues, hence limiting the defence-related fitness costs. The
molecular mechanisms underlying these hormonal networks are largely obscure. During an
attack, pathogens target the biosynthesis and/or signalling of plant hormones in order to
manipulate and evade the plant defence system (Denanceé et al., 2013). Pathogen recognition
by plant receptors triggers the biosynthesis of different phytohormones, such as, salicylic acid
(SA), ethylene (ET), and jasmonic acid (JA). The roles of salicylic acid (SA), jamonic acid
(JA) and ethylene (ET) in the regulation of resistance to biotrophic and necrotrophic pathogens
have been extensively studied and are well established (Berrocal-Lobo et al., 2002, Erb et al.,
2012, Pieterse et al., 2012, Wasternack and Hause, 2013, Huot et al., 2014). It has been shown
that these phytohormones, in addition to the accomplishment of resistance, exert adverse
effects on plant growth and development, such as; JA represses growth, flower development
and fertility (\Wasternack, 2013); SA effects growth and flowering-time regulation (Martinez
et al., 2004); and ethylene misregulates fruit ripening, senescence and root hair growth (Abeles
etal., 2012). As mentioned above in Section 1.7, SA and JA are upregulated in cpr5, and ABA,
ET, sugar sensing and their signalling is also distorted in cpr5. Therefore, reduced growth
phenotypes of cpr5 could be the consequence of imbalance of phytohormones. In addition,
other plant hormones, such as, brassinosteroids, auxins, cytokinins and gibberellins, which
were previously known as plant growth promoting hormones, have recently emerged as the

plant immunity regulators (Denanceé et al., 2013).

Brassinosteriods are of central importance in the regulation of plant growth and development,
which are essential throughout plant life, e.g., germination, vegetative growth, etiolation,
stomata development, flowering, and fertility (Clouse, 2011, Zhou et al., 2013). A number of
studies have proposed their role in modulating the trade-off between plant growth and
immunity (Navarro et al., 2008, Albrecht et al., 2012, Belkhadir et al., 2012, Yang et al., 2012,
Lozano-Duran et al., 2013, Chandran et al., 2014, Fan et al., 2014, Malinovsky et al., 2014).

These studies suggest a unidirectional negative correlation between brassinosteriods (BR) and
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plant immunity, for example, plant immunity was compromised when brassinosteriods
signalling was activated, either by the exogenous BR application or by the overexpressing BR
receptor BRI1 (BRASSINOSTEROID INSENSITIVEL) and/or the BR biosynthetic enzyme
DWF4 (Belkhadir et al., 2012, Sun et al., 2013a, Chandran et al., 2014). Contrastingly,
immunity is not always compromised in response to the application of BRs. For instance, rice
and tobacco (Nicotiana tabacum) plants conferred resistance when BRs were applied

exogenously (Nakashita et al., 2003).

Brassinosteriods (BRs) and PAMP-triggered immunity (PTI), e.g. the activation of the defence
response upon flg22 recognition by the FLS2 receptor, act through the same signalling cascade,
in which many of the signalling components or receptors, such as, BAK1, BSK1, and BIK1
are shared between BRs and PTI (Sunetal., 2013a, Sunetal., 2013b, Lozano-Duran and Zipfel,
2015). Among these co-receptors, BAK1 is the most important receptor, since BR-(BRI1
receptor) and PAMP-triggered signalling (FLS2 receptor) receptors, both compete for the
BAKZ1 co-receptor for downward signalling and transduction (Chinchilla et al., 2007, Belkhadir
et al., 2012, Wang, 2012). However, Albrecht et al., (2012) show that BRI1 and FLS2 do not
compete for BAK1, and that BAK1 is not a rate-limiting factor for either of these pathways.
Similar results were obtained by several studies (Shan et al., 2008, Gimenez-Ibanez et al., 2009,
Ranf et al., 2011, Lozano-Duran et al., 2013). The idea of BAK1 competition appears to be
weak since the receptors and co-receptors are assembled in separate membrane compartments
before binding with cognitive ligands (Bucherl et al., 2013). Thus, the crosstalk between BRs
and PTI could be downstream of BAK1 or BIN2 signalling components (Bucherl et al., 2013;
Lozano-Duran et al., 2013).

The crosstalk between BRs and PTI could be happening at a transcriptional level, since PTI is
compromised when BZR1 becomes activated (Lozano-Duran et al., 2013). Additionally, the
activation of WRKY transcription factors (WRKY 11, 15, 18) could be part of BRs and PTI
crosstalk (Lozano-Duran et al., 2013). WRKY 11, 15, 18 are a subset of genes that are also
regulated through BZR1 and supress defence signalling (Lozano-Duran et al., 2013). BZR1
and BESL1 are the two critical transcription factors of the BRI1-mediated BR signalling
pathway. In the absence of BRs, BZR1 and BES1 are repressed by BIN2 through
phosphorylation and remain in the cytoplasm (Wang et al., 2002, Vert and Chory, 2006,
Gampala et al., 2007, Ryu et al., 2007). Upon BR treatment, BZR1 and BES1 both get

dephosphorylated, translocate to the nucleus and extensively orchestrate BR-induced
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transcriptional reprogramming (Sun et al., 2010b, Tang et al., 2011, Yu et al., 2011).
Consequently, this transcriptional reprogramming activates WRKY TFs, such as, WRKY11, 15
and 18, which promote growth by repressing defence responsive genes. In addition to BZR1-
mediated BR signalling, BR-responsive genes can also be activated through another
transcription factor, HBI1, which also represses defence responsive genes. On the other hand,
pathogen (flg22) recognition by the FLS2 receptor leads to the activation of defence responsive
genes and inhibits growth by repressing BR-responsive growth promoting genes as well as
HBI1 TF. Concomitantly, the activation of WRKY11, 15, 18 transcription factors supress or
control defence responses through a negative feedback loop in order to limit fitness cost
(Lozano-Duran and Zipfel, 2015). Based on these results, the activation and regulation of
BZR1, HBI1 and WRKY TFs (WRKY11, 15, 18) appear to be of central importance for growth
and immunity trade-off. Having established that resistance and BR-mediated growth share the
same signalling cascade and components, it is plausible that compromised growth phenotypes
of cpr5 could be a consequence of suppression of growth by the activation of resistance.
However, how CPR5 coordinates or participate in BRs and PTI crosstalk is totally obscure.
Assuming that CPR5 inhibits resistance via SA suppression or modulation, it appears that SA-
mediated resistance in cpr5 could repress BR-mediated growth and consequently result in
enhanced resistance and reduced growth. However, there are no reports on the role of BRs in
cpr5-mediated resistance and growth, and this needs further investigation and evidence to

support my hypothesis.

Gibberellins and their cognitive DELLAS, both play a central role in the regulation of plant
growth prompting genes (PRESs) via BZR1-mediated BR-signalling. For example, DELLAS
repress BZR1, which in turn, supress PREs (Claeys et al., 2014, Lozano-Duran and Zipfel,
2015). Additionally, DELLAs also interact with PHYTOCHROME INTERACTING FACTORs
(PIF3 and PIF4) and inactivate them by interfering with their DNA-binding domain (Achard
et al., 2007, de Lucas et al., 2008, Feng et al., 2008). Active or stabilized PIFs activate PRE
genes, which promote growth and repress immune responses. Contrarily, inactive PIFs lead to
repression of growth (proliferation) and the activation of immune response genes. In a light-
grown condition, PREs are regulated by BRs through BZR1, whereas in the dark, BZR1 interact
with PIFs, and the BZR1-PIFs complex then activates downstream PREs genes. PIFs
transcription factors (PIF3 and PF4) are centrally important in the regulation of balance

between growth and immunity (Achard et al., 2007; de Lucas et al., 2008; Feng et al., 2008).
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Alternatively, in the absence of GAs, DELLASs regulate plant defence responses through the
modulation of salicylic acid (SA) and jasmonic acid (JA) levels in the cell (Navarro et al.,
2008). In GA deficient mutants, gal-3, one of the DELLAs mutants displayed an overlapping
of 30% transcripts with plants treated with flg22. The majority of these (30%) upregulated
genes represent defence-related WRKY transcription factors, including WRKY11 (Eulgem et
al., 2000, Navarro et al., 2008, Journot-Catalino et al., 2006). WRKY11 is shown to be
upregulated in senescent leaves in Arabidopsis (Eulgem et al., 2000). These results suggest that
GAs and DELLAs are key players in the management of trade-off between plant growth and

immunity.

Similarly, several lines of evidence show that auxin and BRs relationships are also very
important with respect to their role in the trade-off between growth and immunity (Cohen and
Meudt, 1983, Tanaka et al., 2005, Bajguz and Hayat, 2009). For example, studies (\Vert and
Chory, 2006, Zhao et al., 2002) proposed that dephosphorylated BES1 and BZR1 (two
important transcription factors of BR signalling) show a higher binding affinity to the
promoters of CDP and SMALL AUXIN UP RNA 1 (SAUR-ACL1). BRs regulate the hypocotyl
length of Arabidopsis through auxin signalling components, such as, IAA19 and ARF7 (Zhou
et al., 2013). BRs and auxin act synergistically and promote growth via the degradation of
ARF2 (auxin) by BIN2 in BR signalling pathways (Cohen and Meudt, 1983, Tanaka et al.,
2005, Fridman and Savaldi-Goldstein, 2013). These results indicate that plant growth can be

restricted by modulating auxin regulation through BR signalling.

Alternatively, many plant pathogens have the ability to alter auxin levels by themselves or
regulate auxin production within the plant by manipulating host growth and defence pathways
(Manulis et al., 1998, Glickmann et al., 1998, Vandeputte et al., 2005, Robert-Seilaniantz et
al., 2007, Spaepen and Vanderleyden, 2011). For instance, auxin responsive genes were found
to be repressed when plants were exposed to SA analogue benzothiodiazole (BTH) or bacterial
elicitor flg22 (Navarro et al., 2006, Wang et al., 2007). SA regulates auxin signalling repression
through the stabilization of AUX/IAA repressor proteins and the inhibition of the auxin
response (\Wang et al., 2007, Fu and Wang, 2011). Similarly, plants were shown to be
susceptible to PstDC3000 when the auxin response was enhanced through the overexpression
of the TIR1 auxin receptor in contrast to plants, which displayed increased resistance to the

same bacteria when auxin signalling was attenuated through the overexpression of miR393
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(microRNA393; Navarro et al., 2006). Thus, the misregulation of auxin signalling appears to

be one of the bacterial pathogen strategies to evade host defence.

Similar to BRs, GAs and IAAs, cytokinins are also important plant growth hormones that
promote cell division, leaf longevity, nutrient mobilization and grain yield (Ashikari et al.,
2005, Kim et al., 2006a, Sakakibara, 2006, Choi and Hwang, 2007, Matsumoto-Kitano et al.,
2008, Hwang and Sakakibara, 2006, Zhao et al., 2010b, Kurakawa et al., 2007). Cytokinins
confer drought resistance in tobacco (Rivero et al., 2007). Cytokinins and auxin both play
crucial roles in gall formation by biotrophic bacterial (Rhodococus facians and Agrobacterium
tumefaciens) as well as fungal (Puccinia striiformis) pathogens (Robert-Seilaniantz et al., 2007,
Walters and Heil, 2007, Pertry et al., 2010, Lee et al., 2009). Similarly, a number of plant
pathogens are known to produce cytokinins or cytokinin analogues, which enable them to
manipulate the plant host system to activate cytokinins biosynthesis. For example, the
formation of green islands and gall formation by biotrophic bacterial as well as fungal
pathogens (Robert-Seilaniantz et al., 2007, Walters and Heil, 2007, Pertry et al., 2010, Lee et
al., 2009).

A large number of studies propose that cytokinin-mediated growth activation results in the
suppression of plant basal defence responses (Robert-Seilaniantz et al., 2007). However, Choi
and co-workers (Choi et al., 2010) demonstrated that basal defence suppression, actually
depends on the source of origin of cytokinin production. Host-derived cytokinins, in fact,
enhance the plant defence system via the activation of SA signalling (Choi et al., 2011). The
degradation of RIN4 by bacterial effectors (AvrRpm1 and AvrRpt2) and subsequent recognition
of RIN4 degradation by resistance proteins (RPM1 and RPS2) activate the expression of
cytokinin-responsive primary genes in addition to the induction of the defence system (lgari et
al., 2008). RPM1 and RPS2 proteins are shown to activate cytokinin, as well as SA-mediated
responsive genes - ARABIDOPSIS RESPONSE REGULATOR 5 (ARR5) and PR1 respectively,
possibly through the induction of cytokinin biosynthesis. In cytokinin signalling, cytokinin
receptors, AHK2 and AHK3 phosphorylate type-B ARR transcription factor (ARR2), result in
the induction of type-A ARR transcription factors. When challenged by pathogens, the TGA3
transcription factor that is activated by SA, recruits ARR2 that binds in the PR1 promoter and
upregulates PR1 levels (Choi et al., 2011). Additionally, cytokinins are also known to regulate
nitric oxide (NO), which leads to the execution of the hypersensitive response (HR) when flg22
is recognised by FLS receptor (Choi et al., 2011). Thus, pathogen-derived cytokinins confer
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susceptibility to plants and help gall formation, whereas, cytokinins derived from within plants

boost plant immunity.

Based on the above-discussed results, the majority of hormones use the same signalling cascade
for their actions in order to promote growth. In the signalling cascade, the activation and
regulation of BZR1, HBI1 and WRKY TFs (WRKY11, 15, 18) appear to be of central
importance for the growth and immunity trade-off. Having established that resistance and BR-
mediated growth share the same signalling cascade and components, it is plausible that
compromised growth phenotypes of cpr5 could be a consequence of suppression of growth by
the activation of resistance through the same pathway. However, how CPR5 coordinates or
participates in BRs and PTI crosstalk is obscure. Assuming that CPR5 inhibits resistance via
SA suppression or modulation, it appears that SA-mediated resistance in cpr5 could repress
BR-mediated growth and consequently result in enhanced resistance and reduced growth.
However, there are no reports on the direct implication or role of cpr5 in BRs -mediated
resistance and growth, and further investigation and evidence is needed to support my

hypothesis.

Taken altogether, the abovementioned review of growth and immunity trade-off provides an
overview of the different possible strategies, which plants have evolved to keep an optimal
balance between growth and development. As shown, this trade-off is mainly controlled and
regulated through the modulation of biosynthesis and/or signalling of plant hormones(L.ozano-
Duran and Zipfel, 2015). Moreover, only a few of the hormones have been quantified and
studied in relation to CPR5. Despite detailed analyses of CPR5 with SA, JA, ABA and ET, the
relationship between these hormones and CPR5 is yet poorly understood. As evident from
many studies, CPR5 is shown to take part in a number of physiological processes and signalling
pathways (Jing and Dijkwel, 2008). Most importantly, growth and development is
compromised, whereas, resistance is gained as a consequence of mutation in cpr5. This
observation conspicuously indicates an example of growth and immunity trade-off happening

in cpr5, which needs further detailed studies.

1.8 Outlook and Aims of the Research

CPR5 appears to be a master regulator as proposed by Jing and Paul (Jing and Dijkwel, 2008),
since a mutation in CPR5 results in defects in multiple biological processes and pathways.
Despite evidence of CPR5 implications in numerous processes and pathways, the basic
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mechanism of how CPR5 coordinates or participates in the proposed pathways is yet poorly
understood. The function of a protein can be determined from the structure of a protein. It could
be possible that CPR5 has a unique structure that helps CPRS5 to participate in several pathways
or interact with multiple partners. CPR5 displays no homology to any of the proteins with a
known function. Thus, the first aim of the current study was to solve the atomic structure of
CPR5. In addition to structure, CPR5 protein could have a number of important structural
motifs, sites or regions which could facilitate CPR5 to perform multiple functions. Therefore,
extensive in silico analyses of CPR5 followed by the mutagenic analyses of the identified

structural motifs, sites or regions will help to understand pleiotropic effects exerted by CPR5.

CPRS5 is shown to be a nuclear membrane protein by different research groups. However, the
role of the nuclear localisation signal (NLS) in the transportation of CPR5 in the nucleus has
never been characterised and is a long sought-after question. The mutagenic and functional
characterisation of putative NLS clusters will show the implication of NLS clusters in CPR5
localization. Thus, the functional characterisation of the 25 transgenic lines of the CPR5 gene
in the current study (Chapter 6) would prove a great resource of information and would
highlight different novel roles of CPR5.

CPR5 is important for cell growth, cell cycle and trichome development (Kirik et al., 2001);
on the other hand, it is shown to negatively regulate resistance, leaf senescence and HR-like
lesions, which are all types of programmed cell death. These results suggest that CPR5 is an
important candidate implicated in the regulation of growth and resistance trade-off, which
needs further investigations. Thus, mutagenic and functional characterizations of developed
transgenic lines are expected to uncouple the role of CPRS5 in the regulation resistance and

growth and understand growth and resistance antagonism.
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Chapter 2 Materials and Methods

2.1 Insilico computer tools used for CPR5 analyses

The nucleotide and deduced amino acid sequence of CPR5 (AT5G64930.1) were downloaded
from “The Arabidopsis Information Resource, TAIR” (http://www.arabidopsis.org/) which
were used in the current thesis and to design all the primers and the computer-based analyses.
CPR5-like proteins (homologues) were identified from the NCBI database using an online tool,
Basic Local Alignment Search Tool (BLAST). Using default settings, CPR5 deduced amino
acid sequence was inputted into BLAST query search interface, which provided a list of
proteins which were found to have amino acid identity with Arabidopsis CPR5. The amino
acid sequences of all of these CPR5-like proteins (Appendix 11.2) were downloaded from the
NCBI database and subsequently were again aligned and compared using CLUSTALW?2
(http://www.ebi .ac.uk/Tools/msa/clustalw2/) in order to find out the level of identity between
CPR5 and CPR5-like proteins.

The hydrophobic regions (transmembrane domains) were analysed and selected by
TOPCONS(http://topcons.net/) (Bernsel et al., 2009), TMHMM (http:// www.cbs.dtu.dk/
servicessTMHMMY/) (Méller et al., 2001), SMART (http://smart. embl-heidelberg.de/) (Letunic
et al., 2009) and PSIPRED (http://bioinf.cs.ucl.ac.uk/ psipred/) (Nugent and Jones, 2009). The
CPR5 nuclear localisation signal (NLS) was predicted using SeqNLS (http://mleg.
cse.sc.edu/segNLS) (Lin and Hu, 2013) and PSORTII (http://psort.hgc.jp/ form.html).

The cytoplasmic domain of the CPR5 was examined using “The Eukaryotic Linear Motif
Resource” (ELM; http://elm.eu.org/) and PHYRE2 (Kelley and Sternberg, 2009)
(http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index) for the annotation of casein
kinase | (CKI) and casein kinase Il (CKII) plus other structural motifs. Additionally, the COILS
web interface (http://www.ch.embnet. org/software /COILS_form. html) was used to find out
the presence of potential coiled-coil motifs in the CPRS5 protein. CPR5 subcellular localisation
was  annotated using  SoftBerry  (http://linux1.softberry.com/berry.phtml?topic=
protcomp&group=help&subgroup=proloc); PredSL (http://aias.biol.uoa.gr/PredSL/); Cello
(http://cello.life.nctu.edu.tw/); Protein Prowler (http://bioinf.scmb.ug.edu.au:8080/pprowler_
webapp_1-2/).
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In a similar fashion, the presence of intrinsically disordered regions (IDRs) in the CPR5 protein
was investigated using the DisProt (http://www.disprot.org/) (Sickmeier et al., 2007), IUPred
(http://iupred.enzim.hu/) (Dosztanyi et al., 2005), MetPrDOS (http://prdos.hgc. jp/cgi-
bin/meta/top.cgi) (Ishida and Kinoshita, 2008) and DisMeta (Huang et al., 2014) web
interfaces, whilst the occurrence of alpha-helices and a beta-strand was annotated using
PHYREZ2, PSIPRED and I-TASSER (http://zhanglab.ccmb.med.umich.edu/I-TASSER/) (Roy et
al., 2010). The proper position and orientation of reading frames of all the designed constructs
were checked and confirmed using the in silico cloning option of Geneious R6 (Biomatters
Limited) software, prior to the start of the in vitro experiments. Lastly, the CPR5 gene or
protein sequence was analysed according to the default settings of each in silico program used
in the current thesis. A number of in silico tools were used in order to measure or assess the
same parameter of the CPR5 gene or protein, only to gain a better idea or higher probability of
the said parameter.

2.2 Primer designing, RNA extractions and cDNA synthesis

2.2.1 Primer designing

All the primer sets which were used for the amplification of the 8 constructs to be used to solve
the CPR5 protein structure were designed through PerlPrimer, (http://perlprimer.
sourceforge.net/). Restriction sites and a stop codon were added in the primers where needed
and mentioned (Appendix 11.1.1, 11.1.2, 11.1.3). However, all the primers used for real-time
(gRT-PCR) quantifications were designed using the online tool, QuantPrime (http://www.
webcitation.org/query.php?url=http://www.quantprime.de/&refdoi=10.1186/1471-2105-9-

465) (Arvidsson et al., 2008). For transcript abundance quantification of CPR5, cpr5-2 and
transgenic versions (SynCPR5), a separate set of primers were designed for each plant line
(Appendix 11.1.4). As shown by Drenkard et al., (2000), a single base pair mismatch within
the last three nucleotides (3" end) of a primer make the identification of two alleles possible
and easier. Since the cpr5-2 allele of the CPR5 gene has a G-to-A mutation, different sets of
primers were designed using SNAPER (developed by Ausbel Lab; http://ausubellab.mgh.
harvard.edu/) in order to select sets of primers highly specific for cpr5-2 and CPR5. All the
sets of primers (designed by SNAPER) were applied and one of the best pairs of primers (which
displayed no amplification from the non-specific allele) were selected (Appendix 11.1.5).
These pairs of primers were found to be highly specific, such as, the CPR5 (wildtype) based
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primer set, which was unable to amplify a product from cpr5-2 (mutant) or SynCPR5 and vice
versa. In order to quantify the levels of transcripts, a set of primers for each plant line (CPRS5,
cpr5-2 and SynCPR5) was designed in the same region of AtCPR5 mRNA (Figure 2.1). The
nucleotide changes in the SynCPR5 gene introduced during codon optimization, provided a

highly specific set of primers for SynCPRS5 transcript abundance quantification.

2.2.1.1 Primer sets for genotyping

Homozygous T5 transgenic lines of each construct were genotyped for the presence of
respective transgene cassettes in their genomes. For constructs in which a long stretch of
nucleotides (Del37CPR5 and Del63CPR5) or a few nucleotides (DelckICPR5) were deleted,
intergenic types of primers were designed (Drenkard et al., 2000). However, nucleotide
mismatches were selected and included in the 3™ end of the primers used for the genotyping of
constructs in which amino acids of CPR5 protein were changed by substitution of nucleotides.
It is important to note that only the forward (sense) primer contained mismatches and was
unique for each construct whereas the same reverse (antisense) primer was used for all of the

genotyping studies (Appendix 11.1.5).

2.2.2 RNA Extractions and cDNA synthesis

Total RNA was extracted from 4-5 week old leaf tissue or from the whole plants (for real-time
gRT-PCR analyses) using ZR plant RNA miniprep® (Zymo Research) according to the
manufacturer’s instructions. The total RNA was treated with DNase I (Roche Applied
Sciences) prior to being used as a template for complementary DNA strand (cDNA) synthesis.
The first-strand cDNA pool was made from 2 pg of total RNA through reverse transcription
using One-Step Blueprint reverse transcriptase (Takara), CPR5 specific primers and dNTPs
(Section 2.2.4.1). This One-Step BluePrint PCR reaction also converted cDNA into CPR5
double-stranded DNA using single-stranded DNA as a template (Section 2.2.4.2). Thus CPR5
DNA obtained from this reaction was used for cloning in the pPGEM-T easy vector. For real-
time quantifications, cDNA was synthesized using Superscript Il Reverse transcriptase (Life
Technologies-Invitrogen). The cDNA synthesized from the 2 pg of total RNA was further 20-
fold diluted and used as a template for quantitative real-time PCR (qRT-PCR) using a
LightCycler® 480 SYBR Green 1 Master reaction mix (Roche Life Science) and
LightCycler® 480 instrument II (Roche Life Science, USA).
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2.2.3 qRT-PCR data analyses

Transcript abundance of each selected gene was quantified using the LightCycler 480 Real-
Time PCR (Roche) system and LinReg PCR analysis software. For every biological replicate,
three technical replicates were included and analysed, using SYBR green | (Roche) as a
florescent dye. A volume of 2.5 pL of 20-times diluted cDNA was used as a template (Section
2.2.4.3). The raw data files resulted by LightCycler 480 gPCR were extracted using LC480
conversion-software, freely available online at http://www.hartfaalcentrum.nl/. Similarly, the
primer efficiency of each primer set was calculated using another computer tool, LinReg PCR
software (Ruijter et al., 2009). It is important to mention that none of the amplicons were
sequenced. Transcript abundance and statistical analyses were performed using Microsoft
Office Excel 2010 using the Pfaffl equation as described in their studies (Pfaffl et al., 2004).
The expression value (gene of interest e.g. CPR5) from each transgenic line was normalized
with the average value (geometric means of their Ct values) of the two housekeeping genes,
Ubiquitin Conjugating Enzyme 9 (AtUBC9; AT4G27960) and Actin2 (AtACT2; AT3G18780).
For housekeeping gene selection, 5 genes were studied and the aforementioned set of genes
were selected based on their stable expression patterns in all of the plant lines studied in the

current study.

2.2.4 PCR reactions and profiles

2.2.4.1 Amplification of single and double-stranded full length CPR5

i.  OneStep BluePrint RT enzyme 2.0 uL
ii.  2x OneStep BluePrint buffer 25.0 uL
iii.  Forward primer (10 uM) 1.0puL
iv.  Reverse primer (10 uM) 1.0 uL
v.  RNase free ddH;0O 20.0 uL
Vi. RNA 1.0
vii.  Total volume made 50.0 uL
PCR profile
a. CDNA: 50.0°C 30.0 min
94.0°C 2.0 min
b. DNA: 98.0°C 10.0 sec
54.5°C 30.0 sec cycles =30
72.0°C 2.15 min
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2.2.4.2 Amplification of CPR5 constructs for structural studies

a) DNA template

b) Forward primer (10 pM)
c) Reverse primer (10 uM)
d) Master Mix (Promega)

e) ddH:0

f) Total volume made

1.0 uL
1.0puL
1.0uL
12.5pL
9.5 ulL
25.0 uL

A construct-specific set of primers were used for the amplification of each construct.

PCR profile
i. 94.0°C
ii. 94.0°C
iii. 54.0°C
iv. 72.0°C
v. 72.0°C

2.0 min

10.0 sec

30.0 sec cycles =30
2.15 min

10.0 min

2.2.4.3 cDNA synthesis for real-time PCR quantifications

a) cDNA template

b) Forward primer (10 pM)
c) Reverse primer (10 uM)
d) SYBER green | (Roche)
e) ddHxO

f) Total volume made

Real-time PCR profile

i. 96.0°C
ii. 96.0°C
iii. 60.0° C
iv. 72.0°C
v. 96.0°C
vi. 10.0°C

2.5 uL
1.0 uL
1.0 uL
5.0 uL
0.5 puL
10.0 pL

2.0 min

10.0 sec

10.0 sec cycles =40
10.0 sec

5.0 min (Melting curve)

Cooling

2.3 Cloning strategy and development of CPR5 constructs for structural studies

In order to make the purification of the CPRS truncated versions (Figure 2.2) easier, each of

the CPRS5 designed constructs (Figure 5.1) was fused with 6 x His-tag either at the N-terminus

or C-terminus of the construct (Figure 2.2C and 2.2D). For this purpose, a modified version of



the pET32 vector (Figure 2.3) was kindly provided by Dr Gillian Norris (Associate Professor,
IFS, Massey University, PN, New Zealand). This modified version of pET32 contains two
copies of 6 x His-tag as shown in Figures 2.2 and 2.3 and allows the cloning and expression
(fusion) of the gene of interest with the N-terminal, C-terminal His-tag or without any tag
(Figures 2.2 and 2.3) depending on the cloning strategy. For example, pET32 vector was
digested with Ndel and BamHI restriction enzyme and ligated with CPRS5 fragment (construct),
which was already digested with the same set of enzymes in order create CPRS5 recombinant
protein without His-tag (Figure 2.2B). Similarly, pET32 vector was digested with BamHI to
create protein with an N-terminal His-tag and with Ndel and Xhol in order to develop protein
with C-terminal His-tag (Figure 2.2). A stop codon (TAA) along with the selected restriction
sites was incorporated through primers in some of the constructs in order to avoid the fusion
of the protein of interest with His-tag (Figures 2.2B and 2.2C).

2.4 Amplification, transformation and confirmation of 8 CPR5 transgenes

All of the 8 CPR5 constructs (Figure 5.1) were amplified using construct specific primer sets
(Appendix 11.1). The amplified CPR5 truncated fragments were ligated (Section 2.5.3) into
the pGEM-T-easy vector system (Promega). After 2 hours incubation at room temperature, the
ligation mix was transformed (Section 2.6) into E. coli (DH5a) competent cells (Section 2.8).
Using blue-white screening under ampicillin selection pressure, positive transformants (white
colonies) were selected (Section 2.6). Plasmids were isolated (Section 2.6) and the nucleotide
sequences of CPR5 fragments (B-H; Figure 5.1) amplified from the isolated pGEM-T easy
vector were confirmed by the Sanger sequencing method in order to make sure that no
nucleotide addition, deletion or replacement occurred during amplification and cloning.
Following sequencing, each of the constructs was then excised from the pGEM-T-easy vector

and ligated into the pET32 vector as mentioned in Section 2.3 and Figures 2.2 and 2.3.

Following successful transformation, the transformants were grown under ampicillin selection,
in order to choose the right transfromants. Subsequent to selection, plasmids from positive
transformants were isolated (Section 2.7) in order to verify their integration in the desired place.
The proper integration and orientation of transgenes was confirmed via restriction analysis
using the EcoRlI restriction enzyme. The presence of the EcoRlI site in the transgenes as well
as in the pET32 vector allowed the restriction analysis and subsequently confirmed the proper

integration and orientation of the transgene cassette of each individual version in the pET32
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vector in the right order. Additionally, the proper placement of each transgene was also
validated through a colony PCR using a T7 promoter-specific (sense) and construct-specific

(antisense) set of primers.

After the successful transformation of all the selected constructs in the final expression vector
(pET32a), the bacterial plasmids carrying the transgene cassettes were individually
transformed (Section 2.6) into the bacterial strain (Rosetta gami) in order to express CPR5
protein variants. Following transformation, the bacteria carrying transgene plasmids were
grown under four types of selection pressures i.e. ampicillin, tetracycline, kanamycin and
chloramphenicol (Section 2.17). These cells were then induced with IPTG (1.0 mM) when the
optical density (measured by a spectrophotometer) of the cells reached between 0.5-0.6. After
induction, the cells showed a maximum protein yield after 3-4 hours of incubation at 37° C. A
decline in protein yield was observed when samples were incubated for a longer period of time
e.g. 5 or 6 hours, or overnight. Recombinant proteins were extracted, analysed for solubility
and processed for purification and crystals.

2.5 Cloning techniques and protocols

2.5.1 DNA restriction/digestions

Restriction enzymes used for DNA digestions carried out in the study were purchased either
from Roche (Roche Diagnostics GmbH, Manheim, Germany) or New England Biolabs (MA,
USA). Concentration of DNA to be digested was estimated using Nanodrop 1000 spectrometer
(Thermo Fisher Scientific, Wilmington DE. USA) and subsequently appropriate amount of
buffer(s), DNA, and appropriate restriction enzyme(s) were added in the reaction mix. Sterile
water (ddH>0) was added into reaction mixture in order to make the required final volume.
Digestion reactions were incubated at 37 C° for 2 hours or overnight. Recommended or

compatible buffers were used for double or sequential digestions.

2.5.2 DNA elution/extractions from agarose gels

2.5.2.1 Preparation of DNA extraction/elution tubes
DNA elution/extraction columns or tubes were manually prepared in the lab as explained here.
A hole was made in the bottom of a 0.5 mL micro-centrifuge tube (sterilized) by pricking with

a needle, pointing the back of the tube towards myself. 10-15 threads of glass wool were placed
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3. WICPRS ACACCTITCATCTIGCCGGGETTCGAGTI TTGGGTGCAGATAT T TTI TCGG TG TG T TAATGATCATTGTC TTCACTTACTTTC TAAACAAACGATCATCAGGTACGAAGCAGACAATGCCGATAAGT
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1.cpr5-2 TGCAAATGTC TTCACATTGGC TT TG TATGGTC TAATG T T GG TCC TATAARAAC G TGAC TCAAGAGAC CAGATC GAACCGETTG TAACAGTATGTTTCCATATTGGGCAAGGCGCAGTGTCETGT

2. synCPRS CGCCHAANGCTHET THACEHETHEGCET TG TABNGGCEEMTGATGTTCGG A THAANG THACTCAGGABNACHAGATCHAACHGG TGEAABAGTATGTTTCCATATTGGGCHAGCGEHECCENTG THC THT

3. WICPRA TGCAAATGTC TTCACATTGGC TT TG TATGGTC TAATG T TCGGTCC TATAAACGTGAC TCAAGAGACCAGATCGAACCG TTGTAACAGTATGTTTCCATATTGGGCAAGGCGCAGTGTCGTGT
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1.cpr5-2 ATGTGGTGATTC TG T T TG TTC T T CAG TCATAAAC GG TC TTTTGCCATTTGCAACA T TTSGTGAATGGAGAGACTTCGC TATG TATCACC TTCATGGTGGGTC TGAC TATGCTTGA

2. synCPRS ATGTEGTEATTC TEHT THGTCHETEC CHG THATEAABGGTCTTTI TGCCAT TTGCHlACATT TGGHAGAGTGGAGAGANMT TEGC TATGTATCANETGCANGGHGGETCEHGABNTABNGC TTGA

3. WICPRS ATGTIGGTGATTCIGT T TG T TC T TCCAG TCATAARAACGGTC T TTTGCCAT TTGCAACAT T TGGTGAATGGAGAGACTTCGC TATGTATCACC TTCATGGTIGGGTCTGACTATGCTTGA

Figure 2.1 Positions of primers used for real-time qRT-PCR quantifications
This Figure represents the positions of the primer sets (sense and antisense) used for the quantification of transcript abundance of CPR5 (wildtype), cpr5-2
(mutant) and SynCPR5 (synthetic) genes, using Geneious. Figure was constructed by aligning nucleotide sequences of CPR5 (wildtype), cpr5-2 (mutant) and

SynCPR5 (synthetic) genes; only 3" ends of the genes are depicted in this figure.
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Figure 2.2 Schematic representation of transgene cassette of pET32

This figure represents the positions of the T7 promotor, His-tag(s), multiple cloning sites
(MCS), and T7 terminator. Figure 2.1A displays the original version of pET32. However, 2.1B,
2.1C and 2.1D show the cloning strategy of integration of the construct without His-tag, with
N- and C-terminal His-tag, respectively. The asterisk (*) indicates that the said construct
contains a stop codon at the end of this construct.
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Figure 2.3 pET32 sequence composition and landmark information
This figure shows the pET32 vector map, positions of His-tags and restriction sites which allow

the cloning of the CPR5 constructs to be expressed with His-tag at N- and C-terminal of CPR5
recombinant proteins and CPR5 recombinant CPR5 protein without His-tag. A copy of pET32
vector was kindly given by A/Prof Gillian Norris, IFS, Massey University, New Zealand.
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at the mouth of hole with the help of sterilized forceps. This 0.5 mL tube containing wool was
then placed inside the 1.7 mL Eppendorf tube. Extraction/elution tubes were prepared under

aseptic conditions.

2.5.2.2 DNA elution procedure

The selected DNA fragment was marked and subsequently excised from the 1 % agarose gel
using a razor blade or scalpel. It was then transferred to a 0.5 mL tube and placed ina 1.7mL
micro-centrifuge tube as prepared above in Section 2.5.2.1. The extraction/elution containing
slices of the DNA fragment were spun at 6000 rpm for 15 minutes in a bench top centrifuge
tube and DNA was collected in the 1.7 mL tube. Liquid collected in the tube (pass-through
supposed to be containing DNA) was measured and transferred into a new Eppendorf tube. The

isolated DNA was further purified using ethanol precipitation as described below;
100 % Ethanol 3x of collected liquid
3 M NaOAc 1/10" of collected liquid

and this mixture was incubated at -20°C for at least one hour or overnight. The mixture was
spun at full speed for 32 minutes and the pellet was washed with 70 % ethanol two times.
Finally, the pellet was air-dried and re-suspended in 10-20 pL of sterile distilled water. When
needed, DNA fragments were also eluted from agarose gels using commercially available
elution kits (Zymoclean Gel DNA Recovery kit, Zymo Research Corporation, Irvine CA. USA)

according to the manufacturer’s instructions.

2.5.3 DNA ligation

In order to ligate the DNA fragment of interest (the insert), firstly the concentration of the insert

was measured using the Nanodrop 1000 spectrometer and subsequently the following formula;
ng of insert = ng of vector x Kb size of insert x 3:1 ratio/ Kb size of vector

To set up a ligation reaction, ligation regents were thawed, briefly centrifuged and added in the

following order.

i.  Insert DNA 3 times of vector molar concentration
ii.  Vector (pbGEM) 1.0 uL (50 ng/pL)
ii.  2x buffer 5.0 uL
iv. T4 DNA Ligase 1.0 uL
v. ddH20 to make up to a total volume of 10 uL.
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Appropriate amounts of the insert and vector were added and incubated for either 1 hour at

room temperature or overnight at 4° C, if a maximum number of transformants was required.

2.6 Bacterial transformation protocol

100 uL of ligation reaction (as prepared in Section 2.5.3) was added in to competent cells (as
prepared in Section 2.8), mixed the cells by gently flicking the tube, and incubated on ice for
20-30 minutes. Subsequently, cells were given heat-shock for 30-60 seconds in a water bath
set at exactly 42°C and the tubes were then immediately returned to ice for 2 minutes. 900 uL
LB medium was added to the tube(s) containing the cells transformed with ligation reactions
and these were then incubated for 1.5 hours at 37°C with shaking (~220 rpm). In the meantime,
Agar plates (Section 2.6.1) were equilibrated to room temperature. After 1.5 hours incubation,
100 pL of transformation mixture were spread onto LB/ampicillin/IPTG/X-Gal plates (Section
2.6.2). These plates were further incubated overnight (16—24 hours) at 37°C. Bacteria carrying
the transgene were able to grow on the agar plates in the form of colonies. For Agrobacterium-
mediated transformations, the plasmids (pGreen0229) containing the transgenes were
transformed into Agrobacterium electro-competent strain (GV3101) by electric-shock-
mediated transformation, and were then subsequently spread on the plate containing the
selective media. The plates were incubated for about 40 hours for Agrobacterium in order to

develop colonies.

2.6.1 Preparation of LB liquid and agar media

LB Liquid LB Agar
Peptone 10 g/L 10 g/L
Y east-extract 59/L 50/L
Sodium chloride 10 g/L 10 g/L
Agar 15 g/L

The said amounts were dissolved in 1 litre of RO water and pH was adjusted to 6.5 and
media were autoclaved. Appropriate antibiotic(s) were added before use (Section 2.22). LB
agar media were cooled down to 50° C and antibiotic(s) were added prior to the preparation

of LB agar plates.
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2.6.2 LB agar plates for IPTG/X-Gal for white/blue Selection

Similarly, IPTG/X-Gal stocks were prepared and mixed as follows;

e X-gal (0.12M) 40 uL
e IPTG (0.1M) 4 uL
e |B 40 ML

The above-made mix was then spread onto the LB agar plates prepared in Section 2.6.1, and
subsequently the plates were left to dry in the laminar flow hood.

2.7 Bacterial plasmid (DNA) isolation protocol (Alkaline lysis)

Single bacterial colonies grown on agar plates (Section 2.6) were picked and added into 3 mL
of Luria Broth (LB; Section 2.6.1) along with appropriate antibiotic(s). After 14-16 hours of
incubation at 37°C, cells were harvested by spinning at 13,000 x rpm at room temperature using
the method developed by Sambrook et al., (2001). The cell pellet was resuspended in 200 puL
ice-cold Solution I (50 mM glucose, 25 mM Tris pH 8.0, 10 mM EDTA, 4 mg/ mL lysozyme).
To lyse the cells, 300 uL of Solution II (200 mM NaOH, 1% SDS) was added and mixed gently
by inversion ~20 times and was incubated for 5 minutes at room temperature. 300 uL of
Solution 111 (3.0 M Sodium Acetate, pH 4.8) was added to neutralize the solution. Samples
were centrifuged at 13,000 x rpm for 15 minutes in order to remove cell debris, and
supernatants were transferred to fresh tube(s). Optionally, proteins were removed by adding
400 pL of chloroform:isoamyl alcohol (24:1). The top aqueous layer was transferred to the
fresh tube(s) after spinning the tubes at 13,000 x rpm. Isopropanol (700 uL; 0.7 of the volume
of the transferred liquid) was added to precipitate plasmid DNA, and the precipitated DNA was
pelleted by centrifugation at 13,000 x rpm for 15 minutes. The pellet was washed twice with
70 % ethanol and centrifuged at 13,000 x rpm for 2 minutes in order to remove residual
isopropanol. Finally, the pellet was air-dried and dissolved in sterile distilled water. Plasmid
isolations from Agrobacterium GV3101 cells were performed by following the method
described by Wise and co-workers (\Wise et al., 2006). The purity and quality (260/280 and
230/260 nm ratios) of the plasmid DNA was checked by the Nanodrop ND-1000

spectrophotometer.

39



2.8 Competent cells preparations for E. coli and Agrobacterium-mediated

transformations

E. coli (DH5a strain) cells were streaked from the glycerol stock, which was stored at -80°C,
and the ultra-chemical competent cells were prepared following the protocol developed by
Inoue Lab (Inoue et al., 1990). These ultra-competent cells were transformed with ligations
(Section 2.5.3) by heating at 37°C for 15 minutes. After heat shock, the transformed cells were
allowed to grow in 1 mL of Luria Broth (LB) (Section 2.6.1) for 1.5 hours. Then 100 uL of the
1.0 mL transformation volume was uniformly spread on the plate containing the selective
media and appropriate antibiotics (Ampicillin; 100 mg/ mL). For Agrobacterium-mediated
transformations, Agrobacterium strain (GV3101) electro-competent cells were prepared as
described in (Weigel and Glazebrook, 2006) studies.

2.9 Purification of CPR5 protein variants

2.9.1 Sample preparation

Bacteria containing transgenic plasmids were grown in 5 mL LB (Section 2.6.1) containing
appropriate antibiotic(s) and incubated overnight at 37°C at 200 x rpm. Having achieved an
optical density of 0.5 — 0.6, 2.5 mL, this culture was added into two flasks, each containing 100
mL of LB and appropriate antibiotic(s), and then incubated on 37°C at 200 x rpm. After saving
1.0 mL from each flask as the un-induced control, the rest of the culture was induced by IPTG
(2 mM) and incubated at 37°C and 200 x rpm. After 4 hrs, 30 mL from each flask (the induced
culture) was taken out and the rest was kept shaking overnight (O/N) under the same conditions
as mentioned above, in order to compare protein expression and stability. Cells from each
sample (un-induced, induced for 4 hours and overnight) were collected in the form of pellets
by spinning at 4000 x rpm at 4°C for 10 minutes and then frozen at -80°C. Pellets of cells from
each sample were thawed and re-suspended in 3.0 mL and 1.5 mL of lysis buffer (Section
2.9.5.1). 250 uL from both of these samples (3.0 mL and 1.5 mL tubes) were divided into 1.7
mL tubes and then the cells were lysed by sonication (20%, 100J). The lysed cells were spun
at 13,200 rpm for 1 minute, and a supernatant containing the soluble protein was transferred
into new tubes, whereas the left-over cell pellet was dissolved in 8.0 M Urea (Section 2.9.5.5).

The expression level of each construct in the soluble fraction of protein was checked and
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compared to the insoluble fraction of the protein on 12% SDS-PAGE gel (Section 2.9.7) before

the purification of the protein through His-column or ion-exchange chromatography.

2.9.2 Resin (sepharose beads) preparation

150 uL of chelating Sepharose (GE healthcare, Life Sciences) was added into a 1.7 mL tube
and spun for 7-10 sec. The resin was washed with 70% ethanol (three times) as well as with
double distilled water (ddH20) five times, and the supernatant was discarded each time in order
to remove the residual ethanol from the resin. 75 uL of the washed resin was added into the
tube containing Ni* metal ions (or Co*, Fe*, Zn*, Mg"; Section 2.9.5.6) and was subsequently
washed with double distilled water (ddH20) five times. Resin was equilibrated with lysis

buffer (the same buffer with which the cells were lysed) five times.

2.9.3 Purification using His-tag

Cell lysates (supernatants and pellets prepared in Section 2.9.1) were mixed into the tubes
containing sepharose beads (resin) pre-charged with selective metal ions (Section 2.9.5.6) and
the mixture was incubated for 1.5 hrs at 4°C and continuously swirled. After 1.5 hours of
shaking, the tubes were spun for 30 seconds at full speed and the supernatants were transferred
to fresh tubes. Resin containing proteins was washed with 1 mL of elution buffer containing
low levels of imidazole (Section 2.9.5.3) and the supernatants were saved. To avoid any protein
degradation, protein inhibitors were added to all the supernatants obtained as a result of each
washing and kept on ice during the purification process. The resin was washed with elution
buffer containing 100 mM of imidazole in order to remove non-specific (bacterial) proteins
weakly bounded onto the resins, and the supernatants were transferred to new tubes. In order
to elute CPR5 His-tagged proteins, the resin was washed with elution buffers (Section 2.9.5.6)
containing 0.5 M, 1.0 M and 1.5 M imidazole in a gradient manner, and all the supernatants
were transferred to fresh tubes. All the supernatants isolated from un-induced and empty vector
samples were migrated onto SD-PAGE gels at 200 V for 55 minutes. The gels were
subsequently stained in Coomassie blue staining for 45 minutes. Gels were de-stained in de-

staining buffer and imaged by scanning.

2.9.4 Purification using ion-exchange chromatography

In order to purify the protein using ion-exchange chromatography (without His-tag), the

isoelectric point (pl) of each construct (Untagged version) was calculated using ProtParam
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(http://expasy.org/). Since most of the constructs displayed an isoelectric value of 6.92-7.58,
both anion and cation exchange chromatography were used in order to purify different
untagged versions. Based on the pl value of each construct, two types of lysis, loading and
elution buffers (Section 2.9.6), such as, sodium acetate (pH 5.0) for anion chromatography and
Tris-HCI (pH 8.0) for cation chromatography, were prepared. Samples were prepared and
processed for purification in a similar fashion as prepared for the His-tagged version in Section
2.9.3.

2.9.5 List and recipes of buffers used for Ni*-column based purifications

2.9.5.1 Lysis buffer

Chemical 250mL 500mL
50mM KoHPO4 (pH=7.5)  2.1773g 4.3545 g
0.25M NaCl 6.13g 12.26 g
10% (v/v) glycerol 25mL 50 mL
0.5mM TCEP 35.827mg 71.655 mg
10mM Imidazole 170.2mg 340.4 mg

The final pH was adjusted between 7.5 8.0 using KCI. The buffer was filtered and stored
without autoclaving.

2.9.5.2 Loading buffer

50 mM K;HPO,4 (pH=7.5)  2.1773 g 4.3545 g
0.5 M NaCl 12.26 g 24529
0.5mM TCEP 35.827 mg 71.655 mg
20 mM Imidazole 340.4 mg 680.8 mg

The final pH was adjusted between 7.5 8.0 using KCI. The buffer was filtered and stored
without autoclaving.

2.9.5.3 Elution buffer

Chemical 250mL 500mL
50 mM K;HPO,4 (pH=7.5) 2.1773 g 4.3545 g
0.5 M NaCl 12.26 ¢ 24.52 ¢
0.5mM TCEP 35.827 mg 71.655 mg
500 mM Imidazole 8.51¢ 17.02 g
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The final pH should be 7.5 or 8.0. The buffer was filtered and stored without autoclaving.

2.9.5.4 10x PBS buffer

KH2PO4 0.6 129
NaCl 20.0 ¢ 40.0g
KCI 059 10g¢
Na2PO4.7H20/ Na:POx 6.79/3.6 g 13.49/7.2 g

All of the above mentioned chemicals were dissolved in ddH2O and stored after sterilizing.

Notes

1.
2.
3.
4.

K2HPOy4 s a strong base so adjust pH first with HCI by diluting it to 100 folds
Imidazole is light sensitive, so keep out of light by wrapping in aluminium foil
Don’t forget to wash the filter with ddH2O after filtering each buffer

The pH of all buffers should be the same i.e. 7.5 or 8.0

2.9.5.5 Preparation of 8 M urea

8 M Urea 1441 ¢ 15 mL of distilled water

Distilled water was added to make up the final volume to 30 mL. It was not filtered or
sterilized and was stored at room temperature.

2.9.5.6 Preparation of metal ions used in chromatography

lon Amount (mg) ddH20 (mL)
Ni*  (NiCl) 200 1.0
Co* (CoCl2) 200 1.0
Fe*  (FeClz) 200 1.0
Zn*  (ZnClp) 200 1.0
Mg* (MgCl) 200 1.0

Selected ions were completely dissolved and filtered.

2.9.6 List and Recipes of buffers used for ion-exchange purifications

A. 10 mM Tris-HCI (pH= 8.0 with HCI); dissolved 20 mL of 50 mM Tris-HCI
buffer (which also contained 0.05 mM TCEP) in 80 mL ddH,0

B. 10 mM Tris-HCI + 1M NaCl (pH= 8.0); dissolved 20 mL of 50 mM Tris-HCI
buffer in 80 mL ddH20O in addition to 5.844 g of NaCl

C. 10 mM NaOAc (pH= 5.0 with acetic acid)

D. 10 mM NaOAc + 1 M NaCl (pH= 5.0 with acetic acid)
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2.9.7 Preparation of 12% acrylamide gels

2.9.7.1 Preparation of resolving or separating gel

Monomers
ddH.0

1.5 M Tris-HCI
20 % SDS

40 % Acrylamide
10 % APS
TEMED

smL
2.18 mL
1.25 mL
25 uL
1.5mL
50.0 uL
2.5 uL

2.9.7.2 Preparation of stacking gel

Monomers
ddH.O

1.5 M Tris-HCI
20 % SDS

40 % Acrylamide
10 % APS
TEMED

WARNING:

2.10 In-gel protein digestion for mass-spectrometry

smL
3.12mL
1.25mL
25.0 uL
0.55 mL
50.0 pL
5.0 uL

10mL
4.345 mL
2.5mL
50.0 uL
3.0mL
100.0 pL
5.0 uL

10mL
6.24 mL
2.5mL
50.0 L
1.1mL
100.0 puL
10.0 uL

De-gas the mixture after adding 10% APS
Immediately cast gel after adding TEMED
Un-polymerized acrylamide is extremely toxic
Wear gloves and never pipette by mouth

15ml
6.53 mL
3.75mL
75.0 uL
4.5mL
150.0 pL
7.5 uL

15ml
9.36 mL
3.75mL
75.0 uL
1.65 mL
150.0 puL
15.0 uL

2.10.1 Excision of the protein bands of interest from Gel

20ml
8.69 mL
5.0 mL
100.0 uL
6.0 mL
200.0 puL
10.0 pL

20ml
12.48 mL
5.0 mL
100.0 pL
2.2mL
200.0 pL
20.0 uL

In order to identify CPR5, CPR5 putative protein bands were excised from the gel with a sterile

scalpel blade inside the laminar flow hood under aseptic conditions. These slices were chopped

into fine pieces with the scalpel blade, transferred to new LoBind Eppendorf tubes and then

processed for Mass-spec identification as described below.
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2.10.1.1 De-staining
a. 200 pL of de-staining solution (Section 2.10.2.1) was added into a tube containing
sliced gel pieces and was incubated at 37° C for 1 hr.
b. If the gel pieces were found to be not properly de-stained, the de-staining step was

repeated for another hour by adding fresh de-staining solution (200 pL).

2.10.1.2 Reduction
200 pL of reduction solution (Section 2.10.2.2) was added and incubated at 56° C for

45 minutes after discarding the de-staining buffer completely.

2.10.1.3 Alkylation
a) 200 pL of alkylating solution (Section 2.10.2.4) was added and mixed well by vortex
for 30 min.
b) Mixture was washed with 50 mM NH4HCO3 and the supernatant was discarded
c) 150 uL of ACN was added and incubated for 10 minutes
d) ACN was removed and the gel pieces were dried under a vacuum (SpeedVac) for 5

minutes.

2.10.1.4 Tryptic digestion
a) 78 uL of digestion buffer (10 % ACN in 50mM NH4HCO3) was added in tubes
containing dry gels.

b) Samples were vortexed for 5 mins and then incubated for 16-18 hrs at 37°C

2.10.1.5 Extraction of protein from gel pieces

a) After 16 hrs of incubation, the gel slurry of each sample was centrifuged and the
supernatant was transferred to fresh clean tube(s) (Eppendorf).

b) 100 puL of 10 % ACN dissolved in 50 mM NH4HCO3 was added to the gel slurry,
vortexed for 10 minutes and then the supernatant was pooled after each wash.

c) Pooled supernatant was centrifuged for 10 minutes by adding 50 pL of ACN/1 %
formic acid (ESI-MS) solution to the gel slurry.

d) Finally, the gel slurry was vortexed vigorously after adding 80% ACN and all the gel
extracts were pooled again.

e) Samples were concentrated in the speedVac until nearly dry, taking care to ensure that
samples were not completely dried out.

f) Samples were submitted for mass-spec (MS/MS) analyses and protein identification.
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2.10.2 Solutions and suffers used for In-gel protein digestion

2.10.2.1 De-staining solution

a. 200 mM NHsHCOs3 0.158 g/10 mL
b. 50 % Acetonitrile (ACN) 5mL/10 mL

0.158 g of NHsHCO3 was dissolved in 5 mL of ACN, mixed well and then double distilled
water (ddH.O) was added to make up the final volume (10 mL).

2.10.2.2 Reduction buffer

I.  50mM TCEP 0.1433 g/10 mL
ii. 100 mM NH4HCO3 0.079 g/10 mL

2.10.2.3 Washing buffer

¢c. 100 mM NH4HCOs3 0.079 g/10 mL

d. 50 mM NHsHCO3 0.0395 ¢/10 mL
2.10.2.4 Alkylating solution

e. 360 mM Acrylamide 0.256 g/10 mL

f. 100 mM NHsHCO3 0.079 g/10 mL

0.256 g of acrylamide was added in 100 mM NHsHCOs solution.

2.11 General sowing and plant growth conditions

Seeds were washed and disinfected according to the method described by Weigel and
Glazebrook (2002), followed by vernalisation in the dark for 3-4 days at 4'C. The vernalized
seeds of the wildtype, mutants and transgenic lines were grown on autoclaved and pre-cooled
Daltons Premium Seed Raising Mix®. Unless mentioned, the plants were grown at 22°C and
65% Relative Humidity (R.H) under long day conditions, such as, 16 hours of day light (280
ME) and 8 hour dark periods. For Pseudomonas syringae bacterial infiltrations, plants were
grown under short periods of light (10 hours) and longer periods of dark (14 hours) at 21°C and
65% relative humidity (R.H.).

2.12 Trichome counting and leaf area measurements

Leaves were removed from the plants grown in soil. The whole leaf or circular discs of 0.68
cm diameter were cut from the same place of every selected leaf and then were mounted on the
slide. The typical pattern of trichomes and their appendages was investigated under dissecting
microscope, and trichome numbers with each type of appendage were recorded. Three to five
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leaves were investigated for each transgenic line and significance of the differences was

confirmed by performing a t-test.

To measure the leaf size or area, all the leaves including the cotyledons were pulled out, and
two leaves were fed to a leaf area machine in the form of pairs, such as, first and second rosette
leaves. The leaf area machine, scans, measures and displays leaf size on a separate displaying
unit. The areas of leaves from about 10 plants of the same transgenic line were measured.
Average leaf areas were calculated by taking the mean values of the same leaves from 10
different plants of the same transgenic line and applying a student t-test in order to show

significance of differences between two or more transgenic lines.

2.13 CPR5 gene synthesis, site-directed mutagenesis and transformations

2.13.1 Gene Synthesis

Based on the in silico results, the sequence of CPR5 CDS and each construct, along with
detailed information of positions for selected truncations or nucleotide substitutions, was
provided to GenScript, (GenScript®, USA). GeneScript synthesised the CPR5 gene (termed as
SynCPR5) and introduced mutations or deletions as per provided instructions. The CPR5 gene
along with CPR5 native promoter (1.5 Kb upstream of the CPR5 start codon position) was
synthesized and cloned into pGreen0229 by GenScript. All of the constructs were prepared and
transformed in the pGreen0229 plasmid. All of the prepared CPR5 transgenic constructs were
sequenced by GeneScript in order to verify the introduction and integration of introduced
mutation(s), insertion(s) and deletions(s) in the desired place, and this sequencing information
was also sent along with samples. Following the confirmation of integration of each transgene
in the proper position and orientation in the pGreeb0229 plasmid, GenScript provided 5 pg of
pGreen0229 DNA containing the transgene. Upon reception, all the transgene cassettes were
transformed into E. coli, and pGreen0229 plasmids were isolated. The presence of transgenes
was verified by digestion analyses based on the introduced restriction sites in the SynCPR5
gene. Additionally, a few of these constructs (transgene cassettes) were re-sequenced and
verified in the lab prior to their transformation into the Agrobacterium GV3101 strain as well.
Thirdly, genotyping the set of primers (Appendix 11.1.5) was also used for the verification of

introduction of changes in each construct by PCR amplifications.
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2.13.2 SynCPR5 transgenes transformation into Agrobacterium GV3101

In order to functionally characterise and confirm how many of the designed CPR5 transgenes
could complement cpr5-2 compromised phenotypes, all the transgenes including the CPR5
synthetic gene, were transformed into cpr5-2 mutant plants using the floral dip method (Zhang
et al., 2006). For Agrobacterium transformations, all the CPR5 transgenes in pGreen0229
provided by GenScript, were transformed into the Agrobacterium strain GV3101. Following
successful pGreen0229 transformations in GV3101, Agrobacterium (GV3101) containing
transgenes was grown and multiplied in LB (500 mL; Section 2.6.1) supplemented with
kanamycin (50 pg/mL), and was incubated for ~40 hours at 28°C with vigorous shaking (200
rpm). After about 40 hours, the cells were harvested and pelleted by spinning at 5000 rpm in a
pre-chilled centrifuge (4°C). Cell pellets were resuspended in 200 mL of 10 mM MgCl, and 70
uL of 100% Silwett L77 (Sigma-Aldrich, USA) was also added as detergent.

2.13.3 Agrobacterium-mediated transformations of cpr5-2 plants

For floral dips, the plants were grown in soil for 4 weeks in long day conditions (light: dark:16:8
hrs) and were transformed when plants had 4-5 inflorescences. The inflorescences were dipped
into the bacterial suspension for 30 seconds. After dipping, the pots containing plants were
covered with bags, tilted on their sides and kept in the dark for 24 hours at room temperature
in order to maintain higher humidity and a favourable environment for bacterial infiltration. In
the following week, the same plants were transformed again in order to increase transformation
efficiency. Transformed plants were let to senesce naturally and seeds were recovered from
transgenic plants when siliques were completely dried out. These seeds were named as TO
seeds, which were surface sterilized prior to sowing. About 3 or 4 day old transgenic seedlings
were sprayed with BASTA (125 mg/L) in order to select plants carrying CPR5 transgenes.
BASTA spraying was repeated 3-4 times in order to exclude false positives. Successfully
transformed plants were further studied and followed in the second generation for their
segregations, and only plants which showed 1:3 (dead: survived) ratios were termed as
homozygous transgenic lines and were selected for third generation. These homozygous
transgenic lines of each construct were grown for two more generations and subsequently were

analysed for physiological analyses.
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2.13.4 Confirmation of positive transformants (genotyping)

Homozygous lines (T5 plants) of each construct were investigated for the confirmation of
presence of transgenes in these plants. For this purpose, construct specific primers were used
for the amplification of each transgene. CPR5, cpr5-2 and transgene (SynCPR5) specific sets
of primers made the isolation of the wildtype, cpr5-2 and SynCPR5 plants from each other,

easier.

2.14 Pseudomonas syringae infiltrations

Pathogen infection assays were conducted with Pseudomonas syringae pv. tomato DC3000
strain. LB medium, supplemented with rifampicin (Section 2.17), was used to grow bacteria
(PstDC3000), for 24 hours at 30°C. After incubation, the cells were harvested and diluted in
20 mL of sterile 10 mM MgCl in order to initially obtain an optical density (OD) of 0.2. The
concentration of bacteria (5 x 10° bacteria per mL; OD = 0.001) was achieved by a serial
dilution in 10 mM MgCl; solution as shown below.

0D (desired)-Vol(desired)
0D (current)

Vol (to be required) =

e. g. a small scoop of cells was harvested from the plate and dissolved in 20 mL of MgCl; so

the current OD was calculated as below;

OD (current) = 0.407 dissolved in 20 mL of 10 mM MgCl; = 0.407 x 20 = 8.14
Dilution 1
Desired OD =0.2 Desired volume = 1 mL

0.2 (desired)-1 mL (desired)
Vol = = 0.0245 mL
8.14 (current)

Thus, 0.245 mL (24.57 pL) was taken from the initial cell solution (20 mL MgCI; solution
containing cells with an OD of 8.14) and mixed into 1 mL of 10 mM MgClo.

Dilution 2

_0.02 (desired)-3 mlL (desired)

0.3 mL
0.2 (current) m

Vol
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Dilution 3

_0.001 (desired)-50 mL (desired) B

0.02 (current) 2.5ml

Vol

A final 50 mL of 10 mM MgClI, was used to infiltrate the plant leaves. Plants were grown for
4 weeks in conditions of 12 hours light and 12 hours dark. The abaxial sides of the leaves of
the wildtype as well as of the CPR5 transgenic plants were infiltrated with PstDC3000 bacteria
using a needleless syringe (1 mL). On average, a set of 8-10 plants (4-5 leaves per plant) were
infiltrated with bacterial culture (PstDC3000) for each line.

The bacterial infections (PstDC3000 growth) were quantified at 0, 3 and/or 4 days post
infiltrations. Leaf discs (0.68 cm in diameter) were excised from three plants of the same line
and pooled. Three biological replicates of each sample were taken, and the leaf discs pooled
from 3 leaves of the same line were ground and homogenised in 500 pL of sterile 10 mM
MgCl,. The homogenised solution was then diluted 10 times [20 pL of solution was diluted in
180 uL of 10 mM MgClI2] and serial dilutions were prepared as shown in Figure 2.4. In order
to quantify bacterial growth from each transgenic line, 10 pL from each dilution was spread on
LB (supplemented with rifampicin; 50 mg/ mL) agar plates and incubated at 30°C for 48 hours.

Bacterial growth/counts were calculated as Colony Forming Units (CFU).

2.15 Electron Scanning Microscopy (SEM) and cell size measurements

Third, fourth, fifth and sixth rosette leaves were excised from 5 week old plants (32 DAS) and
immediately fixed in the primary fixative containing 2% formaldehyde, 3% glutaraldehyde,
0.1 M phosphate buffer (NaPOs; pH 7.2) at 4°C and were vacuum infiltrated until the leaves
were wet. The fixative was replaced and the samples were fixed for at least 8 hours at room
temperature. Samples were washed thrice (10-15 minutes each) in a phosphate buffer (0.1 M
NaPOg4, pH 7.2) followed by dehydration in gradient ethanol series (25%, 50%, 75%, 95%) for

10-15 minutes each. Subsequently, samples were incubated in 100% ethanol for 1 hour.

Samples were dried to their critical point (CP) using liquid CO. as the CP fluid and 100%
ethanol as the intermediary (Polaron E3000 series I critical point drying apparatus). Samples
were mounted on to aluminium stubs using double sided tape and were sputter coated with
approximately 100 nm of gold (Baltec SCD 050 sputter coater), and viewed in the FEI Quanta
200 Environmental Scanning Electron Microscope at an accelerating voltage of 20 kV. The
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scanning electron microscopy imaging was carried out at the Manawatu Microscopy Imaging
Centre, Massey University, Palmerston North, New Zealand. The images of the leaves were
taken at different magnifications, such as, 200, 300, 400, and 600, of the same area of the same
leaf in order to cover at least 30 cells per image. Three biological replicates (3 leaves of the
same transgenic line) of each sample were fixed and photographed in order to reduce standard

errors. Cell areas and perimeters were measured using ImageJ.

2.16 Ploidy level measurement using Flow Cytometer

Kinematic analyses (DNA content measurement) of the CPR5 transgenic lines, including the
CPR5 wildtype and cpr5-2, were carried out using flow cytometry as described in Jing et al.
(2009). Leaf tissues (~50 — 100 mg) were collected from 3 week old plants sown in soil under
long day conditions. Nuclei were isolated by chopping leaves with a razor blade in a glass petri
dish containing 500 ul buffer (45 mM magnesium chloride, 30 mM sodium citrate, 20 mM 4-
morpholinepropane sulfonate, and 0.1 % Triton X-100, pH 7.0). This finely grounded leaf
mince was passed through a filter with a 30 um pore size (Partec, CyFlow®). Flowthrough
containing nuclei was stained with Propidium iodide by adding 1 mL of Propidium iodide
solution (20 pg/ mL propidium iodide) and incubating at 4°C for 2 hours or overnight. Ploidy
levels (2C, 4C, 8C, 16C, 32C DNA content) of each sample were quantified using Partec
cytometer (Partec, CyFlow®) according to manufacturer’s instructions. The number of nuclei
present in each peak corresponding to respective ploidy levels was calculated using FlowMax®
Peak analysis. The percentage of each nuclei population was calculated based on the total

number of events (15000) and was displayed in the form of graphs.
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Figure 2.4 Schematic diagram for serial dilutions

This figure shows the serial dilution of leaf extract obtained from infiltrated plants samples,
which were grounded in 500 pL of 10 mM MgCI2. The green wells represent 200 pL volume
of original 500 pL from where 20 puL was added in the subsequent wells already containing
180 pL of 10 mM MgCI2.
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2.17 Preparation of antibiotics

2.17.1 Ampicillin sodium salt (Sigma)

Stock solution: 100 mg/1 mL

Prepared 500 mg/5 mL by dissolving 0.5 g of Ampicillin in 5 mL of double distilled water
and filtered through 0.2 um. Stored at -20°C.

2.17.2 Kanamycin sulphate (Sigma)

Stock solution: 15 mg/lmL

Prepared 75 mg/5 mL by dissolving 0.075 g of kanamycin sulphate in 5 mL of double
distilled water and filtered through 0.2 pm. Stored at -20°C.

2.17.3 Tetracycline hydrochloride (Sigma)

Stock solution: 12.5 mg/imL

Prepared 62.5 mg/5 mL by dissolving 0.0625 g of tetracycline hydrochloride (95%) in 5 mL
of 70% ethanol and filtered through 0.2 um. Stored at -20°C.

2.17.4 Chloramphenicol (Duchefa)

Stock solution: 34.0 mg/1 mL

Prepared 170.0 mg/5mL by dissolving 0.170 g of chloramphenicol in 5 mL of 70% or 100%
ethanol and filtered through 0.2 um. Stored at -20°C.

2.17.5 Rifampicin (Duchefa)

Stock solution: 50.0 mg/1 mL
Working: 50 pL/1 mL

Prepared 500.0 mg/10 mL by dissolving 500 mg of rifampicin in 10 mL of 70% or 100%
ethanol and filtered through 0.2 pm. Stored at -20.0°C.

2.17.6 Gentamycin (Duchefa)

Stock solution: 25 mg/mL

Prepared 250 mg/10 mL by dissolving 250 mg of gentamycin in 10 mL of water and filtered
through 0.2 um. Stored at -20.0°C.
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Chapter 3 In silico Characterization of CPR5

3.1 INTRODUCTION

As mentioned in chapter 1, cpr5-2 plants are shown to be defective in many developmental and
physiological pathways, which indicate that CPR5 is a master regulator (Jing and Dijkwel,
2008). CPR5 is a plant specific protein, which displays no homology to any of the proteins
with a known function. In addition to genetic homology, the 3-D structure of the CPR5 protein
has also not been resolved yet. The pleiotropic roles of CPR5 suggest that the CPR5 protein
may have a unique structure or multiple structural motifs, sites and/or regions that enable CPR5
to be involved in various processes or interactions. In order to test how CPR5 functions,
coordinates with its interacting partners and participates in multiple pathways, extensive in
silico analyses of the CPR5 gene or protein were performed through a number of computer-
based bioinformatics tools. The CPRS5 protein sequence was also analysed through a number
of structure predicting computer programs in order to get an idea of the structural composition
of CPR5. In the current study, the in silico analyses of CPR5 shows that CPR5 contains
important structural motifs, phosphorylation sites, a nuclear localization signal, transmembrane

domains, disordered regions, coiled-coil domains and glycine zippers.
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3.2 RESULTS

3.2.1 CPR5 is widely distributed throughout the plant kingdom

AtCPR5 is a master regulator which exert pleiotropic effects (Jing and Dijkwel, 2008).
Therefore, it was hypothesised that CPR5 is an essential gene and is part of many plant
genomes. In order to find the presence of CPR5-like genes or proteins in different genomes, a
deduced amino acid (At5G64930) sequence of AtCPR5 was obtained from TAIR (https://
www.arabidopsis.org/). The obtained amino acid sequence of the CPR5 protein was BLASTed
(using default settings) in the NCBI database (Section 2.1). The BLAST search displayed a list
of about 50 CPR5-like proteins as shown in Appendix 11.2. These CPR5-like proteins are from
different species are called CPR5 homologues (putative). As shown in Appendix 11.2,
AtCPR5-like proteins are present in a variety of plant species, ranging from weeds, such as,
Eutrema salsugineum, Capsella rubella, Amborella trichopoda; crops e.g. rice, maize, barely,
cotton, tobacco, turnip, rapeseed, sorghum, clover, soybean; and many vegetable plants, for
instance, tomato, potato, cucumber etc. and fruit plants, such as, grapes, muskmelon and date-
palm. Additionally, CPR5-like genes are also present in some tree plants, such as, poplar and
eucalyptus. However, AtCPRS5 did not show homology with any genes from animals or human
genomes. In conclusion, these results establish the fact that many of the plant species available
in the database contain CPR5-like genes. Thus, AtCPR5 appears to be widely distributed
among plant species.

3.2.2 CPR5 in plant homology amongst its homologues

As shown in Section 3.2.1, AtCPR5 is present in the majority of plants whose genomes were
studied, which suggests that the AtCPRS5 protein could have a high level of homology at the
amino acid level. In order to find out the level of homology between AtPR5 and CPR5-like
proteins (putative homologues) from different species, protein sequences were aligned using
CLUSTAL omega. When compared to Moss, the AtCPR5 protein sequence shows 22%
homology with the Moss protein sequence (Figure 3.1A). The CPR5-like protein (1008 aa)
from Moss is shown to be 2-times longer than AtCPR5 (564 aa). Moss CPR5 was found to
have an additional 200 amino acids at its N-terminus compared to AtCPR5 (Figure 3.1A).
Similarly, protein sequences of closely related homologues, such as, Brassica rapa, Camelina
sativa, Eutrema salsuginum and Capsella rubella show 63.3% homology with AtCPR5 (Figure

3.1B). The level of homology reduces to 42-45% when CPR5-like proteins from Glycine max,
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Medicago trunculata, and Ricinus communis homologues were included in the aforementioned
list of homologues and compared (Figure 3.1B and 3.1C). In comparison to CPR5-like proteins
from Glycine max, Eutrema salsuginum, and Ricinus communis, AtCPR5 was found to contain
an additional region of 37-150 amino acids at its N-terminus, that is highly polymorphic in
composition (Figure 3.1B and 3.1C). Compared to AtCPR5, CPR5-like proteins from the
monocot plant group, show homology at similar levels (49.7 %) as shown by eudicot
homologues (45%, Figure 3.1D). Additionally, the majority of the AtCPR5 homologues
belonging to the monocot species, such as, Sorghum bicolar, Oryza sativa, Zea mays etc. lack
an N-terminal part of their proteins when compared to the Arabidopsis CPR5 protein sequence.
Overall, CPR5-like proteins have relatively higher homology in the middle and C-terminal
parts as compared to the N-terminal part. To conclude, Figure 3.2 shows that despite disparities
i.e. some gaps or additions, there are many regions, sites and motifs, which are highly

conserved among the CPR5 homologues from monocots.

3.2.3 AtCPRS5 is prediticted to have 4 or 5 transmembrane regions

AtCPRS5 is proposed to contain five transmembrane (TM) domains (Kirik et al., 2001; Yoshida
et al., 2002), thus the AtCPR5 protein sequence was investigated in order to validate the
proposed number of TM domains. In contrast to previous reports, the in silico analyses of
AtCPRS5 carried out in the current study showed that AtCPR5 is predicted to contain 4 TM
domains; with a failure to annotate the first TM domain from the N-terminus of protein (Figure
3.2B and 3.2C). Concomitantly, some TM predicting algorithms, such as, RHYTHM and
TOPCON predicted 5 transmembrane regions (Figure 3.2A & 3.2D). The closer manual scan
of the vague TM domain showed that this TM region is actually a mixture of both hydrophobic
and hydrophilic amino acids, and hence was not annotated as a transmembrane region by
SMART and TMHMM. Compared to AtCPRS5, the position of putative TM domains also
appears to be conserved (Figure 3.2G; only C-terminal half of the sequences spanning TM
domains is shown). Figure 3.2G shows that the positions of the annotated second, third and
fifth TM domains are highly conserved amongst selected AtCPR5 homologues in contrast to
the first and fourth predicted TM domains. Furthermore, Figures 3.2E and 3.2F show that the
N-terminus of the AtCPRS5 protein is predicted to reside in the cytoplasm of the cell while C-
terminal is buried inside a membrane. To conclude, this study suggests that AtCPR5 may have

4 or 5 putative TM domains with its N-terminus in the cytoplasm of the cell.
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Figure 3.1 Multiple sequence alignment of CPR5 putative homologues

This figure shows the protein sequence alignments of CPR5-like proteins; A) Arabidopsis
versus Moss, B) eudicot relatives, such as, Capsella, Camelina, Brassica and Eutrema, C)
Capsella, Brassica, Eutrema Medicago, Glycine and Ricinus and D) monocot homologues. The
protein sequences were extracted from the NCBI database (see Appendix 11.2 for accession

numbers of the proteins) and were aligned using CLUSTAL omega (http://www.

ebi.ac.uk/Tools/msa/ clustalo/)default settings.

61

503
437
430
356

539
560
493
486
412



3.2.4 AtCPR5 carries two casein kinase phosphorylation sites

AtCPRS5 is predicted to contain NLS (Jing et al., 2002, Yoshida et al., 2002). It is reported that
a number of nuclear proteins carry casein kinase (CK) phosphorylation site(s) which either
flank CK site or are prsent adjacent to the putative NLS clusters (Harreman et al., 2004). CK
site get phosphorlated in order to facilitate NLS-mediated nuclear localisation (Harreman et
al., 2004). Interestingly, the CPR5 protein was predicted to contain two casein kinase
phosphorylation sites 1 (CKI) and site 1l (CKII) when CPR5 was analysed. The CKII site
resides at 46-49 positions between the annoated NLS cluster-A and region-B, whereas, the CKI
site locates at 71-81 positions downstream of the annotated NLS cluster-C in the CPR5 protein.
Based on their positions, CKI and CKII phosphorylation sites essentially flank the annotated
NLS clusters B and C. Additionally, the CKI and CKII phosphorylation site appears to be
conserved in CPR5 dicot homologues compared to monocot homologues, which were
predicted to contain only one CK1 phosphorylation site. Based on these studies, it can be
concluded that Arapidopsis CPR5 is prdicted to contain CKI and CKII phosphorylations sites
in the vicinity of puative NLS.

3.2.5 AtCPR5 carries multiple transcritpion or translation initiation sites

It is likely that a gene transcript is translated from multiple positions if the transcript has
multiple in-frame start codons, transcription initiation supporting nucleotides (for example,
purines at position -3, +3 and +4 of the putative and start codon), and RNA stem-loop
formations (Kozak, 1991, Kozak, 1999, Chabregas et al., 2003). As shown in Figure 3.3,
AtCPR5 possesses 4 in-frame start codons; the first at 1-3, second at 112-114, third at 187-189
and fourth at 292-294 nucleoties of CPR5 cDNA. Similarly, CPR5 mRNA is predicted to
contain 4 stem-loop structures in the first 190 nucleotides of CPR5 gene (Figure 3.3). Of these
4 stem-loops, the first stem-loop appears to be strong, as 50% of the nuceleotides associated in
the formation of the first stem-loop are guanine (G) and cytisine (C) that make triple bonds
between nucleotides. Additionally, a putatative stem-loop structure is present before each
putative start codon (Figure 3.3). Similarly, purines (adenine and guanine; A/G) which are
reported to be favourable for transcription initiation are also present at the expected positions
(-3, +3 and +4) of each start codon of AtCPR5 (Figure 3.3). To coclude, these results show that
AtCPR5 is annotated to contain multiple transcription initiation sites, RNA secondary
structures (stem-loops) between the start codons, and transcription initiation optimal context

(favouable residues) at the expected positions.
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Figure 3.2 Annotation, position and number of TMs in CPR5 protein

This figure shows the total number, positions and orientation of the transmembrane regions
(TMs). TM domains were predicted using (A) TOPCON, (B) TMHMM, (C) SMART, and (D)
RHYTHM. For the determination of CPR5 orientation, PSIPred (E) and XtalPred) (F) were

used. Amino acid sequences of CPR5 and CPR5-like proteins were analysed for the prediction

of TM domains and the positions of annotated domains are highlighted in green text (G).
http://topcons.cbr.su.se/pred/result/rst_OlIBPs/; http://www.cbs.dtu.dk/servicess TMHMM-

2.0/; http://smart.embl.de/smart/show_motifs.pl; http://proteinformatics.charite.de/ rhythm

/index.php?site=helix; http://ffas.burnham.org/XtalPred-cgi/xtal.pl
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3.2.6 AtCPRS5 is annotated to contain intrinsically disordered regions

Many of the proteins which are shown to be involved in multiple pathways, are known to be
intrinsically disordered proteins (IDP) (Sun et al., 2010a). Thus, it was assumed that AtCPR5
could be one of the IDPs or contain intrinsically disordered regions (IDRs) within it. The CPR5
protein was investigated through a number of in silico tools in order to find the presence of
intrinsically disordered regions in CPR5. As shown in Figure 3.4, AtCPR5 is predicted to
contain a number of disordered regions. Closer examination of the annotations shown in Figure
3.4 reveals that AtCPRS5 essentially contains 3 or 4 stretches of intrinsically disordered regions.
For example, the first IDR ranges from 1-33 amino acids of AtCPRS5, the second from 37-58,
and the third from 63-94 (Figure 3.4B and 3.4C). The fourth predicted stretch of disordered
region is present in the middle part of the protein that ranges from 180-220 amino acids of
AtCPRS5 protein (Figure 3.4B and 3.4C). In conclusion, the AtCPRS5 protein is predicted to

have a number of disordered regions, thus AtCPR5 could be one of the IDPs.

3.2.7 AtCPRS5 is also predicted to contain coiled-coil domains

A close investigation of the CPR5 protein sequence revealed that AtCPR5 contains a number
of conserved leucine residues. Thus it was hypothesized that leucine residues of AtCPR5 could
be part of coiled-coil domains in which leucine residues are ordered in the form of an exclusive
arrangement called heptad (Zhang et al., 2008). As shown in Figure 3.5, COILS predicted 4
coiled-coil regions in the AtCPR5 protein sequence based on three windows; 1) window 14
that considers and compares 14 residues (two heptads); window 21 that analyses 21 residues,
and window 28, in which 28 residues of 4 heptads are analysed. For example, AtCPR5 is
predicted to have leucine zippers of 2 (14 residues; represented with a peak in green color) 3
(21 residues; represented with blue peaks) and 4 (28 residues; represented with red peak)
heptads. To conclude, AtCPR5 is proposed to have three types of leucine zippers at four

different positions in the protein.
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Figure 3.3 Positions of in-frame start codons and RNA stem-loop structures
This figure shows the positions of the predicted stem-loop structure formation in the CPR5

coding sequence. The nucleotides highlighted in red boxes represent start codons (ATG), and

green oval shapes represent the position of transcription favourable nucleotides in the vicinity
of start codons.
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3.2.8 CPR5 is predicted to have glycine zipper

In addition to leucine, glycine residues were also found to be conserved within AtCPRS.
Glycine residues are known to be an integral part of TM domains and glycine zippers. As
mentioned above, CPRS5 is predicted to possess 4 or 5 transmembrane regions. Therefore, it
was assumed that glycine residues could be part of the glycine zipper of the AtCPR5 TM
domain. Analysis of CPR5 protein sequence showed that a typical glycine motif can be
observed in the third (from N-terminus of CPR5) transmembrane region (452-463) of AtCPR5
(Figure 3.6). The other transmembrane regions also carry glycine residues, however, the typical
pattern was found to be missing in them. Studies suggest that the residues that follows glycine
in the typical glycine motif has frequently been a hydrophobic molecule, specifically, alanine
(Kim et al., 2005). As seen in Figure 3.6, 2 out of the 3 glycine residues present in the third
TM region of CPR5 are followed by hydrophobic residues, for instance, isoleucine follows
glycine at position 452 and valine follows glycine at position 456. From these studies, it can
be concluded that the annotated TM3 of AtCPR5 is predicted to carry the typical pattern of a

glycine motif.
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Figure 3.4 Position and number of Intrinsically Disordered Regions

These figures show the total number of disordered regions and their respective positions in the
protein CPR5 annotated by MetPreDOS (A) IUPred (B) and DisPred (C). The bold letters in
Figure 3.4B represents predicted disordered residues. Similarly, the blue rectangles in Figure
3.4C show amino acids annotated as disordered. Parts of the CPR5 proteins above threshold
levels (middle dotted line in Figure 3.4A and 3.4D) represent intrinsically disordered regions
of CPR5 protein.
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Figure 3.5 Position and number of annotated coiled-coil regions

This figure shows the position and number of coiled-coil or leucine zipper in the CPR5 protein.
Window 14 takes 14 (7x2) amino acids, window 21 takes 21, and window 28 takes 28 amino
acids into consideration and measures the possibility of any putative coiled-coil part of the
protein. COILS was used to estimate the coiled-coil possibility in protein CPR5, which can be

accessed at http://www.ch.embnet.org/software/COILS_form.html.
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Figure 3.6 Position of glycine residues in CPR5 protein

Figure 3.6A shows the position of glycine amino acids of the predicted glycine zipper
wherease, 3.6 B shows positions and amino acids of the predicted glycine zipper which could
be involved in helix formation. Figures 3.6A and 3.6B were prepared using Geneious R6
(Biomatters, Limited) and RHYTHM (http://www.cbs.dtu.dk/services/TMHMM-2.0/),

respectively.
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3.3 DISCUSSION

3.3.1 AtCPR5 appears to be an important membrane protein

The current chapter essentially summarises and discusses the annotation of various putative
structural motifs or sites predicted in AtCPR5. For example, the significance and need of the
CPR5 gene in plants is evident from the presence of CPR5-like proteins in the wide majority
of plant genomes including, Moss. Additionally, low levels of identity among amino acids of
CPR5-like proteins further show the level of diversity present among CPR5-like proteins from
different plant species. The prediction of TM domains and glycine zipper reinforce the
hypothesis that CPR5 is a membrane protein. The genetic analyses of AtCPR5 alleles, such as,
cpr5-2 (Bowling et al., 1997), old1-1 (Jing et al., 2002) and hys1 (Yoshida et al., 2002) show
that positons of many mutations were in the putative TM regions of AtCPR5. Thus, loss-of-
function phenotypes in cpr5-2, old1-1 or hysl could be the consequence of mutation in
transmembrane regions. A mutation in a membrane region could lead to improper folding and
embedding in to the membrane and could eventually result in the change of orientation of the
soluble part of the protein. For example, the soluble N-terminal half of the protein with five
transmembrane domains and cytoplasmic orientation could be orientated into the extra-cellular
space, perinuclear space or nucleoplasm due to improper folding and embedding, resulting in

the loss of function of understudy protein.

Similarly, the prediction of three clusters in contrast to the previous bipartite NLS prediction
(Jing et al., 2002, Yoshida et al., 2002), provides further evidence for AtCPR5 being a nuclear
membrane protein. CKI and CKII phosphorylation sites further strengthen the existence of a
functional NLS and AtCPR5 nuclear localisation. Lastly, the presence of putative start codons,
stem-loop structure and transcription initiation supporting nucleotides reinforce the possibility

of isoform(s) production from AtCPRS5, which needs further investigation.

In summary, in silico studies reinforce that AtCPR5 is an important membrane protein.
Additionally, the latest bioinformatics tools allowed for the carrying out of extensive and
thorough analyses of CPR5, which provided a strong basis for the creation of various AtCPR5
transgenic lines and functional characterization, in order to confirm the role or implication of

predicted motifs in numerous biological pathways.
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Chapter 4 AtCPR5 may be one of the Intrinsically Disordered Proteins

4.1 INTRODUCTION

Several proteins adopt a well-defined structure, yet there is a large list of proteins that acquire
no globular (secondary or tertiary) shape (Uversky and Dunker, 2010, Tompa, 2012, Forman-
Kay and Mittag, 2013). Proteins, which can fold into a well-defined structure are classified as
structured proteins (Jirgensons, 1966, Murzin et al., 1995, Orengo et al., 1997). On the other
hand, proteins or segments of proteins that fail to form a definite structure are referred to as
intrinsically disordered proteins (Dunker et al., 2013, van der Lee et al., 2014). Proteins, which
carry part of disordered regions are known as intrinsically disordered regions (IDR) or
intrinsically disordered proteins (IDPs) (Reed et al., 2015, van der Lee et al., 2014).

In addition to the alpha-helices, beta-strand and transmembrane domains (hydrophobic
regions), disordered regions are also important parts of a protein (Dunker (Dunker et al., 2001,
Huang and Sarai, 2012). In the protein database, thousands of proteins are reported to have
disordered regions (Oldfield and Dunker, 2014, Peng and Kurgan, 2015). The majority of
species contain IDRs or IDPs. However, they are more prevalent in eukaryotes, for instance,
25-30% of eukaryotic proteins are classified as intrinsically disordered regions or proteins
(Dunker et al., 2000). Similarly, 44% of human proteins have been found to contain disordered
regions in them (Oates et al., 2013). Surprisingly, 70% of the proteins known to be involved in

signalling are reported to be intrinsically disordered regions (Oldfield et al., 2005).

Intrinsically disordered regions or proteins are difficult to classify into groups (\ucetic et al.,
2003). However, some IDPs can be induced to fold upon interaction with protein partners,
while the conformation of other IDPs remains unchanged upon binding with partner(s). Thus
IDPs can be divided into foldable and non-foldable (Bardwell and Jakob, 2012, Yegambaram
et al., 2013, Oldfield and Dunker, 2014). Similarly, the disordered regions of IDPs vary in
length and thus based on their length, IDPs can also be divided into two groups 1) long
disordered regions (LDR) and 2) short disordered regions (SDR). Short disordered regions of
IDPs generally act as loops or coils, whereas, long disordered regions render the interaction

interface(s) for other proteins to bind and interact with IDPs (Sun et al., 2014, Dunker et al.,
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2015). Of human proteins, ~ 45% of proteins contain IDRs and the majority of these IDRs are
30, or less than 30, residues (Oates et al., 2013).

Intrinsically disordered regions or proteins act as a hub for the signalling of various proteins
(Oldfield and Dunker, 2014), which enables IDPs to bind to multiple partners simultaneously
(Kriwacki et al., 1996, Dunker et al., 1998, Hasty and Collins, 2001) either by having more
than one binding site (Uversky and Dunker, 2010) or by altering their shapes due to their
flexible nature (Dunker et al., 2005, Xie et al., 2007, Oldfield et al., 2008, Hsu et al., 2013).
Alternatively, IDRs/IDPs bind to a single binding partner by transiting from a disordered-to-
ordered shape (Oldfield et al., 2008, Hsu et al., 2013). Intrinsically disordered regions or
proteins carry small segments or motifs of residues, which essentially undergo disorder-to-
order transition and mediate interaction(s) with respective partner(s). These motifs or segments
have been named differently by different research groups, for example, molecular recognition
features (MoRFs) (Mohan (Mohan et al., 2006, Vacic et al., 2007, Kotta-Loizou et al., 2013),
disordered binding regions (Linding et al., 2003) or pre-structural motifs (Lee et al., 2014).

Being flexible and lacking a definite structure, intrinsically disordered proteins or regions are
known to perform more than 40 types of functions (Dunker et al., 2015). IDRs serve as linker
between the structured domains of the protein (Qian et al., 1992, Wright and Dyson, 1999,
Buske et al., 2015), act as elastic entropic springs (Trombitas et al., 1998), elastomers, entropic
bristles (Hoh, 1998) and native molten globules (Uversky et al., 1997, Ebert et al., 2008). IDRs
contain many important sites for glycosylation, methylation, phosphorylation, posttranslational
modification, protease digestion, RNA, DNA or protein binding, and nuclear localisation
signals etc. (Frankel et al., 1987, Xie et al., 1998, Uversky et al., 2000, Bracken, 2001, Gao and
Xu, 2012, Crick et al., 2013). They are also shown to facilitate the movement of molecules
through narrow pores, and are implicated in cell division, cell signalling, gene regulation,
alternative splicing and protein-protein interactions (Dunker et al., 2005, Dyson and Wright,
2005, Tompa et al., 2005, Radivojac et al., 2007, Dunker et al., 2015).

Keeping in view the typical patterns and characteristics of the already characterized 1DPs and
IDRs, the predicted intrinsically disordered regions (IDRs) present in AtCPR5 are compared
with the typical IDRs/IDPs here. This chapter mainly provides a structural comparison of
AtCPR5 and the typical IDR or IDP. Further to the in silico analyses carried out in the current
study, the in vitro functional characterisation of putative CPR5 IDRs will reveal the implication
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of these regions in CPR5 functioning as discussed in Chapter 8. The ultimate objective of the
current study was to identify the exclusive patterns of IDRs in the CPR5 IDRs to show that
these patterns of CPR5 IDRs are consistent with typical IDRs, thus CPR5 could be one of the
IDPs.
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4.2 RESULTS

4.2.1 Like typical IDRs, CPR5 IDR is highly polymorphic in amino acid composition

As suggested by in silico studies, the CPR5 protein is annotated to contain intrinsically
disordered regions (IDRs) at its N-terminus (Figure 4.1). Typically, disordered regions of
proteins tolerate the accumulation of amino acid changes at a higher rate than structured parts
of the protein. Therefore, IDRs of protein are polymorphic in amino acid composition when
compared to its homologues (Light et al., 2013, Khan et al., 2015). Thus, AtCPR5 IDRs were
hypothesised to be polymorphic when compared to the disordered regions of CPR5-like
proteins from other species. To test, the amino acid sequence of AtCPR5 and its homologues
were aligned and compared using Geneious software. The amino acid sequence alignment of
AtCPR5 and CPR5-like proteins from different plant species revealed that CPR5 IDRs are
highly polymorphic in amino acid composition compared to the N-terminal sequence of CPR5
homologues. Despite polymorphism, there are certain amino acids within the N-termini of
AtCPR5 and CPR5-like proteins, which are conserved, for example, serine residues (Figure
4.2). These conserved residues could act as a reference point for the start of homology between
CPR5 and CPR5-like proteins since part of the CPR5 protein displayed higher homology after
these serine residues. In summary, the highly polymorphic N-termini of CPR5-like proteins
(putative IDRs) are consistent with previous studies, which indicate that CPR5 IDRs could be

true intrinsically disordered regions.

4.2.2 Amino acid composition of AtCPR5 IDRs is consistent with typical IDRs

Compositionally, typical IDRs are enriched in residues, such as, aspartic acid (D), glutamic
acid (E), lysine (K), arginine (R), methionine (M), serine (S), glutamine (Q), and proline (P)
(Theillet et al., 2013). Therefore, AtCPR5 IDRs were assumed to be enriched in with the
aforementioned amino acids. When counted, ~ 70% of the amino acids present in AtCPR5
IDRs are shown to be from the aforementioned list of residues, compared to the presence of
these residues (~ 25%) in the remaining (structured) portions of AtCPR5 (Figure 4.2).
Additionally, these residues are shown to be present in the form of short repeats as suggested
by (Theillet et al., 2013). In conclusion, these studies reinforce that CPR5 IDRs are abundant

in typical residues, which are frequently found in IDRs.
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Figure 4.1 Position of disordered and binding regions in AtCPR5

These figures show the positions of disordered and ordered regions, molecular recognition
features and disordered binding regions of CPR5 analysed by PONDER (A), MetaPrDOS (B),
ANCHOR (C), and DisEMBL (D). To achieve these Figures, the CPR5 protein sequence was

if
LN
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0.0

analysed using the online available FoldIndex web server.

Disordered Binding Region (ANCHOR) Molecular Recognition Features (MoRFs)
From To Length Residues annotated

1 1 12 12 MoRF1 MEA

2 16 21 6 MoRF2 PEP

3 26 44 19 MOoRF3 HKDET

4 49 63 15 MoRF4 KK

5 65 76 12 MoRF5 DEA

6 87 100 14 MoRF6 HRLRL

7 12 128 9

8 243 256 14

Table 4.1 Positions of predicted MoRFs and binding regions in CPR5

This table shows residues and their positions, which were annotated as MoRFs and disordered
binding regions when analysed by MoRF and ANCHOR predictors respectively. To achieve
this table, the CPR5 protein sequence was uploaded on the online available MoRFs and
ANCHOR web servers.
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Figure 4.2 Presence of polymorphism in the N-terminus of CPR5 and CPR5-like proteins sequences

This figure shows the level of polymorphism present in the N-terminal regions of Arabidopsis CPR5 and CPR5-like proteins from different plant
species. Protein sequences were extracted from the NCBI genome database (see Appendix 11.2 for accession numbers of the proteins) and were
aligned using Geneious R6.
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4.2.3 IDRs of CPR5 and CPR5-like proteins appear to have INDELS

INDELs have been frequently observed in typical intrinsically disordered regions of
intrinsically disordered proteins (Light et al., 2013). Therefore, CPR5 IDRs were expected to
have INDELS when compared to their homologues. To test, the amino acid sequences of
CPR5-like proteins were compared using Geneious, in order to find out insertion(s) or
deletion(s) of residues in AtCPR5 and its homologues. As shown in Figure 4.2, the highly
polymorphic N-terminal regions of CPR5-like proteins vary in length. Compared to AtCPR5,
the N-terminal regions of some of the CPR5-like protein sequences are shorter, whereas, others
are longer than CPRS5. For example, the N-terminal region of the CPR5-like proteins from
Abmorella, Elaeis, and Eucalyptus are longer than the AtCPR5 N-terminus polymorphic
region. Whereas, the N-terminal region of the protein sequence from Beta, Brachypodium,
Cicer, Eutrema, Fragaria, Hordeum, Medicago, Musa etc. are shorter than AtCPR5. Similarly,
a significant number of CPR5-like proteins, such as, Brassica, Camelina, Capsella, Citrus,
Coffea, Cucmis, and Gossypium are shown to have N-termini indifferent in length from
AtCPRS5 (Figure 4.2. To conclude, the length of N-termini of CPR5-like proteins from different
species vary, and the gaps or additional residues in AtCPR5 IDRs could be a consequence of
INDELs (Light et al., 2013).

4.2.4 AtCPR5 IDRs are annotated to contain MoRFs and disordered binding regions

IDRs or IDPs are known to contain MoRFs or disordered binding regions (Dunker et al., 2015).
Therefore, the AtCPR5 IDR was hypothesised to contain MoRFs or disordered binding regions.
In order to confirm the presence of such motifs within disordered region, AtCPR5 IDR
sequence was further examined using MoRFPred, DisEMBL and ANCHOR predictors. The
results show that like typical IDPs, the AtCPR5 IDR is predicted to contain molecular
recognition features (MoRFs) or disordered binding regions. For examples, the AtCPR5
protein sequence is predicted to contain 6 regions as putative MoRFs using MoRFPred whereas
8 as disordered binding regions using ANCHOR (Table 4.1). In summary, these results show
that like typical IDRs, AtCPR5 IDRs contain also MoRFs and/or disordered binding regions.
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4.2.5 AtCPR5 disordered regions annotate to be unfolding and flexible regions

Structurally, intrinsically disordered regions (IDRs) do not fold to form secondary or tertiary
structures (Ptitsyn, 1995, Uversky and Ptitsyn, 1996, Dunker and Kriwacki, 2011). Thus, it was
hypothesised that CPR5 IDRs would not fold. To test, the AtCPRS protein sequence was
analysed by the FoldIndex in silico tool. As shown in Figure 4.3, the regions of the AtCPR5
annotated to be IDRs, are predicted to be un-foldable, in contrast to the remaining parts of the
protein, which are proposed to be foldable. In conclusion, AtCPR5 IDRs show resistance to

folding.

Taken together, the results shown in this chapter show that AtCPR5 IDRs possess a majority
of the defining features of typical IDRs. Thus, the N-terminus of theAtCPRS5 protein could act

as an intrinsically disordered region and, in turn, allow CPRS5 to perform multiple functions.
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Figure 4.3 Folding and unfolding propensities of regions of CPR5
This figure shows the propensities of parts of CPR5 to be folded or unfolded during secondary

structure formation of CPR5. To achieve this figure, CPR5 protein sequence was provided to

the online available Foldindex web server.
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4.3 DISCUSSION

4.3.1 AtCPRS5 appears to be an intrinsically disordered protein

As shown in the results, the amino acid composition of AtCPR5 IDR and CPR5-like proteins
is highly different. The presence of polymorphism in the N-terminal disordered regions of
AtCPR5 and CPR5-like proteins is in line with typical IDRs or IDPs (Daughdrill et al., 2007,
Nilsson et al., 2011). Additionally, AtCPR5 IDRs are enriched in polar and charged residues,
such as, aspartic acid (D), glutamic acid (E), lysine (K), arginine (R), methionine (M), serine
(S), and glutamine (Q), compared to structured regions, which are involved in the formation of
disordered regions (Andersen, 2011, Theillet et al., 2013). In addition to these residues,
tryptophan (W), tyrosine (Y), phenylalanine (F), leucine (L), and proline (P) have also been
observed in IDRs (Campen et al., 2008, Brown et al., 2010, Theillet et al., 2013). Moreover,
the aforementioned residues of AtCPR5 IDRs are present in a series of short repeats (MELLL,
PPSPEP, MMM, KKKK and SSS) as proposed in several studies (Sun et al., 2010a, Andersen,
2011, Theillet et al., 2013). Proline (P) residues of disordered regions generally flank pre-
structured motifs (motifs that transiently change from disordered-to-order form such as
MoRFs) and are involved in the formation and stability of helices in the disordered regions of
IDPs (Lee etal., 2014). Additionally, the number of proline residues in IDRs is 1.4 times higher
than in the structured regions (Theillet et al., (2013), which is also consistent with the proline
content of AtCPR5 IDRs, in which proline content is 1.5 times higher than in the structured
areas. In addition to proline content, the AtCPR5 IDR also contains a number of lysine (K),
arginine (R) and serine (S) residues. Similar to typical IDRs or IDPs, the variable length of
IDRs from AtCPR5 and its homologues is also consistent and indicative of IDP for AtCPR5.
In summary, AtCPRS5 is shown to possess many of the defining features of typical IDRs or
IDPs, which strongly suggests AtCPR5 to be an IDP.

4.3.2 Having IDP characteristics, AtCPR5 could exert pleiotropic effects

4.3.2.1 AtCPRS5 could serve as a hub for multiple interactions and signalling
Molecular recognition features (MoRFs), binding sites or pre-structural motifs (preSM)
interact or bind with proteins, RNAs or DNAs (Theillet et al., 2013; Lee et al., 2014). As
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mentioned in the results and shown in Table 4.1, AtCPRS5 is predicted to contain 6 MoRFs and
8 disordered binding regions, which could facilitate AtCPR5 IDR transit from the disordered-
to-ordered form, so that AtCPRS5 could gain the desired shape in order to bind with their binding
partner(s). Thus, the presence of binding regions or MoRFs within the disordered region(s) of
the AtCPR5 protein indicate that AtCPR5 IDRs are able to render different interacting
interfaces to interact with multiple partners. The structural flexibility and plasticity allows
intrinsically disordered proteins or regions to interact with a broad range of partners, such as,
proteins, membranes, nucleic acid and small molecules (Tompa and Csermely, 2004, Uversky
et al., 2005, Oldfield et al., 2008). For instance, the p53 protein, which has intrinsically
disordered regions, MoRFs and binding regions, regulates more than 150 genes and interacts
with over 100 other proteins or peptides (Zhao et al., 2000). The type of intrinsically disordered
proteins provides a network of connections or signalling hub for interacting partners (Rual et
al., 2005, Stelzl et al., 2005). For example, DELLA and GRAS, two plant-specific intrinsically
disordered proteins, which also carry disordered regions in their N-terminus, have been shown
to be implicated in multiple interactions (Sun et al., 2014, Sun et al., 2010a, Sun et al., 2010b).
Thus, AtCPR5 IDRs could interact with multiple interacting partners in a DELLA or GRAS
fashion (Sun et al., 2014).

In conclusion, these studies suggest that AtCPR5 could act as a signalling hub, which, in turn,
allows AtCPR5 to interact and take part in various cellular pathways, such as, cell death
regulation, senescence, oxidative stress, cell division, cell development and cell expansion
(Dunker et al., 2002, Ward et al., 2004, Xie et al., 2007, Jing and Dijkwel, 2008).

4.3.2.2 AtCPR5 IDRs could facilitate AtCPRS5 in yielding protein isoforms

Intrinsically disordered regions play an important role in helping the protein to produce
isoforms (Buljan et al., 2013, Buljan et al., 2012, Light and Elofsson, 2013), though the exact
mechanism of how IDRs facilitate alternative splicing or alternative start codon usage is still
obscure. Studies document that the majority of the proteins, which yield variants, are enriched
in disordered regions (Haynes and lakoucheva, 2006, Romero et al., 2006, Van Roey et al.,
2012, Weatheritt et al., 2012, Weatheritt and Gibson, 2012, Hsu et al., 2013, Buljan et al., 2013,
Niklas et al., 2015). Analyses of AtCPR5 to assess its ability to produce isoforms have
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indicated that AtCPRS5 carries putative alternative start codons and RNA stem-loops. Therefore,

it could be possible that AtCPRS could result in protein variants.

Taken together, the discussion sections of Chapter 4 summarise that AtCPR5 IDRs possess
characteristics of typical IDRs and could be involved in multiple functions and localisations.
Further in vitro analyses and characterisation (Chapter 8) of AtCPR5 intrinsic disordered

regions could help to understand its roles in the proposed pathways.
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Chapter 5 In silico characterisation and purification of AtCPR5 protein for

structural studies

5.1 INTRODUCTION

In the current study, attempts were made to purify the AtCPR5 protein in order to solve its
atomic structure. AtCPR5 is a membrane protein (Kirik et al., 2001) and despite advancements
in structural biology, the purification of membrane proteins has proven inherently hard (Baker,
2010, Zhao et al., 2013). Among many factors that could potentially reduce the probability of
a transmembrane protein to be expressed, purified and crystallized, the first and most impeding
one is the presence of hydrophobic or transmembrane (TM) domains (Carpenter et al., 2008a).
While embedded in the membrane, the isolation and purification of membrane proteins has
been shown to be very difficult (Caffrey, 2003, Bartesaghi and Subramaniam, 2009, Carpenter
et al., 2008b, Baker, 2010). In addition to TM domains, the second undesirable feature for the
expression and crystallization of proteins is the presence of disordered region(s), which is
proposed to produce inclusion bodies, affect the crystallization ability of proteins and yield

poor quality crystals (Dunker et al., 2001, Slabinski et al., 2007).

With the advent of bioinformatics, powerful and high-throughput computer-based tools have
enabled structural biologists to analyse and evaluate proteins of interest in order to predict
potential challenges for the expression and crystallization of proteins, and hence modify
undesirable characteristics, such as, TM domains and IDRs (Zhao et al., 2013). There are a
number of online bioinformatics tools, for example, XtalPred (Slabinski et al., 2007),
CRSYTALP (Kurgan et al., 2009), ParCrys (Overton et al., 2008), SECRET (Smialowski et
al., 2006)), XANNpred (Overton et al., 2011) and JPred (Drozdetskiy et al., 2015). These tools
analyse and predict crystallizability, putative structure, undesirable residues or regions of a
protein for structural studies, and ultimately propose substitutions in the undesirable region(s)

of protein to improve its purification and crystallization.

A variety of purification methods are available to date to purify protein of interest from crude

biological extracts (Zhao et al., 2013). lon-exchange chromatography (IEC) has been used
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since 1850 for the isolation of a variety of analytes, including proteins (Fritz and GJerde, 2009,
Cummins et al., 2011). IEC facilitates the separation of peptides, proteins and nucleic acids
based on their charge (Okada, 1998, Levison, 2003, Stanton, 2004, Ishihara et al., 2007, Bruch
etal., 2009). However, this method has not been shown to be ideal for many proteins (Moustafa
and Morsi, 2013). Protein purification using different types of affinity tags, such as, hexa-
histidine (6xHis), FLAG, Strep-1l, HA-tag, c-Myc-tag streptavidin-binding peptide (SBP),
calmodulin-binding peptide (CBP), glutathione S-transferase (GST), and maltose-binding
protein (MBP) have shown to be economic and easy methods (Zhao et al., 2013). However,
these tags and in particular the bigger tags, such as, GST and MBP, were reported to have
impacts on protein structure and folding of the tagged proteins, resulting in alteration to the
original structure (Waugh, 2005, Arnau et al., 2006, Zhao et al., 2013).

The results shown in the current chapter covers the research efforts carried out to find a version
of the CPR5 protein ideal for expression, purification and crystallization. To achieve this, a set
of 24 CPR5 protein versions were designed, tagged and expressed in E. coli in order to resolve
the atomic structure of AtCPRS5, using x-ray crystallography. CPR5 is predicted to be carrying
4 or 5 transmembrane domains and disordered region(s). Therefore, parts of the AtCPR5
protein encoding TM domains and disordered regions were truncated in order to improve

protein expression, isolation and crystallization of CPR5 recombinant proteins.
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5.2 RESULTS

5.2.1 Eliminations of predicted transmembrane domains

As mentioned in Chapter 3, AtCPR5 contains 4 or 5 putative TM domains, the positions of
which are shown to be conserved among CPR5-like protein sequences (Figure 3.2G).
Additionally, p-strands are predicted between TM domains. Thus, it was hypothesised that
constructs designed to eliminate TM domains include the deletion of only putative TM-
encoding regions of CPR5, and B-sheets or other regions predicted to be important for CPR5
structure are present in some of the constructs. To delete TM regions and avoid the elimination
of any other crucial structural part(s) of CPR5, the AtCPRS5 protein sequence was analysed by
a number of online in silico tools using their default settings. As shown by the results
summarised in Table 5.1, 4 or 5 TM domains are predicted in AtCPRS5, and the positions of the
TM domains as predicted by different tools, appear to be same (section 3.2.5). The boundaries
of the last 4 TM domains were predicted by all 6 tools in contrast to the boundary of the first
TM domain which was annotated by only 3 programs. Based on information given in Table
5.1, two positions were selected for the elimination of the last four transmembrane (TM)
domains. Thus, construct B (Figure 5.1) contains the first 413 amino acids of the AtCPR5
protein and the B-sheet at the end (Figure 5.1). In addition to construct B, another construct
(construct C) was also designed in the same area. However, construct C excludes the p-sheet
residues (Figure 5.1). In addition, the last 240 amino acids (324-564) from the C-terminus of
AtCPR5 were removed in order to exclude all 5 predicted TM domains in construct D (Figure
5.1). Keeping in view the presence of a predicted helix downstream of the first putative TM
domain, construct E, which includes the removal of the last 246 amino acids (318-564 aa) was
prepared (Figure 5.1). In conclusion, set of constructs (C-E) include the deletion of the putative
TM domains as well as p-sheet and helices, whereas, the putative B-sheet and helices are

present in construct B.

5.2.2 Elimination of predictied AtCPR5 IDRs

In addition to TM domains, intrinsically disordered regions (IDRs) also impede protein
purification and crystallization (Dunker et al., 2001; Slabinski et al., 2007). Since AtCPRS5 is

predicted to contain IDR, therefore the elimination of IDR was considered indispensable in
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order to increase CPR5 expression and crystallization feasibility. Keeping in view the positions
of the predicted disordered regions, (Chapter 4), AtCPR5 IDRs were removed in parts. In
addition to the eliminations of the C-terminal parts, constructs F and G contain deletions of the
first 62 and 91 amino acids, respectively (Figure 5.2). in contrast to F and H, construct H
contains a deletion of 91 amino acids from the N-terminus and 222 amino acids from the C-
terminus of AtCPR5 in order to exclude both IDR and TM domains. In addition to all of the
above discussed constructs (B-G), a full length CPRS5 protein (Figure 5.2) was also selected for
expression and crystallization. In conclusion, constructs F, G and H are expected to have no
IDR as well as TM encoding parts of CPR5 protein.

5.2.3 Eliminations of TM and IDR show no improvement in crystallizability of CPR5
truncated proteins

As mentioned above, TM domains and IDR could potentially impede AtCPR5 protein
expression and purification from E. coli and eventually crystallization. Therefore, based on in
silico information, regions encoding both domains were deleted and it was hypothesised that
these eliminations will improve AtCPR5 expression and crystallizability. In order to check the
degree of improvement in AtCPR5 expression and crystallizability, the amino acid sequence
of all of the constructs were analysed by XtalPred in silico tool. As shown in Table 5.2, the
full-length CPR5 protein was predicted to be highly difficult or the least promising for
crystallization when analysed through XtalPred. Similarly, none of the truncations in construct
B, C, D, or E showed any improvement in their crystallizability (Table 5.2). However, the
probability of being crystallized of construct F, G and H, was shown to be slightly improved
due to IDR truncations. In summary, constructs F, G and H are proposed to show better
crystallizability.

5.2.4 CPR5 constructs were cloned in pET32 expression vector

To amplify CPR5 cDNA, total RNA was extracted from 3-week old leaf tissues of Arabidopsis
thaliana ecotype Landsberg erecta. CPR5 cDNA amplified from the RNA pool using a set of
cDNA specific primers, showed the expected size (1.695 kb) on 1% agarose gel (Figure 5.2,
lane 2). Whereas, no amplification was observed (Figure 5.2; lane= 1) using an intergenic set

of primers. The introduction of mutation(s) in the amplified CPR5 cDNA was confirmed by
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Sanger sequencing, which confirmed that CPR5 cDNA contains no additions, deletions or
substitutions while being amplified (Data not shown). All the constructs shown in Figure 5.1
were amplified using construct-specific primers (Appendix 11.1) and subsequently were
cloned into a pET32 expression vector under the T7 inducible promoter and T7 terminator, as

mentioned in materials and methods (Sections 2.3 and 2.4).

5.2.5 Integration and orientation of CPR5 transgenes were confirmed via PCR and
restriction analyses

Following successful transformations and ligations of designed transgenes in pET32 (Figure
2.3), it was hypothesised that fragments were integrated in the desired position and orientation.
To confirm the proper integration and orientation of the CPR5 constructs (Figure 5.1) in
pET32, each construct of interest was amplified from a pET32 DNA plasmid carrying
respective construct, using vector-specific sense (T7 promoter based), and construct-specific
antisense primers. As shown in Figure 5.4, migration of the amplified fragments on the 1%
agarose gel confirmed expected sizes and the integration of all the designed versions of CPR5
(Figure 5.1) in the right orientation in pET32 (Figure 5.4; data is shown for only few
constructs). In addition to genotyping, the integration and orientation of cloned constructs was
also verified by restriction analyses (Figure 5.5). The presence of the ECOR1 restriction site in
the CPR5 gene at positions 60-65 bp (Figure 6.3A) and also in the multiple cloning sites (MCS)
of the pET32 vector (Figure 2.3) confirmed the expected pattern and number of DNA bands on
the agarose gel for each transgene (Figure 5.5; data is shown for only few constructs). As shown
in Figure 5.1, the first 186 nucleotides from the 5 end of the CPR5 gene were deleted in the F-
H constructs, which resulted in the deletion of the EcoRI restriction site as well. Thus, digestion
of the pET32 carrying constructs (F-H) with EcoRlI, showed a single linear band on the gel
(data not shown). To conclude, the amplification of constructs through PCR and restriction
digestion analyses of the pET32 vector verified the integration of CPR5 constructs in the

desired orientation in pET32.
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Program T™M1 TM2 TM3 TM4 TMS
XtalPred 351-370 413-432 444-466 482-504 525-546
TOPCONS 347-368 411-432 443-464 473-494 542-545
PSIPred X 413-433 - - -
TMHMM X 413-432 445-467 482-504 525-547
SMART X 413-432 445-467 482-504 525-547
RHYTHM 347-366 413-431 444-463 482-500 525-544

Table 5.1 Predicted position of TM domains in CPR5 protein

The amino acid sequence of the CPR5 protein was analysed by 6 computer programs in order
to make a consensus for the boundary of each transmembrane domain. Numbers shown in the
table represent the predicted positions of the CPR5 TM domains, which were annotated by

the said computer programs. X = No TM annotated. TM = transmembrane domain.

CPR5 | CPR5_411 | CPR5_405 | CPR5_324 | CPR5_318 | CPR5_ CPRS5_ CPRS5_

63-324 98-324 98-342
EP |5 5 5 5 5 3 3 3
RF |11 11 11 11 11 7 7 7

Table 5.2 XtalPred probabilities for CPR5 recombinant proteins to be crystallized

This table shows the probability of CPR5 recombinant proteins to be crystallized. The numbers
in the first row represent the number of CPR5 amino acids analysed by XtalPred e.g. CPR5_411
means the first 411 aa of CPR5 were analysed. Similarly, 63-324 means that amino acids from
63 to 324 were anlaysed. XtalPred calculates crystallizability using two methods; EP = Expert
pool crystallizability; RF = Random Forest crystallizability. For EP scores, 1 = promising for
crystallization, whereas 5 = difficult; and for RF, 1 = promising for crystallization, whereas 11
= difficult. The numbers after CPR5 in the top row represent the number of amino acids of
CPR5 analyzed.
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Figure 5.1 Positions of various selected truncations in CPR5 protein

This figure represents the various constructs designed to express the CPR5 protein for
crystallization. The letters A-H represent construct names, whereas the numbers represent
amino acid numbers (the start and the end) of the CPR5 protein. NLS = nuclear localisation

signal; TM = transmembrane domain.
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CPR5 cDNA

Figure 5.2 Migration of CPR5 cDNA amplified fragment
This figure shows the migration of double stranded CPR5 DNA amplified using cDNA-specific set of
primers. M = DNA standard (1 Kb plus), 1= negative control and 2= CPR5 cDNA. The total RNA and

CPR5 amplified fragment, both were migrated on 1 % agarose gel.

Ndel+BamHI BamHI Ndel+Xhol

A

M DEOBGC DEBCUDESB CM

1.65Kb
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Figure 5.3 Amplification of CPR5 constructs

This figure shows the migration of amplified fragments of CPR5 constructs (Figure 5.1) from CPR5
cDNA. Ndel + BamHI, BamHI & Ndel + Xhol (mentioned at the top) display the names of restriction
sites added through primers. All constructs (Figure 5.1) were amplified however only a set of constructs
(B, C, D, & E) is shown here. The size of fragments are as follows; construct B = 1233 bp; construct C
= 1212 bp; construct D = 972 bp, construct E = 954 bp.
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Figure 5.4 Confirmation of integration of constructs in pET32 by PCR

This figure represents the amplification of sets of CPR5 constructs from the isolated pET32. The products
of each construct were amplified through PCR using a sense primer from pET32 (T7promoter; Figure 2.3)
and antisense primer from within the construct (construct-specific). The amplified fragments were migrated
on 1% Agarose gel. Expected sizes are as follows: B = 972; C =954; D = 1233 & E = 1212 bp. M = DNA
marker, and the numbers on the left side of the gel represent the size of the corresponding bands from DNA

standard. Constructs F-H were also confirmed in a similar way (data not shown).

Untagged versions N-terminal tagged
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Figure 5.5 Confirmation of integration of constructs in pET32 by restriction analyses
This figure shows the fragmentation pattern of the pET32 vector carrying constructs when digested with
EcoR1. Expected sizes are as follows: B = 1187; C =1166; D = 926; E = 908 bp. M= DNA marker, and the
numbers on the side of the gel represent the size of the corresponding bands from DNA standard. Similarly,
the proper integration of the remaining constructs was also confirmed through restriction analyses.
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5.2.6 AtCPR5 recombinant proteins were soluble in Rosetta-gami cells

Following confirmation of proper integration and orientation of constructs in pET32, the next
step includes the confirmation of expression and solubilisation of recombinant proteins. Based
on the exclusions of disordered and TM regions, CPR5 recombinant proteins were expected to
be expressible in the heterologous bacterial expression system and soluble in purification
buffers. To test hypothesis, CPR5 transgenes (pET32*comstruets) were transformed and expressed
in E. coli Rosetta-gami cells. After the successful transformation of constructs in pET32, CPR5
transgenes (B-H) were evaluated for their expression and solubility in the heterologous
bacterial expression system. In the heterologous expression system, many of the genes have
been reported to interfere with the survival of the host organism when such heterologous genes
are expressed (Saida et al., 2006, Rosano and Ceccarelli, 2014). In order to check the expression
and solubility of CPRS5 transgenes, pET32 carrying constructs of interest, was transformed and
expressed in E. coli Rosetta-gami cells. A significant level of CPR5 recombinant proteins were
found in the soluble fraction as compared to the amount of CPR5 recombinant proteins in the
pellet fraction when migrated on SDS-PAGE gel (Figure 5.6). In conclusion, CPR5

recombinant proteins show a significant level of expression and solubility.

5.2.7 Purification of His-tagged AtCPR5 recombinant proteins

5.2.7.1 CPRS5 recombinant proteins with C-terminal His-tag were failed to purify

Proteins fused with tags are easier to purify than untagged proteins (Crivat and Taraska, 2012).
Thus, CPR5 recombinant proteins fused to His-tag were expected to make their purification
easier and faster. To test, each set of constructs was fused with 6x His tag at the N-terminus
and C-terminus separately, and 24 transgenes were developed. For example, a set of construct
B had the transgene containing no tag, and was fused with the N-terminal and C-terminal tag.
In the first attempt, CPR5 recombinant proteins (B and C) containing His-tag at their C-
terminus were processed for expression and purification. CPR5 recombinant proteins B and C
both showed a significant amount of recombinant protein in the soluble fraction compared to
the pellet fraction (Figure 5.6). However, the recombinant proteins B and C failed to be purified
or eluted through Ni* column chromatography, as described in materials and methods (Section
2.9.3). Recombinant proteins D and E, in which all five TM domains were excluded, were also
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not observed in the final elution fraction (data not shown). In a similar fashion, the expression
and solubility of recombinant proteins F, G and H were also checked and these recombinant
proteins were also unable to be purified (data not shown). Upon observing no desired proteins
in the final elution fractions, the majority of the SDS-PAGE gels on which elution fractions
were migrated, were not photographed. In conclusion, the purification of CPR5 recombinant

proteins using a small 6x His tag was unsuccessful.

5.2.7.2 Recombinant proteins with N-terminal His-tag also showed no improvement in
purification

As CPRS5 recombinant proteins B and C contained a putative hydrophobic region (TM) in their
C-terminus immediate before the His-tag, therefore, these recombinant proteins could have
been misfolded and the His-tag was buried within the hydrophobic region, and hence resulted
in His-tag inaccessibility to bind onto the column. Thus, it was assumed that the fusion of His-
tag at the N-terminus of the protein would facilitate the purification of CPR5 recombinant
proteins. To purify, again transgenes B and C (Figure 5.1) were firstly chosen to be expressed
and purified. These recombinant versions (B and C) showed significant levels of solubility
(Figure 5.6). However, like the C-terminal tagged versions, these N-terminally tagged
recombinant proteins also failed to be purified using the Ni* column chromatography (data not
shown). Despite being soluble, purification of the smaller N-terminally tagged versions D, E,
F, G and H also failed to be purified (data not shown). In conclusion, the purification of the

CPR5 recombinant proteins carrying the N-terminal His-tag was also found to be unsuccessful.

5.2.7.3 Recombinant CPR5 protein fails to bind or binds too strongly onto the column

The unsuccessful attempts for the purification of the CPR5 recombinant versions carrying His-
tag at both the N-and-C-termini, raised a few questions; (1) does the purification system
(protocol) work well? (2) Where does the protein disappear to despite being present in the
supernatant soluble fraction? and (3) Are CPR5 recombinant proteins able to bind onto the Ni*
column loosely or strongly? To find out the answers of these questions, firstly bacterial protein
fused with His-tag (protocol control) was purified using the working protocol, and this protein
was then successfully purified, which confirmed that there is no problem with the purification
protocol and handling. Secondly, the crude protein extract was incubated for 1 hr at 4°C to

allow the protein to bind with Ni* ions. Subsequently, the sample was processed for purification
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and all the elution fractions (washes) were migrated on SDS-PAGE gel. Surprisingly, a
significant amount of protein was observed in the first elution fraction when the protein was
washed with elution buffer without imidazole to remove non-specific bacterial proteins (data
not shown). This observation indicated that it is highly likely that the majority of the protein

could not have been able to bind or loosely bind onto the column and hence failed to be purified.

In the next step, after taking the supernatant, the leftover resin in the final step of protein
purification (in which recombinant proteins were washed with elution buffer containing 0.1 or
0.5 M imidazole) was incubated with SDS, boiled after adding loading dye and eventually
migrated on the SDS-PAGE gel along with the samples from the other elution fractions. The
migration of samples from the resins exhibited the presence of a significant amount of protein,
indicating that recombinant proteins could have tightly adhered to the resin particles and
require an elution buffer with a stronger concentration of imidazole. In order to see the effect
of a higher concentration of imidazole, the recombinant proteins were washed with elution
buffer containing a gradient range of imidazole (0.1, 0.2, .25, 0.3, 0.35, 0.4, 0.45, and 0.5 M).
However, the CPR5 recombinants proteins were unable to be purified. An effort to elute the
recombinant proteins with elution buffer containing 1.0 and 1.5 M imidazole also failed to

displace the recombinant proteins from the resin (data not shown).

5.2.7.4 Cobalt and Nickel ions show higher binding affinity than copper and
magnesium ions

A number of metal ions are used in order to purify His-tagged proteins. It was hypothesised
that CPR5 recombinant protein may have a different binding affinities with either of the
commonly used metal ions which would be helpful in the selection of a right metal ion for
CPR5 purification. To test which metal ion shows a higher binding specificity for CPR5
recombinant protein, 4 types of metal ions (Ni*, Co*, Cu™ and Mg") were tried to purify CPR5
recombinant protein B having His-tag at the N or C-terminus (Figure 5.7). The purifications
using different metal ions (Ni*, Co*, Cu" and Mg") at different concentrations of imidazole

(0.1-1.0 M) displayed similar binding specificities for Ni* and Co™.
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Figure 5.6 Confirmation of expression and solubility of CPR5 tagged recombinant
proteins

This figure shows the amount of CPR5 recombinant proteins (B and C transgenes) in the un-
induced supernatant (US), pellet (P) and supernatant (S) fractions after being induced with
IPTG. The red highlighted rectangular box represents the expected size range for CPR5
recombinant proteins, B and C versions. Supernatants and pellet samples were also extracted
from the pET32 empty vector (data not shown). The expression and solubility of the remaining
CPR5 recombinant proteins were also confirmed in the same way. US = supernatant from un-
induced sample, S = Supernatant from induced sample; P = Pellet dissolved in 8 M urea. M=
protein marker and the number shown on the left side of the figure indicate the sizes of the

bands of protein marker.
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Figure 5.7 Confirmation of binding affinity of CPR5 recombinant protein B

This figure shows the binding affinity of various metal ions with CPR5 recombinant protein B.
The red rectangular box shows the expected size of recombinant protein B. Cell lysate from
recombinant protein B was incubated with resin pre-charged with the said metal ion for 1 hour.
After 1 hour of incubation, the mixture was centrifuged and the supernatant was transferred to
a tube. However, the leftover resin (pellet) was incubated with SDS, boiled and migrated on
SDS-PAGE gel. M= protein marker and the number shown on the left side of the figure indicate

the sizes of the bands of protein marker.
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However, protein yields with Ni* and Co" charged resins were found to be slightly higher
compared to the amount of proteins in the incubated resins containing Cu* and Mg* (Figure

5.7). However, the purification of proteins with either Ni* or Co* was unsuccessful.

5.2.8 Purification of untagged versions using ion exchange chromatography

Generally, the purification of proteins fused with tags is easier than conventional methods
(Wombacher and Cornish, 2011, Crivat and Taraska, 2012). However, in the current study, this
method was proven to be unsuccessful for CPR5 recombinant proteins. Thus, it was assumed
that the purification of CPR5 recombinant proteins using conventional methods might be
useful. Based on amino acid composition and characteristics (instability index and isoelectric
point) of each version of CPR5 recombinant proteins, firstly, the longest untagged recombinant
protein version (construct B) was selected for purification using ion-exchange

chromatography.

Recombinant untagged protein B displayed a substantial level of solubility in the supernatant
fraction (data not shown). As shown in Figure 5.8, lysate (L), or the supernatant fraction, is
shown to contain two strong bands (named as upper and lower) in the expected size range of
the recombinant B protein. In the first attempt, purification of CPR5 untagged recombinant
proteins (B-E) through the cation-exchange chromatography protocol, as described in materials
and methods (Section 2.9.4), was proven to be unsuccessful. However, purification of the
recombinant protein B using the anion-exchange chromatography protocol, was shown to be
successful (Figure 5.8). As shown in Figure 5.8, the red rectangle (on the right side of the
images) indicates the expected CPR5 recombinant protein obtained as a result of anion-
exchange chromatography. In comparison, CPR5 purified bands align with the lower band of
two thick bands present in lane 2 (wash) (Figure 5.8). Thus, the presence of two distinct bands
in lane 2 and the difference in the position of purified putative CPR5 recombinant protein bands
(present in lanes 5, 7 & 9), raised the question as to which band(s) contained recombinant CPR5

protein.

5.2.9 ldentification of CPRS5 protein by Mass Spectrometry

As shown in Figure 5.8 and mentioned in the above section, there are two strong bands in lane

2, and the purified putative CPR5 recombinant protein is also lower than its expected size.
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Therefore, identification of these bands by mass-spectrometry was deemed necessary. Thus,
all five bands were analysed using mass spectrometry. For this purpose, both bands from lane
1 (upper and lower bands), lane 2 (wash), and all three bands from lanes 5, 7 and 9 were
extracted from the gel and digested with trypsin using the in-gel digestion protocol as
mentioned in materials and methods (Section 2.10). The fragmented peptides detected by the
mass spectrometer displayed > 39-42% similarity with HYS1 (CPR5) fragments present in the
database, thus, all these bands were identified as CPR5 (Figure 5.9). In conclusion, the mass

spectrometer confirmed the presence of CPR5 proteins in all of the extracted protein bands.

5.2.10 CPR5 protein was failed to be purified using size exclusion chromatography

Following identification of CPR5 by the mass spectrometer, all the samples representing the
abovementioned recombinant versions of CPR5 (Figure 5.8) are shown to still have bacterial
proteins despite being purified through anion exchange chromatography. Thus, it was assumed
that size exclusion chromatography could help to separate CPR5 recombinant protein.
Therefore, all the samples representing identified CPR5 bands were further purified using size
exclusion. Based on the expected size, the CPR5 protein was not observed at the expected
position in the SEC chromatograph (data not shown). Additionally, none of the separated
fractions from the size exclusion chromatography showed any protein when migrated on SDS-
PAGE gel (data not shown). In summary, the purification of recombinant protein using size

exclusion chromatography was also not successful.
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Figure 5.8 Confirmation of expression and purification of untagged version

The lysate fraction (lane: L) of the gel shows the level of expression and presence of the CPR5
recombinant protein B (enclosed in the smaller red rectangle). The longer red rectangular box
highlights the amount of CPR5 version B purified using anion exchange chromatography. The
number (5-50 mM) represents the gradient concentration of Tris-HCI buffer (pH= 8.0), whereas
the lane wash represents the first supernatant collected after washing the protein with loading
buffer to remove non-specific bounded proteins. M= protein marker and the number shown on

the right side of the figure indicate the sizes of the bands of protein marker.
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Figure 5.9 CPR5 identification by Mass-spectrometry

VHKDE TMMMK
SNSTKRVTRV
IARKNAAGON
LKILKLTNEC
YEVMQGSATA
ANDLKTVEIG
FKTELEDTRK
CDQSEEKSSS
LNKRSSGTKQ
CLLQFVANVF
LFEVLPVINGL

KKKDTNPSNL
VHRLRNPMRL
VYVDDLVEIF
ANPHQSNNND
TSLMNELALF
LQIRELRCKE
EEMVTRIMDW
WWVPKQVSSI
TMPISFIVLF
TLALYGLMFG
LPFATFGEWR

This figure shows the positions of the peptides fragmented and detected by mass-spectrometry.

Samples were prepared using in-gel digestion protocol as described in materials and methods

(Section 2.10) and submitted in the mass-spec facility operated by A/Prof. Gillian Norris,

Massey University, Palmerston North, New Zealand. The sequence of obtained peptides was

aligned with the amino acid sequence of CPR5. Red highlights the amino acids, which show

residues identified by Mass-spec. As seen, none of the peptides from the deleted region (411-

564) of the CPR5 protein was detected by mass-spec.
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5.3 DISCUSSION

5.3.1 Potential consequences of transmembrane domains eliminations

Hydrophobic regions of proteins usually reside inside the membrane or bury inside the protein
during folding and make the inner core of the protein (Chothia, 1976, Dill, 1990, Honig and
Yang, 1995). The presence of hydrophobic or transmembrane regions in a protein has been
suggested undesirable for purification and crystallization studies in many ways. For example,
hydrophobic regions promote proteins to produce inclusion bodies (Christendat et al., 2000),
which effects protein solubility (Slabinski et al., 2007). Transmembrane domains make the
isolation of proteins difficult while embedded in a membrane (Caffrey, 2003, Bartesaghi and
Subramaniam, 2009, Carpenter et al.,, 2008a, Carpenter et al., 2008b, Baker, 2010).
Transmembrane proteins could fail to produce crystals or produce low quality diffracting
crystals (Slabinski et al., 2007). Keeping in view these results, transmembrane regions present

in AtCPR5 were eliminated in order to increase purification and crystallization feasibility.

However, the elimination of TM region(s) posed some challenges, the first of which was the
determination of the total number of transmembrane regions. As shown in results, the total
number of TM domains was selected by making consensus from in silico results. Assuming
that CPRS has five TM domains, the purification of CPR5 recombinant proteins B and C could
have failed due to the presence of the first putative TM at the end of these two constructs.
Having a TM domain, recombinant proteins B and C either may embed in the membrane or
fold in order to bury hydrophobic residues, which (first TM) could result in improper protein
folding (\Vecino et al., 2012). Both cases (membrane embedding or folding) may result in the
inaccessibility of His-tag to bind onto the column. Moreover, the first predicted TM region
comprises of hydrophobic and hydrophilic residues, which could tend to aggregate due to the
presence of hydrophobic residues and result in protein insolubility and/or a poor quality crystal
lattice (Slabinski et al., 2007). On the other hand, assuming that CPR5 has four TM domains
and the first TM region is an important structural part of the protein, which is essential for
CPR5 proper folding, the removal of all five TM domains in D and E proteins could result in
the loss of true structure of the CPR5 protein. Therefore, four constructs were developed in

order to include and exclude the first TM domain and see any differences in structure.
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Similarly, the improper elimination of TM domains without the consideration of the presence
of other structural sheets or helices in the vicinity of each TM domain, could also result in
improper protein structure. For example, the deletion of a -sheet in construct C and D or
deletion of a helix or coiled-coil region in construct E could result in improper crystallization
and structure of the recombinant proteins. Therefore, the inclusion of a 3-sheet, helix or coiled-
coil regions in constructs B and D respectively, and their exclusions in constructs C and E, was
believed to compensate structural losses resulted by the deletion of the f-sheet and coiled-coil
domain in these recombinant proteins. In conclusion, a number of CPRS5 constructs were

designed in order to achieve the best possible structure of the protein.

5.3.2 Putative impacts of IDRs eliminations on CPR5 structure

In addition to the alpha-helices, beta-strand and transmembrane domains (hydrophobic
regions), disordered regions are also important parts of the protein, and are shown to be
associated in the signal transduction of many pathways (Dunker et al., 2001). During structural
studies, thousands of proteins have been reported to have disordered regions (Romero et al.,
1998, Romero et al., 2001, Vucetic et al., 2003). Intrinsically disordered proteins (IDPs) or
intrinsically disordered regions (IDRs) of proteins are not ideal for protein purification and
crystallographic studies. IDPs or IDRs are flexible in nature and unable to form a definite 3-D
structure, hence failing to yield informative crystal lattices (Dunker et al., 2001). X-ray
crystallography is not a perfect method for IDPs as some of the IDPs undergo a transition of
conformation i.e. disordered-to-ordered or unfolded-to-folded, upon binding with their
biological partner(s) (Edwards et al., 2000, Dyson and Wright, 2002, Dyson and Wright, 2005).
Thus, it could be possible that AtCPRS5, which has IDRs, may form poor crystals for x-ray
crystallography and yield no structural information. For IDPs, NMR spectroscopy is suggested
to be the ideal technique (Montelione et al., 2000, Smialowski et al., 2006) to resolve their
structure. Alternatively, the removal of disordered regions may improve the crystallization of
truncated proteins, however, their removal may not reflect the true structure (Edwards et al.,
2000, Dunker et al., 2001). In summary, assuming that intrinsically disordered regions may
affect protein purification and crystallization, and that their exclusion will improve protein
expression and crystallization, CPR5 disordered regions were deleted in constructs F, G and
H.
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5.3.3 Purification of AtCPR5 protein is not trivial

There has been enormous development in the products and methodologies for recombinant
protein production and purification in recent years (Pina et al., 2014). Affinity tags based
chromatography has made the purification of proteins easier, more economic and high-yielding
with fewer steps (Walsh, 2003, Carta and Jungbauer, 2010, Walter and Gottschalk, 2010,
Milne, 2011). The current study discusses the purification strategies used to purify AtCPR5
recombinant proteins. However as mentioned in the results, CPR5 recombinant proteins were

unable to be purified using the majority of available protein purification technologies.

The purification of proteins tagged with His-tag (6 or 10 histidine residues) has been shown to
be successful for many recombinant proteins (Mason et al., 2001, Mason et al., 2002, Walls et
al., 2011, Young et al., 2012). His-tag can be fused to either protein termini. However, the
purification of a recombinant protein, nonglycosylated human serum transferrins, carrying a
N-terminal His-tag resulted in a higher yield compared to the yield of the same protein with a
C-terminal His-tag (Mason et al., 2001; Mason et al., 2002). In the current study, CPR5
recombinant proteins B and C, in which the His-tag was fused at their C-terminus, were firstly
purified but their purification proved unsuccessful. Since construct B and C have a C-terminal
His-tag, which also contains a hydrophobic region (first putative TM domain) immediately
before the His-tag, it could be possible that the C-terminal His-tag was inaccessible due to
packing or burying of the hydrophobic region. However, the purification of recombinant
proteins D and E (having His-tag at their C-terminal, and where hydrophobic region encoding

in the first TM domain has also truncated), also failed.

Similarly, the purification of CPR5 recombinant proteins (B, C, D and E) with N-terminal His-
tag also failed, which prompted the consideration to delete the CPR5 disordered regions
(IDRs). Intrinsically disordered proteins or proteins have longer disordered segments and have
a shorter half-life (van der Lee et al., 2014). CPR5 IDRs could be degraded or cleaved off and
result in the detachment of the His-tag, hence the protein was unable to bind onto the column.
This hypothesis can be further supported by the Mass Spectrometry results, where none of the
detected CPR5 fragmented peptides showed any similarity to the peptides belonging to the
CPR5 IDRs regions. Thus, the recombinant proteins F, G and H were expected to be purified

easily as proposed by XtalPred. However, the purification of the recombinant proteins F, G and
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H was also unsuccessful. Although the purification of the untagged construct B through anion-
exchange chromatography proved successful and the purified bands were identified as CPR5,
the CPR5 recombinant protein was not able to be separated using size exclusion
chromatography. Keeping in view the efforts and results, it can be concluded that purification

of the CPR5 protein is not trivial.

For future experiments, it should be ensured that CPR5 recombinant protein remains present
in the solution at each purification step, which could be probed using a CPR5 antibody.
Similarly, protein insolubility represents an impeding factor (\Warne et al., 2008, Kramer et al.,
2012), so care should be taken that CPR5 recombinant proteins do not precipitate during
purification. Moreover, the addition of lipids in solutions could help the recombinant protein
to be soluble and stable during and after extraction from cells (Kurisu et al., 2003, Long et al.,
2005, Cherezov and Caffrey, 2007, Hilf and Dutzler, 2008). Similarly, eukaryotic proteins
could undergo posttranslational modifications, such as, glycosylation and disulphide bonding
(Junge et al., 2008), or may be targeted to specific cellular location(s) or membrane(s) and
require a native eukaryotic environment (Schnell and Hebert, 2003, Baker, 2010). Therefore,
the expression and purification of CPR5 in other available expression systems, such as, yeast
(Tornroth-Horsefield et al., 2006, Long et al., 2007, Molina et al., 2007, Pedersen et al., 2007),
or insect cell lines (Hiroaki et al., 2006, Rasmussen et al., 2007, Jasti et al., 2007) could help

CPR5 protein to be natively expressed and purified.

Taken altogether, the in silico studies represent an idea of the challenges associated with the
extraction of CPR5 membrane protein. Despite failures, all of the efforts exerted to express and
purify the CPR5 recombinant proteins would prove a great resource to consider different
expression systems and purification methods, while planning to resolve the CPR5 structure in

the future.

105



Chapter 6 Development of CPR5 mutants based on in silico information

6.1 INTRODUCTION

As shown in Chapter 5, the purification of CPR5 recombinant proteins failed, and hence the
attempt to elucidate CPR5 function(s) based on the atomic structure of CPR5 was also
unsuccessful. Nevertheless, the in silico analyses predicted a number of structural motifs, sites
and regions in CPR5 (Chapter 3). These predictions provided the basis to formulate different
hypotheses and mutate predicted motifs in order to confirm the role of predicted sites, motifs

or regions in various pathways and CPR5 functions.

In vitro site-directed mutagenesis is an important technique, which enables researchers to
insert, delete or change the nucleotides encoding the important structural motif(s) of a protein
(Edelheit et al., 2009). The resulting mutants helped researchers to identify or isolate the
function(s) of a gene or protein (Ling and Robinson, 1997, Antikainen and Martin, 2005, Giron
and Salto, 2011). The development and functional characterisation of mutants have enormously
contributed to the elucidation of functions of many genes or proteins (Sherman, 2005, Giron
and Salto, 2011, Revaetal., 2011, Gabler et al., 2013). Thus, the directed mutagenesis of genes

of interest could help to elucidate the structure and function of proteins.

Based on the understanding derived from the in silico analyses described in Chapter 3, a set of
25 CPR5 mutants were designed to characterise the role of predicted motifs or regions. This
chapter essentially describes the process of selection of the important sites, regions and motifs,
and the positions of their truncations. It also includes the transformation of designed constructs
i.e. complementation, and the selection of transgenic plants carrying transgenes. In the later
part of this chapter, it is discussed as to how the homozygous and stable plant lines of each

construct were developed and selected.
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6.2 RESULTS

6.2.1 Putative IDRs were deleted to study their roles in CPR5 functions

As mentioned in Chapter 4, the first 276 bp (92 amino acids) of AtCPR5 are annotated as an
intrinsically disordered region. To dissect the function(s) of AtCPR5 IDRs, the predicted IDR
of CPR5 was further divided into three smaller sections (Figure 6.1A). Based on the positions
of the in-frame start codons (methionine residues; 1, 112, 190 & 295 bp) of CPR5 (Figure
6.1A), truncations in CPR5 include the deletion of regions between the two start codons of
CPR5. For example, the first 111 nucleotides were deleted for the first truncation, and the first
189 and 294 base pairs were removed in order to introduce second and third truncations.
Compared to the wildtype gene sequence, the positions of the start codons (ATG) and the total
length of the SynCPR5 transgene (as shown in Figures 6.1A and B) are changed due to the
addition of a stop codon, Hindlll and Sall restriction sites in the SynCPR5 B-transgene. The
whole cassette (1.5 kb promotor + 1.710 kb SynCPR5) synthesis and introduction of mutations

or deletions in the cassette was done by GeneScript.

As shown in Figure 6.1B, a stop codon present immediately after the first in-frame start codon
was expected to allow translation initiation of the Del37CPR5 transgene from the second
translation initiation site (127-129 bp), resulting in the exclusion of the first 37 amino acids
(Figure 6.1B). The restriction digestion of the Del37CPR5 transgene with Hindlll restriction
enzyme is expected to remove 57 amino acids between two HindlIl1 sites as illustrated in Figure
6.1C. Hence, the translation of Del63CPR5 was expected to be initiated from the third in-frame
methionine (205-207 bp of SynCPR5; Figure 6.1C). Alternatively, a coding sequence without
the first 189 nucleotides (encoding the first 63 amino acids) of SynCPR5 was fused to a CPR5
promotor (Figure 6.1E). The restriction digestion of SynCR5 B template i.e. Del37CPR5
(Figure 6.1B) with Sal1l restriction enzyme was assumed to delete 80 amino acids of SynCPR5
between two Sall restriction sites, allowing translation initiation from the next position (295-
297 bp of SynCPR5) in the Del98CPR5 construct (Figure 6.1D). In summary, Del37CPRS5,
Del63CPR5 and Del98CPR5 were expected to be translated from their said positions and would
allow the testing of function of AtCPR5 IDRs, if any.
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6.2.2 Puttive start codons were mutated to study CPR5 isoforms

As shown in Chapter 3, the AtCPR5 N-terminus is predicted to have 3 putative transcription
and/or translation start sites: a, b and ¢ as depicted in Figure 6.2A. In order to test the role of
predicted start codon sites (b and c¢) in CPRS5 functions, the putative start codons at position b
and ¢ were mutated individually as well as collectively. Figure 6.2B represents an illustration
of the metCPR5b transgene, in which the translation initiation site b is disputed i.e. all of the
three methionine (M) residues present at positions 38-40 were converted into glutamine (Q)
residues. Thus, the metCPR5b transgene would allow translation initiation from position a,
yielding a full-length protein and a shorter protein if the putative position ¢ has a role in
translation initiation (Figure 6.2B). On the other hand, both of the predicted start codon sites,
b & c¢ (Figure 6.2A), were collectively mutated in the metCPR5bc transgene (Figure 6.2C),
expecting metCPR5bc to be translated only from the first in-frame methionine and giving rise
to a full-length CPR5 protein. No translation initiation was expected from putative positions b
and c in the metCPR5bc transgene (Figure 6.2C). To conclude, metCPR5b and metCPR5bc,
would allow the testing of roles of the putative start codon or translation initiation sites in CPR5

functions.

6.2.3 NLS clusters were mutated indiviually as well as collectively

As shown in Chapter 3, AtCPRS5 is predicted to contain three regions or clusters (here indicated
as regions A, B and C), which may act as a nuclear localisation signal (NLS) the CPR5 protein.
It was hypothesised that either of the NLS-encoding clusters could act as the NLS. To test, the
predicted NLS clusters were mutated individually as well as in different combinations as
summarised in Table 6.1 by GeneScript. Since any of the predicted positively charged residues
(lysine or arginine) could act as the NLS, thus, all of the predicted residues were substituted in
series. The first class of NLS constructs includes those in which annotated NLS clusters were
mutated individually (Table 6.1). Three different constructs were designed in order to disrupt
cluster A of the predicted NLS (nIsCPR5A). In the first construct of nlsSCPR5A, the middle two
lysine residues were changed into glutamine (Q), whereas the last two lysine residues of the
same cluster were mutated in the second construct. The conversions of all lysine residues of
cluster A were expected to completely disrupt cluster A of the predicted NLS (Table 6.1).

Similarly, substitutions of both lysine and arginine residues (KRK) of cluster B were expected
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to mutate cluster B in nIsCPR5B plants (Table 6.1). In the second class of NLS constructs,
predicted NLS clusters (A, B, C) were mutated in combinations, such as, regions A+B (KKK
+ KRK), regions B+C (KRK + KKK), and regions A+B+C (KKKK+ KRK + KKK in
nIsCPR5AB, nIsCPR5BC and nIsCPR5ABC transgenes, respectively (Table 6.1). In summary,
mutations in the nlIsCPR5 transgenes will disrupt putative NLS-encoding clusters and allow the

testing of roles of these sites in CPR5 functions.

6.2.4 Casein kinase phosphorylation site 1 and 2 were deleted and mutated

In addition to the NLS, CPR5 is also predicted to contain casein kinase phosphorylation sites,
the phosphorylation of which was assumed to facilitate NLS-mediated transportation of CPRS.
In order to characterise function(s) of annotated casein kinase phosphorylation sites (CKI and
CKII), 7 different constructs were designed. For instance, in order to disrupt the CKII site,
putative residues, such as, threonine (T) and serine (A) present at positions 45 and 48 of the
CPR5 protein respectively, were changed into alanine (A) and aspartic acid (D) individually
(ckll1-1 and ckl11-2) as well as collectively (ckl11-3) as illustrated in Table 6.2. On the other
hand, casein kinase phosphorylation site 1 (CKI) is predicted to be composed of 7 serine (S)
and 2 threonine (T) residues as shown in Table 6.2. Of CKI deletion constructs, the first
construct includes the exclusion of all of the seven serine and two threonine amino acids in the
Delckl-1 transgene (Table 6.2). In contrast to Delckl-1, fewer residues of the predicted CKI
site were deleted in the Delckl-2 transgene in order to have the least structural losses compared
to DelCKI-1. It was assumed that the deletion of 9 residues in Delckl-1 and 5 residues in Delckl-
2 would result in the loss or abnormal structure of CPR5. Thus, CKI site was also disrupted by
mutating the CKIl-encoding residues to have the least impact on CPR5 structure or folding in

ckl-1 and ckl-1 recombinant protein compared to Delckl-1 and DelckI-2 proteins.
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Hindlll Sall

ATG ATG W ATG W _ATG
A. [ Promotor I IDR1 IDR2 IDR3 CPR5-optimized (SynCPR5) ]
1 112 190 295 1695
ATG*HindIllI+Sall Hindlll Sall
w ATG W ATG W ATG
B. [ Promotor I IDR1 IDR2 IDR3 Del37CPR5-construct ]
1 127 205 310 1710
L ATG ATG
C. [ Promotor I IDR3 Del63CPR5-construct ]
205 310 1710
ATG
D. [ Promotor I Del98CPR5-construct ]
310 1710
ATG ATG
E. [ Promotor I IDR3 Del63CPR5-construct ]
190 295 1695

Figure 6.1 Construct designing of Del37CPRS5, Del63 CPR5 and Del98CPRS5 transgenes

This figure shows the strategy of how the N-terminus part of the CPR5 gene was truncated to
construct Del37CPRS5, Del63CPR5 and Del98CPRS5. A stop codon (*) along with Hindlll and
Sall restriction sites was introduced immediately downstream of the first start codon (ATG)
by GeneScript. The template was excised using Hindll1 sites and was subsequently self-ligated
in order to develop Del63CPR5. Likewise, the excision of construct B with Sall restriction
enzyme and subsequent self-ligation resulted in Del98CPR5 construct. Promotor = CPR5
native promotor synthesized and fused with the SynCPR5 gene by GeneScript; ATG = start
codon, IDR = intrinsically disordered region; numbers = position of nucleotides in SynCPR5
and other transgenes, before and after the inclusion of a stop codon and said restrictions sties;
downward arrows (red) = the position of introduced restriction sites, however, the arrows
highlighted in blue indicate that the construct is derived from the template construct B. In
construct 6.1E, the nucleotide sequence from position 190 bp (ATG)-1710 bp (stop codon) was
directly fused with the promotor sequence.
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a b C
v A d v
ATG ATG ATG ATG
A. [ Promotor I SL1 SL2 CPR5-optimized (SynCPR5) ]
1 112 190 295 1695
ATG>CAA
ATG y ATG ATG
B. [ Promotor I SL1 SL2 metCPR5b ]
1 112 190 295 1695
ATG>CAA  ATG>CAA
ATG y ATG
C. [ Promotor I st1 | s MetCPR5bC ]

1 112 190 295 1695

Figure 6.2 Designing of metCPR5 transgenes

This figure shows the position of RNA secondary structures, such as, stem-loops (SL), and in-
frame start codons (ATG) in the CPR5 synthetic gene. In constructs (6.2B and C), the start
codons encoding nucleotides (ATG; methionine) were substituted into CAA (glutamine).
Letters a, b and ¢ above the blue arrows in 6.1A indicate the predicted start codon or translation
initiation sites as mentioned in Chapter 3.

Construct Original sequence Modified sequence Position(s) disrupted
nlIsCPR5A1-1 | KKKK KQQK A individually
nlIsCPR5A1-2 | KKKK KKQQ A individually
nlsCPR5A1-3 | KKKK Q000 A individually
nlsCPR5B KRK Q00 B individually
nIsCPR5AB KKKK; KRK Q000Q; Q00 A & B together
nlsCPR5BC KRK; KKK Q00; Q00 B & C together
nlIsSCPR5ABC | KKKK; KRK; KKK | Q00Q0; Q00;000 | A, B & C together

Table 6.1 Mutations in putative NLS-encoding residues

Table 6.1 summarises the nature of mutations in the NLS encoding residues present in clusters
A, B and C of the CPR5 annotated NLS during site-directed mutagenesis. The last column of
the table (position disrupted) depicts the number of clusters mutated i.e. individually
(nIsCPR5A or nIsCPR5B) or collectively (nIsCPR5AB, nIsCPR5BC, and nlIsCPR5ABC). Since
nIsCPR5A1-1, nlsCPR5A1-2, nlsCPR5A1-3 all displayed similar phenotypes, thus nlsCPR5A1-
3 was renamed as nIsSCPR5A and was used for further characterisation studies.
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6.2.5 Putative leucine resiudes of coiled-coil domains were mutated into asparagine

CPR5 is annotated to contain a number of coiled-coil domains or leucine zippers (Section
3.2.7). Since leucine (L) residues of the heptad are conserved, thus it was hypothesised that the
mutation of putative leucine residues will disrupt conserved heptad conformation of CPR5
coiled-coil domain(s). Therefore, leucine residues of the predicted heptad were substituted with
asparagine (N) residues in order to disrupt coiled-coil heptad and to find their effect on CPR5
functioning. As shown in Table 6.3, leucine residues of the first annotated heptad at 146 and
153 positions of the CPR5 protein were mutated into asparagine (N) separately (ccd1CPR5a
and ccd1CPR5b) as well as collectively (ccd1CPR5c). Similarly, leucine (at position 291) of
the second predicted heptad was also substituted with asparagine (N) in the ccd2CPR5
transgene. Additionally, the third transgene ccd3CPR5 includes the conversion of leucine at
296, 305, and 312 into asparagine (Table 6.3) to disrupt the heptad. In conclusion, these
constructs are assumed to form no coiled-coil domains and would allow the testing of the roles

of selected leucine residues in CPR5 functions.

6.2.6 Putative glycine resiudes of glycine zipper were mutated alanine

In cpr5-1 (Bowling et al., 1997) and old1-1 (Jing et al., 2002) mutants, the glycine residues
present at the 420 and 459 positions were found to be converted into aspartic acid (D) and
serine (S), respectively. As shown in Section 3.2.8, the region of CPR5 containing glycine 459
is predicted to be a glycine motif. In order to test the role of glycine residues in the glycine
motif, the glycine residues at the 420 (GIn420CPR5) and 459 (GIn459CPR5) positions of
CPR5 were replaced with alanine (A) (Table 6.3). These genetic changes were expected to
rescue cpr5-2 compromised phenotypes if the predicted glycine residue(s) has no role in the
annotated glycine motif. Otherwise, GINCPR5 transgenic plants will show cpr5-2 like
phenotypes if glycine residues are an essential or structural part of the putative glycine motif.
Additionally, a closer view of the putative CPR5 glycine motifs revealed that there are two
other glycine residues present at positions 452 and 456 in the vicinity of glycine 459 (Table
6.3). Therefore, both the glycine molecules at positions 452 and 456 were collectively
substituted with alanine (Table 6.3) in order to see the effect of conversion of these amino acids
on CPR5 functioning. In summary, mutations in glycine residues of the predicted glycine

motifs are expected to result in the loss of glycine motifs.
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6.2.7 CPR5 transgenes were complemented into cpr5-2 plants

Since a number of phenotypes and pathways are shown to be affected in cpr5-2 plants (Jing
and Dijkwel, 2008), it was hypothesised that the SynCPR5 transgene (being identical to the
wildtype protein; Figure 6.3) will complement compromised phenotypes (aberrant trichomes,
spontaneous lesions and early leaf yellowing) of cpr5-2 plants. Similarly, the disruption of the
predicted motif or site will display wildtype-like phenotypes if the said motif or site has no role
in the execution of that phenotype and vice versa. Otherwise, complemented plants will show
cpr5-2 like phenotypes. To test, SynCPR5 and all the CPR5 transgenes were complemented
into 5-6 week old cpr5-2 plants via Agrobacterium-mediated T-DNA transformations as
instructed in (Zhang et al., 2007) studies. The BAR gene (a bacterial gene derived from
Streptomyces hygroscopicus) present in the pGreen0229 plasmid will allow the confirmation
of successful transformation and integration of the selected transgene in cpr5-2 plants when
sprayed with BASTA. Thus, only positive transformants are expected to grow and survive
when T1 plants are sprayed with BASTA. On average, 112 positive transformants per construct
were obtained, which resulted in 2800 transgenic lines (Table 6.4). The positive transgenic
lines were further screened for homozygosity and stable transformation up to the fifth
generation. Finally, homozygous lines of each transgene were genotyped by PCR in order to
confirm the presence of the said transgene in the respective transgenic line using cpr5-2, CPRS5,

SynCPRS5, and each transgene specific set of primers (Section 2.13.4).
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Construct | Original sequence | Modified sequence | Position disrupted

ckIICPRS5 lines

ckll1-1 DTNPSNL DANPSNL individually

ckll1-2 DTNPSNL DTNPDNL individually

ckll1-3 DTNPSNL DANPDNL together

ckICPR5 lines

Delckl-1 SSSYCSTSSTS -—-YC-—————- Deletion of residues

Delckl-2 SSSYCSTSSTS S--YC---STS Deletion of residues

ckl-1 SSSYCSTSSTS SSSYCSAASAA Substitution of
residues

ckl-2 SSSYCSTSSTS SSSFCSTSSTS Individual residue

Table 6.2 Designing of CK phosphorylation site mutants.

Table 6.2 summarises the residues predicted as CKI and CKII phosphorylation sites

(underlined) and residues with which the predicted residues of CK sites were mutated (as

underlined in the third column) through site-directed mutagenesis. Deletions of residues are

denoted by dotted lines. The column named “Position disrupted” depicts if residues were

mutated, and individually or collectively.

Construct | Original sequence | Modified sequence | Position disrupted
Leucine zipper mutants

ccd1CPR5a DDLVEIFATLVE DDNVEIFATNVE Individually
ccd1CPR5b DDLVEIFATLVE DDNVEIFATNVE Individually
ccd1CPR5c DDLVEIFATLVE DDNVEIFATNVE Collectively
ccd2CPR5 EIGLQOIR EIGNQIR individually
ccd3CPR5 ALGLKFESNNLGKA ANGNKFESNNNGKA Collectively
Glycine zipper mutants

GIn420CPR5 QIFFGVLM QIFFAVLM individually
GIn459CPR5 FLGIFCGVSGKLC FLGIFCGVSAKLC individually
GIn452CPR5 FLGIFCGVSGKLC FLAIFCGVSGKLC individually
GIn456CPR5 FLGIFCGVSGKLC FLGIFCAVSGKLC Individually

Table 6.3 Designing of leucine and glycine zipper mutants

Table 6.3 summarises the putative leucine and glycine residues (underlined) predicted to be the

part of leucine and glycine zippers, respectively, and residues with which glycine or leucine

residues were replaced (column 3). The column named “Position disrupted” depicts if residues

were mutated, individually or collectively. Since all the coiled-coil (ccd1CPR5a, ccd1CPR5b

and ccd1CPR5c) transgenic plants displayed similar phenotypes, therefore, ccd1CPR5c was

renamed as ccd1CPR5 and was used for further analyses.
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Figure 6.3 Similarities and differences between CPR5 wildtype and synthetic gene and positions of structural sites
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Figure 6.3A displays the similarities and differences of nucleotides between the CPR5 wildtype and synthetic gene (SynCPR5) whereas the

positions of various important predicted structural elements are also summarised in Figure 6.3B. This figure was prepared using Geneious R6

(Biomatters, Ltd).
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Sr. No Construct Total # of Transformation
transformants | efficiency %
1 SynCPR5 40 0.32
2 Del37CPR5 59 0.47
3 Del63CPR5 171 1.37
4 metCPR5b 55 0.44
5 metCPR5bc 71 0.57
6 nlIsCPR5A1-1 | 48 0.38
7 nlIsCPR5A1-2 | 49 0.39
8 nlsCPR5A1-3 |53 0.42
9 nlsCPR5B 45 0.36
10 nlIsCPR5AB 244 1.95
11 nlIsCPR5BC 289 2.13
12 nlIsCPR5ABC | 302 2.42
13 cklICPR5 39 0.31
14 DelckCPR5I-1 | 73 0.58
15 DelckCPR5I-2 | 93 0.74
16 ckl-1CPR5 83 0.66
17 ckl-2CPR5 67 0.54
18 ckl-3CPR5 37 0.30
19 ccdCPR51-1 74 0.59
20 ccdCPR51-2 63 0.50
21 ccdCPR51-3 77 0.62
22 GIn420CPR5 141 1.13
23 GIn459CPR5 203 1.62
24 GIn452CPR5 233 1.86
25 GIn456CPR5 192 1.54
Average 2800/25=116 | =0.89

Table 6.4 List of SynCPR5 transgenes and their transformation efficiency

This table shows the total number of transformants obtained for each transgene, and the number
of independent lines of each transgene which showed wildtype-like trichomes, no HR-like
lesions and early leaf senescence. This table also documents the total number of transformants

obtained as a result of the transformation of all the transgenes and the overall transformation

efficiency.
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6.3 DISCUSSION

6.3.1 Mutagenesis studies are expected to identify roles of various putative motifs of
CPR5

The in silico studies predicted a number of structural motifs and sites, which could potentially
be important for CPR5 function(s). The current chapter essentially describes the basis of how
the predicted motifs of CPR5 were mutated in order to study their role in CPR5 functioning.
For example, either of the basic positively charged residues of the NLS cluster, such as, lysine
and arginine could act as the NLS. Therefore, seven different transgenes were developed in
order to cover the majoirty of the putative residues for their role in nuclear import, individually
as well as collectively. The substitutions of lysine (K) with residues, such as, glycine (Takei et
al., 1999, Xiao et al., 2012), glutamine (Xiao et al., 2012), asparagine (Xaio et al., 2000), and
alanine (Zhang et al., 2000, Sloss et al., 2005, Shin and Reich, 2013), abolished the nuclear
accumulation of the mutant proteins. Likewise, the conversions of the NLS in encoding the
amino acid arginine into cysteine, serine (Takei et al., 1999), and alanine (Sloss et al., 2005,
Shin and Reich, 2013), also resulted in the disruption of the NLS, and protein failed to localise
in the nucleus, in contrast to the wildtype protein (Xiao et al., 2000). On the other hand, the
substitution of lysine and arginine with glutamic acid (E) failed to prevent nuclear localisation
(Xaio et al., 2000). As shown in results, putative NLS residues, lysine and arginine into
glutamine (Q), were converted into alanine and expected to abolish CPR5 localisation if the

NLS cluster(s) has a role in CPRS localisation.

In addition to the NLS, all of the nine residues, such as, serine (S), threonine (T) and tyrosine
(YY) predicted as casein kinase phosphorylation sites, were removed in order to completely
disrupt the putative CKI phosphorylation sites. Alternatively, the CKI and CKII putative
residues, serine and threonine, were substituted with alanine (A) on the basis of reported
studies. For example, the conversion of CKI residues into alanine (A) successfully abolished
the CKI site in numerous studies (Zhang et al., 2000, Blattner et al., 2002, Okamura et al.,
2004, Bustos et al., 2005, Zhao et al., 2010a, Loughery et al., 2014). Additionally, the tyrosine
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(Y) residue of CPR5 predicted CKI site, was substituted with phenylalanine. Therefore,
keeping in view these studies, alanine substitutions will disrupt phosphorylation in ckICPR5
and cKIICPRS lines.

In order to prevent translation from the putative alternative translation initiation sites, the
predicted amino acid residues (methionine), were altered to either stop codons, or alanine,
during the characterisation of DNA ligase 1 isoforms (Sunderland et al., 2004, Sunderland et
al., 2006). Whereas, putative methionine residues were converted into isoleucine and leucine
in (Chabregas et al., 2003) and (Christensen et al., 2005) studies respectively. In contrast to the
aforementioned previous reports, the putative alternative translation initiation encoding
residues of the CPR5 protein were mutated to glutamine (Q). In summary, glutamine would

abolish translation initiation from the said sites.

As mentioned in Chapter 4, CPR5 is predicted to contain a number of coiled-coil domains, and
the position of leucine residues in coiled-coil domains is crucial for heptad formation. In order
to disrupt heptad formation, leucine was converted into proline in several studies (Harbury et
al., 1993, Cheng et al., 2001, Lupas and Gruber, 2005, Tanaka et al., 2007, Ciani et al., 2010).
The conversion of leucine (L) into alanine (A) has not always abolished heptad formation,
since no difference was observed in the helix stability when leucine at both positions, a and d,
of the leucine heptad was replaced with alanine (Zhou et al., 1992). In the current study, leucine
(L) residues of the predicted coiled-coil domains were changed into asparagine (N) and were

expected to abolish heptad formation.

Glycine zippers or motifs are an integral part of the transmembrane regions of proteins, and
mutations in glycine residues of glycine zipper are deleterious (Kim et al., 2005). Kim and co-
workers have shown that valine (V), leucine (L), Isoleucine (1), serine (S), and threonine (T)
are not good substitutes of glycine for glycine zipper disruptions. The same study proposed
alanine as one of the good substitutes to abolish helix formation. However, Harmeier (Harmeier
et al., 2009) found that the conversion of glycine into alanine actually promoted glycine helices
dimerization, whereas, the replacement of glycine with leucine disrupted the packing of the
glycine-zipper. Recently, Venco and co-workers (\VVenco et al., 2015) have found that glycine
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substitution with serine abolishes the dimerization of glycine zippers. The putative glycine
residues present in the second transmembrane region of the CPR5 protein were changed into

alanine and are expected to abolish the glycine zipper.

In summary, all the introduced mutations for the disruption of the selected regions or motifs
are expected to identify their role in CPR5 functioning, if any. The transgenic lines of each
transgene were expected to result in the execution of cprb-like phenotypes or wildtype-like

phenotypes depending on the implication or role of the said motif or site.

6.3.2 CPR5 transgenes were introduced into cpr5-2 plants using floral dipping

In addition to the biolistic method, Agrobacterium tumefaciens-mediated transformation is one
of the successful techniques for the gene transfer between Agrobacterium and plant(s) to
develop transgenic plants (Birch, 1997, Hansen and Wright, 1999, Bent, 2000, Weigel and
Glazebrook, 2002, Gelvin, 2003, Zhang et al., 2006). Transgenes can also be transformed by
virus and microinjection (Bent, 2000, VVan Loock et al., 2010). The Agrobacterium-mediated
floral dip method of transformation is efficient, fast and relatively easy but involves a few
tedious steps, such as, large volumes of cultures and the dipping process (Sheludko, 2008, Li
etal., 2009, Tsudaetal., 2012). Additionally, the floral dipping method avoids the use of tissue
culture, which requires aseptic conditions and different types of media preparations (Clough
and Bent, 1998, Harrison et al., 2006, Logemann et al., 2006, VVan Loock et al., 2010). It is
possible that a successful transformation method for one species could fail for other species or
even among the ecotypes of a same species (\Wroblewski et al., 2005). For instance, the
Agrobacterium-mediated transformation of Ws-0 has been shown easier than for Col-0
(Wroblewski et al., 2005, Tsuda et al., 2012). On the other hand, Col-0 showed 10 fold higher
efficiency than Ler-0 with respect to Agrobacterium-mediated transformation (Desfeux et al.,
2000).

Transformation efficiency depends on different factors, such as, plant growth stages, growth
conditions, Agrobacterium strains and plant immunity level (Tsuda et al., 2012). Plant
immunity, i.e. the ability to recognise and defend against pathogens, plays an important role in

the determination of transformation efficiency, for instance, plants having upregulated levels
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of plant defence hormones, such as, salicylic acid, ethylene and other defence-related genes,
which restrict Agrobacterium-mediated transformation (Yuan et al., 2007, Anand et al., 2008,
Nonakaetal., 2008, Lee etal., 2009, Tsuda et al., 2012). Similarly, Agrobacterium infiltrations
during Agrobacterium-mediated transformations could also trigger plant immune response and
result in the restriction of Agrobacterium entry into the plant cell (Citovsky et al., 2007, Gelvin,
2010, Pitzschke and Hirt, 2010). For example, mutants defective in pathogen effectors
recognition were found to be more amenable to Agrobacterium-mediated transformation than
the wildtype (Zipfel et al., 2006), and the co-transformation of a pathogen effector, such as,
AvrPto to dampen host resistance, has dramatically enhanced Agrobacterium-mediated

transformation efficiency in wildtype plants (Tsuda et al., 2012).

cprb5 alleles are available in both Columbia (Col-0) and Landsberg erecta (Ler-0) backgrounds.
Additionally, cpr5 plants show upregulated levels of PR genes and resistance to PstDC3000
(Bowling et al., 1997). Based on the abovementioned transformation challenges, cpr5-2
(Bowling et al., 1997) in Col-0 background was chosen for Agrobacterium-mediated floral-dip
transformation, instead of old1 Ler-0 background (Jing et al., 2002), due to the fact that Col-0
has higher transformation efficiency than Ler-0 (Desfeux et al., 2000). Moreover, lower
transformation efficiency was expected due to induction of resistance in cpr5 plants. However,
despite having upregulated levels of resistance in cpr5-2 plants, hundreds of transgenic lines

with an average number of 116 transformants per transgene were obtained in this study.

Taken together, the development of set of 25 transgenes and 2800 independent lines of each

transgenes are expected to prove a great resource for AtCPRS5 functional characterisation.
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Chapter 7 AtCPRS regulates balance between plant growth and disease

resistance

ABSTRACT:

A mutation in CONSTITUTIVE EXPRESSER of PATHOGENESIS-RELATED GENES 5
(CPR5) is shown to exert multiple effects on plant phenotypes, such as, aberrant trichomes,
HR-like lesions, reduced ploidy levels, and increased oxidative stress. Additionally, cpr5-2
plants were shown to be resistant to bacterial as well as fungal pathogens. Despite CPR5
implication in several pathways, little is known about the mechanism of how CPR5 participates
in different pathways. In the present study, a CPR5 cDNA was synthesised (SynCPR5) and
fused to the CPR5 native promoter. Subsequently, the whole cassette (CPR5::SynCPR5) was
transformed into cpr5-2 plants in order to complement cpr5-compromised phenotypes. The
results showed that the native promoter resulted in variable SynCPR5 expression levels, which
helped to isolate some CPR5 functions or phenotypes separate from other functions or
phenotypes. Of 40 independent transgenic lines, the majority of SynCPR5 lines displayed
wildtype-like phenotypes (called complemented lines), whereas, a few lines displayed cprb-
like phenotypes (non-complemented). The physiological characterisation of the SynCPR5
complemented lines showed that, compared to the wildtype, some of these lines have higher
SynCPR5 transcript abundance than others. Further quantification of leaf size, trichome number
and disease resistance showed that SynCPR5 lines, which have transcript abundance lower or
equal to wildtype levels, had smaller leaves, a less number of trichomes and enhanced
resistance compared to SynCPR5 lines, which had higher transcript abundance than the
wildtype. SynCPR5 lines, which had higher transcript abundance than the wildtype, displayed
wildtype-like phenotypes. Intriguingly, the majority of SynCPRS5 lines showed increased levels
of pathogenesis-related genesl and 5 (PR1 and PR5) as compared to the wildtype. On the other
hand, metCPR5B and metCPR5BC lines in which putative start codons were mutated, exhibited

vigorous growth and metCPR5 transgenic plants showed larger leaves, bigger epidermal cells,
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and an increased number of trichomes. Contrary to SynCPR5 transgenic plants, metCPR5B and
metCPR5BC plants conferred extreme susceptibility to P. syringae when compared to the
wildtype. Despite having higher transcript abundance, none of the SynCPR5 lines displayed
bigger leaves and enhanced susceptibility, and ectopic leaf size and disease resistance shown
by the metCPR5 lines suggests the role of the putative start codon encoding region in
maintaining the balance between growth and resistance. Thus, this finding allowed me to
propose that CPR5 regulates the balance between plant growth and disease resistance in
Arabidopsis, which is a novel role of AtCPR5.
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7.1 INTRODUCTION

Being sessile, plants have developed a number of sophisticated mechanisms in order to escape
or combat pathogens. When attacked by pathogens, plants activate local and systemic
resistance. Activation of resistance generally involves growth-related costs, which affect plant
development. AtCPR5 is proposed to be a master regulator of different pathways, as
mutation(s) in CPR5 (cpr5) exert pleiotropic effects on a number of pathways (Jing and
Dijkwel, 2008). Of cpr5 functions and phenotypes, stunted growth and aberrant trichomes are
two of the conspicuous cpr5 phenotypes. Additionally, AtCPR5 is shown to negatively regulate
resistance (Boch et al., 1998; Wang et al., 2014) and leaf senescence (Jing et al., 2007, Jing et
al., 2002).

As shown by several reports (Bowling et al., 1997; Boch et al., 1998; Jing et al., 2007),
resistance is acquired by cprb5 at the cost of reduced growth, which indicates a disruption in the
balance between growth and immunity in cpr5 plants. Thus, AtCPR5 somehow maintains the
balance or trade-off between growth and resistance. The trade-off between growth and plant
immunity is generally shown to be mediated through manipulations in the synthesis and
signalling networks of plant hormones (Lozano-Duran and Zipfel, 2015). As shown by Jing et
al., (2007), cpr5 is defective in the perception and signalling of plant hormones, such as, SA,
ABA, JA and ET, thus, it could be possible that an imbalance in growth and resistance in cpr5
is a consequence of defects in the aforementioned plant hormone signalling. AtCPR5 may also
influence the biosynthesis or signalling of either SA, JA, or ET hormones. This prompted me
to investigate the role of AtCPRS5 in the regulation of the trade-off between growth and plant
resistance, if any.

The current chapter covers the characterisation of two types of AtCPR5 transgenic lines,
SynCPR5 and metCPR5. SynCPR5 is a synthetic version of AtCPR5, which contains several
genetic changes introduced during codon optimization. However, SynCPR5 is identical to
wildtype AtCPR5 with respect to amino acid composition. On the other hand, metCPR5
involves substitutions of amino acids in annotated start codons in SynCPR5 background. The

complementation of SynCPR5 has resulted in variable SynCPR5 transcript abundance, leaf size,
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and PR1 and PDF1.2 levels. Despite having higher transcript abundance than the wildtype,
none of the SynCPR5 lines show better growth than the wildtype. In contrast to SynCPR5,
metCPR5 show higher expression levels and bigger leaves but enhanced susceptibility as
compared to the wildtype. Based on these evidences, AtCPR5 is proposed to be involved in the

regulation of balance between growth and immunity.
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7.2 RESULTS

7.2.1 CPR5 native promoter is able to drive SynCPR5 expression

In the past, a number of studies (Jing et al., 2007; Gao et al., 2011; Perazza et al., 2011) have
used the overexpression Cauli Mosaic Virus 35S promoter, which resulted in the ectopic
expression of CPRS5 in the cell. Therefore, a CPR5 native promoter was chosen to drive
SynCPR5 (synthetic CPR5 gene) in order to obtain a range of expression of the SynCPR5
transgene due to the position effect (Peach and Velten, 1991, Gelvin, 2003). The levels of
SynCPR5 were expected to be lower than the wildtype, wildtype-like or higher than the
wildtype in the obtained SynCPR5 transgenic lines. It was hypothesised that 1.5 kb long CPR5

native promoter is sufficient to drive variable expression of the SynCPR5 transgene.

To test this hypothesis, a fragment of 1.5 kb, downstream of the CPR5 gene (At5G64930) was
amplified and fused with the SynCPR5 gene. Subsequently, the whole cassette was transformed
into 4 week old cpr5-2 plants through Agrobacterium-mediated transformation. Relative
transcript abundance of synCPR5, CPR5 (wildtype) and cpr5-2 genes was quantified using
synCPR5, CPR5 and cpr5-2 gene-specific sets of primers through real-time gRT-PCR, as
described in materials and methods (Section 2.2.3). It is important to note that all three sets of
primers were designed on the same region of CPR5 mRNA in order to minimize difference in
expression due to change in position of MRNA and primer efficiency. The Cror Cq values were
normalized with two housekeeping genes in order to measure relative levels of expression
(Section 2.2.3).

Following successful SynCPR5 transformation in cpr5-2 plants, 40 independent SynCPR5
complemented lines were obtained. However, initially a few representative lines were analysed
for gRT-PCR transcriptomic analyses. As shown in Figure 7.1A, the relative transcript
abundance of the SynCPR5 transgene in SynCPRS5 independent transgenic lines, is shown to be
variable when compared to the wildtype. For example, SynCPR5L2 and SynCPR5L3 display
SynCPR5 transcript abundance higher than the wildtype, whereas, the transcript abundance of

SynCPR5L5 was shown to be less than the wildtype. Despite having higher transcripts than the
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wildtype, the transcript abundances of SynCPR5L4 were statistically insignificantly different
from the wildtype. The expression levels of SynCPR5L4 and SynCPR5L6 were less than the
wildtype. However, the difference was found to be insignificant from the wildtype (Figure
7.1A). Based on transcript abundance, SynCPR5L1, SynCPR5L2 and SynCPR5L3 were placed
in one group, named SynCPR5G1, whereas, SynCPR5L4, SynCPR5L5 and SynCPR5L6 were
placed in a second group called SynCPR5G2. Overall, the majority of the SynCPR5G1 lines
show higher expression levels than the SynCPR5G2 lines. To summarise, these results confirm

that 1.5 kb CPR5 native promoter was able to drive SynCPR5 expression in a wide range.

7.2.2 SynCPR5 complements aberrant trichomes, lesions and early leaf senescence

In addition to the native promoter, the synthetic CPR5 gene (SynCPR5) was used in the current
study. SynCPR5 protein is identical to the wildtype CPR5 protein with respect to amino acid
composition. However, the SynCPR5 gene differs from the wildtype CPR5 gene in nucleotide
composition, due to the introduction of nucleotide changes during codon optimization of the
SynCPR5. Having a similar protein sequence (amino acid composition), the SynCPR5
transgene is expected to complement the compromised phenotypes of cpr5-2 plants in a
wildtype fashion. To test this hypothesis, SynCPR5 transgenic lines were morphologically
characterised in order to see the restoration of aberrant phenotypes, such as, wildtype-like

trichomes, no early leaf yellowing and HR-like lesions.

The morphological investigations of SynCPR5 plants depict that the majority (80%; 32 lines
out of 40 lines) of the SynCPR5 complemented lines had leaves without HR-like lesions or
early yellowing compared to cpr5-2 (Figure 7.1B). Regardless of variations in total number,
trichomes with all four types of appendages were present on the majority of the SynCPR5 lines
(Figure 7.1C). Compared to the majority (80%) of SynCPR5 lines, the leaves on the remaining
20% (8 lines) of the SynCPR5 complemented lines had aberrant trichomes, HR-like lesions or
early leaf yellowing, similar to cpr5-2 plants. In summary, these results confirm that the
SynCPR5 transgene managed to restore aberrant trichomes, HR-like lesions and early leaf

yellowing in a wildtype fashion, on the majority of the synCPR5 transgenic plants.
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7.2.3 Leaf size and number of trichomes on SynCPR5 plants is consistent with their
SynCPR5 expression levels

As shown in Section 7.1, SynCPR5 transgenic lines displayed a range of SynCPR5 expression
levels, which prompted me to investigate the effect of SynCPR5 differential expression on leaf
size and trichome number. Based on SynCPR5 differential expression, it was hypothesised that
the leaf size and trichome number of SynCPR5 lines will vary according to their transcript
abundance. To test this hypothesis, the leaf area and number of trichomes from SynCPR5 lines
were quantified. Based on their leaf size and number of trichomes, SynCPR5 lines could be
classified into two major groups. As shown in Figure 7.2, the third and fourth rosette leaf pairs
on the majority of lines from SynCPR5G1 were shown to be indifferent in size from the
wildtype, except leaf 3 from SynCPR5L1. Similarly, wildtype-like trichomes (carrying all four
types of appendages) were shown to be present on the majority of SynCPR5GL1 lines (Figure
7.2). On the other hand, the third and fourth rosette leaf pairs from SynCPR5G2 lines were
intermediate in size compared to the wildtype and cpr5-2. In addition to leaf area, SynCPR5G1
lines displayed more numbers of trichomes with three appendages, whereas, the SynCPR5G2
lines showed an intermediate number of 3-branched trichomes when compared to the wildtype
and cpr5-2. The number of trichomes carrying four appendages was shown to be less on
SynCPR5G2, whereas, the number of the same type of trichomes from SynCPR5G1 lines was
also less but the difference was significantly indifferent when compared to the wildtype. In
summary, leaf area, trichome numbers and transcript abundance trends in synCPR5 transgenic
lines establish a positive correlation between leaf size and trichome number with SynCPR5
MRNA levels.
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Figure 7.1 SynCPR5 complementation, transcript and trichomes quantification

Figure 7.1A shows the quantification of transcript abundance of SynCPR5, Col-0 and cpr5-2 using
SynCPR5, Col-0 and cpr5-2 specific sets of primers. Three biological and three technical replicates
were included and values were normalized to the average expression values of ACT2 and UBC9
housekeeping genes. Figure 7.1B displays the complementation and rescue of cpr5-2 plants with the
SynCPRS5 transgene. Figure 7.1C shows the average number of trichomes on leaf discs of 0.68cm
diameter, from the leaves of five different plants of each individual line. The bars represent the standard
error and asterisks indicate the level of statistical significance at p < 0.05 (Student’s t-test. *= significant
from Col-0; * = significant from cpr5-2; ** = significant from Col-0 and cpr5-2. See Appendixes 11.3.1

and 11.3.2 for further t-test values and comparisons.
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7.2.4 SynCPRS5 fails to complement upregulated levels of PR1 in SynCPR5 lines

Several semi-quantitative studies (Boch et al., 1998; Bowling et al., 1997; Clarke et al., 2000;
Jing et al., 2007) report that cpr5-2 mutants have upregulated levels of defence-related genes,
such as, pathogenesis related genel (PRI). Being identical to the wildtype CPRS5 protein,
SynCPR5 protein was expected to restore PR1 levels in a wildtype manner. To check PR1
levels, total RNA was extracted from 31-day old whole SynCPR5 plants, and cDNAs were
prepared as mentioned in materials and methods (Section 2.2.2). Analyses were carried out to
record transcript abundance of PR1 mRNA amplified using real-time gRT-PCR. Like leaf size
and transcript abundance, PR1 levels were also shown to vary among SynCPR5 transgenic
lines. In contrast to the hypothesis, all the SynCPR5 transgenic lines displayed increased levels
of the PR1 gene compared to the wildtype (Figure 7.3). Additionally, the PR1 levels or trends
of the SynCPR5 lines are not consistent with their respective transcript abundances. In
conclusion, SynCPR5 plants carry upregulated PR1 levels and there is no correlation between

PR1 and SynCPRS5 transcript abundances.

7.2.5 SynCPR5 and cpr5-2 plants both show reduced PDF1.2 levels

As shown in Section 7.2.4, none of the SynCPR5 transgenic plants managed to be rescued for
PR1 levels, so it was hypothesised that SynCPR5 transgenic plants will have upregulated levels
of PDF1.2 as reported previously (Bowling et al., 1997, Clarke et al., 2000). To test this,
relative levels of PDF1.2 transcripts were quantified using real-time qPCR as described in
materials and methods (Section 2.2.3). In contrast to my prediction and previous reports
(Bowling et al., 1997, Clarke et al., 2000), surprisingly, the cpr5-2 plants exhibited lower
PDF1.2 transcript abundance compared to the wildtype (Figure 7.4). PDF1.2 transcript levels
were found to be lower in the majority of the SynCPRS5 transgenic plants (except SynCPR5L4)
compared to cpr5-2 (Figure 7.4). Furthermore, PDF1.2 transcript abundance was shown to
vary among SynCPR5G1 and SynCPR5G2 lines. In summary, these results are inconsistent
with my hypothesis, since PDF1.2 transcript abundance was found to be lower in cpr5-2 and

SynCPR5 lines compared to the wildtype.
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7.2.6 SynCPRS5 regulate resistance independent of SynCPR5 and PR1 levels

As reported previously, CPR5 (wild-type Col-0) plants are susceptible to the bacterial pathogen
Pseudomonas syringae pv DC3000 (PstDC3000), compared to cpr5-2 mutant plants, which
restrict PstDC3000 growth (Bowling et al., 1997; Wang et al., 2014). Since all of the SynCPR5
transgenic lines displayed upregulated levels of PR1 (Figure 7.3), it is thus hypothesised that
SynCPR5 transgenic plants will confer resistance to PstDC3000, according to their PR1 levels.
To test this hypothesis, four-week-old SynCPR5 transgenic plants were infected with
PstDC3000.

The resistance level was scored by counting the number of colony forming units (cfu) as
mentioned in materials and methods (Section 2.14). Despite having higher SynCPRS5 and PR1
transcript abundance (Figures 7.1A and 7.3), synCPR5G1 transgenic lines displayed
susceptibility insignificantly different from the wildtype (Figure 7.5). Contrary to SynCPR5G1
lines, SynCPR5G2 lines displayed resistance to PstDC3000 bacterial infection (Figure 7.5),
regardless of having SynCPR5 transcript abundance equal to or lower than the wildtype (Figure
7.1A). Furthermore, the exhibition of resistance by SynCPR5G2 transgenic lines is in line with
PR1 levels. These results confirm that SynCPR5G1 lines display susceptibility, whereas,
SynCPR5G2 show resistance. Additionally, the level of resistance partly depends on SynCPR5

expression levels, but the execution of resistance seems to be independent of PR1 levels.
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Figure 7.2 Mean leaf area of third and fourth rosette leaf pairs

This figure shows the mean leaf areas of third and fourth rosette leaf pairs at 31 DAS. The leaves were
plucked from 3-5 different plants of the same line, and areas were recorded using a leaf area machine. The
bars represent the standard error, and the asterisks indicate the level of statistical significance at p < 0.05
(Students’ t-test). * = significant from Col-0; * = significant from cpr5-2; ** = significant from Col-0 and
cpr5-2. See Appendixes 11.3.3 and 11.3.4 for further t-test values and comparisons.
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Figure 7.3 Relative expression levels of PR1 in SynCPR5 plants

Total RNA was extracted from the whole plants, and relative levels of PR1 mRNA were measured. Three
biological and three technical replicates were included, and values were normalized to the average expression
values of ACT2 and UBC9 housekeeping genes. The bars represent the standard error, and the asterisks
indicate the level of statistical significance at p < 0.05 (Students’ t-test). * = significant from Col-0; * =
significant from cpr5-2; ** = significant from Col-0 and cpr5-2. See Appendix 11.3.5 for further t-test

values and comparisons.
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7.2.7 SynCPRS5 plants show wildtype-like ploidy levels

In the current study, the SynCPR5 transgenic plants show a range of leaf size, which could be
the consequence of difference in ploidy levels in SynCPR5 lines. Thus, investigation of ploidy
levels may reveal the role of ploidy level in the execution of wildtype-like or intermediate-
sized leaves. Keeping in view leaf size, SynCPR5G1 were hypothesised to have wildtype-like

ploidy levels, whereas, SynCPR52 may have reduced ploidy levels compared to the wildtype.

To test this, third and fourth leaves were harvested from 24-day (24 DAS) old SynCPR5 plants.
Nuclei were extracted from leaves by chopping leaves in a chopping solution, and were
subsequently stained with propidium iodide, as mentioned in materials and methods (Section
2.16). Nuclei were analysed using a flow-cytometer (Partec, USA) that counts nuclei based on
nuclei sizes, and displays the number of total nuclei of similar sizes in the form of peaks (Figure
7.6A). 15000 events were recorded and analysed, and the percentage of nuclei from each peak
was calculated using a peak analyses plugin of Flow-max software. Average percent values

from the three biological replicates were plotted in the form of graphs (Figure 7.6B).

At 24 DAS, all of the SynCPR5G1 lines represent wildtype-like levels of 16C nuclei (Figure
7.6B). In contrast to SynCPR5G1 lines, the number of 16C nuclei from the majority of the
SynCPR5G?2 lines was found to be intermediate, when compared to the wildtype and cpr5-2
(Figure 7.6B). Among SynCPR5G2 lines, SynCPR5L4 had a 16C nuclei population
insignificant from the wildtype, which is consistent with SynCPR5L4 expression levels (Figure
7.1). In addition to 16C, the majority of the SynCPR5 lines displayed similar levels of 2C and
8C nuclei, except the SynCPR5L2 line, which had more 2C nuclei than the wildtype (Figure
7.6B). Compared to the wildtype, the average number of 4C nuclei in the majority of SynCPR5
lines was found to be indifferent from the wildtype, except SynCPR5L2 and SynCPR5L5, which
were shown to have more 4C nuclei than the wildtype (Figure 7.6B). In summary, the overall
ploidy level trends of SynCPRS5 lines, are in line with the hypothesis.
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Figure 7.4 Relative expression levels of PDF1.2 in SynCPR5 plants

Total RNA was extracted from whole plants, and relative levels of PDF1.2 mRNA were measured. Three
biological and three technical replicates were included, and values were normalized to the average expression
values of ACT2 and UBC9 housekeeping genes. The bars represent the standard error, and the asterisks
indicate the level of statistical significance at p < 0.05 (Students’ t-test). * = significant from Col-0; * =

significant from cpr5-2; ** = significant from Col-0 and cpr5-2.
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Figure 7.5 PstDC3000 infection growth assay

This figure shows the growth of PstDC3000 bacteria in the form of colony forming units (cfu) formed on
the agar plate. Three discs of leaves were cut from random leaves of three plants that were inoculated with
PstDC3000. Leaf discs were pooled and ground in order to extract bacteria in 500 pL of MgCl,. Dilutions
were made and plated as described in materials and methods. The bars represent the standard error and the
asterisks indicate the level of statistical significance at p < 0.05 (Students’ t-test). * = significant from cpr5-

2; * = significant from Col-0; ** = significant from Col-0 and cpr5-2.
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Figure 7.6 Ploidy levels in leaves of SynCPR5 transgenic plants

Part A of the figure 7.6 shows the images obtained from the Flow-max peak analyses (only representative
samples are shown). Part B shows the percentages of nuclei populations in the leaf cells of Col-0, cpr5-2,
and SynCPR5 plants. The nuclei were extracted from the leaf cells of 24 old plants and then stained with
propidium iodide (PI) as described in materials and methods. Following overnight incubation at 4°C (in the
fridge), the extracted nuclei were analysed by flow-cytometry according to the instructions provided by the
manufacturer. The bars represent the standard error and the asterisks indicate the level of statistical
significance at p < 0.05 (Students’ t-test). * = significant from cpr5-2; * = significant from Col-0; ** =

significant from Col-0 and cpr5-2.



7.2.8 metCPR5 complement aberrant trichomes, HR-like lesions and leaf yellowing
shown by cpr5-2

As shown in Chapter 3 (Section 3.2.2), the in silico analyses shows that the N-termini of
AtCPR5 homologues are highly polymorphic in composition, and the length (amino acid
sequence) of these highly polymorphic N-termini varies among AtCPR5 homologues (Figure
3.1). Moreover, the N-terminal region (~100 amino acids) of AtCPR5 is predicted to possess
three putative in-frame start codons or translation start sites (section 3.2.5) in addition to the
presence of predicted RNA secondary structures between these start codons (Figure 3.3). It was
assumed that mutations in putative start codons may influence stability of AtCPR5 mRNA and
consequently result in cpr5-like phenotypes in metCPR5 lines. In order to see the effect of
mutations in the putative start codons on the stability of metCPR5 mRNAs and the subsequent
effect on phenotypes, the putative start codons present at positions B and C (B = 38", 39" and
40", C = 63 amino acid of CPR5) were mutated in the SynCPR5 gene, individually
(metCPR5b) as well as collectively (metCPR5bc), leaving the first start codon present at
position A unchanged. The metCPR5 transgenes were expected to encode a full length CPR5
protein. However, metCPR5b was unable to be translated from position B, whereas, in
metCPR5bc, both of the putative translation start sites were mutated collectively. Therefore,
the potentially functional but shorter CPR5 proteins would not be translated in the metCPR5
lines. However, the metCPR5 transgenic plants were shown to have normal trichomes, no HR-
like lesions or early leaf yellowing (Figure 7.7 and 7.8B). Overall, metCPRS5 lines were shown
to have all typical types of trichomes as found on the wildtype (Figure 7.8B). The number of
trichomes having three-appendages was found to be higher on the leaves of the majority of
metCPR5 lines, except metCPR5bcL2, where trichomes with three-appendages were shown to
be indifferent from the wildtype (Figure 7.8B). On the other hand, the number of trichomes
having four-appendages was shown to be lower on the majority of metCPRS5 lines than the
wildtype, except metCPR5bL3 (Figure 7.8B). In conclusion, metCPR5 transgenes restored

wildtype-like trichomes and suppressed HR-like lesions and early leaf yellowing.
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7.2.9 metCPR5b lines show higher transcript abundance than wildtype

Keeping in view, the variable transcript abundances shown the SynCPRS5 lines (Section 7.2.1),
metCPR5 lines were expected to show variable expression levels of their transgenes. To check
metCPR5 expression, relative transcript abundance of the metCPRS5 transgene, AtCPR5 and
cpr5-2 was measured using a transgene specific set of primers. As shown in Figure 7.8A,
metCPR5b lines are shown to have higher transcript levels of metCPR5b transgenes compared
to the wildtype (Figure 7.8A). Contrary to metCPR5b lines, metCPR5bc transgenic lines
displayed wildtype-like levels of metCPR5bc transcripts, compared to metCPR5b lines (Figure
7.8A). A closer investigation of expression levels depict that expression levels vary among
metCPR5b lines. In summary, these results support my hypothesis that metCPR5 lines would

have variable or wildtype-like expression levels of the metCPR5 transgene.

7.2.10 metCPR5b and metCPR5bc have bigger leaves than wildtype

While characterising metCPR5 phenotypes, the leaves of the metCPR5 plants were observed
to be bigger than the wildtype. As shown in Section 7.1.3, despite having higher transcript
abundance than the wildtype, none of the SynCPR5 lines displayed larger leaves. The AtCPR5
overexpression (OE) lines developed by Jing et al., (2007) display a 1000-fold increase in their
transcript abundance compared to the wildtype, yet nothing is mentioned about any remarkable
change in leaf size, by Jing et al., (2007). In the current study, the metCPR5b plants show about
5-fold higher transcript levels compared to the wildtype. Thus, measurements of the average
leaf area of metCPR5b, metCPR5bc, OE lines and control (Col-0 and cpr5-2) plants will show
leaf size difference among these lines. If metCPR5 leaves are indeed bigger, the increase in
size could be the consequence of either transcript abundance, or be solely the effect of
mutations in the putative start codon. It was hypothesised that the structural motif containing
the putative start codons is responsible for bigger leaves on metCPR5 plants. To test this
hypothesis, leaf areas at different growth stages were recorded. To reiterate, the area of leaves
was measured in pairs, for example, leaf 1 and 2 were taken as one pair. Similarly, leaf 3 and
4 were considered the second rosette leaf pair and so on. In addition to Col-0 and cpr5-2, two

independent CPR5 overexpression lines (OE1 and OE2) were also included in the study.
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As shown in Figure 7.9A, some of the leaf pairs (LP) from the overexpression lines (OE1 and
OE2) were shown to be indifferent from the wildtype, except leaf pair 5 from OE1, which was
bigger than the wildtype. Similarly, LP4 and LP5 from the OE2 lines were also bigger than the
wildtype. As expected, the majority of leaf pairs from the metCPR5b plants were significantly
bigger than the wildtype, as well as from metCPR5bc lines at 31 DAS (Figure 7.9A). On the
other hand, areas of majority of third and fourth leaf pairs from metCPR5bc plants were shown
to be indifferent from the wildtype (Figure 7.9A). Overall, LP5 is shown to be bigger on all the
metCPR5 lines compared to the wildtype. In conclusion, these results indicate that metCPR5
especially metCPR5b plants have bigger leaves compared to the wildtype. Additionally, leaf
size regulation appears to be independent of AtCPR5 transcript abundance. However, bigger
LP5 on OE lines indicate a degree of dependence of leaf size regulation on CPR5 transcript

abundance.

7.2.11 metCPR5b and metCPR5bc have wildtype-like epidermal pavement cells

Generally, the final cell size is an outcome of increases in cell division, cell expansion or the
combination of both processes (Sugimoto-Shirasu et al., 2003). The finding of bigger leaves
on metCPR5 transgenic lines compared to the wildtype and cpr5-2 plants prompted me to check
the sizes of leaf epidermal pavement cells of metCPR5 transgenic plants. Keeping in view, the
bigger leaves, it was hypothesised that the metCPR5 transgenic lines will have bigger cells
compared to the wildtype. To test this hypothesis, the images of four (3", 4™, 5" and 6™) rosette
leaves were taken using a scanning electron microscope (SEM), and areas of the selected cells
from the SEM images were recorded using ImageJ as described in materials and methods
(Section 2.15). Since the average area of epidermal cells from leaf 3 was found to be similar to
the cells from leaf 4 of the same plant, and similarly the cells from leaf 5 were of similar sizes
to leaf 6 (data not shown), images and leaf area data is shown only for leaf 3 and leaf 6. Leaves

from OE lines were missed from being included for epidermal pavement cell measurement.
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“met€PR5bLT metCPR5DL3:

Figure 7.7 Overexpression, metCPR5, Col-0 and cpr5-2 plants at 17 DAS
Plants were sown in soil under long day conditions (14 hours light:10 hours dark). Plants were photographed by digital camera (Nikon D5300)

fixed on a stand. OE1 and OE2 represent two independent overexpression lines in CPR5 gene was expressed under the 35S promoter and were

developed by Jing et al., (2007).
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Figure 7.8 metCPR5 transgene and trichome quantification in metCPR5 plants

Figure 7.8A shows the quantification of transcript abundance of SynCPR5, Col-0 and cpr5-2 using
SynCPRS5, Col-0 and cpr5-2 specific sets of primers. Three biological and three technical replicates
were included, and values were normalized to the average expression values of ACT2 and UBC9
housekeeping genes. Figure 7.8B shows the average number of trichomes on leaf discs of 0.68cm
diameter from the leaves of 5 different plants of each individual line. SynCPR5 = synthetic CPR5 gene.
The bars represent the standard error, and the asterisks indicate the level of statistical significance at p < 0.05
(Student t-test). * = significant compared to wildtype, * = significant compared to cpr5-2; ** = significant

compared to the wildtype Col-0 and cpr5-2.
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As shown in Figure 7.9B, the average size of epidermal pavement cells from leaf 3 and leaf 6
of wildtype CPR5 plants was shown to be significantly bigger than cpr5-2 mutant leaf cell size.
The average size of pavement cells of leaf 6 from metCPR5b and metCPR5bc plants was found
to be bigger but statistically insignificant from the wildtype. On the other hand, the area of leaf
3 cells from metCPR5b was found to be indifferent, but cells of the same leaves from
metCPR5bc plants were significantly bigger compared to the cells from the wildtype (Figure
7.9B).

In addition to the cell area, the average number of cells from the same images (used for area
measurements) of each line was also calculated. It is important to note that some of the cells
closer to the boundary of the images did not have complete boundaries when imaged (Figure
7.9C). Thus, only cells with complete boundaries were counted. As shown in Table 7.1, the
average number of cells from leaf 3 and 6 of the CPR5 wildtype was counted to be 28 and 31
respectively, compared to cpr5-2, which had 145 and 85 cells per image, respectively. In
contrast to cpr5-2 mutants, the average number of cells per image from metCPR5 leaf 3 and 6
was shown to be less than the wildtype (Table 7.1). For instance, the average number of cells
belonging to leaf 3 and leaf 6 on metCPR5b transgenic plants was 25. Similarly, the average

number of cells on metCPR5bc leaves was counted to be 26 and 27, respectively.

In conclusion, these results indicate that the overall cell sizes of metCPRS plants are indifferent
from the wildtype, though the cells from the third leaf of metCPR5bc are bigger than the
wildtype. Additionally, the lower number of cells per image in metCPR5 plants indicates that
genetic changes in metCPR5b and metCPR5bc have somehow contributed in producing bigger

cells, though size differences are insignificant when compared to the wildtype.
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Figure 7.9 Mean area of leaves and epidermal pavement cells of metCPR5 plants

Part (A) of figure 7.9 shows the mean leaf areas of cotyledons and first five rosette leaf pairs at 31 DAS.
The leaves were plucked from 3-5 different plants of the same line, and areas were recorded using a
leaf area machine. Figure 7.8B shows the average area of epidermal pavement cells measured using a
scanning electron microscope, as described in materials and methods. Areas of the cells were measured
which had complete boundaries. Overexpression lines were not included for cell size measurement since
these lines were not available when the other lines were grown. The bars represent the standard error,
and the asterisks indicate the level of statistical significance at p < 0.05 (Student t-test) compared

to the wildtype.

Average number of cells per image
Col-0 | cpr5-2 metCPR5b metCPR5hc
L1 L2 L3 L1 L2 L3
Leaf3 | 28 145* | 26* 25* 25* 26* 26* 27
Leaf6 |31 85* 25* 25* 26* 28* 28* 27*

Table 7.1 Average number of cells per image
This table shows the average number of epidermal pavement cells, which were counted from 3-5
SEM images using ImageJ as described in materials and methods (Section 2.15). * indicates the

level of statistical significance at p < 0.05 (Student t-test) compared to wildtype Col-0.
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7.2.12 metCPR5b and metCPR5bc leaves have higher ploidy levels

Leaf size is positively correlated with ploidy levels (Sugimoto-Shirasu and Roberts, 2003). In
Arabidopsis thaliana, leaves generally undergo three to four rounds of endoreduplication and
contain nuclear populations of DNA content with 2, 4, 8, 16 and 32 C. Since cpr5-2 plants
show reduced ploidy levels, thus, the ploidy levels of nuclei from metCPR5 leaves were
measured in order to see the effect of genetic changes in metCPR5 on ploidy levels. It was
hypothesised that metCPR5 leaves have higher ploidy levels than the wildtype. To test this
hypothesis, third and fourth leaves were harvested from 20-day (20 DAS) old SynCPRS5 plants.
Nuclei were extracted from the leaves by chopping the leaves in a chopping solution, and were
subsequently stained with propidium iodide as mentioned in materials and methods (Section
2.16).

Compared to the wildtype, the majority of metCPR5 plants, including OE and cpr5-2 lines,
displayed a significantly less number of 2C nuclei. A closer view of the 2C nuclei populations
reveals that the majority of the metCPR5 lines (except metCPR5L1 and metCPR5L4) have
intermediate levels of 2C nuclei as compared to cpr5-2, wildtype as well as OE lines (Figure
7.10). The OE lines show a population of 2C nuclei indifferent from cpr5-2. In contrast to 2C
nuclei, there is a lot of variation among metCPR5 lines with respect to 4C populations, making
it difficult to draw a line between lines. With respect to 8C nuclei, the majority of the metCPR5
lines displayed insignificant levels when compared to the wildtype (Figure 7.10). However,
OE lines showed a higher number of 8C nuclei compared to the wildtype and cpr5-2. Compared
to the wildtype, the presence of a 16C population only in metCPR5 lines concludes the most
striking result of this section. In conclusion, these results partly support the formulated
hypothesis, since metCPR5 lines do not show increases for all types of nuclei populations.
Moreover, the presence of 16C nuclei in metCPR5 lines in contrast to the wildtype, cpr5-2 and
OE lines, indicates that in contrast to metCPR5 nuclei, nuclei in the wildtype, cpr5-2 and OE

lines did not enter the third round of endoreduplication.
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7.2.13 metCPR5b and metCPR5bc have lower or wildtype-like PR1 levels

In addition to leaf area, cell size and ploidy levels, metCPR5 transgenic lines were also
characterised in order to the see the complementation of PR1 gene levels. All of the SynCPR5
lines have shown upregulated levels of PR1. Thus, it was hypothesised that like SynCPR5 lines,
metCPR5 lines will also show higher PR1 transcript levels. To test this hypothesis, the
transcript abundance of PATHOGENESIS RELATED GENE1 (PR1) was quantified from
metCPR5b and metCPR5bc transgenic plants using real-time gRT-PCR.

As shown in Figure 7.11, the majority of metCPR5b transgenic lines displayed PR1 transcript
abundance insignificant from the wildtype, except metCPR5bL3, which has significantly lower
PR1 levels. Contrary to metCPR5b, the majority of metCPR5bc lines exhibited reduced levels
of PR1 compared to the wildtype, except metCPR5bcL4 (Figure 7.11). In summary, these
results do not support the formulated hypothesis, since the upregulated levels of PR1 in cpr5-
2 as well as in SynCPR5 plants, are restored to wildtype-like levels or lower than wildtype

levels in the metCPRS5 transgenic lines.

7.2.14 metCPR5 plants conferred enhanced susceptibility to P syringae

As shown above in Section 7.1.4, SynCPR5 plants displayed a range of PR1 transcript
abundance, and half of all of these lines conferred resistance to PstDC3000, despite having
upregulated PR1 levels. On the other hand, metCPR5 plants have shown wildtype-like or lower
than wildtype levels of PR1 transcripts. Therefore, metCPR5 lines were hypothesised to show
susceptibility to the PstDC3000 bacterial pathogen. To test this hypothesis, metCPR5 plants
were grown in short days under 12:12 (Light:dark) conditions. Leaves from 4-5 week old plants
were infiltrated with PstDC3000, and resistance was scored by measuring the number of colony
forming units (cfu) as described in materials and methods (Section 2.15). As shown in Figure
7.12, the metCPR5b and metCPR5bc lines displayed susceptibility to PstDC3000 significantly
higher than the wildtype (Figure 7.12). In conclusion, these results are in line with our notion
that these plants, having wildtype-like or lower than wildtype levels of PR1, should be
susceptible to PstDC3000.
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Ploidy levels in metCPR5 and OE lines
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Figure 7.10 Ploidy levels in leaves of SynCPR5 transgenic plants

This figure shows the proportion or percentages of nuclei populations in the leaf cells of Col-
0, cpr5-2, OE and metCPRS5 plants. The nuclei were extracted from leaf cells of 24 old plants
by mincing the leaves with a chopping blade in a glass petri plate and then staining with
propidium iodide (PI1), as described in materials and methods. Following overnight incubation
at 4°C (in the fridge), the extracted nuclei were analysed by flow-cytometer (Partec, USA)
according to the instructions provided by the manufacturer. Percentages of each population
from each sample were calculated and average (percentage) values were shown in graph form.
The bars represent the standard error, and the asterisks indicate the level of statistical significance
at p < 0.05 (Student t-test). * = significant compared to wildtype, * = significant compared to cpr5-

2; ** = significant compared to wildtype Col-0 and cpr5-2.
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Transcript abundance of PR1 in metCPR5 plants
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Figure 7.11 Relative expression levels of PR1 in SynCPR5 plants

Total RNA was extracted from whole plants and relative levels of PR1 mRNA were measured. Three
biological and three technical replicates were included, and values were normalized to the average
expression values of ACT2 and UBC9 housekeeping genes. The bars represent the standard error and
the asterisks indicate the level of statistical significance at p < 0.05 (Student t-test). * = Significant from
Col-0; * = significant from cpr5-2; ** = significant from Col-0 and cpr5-2.
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Figure 7.12 PstDC3000 infection growth assay

This figure shows the growth of PstDC3000 bacteria in the form of colony forming units (cfu) formed
on the agar plate. Three discs of leaves were cut from random leaves of three plants that were inoculated
with PstDC3000. Discs were cut immediately form the leaves for samples at day 0. Leaf discs were
pooled and grounded in order to extract bacteria in 500 pL of MgCl.. Dilutions were made and plated
as described in materials and methods. The bars represent the standard error and the asterisks indicate
the level of statistical significance at p < 0.05 (Students” t-test).* = significant from Col-0; * = significant
from cpr5-2; ** = significant from Col-0 and cpr5-2.
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7.3 DISCUSSION

7.3.1 SynCPRS5 transgenic plants have variable SynCPR5 expression levels

CPR5-fused with GFP and driven by the 35S promoter have resulted in the ectopic distribution
of the CPR5 protein in the cell such as cytoplasm, plasma membrane, nucleus and in the
proximity of nuclear lemma (Dijkwel’s lab, results unpublished). The distribution of CPR5 in
plasma as well as nuclear lemma could be the result of overexpression driven under 35S as
observed in many studies (Pino et al., 2007a, Pino et al., 2007b, Gookin and Assmann, 2014,
Duttetal., 2014, Liu and Stewart Jr, 2016). Since the random integration of transgenes through
Agrobacterium-mediated transformation in the host results in variable expression (position
effect) (Peach and Velten, 1991, Gelvin, 2003), expression of SynCPR5 transgenes under a
native promotor was expected to result in variable expression levels in the current study. The
CPR5 native promoter has already been used in some previous studies (Jing et al., 2007; Gao
etal., 2011; Perazzaetal., 2011; Wang et al., 2014). However, only one of these studies report
the length of the promoter (741 bp upstream of the CPR5 start codon), which successfully
complemented cpr5-1 (Gao et al., 2011). Additionally, the relative transcript abundance of
CPR5 under the native promoter was not quantified and shown by Gao et al., (2011). Contrary
to Gao et al., (2011), a longer segment (1.5 kb) of DNA sequence upstream of the CPR5 start
codon was used as the CPR5 native promoter.

The results show that the CPR5 native promoter successfully managed to result in SynCPR5
variable expression, such as, 1) wildtype-like; 2) higher than the wildtype and 3) lower than
the wildtype (Figure 7.1A). This difference in transgene expression levels could be due to the
position of integration in the host genome. The transformation of transgenes using the
Agrobacterium-mediated T-DNA method, results in variable expression of the transgenes,
since T-DNA cassette(s) carrying transgene(s) integrate in the genome randomly and
consequently, their levels of expression of transgene depend on the position and region in the
host genome, known as position effect (Peach and Velten, 1991, Gelvin, 2003). A transgene
integrated closer to, or far from, transcriptional activating elements or enhancers could result

in high or low expression. A transgene could also fail to be expressed when integrated into a
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transcriptionally silenced region (Gelvin, 2003, Zhu et al., 2003). In the current study, a large
number of independent transgenic lines of each transgene were isolated (Table 6.4) and studied
in order to choose lines with similar levels of expressions. To conclude, these results confirm
that the CPRS5 native promoter was able to drive SynCPR5 expression to varying levels, likely
due to position effect.

7.3.2 SynCPR5 complements majority of cpr5-2 compromised phenotypes

In previous studies, cpr5-2 mutant plants have been complemented with the CPR5 gene under
a native (Gao et al., 2011), as well as 35S promoter (Boch et al., 1998; Yoshida et al., 2002;
Jing et al., 2007; Gao et al., 2011; Perazza et al., 2011; Wang et al., 2014). In the majority of
these studies, complementation was confirmed or scored on the basis of phenotypes shown to
be compromised in cpr5-2 or cpr5-1 plants, such as, aberrant trichomes, HR-like lesions on
leaves and precocious leaf senescence (Boch et al., 1998; Yoshida et al., 2002). In addition to
the progression of normal leaf senescence and trichomes, Yoshida et al., (2002) observed a
wildtype-like response to sugars in complemented lines of the cpr5 allele hys1-1. Lesions on
leaves and ABA hypersensitivity in cprb-1 were found to be restored in cpr5-1 complemented
lines, in which the CPR5 gene was driven by the native and 35S promoters (Gao et al., 2011).
The chlorophyll content of overexpression lines was shown to be lower than wildtype levels,
despite having higher CPR5 transcript abundance in the overexpression lines (Jing et al., 2007).
Likewise, accelerated senescence was observed in these overexpression lines (Jing et al., 2007).
Additionally, the overexpression lines also displayed partial complementation with respect to
JA/ABA responses (Jing et al., 2007), which suggests that 35S promoter results in ectopic
phenotypes. These studies show that majority of the cpr5-compromised phenotypes were
managed to be rescued in the complemented lines. In the current study, complementation of
cpr5-2 plants with SynCPR5 transgene(s) has successfully rescued the majority of
compromised phenotypes and resulted in execution of wildtype-like phenotypes. For example,
in contrast to aberrant trichomes on cpr5-2 (Kirik et al., 2001, Brininstool et al., 2008),
wildtype-like trichomes were found on SynCPR5 plants. The leaves of SynCPR5 transgenic
plants were found to be healthy, displaying no early leaf senescence or HR-like lesions as
compared to cpr5-2 (Boch et al., 1998; Bowling et al., 1997; Jing et al., 2002). The cotyledons
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and first rosette leaf pairs on SynCPRS5 transgenic plants were found green and senesced in a
wildtype manner, compared to the cotyledons and first rosette leaf pair on cpr5-2 plants (data
not shown). These results confirm that SynCPR5 transgene has successfully complemented

cpr5-2 compromised phenotypes.

However, in the majority of the previous cpr5 complementation analyses, transcript abundance
of PR1 gene was ignored except by Jing et al., (2007). All of the overexpression lines (driven
under 35S) showed upregulated levels of PR1 (Jing et al., 2007). Similarly, a slightly higher
but insignificant increase in PR1 levels can be observed in Perazza et al., (2011) studies when
CPR5 was expressed under the VP16 constitutive transcriptional activation domain. These
results suggest that PR1 upregulation was not rescued in complemented lines or CPR5
overexpression resulted in PR1 upregulation. These results are in line with our finding, where
SynCPR5 transgenic lines also showed enhanced levels of PR1, the exact reason or mechanism
of which is yet unknown. However, it could be possible that truncated cpr5 protein in the
background could be interfering and/or competing for interaction with the wildtype or
SynCPRb5 proteins by acting as dominant negative allele (Lorrain et al., 2003, Belkhadir et al.,
2004, Palma et al., 2010) and hence inducing PR1 upregulation.

In summary, SynCPR5 transgenic plants managed to show healthy leaves with normal
trichomes and without HR-like lesions and early leaf senescence. At the transcriptional level,
these plants showed upregulated PR1 levels. Moreover, the execution of wildtype-like growth

with enhanced PR1 expression is an interesting finding.

7.3.3 Phenotypes suggest quantitative as well as qualitative roles for CPR5

SynCPR5 variable expression levels have allowed me to uncouple the phenotypes regulated
quantitatively from those regulated qualitatively. As shown in the results, the SynCPR5
transgenic lines have shown a range of leaf size, trichome numbers and ploidy levels. For
example, the production of three types of leaves (wildtype-like, intermediate and smaller i.e.
cpr5-like) by SynCPR5 plants suggests a positive correlation between SynCPR5 transcript
abundance and leaf size regulation. Despite having fewer trichomes with four appendages in

SynCPR5L3, all the SynCPR5 plants which have higher transcript abundance have exhibited
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trichomes in the wildtype manner. Whereas, an intermediate number of trichomes was
observed on SynCPR5 plants carrying wildtype-like or lower than wildtype SynCPR5
expression levels, except SynCPR5L1 (Figure 6.1B). Similarly, bigger leaves and more number
of trichomes shown by metCPRS5 plants also suggest leaf size and trichomes to be quantitatively
regulated traits by AtCPR5. Lastly, wildtype-like and intermediate levels of ploidy levels
shown by SynCPR5 and the presence of 16C nuclei in metCPR5 also reinforce the quantitative
role of CPR5. In addition to leaf size, trichome numbers and ploidy levels, variable trends
(differential expression) were observed with respect to defence-related genes PR1 and PDF1.2.
However, expression trends of PR1 and PDF1.2 are shown to be independent of SynCPR5
transcript abundance. For instance, SynCPR5L2 and SynCPR5L3, despite having higher
SynCPR5 transcript abundance, these lines had higher levels of PR1 than wildtype (Figure 6.3).

On the other hand, there are a number of traits, which are shown to be qualitatively regulated
by AtCPRS5 i.e. some phenotypes were either shown to be fully complemented or failed to be
complemented by SynCPR5, such as, HR-like lesions, early leaf senescence and resistance to
the bacterial pathogen, Pseudomonas syringae. For example, despite having variable SynCPR5
expression levels, there were no intermediate levels of HR-like lesion and early leaf
senescence. Similarly, SynCPR5G1 lines displayed susceptibility phenotypes, whereas,
SynCPR5G2 plants exhibited resistance regardless of SynCPR5 and PR1 transcript abundances.
In summary, these results show that leaf size, trichome number and ploidy levels are regulated
quantitatively, whereas, the execution of HR-like lesions, early leaf senescence and resistance
is controlled qualitatively by CPR5. Additionally, the regulation of PR1 and PDFL1.2 is
independent of CPR5 expression levels.

7.3.4 PDF1.2 is expressed at lower levels in SynCPR5 and cpr5-2 than CPR5

In previous studies (Bowling et al., 1997, Clarke et al., 2000), cpr5-2 is shown to produce
higher levels of PDF1.2 as compared to PDF1.2 levels in the wildtype. However, the
quantification of PDF1.2 using quantitative real-time qRT-PCR, displays contrasting results.
In the current study, the relative expression levels of PDF1.2 in cpr5-2 plants were found to be
lower than in wildtype plants in contrast to previous studies. In addition to cpr5-2, SynCPR5
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complemented lines have also exhibited lower levels of PDF1.2 compared to the wildtype. A
closer view of Figure 7.4 shows that the relative levels of PDF1.2 vary with the change in
SynCPRS5 expression levels (Figure 7.1). However, no correlation can be established between
SynCPR5 and PDF1.2 transcript abundance.

Regardless of variable PDF1.2 expression levels, PDF1.2 downregulation in cpr5-2, SynCPR5
and metCPR5 transgenic complemented lines has not been reported previously. It could be the
absence of functional CPR5 that positively regulates PDF1.2 or the suppression of PDF1.2 by
SA/PR1 antagonism. PDF1.2 is generally induced by either necrotrophic fungal pathogens or
wounding through ethylene (ET) or jasmonic acid (JA) signalling pathways (Jing et al., 2007).
Jing et al., (2007) report that cpr5-2 (Arabidopsis Col-0O cpr5 allele) as well as old1-1
(Arabidopsis Ler-0 cpr5 allele) both show wildtype levels of ethylene in contrast to upregulated
JA levels in these cpr5 alleles. These results indicate that cpr5-2 should have upregulated
PDF1.2 levels due to enhanced JA levels. The downregulation of PDF1.2 in cpr5-2, SynCPR5
and especially in metCPR5 lines points to another (unknown) mechanism(s), for instance SA

and JA/ET antagonism, being responsible for PDF1.2 downregulation.

PATHOGENESIS-RELATED GENEL (PR1) is induced in response to SA and is a marker gene
for the confirmation of SA-mediated defence system activation (Palma et al., 2010). cpr5-2
plants show elevated SA and PR1 levels (Bowling et al., 1997; Boch et al., 1998; Clarke et al.,
2001; Jing et al., 2007; Wang et al., 2014). Additionally, SA plays a major role in suppressing
JA/ET signalling and subsequently PDF1.2 downregulation (Navarro et al., 2008). Thus,
keeping in view SA and PDF1.2 antagonism, PDF1.2 suppression in cpr5 and SynCPR5 plants
is likely to be the consequence of increased SA and/or PR1 levels, since cpr5-2 and all of the
SynCPR5 transgenic lines show elevated PR1 levels (SA levels not measured). Post-thesis
submission analyses show that cpr5-2 plants contain upregulated levels of WRKY70, a
transcription factor that is known to interact with WKRY11 and subsequently repress PDF1.2
levels. Thus, these results conspicuously support PDF1.2 suppression by PR1 and/or SA

antagonism.
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A number of studies (Bowling et al., 1997; Boch et al., 1998) show that resistance is conferred
by cpr5-2 against the necrotrophic pathogen H. parasitica (Noco2) which is believed to be
activated through JA/ET signalling pathway. However, SA-mediated resistance is also
sufficient to restrict Noco2 growth, it could be possible that cpr5-mediated resistance to Noco2
could be through the activation of resistance mediated by SA. Therefore, quantification of cpr5-
2 resistance against different necrotrophic pathogens, such as A. brassicicola, will help to
confirm the activation of JA-ET-mediated signalling pathway and understand the misregulation
of PDF1.2 in cpr5-2 plants. Keeping in view PDF1.2 downregulated levels, cpr5-2 and
SynCPR5 plants would be expected to exhibit susceptibility to the necrotrophic pathogen,
Alternaria brassicola. In summary, based on the current results, it could be proposed that CPR5
may be a positive regulator of PDF1.2, which is a novel finding. Despite evidence of the role
of CPRS5 in the regulation of PDF1.2, how CPRS5 regulates PDF1.2 expression at a genetic

level needs further investigation.

7.3.5 Putative roles for nucleotide residues associated with alternative start codons

All the metCPR5b plants have shown higher transcript abundance and bigger leaves than the
wildtype. So, how could nucleotide changes in the putative start codons (metCPR5b) affect
transcript abundance and consequently result in bigger leaves on metCPR5 plants, is an

interesting question? Below are some plausible explanations to this question.

The first factor that could affect the transcription of a gene, includes the natural redundancy of
the genetic code i.e. the ability of an mRNA to be transcribed or translated from more than one
start codons (Gingold and Pilpel, 2011). Natural redundancy provides evolution an opportunity
to tune the efficiency and accuracy of protein production at various levels without any change
in amino acid composition (Gingold and Pilpel, 2011). However, a change in the genetic code
could lead to a change in the amount of corresponding tRNA in the cell and the speed by which
a ribosome recognises a specific codon (Varenne et al., 1984, Sgrensen et al., 1989).
Additionally, these alternative nucleotide sequences (synonymous change) of certain codons
could give rise to transcripts with a different secondary structure and stability that could
subsequently affect translation (Kudla et al., 2009) and even protein folding (Komar et al.,
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1999, Kimchi-Sarfaty et al., 2007). As mentioned in Chapter 5, the SynCPR5 gene was codon
optimized except for the first three hundred base pairs of the AtCPR5 coding region. Thus, it
could be possible that nucleotide substitutions in AtCPRS5, due to codon optimization have
improved or degraded AtCPR5 mRNA stability. However, as mentioned in Section 7.3.1, the
presence of variable SynCPR5 expression levels around wildtype levels is likely not because
of changes in SynCPR5 expression levels due to codon optimization and/or genetic code

redundancy, but due to position effect.

Secondly, there is an increasing number of evidence confirming the role of RNA secondary
structures in the regulation and production of protein isoforms from single mRNA, by the use
of alternative translation start site(s) (Chabregas et al., 2003, Sunderland et al., 2004,
Christensen et al., 2005, Wamboldt et al., 2009, Asano, 2014). In Arabidopsis, THI1, POLy1,
POLy2, and DNA ligase 1 are some of the examples of protein isoforms produced by the RNA
secondary structure or alternative translation sites (Chabregas et al., 2003, Sunderland et al.,
2004, Christensen et al., 2005). As shown in Chapter 3 (section 3.2.5), AtCPR5 mRNA is
predicted to contain a number of strong stem-loop structures and four start codons in the first
300 bp region. metCPR5b includes mutations of 9 nucleotides in order to disrupt 3 consecutive
start codons present at the second position (position B), which were annotated to be part of the
predicted stem-loop structure of AtCPR5. However, when the first 500 bp of both versions
(wildtype and metCPR5b) of the gene were analysed, no difference in stem-loop structure
formation and energy between AtCPR5 and metCPR5 was predicted. These results suggest that
the difference in transcript abundance of metCPRS5 transgenic lines is independent of stem-loop
structure existence and disturbance. The variable expression levels of SynCPR5 and metCPR5
lines indicate position effect as one of the processes responsible for such variations in their

transcripts.

Assuming that the increase in transcript abundance of SynCPR5 and metCPR5b plants is
independent of nucleotide(s) changes introduced during codon optimization as well as specific
selected substitutions, the question arises as to what causes leaves to be bigger on metCPR5

plants compared to wildtype, OE lines and SynCPR5 plants?
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Like stem-loop structure, the presence of favourable nucleotides required for the initiation of
translation in the context of a start codon and the preference of one start codon over the second
codon, also plays an important role in controlling the balance of isoforms of a protein
(Chabregas et al., 2003; Sunderland et al., 2004; Christensen et al., 2005; Wamboldt et al.,
2009; Asano et al., 2014). For example, RNA stem-loops and the presence of favourable
residues in the context of initiation sites favoured distinct THI1 isoforms (Chabregas et al.,
2003; Sunderland et al., 2004). As shown, ATCPRS is predicted to contain multiple start
codons. The annotation of favourable nucleotides for transcription/ translation initiation in the
vicinity of codons at position B (metCPR5b) indicates a higher probability of this site to be
preferred over the first site (section 3.2.5). Thus, this preference could result in competition
between these sites. For instance, the presence of three consecutive start codons at position B
could have higher preference over the first start codon (position A), or equal probability of
being transcribed/translated like the first one. Thus, it could be possible that disruption of the
start codons in metCPR5b and metCPR5bc might have removed or reduced the preference
competition between start codons, ultimately improving the efficiency of the first start codon,

allowing the production of more full length protein.

In addition to isoform generation, the presence of multiple translation initiation sites also
allows proteins to be targeted to different or multi-cellular locations, for instance, distinct
POLy1 isoforms were found to be targeted to mitochondria or plastids (Christensen et al.,
2005). Similarly, translation initiating from the first AUG directs THI1 to the chloroplast,
whereas, translation initiation from the second AUG, targets the protein in the mitochondria
(Chabregas et al., 2003). Arabidopsis DNA ligase 1 (AtLIG1) carries three alternative
translation initiation sites, and wildtype AtLIG1 is reported to be targeted to nucleus and
mitochondria. The translation initiation from the first methionine was shown to be
mitochondrial, whereas, from the second and third translation start sites, the protein was
targeted to the nucleus only (Sunderland et al., 2004). For isoform-mediated multiple targeting,

isoforms were shown to have signature sequences (signal peptides).

The plant mitochondrial pre-sequence (signal peptide) is generally enriched in arginine and

serine residues in addition to leucine and alanine, in order to form an amphiphilic helix.
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Similarly, the chloroplast signal peptide is enriched in serine and alanine, and is low in acidic
amino acids (Christensen et al., 2005). As mentioned in Chapter 3, the first 300bp of AtCPR5
cDNA is rich in residues, such as, arginine, serine, leucine and alanine. Additionally, AtCPR5
is also predicted to be targeted to the nucleus, mitochondria, chloroplasts and/or plasma
membrane when truncated versions of AtCPR5 protein were analysed using a number of
subcellular localisation tools (data not shown). Thus, it is conceivable that AtCPR5 translation
from multiple sites could target to multi-cellular locations and perform different functions. It
could be possible that nucleotide changes (disruption of methionine) in metCPR5b could have
resulted in the stability and abundance of a version of AtCPRS5 that is desired in the regulation
of leaf size. To date, there are no reports on AtCPR5 isoform production and the current thesis
also lacks in studies showing AtCPRS5 isoform formation and their localisation to different
cellular organelles. Follow-up AtCPR5 localisation studies, including the identification of the
CPR5 protein in various cellular fractions using CPR5 antibodies in metCPR5 (metCPR5b and
metCPR5bc) and cpr5-2, will reveal the implication of the putative start codons in AtCPR5

isoform production and/or dual or multi-targeting.

Similarly, the tuning of translation efficiency by genetic code substitutions during evolution
helps different genes to tune their expression according to their desired levels. For example,
some genes are required in higher amounts than others, whereas, the expression of others, such
as, regulatory proteins tend to be low. However, more challenging are the genes which are
needed to be translated at various (differential) levels under different conditions (Takagi et al.,
2005, Lu et al., 2006, Ingolia et al., 2009). AtCPR5 has been shown to be implicated in a
number of pathways. Thus, it could be possible that AtCPR5 is produced at different levels and
from different start codons under different conditions. Nucleotide changes in metCPR5b could
have improved translation efficiency and enriched the level of the desired AtCPR5 version. It
could be possible that full length AtCPRS5 protein is essential for leaf size regulation and its
enrichment by nucleotide modifications have resulted in improved AtCPRS5 transcript/ protein

and eventually better growth.

The exact mechanism of how nucleotides associated with putative start codons improve leaf

size is yet unknown and is recalcitrantly difficult, as the quantification of AtCPR5 and Atcprb
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proteins under a native promotor has been shown to be refractory, both by CPR5 antibody and
mass-spectrometry (post thesis submission results). To conclude, the presence of multiple
alternative start codons, translation initiating favourable residues and the annotation of multiple
targeting of AtCPRS5, reinforces that these three consecutive start codons somehow are

important for AtCPRS functions.

7.3.6 Putative roles of CPRS5 in regulation of balance between growth and resistance

In cpr5, plant growth is severally compromised, for instance, cpr5 plants are stunted in growth
and have smaller leaves with aberrant trichomes (Bowling et al., 1997). On the other hand,
cpr5 plants display upregulated levels of PR1 and PR5, and hence confer resistance to P.
syringae, and H. parasitica pathogens. These results propose cpr5 to be defective in growth
regulation, due to the gain-of-resistance function. That CPR5 negatively regulates resistance in
Arabidopsis (Yoshida et al., 2002) further reinforces the role of AtCPR5 in the regulation of
resistance. The bigger leaves and enhanced susceptibility shown by metCPR5b plants lay the
foundation of the hypothesis that AtCPR5 plays a central role in controlling the balance

between growth and resistance.

The balance between plant growth and immunity is generally controlled through plant hormone
crosstalk and manipulations in their signalling (Lozano-Duran and Zipfel, 2015).
Phytohormones, such as, SA, JA, ET, and ABA including growth promoting hormones,
brassinosteriods (BRs), gibberellins (GAs), auxins and cytokinins, play a major role in
regulating growth and resistance trade-off (Lozano-Duran and Zipfel, 2015). SA is induced in
response to a biotrophic pathogen attack, whereas, JA/ET responds to necrotrophic pathogen
and wounding (Jing et al., 2007). SA-or JA/ET-mediated resistances were shown to be
accompanied by a loss in plant growth (Song et al., 2014, Schmiesing et al., 2016). At the
molecular level, the WRKY70 transcription factor is a common target of SA and JA during
SA- and JA/ET-mediated resistances (Li et al., 2004). WRKY70 overexpression results in
enhanced and constitutive resistance to PstDC3000, combined with reduced expression of JA-
responsive genes, such as, PDF1.2. WRKY70 antisense suppression renders susceptibility to
PstDC3000 (Li et al., 2006, Li et al., 2004). SA activates WRKY70 either directly or through
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NPR1, whereas, JA represses WRKY70 via COI1 (Li et al., 2006, Li et al., 2004). Recently,
CPR5 overexpression has resulted in the retention of NPR1 in cytoplasm and enhanced
susceptibility to P. syringae (Gu et al., 2016). cpr5 plants have higher SA and JA but wildtype
levels of ethylene (Jing et al., 2007). The perception and integration of SA, ethylene and JA is
proposed to be perturbed in cpr5 plants (Jing et al., 2007). Additionally, cpr5 plants are shown
to have elevated expression levels of WRKY70 (post-thesis submission results). Thus, these
results suggest that the upregulation of SA, JA and WRKY70 could have led to the activation

of resistance and repression of growth in cprb.

In the current thesis, cpr5-2, as well as SynCPR5 and metCPR5 plants, were shown to have
lower PDF1.2 levels than the wildtype (Figure 7.4), indicating some unknown signalling
intrusion, which appears to exert suppressive effects on PDF1.2 transcript levels in cprb,
SynCPR5 and metCPR5. WRKY70 overexpression results in the activation of PR1 but the
downregulation of PDF1.2 (Li et al., 2004), which suggests that SA and/or WRKY70 could be
upregulated in SynCPR5 and metCPR5. This hypothesis appears to be in line with cpr5 and
SynCPR5 plants, which show higher PR1 as well as increased resistance. Contrarily, the
execution of enhanced susceptibility by metCPR5 plants is inconsistent with the proposed SA
upregulated levels. On the other hand, JA can also induce WRKY70 and SA-responsive genes
via the activation of AtMYB44 and COI1, i.e. JA induces AtMYB44 TF that activates WRKY70
through COI1, which subsequently activates SA-responsive genes and resistance (Shim et al.,
2013). Since cpr5 has upregulated levels of JA but wildtype-like levels of ethylene, JA could
activate WRKY70 via AtMYB44 which, in turn, induces SA-mediated responsive genes (PRs)
and supresses JA/ET signalling and JA-responsive genes, like PDF1.2 (Li et al., 2006). This
notion is again consistent with the SynCPRS5 scenario but is inconsistent with metCPR5, as PR1
levels are repressed, or with wildtype-like levels in metCPR5 lines. In addition to SA and JA,
AtMYB44 can also be induced by ABA and wounding, and AtMY B44 physically interacts with
PLY8 (ABA receptor). As shown by Jing et al., (2007) cpr5 plants show hypersensitivity to
SA, JA and ABA exogenous applications, and exhibit arrested seed germination and reduced
hypocotyl lengths. These results suggest that SA, JA and ABA misregulation could be the

consequence of AtMYB44 and subsequent WRKY70 induction, and vice versa.
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In addition to SA, WRKY70 and AtMYB44, WRKY11, WRKY15 and WRKY18 also play an
important role in SA and JA/ET signalling crosstalk and were shown to be negative regulators
of WRKY70 and basal resistance (Park et al., 2005, Journot-Catalino et al., 2006, Kim et al.,
2006Db). PTI (PAMP-triggered immunity) induction by flg22, induces WRKY11, WRKY15, and
WRKY18 which, in turn, are believed to suppress defence signalling in order to reduce loss of
fitness (Lozano-Duran and Zipfel, 2015). BRs detection by BR-receptors and flg22 recognition
by the FLS-receptor, both target the same signalling cascade and share components, such as,
BRI1. Downstream in the same signalling cascade, BZR1 (one of the crucial TFs) activates
HBI1 TF, which promotes growth and/or WRKY (WRKY11, WRKY15 and WRKY18) TFs
that negatively regulate plant immunity (Lozano-Duran et al., 2013; Lozano-Duran and Zipfel,
2015). Additionally, BZR1 is also proposed to interact with WRKY18, WRKY60, WRKY40,
and WRKY70 in order to regulate the trade-off between growth and immunity (Lozano-Duran
et al., 2013; Figure 9.2). WRKY40 or WRKY70 both get induced by SA and activate SA-
mediated resistance. Thus, it could be possible that WRKY40/70 is somehow suppressed by
BZR1, whereas HBI1 gets upregulated in order to promote growth. Since CPR5 is shown to
restrict NPR1, JAZ1 and ABI5 (Gu et al., 2016), thus, metCPR5b plants showing enhanced
susceptibility, could have managed to upregulate BZR1 and /or HBI1 through the suppression
of SA and/or WRKY40/70 TFs (Figure 9.2) and eventually resulted in bigger leaves by the
upregulations of growth promoting genes (PREs). On the other hand, a mutation in CPR5
(cprb), results in SA activation. Thus it is tempting for me to propose that the upregulation of
resistance and suppression of growth in cpr5 could be the result of WRKY40/70 activation
(Figure 9.2). These results further shed light on the complexity of the mechanism of how SA,
JA, ABA, WRKY (WRKY 11, 15, 18, 40 and 70), and/or AtMYB44 TFs may coordinate in order
to execute SA-mediated resistance and PDF1.2 suppression in cpr5, the exact mechanism of
which is yet unknown. However, current discussion allows me to propose AtCPR5 to be a SA

suppressor or regulator, through which CPR5 regulates balance between growth and resistance.

DELLAs (transcription factors) are plant growth repressors and play an important role in the
regulation of plant growth (Sun and Gubler, 2004). Gibberellins (GAs) degrade DELLAsS,
release repression of growth and promote plant growth (Sun and Gubler, 2004). DELLAS and
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GA s both regulate a number of cell cycle-related genes inrice, such as, CYCAL;1 and CDKB2;1
(Fabian et al., 2000). Similarly, DELLAs and GAs activate several growth and cell cycle
related genes in Arabidopsis (Ogawa et al., 2003). During vegetative growth in Arabidopsis,
DELLAs were shown to control (mainly repress) growth through a number of cell cycle
inhibitors e.g. KRP2, SIM1, SMR1, SMR2 etc. (Achard et al., 2009). AtCPR5 physically
interacts with KRP2 and regulates immunity (\Wang et al., 2014). cpr5 plants have misregulated
levels of a number of cell cycle genes, including KRP2 (Bao and Hua et al., 2014 and post-
thesis submission results). Since cpr5 and SynCPR5 transgenic lines (having intermediate leaf
and cell sizes) display upregulated levels of KRP2 transcripts, these results indicate that cpr5
and SynCPRb5 plants could have relatively higher levels of DELLAS, reduced levels of GAs or
defects in the cell cycle. These results are in line with Gu et al., (2016) who found suppression
in a large number of auxin and GAs genes in cpr5, which indicates a higher accumulation of
DELLAs. Keeping in view these results, it is tempting to speculate that AtCPR5 could regulate
growth, possibly by interacting and subsequently repressing DELLAs. In the absence of
functional CPR5 (cpr5), DELLAS could be stabilized to promote the activation of cell cycle

inhibitors (KRP2) and repress cell proliferation and expansion.

The overexpression of the gibberellin synthetic gene (AtGA200XIl) resulted in an increase of
cell division, as well as cell expansion in Arabidopsis leaves (Gonzalez et al., 2010). The
presence of 16C cells in metCPRS5 lines indicates that metCPR5 were advanced in endocycles,
as compared to the wildtype and OE1 lines. Like ploidy levels, epidermal cells were also bigger
on metCPRS5. Thus, the bigger cells and leaves on metCPR5 plants are an indication of higher

GA levels, which could have resulted in increased ploidy levels and expansion.

In conclusion, this current study establishes a new role of AtCPRS5 in the regulation of balance
between growth and resistance. Taken altogether, it can be proposed that AtCPR5 regulates
growth and resistance through SA suppression. Additionally, SA antagonism is proposed to be
a reason of reduced PDF1.2 levels. The present study identifies a novel role of CPR5 which is
responsible for enhanced growth but reduced immunity. AtCPR5 appears to be a key gene that
could be a target for pathogens, which upon recognition, activate SA and SA-mediated

resistance and suppress growth. Lastly, how the genetic changes or disruption of methionine
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residues of putative transcription or translation initiation sites regulates leaf size is still obscure

and needs further investigation.
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Chapter 8 AtCPR5 putative NLS clusters appear to have limited function
in CPR5 nuclear localisation and may be part of a structural component of

the Intrinsically Disordered Region

ABSTRACT

The CONSTITUTIVE EXPRESSER of PATHOGENESIS-RELATED GENES 5 (CPR5) is
proposed to be a master regulator of many integral processes in Arabidopsis. CPR5 was
suggested to be a nuclear protein, since CPR5 was predicted to contain a bipartite nuclear
localisation signal (NLS) in its N-terminus (41-61 aa). However, studies have not shown the
role of the predicted NLS clusters in CPR5 localisation or function. Therefore, the CPR5
protein was analysed for the confirmation of the predicted NLS. In contrast to previous results,
the current results showed that CPR5 protein contains three putative NLS clusters, which could
act as a mono-, bi- or tripartite NLS. Putative NLS clusters were mutated individually
(nIsCPR5A and nIsCPR5B) and collectively (nIsCPR5AB, nlsCPR5BC and nlsCPR5ABC) to
test the role of each cluster in CPR5 nuclear localisation. Results show that collective mutations
in NLS clusters, such as, nlsCPR5AB, nIsCPR5BC and nIsCPR5ABC have severe effects on
CPR5 functions, compared to nISCPR5A and nlsCPRS5B lines, in which NLS-encoding clusters
were mutated individually. nlIsCPR5A and nIsCPR5B lines displayed wildtype-like trichomes
compared to aberrant trichomes on the nlsCPR5AB, nlsCPR5BC and nlsCPR5ABC lines.
nIsCPR5AB, nlsCPR5BC and nlsCPR5ABC showed early bolting compared to nlsCPR5A,
nIsCPR5B, wildtype and cpr5-2 plants. However, upregulated levels of PR genes and disease
resistance was not complemented in any of the nIsCPR5 lines. In contrast to the expected cpr5-
like phenotypes, the complementation of some of the phenotypes in the nIsSCPR5 lines suggests
that NLS clusters may not be implicated in CPR5 localisation and may have limited functions.
In addition to NLS clusters, the first 98 amino acids of CPR5 (including NLS-encoding
clusters) were predicted as an intrinsically disordered region (IDR). Therefore, CPR5 IDR was
truncated in three parts; 1-37aa (Del37CPR5), 1-63 aa (Del63CPR5) and 1-98 aa (Del98CPR5).
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Del37CPR5 lines displayed phenotypes similar to the nIsCPR5A and nIsCPR5B lines i.e.
Del37CPR5 leaves had wildtype-like trichomes without any HR or early leaf yellowing.
Similarly, Del63CPR5 lines displayed phenotypes similar to the phenotypes of nlIsCPR5AB,
nIsCPR5BC and nIsCPR5ABC lines. Based on the similarities in phenotypes, it is tempting to
propose that, 1) NLS clusters may function as part of an intrinsically disordered region, rather
than as an NLS or 2) the NLS may have a dual function. Additionally, these results show that

putative CPR5 IDRs appear to be crucial for CPR5 proper functions.
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8.1 INTRODUCTION

The central dogma of gene expression illustrates that a gene is transcribed in the nucleus, then
translated into a protein in the cytoplasm and then is translocated to its destined cellular
compartment(s), such as, the nucleus, chloroplast, endoplasmic reticulum and vesicles for
proper function or interaction (Crick, 1970, Pemberton et al., 1998, Kosugi et al., 2009, Guo,
2014). The proteins being translocated to either of the aforementioned cellular compartments
diffuse passively or are carried over actively. For active translocation to various cellular
compartments, proteins contain specific signals, known as signal peptides, which are
recognized by their import or export machinery to facilitate or mediate the localisation of the
proteins in their respective organelles (Pemberton et al., 1998, Moroianu, 1999, Pemberton and
Paschal, 2005). For instance, nuclear proteins have a short stretch of positively charged
peptides, lysine and arginine, known as nuclear localisation signals (NLS). Likewise,
chloroplast targeting proteins have signal peptides that guide the proteins to the chloroplast
(kosugi et al., 2009).

A large number of proteins can be translocated in to the nucleus passively, for instance, smaller
sized (40-60 kDa) macromolecules, including histone proteins (Breeuwer and Goldfarb, 1990,
Jakel et al., 1999), different types of RNAs (tRNA); (Arts et al., 1998, Kutay et al., 1998,
Zasloff, 1983) and transcription factors are shuttled between the cytoplasm and nucleus
passively (Bonner, 1978, Mattaj and Englmeier, 1998, Gorlich and Kutay, 1999, Mallet and
Bachand, 2013) through the nuclear pore, which has a size of 9.0 nm in diameter (Moroianu,
1999). On the other hand, bigger proteins require an opening of 25 nm in diameter or translocate

via active transport (Moroianu, 1999).

The active transport of proteins includes proper cargo systems, such as, signals, receptors, and
the energy (Ran-GTPase) needed for transportation (Kalderon et al., 1984, Lanford and Butel,
1984, Dingwall and Laskey, 1991, Robbins et al., 1991, Gorlich and Kutay, 1999). For active
nuclear transport, the NLS is recognised by receptors called importins or karyopherins, which
mediate the nuclear import of proteins. Nuclear import is mediated when a ternary complex is
formed upon the binding of karyopherins with the NLS and Ran-GTP (\Weis, 2003, Pemberton
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and Paschal, 2005). The asymmetrical distribution of Ran-GTP and Ran-GDP controls the

entry and exit of proteins between the nucleus and the cytoplasm (Kalab et al., 2002).

Nuclear localisation signals (NLSs) have been classified into classical and non-classical (non-
canonical) NLSs. The classical NLS comprises of a further two sub-groups; monopartite and
bipartite (bi-NLS) (Mallet and Bachand, 2013). Monopartite NLSs contain a single cluster of
basic amino acid residues, whereas bipartite NLSs include two clusters of basic amino acids
separated by a 10-12-amino acid linker (Lange et al., 2007). Typical monopartite NLSs contain
four consecutive basic amino acids, such as, SV40 large T antigen NLS (PKKKRKYV)
(Kalderon et al., 1984), or three basic amino acids, such as, c-Myc NLS (PAAKRVKLD)
((Dang and Lee, 1988, Dingwall and Laskey, 1991, Robbins et al., 1991, Kosugi et al., 2009).
On the other hand, a typical bipartite NLS, such as, the nucleoplasmin NLS, is divided into two
parts separated by a linker, such as, KRPAATKKAGQAKKKK (Lange et al., 2007).

Contrarily, non-classical NLSs contain protein-tyrosine residues (PY-NLS), which are
comprised of 3 regions or epitopes (Mallet and Bachand, 2013). The first region is composed
of 4-20 residues enriched in basic residues or hydrophobic motifs. Whereas, the second region
is found to contain arginine, histidine or lysine residues and is present 2-5 residues upstream
of the third region. The third region is well conserved and contains proline-tyrosine residues.
Though a few examples of PY-NLSs have been demonstrated experimentally, in silico
predictors suggest that there is a substantial fraction of proteins, which carry a signature for the
PY-NLS mediated nuclear import (Lee et al., 2006, Lange et al., 2007).

CPR5 is a nuclear as well as a membrane protein (\Wang et al., 2014). Therefore any change in
the putative NLS cluster(s) may alter or destroy CPR5 native localisation and disrupt CPR5
normal functioning. As mentioned in Chapter 3, CPR5 is predicted to contain a monopartite or
bipartite NLS in the N-terminal half of the protein. In the current study, all the putative clusters
of CPR5 NLS were altered in order to study their effect(s) on CPR5 functioning. nlIsCPR5
transgenes carrying mutations in the NLS-cluster(s) were transformed in cpr5-2. Plant growth
phenotypes of the obtained nISCPR5 transgenic lines were compared and evualated on the basis
of restoration of wildtype-like phenotypes, which managed to be rescued in cpr5-2
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complemented plants, for example, normal trichomes, leaf area, epidermal pavement cell size,
plant height and drought resistance, HR-like lesions, leaf yellowing and susceptibility to
bacterial pathogen (Pseudomonas syringae). Results indicate that mutations in the putative
NLS-cluster(s) greatly affect CPR5 proper function. However, their phenotypes were shown to
be intermediate between cpr5 and CPR5 plants. Contrary to our expectation, none of the
nIsCPR5 transgenes compeletely abolished CPR5 function in the cpr5 manner. The partial
complementation by nlIsSCPR5 prompts me to propose that putative NLS-clusters are important
for CPR5 functioning and could be part of some other structural motifs, such as, intrinsically
disordered regions (IDRs).
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8.2 RESULTS

IN SILICO CHARACTERISATION

8.2.1 AtCPRS5 is predicted to contain 3 NLS-encoding clusters

AtCPRS5 has been predicted to contain a bipartite nuclear localisation signal (NLS) (Y oshida
et al., 2002) and was shown to be localised in the nucleus by Perazza et al., (2011) and in the
nuclear membrane by \Wang et al., (2014). AtCPR5 was originally proposed to embed in the
outer nuclear membrane, which is cleaved off and then translocated to the nucleus via the NLS-
mediated nuclear import (Kirik et al., 2001; Yoshida et al., 2002). However, none of these
studies (Kiriketal., 2001, Yoshidaetal., 2002, Perazzaetal., 2011, Wang et al., 2014) provides
any functional evidence of the NLS being implicated in the AtCPR5 nuclear import. In order
to validate the previous prediction about the prediction of a bipartite NLS, an extensive in silico
analysis of the AtCPRS5 protein using the latest computer tools was done. A close and careful
examination of the AtCPR5 N-terminus shows the presence of a number of clusters of
positively charged residues. Thus, it was hypothesised that these positively charged amino
acids could act as an NLS. To check the possibility of positively charged stretches as a putative

NLS, the amino acid sequence of AtCPR5 was analysed by NLS-prediction in silico tools.

As shown in Figure 8.1, the AtCPR5 N-terminus displays three clusters of positively charged
residues (pink-coloured bars). These clusters are enriched with lysine (K) and arginine (R)
residues. Region-A contains four lysine residues KKKK at positions 41-44, region-B contains
KRK residues at 53-55 and region-C carries KKK at the 59-61 positions of the protein (Figure
8.1). In addition to manual scanning, the AtCPRS5 protein sequence was also analysed by two
different computer logarithms trained to predict a nuclear localisation signal (NLS). These tools
proposed AtCPR5 to be comprised of two putative regions that contain the consensus sequence
for the NLS; the first ranges from 41-50 (regions A and B together; Figure 8.1), whereas the
second, ranges from 59-61 (region-C; Figure 8.1). According to annotation, both of these
regions could act as a monopartite NLS (data not shown). Concomitantly, the same tools also
propose AtCPRS to contain a bipartite NLS; the first part of which (bipartite NLS) ranges from

41-44 (region-A), whereas the second half ranges from 53-55 (region-B) amino acids of the

167



AtCPR5 protein (Figure 8.1). In conclusion, the manual and in silico predictions indicate that
the AtCPRS5 protein contains 3 clusters of basic positively charged amino acids that could act

as a monopartite, bipartite NLS or both.

8.2.2 Putative NLS clusters are highly conserved among AtCPR5 homologues

As mentioned in Section 8.2.1, AtCPR5 is shown to be a part of the genomes of many plant
species. AtCPR5 homologues were shown to have a significant amount of homology among
their protein sequences (Figure 8.2). Keeping in view homology, two questions could be raised;
(1) how many of the AtCPR5 homologues found in the database contain NLS-like clusters?
and, (2) to what extent are these NLS-like clusters conserved in AtCPR5 homologues? Thus,
it was hypothesised that putative NLS-like clusters are present in AtCPR5 homologues. To test
this hypothesis, the protein sequences of AtCPR5 homologues were aligned and investigated
in order to find out the presence and position of predicted NLS or NLS-like clusters in AtCPR5

and its homologues. AtCPR5 homologues were divided into monocot and dicot groups.

8.2.2.1 Majority of CPR5-like proteins from dicots are predicted to contain NLS-like
clusters

Arabidopsis thaliana is a dicot and belongs to the brassicaceae family. Thus, firstly AtCPR5
was compared with close relatives i.e. homologues belonging to the same family. As shown in
Figure 8.1, AtCPR5 close relatives, such as, Brassica rapa, Capsella rubella and Eutrema
salsugineum are annotated to contain NLS-like clusters. Moreover, the positions of the
annotated NLS-like clusters in these AtCPR5 homologues were also found to be highly
conserved (Figure 8.1 and 8.2A). In addition to the NLS clusters, even the spacer residues, such
as, serine (S) and proline (P), present between the clusters (region-A and region-B) of the
AtCPR5 annotated bipartite NLS residues, are also found to be conserved among AtCPR5
homologues (Figure 8.1A and 8.2A).

In addition to the comparison between AtCPRS5 and its close relatives, putative NLS-encoding
cluster(s) were also shown to be present in the majority of the protein sequences of AtCPR5
homologues from remaining dicot plant species (Figure 8.2B). However, the typical bipartite

pattern of NLS clusters as found to be present in AtCPR5, was missing in several homologues
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(Figure 8.2). Additionally, the clusters or stretches of NLS-encoding residues in GSCPR5 (G.
soja), PvCPR5 (P. vulgaris), RcCPR5 (R. communis) and CaCPR5 (C. arietinum) homologues,
were found to be separated by non-conserved amino acids. Alternatively, the predicted NLS of
some of these homologues comprise of a single stretch of consecutive basic residues e.g.
CmCPR5 (C. melo), CsCPR5 (C. sativus), NnCPR5 (N. nucifera), FvCPR5 (F. vesca), and
CcCPR5 (C. clementina) etc. (Figure 8.1A and 8.2A). There are also a few AtCPR5-like
proteins, which were annotated to possess none of the NLS-encoding-like clusters e.g.
GmCPR5 (G. max), AtCPR5 (A trichopoda), BVvCPR5 (B. vulgaris) and MtCPR5 (M.

truncatula).

8.2.2.2 Majority of CPR5 homologues from monocots are predicted to contain no NLS

In contrast to AtCPR5 dicot homologues, the majority of CPR5-like proteins from the monocot
plant species were predicted to contain no NLS-like region (Figure 8.2). Of the CPR5-like
protein sequences from the monocot plant species, only VVCPRS5 (V. vinifera), ThCPR5 (T.
hasslerana), CcCPR5 (C. canephora), SICPR5 (S. Indicum) and TcCPR5 (T. cacao), were
annotated to carry NLS-encoding residues. For example, the NLS-encoding sequence from
VVCPR5 contains a stretch of 8 consecutive lysine residues, CcCPR5 (C. canephora) consists
of 5, and TcCPR5 (T. cacao) has 4 (Figure 8.2B). In addition to the homomologues from the
monocots and dicots, Phycomitrella patens (Moss; PpCPR5) was found to have no NLS-like

cluster.

Taken altogether, it can be concluded that the majority of CPR5-like proteins from dicots carry
annotated NLS-encoding regions, whereas, only a few CPR5-like proteins from the monocot

group of plants are predicted to contain NLS-encoding regions.
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Figure 8.1 Positions of potential nuclear localisation signal (NLS) facilitating basic residues in AtCPR5 and its homologues

This figure shows the positions of positive residues, such as, lysine (K) and arginine (R), which are known to be part of the signals for nuclear
localisation recepters, as idenified both by manual scanning and through computational tools (SeqNLS and PSORTII), in the protein sequences
of Arabidopis CPR5 and its homologues. The pink bars shows the position of annotated NLS-encoding residues, whereas the grey bars represent

the posotion of predicted casien kinase phosphorylation sites in some of the AtCPR5 homologues.
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Figure 8.2 Position of annotated NLS clusters and casein kinase phosphorylations sites among CPR5-like proteins

This figure shows the position of annotated NLS clusters among CPR5-like protein sequences from dicots (A) and monocots (B) using two different

predicting tools, SegNLS and PSORTII, as mentioned in the methods. The underlined residues show the positions of annotated NLS clusters. The

residues highlighted in the dark grey color show the positions of conserved regions for casein kinase phosphorylation sites.
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8.2.3 CPR5 putative NLS-encoding clusters are predicted to be flanked by CKI and
CKII phosphorylation sites

A number of nuclear proteins carry casein kinase phosphorylation site(s) either flanking or in
the vicinity of NLS clusters in order to facilitate NLS-mediated nuclear localisation through
phosphorylation (Harreman et al., 2004). Thus, AtCPRS5 protein sequence was investigated in
order to find out the presence of phosphorylation sites in the vicinity of the annotated NLS. As
AtCPRS5 is proposed to contain a bipartite NLS, it is likely that the AtCPR5 NLS will contain
CKland/or CKII phosphorlation sites. To test this hypothesis, amino acid sequences of proteins
from AtCPRS5 and its homologues were analysed and compared in order to confirm the
presence of CKI and CKII phosphorylation site(s).

As expected, the AtCPRS5 protein was predicted to contain a casein kinase (CK) I and a CKII
phosphorylation site. The predicted CKII site resides at 46-49 positions between the annotated
NLS cluster-A and cluster-B, whereas the CKI site locates at 71-81 positions (downstream of
the annotated NLS cluster-C) in the CPR5 protein (Figure 8.1). It can be seen that putative CKI
and CKII phosphorylation sites essentially flank the annotated NLS clusters, as suggested by
Harreman et al., (2004). Additionally, both CKI and CKII phosphorylation sites are present in
dicot CPR5 homologues, which are highly conserved (Figure 8.2). Surprisingly, monocot
homologues are predicted to carry only one CK1 phosphorylation site. Based on these results,
it can be documented that AtCPRS5 is predicted to contain CKI and CKII phosphorylations
sites, which are conserved among several of the CPR5 homologues.

PHYSIOLOGICAL CHARACTERISATION:

8.2.4 nIsCPR5 complemented lines show variation in grwoth

In the current study, NLS-encoding clusters were mutated individually as well as collectively,
and each transgene carries mutations of 2-4 residues in order to disrupt the putative NLS sites.
Having a strong annotation and resemblance with the classical NLS-clusters, it was
hypothesised that the nlIsSCPR5 transgenic plants will show aberrant trichomes, spontaneous
lesions and early leaf senescence in the cpr5 fashion. To test this hypothesis, nIsSCPR5
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transgenes were complemented in cpr5-2 plants, and complemented lines were analysed in
order to check the restoration status of trichomes, HR-like lesions and early leaf senescence on
nIsCPR5. In contrast to cpr5-like phenotypes, nIsCPR5 plants displayed a range of phenotypes.
For example, nlcpCPR5A and nIsCPR5B plants exhibited wildtype-like leaves with trichomes
(Figure 8.3). The leaves of nlsCPR5AB, nlsCPR5BC and nlsCPR5ABC plants were shown to
have no or reduced number of appendages or trichomes. nlsCPR5A, nlIsCPR5B, nlsCPR5BC
and nIsCPR5ABC plants showed no HR-like lesions (red arrow) and early leaf senescence
(white arrow) when compared to cpr5-2 (Figure 8.3). In conclusion, these results do not support
my hypothesis, since nIsSCPR5 lines show a range of phenotypes i.e. partial complementation

of phenotypes.

8.2.5 nIsCPR5 plants show reduced nIsCPR5 expression levels

As shown in Chapter 6, SynCPR5 and metCPR5 transgenic lines showed a range of transcript
abundance of their transgenes. Thus, it was assumed that like SynCPR5 and metCPRS5, nlIsCPR5
transgenic lines will also show different levels of their transcripts. To confirm, the relative
transcript abundance of the transgenes in nlsCPR5 complemented cpr5-2 plants, was measured

using real-time qRT-PCR.

Similar to SynCPR5 and metCPRS5 lines, nIsCPR5 lines also displayed variable expression
levels, which were found to be varying intra- (among the lines of same construct) and inter-
nIsCPR5 lines (between different nIsCPR5 constructs) (Figure 8.4). For example, the
nIsCPR5BC and Del63CPRS lines were shown to have transcript abundances indifferent from
cpr5-2 levels (Figure 8.4). nlsCPR5AB had higher transcript abundance than cpr5, nlsCPR5BC,
and Del63CPR5, but less than nlIsCPR5A, nIsCPR5B and the wildtype (Figure 8.4). Similarly,
nIsCPR5A lines had higher expression levels than cpr5, nlsCPR5AB, nIsCPR5BC and
Del63CPR5, but lower than nIsCPR5B and the wildtype. In summary, nIsCPR5 plants

displayed variable expression levels.
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Figure 8.3 nIsCPR5 and DelCPR5 plants at 17 DAS

Plants were sown in soil under long day conditions (14:10 hours of light:dark). Plants were
photographed by camera fixed on a stand. The small dots on the cpr5 leaves represent
spontaneous lesions, which are missing from the wildtype and some of the nIsCPR5 lines.
Small hair-like structures on the leaves represent trichomes. The white arrow represents early

yellowing or senescence, whereas the red arrow depicts a lesion on cpr5 leaves.
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Relative Expression of nIsCPR5 and DelCPR5 transgenes
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Figure 8.4 Transcript abundance of CPR5 in nIsCPR5 and DelCPR5 transgenic lines
This figure shows the relative transcript levels of nlIsCPR5 and DelCPR5 (Del63CPR5)
transgenes using real-time quantitative reverse transcriptase, qRT-PCR. Total RNA was
isolated from 31 day old plants. Values were normalized to the expression of ACT2 and UBCO.
The bars represent the standard error, and the asterisks indicate the level of statistical significance
at p < 0.05 (Students’ t-test). * = significant compared to wildtype, * = significant compared to
cpr5-2; ** = significant compared to wildtype Col-0 and cpr5-2. See Appendix 11.3.6 for further t-
test comparisons among nIsCPR5 lines. nlsA = nIsSCPR5A, nIsB = nIsCPR5B, nIsAB = nIsCPR5AB,
nIsBC = nIsCPR5BC, and nIsABC = nIsCPR5ABC, Del63= Del63CPR5.
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Figure 8.5 Mean leaf areas of nIsCPR5 lines

This figure shows the leaf area of the first four rosette leaf pairs (first eight rosette leaves) of nlsCPR5
at 23 DAS. The bars represent the standard error and the asterisk indicates the level of statistical
significance at p < 0.05 (Students’ t-test) compared to the wildtype. nlsA = nIsCPR5A, nlIsB =
nIsCPR5B, nIsAB = nIsCPR5AB, nIsBC = nIsCPR5BC, and nIsABC = nIsCPR5ABC.
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8.2.6 nIsCPRS5 transgenic lines display smaller leaves

Plant growth and development is shown to be compromised in all of the CPR5 mutants, such
as, cprb5-2, hysl and oldl (Bowling et al., 1997; Yoshida et al., 2002; Jing et al., 2002). As
nIsCPR5 plants show reduced and variable transcript abundances, the nIsCPR5 plants were
expected to show intermediate phenotypes. Therefore, it was hypothesized that mutation(s) in
the proposed NLS clusters would affect leaf size. To test the hypothesis, the leaf areas (in the
form of pairs of leaves as measured for SynCPR5 and metCPR5 plants) of nlIsCPR5 lines from
each group (construct) were measured, in order to see any difference in leaf size between
nIsCPR5 and the wildtype. As expected, the majority of the nlsCPR5 transgenic lines displayed
smaller leaves compared to the wildtype at 23 DAS (Figure 8.5). Except LP1 on nlIsCPR5AL1
and nIsCPR5BL3, all of the first four leaf pairs on the nlsCPR5 lines, including, nlsCPR5A and
nIsCPR5B, were significantly smaller than the wildtype at 23 DAS. In conclusion, these results
demonstrated that mutations in putative NLS-encoding clusters have resulted in variable

expression levels and smaller leaves on nISCPRS5 transgenic lines.

8.2.7 Epidermal pavement cells are smaller on nIsCPR5 transgenic leaves

Cell division and endoreduplication (increase in ploidy levels) positively correlate with final
leaf expansion and size (Sugimoto-Shirasu and Roberts, 2003). As shown above, the majority
of the nIsSCPR5 mutants produced leaves of smaller sizes compared to the wildtype at 23 DAS.
Therefore, it was hypothesised that epidermal cells of nIsSCPR5 transgenic plants will be
smaller compared to the wildtype. To test this hypothesis, the sizes of epidermal pavement cells
from leaves of nIsCPR5 plants were measured by taking images of leaves using scanning
electron microscopy (Figure 8.6A). Since leaf size differences become more pronounced from
the second leaf pair, the epidermal pavement cells of the second leaf pair (third and fourth
rosette leaves) and third leaf pair (fifth and sixth rosette leaves) were measured. Additionally,
the cell areas of rosette leaf 3 were shown to be indifferent from leaf 4 cells. The cell areas of
leaf 5 were similar to leaf 6 cells from Col-0 and nlsCPR5 mutants. Therefore, only the areas
of rosette leaf 3 and leaf 6 are shown here. The average cell size of the third and sixth rosette
leaves of Col-0 was found to be ~4800 and ~4700 um?, respectively (Figure 8.6B). On the
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other hand, cell areas from the third and sixth leaves of cpr5-2 mutant plants were smaller
(~1300 and ~2000 pum?) compared to the wildtype. As shown in Figure 8.6B, the cell areas of
the third and sixth leaves of nIsCPR5 lines are intermediate in size compared to the wildtype
and cpr5-2. In summary, these results support my hypothesis that nlIsCPR5 cells are smaller

than the wildtype and bigger than cpr5-2.

8.2.8 Cell expansion appears to be affected in leaves of nISCPR5 transgenic plants

Cell size positively correlates with endoreduplication, since cells expand in size due to
increases in genome size through endoreduplication (Brininstool et al., 2008).
Endoreduplication is a type of cell cycle in which cells enter into the next round of replication
without going through cell division (mitosis), resulting in the doubling of the genome and
ultimately cell expansion (Brininstool et al., 2008). Based on leaf and cell sizes, it was
hypothesised that nlIsSCPR5 transgenic leaves will have reduced ploidy levels. In order to
investigate the ploidy levels, nuclei were extracted from leaves, stained with propidium iodide
(PI), and kinematic analyses were carried out using a flow cytometry as described in materials
and methods (Section 2.16).

As shown in Figure 8.7, five nuclei peaks corresponding to 2C, 4C, 8C, 16C and 32C ploidy
levels, can be seen in wildtype leaves in contrast to four nuclei peaks observed in leaves from
cpr5-2 plants. The most striking difference between the wildtype and cpr5-2 nuclei populations
can be explained on the basis of 16C and 32C nuclei populations. For example, none of the
nIsSCPR5 lines and cpr5-2 mutant leaves depicted a 32C nuclei peak (Figure 8.7). Similarly,
there are significant reductions in 16C nuclei populations of nlIsSCPR5 and cpr5-2 lines. Overall,
the majority of nIsCPR5 lines showed intermediate populations of 16C nuclei, whereas, no 32C
nuclei were detected. In conclusion, these results support my hypothesis that cells from
nIsCPR5 plants possess reduced ploidy levels, which correlates with their cell sizes and leaf

area reductions.
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Figure 8.6 Epidermal pavement cell size
Figure 8.6A shows the images taken by the Scanning Electron Microscope (SEM). Figure 8.6B displays average cell areas measured by ImagelJ

as described in materials and methods (Section 2.14). The bars represent the standard error, and the asterisks indicate the level of statistical significance
at p < 0.05 (Students’ t-test). * = significant compared to wildtype, * = significant compared to cpr5-2; ** = significant compared to wildtype Col-0 and
cpr5-2. niIsA = nIsCPR5A, nisB = nIsCPR5B, nIsAB = nIsCPR5AB, nIsBC = nIsCPR5BC, and nIlsABC = nlsCPR5ABC.
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8.2.9 Degree of trichome aberration varies among nIsCPR5 lines

The development of leaf trichomes and their appendages have a positive correlation with the
ploidy levels of cells (Brininstool et al., 2008). It has been established that cells with a reduced
level of endoreplication produce fewer trichomes and with reduced number of appendages
(Brininstool et al., 2008). Arabidopsis trichomes have a specific branching pattern i.e. 4-5%
with 1-branch, 75-80% with 2 branches and 19-20% with three appendages (Brininstool et al.,
2008). Based on their ploidy levels, leaves on the nlsCPR5 transgenic lines will have aberrant
trichomes. In order to count the trichomes and their appendages, the first four rosette leaves of

each independent line were analysed under a diseccting microsope at 16 DAS.

As shown in Figures 8.8A and 8.8B, wildtype-like trichomes were observed on the majority of
nIsCPR5A and nlsCPR5B leaves. Like the wildtype, trichomes with three appendages were the
largest population on nIsCPR5A and nlsCPR5B, in addition to the presence of trichomes with
2 and 4 appendages (Figure 8.8A and 8.8B). Contrary to nIsSCPR5A and nIsCPR5B, the typcial
pattern of trichomes and their density was found to be abolished on the leaves of nlsCPR5AB,
nIsCPR5BC and nIsCPR5ABC transgenic plants. The trichomes on nIsCPR5AB, nlIsCPR5BC,
nlIsSCPR5ABC were drastically reduced in number as well as in appendages, and displayed cpr5-
2 like characteristics (Figure 8.8C, 8.8D and 8.8E). Bifurcated trichomes were shown to be the
predominent population of trichomes on the leaves of nIsCPR5AB, nIsCPR5BC and
nIsCPR5ABC lines. The trichomes on nIsCPR5AB, nIsCPR5BC and nlIsSCPR5ABC lines were
observed to be shorter, thinner, and present mostly on the leaf edges (Data not shown). In
conclusion, these results partly support my hypothesis, as both nlsCPR5A and nIsCPR5B lines
show wildtype-like trends of 3-appendged trichomes. The pattern of trichomes and their
appendages on nIsCPR5AB, nIsCPR5BC and nIsCPR5ABC leaves is also consitent with my
hypothesis.

183



1600
38.58 % Col-0
1280
960
i 21.71 %
640+
18.979
10.31 %
320
2.46 %
0 —
1000
1600
37.10% nisAL?2
1280
BE0 2575 %
oo " 1000

1600 1500
cpr5-2 nlsAL1
34.28 % 29.63 %
1280 1260
31.92 %
18.27 %
860 oE0
: :
&40 | ean
9
23.11% 19.45%
az0 320 5.58 %
25%
g T T ot a ST
1 10 e 100 1000 ! o ” : ™ e
1600 1800
37.09 % nlsBL1 34.98 % nilsBL2
1280 1280
0
el 2579% wo| 2412%
840 8401
21.86Y 23.41%)
7.34%
a0 517 % az2o
a ey —— a -~ S —
1 10 e - 100 1000 1 10 2 - 100 1000

184



3200

1600 3200

40.22 % nlsABL1 nisABL2 nlsBCL1

2860 2580

1280

26.11 % 43.62% 39.86%

20

counts

1280 0,
25.68% 24,90

18.85%

19.02% 20.11%

5.12%

ey ! a ey e a ey - |
10 1bo 1000 10 100 100¢ 10 oo 1000

1600 1800 1600

38.13% nlsBCL2 35.2% nisABCL1 38.45% nlsABCL2
. (]
. e 29.94% el 99 5006

25.69%

counts

£197121.97%

123.27%

1 10 100 1000 1 1o T ST o0 T oo 7 T iooo
FLZ FL2

Figure 8.7 Measurements of ploidy levels in leaves of nIsSCPR5 mutants at 24 DAS
Nuclei from leaf 3 and 4 were extracted from 24 day old plants, stained in propidium iodide and analysed as described in materials and methods. The percentage of
cells present in each peak was analysed and measured using FloMax®, according to the manufacturer;s instruction. Three biological replicates were analysed for each

line, however, images are only shown for two replicates. nIsA = nIsCPR5A, nlsB = nIsCPR5B, nIsAB = nlsCPR5AB, nlsBC = nIsCPR5BC, and nIsABC = nIsCPR5ABC.
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Figure 8.8 Type and number of trichome appendages at 16 DAS
These figures show the type and number of appendages on the 1st, 2nd, 3rd and 4th rosette leaves at 16 DAS. The leaves were detached and the trichomes
were counted from a disc of leaf (0.67 cm?) under a dissecting microscope, and the average number of trichomes carrying a certain number of appendages was plotted. * =

significant compared to wildtype, * = significant compared to cpr5-2; ** = significant compared to wildtype Col-0 and cpr5-2. nlsA = nIsCPR5A, nisB = nIsCPR5B, nIsAB =
nIsCPR5AB, nIsBC = nlsCPR5BC, and nIsABC = nIsCPR5ABC.
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8.2.10 nIsCPR5 transgenic plants confer resistance to Pseudomonas syringae

Pseudomonas syringae pv DC3000 (PstDC3000) is a bacterial pathogen that infects tomato
leaves (Clarke et al., 2000). Similar to tomato, Arabidopsis thaliana ecotype Columbia (Col-
0) was also shown to be susceptible to this pathogen, whereas, cpr5-2 mutant plants conferred
resistance against this pathogen (Clarke et al., 2000). Being partially complemented, the
nIsCPR5 plants were expected to be resistant to the bacterial pathogen. As demonstrated in
Figure 8.9, all of the nIsCPRS5 lines including nlsCPR5A and nlsCPR5B, which were found to
have normal trichomes and no HR-lesions, conferred resistance to PstDC3000 as compared to
the wildtype (Figure 8.9). In conclusion, these results are in line with my hypothesis that

nIsCPR5 plants confer resistance due to partial complementation.

8.2.11 nIsCPR5 mutants show elevated levels for PR1 and PR5 genes

PATHOGENESIS-RELATED-GENEL1 and 5 (PR1 and PR5) are antimicrobial genes that have
been shown to be upregulated when a pathogen attacks a plant (Bowling et al., 1997; Clarke et
al., 2001). Plants producing higher levels of Reactive Oxygen Species (ROS) or under
oxidative stress conditions were also shown to have elevated levels of defence-related genes
(Clarke et al., 2001). It has been established that cpr5-2 plants show elevated levels of PR1 and
PR5 (Bowling et al., 1998; Clarke et al., 2000). Based on complementation and resistance
levels, it was assumed that nlISCPR5 plants have upregulated levels of PR1 and PR5 genes.
Relative transcript abundances of PR1 and PR5 were quantified from cDNAs prepared from
nIsCPR5 transgenic plants. As expected, PR1 and PR5 were found to be higher in nlsCPR5
lines (Figure 8.10). Additionally, PR1 and PR5 levels vary among nlsCPR5 transgenic lines.
For instance, nISCPR5AB and nIsCPR5BC show higher levels of PR1 and PR5 than nlsCPR5A
and nIsCPR5B. In conclusion, PR1 and PR5 expression is induced in nlsCPR5 transgenic

plants.

8.2.12 nIsCPRS5 transgenic plants display downregulation of PDF1.2

PDF1.2, a PLANT DEFENSIN gene, is shown to be upregulated in response to wounding or
insects (Clarke et al., 2001). In contrast to already published reports (Bowling et al., 1997;

Clarke et al., 2001), the PDF1.2 gene was shown to be downregulated in cpr5-2 as well as in
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SynCPR5 and metCPR5 (Chapter 7). Thus, it was hypothesized that nISCPR5 transgenic plants
will have downregulated levels of PDF1.2. Contrary to northern blotting carried out by Clarke
et al., 2001, the relative transcript abundance of PDF1.2 was measured using real-time gRT-
PCR. nIsCPR5 show cpr5-2-like or lower than cpr5-2 levels of PDF1.2 expression, compared
to the wildtype (Figure 8.10). Amongst nIsCPR5 mutants, nlsSCPR5AB and nlsCPR5BC both
showed PDF1.2 transcripts significantly lower than the wildtype but these levels were
insignificantly different from the levels of PDF1.2 expression in cpr5-2. Strikingly, transcript
abundance of PDF1.2 from nIsSCPR5AB and nlsCPR5BC were significantly higher compared
to nISCPR5A and nIsCPR5B levels. In summary, these results are consistent with the PDF1.2
results shown previously in Chapter 7, where PDF1.2 levels in SynCPR5 and metCPR5 were

also shown to be downregulated as compared to the wildtype.

8.2.13 nIsCPR5 mutant plants show reduced plant height

In additon to various phenotypes associated with a mutation(s) in AtCPRS5, shorter stature was
one of the many unique features of cpr5-2 plants when compared to the wild-type (Bowling et
al., 1997; Jing et al., 2002). In addtion to intermediate leaf and cell sizes, nISCPR5 transgenic
plants were hypothesised to have intermediate plant heights. In order to record plant height
differences, the height of naturally scenesced nIsSCPR transgenic plants was measured. The
average height was estimated from 10 plants of the same independent lines. As shown, the
nIsCPR5A and nlsCPR5B mutants were shown to be less affected by these mutations (Figure
8.11) and yielded plants with an average height of 38.5 cm, compared to the wildtype, which
had an average height of 42.0 cm. Additionally, nIsCPR5AB and nIsCPR5BC also displayed
further reduction in plant height, with an average plant height of 35.5 cm when compared to
nIsCPR5A and nlsCPR5B plants (Figure 8.11). However, the nlsCPR5ABC lines exhibited an
average height of 38.0 cm (Figure 8.11). To conclude, these results support our hypothesis that
plant stature is also affected in nISCPR5 transgenic plants.
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PstDC3000 growth Assay
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Figure 8.9 Pseudomonas syringae pv DC3000 growth assay

This figure shows colony forming units (cfu) formed by bacteria extracted from leaf discs of

each selected line as described in materials and methods. Leaves of 6 week old plants were

infiltrated with ~10°cells of Pseudomonas syringae pv Dc3000 (PstDc3000). The bars represent

the standard error, and the asterisks indicate the level of statistical significance at p < 0.05

(Students’ t-test). * = significant compared to wildtype, * = significant compared to cpr5-2; ** =
significant compared to wildtype Col-0 and cpr5-2. nIsA = nlsCPR5A, nIsB = nlsCPR5B, nIsAB

= nIsCPR5AB, nIsBC = nIsCPR5BC, and nlsABC = nIsCPR5ABC, Del63= Del63CPR5.
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Figure 8.10 Quantification of transcript abundance of PR1, PR5, and PDF1.2

This figure shows relative levels of transcripts of defence-related genes, such as, PR1, PR5,
and PDF1.2 using real-time quantitative reverse transcriptase PCR. Total RNA was isolated
from 31 day old plants, using the Plant miniprep kit from ZymoResearch. The bars represent
the standard error, and the asterisks indicate the level of statistical significance at p < 0.05
(Students’ t-test). * = significant compared to wildtype, * = significant compared to cpr5-2; ** =
significant compared to wildtype Col-0 and cpr5-2. nIsA = nIsCPR5A, nlsB = nIsCPR5B, nIsAB
= nIsCPR5AB, nIsBC = nIsCPR5BC, and nIsABC = nIsCPR5ABC, Del63= Del63CPR5.
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8.2.14 Collective mutations in NLS-encoding clusters results in early bolting

Bolting results from the transition of vegetative growth towards reproductive development that
starts with the elongation of the first internode and initiation of the main stem or bolt (Pouteau
and Albertini, 2009, Rosas et al., 2014). While charactising nlISCPR5 plants, it was noticed that
nIsCPR5 plants bolt earlier than the wildtype and cpr5 plants. Thus it was hypothesised that
mutations in the NLS-encoding clusters have an impact on bolting in nlsSCPR5 transgenic
plants. nIsCPR5 transgenic plants were grown under short day conditions (12 hours of light
and 12 hours of dark). Plants were observerd on a daily basis in order to count rossette leaves,

and the number of days taken to bolt were recorded.

As shown in Figure 8.12, nlIsCPR5AB, nIsCPR5BC and nlsCPR5ABC plants display earleir
bolting than the wildype, cpr5-2, nlIsCPR5A and nIsCPR5B. Bolting was initiatied in
nIsCPR5AB, nIsCPR5BC and nlsCPR5ABC plants when they had 5-7 rosette leaves compared
to wildtype plants which bolted when they had 8-10 rosette leaves. Additionally, bolting was
initiated 4-5 days earlier in nISCPR5AB, nIsCPR5BC and nIsCPR5ABC compared to Col-0 and
cpr5-2 plants. nlsCPR5AB, nIsCPR5BC and nlsCPR5ABC plants were observed to already
have 5-6 flowers opened by the time bolting was initiated in the wildtype. The nlsCPR5A and
nIsCPR5B transgenic plants bolted on the same day or slightly (~1-2 days) earlier than the
wild-type and cpr5-2 plants. In conclusion, these results indicate that collective mutations in
the putative NLS-encoding clusters may have a role in the regulation of bolting in Arabidopsis.

However, further investigation is needed.

8.2.15 Putative CPR5 NLS clusters and an intrinsically disordered region belong to the
same region of CPR5 protein

As shown in Figure 8.1, the putative NLS clusters are shown to be predicted from 41-61 of the
amino acids of CPR5. Concomitantly, the N-terminus (first 98 amino acids) of the CPR5
protein is also annotated to be an intrinsically disordered region (IDR; Chapter 4). Thus, it was
hypothesised that NLS-encoding clusters could be part of the CPR5 IDR and vice versa. To
test the relationship between the NLS and IDRs, the N-terminus of CPR5 was deleted in parts.

Since the first NLS cluster is predicted at position 41-44 and there are three methionine residues
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(38-40 aa) present immediately before the first NLS cluster, the N-terminal region comprising
of the first 37 amino acids was deleted, and the construct was termed Del37CPR5. As
mentioned above and shown in (Figure 8.1), annotated NLS clusters are present within the 41-
61 amino acids of CPR5. Additionally, there is a methionine residue at position 64 of CPR5,
thus the first 63 amino acids of CPR5 were deleted in Del63CPR5 in order to exclude NLS-
encoding clusters. The first 98 amino acids of CPR5 were deleted in Del98CPR5 in order to
see the effect of deletion of the whole putative IDR. To conclude, Del37CPR5, Del63CPR5
and Del98CPR5 would help to see the effect of deletion of IDRs on CPRS5 functioning, and
characterise the role and dependence of IDRs and the NLS on each other. Possibly, the deletion

of the N-terminal region of CPR5 is expected to uncouple the role of each region, if any.

8.2.16 Del37CPR5 and Del63CPR5 complement HR-like lesions and early leaf
yellowing

Since DelCPR5 transgenes include deletions, it was hypothesised that DelCPR5 transgenic
plants will show aberrant phenotypes in a cpr5-2 manner. In order to study IDRs and their role,
cpr5-2 plants were complemented with Del37CPR5, Del63CPR5, and Del98CPR5 transgenes,
and the homozygous plant lines of each transgene were grown in soil and investigated for the

presence of HR-like lesions and early yellowing on their leaves.

As shown in Figure 8.3, HR-like lesions and yellowing on the cotyledons and first rosette
leaves can be observed in cpr5-2 plants as compared to the wildtype (Figure 8.3). However,
DelCPR5 (Del37CPR5 and Del63CPR5) lines produced healthy leaves without any lesions or
early yellowing (Figure 8.3). Only DelCPR598 plants displayed cpr5-2 like leaves i.e. leaves
had lesions and yellowing (data not shown). Since DelCPR598 transgenic plants displayed
phenotypes insignificantly different from cpr5-2 plants, DelCPR598 transgenic lines were
considered as non-complemented lines and were not carried over for further physiological
characterisations. From these results, it can be concluded that the execution of HR-like lesions
and early leaf yellowing is independent of the first 63 amino acids of the AtCPR5 protein, as
HR-like lesions are complemented in both Del37CPR5 and Del63CPR5 plants, which lack the

first 37 and 63 amino acids, respectively.
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8.2.17 Del63CPR5 transgenic lines display reduced transcript abundance

As shown in Figure 8.4, the majority of nlISCPR5 lines have displayed reduced expression
levels of their transgenes. Therefore, it was hypothesised that the DelCPR5 transgene
(Del63CPR5) will also have reduced expression levels of its transcript. To test this, the relative
expression levels of the Del63CPR5 transgene were measured in order to see the difference
between the relative expression levels of cpr5-2, CPR5 and Del63CPR5. As shown in Figure
8.4, Del63CPR5 transgenic lines displayed expression levels in a cpr5-2 manner. In conclusion,

Del63CPR5 reduced transcript abundance is consistent with my hypothesis.

8.2.18 Typical pattern of trichomes is restored by Del37CPR5 but not by Del63CPR5
and Del98CPR5

All the cpr5 alleles produce aberrant trichomes on their leaves (Bowling et al., 1997, Boch et
al., 1998, Kirik et al., 2001, Jing et al., 2002, Jing et al., 2007). Thus, it was hypothesised that
the deletion(s) of putative intrinsically disordered region(s) will result in the accomplishment
of abnormal trichomes on leaves from DelCPR5 plants. To test this hypothesis, trichomes and
their appendages were counted from the third and fourth rosette leaves under a dissecting
microscope. As shown in Figure 8.13, despite some variations in their total numbers, wildtype-
like trichomes and their appendages are observed on Del37CPR5 lines. In contrast to
Del37CPR5 lines, the typical pattern of trichomes and their appendages was found to be
missing on the same leaves (3" and 4") from Del63CPR5 plants (Figure 8.13). Compared to
the trichomes on wildtype leaves, the trichomes on Del63CPR5 leaves were observed to be less
in number (Figure 8.13) and predominantly present on the edges and tips of the leaves (data
not shown). The trichomes patterns on Del63CPR5 leaves were reminiscent of trichomes on
nIsCPR5AB, nlsCPR5BC and nlsCPR5ABC (Figure 8.13). The third IDR mutant, Del98CPR5,
displayed cpr5-2 like trichome patterns (data not shown). In summary, the deletion of 37, 62
and 98 amino acids exerted none, moderate and/or severe effects on trichome density and

appendages, respectively.
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Figure 8.11 Plant height measurement

These figures show the average plant height of NLS mutant lines. Upon natural senescence, the
plants were harvested and their heights were measured. The bars represent the standard error,
and the asterisks indicate the level of statistical significance at p < 0.05 (Students’ t-test). * =
significant compared to wildtype, * = significant compared to cpr5-2; ** = significant compared
to wildtype Col-0 and cpr5-2. nIsA = nIsCPR5A, nlsB = nlsCPR5B, nIsAB = nlsCPR5AB, nisBC
= nIsCPR5BC, and nIsABC = nIsCPR5ABC.
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Figure 8.12 Plant growth and bolting of nIsSCPR5 transgenic lines at 27 DAS

These figures show the growth and difference in bolting of nlsCPR5 transgenic lines compared
to cpr5-2 and the wildtype. Photos were taken at the same position by fixing the camera (Nikon
D5300) on a stand. These plants were grown at 20°C under 12 hours light and 12 hours dark
conditions. nIsA = nIsCPR5A, nisB = nIsCPR5B, nlsAB = nlsCPR5AB, nlsBC = nIsCPR5BC,

and nIsABC = nlsCPR5ABC
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8.2.19 Del37CPR5 and Del63CPR5 both produce leaves of intermediate sizes

As shown in Sections 7.2.3 and 8.2.6, the majority of the transgenic lines of synCPR5G2 and
nIsCPR5 have shown smaller and intermediate-sized leaves than the wildtype, respectively.
Thus, it is likely that DelCPR5 transgenic plants also display leaves of intermediate sizes
compared to the wildtype and cpr5-2. In order to quantify differences, the areas of the first four
rosette leaf pairs of DelCPR5 transgenic lines were measured. As expected, the leaves on the
Del37CPR5 and Del63CPRS5 plants were significantly smaller compared to the wildtype when
measured at 23 DAS (Figure 8.14). In conclusion, the deletions of IDRs in DelCPR5 transgenic

plants somehow result in leaves of intermediate sizes, which is in line with my hypothesis.

8.2.20 Sizes of epidermal cells are consistent with leaf sizes of DelCPRS5 plants

Based on leaf sizes, the cells of DelCPRS5 transgenic plants were hypothesised to be smaller
than the wildtype. To test this hypothesis, the size of epidermal pavement cells of DelCPR5
transgenic lines was measured. As expected, the epidermal pavements cells of leaves 3 and 6
from Del37CPR5 and Del63CPR5 transgenic plants were intermediate in size when compared
to the wildtype and cpr5-2 cells. A closer examination of the cell size differences between the
leaves of Del37CPR5 and Del63CPR5 revealed that epidermal cells from Del37CPR5 are
bigger than Del63CPR5 cells (Figure 8.15). In conclusion, cell sizes of DelCPR5 transgenic

plants are in line with the hypothesis.

8.2.21 Nuclei from DelCPR5 leaf cells show reduced ploidy levels

Del37CPR5 and Del63CPRS5 plants have shown smaller leaves and pavement cells for leaves
3 and 6, therefore their cells were hypothesised to have reduced ploidy levels. To test this
hypothesis, the ploidy levels of Del37CPR5 and Del63CPR5 leaves were measured using flow
cytometry, as described in materials and methods (Section 2.16). Compared to the wildtype,
none of the DelCPR5 lines show the presence of 32C as shown by cpr5-2. Additionally, there
were reductions in 16C nuclei populations (Figure 8.16). To conclude, these results are
consistent with the notion that DelCPRS5 transgenic plants have reduced ploidy levels in their

leaf cells.
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8.2.22 Del63CPR5 confers resistance but Del37CPRS5 is susceptible to PstDC3000

As shown in Section 8.2.10, the majority of nIsCPR5 transgenic lines have shown resistance to
the bacterial pathogen, PstDC3000. Thus, it was hypothesised that DelCPR5 transgenic plants
will be resistant to the bacterial pathogen, P. syringae. To test this hypothesis, the leaves from
5-6 week old plants of DelCPR5 (Del37CPR5 and Del63CPR5) were challenged with the P.
syringae (PstDC3000) infection, in order to record their resistance levels to the pathogen, as
mentioned in materials and methods (Section 2.14). As shown in Figure 8.17, the Del37CPR5
lines showed susceptibility to PstDC3000 bacterial infection. Remarkably, the susceptibility
levels of Del37CPR5 lines were found to be significantly higher than the wildtype (Figure
8.17). In contrast, Del63CPR5 lines conferred resistance to Pseudomonas syringae,
PstDC30000. In conclusion, these results partly support our hypothesis since Del37CPR5 were
susceptible to Pseudomonas syringae pv PstDC3000 in contrast to Del63CPR5 plants, which

were found to be resistant.

8.2.23 PR1 levels are not restored in Del63CPR5 transgenic plants

Since DelCPR5 transgenes have been unable to complement some of the compromised
phenotypes in cpr5-2, it was assumed that DelCPR5 transgenic lines would have upregulated
levels of PATHOGENESIS-RELATED GENE1, PR1. The relative transcript levels of the
defence-related gene (PR1) were quantified only from Del63CPRS5 transgenic plants, due to
the non-availability of cDNA from Del37CPR5 independent lines. As shown in Figure 8.10,
Del63CPR5 transgenic plants displayed higher expression levels of PR1, which were similar
to the PR1 levels shown by cpr5-2 plants. In summary, the upregulation of PATHOGENESIS-
RELATED GENE1 (PR1) is in line with my hypothesis.
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Figure 8.13 Type and average number of trichomes on DelCPR5 leaves

This figure represents the average number of trichomes and their branching pattern on Del37 and Del63
lines. All these lines were grown in soil for 16:8 hours light:dark conditions. Del37 = Del37CPR5 and
Del63 = Del63CPR5.
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Figure 8.14 Mean leaf area of DelCPR5

This figure shows the mean leaf areas of cotyledons and first four rosette leaf pairs at 23 DAS. The
leaves were removed from 3-5 different plants of the same line, and the areas were recorded using a
leaf area machine. The bars represent the standard error, and the asterisks indicate the level of statistical
significance at p < 0.05 (Students’ t-test) compared to wildtype. Del37 = Del37CPR5 and Del63 =
Del63CPR5.
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Figure 8.15 Mean area of epidermal pavement cells
This figure shows the average area of cells measured from the images taken by the scanning

electron microscope, as described in materials and methods. Areas of the cells were measured
which had complete boundaries. The bars represent the standard error, and the asterisks indicate
the level of statistical significance at p < 0.05 (Students’ t-test). * = significant compared to
wildtype, * = significant compared to cpr5-2; ** = significant compared to wildtype Col-0 and
cpr5-2. Del37 = Del37CPR5 and Del63 = Del63CPR5.
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Figure 8.16 Ploidy levels measurement in leaves of DelCPR5 mutants
This figure shows the proportion or percentages of nuclei populations in the leaf cells of Col-0, cpr5-2 and DelCPR5 mutants. The nuclei were

extracted from the cells and stained with propidium iodide (PI) as described in materials and methods (Section 2.16). Del37 = Del37CPR5 and

Del63 = Del63CPR5.
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Figure 8.17 Pseudomonas syringae infection assay

Colony forming units (cfu) formed by bacteria extracted from leaf discs of each transgenic line
were measured and results were reproduced in triplicate as described in materials and methods.
Bars represent the standard error, and the asterisks indicate the level of statistical significance
at p < 0.05 (Students’ t-test). * = significant compared to wildtype, * = significant compared

to cpr5-2; ** = significant compared to wildtype Col-0 and cpr5-2. Del37 = Del37CPR5 and

Del63 = Del63CPRS.
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8.3 DISCUSSION

8.3.1 Insilico studies suggest CPR5 to be a nuclear protein

CPRS5 is believed to be a membrane protein since it was annotated to contain four or five
transmembrane (TM) domains (Kirik et al., 2001). In addition to TM domains, a bipartite
nuclear localisation signal (NLS) is predicted in the N-terminal part of the CPR5 protein (Kirik
et al., 2001). It was proposed that CPR5 protein could embed in the outer nuclear membrane
(Kirik et al., 2001; Yoshida et al., 2002). This hypothesis was found to be in line with Gao et
al., (2011) results, where they found the CPR5 protein (fused to the GFP at its C-terminal) to
be associated with the membrane and localised in the cytoplasm. However, the cytoplasmic
localisation of the CPR5 protein was challenged in the same year by Perraza et al., (2011) who
found full-length CPR5 protein (fused to the GFP at the N-terminal of the CPR5 protein) to be
localised in the nuclear fraction. Recently, Wang et al., (2014) have also confirmed the

presence of CPRS5 protein in the nuclear fraction.

As mentioned in the introduction, proteins smaller than 45 kDa (Jans and Hubner, 1996) or 40-
60 kDa (Breeuwer and Goldfarb, 1990, Jakel et al., 1999), depending on the size of the nuclear
pore complex, can enter into the nucleus passively. Additionally, some of the proteins ranging
in size between 20-30 kDa, failed to be imported via passive diffusion and required a functional
NLS for their active transport (Breeuwer and Goldfarb, 1990). For CPR5, which has a
molecular weight of 64 kDa and is believed to be membrane-bound protein, it is unlikely to be
transported passively, unless cleaved by proteolytic cleavage and the transmembrane regions
excluded (Kirik et al., 2001). Despite nuclear accumulation, none of the studies (Perraza et al.,
2011, Wang et al., 2014) have characterised the role of the putative nuclear localisation signal
(NLS) in mediating CPR5 nuclear transport. Therefore, the key objective of the current study
aims at the elucidation of the role of the annotated NLS in nuclear import. In addition to the
previous annotations containing a bipartite NLS (Kirik et al., 2001, Brininstool et al., 2008),
the in silico and manual scanning of the CPR5 protein carried out in the current study showed
that CPR5 contains three clusters enriched in NLS encoding amino acids (KKKKDTNPSNLE
KRKLKGKKK). These three NLS-encoding clusters could act as mono, bi- or tripartite
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form(s) of the NLS. Clusters A and C of the predicted CPR5 NLS resembles a classical example
of the Simian virus 40 (SV-40) large T antigen (PKKKRKYV) monopartite class of NLS
(Dingwall and Laskey, 1991). At the same time, three clusters (KKKKDTNPSNLEKRKLK
GKKK) mimic the classical example of either nucleoplasmin (KRPAATKKAGQAKKKK)
(Chatterjee and Stochaj, 1998) or p53 (KRALPNNTSSSPQP KKK) (Shaulsky et al., 1990,
Liang and Clarke, 1999) bipartite NLS.

The predicted AtCPR5 NLS also shows resemblance to a novel type of tripartite, EGFR NLS
(RRRHIVRKRTLRR), in which all three clusters of EGFR NLS were found to be required for
normal protein localisation (Hsu and Hung, 2007)). Based on in silico results, CPR5 NLS has

a strong resemblance to a number of classical and functionally characterised NLSs. Therefore,
either of the putative cluster(s) of CPR5 NLS could be involved in mediating CPR5 nuclear
import. Thus, the AtCPR5 NLS could be functional and required for nuclear import. Hence, a
number of nlIsSCPR5 transgenes were developed. Since the key objective of the current study
was aimed at the characterisation of the putative NLS-encoding clusters and their role in
AtCPR5 nuclear import, the fusion of a localisation tag may influence the overall structure of
nIsCPR5 recombinant proteins. Similarly, low expression levels of CPR5 may also pose a
challenge for protein quantification. Post thesis submission, attempts were made to quantify
AtCPR5 from nuclear fractions using MRM-mass spectrometry and AtCPR5 antibody gifted
by Wang et al., (2014). Unfortunately, AtCPR5 failed to be detected using both of these
aforementioned methods. Keeping in view these limitations, the role of putative NLS-encoding
residues was evaluated in the form of degree of complementation of the phenotypes

compromised in the cpr5-2 mutant as discussed below.

8.3.2 Some CPR5 phenotypes/functions appear to be dependent on CPR5 expression

As shown in Chapter 7, the CPR5 native promoter has resulted in variable SynCPR5 expression
levels for SynCPR5 lines, which subsequently resulted in different phenotypes of SynCPR5
lines. Similarly, the variable transcript abundance of nlsCPR5 also resulted in differential
phenotypes on nIsCPR5 lines. Thus, it appears that some of CPR5 functions and phenotypes
are dependent on CPR5 expression. For example, nIsCPR5B lines, which had wildtype-like
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expression levels, displayed wildtype-like trichomes. Their leaves display no HR-lesions or
early leaf yellowing. Similarly, nIsCPR5A lines, which had less transcript abundance compared
to the wildtype and nlIsSCPR5B, showed nlsCPR5B-like phenotypes. In contrast to nISCPR5A
and nIsCPR5B lines, nIsCPR5AB, nlIsCPR5BC and Del63CPRS5, which had slightly higher than
cpr5-2 or cpr5-like expression levels, respectively, showed aberrant trichomes. As spontaneous
lesions or early yellowing were not found on nlIsCPR5AB, nlIsSCPR5BC and Del63CPR5 leaves,
these results indicate that trichome development appears to be dependent on expression levels,
or that this difference in trichome development could be the result of mutations in clusters. On
the other hand, smaller leaves, upregulated levels of resistance and PR genes are observed on
all the nIsCPR5 and Del63CPR5 lines, which suggest that these phenotypes or functions are
independent of CPR5 expression or NLS clusters. Compared to nlsSCPR5A and nIsCPR5B,
SynCPR5L4 and SynCPR5L6, despite having wildtype-like SynCPR5 expression levels,
displayed smaller leaves and less trichomes, which suggests that trichome development may
also be independent of the CPR5 expression level and could be the result of mutations.
Intriguingly, early bolting, which was observed only in nIsCPR5AB nIsCPR5BC and
nIsCPR5ABC lines separate themselves from nIsCPR5A and nlsCPR5B lines which bolted in
the wildtype manner. Taken together, these results show that the proper execution or
development of trichomes appears to be dependent on expression in nlsCPR5 lines, but
independent in SynCPRS5 lines. Thus, expression could play a role in trichome development.
Additionally, despite having intermediate expression as compared to nlsCPR5B and cpr5-2,
wildtype-like trichomes on nlsCPR5A indicate that a threshold of CPR5 expression may be
required for the normal execution of trichomes in nlIsCPR5.

8.3.3 Putative NLS clusters appear to have limited function

Mutations in the nuclear localisation signal (NLS) of a protein, result in the failure of nuclear
accumulation and loss of function of that protein (Lusk et al., 2007, Gardner et al., 2011,
Lokareddy etal., 2015). It was hypothesised that mutations in the CPR5 putative NLS cluster(s)
will result in cpr5-2-like phenotype(s). Thus, the nlsSCPR5 transgene(s) will be unable to
complement cpr5-2 phenotypes if the NLS cluster(s) has a role in CPR5 localisation and

function. The wildtype-like leaves containing no lesions or yellowing and carrying wildtype-
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like trichomes on nISCPR5A and nIsCPR5B lines, show that nlsCPR5A and nlsCPR5B
recombinant proteins were somehow able to be natively localised and/or accomplish some
CPR5 functions similar to the wildtype. On the other hand, smaller leaves and upregulated
levels of PR1 and the resistance of nIsCPR5, suggest that nIsCPR5 proteins were unable to
recover all CPR5 function, so NLS clusters may be required for the execution of the
aforementioned phenotypes of CPR5 functions. As mentioned above in Section 8.3.2, the
majority of the CPR5 phenotypes appear to be independent of CPR5 expression levels. Thus,
the aberrant phenotypes on nIsSCPR5 plants could be the result of mutations in the putative NLS
clusters. Consequently, the mutations in the NLS clusters may have affected CPR5 function
either by CPR5 improper localisation (if the putative NLS was functional) or structural changes
(if the NILS sites represent another important unknown structural motif), which could have a
role in the regulation of leaf size, PR1 and resistance. Since, the C-terminal half of CPR5 was
found to be localised in a wildtype manner (\Wang et al., 2014), the NLS clusters appears to
have no, or a limited, role in CPR5 localisation. Therefore, it is likely that NLS clusters may
represent another structural motif, be part of a structural motif or may have a dual role. In
conclusion, nlsCPR5 characterisation shows that NLS clusters have limited functions as an
NLS. However, the evidences presented here are insufficient to conclude their role in CPR5

localisation.

8.3.4 First 37 amino acids of CPR5 are crucial for wildtype-like leaf sizes

As shown in Chapter 6, the disruption of putative start codons in metCPR5b plants managed to
show bigger leaves than the wildtype. In addition to start codons, the same residues of AtCPR5
were also annotated to be part of an intrinsically disordered region (IDR; Chapters 3 and 4).
Structurally, the Del37CPR5 transgene includes the deletion of the first 37 amino acids of
AtCPR5 in addition to the deletion of two of the three putative start codons, which were
mutated in metCPRS5. Phenotypically, metCPR5b and Del37CPR5 both displayed leaves with
wildtype-like trichomes and no spontaneous lesions or leaf yellowing. Additionally, both of
these (metCPR5b and Del37CPR5) exhibited enhanced disease susceptibility. These results
suggest that metCPR5b and Del37CPR5 share some functions. Since mutations in the start

codons in metCPR5 lines resulted in bigger leaves, the deletion of the first 37 amino acids,
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including start codon residues, in Del37CPR5 was expected to give bigger leaves, if the
putative start codons were the cause of leaf size increase in metCPR5. There could be a number
of plausible explanations for this unexpected result. Firstly, a full-length CPR5 protein is
required for normal leaf size in Arabidopsis and the first 37 amino acids are dedicated for this
function. Secondly, the presence of a stem-loop structure and putative start codon or translation
start site may hinder CPR5 translation efficiency, which, when mutated in metCPRS5, could
have resulted in increased mMRNA stability and concomitantly more protein translation.
Consistently, metCPR5 plants had bigger leaves and enhanced susceptibility. Thirdly, the
development of normal trichomes and the absence of spontaneous lesions or early leaf
senescence on Del37CPR5 leaves, reinforces that the CPR5 protein can perform a number of
functions except normal leaf size and resistance. Thus, the first 37 amino acids could be
dedicated for leaf size and resistance in Arabidopsis. To conclude, these results propose a role
for this part of AtCPR5 (the first 37 amino acids) in the regulation of leaf size, the exact

mechanism of which is yet to be investigated.

8.3.5 nIsCPR5-like phenotypes on DelCPRS5 plants suggest NLS clusters to be part of
IDRs

Compared to Del37CPR5 plants, Del63CPR5 transgenic plants exhibited aberrant trichomes,
smaller leaves, smaller epidermal pavements cells, reduced ploidy levels, reduced CPR5
expression levels and resistance to Pseudomonas syringae. These Del63CPR5 phenotypes
were found to be intermediate when compared to the wildtype and cpr5-2 plants. Phenotypes,
such as, aberrant trichomes, smaller leaves, smaller epidermal pavements cells, reduced ploidy
levels, reduced CPRS5 transcript abundance and enhanced resistance to Pseudomonas syringae
as shown by Del63CPR5, are identical to the phenotypes executed by nIsSCPR5AB, nlIsCPR5BC
and nIsCPR5ABC transgenic lines.

Structurally, the whole region (1-98 amino acids) of AtCPR5 was annotated as an intrinsically
disordered region (IDR). Specifically, the first 37 amino acids were predicted to contain no
other structural motif apart from an IDR. In addition to being annotated as an IDR, a number

of structural motifs, such as, three in-frame methionine, three NLS-encoding clusters and a
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casein kinase (CKII) phosphorylation site were predicted between the 38-63 amino acids of
CPR5 (Figure 8.18). Similarly, the region of CPR5 comprising of 64-98 amino acids was
proposed to contain a CKI phosphorylation site and IDR. Thus, there could be four possible
explanations for the compromise of phenotypes in Del37CPR5, Del63CPR5 and Del98CPRS.
First, the smaller leaf size in Del37CPR5 plants could be the consequence of the loss of part of
the AtCPR5 IDR, which could be specifically dedicated for leaf size regulation as discussed
above. Second, the abnormal phenotypes could be a consequence of the deletion of predicted
NLS-encoding cluster(s). However, the execution of intermediate phenotypes, instead of cpr5-
2-like phenotypes on nIsCPR5AB, nIsCPR5BC and nIsCPR5ABC plants, negates this
hypothesis. Third, the region between 38-98 residues of CPR5 contains a CKI phosphorylation
site, which could potentially affect CPR5 function. Fourth, the whole region (1-98 aa) has been
annotated as an intrinsically disordered region. Thus, the substitution of residues in nlIsCPR5
or deletion of parts of the disordered region as carried out in Del37CPR5, Del63CPR5 and
Del98CPR5 could have resulted in the loss or change of the IDR and/or protein structure, which

subsequently may have led to loss-of-function phenotypes.

Intrinsically disordered regions or proteins are known for their roles in multiple functions and
pathways, such as, cell division regulation, cell signalling, ligand binding, and protein-protein
interactions with multiple partners (Dunker et al., 2005, Dunker et al., 2001, Dyson and Wright,
2005, Tompa, 2012). Taking into account the flexible structural nature and the involvement of
intrinsically disordered region(s) or protein(s) in various molecular events, such as, proteins,
membranes, nucleic acid and small molecules (Tompa and Csermely, 2004, Uversky et al.,
2005, Oldfield et al., 2008, Oldfield and Dunker, 2014), AtCPR5 appears to be an IDR in
nature. Hence the defects in various biological processes in cpr5 plants e.g. cell death
regulation, senescence, oxidative stress, cell division, cell development and cell expansion, are

in line with the multiple functions performed by AtCPR5.

In addition, disordered regions protect or safeguard some of the interacting partners (repressors
and regulators) in order to control the expression of genes (Dunker et al., 2001). For example,
a few chaperones were found to be safeguarding intrinsically disordered regions in order to

avoid non-specific binding or interaction (Dunker et al., 2001). As AtCPRS5 has been implicated
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in the suppression of cell death regulation by binding and controlling cell death regulators
(Boch et al., 1998; Kirik et al., 2001), it could be possible that AtCPR5 IDRs may be involved
in the binding and safeguarding of some of the proteins that could either repress or regulate
some other genes. This hypothetical role of AtCPR5 or AtCPR5 IDRs is in line with the model
presented by Wang et al., (2014) and Gu et al., (2016) i.e. AtCPR5 embeds in the nuclear
membrane and safeguards one of the CDKSs. This notion needs further structural and interaction
evidence. Thus, the structural analyses of AtCPR5 protein in the presence and/or absence of
potential interacting partners using NMR could help to understand its binding, interaction and

the role of disordered regions (IDRs) in various pathways.

In conclusion, evidence that NLS-encoding clusters are required for AtCPR5 proper functions
and may have no role in AtCPR5 nuclear import, are presented in the current chapter. Thus,
putative NLS-encoding clusters appear to have limited roles in CPR5 nuclear import.
Moreover, this study reinforces and proposes AtCPR5 to be an intrinsically disordered protein,

which is a novel observation.
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Figure 8.18 Position of structural motifs present in CPR5 first 98 amino acids
This figure shows the estimated (not scaled) positions of various predicted important structural motifs present in the N-terminal half (first

98 amino acids) of AtCPR5. The number depicts the position of amino acids, and similar colors represent the same structural motif. Arrows

represent estimated positions. In-frame methionine residues reside at positions 1, 37, 38, 39, 63 and 98 of the AtCPR5 protein.
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Chapter 9 Characterization of putative CPR5 leucine and glycine motifs

9.1 INTRODUCTION

Coiled-coil domains are important structural motifs present in many eukaryotic proteins (Lupas
and Gruber, 2005). The proteins carrying coiled-coil motifs participate in different types of
interactions, such as, protein-protein, DNA-proteins, or act as transcription factors, molecular
motors, receptors, signalling molecules, and stalks of surface proteins (Vinson et al., 1989,
Krylov and Vinson, 2001, Martin-Serrano et al., 2004, Lupas and Gruber, 2005, Chae et al.,
2006, Chevalier et al., 2008). Structurally, coiled-coil domains are long, rigid segments or
helices, which assemble into long and mechanically rigid structures, for instance, hair, horn,
keratin, and fibrinogen. Similarly, coiled-coil domains also act as extracellular matrices, such
as, laminin, and cytoskeletal networks e.g. intermediate filaments (Lupas et al., 2005). Due to
their diverse nature, coiled-coil domains have been exploited in medicine. For instance, coiled
coils were used for the targeting and suppression of the adenomatous polyposis coli protein; a
colorectal cancer associated protein, (\Woolfson, 2005). The coiled-coil domains were also used
to target and inhibit the HIV virus (Sharma et al., 1998).

Coiled-coil domains consist of segments of 7 residues, which contain a periodic repetition of
leucine residue at position d in each segment of the 7 residues, known as a heptad repeat (Lupas
et al., 2005). The a-helices of two coiled coil domains twist around each other and form a zip
like structure, in which the hydrophobic side-chains are packed inside the protein core,
whereas, hydrophilic residues protrude outside to interact with partner(s). The coiled coils of a
protein can homodimerize as well as hetrodimerize (Krylov and Vinson, 2001, Lupas and
Gruber, 2005).

In addition to coiled-coil motifs or leucine zippers, glycine zipper or motif(s) are of central
importance for proper folding and insertion into the membranes. The typical glycine sequence
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patterns include, (G,A,S)XXXGXXXG or GXXXGXXX(G,A,S) where the position of glycine
(G) is conserved in the motif. X can be any residue such as glycine, alanine or serine can present
at the start or the end of the motif. In the glycine motif, GXXXG is the key pattern for the
interaction and dimerization of transmembrane helices (Kim et al., 2005). Similar to leucine
zippers, the glycine motif follows a conserved pattern and is majorly involved in a variety of
oligomerizations. Therefore, it was termed the glycine zipper (Landschulz et al., 1988). In
many studies, the substitution of glycine residue in the GXXXG motif resulted in loss-of-

function phenotypes.

As mentioned in Chapter 3, CPRS is predicted to contain leucine as well as glycine zippers,
therefore transgenic lines were developed including substitutions of both types of zippers in
order to characterize their role in conferring CPR5 function. The current chapter covers
complementation of the cpr5-2 plants transformed with CPR5 transgenes, defective in both

types of zippers.
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9.2 RESULTS

9.2.1 AtCPR5 protein is predicted to contain 4 coiled-coil domains

As mentioned in Chapter 3, the CPR5 protein is predicted to contain coiled-coil motifs.
According to the coiled-coil model, the presence of nonpolar (hydrophobic) residues in the first
(a) and fourth (d) positions of the heptad (a, b, c, d, e, f, g) is found to be preferential in coiled-
coil domains (Burkhard et al., 2001). Thus, it was hypothesised that leucine or either of the
hydrophobic residues present at position a and d, are a structural part of coiled-coil domains in
AtCPRS. To test, leucine residues of each heptad were changed by substitutions in SynCPARS
by GeneScript. As shown in Figure 9.1A, the predicted regions of the AtCPRS5 protein contain
leucine or hydrophobic residue(s), which are present in position d of the heptad in the predicted
coiled-coil motifs. Therefore, the substitution of these predicted leucine residues (L) of each
annotated heptad with asparagine (N) residues, allow the testing of their effect on CPR5
functioning. In this way, four different types of constructs were designed with the introduction
of mutations in the leucine residues, individually as well as in different combinations (Table
6.3). Coiled coil transgenes were named as ccdCPR5 (ccd1CPR5, ccd2CPR5, and ccd3CPR5).
Successfully transformed lines of coiled-coil motifs were grown in the soil, screened for
segregation and characterised in order to see the recovery of phenotypes compromised in cpr5-
2. The disruption of functional leucine (a structural part of the heptad) is expected to show

cpr5-2-like phenotypes.

9.2.2 AtCPR5 protein is predicted to contain glycine motifs

In cpr5-1 (Bowling et al., 1997) and old1-1 (Jing et al., 2002) mutants, the glycine residues
present at the 420 and 459 positions were found to be converted into aspartic acid (D) and
serine (S), respectively. The physiological characterisation of cpr5-1, old1-1 and cpr5-2 show
that conversion of glycine into aspartic acid (cpr5-1) and glycine into serine (old1-1) has a
similar effect on plant phenotypes as shown by the mutation of glycine into a stop codon in
cpr5-2. The amino acid sequence alignment of AtCPR5 and its homologue protein sequences

revealed that the position of glycine residues (420 and 459 aa) appears to be conserved and
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present in the majority of AtCPR5 homologues. Thus, it was hypothesised that glycine residues
at positions 420 and 459 are part of a structural motif, and thus represent loss-of-function
phenotypes upon mutation. To confirm, firstly the AtCPR5 protein sequence was analysed
through a number of in silico tools, and literature was reviewed in order to find out a structural
motif containing a conserved glycine residue. The in silico analyses of AtCPR5 protein
sequence revealed that firstly, the regions containing glycine 420 and 459 residues are part of
the predicted transmembrane regions of the CPR5 protein. For example, glycine 420 is present
in the second TM domain, whereas, glycine 459 is part of the third TM domain. Secondly and
most importantly, the region containing glycine 452, 456 and 459 predicts as a glycine motif,
and glycine at 452 and 459 were predicted as integral residues of glycine motif (GIFCGVSG).

This annotation excludes glycine 456 as part of the glycine motif as shown in Figure 9.1B.

As shown in Figure 9.1B, proposed glycine residues were mutated and a number of constructs
were developed for glycine mutants in order to see their effects on plant phenotypes. These
mutations were introduced by GeneScript and mutants were named as GIn420CPR5,
GIn452CPR5, GIn456CPRS5, and GIn459CPR5, depending on the position of glycine residues.
Successfully transformed lines of glycine were grown in the soil, screened for segregation and

characterised in order to see the recovery of phenotypes compromised in cpr5-2 plants.
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Figure 9.1 Position of putative leucine and glycine residues of leucine and glycine motifs
This figure shows the position of leucine (9.1A) and glycine (9.1B) residues of the predicted
coiled-coil and glycine motifs. These figures were prepared using Geneious. The critical
residues of the CPR5 transmembrane and glycine motifs, highlighted in orange font, are
depicted in 9.1C.
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9.2.3 ccdCPRS5 plants display cpr5-like phenotypes

As mentioned above, the position of leucine residues is conserved, and any mutation in their
positions was expected to result in the loss of structure of these coiled-coil domains. Thus,
ccdCPR5 transgenic plants were hypothesised to display compromised phenotypes identical to
cpr5-2 plants. To test, ccdCPR5 transgenes were transformed into cpr5-2 plants and screened,
unless homozygous plants of each line were achieved. As shown in Figure 9.2, none of the
ccdCPR5 transgenes managed to rescue cpr5-2 compromised phenotypes. ccdCPR5 transgenic
plants displayed phenotypes identical to phenotypes on cpr5-2. For example, the leaves on the
ccdCPR5 transgenic lines were shown to possess HR-like lesions and displayed early leaf
senescence for cotyledons and rosette leaves (Figure 9.2). Similarly, ccdCPR5 transgenic
plants produced trichomes in a similar fashion to cpr5-2 plants i.e. trichome typical patterns
and their appendages were missing on the leaves of these plants compared to wild-type Col-0
plants (data not shown). In conclusion, the inability of ccdCPR5 to restore compromised
phenotypes in cpr5-2 plants suggest that the leucine residues of the each putative coiled-coil
motif are likely to be a structural part of the coiled-coil motifs, and hence, their presence is
essential for CPR5 proper functioning. Due to the accomplishment of cpr5-2 phenotypes, the
ccdCPRS5 transgenic lines were marked as non-complimented lines and were not further

characterised at genetic or functional levels.

9.2.4 Glycine residues of the glycine motif show intolerance to mutations

As mentioned above and shown in Chapter 3, glycine residues at 420 452, 456 and 459
positions of CPR5 represent an integral part of the structural motifs of second and third TM
domains of the AtCPRS5 protein. Thus, the introduction of mutation(s) in the selected glycine
residues will result in the loss-of-function phenotypes on GInCPR5 plants, which constitutes
our hypothesis. To test, the cpr5-2 plants were complemented with GInCPR5 transgenes in
order to confirm the role of glycine residues. Contrary to the compromised phenotypes on the
cpr5-1 plants (Bowling et al., 1997), the GIn420CPR5 transgene carrying the substitution of
glycine 420 into alanine, managed to restore compromised phenotypes of cpr5-2. For example,
GIn420CPR5 transgenic plants displayed leaves without HR-like lesions and/or early leaf
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senescence compared to CPR5 wildtype Col-0 (Figure 9.2). Like GIn420CPR5, GIn456CPR5
transgenic plants (carrying substitution of glycine at position 456) also managed to rescue cpr5-
2 compromised phenotypes (Figure 9.2). Contrarily, none of the glycine transgenes
(GIn452CPR5 and GIn459CPR5), managed to recover cpr5-2 compromised phenotypes. For
example, GIn452CPR5 and GIn459CPRS5 plants both exhibited leaves with HR-like lesions
and leaf yellowing in a cpr5-2-like manner (Figure 9.2). In summary, glycine substitutions at
positions 452 and 459 of the glycine motif were unable to complement cpr5-2, compared to
the substitution of glycine residues present at positions 420 and 456 in CPR5.
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Figure 9.2 Plant growth and early leaf senescence on ccdCPR5 and GInCPR5 leaves

This figure presents a comparison of plant growth and early leaf senescence on ccdCPR5 and
GInCPRS leaves as compared to wildtype. Early leaf senescence or yellowing on the leaves of
all of the coiled-coil domain (ccdCPR5) and the majority of GInCPR5 transgenic lines
including, cpr5-2 plants at 18 DAS can be observed. All the plants of ccdCPR5 and GInCPR5
transgenic lines were grown at 22°C and 65% humidity in conditions of 16 hours light and 8

hours dark.
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9.3 DISCUSSION

9.3.1 Leucine residues are crucial for CPRS5 functioning

As mentioned in the introduction, coiled-coil domain(s) participate in many biological
processes and play crucial roles. In silico studies predicted the presence of leucine zippers in
AtCPRS5. The position of leucine residues in the heptad is consistent with the typical leucine
zipper heptad pattern (Ciani et al., 2010). In order to confirm the existence and role of coiled-
coil domains, the typical pattern of the heptad is disturbed through the introduction of
mutations that disrupt putative leucine residues present at the fourth position (d) of the heptad.
For instance, the substitutions of leucine residues with proline (P) residues have abolished
protein activity (Harbury et al., 1993, Cheng et al., 2001, Lupas and Gruber, 2005, Tanaka et
al., 2007, Ciani et al., 2010). In some studies, leucine was mutated into alanine (A), which
successfully resulted in the loss of function. However, the conversion of leucine into alanine
in one study failed to disrupt the coiled-coil domain structure, since this leucine to alanine
substitutions at both positions (a and d) of the heptad, displayed no difference in the helix
stability (Zhou et al., 1992). In the current study, leucine was substituted with asparagine (N)
residues, which successfully abolished protein function and resulted in the accomplishment of
cpr5-2 like phenotypes on the ccdCPR5 transgenic lines, confirming that asparagine (N) is also
a good candidate to mutate coiled-coil domain stability and activity. Moreover, these results
strongly indicate an important role of leucine residues for AtCPR5 proper functions, possibly

by taking part in the formation of coiled-coil domains.

9.3.2 Glycine 452 and 459 are also crucial for CPR5 functions

Like leucine zippers, glycine zippers or motifs are also an integral part of the transmembrane
domains of several proteins, and mutation(s) in the glycine residues of glycine motifs are often
deleterious (Kim et al., 2005). As shown by Bowling et al., (1997) and Jing et al., (2002), a
single nonsense/non-synonymous mutation (G420D and G459S) led to cpr5-2-like phenotypes
in cpr5-1 and old1-1, respectively. Additionally, both the glycine residues are annotated to be
part of the TM domains. The conversion of glycine (a neutral and the most flexible amino acid),
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which generally buries inside TM domains, into aspartic acid (an acidic and negatively charged
residue), could have resulted in conformational change of the AtCPR5 protein structure. This
conformational change or failure of AtCPR5 to be embedded in the membrane caused loss-of-
function of the AtCPR5 protein. However, the substitution of glycine with serine (G459S), and
the execution of cprb-like phenotypes on old1-1 plants is the most interesting, since serine (S)
is present in other AtCPRS5 annotated TM domains, indicating that serine can be a part of the
TM domain. On the other hand, the execution of wildtype-like phenotypes on GIn420CPR5
(G420A) plants show that glycine can be swapped with alanine in the TM domain.

Recently, VVenco et al., (2015) found that a glycine substitution with serine can abolish
dimerization of a glycine zipper which, in turn, directs the protein of interest to the endoplasmic
reticulum and mitochondrial-associated membrane. On the other hand, Kim et al., (2005) have
shown that valine, leucine, Isoleucine, serine and threonine are not good substitutes for glycine
motif disruptions, when compared to alanine, since alanine abolishes a stable helix formation.
The accomplishment of cpr5-like phenotypes on GIn452CPR5 and GIn459CPR5 plants (Figure
9.2) reinforce Venco et al., (2015) results that alanine is one of the amino acids that can
successfully disrupt the glycine motif. Thus, glycine present at 420, may not be part of a glycine
motif compared to glycine present at 459. Hence GIn420CPR5 plants managed to tolerate
G420A substitution and displayed wildtype-like phenotypes, whereas, GIn459CPR5 failed to
compensate for this change (G459A) and exhibited cpr5-like phenotypes. These results are in
line with predictions (Figure 9.1C) that suggest that no glycine motif in the second TM domain
contains glycine 420, since the TM domain lacks the typical consensus sequence
(GXXXGXXG) for a glycine motif. In contrast, the third TM domain (containing glycine 459)
is shown to contain a typical consensus sequence (GXXXGXXG) and strongly annotates as
glycine motif (Figure 9.1C). Therefore, glycine 420 may not be as structurally important in the

same way as glycine 459.

Having established that glycine (420) is not part of a glycine motif and GIn420CPRS5 plants
display wildtype-like phenotypes, it raises a question about how G420D (cpr5-1) conversion
results in cpr5-like phenotypes. However, loss-of-function phenotypes of cpr5-1 are in line

with several studies where the activities of proteins were significantly reduced or abolished
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when aspartic residue was introduced in transmembrane regions of the proteins (Mauzy and
Hermodson, 1992, Haimeur et al., 2004, Freeman-Cook et al., 2004). The most plausible
explanation could be the difference of charge, structure and propensity of aspartic acid and
alanine residues, which could either hinder or contribute to the stable helix formation and/or
membrane insertion. Structurally, glycine and alanine both are hydrophobic amino acids and
are identical in size as compared to aspartic acid, which is hydrophilic in nature and bigger in
size. Thus, the G420A hydrophobic substitution was tolerated as compared to G420D
hydrophilic substitution. Alternatively, alanine could have promoted helix dimerization in the
same way as it promoted glycine helices dimerization in (Harmeier et al., 2009) studies.

On the other hand, cpr5-like phenotypes on GIn4d52CPR5 and GIn459CPR5 transgenic plants
are also consistent with glycine motif prediction (Figure 9.1C), which suggests glycine residues
(452 and 459) as part of the glycine zipper in the third TM region. As shown in Figure 9.1C,
this prediction excludes glycine 456 and suggests that only glycine residues present at 452 and
459 positions are involved in interacting and making interfaces between two helices in order
to facilitate the dimerization of transmembrane helices of AtCPR5. The accomplishment of
wildtype-like phenotypes on GIn456CPR5 plants whereas cpr5-like phenotypes on
GIn452CPR5 and GIn459CPRS5 plants, is consistent with the idea that glycine 452 and 459
could be part of glycine zipper as predicted and shown in Figure 9.1C. Thus, these results
indicate that glycine residues at 452 and 459 positions are crucial for AtCPR5 function, and
that these glycine residues appear to be part of the glycine motif. In addition, substitutions in
glycine residues (452 and 459) are detrimental, compared to the glycine (456) in the non-
glycine motifs of the transmembrane regions.

In summary, current evidence suggests that leucine residues of the annotated coiled-coil
domains and glycine residues of glycine motifs are crucial for AtCPR5 proper functions. Based
on current information, leucine and glycine residues appear to be part of the said motifs,

however, this needs further investigation.
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Chapter 10 FINAL DISCUSSION AND FUTURE PROSPECTS

10.1 AtCPR5 is a nuclear membrane protein

The in silico studies carried out in the current thesis show that NLS-encoding clusters have a
strong resemblance to a number of already characterised classical NLSs from multiple species
(Chapter 8). The presence of three NLS clusters suggests that AtCPR5 NLS could act as a
monopartite, bipartite or tripartite NLS (Chapter 8). It was assumed that if NLS-encoding
cluster(s) were active and functional, the complementation of cpr5-2 plants with nIsCPR5
transgenes would result in cpr5-like phenotypes i.e. a failure to rescue the compromised
phenotypes of cpr5. As shown in Chapter 8, the nIsSCPR5 transgenes were shown to partially
complement cpr5-2; i.e. some of the phenotypes were fully recovered, whereas, others were
partly rescued. For instance, none of the nISCPR5 transgenic lines displayed HR-like lesions
or early leaf yellowing compared to cpr5, except the nlIsCPR5 transgenic lines, which were
classified as non-complemented plants. Similarly, trichome aberration as shown by cpr5, was
fully rescued in nIsCPR5A and nIsCPR5, compared to nIsCPR5AB, nlsCPR5BC and
nIsSCPR5ABC (Chapter 8). Contrarily, all of the nIsCPR5 transgenic plants displayed
intermediate-sized leaves when compared to the wildtype and cpr5 leaves. Additionally,
nIsCPR5, PR1, and PR5 transcript abundances were affected to varying extents. For example,
while position effects on nIsCPR5 transgene expression cannot be excluded, the results indicate
that nIsCPR5B plants displayed transcript abundance insignificantly different from the
wildtype, whereas transcript abundance of nlsCPR5A was significantly less than the wildtype.
Similarly, nlsCPR5BC transcript abundance was insignificant from cpr5 but was significantly
less than the wildtype. In contrast to nISCPR5BC, transcript abundance of nlsCPR5AB was
significantly higher than cpr5 and less than the wildtype. PR1 and PR5 levels were also found
to vary among nIsCPR5 lines. Lastly, all the nlIsCPR5 lines showed increased resistance to
virulent P. syringae, which was similar to cpr5 mutants. Depending on the expression and
mutation, these results demonstrate a degree of dependence of some of the phenotypes on the
NLS cluster(s). Despite having a defective (nISCPR5) or even no NLS (Del63CPR5), how
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nIsCPR5 recombinant proteins managed to execute functions or phenotypes to varying levels,
is obscure. At the same time, these results suggest limited implications of NLS clusters in CPR5
localisation. Moreover, the localisation of a nuclear protein with a defective NLS should be
non-native and the function of the protein should be abolished completely, which is not the
case in the nIsCPR5 and Del63CPR5 lines.

A majority of integral inner nuclear membrane proteins are predicted to have NLS-like
sequences, which help proteins to translocate to the nuclear membrane (Egea et al., 2005, Lusk
et al., 2007). Since localisations of nIsSCPR5 transgenes were not shown in the current study, it
is difficult to relate the effect of mutations in NLS clusters on AtCPR5 nuclear localisation.
However, partial complementation (intermediate leaf size, the rescue of HR-lesions and early
leaf yellowing) in nlIsCPR5ABC and Del63CPR5, where all three of the NLS clusters were
deleted, suggests that NLS clusters may not be required for AtCPR5 nuclear membrane
localisation per se. These results also suggest that the AtCPRS5 protein would have somehow
managed to be natively localised to the NE (Nuclear Envelope) in nlsCPR5ABC and
Del63CPR5 lines, and hence rescued HR-like lesions and early leaf yellowing phenotypes.
AtCPR5 localisation in the nuclear lemma is further supported by Gu et al., (2016), who have
recently shown AtCPR5 to be localised in the nuclear envelope (NE) and proposed CPR5 to be
a part of the nuclear pore complex (NPC). Despite having putative classical NLSs, the role of
NLS clusters in the AtCPR5 nuclear import is further questioned by the localisation of the C-
terminal half (275-564 aa) of AtCPRS5 in the nuclear membrane, similar to the wildtype protein
(Gu et al., 2016). Moreover, the presence of TM domains (Chapter 3) and functional glycine
motif within the third TM domain (Chapter 9) of AtCPR5 reinforces AtCPR5 to be a nuclear

envelope protein.

Having established that AtCPRS5 is a nuclear membrane protein (Gu et al., 2016), how AtCPR5
exclusively targets the nuclear membrane compared to other membranes, and especially when
AtCPR5 NLS clusters are deleted in nIsCPR5, poses an important question. Membrane proteins
are concomitantly translated by translation machinery and targeted to its destined membrane
depending on the signal peptide (Egea et al., 2005, White and von Heijne, 2008, Luirink et al.,

2012). Following recognition of the membrane signal (by Alu domain), which is present just
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before the start of the first transmembrane domain, by the signal recognition particle (SRP) and
its receptor (SR), the translation of nascent protein is arrested, and nascent protein is then
directed to endoplasmic reticulum due to the hydrophilic environment of the cytoplasm
(Fluman et al., 2014). Subsequently, depending on the type of signal peptides (nuclear,
mitochondrial, or chloroplast), protein is directed to its target membrane(s) (Fluman et al.,
2014). Keeping in view these results, in contrast to intermediate phenotypes, the localisation
and function of nIsCPR5 recombinant membrane proteins is expected to be non-native and
non-functional respectively. The nuclear envelope (NE), especially the outer membrane, is a
specialized continuation of the rough endoplasmic reticulum (Ribosomes-studded; Lusk et al.,
2007). Similarly, as the perinuclear space between the inner and outer membranes is continuous
with the ER lumen (Laba et al., 2014), it could be possible that following translation by
ribosomes studded onto the outer nuclear membrane, AtCPR5 could become part of the nuclear
membrane or translocate passively to the NE (Laba et al., 2014). Since CPR5 is reported to be
localised in the endoplasmic reticulum (Gu et al., 2016), this indicates non-specific localisation
and supports ER-mediated CPR5 translocation as well. Whereas, based on the native
localisation of the C-terminus of CPR5 (Gu et al., 2016), AtCPRS translocation to the nuclear
membrane appears to be independent of NLS clusters. Thus, these results led me to propose
that NLS clusters may not be required for AtCPR5 nuclear membrane targeting. However, they
are crucial for AtCPR5 proper functioning and may contribute to efficient localisation, or
provide a function that is not related to nuclear localisation. The quantifications and
localisations of nlsCPR5 recombinant proteins need to be investigated in order to show
reduction in protein localisation to the NE, due to mutation(s) in the putative NLS clusters, and

to relate these reductions with phenotypes or functions.

10.2 CPR5 may exert pleiotropic effects by modifying NPC-mediated selectivity

and entry of nuclear proteins

CPR5 is a part of the nuclear pore complex and could be one of the nucleoporins (Gu et al.,
2016). Being a nucleoporin, CPR5 is shown to manipulate the opening and closing of NPC

depending on the role of CPR5. For example, CPR5 is shown to restrict the entry of NPR1,
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JAZ1 and ABI5 under normal conditions, since cytoplasmic retention of NPR1, JAZ1 and
ABI5 was compromised in the cpr5 allele old1-3 (G120D) (Gu et al., 2016). Additionally, the
N-terminus of AtCPR5 was shown to be implicated in CPR5 homomerization which is
abolished in old1-3. Therefore, Gu et al., (2016) proposed that the NPC restrict the entry of the
aforementioned proteins through CPR5-mediated (dimerization) gating. Moreover, since cpr5-
2 (G477*) and old1-3 (G120D) plants show similar phenotypes, it could be possible that loss-
of-function phenotypes shown by cpr5-2 could also be a result of improper entry of NPR1,
JAZ1 and ABI5 proteins in cpr5. Thus, keeping in view the results obtained by Gu et al., (2016)
and shown in the current thesis, a tempting working model of CPR5 was constructed here. To
understand this model, it is important to assume that 1) CPR5 is a nuclear membrane protein,
which facilitates NPC for the selection of nuclear cargoes, and 2) CPR5 recombinant proteins
are able to be localised in the nuclear membrane in a wildtype manner. Keeping in view the
implication of the CPR5 N-terminus in dimerization and restriction on the entry of nuclear
proteins, SynCPR5 recombinant protein being identical to the wildtype CPR5 protein, would
behave in a wildtype manner and hence restrict or allow the same proteins (Figure 10.1A and
10.1C). Compared to wildtype, the selectivity of nuclear proteins is believed to be abolished in
cpr5 plants (Figure 10.1B) as proposed by Gu et al., (2016). Since, the cpr5-2 mutant protein
is present in the majority of CPR5 transgenic lines in the background, the cpr5-2 protein could
exert a negative (dominant negative allele) effect on CPR5-mediated NPC gating. Therefore,
the degree of effect on gating (closed, partly open or open) would largely depend on the relative

abundance of each type of recombinant protein.

On the other hand, CPR5-mediated NPC selectivity is proposed to be variable depending on
the effect of mutations on CPR5 structural changes, resulting in CPR5 recombinant proteins.
The nIsCPR5A and nIsCPR5B lines have higher transcript abundances than nlsSCPR5AB,
nIsCPR5BC and nIsCPR5ABC, and rescue more phenotypes as compared to nlsCPR5AB,
nIsCPR5BC and nIsCPR5ABC. It could be possible that a higher amount of nIsCPR5A and
nIsCPR5B recombinant proteins would have a better or wildtype-like selectivity for some of
the nuclear proteins (Figure 10.1D) as compared to nIsCPR5AB, nIsCPR5BC and
nlIsSCPR5ABC. Hence, the nIsSCPR5A and nIsCPR5B lines showed the majority of wildtype-
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like phenotypes. The accomplishment of wildtype-like phenotypes, such as, normal trichomes,
susceptibility to PstDC3000 and healthy green leaves without spontaneous lesions or
yellowing, in Del37CPR5 plants show that the first 37 amino acids of AtCPR5 could have no
effect on the selection and restriction of proteins required for the regulation of the said
phenotypes. However, the restriction of proteins required for the regulation of resistance
appears to be abolished in the nISCPR5A and nIsCPR5B lines (Figure 10.1D). Additionally,
intermediate (bigger than cpr5 but smaller than the wildtype) sized leaves on Del37CPR5
plants suggest the partial restriction of proteins required for normal leaf size. Similarly,
intermediate-sized leaves shown by Del63CPR5, demonstrate that compared to Del37CPR5
and Del63CPRS5, restriction on the entry of leaf size proteins was stricter in Del98CPR5 lines,
since Del98CPRS5 lines displayed cpr5-like leaves. Likewise, the bigger leaves but enhanced
susceptibility shown by metCPR5 plants, can be the result of the complete restriction of
proteins needed for the accomplishment of resistance. Whereas, the enhanced entry of growth
promoting proteins could be established in metCPR5 transgenic lines. Alternatively, mutations
in the putative start codons could have enabled metCPR5 recombinant proteins to acquire an
ability to completely restrict resistance related proteins, whereas, it would enhance the entry of
growth promoting proteins (Figure 10.1E). In summary, these results allowed me to conclude
that deletions or mutations in the N-terminus of CPR5 could have resulted in the altered CPR5-
mediated NPC selectivity and gating. Thus, depending on the severity of structural loss, some
of the proteins required for CPR5 normal functions were restricted in some of the CPR5
transgenic lines, whereas, the same proteins were allowed to enter in other lines. Hence, CPR5-

mediated NPC selectivity and nuclear entry allowed CPR5 to exert pleiotropic effects.

10.3 CPR5 IDRs and Coiled-coil-domains may be involved in CPR5-mediated
NPC gating

Coiled-coil domains or leucine zippers of proteins are commonly involved in multiple
interactions (protein-protein, protein-DNA or protein-RNA) (Nguyen and Modis, 2013,
Truebestein and Leonard, 2016) and protein dimerization (Joslyn et al., 1993, Lu et al., 2013).

As shown in Chapter 3, the AtCPR5 N-terminus is predicted to contain four coiled-coil
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domains, which may allow the AtCPR5 N-terminus to be implicated in the dimerization of
AtCPR5 proteins (homodimer) or with putative interacting partners (heterodimer). The
execution of cpr5-like phenotypes by ccdCPRS5 transgenic lines strongly suggests the existence
of functional coiled-coil domains and their role in AtCPR5 homomeric interaction (Chapter 9).
Intrinsically disordered regions (IDRs) or proteins (IDPs) act as signalling hubs (Oldfield and
Dunker, 2014). These hubs enable carrier protein(s) to bind to multiple partners simultaneously
(Kriwacki et al., 1996, Dunker et al., 1998, Hasty and Collins, 2001) by rendering more than
one binding site (Dunker et al., 2005, Xie et al., 2007, Oldfield et al., 2008, Uversky and
Dunker, 2010, Hsu et al., 2013). Alternatively, IDRs/IDPs can bind to a single binding partner
by transiting from a disordered-to-ordered shape (Oldfield et al., 2008; Hsu, 2013). As
discussed in Chapter 4, CPR5 IDRs show strong resemblance to the classical already
characterised IDRs, and contain the majority of the characteristics of typical IDRs. Keeping in
view these results, CPR5 IDR may also facilitate the CPR5 protein to interact with multiple
partners. As established by Gu et al, (2016) and discussed above in Section 10.3, the CPR5 N-
terminus is required for CPR5 homo-dimerization. Thus, coiled-coil (CC) domains and IDRs
could allow CPR5 to interact and select multiple proteins based on the structural motifs present

in its N-terminus, which would subsequently affect CPR5-mediated NPC selectivity.

Taken altogether, the results presented in the current thesis show that the NLS-encoding cluster
may not be required for AtCPR5 nuclear membrane localisation. However, these clusters are
essential for some AtCPRS5 functions. Additionally, the present thesis establishes that the
AtCPR5 N-terminus participates or coordinates in a number of distinct pathways as part of its
role as a selective barrier of NPC. Moreover, quantification and localisation studies in the
future would help to test the degree of effect of mutations on nlsCPRS5 recombinant proteins’

localisation, and subsequently on protein translocation.

231



Various nuclear cargoes
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D. nIsCPR5 Cytoplasm

Nuclear lemma

Nuclear lemma

CPR5
— —\
Nucleoplasm
E. metCPR5 Cytoplasm
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ran N\
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Figure 10.1 Proposed CPR5 schematic diagram in nuclear lemma and its working

This figure shows the proposed position and working of CPR5 in the nuclear membrane as one of
the nucleoporins that controls the entry of an array of nuclear cargo. Under normal conditions,
CPR5 keeps the balance of the entry of cargoes, especially growth and resistance proteins, by
facilitating or modifying NPC gating through CPR5 N-terminal homomerization (A and C). A
large number of deregulated nuclear cargoes enter into the nucleus as result of the removal of NPC
restriction in cpr5 (B). In CPR5 transgenic lines, some, or a varying number of, proteins could be
restricted or allowed to enter into the nucleus in nIsCPR5 lines depending on CPR5 expression
levels (D). A majority of resistance related proteins could be restricted, whereas, growth promoting
proteins are passed in metCPR5 lines (E). The basket represents NPC and a blue spot on one end
of CPR5, marks the N-terminus of CPR5 or CPR5 recombinant versions. This figure is constructed

from Gu et al., (2016) results.
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Chapter 11 APPENDICES

11.1 List of primers

Following is the list of primers which were used for the amplification of CPR5 constructs to

be used for structural studies. The lowercase letters represent restriction sites and stop codon.

11.1.1 Primers for the amplification of untagged CPR5 constructs

Construct Primer Sequence

A Forward ggaattccatATGGAAGCCCTCCTCCTC
Reverse ccgctcgagTCAAGCATAGTCAGACCCACCAT

B Forward catATGGAAGCCCTCCTCCTC
Reverse ggatccTTACTCTAGCGCCGCTTTCC

C Forward catATGGAAGCCCTCCTCCTC
Reverse ggatccTTAAGCTTTCGAAACATCCAACTCT

D Forward catATGGAAGCCCTCCTCCTC
Reverse ggatccTTAGCCTGAGTTAATCGATGAAACTT

E Forward catATGGAAGCCCTCCTCCTC
Reverse GGATCCTTAAACCCGGCAGATGAAGGTGT

F Forward ggaattccat ATGGACAACGACGAAGCTTCT
Reverse ccgctcgagttaAGCTTTCGAAACATCCAACTCT

G Forward ggaattccatatgCATAGATTACGAAACCCTA
Reverse ccgctcgagttaAGCTTTCGAAACATCCAACTCT

H Forward ggaattccatatgCATAGATTACGAAACCCTA
Reverse ccgctcgagttaCTCTTCTTTTCTTGTATCTTCTAAT

11.1.2 List of primers for the amplification of CPR5 constructs with N-ter His-tag

A Forward cgggatccATGGAAGCCCTCCTCCTC
Reverse ccgctcgagTCAAGCATAGTCAGACCCACCAT

B Forward ggatccATGGAAGCCCTCCTCCTC
Reverse ggatccTTACTCTAGCGCCGCTTTCC

C Forward ggatccATGGAAGCCCTCCTCCTC
Reverse ggatccTTAAGCTTTCGAAACATCCAACTCT

D Forward ggatccATGGAAGCCCTCCTCCTC
Reverse ggatccTTAGCCTGAGTTAATCGATGAAACTT

E Forward ggatccATGGAAGCCCTCCTCCTC
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Reverse ggatccTTAAACCCGGCAGATGAAGGTGT
F Forward cgggatccATGGACAACGACGAAGCTTCT
Reverse ccgctcgagttaAGCTTTCGAAACATCCAACTCT
G Forward cgggatccCATAGATTACGAAACCCTA
Reverse ccgctcgagttaAGCTTTCGAAACATCCAACTCT
H Forward cgggatccCATAGATTACGAAACCCTA
Reverse ccgctcgagttaCTCTTCTTTTCTTGTATCTTCTAAT

11.1.3 List of primers for the amplification of CPR5 constructs with C-ter His-tag

A Forward ggaattccatATGGAAGCCCTCCTCCTC
Reverse ccgctcgagAGCATAGTCAGACCCACCATGAAG

B Forward catATGGAAGCCCTCCTCCTC
Reverse ctcgagCTCTAGCGCCGCTTTCCCC

C Forward catATGGAAGCCCTCCTCCTC
Reverse ctcgagAGCTTTCGAAACATCCAACTCT

D Forward catATGGAAGCCCTCCTCCTC
Reverse CctcgagGCCTGAGTTAATCGATGAAACTT

E Forward catatgGAAGCCCTCCTCCTC
Reverse ctcgagAACCCGGCAGATGAAGGTGT

F Forward ggaattccatATGGACAACGACGAAGCTTCT
Reverse ccgctcgagAGCTTTCGAAACATCCAACTCT

G Forward ggaattccatatgCATAGATTACGAAACCCTA
Reverse ccgctcgagAGCTTTCGAAACATCCAACTCT

H Forward ggaattccatatgCATAGATTACGAAACCCTA
Reverse ccgctecgagCTCTTCTTTTCTTGTATCTTCTAAT

11.1.4 List of primers used for real-time quantifications

Primer Name Sequences
CPR5 Forward GGTGATGGCAAACTCTGGCTAATAGTTCG
Reverse AAAGATGGCCTCCTCGTCTCAAGCA
CPR5-Opt Forward ACTTCCTCAATAAGCGCTCGAGT
Reverse ATTAATGGGCCCGAACATCAAT
cprb-2 Forward GGTGATGGCAAACTCTGGCTAATAGTTCG
Reverse CCCACCATGAAGGTGATACATAGCGAAG
PRI Forward ACACGTGCAATGGAGTTTGTGG
Reverse TTGGCACATCCGAGTCTCACTG
PR5 Forward ATCACCCACAGCACAGAGACAC

235




Reverse

AGCAATGCCGCTTGTGATGAAC

PDF1.2 Forward CTTGTTCTCTTTGCTGCTTTCGAC
Reverse TTGGCTCCTTCAAGGTTAATGCAC
KRP2 Forward TAGGAGATTATGGCGGCGGTTAGG
Reverse TTTCACCGTCGTCGTAACTC
CYCA2;3 Forward TCTTGGGAGATCAGCTTCTACAGC
Reverse GGCATAGAGGCAGCACAGTAAAGG
ACT?2 Forward TCTTCCGCTCTTTCTTTCCAAGC
Reverse ACCATTGTCACACACGATTGGTTG
UBC9 Forward TCACAATTTCCAAGGTGCTGC
Reverse TCATCTGGGTTTGGATCCGT

11.1.5 List of genotyping primers

Primer Name Primer Sequences
CPR5 Forward GGTGATGGCAAACTCTGGCTAATAGTTCG
Reverse AAAGATGGCCTCCTCGTCTCAAGCA
cpr5-2 Forward GGTGATGGCAAACTCTGGCTAATAGTTCG
Reverse CCCACCATGAAGGTGATACATAGCGAAG
MF-53 Forward TCAAATCACCAATCCGGCGA
Reverse GGCCCGAACATCAATCCGTA
metCPR5b Forward TACATAAAGATGAGACGCAAAGACA
Reverse GGCCCGAACATCAATCCGTA
metCPR5bc Forward CTTAAGGGAAAGAAGAAAGAGATTCAA
Reverse GGCCCGAACATCAATCCGTA
nIsCPR5A Forward GACGATGATGATGAAGCAACAA
Reverse GGCCCGAACATCAATCCGTA
nlsCPR5B Forward ATACGAATCCATCGAATTTGGAAC
Reverse GGCCCGAACATCAATCCGTA
nlsCPR5AB Forward GGATACGAATCCATCGAATTTGGAACAAC
Reverse GGCCCGAACATCAATCCGTA
nlsCPR5BC Forward CAACAACAGCTTAAGGGACAGCAGCAG
Reverse GGCCCGAACATCAATCCGTA
nlsCPR5ABC | Forward GAATCCATCGAATTTGGAACAACAAC
Reverse GGCCCGAACATCAATCCGTA
Del37CPR5 Forward ATGGAATAGAAGCTTAAGGGAAAG
Reverse GGCCCGAACATCAATCCGTA
Del63CPR5 Forward ATGGAATAGAAGCTTGTCGACCTCTA
Reverse GGCCCGAACATCAATCCGTA
Delck1CPR5 Forward TTCGTCCTATTGTTCTACATCGTC
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Reverse GGCCCGAACATCAATCCGTA
GIn452CPR5 | Forward TTCCTGACACTCCACAGAATATCG

Reverse GGCCCGAACATCAATCCGTA
GIn456CPR5 | Forward AACGCAAAGTTTTCCTGACACCG

Reverse GGCCCGAACATCAATCCGTA

11.2 List of accession number of CPR5-like proteins

Name

Accession #

Name

Accession #

A. thalina

911194306663

Medicago truncatula

911657395169

A. lyrata XP 002866642.1 Musa acuminata gil695024986

Amborella gi|586710323 Nelumbo nucifera gi|720092824

trichopoda

Beta vulgaris gi|731339884 Nicotiana gil698479954
sylvestris

Brachypodium gill357143745 Nicotiana gil697168875

distachyon tomentosiformis

Brassica napus

911674918646

Oryza brachyantha

911573920747

Brassica rapa

XP 009150570.

1 Oryza glaberrima

gil532130969

Camelina sativa

gil|727541991

Oryza sativa Indica

gil218189614

Capsella rubella

gill1565432272

Phaseolus vulgaris

gi11593328354

Cicer arietinum

911502140031

Phoenix dactylifera

gil672110551

Citrus clementina

gill567870861

Populus euphratica

gi|743823318

Coffea canephora

gll661883576

Populus euphratica

gi|743838012

Cucumis melo

gil1659080230

Populus trichocarpa

911566170215

Cucumis sativus

gi|778719342

Prunus mume

911645280405

Elaeis guineensis

gi|743804951

Ricinus communis

gi|255575531

Eucalyptus grandis

gi|702457680

Sesamum indicum

gi|747105235

Eutrema salsugineum

gil567136927

Setaria italica

gi|514718676

Fragaria vesca

gill764596945

Solanum
lycopersicum

gil460383456

Glycine max

9i]571460555

Solanum tuberosum

911565376439

Glycine soja

gi]734436958

Sorghum bicolor

911242066666

Gossypium arboreum gi| 728836204 Tarenaya gi|729361963
hassleriana
Gossypium hirsutum XP 016740714.1 Theobroma cacao gi|590707806

Gossypium raimondii

911763750924

Vitis vinifera

gi1225438581

Hordeum vulgare

gil326533350

Zea mays

gil670394607

Jatropha curcas

gil802615483

Zea mays

gi|413951523
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https://www.ncbi.nlm.nih.gov/protein/297797515?report=genbank&log$=protalign&blast_rank=4&RID=1ZCEB9MV01R
https://www.ncbi.nlm.nih.gov/protein/1029124577?report=genbank&log$=protalign&blast_rank=22&RID=1ZCEB9MV01R

11.3 Students’ t-test results

11.3.1 Expression levels: Statistical significance at p < 0.05 (Students’ t-test)

cpr5 | SynCPR5LL | SynCPR5L2 | SynCPR5L3 | SynCPR5L4 | SynCPR5L5 | SynCPR5L6
Col0 0.00 0.22 0.00 0.01 0.28 0.02 0.15
cpr5 0.00 0.00 0.00 0.00 0.00 0.00
SynCPR5L1 0.00 0.01 0.04 0.00 0.50
SynCPR5L2 0.01 0.00 0.00 0.01
SynCPR5L3 0.00 0.00 0.07
SynCPR5L4 0.04 0.04
SynCPR5L5 0.01

11.3.2 Trichomes with three appendages: Statistical significance at p < 0.05 (Students’

t-test)
cpr5 | SynCPR5L1 | SynCPR5L2 | SynCPR5L3 | SynCPR5L4 | SynCPR5L5 | SynCPR5L6

Col0 0.00 0.02 0.03 0.00 0.00 0.00 0.00

cpr5 0.00 0.00 0.00 0.00 0.00 0.00
SynCPR5L1 0.81 0.00 0.02 0.00 0.00
SynCPR5L2 0.00 0.02 0.00 0.00
SynCPR5L3 0.00 0.77 0.03
SynCPR5L4 0.00 0.00
SynCPR5L5 0.03
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11.3.3 Area of third leaf pair: Statistical significance at p < 0.05 (Students’ t-test)

cpr5 | SynCPR5L1 | SynCPR5L2 | SynCPR5L3 | SynCPR5L4 | SynCPR5L5 | SynCPR5L6 | SynCPR5L7
Col0 000 | 006 0.86 0.47 0.00 0.00 0.00 0.00
cpr5 0.00 0.00 0.00 0.00 0.00 0.00 0.00
SynCPR5L1 0.13 0.07 0.00 0.00 0.00 0.00
SynCPR5L2 0.66 0.01 0.02 0.05 0.04
SynCPR5L3 0.00 0.00 0.00 0.00
SynCPR5L4 0.01 0.00 0.00
SynCPR5L5 0.01 0.02
SynCPR5L6 0.29

11.3.4 Area of fourth leaf pair: Statistical significance at p < 0.05 (Students’ t-test)

cpr5 | SynCPR5L1 | SynCPR5L2 | SynCPR5L3 | SynCPR5L4 | SynCPR5L5 | SynCPR5L6 | SynCPR5L?
Col0 000 | 0.70 0.80 0.80 0.02 0.02 0.12 0.04
cpr5 0.00 0.00 0.00 0.00 0.00 0.00 0.00
SynCPR5L1 0.69 0.73 0.00 0.00 0.01 0.00
SynCPR5L2 1.00 0.00 0.00 0.01 0.00
SynCPR5L3 0.00 0.00 0.01 0.00
SynCPR5L4 0.64 0.01 0.08
SynCPR5L5 0.02 0.13
SynCPR5L6 0.12
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11.3.5 PR1 transcript abundance: Statistical significance at p < 0.05 (Students’ t-test)

cpr5 | SynCPR5LI | SynCPR5L2 | SynCPR5L3 | SynCPR5L4 | SynCPR5L5 | SynCPR5L6
Col0 000 | o001 0.02 0.00 0.00 0.00 0.00
cpr5 0.00 0.00 0.01 0.01 0.01 0.02
SynCPR5L1 0.14 0.00 0.00 0.00 0.00
SynCPR5L2 0.00 0.00 0.00 0.01
SynCPR5L3 0.05 0.03 0.45
SynCPR5L4 0.02 0.05
SynCPR5L5 0.46
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11.3.6 Expression levels: Level of statistical significance at p < 0.05 (Students’ t-test)

cpr5 | nIsCPR5ABL1 | nlsCPR5ABL2 | nlsCPR5BCL1 | nISCPR5BCL2 | nlsCPR5AL1 | nIsCPR5AL2 | nISCPR5BL1 | nISCPR5BL2 | DelCPR563L1 | DelCPR563L2

Col0 0.00 0.01 0.00 0.00 0.00 0.03 0.02 0.63 0.51 0.00 0.00

cprd 0.00 0.01 0.06 0.06 0.00 0.02 0.00 0.00 0.26 0.31
nISCPR5ABL1 0.00 0.00 0.00 0.17 0.54 0.02 0.01 0.00 0.01
nIsCPR5ABL2 0.01 0.02 0.00 0.10 0.00 0.00 0.02 0.45
nISCPR5BCL1 0.47 0.00 0.03 0.00 0.00 0.58 0.66
nIsCPR5BCL2 0.00 0.03 0.00 0.00 0.86 0.52
nIsCPR5AL1 0.20 0.04 0.02 0.00 0.01
nISCPR5AL2 0.02 0.01 0.03 0.09
nIsCPR5BL1 0.89 0.00 0.00
nIsSCPR5BL2 0.00 0.00
DelCPR563L1 0.79
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