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Thesis Abstract

Peptide hormones can mediate the communication between plant cells by
binding their corresponding plasma membrane-localized receptor and inducing
downstream effects. Among the peptide hormones, CEPs (C-TERMINALLY
ENCODED PEPTIDEsSs), play multiple roles in plant growth and development.
In Medicago truncatula (Medicago), the receptor that interacts with CEP
peptides remains unknown. Thus, this thesis aimed to identify the CEP receptor
directly via bottom up proteomics and by using in vivo ligand-receptor binding

assays in CEP responding and non-responding backgrounds.

First, plant transmembrane proteins (TMPs) are essential for normal cellular
homeostasis, nutrient exchange and responses to environmental cues.
Commonly used bottom-up proteomic approaches fail to identify a broad
coverage of peptide fragments derived from TMPs. Here, we used mass
spectrometry to compare the effectiveness of two solubilization and protein
cleavage methods to identify shoot-derived TMPs from the legume Medicago,
including the putative CEP receptor, COMPACT ROOT ARCHITECTURE 2
(CRA2). We compared a urea solubilisation, trypsin Lys-C (UR-TLC) cleavage
method to a formic acid solubilisation, cyanogen bromide and trypsin Lys-C (FA-
CTLC) cleavage method. We assessed the effectiveness of these methods by
(i) comparing total protein identifications, (ii) determining how many TMPs were
identified, and (iii) defining how many peptides incorporate all, or part, of
transmembrane domains (TMD) sequences. The results show that the FA-
CTLC method identified nine-fold more TMDs, and enriched more hydrophobic
TMPs than the UR-TLC method. FA-CTLC identified more TMPs, particularly
transporters, whereas, UR-TLC preferentially identified TMPs with one TMD,
particularly signaling proteins. We identified 8993 protein groups including 3289
TMPs in young shoot tissues, which accounts for around 36 % of the predicted
Medicago TMPs, however, we were unable to identify CRA2 with a high degree
of certainty. Nevertheless, the results suggest that combining plant membrane
purification techniques with both the FA-CTLC and UR-TLC methods will
achieve a more complete identification and coverage of TMPs.
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Second, we use formaldehyde or photo-activation to cross-link fluorescently
tagged group 1 or group 2 CEPs to receptors in semi-purified Medicago or
Arabidopsis thaliana (Arabidopsis) leaf vascular tissue. In the beginning, we
synthesized the CEP peptides and their modified derivatives and tested their
biological activities to confirm that the synthetic peptide still binds its receptor.
Formaldehyde cross-linked fluorescently (FITC)-tagged Medicago group 1 CEP
(MtCEP1) bound to a specific subset of vascular tissue cells in wild type leaves,
but not those from Arabidopsis or Medicago CEP receptor mutants. Binding
competition showed that unlabeled MtCEP1 displaced the FITC-MtCEP1 from
the CEP receptor in vivo. By contrast, the group 2 CEP, FITC-AtCEP12, which
has several divergent amino acids to group 1 CEPs, bound to vascular tissue
cells independently of the confirmed Arabidopsis CEP receptor, CEPR1, or the
putative Medicago CEP receptor, CRA2. The crosslinking of photo-activated
FITC-MtCEP1 to the periphery of vascular tissue cells suggested that the
putative Medicago CEP receptor, CRA2, localized to the plasma membrane.
We visualized the photo-cross-linking of FITC-MtCEP1 to CRAZ2 using SDS-
PAGE and fluorescence-detection. Mass spectrometry analysis identified
CRA2-specific peptides in this band. Collectively these results indicate that
FITC-MtCEP1 binds to CRA2, and that M(CRA2 and AtCEPR1 are functionally
similar. The use of formaldehyde or photo-activation to crosslink biologically-
active, fluorescently-tagged ligands to receptors is a simple technique that may
find wide utility to demonstrate ligand receptor pairings in specific tissues,
augment genetic evidence supporting ligand-receptor pairing, or identify ligand

binding sites.
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Chapter 1: Introduction

12



1.1 Plant peptide hormones regulate growth

Peptide hormones are short polypeptides that consist of 5-60 amino acids
(Tager and Steiner, 1974). In the past two decades peptide hormones have
been recognized as key elements that plants use for short and long-distance
cell-cell interactions. About 20 different types of secreted peptide hormones are
known to control specific growth and development responses in plants (Fig. 1.1)
(Czyzewicz et al., 2013; Tavormina et al., 2015; Breiden and Simon, 2016; Roy
et al., 2018). These include Rapid Alkalinisation Factor (RALF) peptides and its
receptor Feronia (FER) and Lorelei (LRE)-Like Glycosylphosphatidylinositol
(GPI)-anchored protein 1 (LLG1) for immune signalling, Phytosulfokine (PSK)
and its receptor PSKR1 for growth regulation, Shafer's Classic Reproductions
(SCR/SP22) and its receptor S locus receptor kinase (SRK) for prevent
inbreeding, CLAVATA 3 (CLV3) and its receptors CLAVATA 1 (CLV1),
CLAVATA 2 (CLV2), and CORYNE for shoot development, as well as C-
terminally encoded peptide (CEP) and its receptor CEPR1 (Matsubayashi and
Sakagami, 2006; Ohyama et al., 2008; Djordjevic et al., 2011; Stahl and Simon,
2012; Delay et al., 2013; Imin et al., 2013; Roberts et al., 2013; Tabata et al.,
2014; Djordjevic et al., 2015; Mohd-Radzman et al., 2015; Mohd-Radzman et
al., 2016; Ohkubo et al., 2017; Imin et al., 2018; Kereszt et al., 2018; Chapman
et al., 2019; Delay et al., 2019; Xiao et al., 2019; Chapman et al., 2020). Most
peptide hormones are secreted to the apoplast where they are thought to
interact with plasma membrane located receptors on the surfaces of nearby
cells (Franssen and Bisseling, 2001; Murphy et al., 2012) or cells at great
distance from the site of ligand production, which has been demonstrated with
certain species of CLE and CEP peptides (Huault et al., 2014; Tabata et al.,
2014; Mohd-Radzman et al., 2015; Notaguchi and Okamoto, 2015; Okamoto et
al., 2015; Mohd-Radzman et al., 2016; Patel et al., 2018; Chapman et al., 2019;
Laffont et al., 2019; Chapman et al., 2020; Gautrat et al., 2020). The class Xl
of leucine rich repeat receptor like kinases (LRR-RLKs) are thought to
preferentially interact with small (12 -18 amino acid) secreted peptide hormones
(Chakraborty et al., 2019).
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1.2 C-TERMINALLY ENCODED PEPTIDEs (CEPs) and the function of
CEPs
My thesis will focus on a family of proline-rich signalling peptides, called C-
TERMINALLY ENCODED PEPTIDEs (CEPs). CEP peptide encoding
multigene families occur universally in the genomes of flowering and seed-
bearing plants (Ogilvie et al., 2014). Most CEP genes encode a short
prepropeptide of about 100 amino acids, but some CEP genes can have 2 or
more 15 amino acid CEP domains and encode larger precursors. These
precursors encode an N-terminal signal peptide, a variable domain, one or
more CEP domains and, often but not always, a short C-terminal extension
(Delay et al., 2013; Imin et al., 2013; Ogilvie et al., 2014) (Fig 1.2 A). Upon N-
terminal processing as the product transitions into the ER, the precursor is
further processed by unknown proteases (most likely located in the Golgi
apparatus) to liberate 15 amino acid, secreted peptide(s) corresponding to the
CEP domain (Ohyama et al., 2008; Mohd-Radzman et al., 2015; Ogilvie et al.,
2014). During processing one or more of the proline residues is/are
hydroxylated by prolyl-4-hydroxylases (P4Hs) (Fig. 1.2A), which are encoded
by 13 genes in Arabidopsis (Ohyama et al., 2008; Tabata et al., 2014; Mohd-
Radzman et al., 2015) or further modified by glycosyl residues catalysed by
glycosyl transferases (Mohd-Radzman et al., 2015). P4Hs and glycosyl
transferases are located in the Golgi (Ogilvie et al., 2014). In Medicago
truncatula and Arabidopsis thaliana respectively there are 13 and 12 group 1
CEP genes (MtCEP1-13; AtCEP1-12), and 5 and 3 so-called group 2 CEP
genes (MtCEP14-17, MtCEP19; AtCEP13-15) (Fig. 1.2 B&C) that encode one
or more CEP peptides. Medicago CEP1 (MtCEP1), which encodes two group
1 CEP peptides, controls root growth by reducing the number of lateral roots
and increasing root nodule number (Imin et al., 2013; Mohd-Radzman et al.,
2015; Mohd-Radzman et al., 2016), whereas Arabidopsis CEP3, a group 1 CEP
peptide, decreases main root and lateral root growth in Arabidopsis (Delay et
al., 2013; Chapman et al., 2019; Delay et al., 2019; Chapman et al., 2020). In

Arabidopsis and legumes, CEPs can enter the xylem stream (Tabata et al.,
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2014; Ohkubo et al., 2017; Patel et al., 2018). CEP genes are induced by
several environmental conditions, including low nitrogen (N), or N starvation,
hypoxia, low sulphate, low phosphate, low iron, high CO2 and sucrose, and
osmotic stress caused by high levels of salt or mannitol (Imin et al., 2013;
Chapman et al., 2019) (green box in Fig 1.1). The role of group 2 CEPs remains
unknown. This thesis addresses functional aspects of group 1 and group 2
CEPs.

16
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CEPs play a central role in controlling major aspects controlling root
development, root system architecture, root nodule formation and nitrogen (N)
demand signalling auxin transport and resource allocation supporting yield
(Ohyama et al., 2008; Delay et al., 2013; Imin et al., 2013; Roberts et al., 2013;
Tabata et al., 2014; Mohd-Radzman et al., 2016; Ohkubo et al., 2017; Taleski
et al., 2018; Chapman et al., 2019; Delay et al., 2019; Chapman et al., 2020;
Taleski et al., 2020) where they mediate local and systemic interactions (Huault
et al., 2014; Tabata et al., 2014; Mohd-Radzman et al., 2016; Chapman et al.,
2019; Laffont et al., 2019; Chapman et al., 2020). Differences in the expression
pattern of, and phenotypic responses to AtCEP1 and MtCEP1 in Arabidopsis
and Medicago species respectively, suggests CEPs contribute to root system
plasticity differently in divergent plant species (Delay et al., 2013; Roberts et al.,
2013; Tabata et al., 2014; Chapman et al., 2019; Chapman et al., 2020; Ogilvie
etal., 2014)ab . AtCEP1 was first described as a negative root growth regulator
in Arabidopsis (Ohyama et al., 2008). By contrast, the application of the
MtCEP1 peptide to Medicago not only decreased root growth but also
increased rhizobia infection rates, nodule number and the production of “fused”
nodules. In fused nodules, two developmentally distinct nodule foci in close
proximity to one another fuse together (Mohd-Radzman et al., 2016). in
Medicago, a low nitrogen condition will trigger the MtCEP1 expression in root
as shown in Fig. 1.3. The MtCEP1 will travel to the shoot interact with its
putative receptor, MtCRA2 (Compact Root Architecture 2), to trigger micro-
RNA miR2111 expression. miR2111 targets the transcripts of downstream
genes TML1 (Too Much Love 1) and TML2 (Too Much Love 2), which encode
F-box Kelch repeat proteins in the root that negatively regulate nodule number
(Gautrat et al., 2020). In Arabidopsis, like Medicago, the low nitrogen conditions
will trigger the production of AtCEPs in the root, which travel to the shoot and
interact to the CEPR1. As a consequence, this triggers the production of the
type Il glutaredoxins, CEPD1 and CEPD2, which travel to the root to regulate
NRT 2.1 expression (Ohkubo et al., 2017).

18



‘/
NRT 2.1
AtCEPs

MtCEP1

T™ML 1/2

Gautrat et al, 2020 [ ] Taleskietal, 2018

Figure 1.3. CEP-CEPR pathways control plant root development in
Arabidopsis and Medicago

1.3 The receptor of CEPs in Arabidopsis and Medicago

CEPs control root growth and development by interacting with membrane-
bound receptors on target cells (Tabata et al., 2014; Mohd-Radzman et al.,
2016), which are the leucine rich repeat receptor like kinases (LRR-RLKS).
LRR-RLKs play critical roles in plant growth, morphogenesis, disease immunity
responses and stress regulation (Mitra et al., 2015). LRR-RLKs form a large
family of membrane bound receptor consisting of an extracellular domain
connected by a single-pass transmembrane sequence to a cytoplasmic kinase
domain (Fig 1.4). It is thought that the auto-phosphorylation of specific Ser
and/or Thr and/or Tyr residues in the kinase domain or the juxtamembrane
domain is often critical for the activation of LRR-RLKs family members.
Arabidopsis encodes 220 LRR-RLKs (Shiu and Bleecker, 2001) subdivided into
multiple sub-families. It is hypothesised that 100 of these Arabidopsis LRR-
RLKs interact with different classes of secreted peptides (Matsubayashi, 2018)
to mediate a plethora of physiological processes central to plant growth,

development, and defence (Matsubayashi and Sakagami, 2006).
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Fig 1.4. The schematic diagrams of MtCRA2
The schematic diagrams were made using the Protter online tool (Omasits et
al., 2014) (http://wlab.ethz.ch/protter/start/).

There are 13 different classes of LRR-RLKs in Arabidopsis (Ten Hove et al.,
2011). A previous study identified two CEP receptors (CEPRS) that bind CEP
peptides in Arabidopsis, XYLEM INTERMIXED WITH PHLOEM 1 (XIP1) /CEP
RECEPTOR1 (CEPRL1) (At5g49660) and CEPR2 (Atlg72180) (Tabata et al.,
2014) which both belong to class XI. In this study, the binding to radio-labelled
CEP peptide could be competed off the CEPR1 receptor by several non-
radiolabelled CEP peptides (Tabata et al., 2014) indicating CEPR1 is the
receptor for several CEP peptides. Mutation of AtCEPR1 was also shown to

disrupt nitrate-uptake machinery (Tabata et al., 2014) and a more branched
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root architecture was observed in Arabidopsis (Fig. 1.5 A) (Chapman et al.,
2019) and in Medicago (Fig. 1.5 B) (Huault et al., 2014). Additionally,
COMPACT ROOT ARCHITECTURE 2 (CRA2), was proposed to be a XIP1/
CEPR1 homologue which expressed in the vascular tissue of roots and shoots
(Laffont et al., 2019). Previous studies showed MtCRAZ2 being phloem localized
as suggested by in situ gene expression studies (Fig. 1.6 A) (Huault et al., 2014)
and CEPR1 was identified as being expressed mainly in vasculature (Fig. 1.6
B) (Taleski et al., 2020). Since Medicago MtCRA2 is homologous to CEPR1
(Huault et al., 2014) and MtCRA2 /CEPR1 mutants are insensitive to CEP
peptides, MtCRA2 has been proposed to be a CEP receptor in Medicago
(Mohd-Radzman et al., 2016). These results suggest that MtCRA2 and CEPR1
are functionally similar, however the receptor-peptide interaction in Medicago

is yet to be validated.

At-cepr1

Mt-WT Mt-cra2
Kelly et al., 2019 Huaultet al., 2014

Figure 1.5. Phenotypes of CEP receptor mutants.
(A) Arabidopsis cepr1 mutants have more branches roots than wild-type plants.
(B) The Medicago “COMPACT ROOT ARCHITECTURE 2” mutant (cra2) has

short roots and more lateral roots that are independent of the growth conditions.
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Huaultet al,, 2014 Taleskietal., 2020

Figure 1.6. CEPR expressed in vasculature in Medicago and Arabidopsis.
In situ hybridization of the MtCRAZ2 transcripts in stem transversal sections (A)
With an anti-sense probe (purple signal) (B) with a sense probe used as a
negative control. GUS staining of CEPR1 expression in the Arabidopsis
reproductive organs. (C) stage 12 gynoecium (D) mature silique. Scale bars in
(C) (D)=1 mm

Many receptor-peptide ligands pairs remain to be elucidated. For example,
several recently identified novel xylem-mobile peptides, termed XAPs, do not
yet have receptor partners (Okamoto et al.,, 2015; Patel et al., 2018).
Biochemical binding assays, bioassay guided purification, isothermal titration
calorimetry, gel filtration and genetic approaches are effective at identifying
peptide ligand-receptor pairings (Tabata et al.,, 2014; Santiago et al., 2016;
Song et al., 2016), however, each technique has limitations. Therefore, there is
a need to devise simple, complementary, and rapid methods for identifying or

validating peptide hormone-receptor pairings in vivo.

1.4 CEP receptor may need a co-receptor to form stable binding complex
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The signal transduction through LRR-RLKSs is thought to initiate with the peptide
ligand binding to the corresponding receptor. After ligand binding the
extracellular domain of the LRR-RLKS, the receptors initiate a ligand-driven
stable complex, homodimerically or heterodimerically (Li et al., 2002; Sun et al.,
2013; Meng et al., 2015; Wang et al., 2015; Meng et al., 2016; Song et al., 2016;
Zhang et al., 2016; Li et al., 2017; Hu et al., 2018).

In Arabidopsis, several cases showed the LRR-RKs signalling involves
complexes with co-receptor(s). This ligand-receptor-co receptor complex such
as BRI1 (brassinosteroid insensitive 1) can work with BAK1/SERKS
(brassinosteroid insensitive 1-associated receptor kinase 1/ somatic
embryogenesis receptor-like kinases 3) (Hothorn et al., 2011; Sun et al., 2013)
to form receptor complex for the binding of the brassinosteroid ligand. The
ligand-receptor-coreceptor complex can initiate the transphosphorylation of the
kinase domains to initiate a downstream signal pathway(Sun et al., 2013; Bojar
et al., 2014). The peptide ligand IDA binds to its receptor HAESA, also a LRR-
RLK, to trigger floral organ abscission, and this ligand-receptor complex
requires SERK1 (Somatic embryogenesis receptor kinase 1) as a co-receptor
to form stable binding (Santiago et al., 2016). In this study, they demonstrated
the ligand-receptor-co receptor complex structure by crystalizing the
ectodomain of HAESA, SERK1 with IDA (Fig. 1.7). The co-receptor SERK1 can
significantly increase the binding efficiency between HAESA and IDA. Based
on the prevalence of SERK as a coreceptor for several peptide-receptor
interactions, it is possible that there is a co-receptor to stabilize the MtCRA2-

MtCEP1 complex. However, the co-receptor for CEPR1 is still unclear.
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. HAESA LRR domain . SERK1 . IDA

Figure. 1.7. The ligand-receptor-co receptor complex structure of HAESA,
SERK1 with IDA (ref)

1.5 Identification of protein-protein interactions (PPIs)

1.5.1 Recent methodology in protein-protein interactions (PPIs) study

To identify the protein-protein interaction, there are several commonly used
approaches, such as the isothermal titration calorimetry (ITC) (Duff and Howell,
2015), gel filtration chromatography (Bai, 2015), pull down assay (Miura and
Imaki, 2008; Gerace and Moazed, 2015), reflectometric interference
spectroscopy (RIFS) (Abdiche et al.,, 2008; Wilson et al., 2010), surface
plasmon resonance spectroscopy (SPR) (Patching, 2014), circular dichroism
spectroscopy (CD) (Siligardi et al., 2014), Raman optical activity spectroscopy
(ROA) (Zhu et al., 2005), and cryo-electron microscopy (Cryo-EM) (Hauer et al.,
2015) (Table 1.1) (Miura, 2018). These candidates can be further confirmed in
vivo (Xing et al., 2016), by approaches such as yeast two-hybrid (Piya et al.,
2014) and the split-ubiquitin system (Johnsson and Varshavsky, 1994) in yeast
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model systems, as well as the fluorescence resonance energy transfer (FRET)
(Sun et al.,, 2013), bimolecular fluorescence complementation (BiFC)
(Berendzen et al.,, 2012), split-luciferase (Stynen et al., 2012) and co-
immunoprecipitation (Co-IP) (Masters, 2004) in plant model systems (Table 1.2).
However, in vitro screening potential PPIs candidates for plant is usually costly
and cannot completely reproduce the in vivo condition, since the artificial
binding condition can lead to high false positive screening results which need
extra step for further confirmation (Awuni and Mu, 2015; Deng et al., 2015).
Although many of these approaches can be used to validate protein-protein
interactions, most in vivo PPls experiments are not suitable to identify peptide
ligand-receptor interaction since the molecular weight of peptide is usually
much smaller than the receptor and need alternative approach (McFedries et
al., 2013; Du et al., 2016). For example, stable isotope labelling for ligand-
receptor identification combining the genetical mutant plant to verify the
interaction were used as alternative approach in plant such as Arabidopsis and
tomato to verify specific ligand-receptor pairs (Matsubayashi and Sakagami,
2006). However, these approaches were usually costly, highly time consuming

and only can be applied in a case dependent manner.
Table 1.1 In vivo protein-protein interaction test (Miura, 2018)

: . . __— Higher
Protein Interactor Protein  Affinity  Kinetic
Methods o _ i ~ Structure Reporter
Binding Protein Complex Analysis Analysis

Analysis
Pull Band/spot by
+ + + - - -
down SDS-PAGE
Two- Colony
+ + - - - -
hybrid formation
Gel -
_ _ + - + - - - Retention time
Filtration
ITC + - - + - - Temperature
FRET + - - + - - Fluorescence
LOCI + - - + - - Luminescence
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RIFS + ; ;
SPR + - -

CD + - -
ROA + - -
SAXS - - -
NMR + - -

Cryo-EM + - -

+: possible and suitable to verify PPI;

+: possible to verify PPl depending on conditions;

-: rather unsuitable or impossible to verify PPI

26

I+

I+

I+

I+

Interference
spectrum
Resonance
angle
Absorbance of
circularly
polarized light
Raman
scattering by
circularly
polarized light
Scattered X
rays
Chemical shift

Images of

proteins



Table 1.2 In vivo protein-protein interaction test (Xing et al., 2016)

Method

Yeast two-hybrid

Split-ubiquitin

system

Fluorescence

resonance energy

transfer
Bimolecular
fluorescence

complementation
Split-luciferase

Co-

Organism/

System

Yeast

Yeast

Plant

Plant

Plant

Plant

immunoprecipitation

Reporter

Survival on
depleted medium

or enzymatic

Survival on
depleted medium

or enzymatic

Fluorescence

Fluorescence

Bioluminescence,

enzymatic

Immunostaining

Detection

of
Protein
Binding

Quantification

++

++

++

++

Reference

Piya et al.,
2014

Johnsson
and
Varshavsky,
1994

Sun et al.,
2013

Berendzen
etal., 2012

Stynen et

al., 2012

Masters,
2004

Table 1.2 In vivo protein-protein interaction test (continued) (Xing et al.,

2016)

Yeast two-hybrid

Method

Pro

Simple and cheap

technique
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Simple and cheap ) _
. . Possible low protein
. o technique, potentially _
Split-ubiquitin system expression, probes
can be used on all
_ need to face cytosol
proteins

Fluorescence

. _ spectral might self-
Can visualized

Fluorescence resonance energy . ' ' interfering or
interaction site, Simple _
transfer _ bleaching,
technique _
concentration
dependence
] Simple technique and
Bimolecular fluorescence _ _ Many effects
. can predicted in
complementation overlay PPI
topology
Kinetic and
. . . . Exogenous substrate
Split-luciferase dynamic analysis

application
can be revealed

Simple technique, can _
_ Not suitable for
Co-immunoprecipitation be performed without

membrane proteins
tags

1.5.2 Formaldehyde and pBpa mediated crosslinking for PPIs
identification

To identify the protein-protein interaction, one commonly used approach is
using cross-linking reagents. A number of formaldehyde based experimental
approaches are very promising in their ability to accurately and efficiently
identify novel protein-protein interaction complexes (Sutherland et al., 2008).
Formaldehyde is routinely used to cross-link proteins, which can inactivate, fix
or stabilise nearby macromolecules (Toth and Biggin, 2000; Casadonte and
Caprioli, 2011; Hoffman et al., 2015; Sinz et al., 2015). A key advantage of
formaldehyde as a cross-linking reagent is its small size. This enables the

molecule to easily permeate cells to facilitate very specific cross-linking
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reactions between amino acids on two proteins in close proximity (2.3-2.7 A)
(Metz et al., 2004). Additionally, formaldehyde cross-linking reactions are
reversible and compatible with mass spectrometry (MS) (Sutherland et al.,
2008). Although several approaches exist to demonstrate PPIs studies,
formaldehyde assisted crosslinking has been rarely used to demonstrate
peptide-receptor interactions. Formaldehyde can, however, mediate peptide-
peptide crosslinking, which requires suitable amino acid side groups (e.g.
Cysteine, Histidine, Tryptophan and Arginine groups and Lysine groups) to be
present in the interacting molecules (Metz et al., 2004). Therefore, it is possible
that confocal microscopy could be used to visualize the formaldehyde assisted
crosslinking of a fluorescently tagged CEP ligand to it receptor in vivo by
exploiting the natural affinity of the ligand for its receptor. This has the
advantage of obviating the need to manipulate the putative receptor (e.g. by
adding an N- or C-terminal tag), however, success is contingent on the
fluorescent tag not destroying the biological activity of the peptide ligand by
negating binding. It should also be noted that formaldehyde is indiscriminate
and will cross link all proximal proteins in the cell.

In contrast to formaldehyde-mediated crosslinking, we also used a more
selective binding approach using photo-crosslinking. The photo-active amino
acid analog p-benzoyl-L-phenylalanine (pBpa) was also selected in this study
as a selective crosslinking reagent. pBpa was introduced as a cross-linker in
the research of peptide-protein interactions since 1986 (Kauer et al., 1986).
Upon UV irradiation at a wavelength around 365 nm, the photo-generated triplet
state of the benzophenone group abstracts a hydrogen atom from geometrically
accessible carbon-hydrogen bond of the polypeptide backbone. The side chain
methylene groups then combines with the resulting radical to generate a
covalent link between the ketone carbonyl carbon and the attacked methylene
carbon. Unlike formaldehyde-mediated crosslinking, only carbon-hydrogen
bonds within 3 A of the carbonyl oxygen are targets for cross-linking (Farrell et
al., 2005). Due to the specificity of photoactivation, the cross-linked protein
complex can be purified and identified by using tandem mass spectrometry.

However, few publications have reported using this technique in plant tissues.

29



In this thesis, we aim to gain better understanding of the peptide hormone-
receptor pairings and to identify unknown receptor from known ligand by using

CEP/receptor interactions in the model legume Medicago.

1.6 Thesis research aims

We used three strategies to investigate the interactions between MtCEP1 and
MtCRA2. First, we used Medicago shoot to purify microsomal membrane
protein followed by bottom up proteomics to directly identify possible LRR-RLKs
and MtCRAZ2. Second, we used formaldehyde mediated crosslinking and semi-
purified Medicago leaf vasculature to identify the ligand receptor interaction
between MtCEP1 and MtCRAZ2. Finally, we used site directed photo-activated
crosslinker to purify and identify the MtCEP1-MtCRA2 complex from the
Medicago leaf vasculature. The over-view flow chart of the thesis is presented
in Fig. 1.8. An outline of the experimental approach follows:
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Figure 1.8. Overview of the three strategies taken to study the CEP1-CRA2
interaction. The generic methods underpinning each of the results chapters

appear in Chapter 2.

1.7 Chapter conclusion

By using the Medicago model legume, this research aims to unravel the
currently unknown CEP/receptor interactions and provides actual proof of the
recognition of CEP receptors by CEPs. All the materials and method were
described in chapter 2. In chapter 3 we started with leaf microsomal membrane
proteins extraction with bottom up proteomics. We establish the non-detergent
based and non-urea-based purification procedure and compared the

established method to the commonly used urea-based method to see which
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one is superior in transmembrane protein (TMP) and transmembrane domain
(TMD) enrichment. In chapter4, we used formaldehyde mediated crosslinking
to demonstrate the MtCEP1 localisation via semi-purified Medicago leaf
vasculature tissue. We show the semi-purified Medicago leaf vasculature tissue
was truly enriched in vasculature related protein, and MtCEP1 bound to
Medicago leaf vasculature tissue in a receptor dependent manner. In chapter
5, we provided evidence that MtCRAZ is the receptor of MtCEP1 by purifying

the ligand-receptor complex and confirming it by mass spectrometry.
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2.1 Plant growth

Surface-sterilized M. fruncatula cv. Jemalong A17 and cra2-11 seed (Imin et al.,
2013) were germinated and grown on Fahraeus medium plates (Mohd-
Radzman et al., 2015). Eight seedlings per plate were grown for 14 days in a
Conviron growth chamber at 25 °C with a 16 h photoperiod and a photon flux
density of 100 um mol m=2 s=' (Imin et al., 2013). Shoots were harvested
separately and frozen in liquid nitrogen for immediate extraction or stored at -

80°C before use.

2.2 Microsomal membrane (MM) preparation

Proteins were extracted from homogenized and ground tissue based on
published methods (Marx et al., 2016) with slight modifications. In brief, 12 gram
of shoot tissues (leaves and cotyledons) from 14 day old seedlings were ground
into a fine powder in liquid nitrogen using a mortar and pestle. After grinding,
five volumes of ice-cold extraction buffer (290 mM sucrose, 250 mM Tris (pH
7.6), 25 mM EDTA (pH 8.0), 10 mM KCI, 25 mM NaF, 50 mM sodium
pyrophosphate, 1 mM ammonium molybdate, 1 mM PMSF, mini EDTA-free
protease inhibitor (Roche) was added to the ground plant tissue samples. The
ground tissue was further homogenized by repeated probe sonication (MSE:
Imgen technologies) (10 cycles of 1-minute sonication on ice followed by a 30
second rest period on ice). The homogenized plant tissue was filtered through
100 um filter (BD Falcon, Bedford, MA, USA) and subsequently centrifuged for
10 min (4,000 g, 4 °C) to remove the remaining tissue debris. MMs were
prepared by ultracentrifugation for 30 min at 100,000 g (4 °C) to remove
cytoplasmic proteins. After ultracentrifugation, the MM pellet was re-suspended
in 1M Na2COs3 (pH 11) and incubated on ice for 5 min to remove weakly
associated proteins (Huang et al., 2013). After incubation, the MMs were
subject to another ultracentrifugation (100,000 g, 4 °C) for 30 min (Abas and
Luschnig, 2010).
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2.3 TCA precipitation and protein solubilisation

Medicago MM proteins were purified by TCA precipitation (Link and LaBaer,
2011) with a slight modification to remove the non-protein contamination. In
brief, 11 pL ice-cold 100% TCA solution was added into 89 uL of the MM sample
to achieved final TCA concentration as 11% and incubated on ice for 20 min.
Another 500 pL of ice-cold 10% TCA solution was added, and the sample was
incubated at -20 °C overnight. The solution was centrifuged at 20,000 g for 30
min to recover the precipitated protein, and the supernatant discarded. The
protein pellet was rinsed 3 times with 80% acetone (Marx et al., 2016),
centrifuged at 20,000 g for 10 min and dried using a vacuum evaporator (VirTis,
bench TopK). The protein sample was divided into two to assess the

effectiveness of the two protein solubilization and cleavage protocols.

2.4 Urea solubilisation followed by trypsin -Lys-C digestion (UR-TLC)

The dried protein pellet was re-solubilized in dissolving buffer (8 M urea, 50 mM
Tris-HCI (pH 8.0), 30 mM NaCl, 1 mM CaClz2, 20 mM sodium butyrate, 10 mM
nicotinamide, mini EDTA-free protease inhibitor (Roche). To improve protein
solubility, protein samples were subjected to repeated probe sonication (10
times for 10 sec of pulse and 10 sec of rest on ice). Protein concentration was
estimated using a Bradford assay (Bio-Rad). Proteins were reduced with 5 mM
dithiothreitol at 60 °C for 40 min. The reduced proteins were alkylated with 15
mM iodoacetamide in the dark at room temperature for 40 min. Alkylation was
quenched by adding 5 mM dithiothreitol and incubated at room temperature for
15 min. The protein solution was enzymatically digested in a two-step process
using a Trypsin-Lys-C mix (Promega) as the previous study (Saveliev et al.,
2013). A 25:1 molar ratio of the enzyme was added to the protein solution and
digested for 3 hours at 37 °C. After 3 hours the urea concentration was adjusted
to 2 M by dilution with 50 mM Tris, pH 8.0 and the reaction kept at 37 °C
overnight. Trypsin can maintain the enzyme activity when the urea
concentration was 2 M (Harris, 1956). After overnight digestion, the sample was
run over a Sep-Pak C18 classic cartridge (Waters, Milford, MA, US) to remove
the salts and the peptides were eluted using 100% acetonitrile.
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2.5 Formic Acid solubilisation followed by initial CNBr cleavage and
trypsin -Lys-C digestion (FA-CTLC)

The dried protein pellet was dissolved in 70% FA using probe sonication and
chemically-digested with CNBr (Sigma) with a 100-fold molar ratio excess to
the amount of starting dried protein (Wong and King, 2015). The CNBr solution
was prepared as described (Crimmins et al., 2005). Essentially, CNBr crystal
was dissolved in acetonitrile to make a 5 M final concentration. After 24 hours
of incubation at room temperature in the dark, the supernatant was collected by
centrifugation at 20,000 g for 10 min, and the FA and CNBr were removed by
lyophilization. The dried peptide was dissolved in 10% acetonitrile and 25 mM
ammonium bicarbonate. The sample was by reduced, alkylated, and then
digested with Trypsin Lys-C, before being lyophilized (see above). The
effectiveness of each procedure was assessed by centrifuging (10 min, 10,000
g) after UR-TLC or FA-CTLC treatments and examining the residual pellet. A
residual pellet that remains after the UR-TLC was subjected to a further FA-
CTLC procedure to validate that the pellet contained poorly solubilized
undigested protein. The remaining CNBr solution was destroyed by adding 5
volume of 1 M Sodium hydroxide (Lunn and Sansone, 1985) before disposed

into chemical waste containers.

2.6 Reverse phase high pH fractionation

The peptide digests were separated into eight fractions using the high pH
reversed-phase peptide fractionation Kit (Thermo Fisher Scientific, Waltham,
MA, USA) (Kulak et al., 2017; Baldan-Martin et al., 2018). In brief, the C-18
spin column was equilibrated with 0.1% trifluoroacetic acid (TFA) before the
digested peptides were loaded. Peptide samples (100 pg) dissolved in 0.1%
TFA were loaded onto the spin column and washed with MilliQ H20. The
peptides were eluted into 16 fractions of increasing concentrations of
acetonitrile (ACN) in 0.1% Triethylamine: 5% ACN (fraction 1), 7.5% ACN
(fraction 2), 10% ACN (fraction 3), 12.5% ACN (fraction 4), 15% ACN(fraction
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5), 17.5% ACN (fraction 6), 20% ACN (fraction 7), 25% ACN (fraction 8), 30%
ACN (fraction 9), 35% ACN (fraction 10), 40% ACN (fraction 11), 45% ACN
(fraction 12), 50% ACN (fraction 13), 60% ACN (fraction 14), 70% ACN (fraction
15), 95% ACN (faction 16). The 16 fractions were collected and then

recombined into eight fractions. Final fraction 1 comprised RP fractions 1 and

16; final fraction 2 comprised RP fractions 2 and 15; and so on until the final

fraction 8 comprised RP fractions 8 and 9. The fractionated peptides were
lyophilised to remove the solvent, re-dissolved into 100 pl 0.1% TFA, and
cleaned up by C18 Ziptip (Merck Millipore, Burlington, MA, US) and subjected

to MS analysis.

2.7 Mass spectrometry

The liquid chromatography (LC) was performed by using Thermo Scientific
UltiMate™ 3000 RSLCnano system with the setting at 60° C with customized
columns. The columns were packed in-house using a laser puller and a
pressure bomb, and the length of the columns were generally 35-40 cm with a
75 um ID fused silica housing. The packing material used was Reprosil-Pur 120
C18-AQ, 1.9 um particle size. The digested peptides were initially loaded onto
the LC system with the mobile phases as 95% buffer A (0.1% formic acid/water)
and 5% buffer B (0.1% formic acid/80% ACN/water). Samples were
reconstituted in 10 ul loading buffer (as above) and 3 uL directly injected for
each run. Peptides were eluted with a 5-40% buffer B gradient for 90 min. The
total acquisition time was 140 min, including a 95% acetonitrile wash and re-

equilibration.

The LC was either coupled to a Q-Exactive Plus Orbitrap mass spectrometer
(Thermo Fisher Scientific, Waltham, MA, USA), or a to a Q Exactive HF-X
Hybrid Quadrupole-Orbitrap Mass Spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA).

MS scans acquired from Q-Exactive Plus was 70,000 at m/z 200 (mass
resolution); and mass analyser range was m/z 350-2000. The 20 most intense
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ions with a charge state =21 were fragmented in the high energy C-trap
dissociation collision (HCD) cell, and subsequently, tandem mass spectra were
acquired in the Orbitrap mass analyser with a resolution of 35,000 at m/z =200.
The Q Exactive HF-X can be used to achieve almost twice the scan speed while
remaining at nearly the same resolution compared to Orbitrap elite (Scheltema
et al., 2014), a strategy we utilize here for Q Exactive HF-X MS scan setting
was acquired with 60,000 resolution, mass analyser range was 300—-2000 m/z.
followed by MS/MS data-dependent acquisition of the top 10ions with HCD

(15,000 resolution, 1.6 m/z isolation width).

2.8 Data analysis

All raw files generated by LC-MS/MS were processed by Proteome Discoverer
2.1 (Thermo Fisher Scientific) using the Sequest HT data analysis program to
search against the Medicago protein sequence databases (UniProt,
2014.12.18.)(Bairoch et al., 2005). Database searching against the
corresponding reversed database was also performed to evaluate the false
discovery rate of peptide identification. The search parameters of Sequest HT
were set as follows: precursor ion mass tolerance +/-10 ppm and product ion
mass tolerance of 0.05 m/z units. Standard peptide modification was as follows:
carbamidomethylation (CAM) at cysteine residues was set as a fixed
modification, while oxidation at methionine, lysine and proline residues, C-
terminal amidation and deamidation at asparagine and glutamine, as well as N-
terminal glutamine to pyroglutamic acid were set as variable modifications.
When CNBr was chosen as the cleavage agent, methionine was set to be
homoserine (Met->Hse) or homoserine lactone (Met->Hsl) as a variable

modification.

For all experiments, peptides and their corresponding proteins were both
filtered to a 1% FDR. Due to the potential sequence redundancy, the proteins
which had shared the same set of identified peptides were grouped into protein

groups.
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2.9 TMD prediction

The TMD prediction was done by using the TMHMM Server, v. 2.0
(http://www.cbs.dtu.dk/services/TMHMM/). TMHMM is a membrane protein

topology prediction method based on a hidden Markov model (Sonnhammer et

al., 1998). The web server-based search engine correctly predicts 97-98 % of
the transmembrane helices and can distinguish between soluble and
membrane proteins with both specificity and sensitivity better than 99 % (Krogh
et al., 2001).

2.10 TMD (TRAMDOMI, TRAns Membrane Domain Motif Identification)
and GRAVY (grand average of hydropathy) analysis

The TMD analysis was annotated by a customized python script. In brief, two
peptide sequence sets were prepared for TMD mapping. One was the detected
peptide set, which was derived from the MS analysis of the samples. The
second one was the complete Medicago TMD motif set, which was predicted
by TMHMM server using the M. truncatula sequence databases (UniProt,
2014.12.18). TMD identification was done by mapping the detected peptide set
to the Medicago TMD motif set. The mapping rules were defined as followed.

Any detected peptide that satisfied one of the following rules was considered a

hit:

1. The length of the detected peptide derived from MS encompassed the
complete predicted Medicago TMD sequence or laid within the predicted
TMD.

2. The detected peptide derived from MS extends from a position outside the
TMD to within the TMD with a minimum of a 2 amino acids overlap, or started
within the TMD and extended to a position outside of the TMD with a
minimum of 2 TMD amino acid overlap.

The python script is presented as supplemental material.

The grand average of hydropathy (GRAVY) algorithm (Kyte and Doolittle,
1982) was used to access the hydrophobicity of the identified proteins from

both method. Proteins with a GRAVY scores above 0 are more likely to be
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hydrophobic proteins (Magdeldin et al., 2012).

2.11 Subcellular location prediction

The subcellular protein location prediction was done by using LOCALIZER, a
machine learning method for predicting subcellular protein localization in plant

cells and is available at http://localizer.csiro.au/. It identifies proteins localised

to chloroplasts and mitochondria by identifying the presence of transit peptides,
and nucleus by using a collection of nuclear localization signals. It can achieve
a prediction accuracy of over 90% for chloroplast and mitochondria, and 73%
for nuclear proteins (Sperschneider et al., 2017). The queries of protein
sequence were submitted directly to the server, and full plant sequences were

chosen to perform the prediction.

2.12 Protein functional annotation

The functional annotation was done using Mercator. Mercator is a web-based

annotation application (http://mapman.gabipd.org/web/guest/app/Mercator)

that achieves accuracies above 90% in predicted functional annotations when
compared to manual annotation (Lohse et al., 2014). The queries of protein
sequence were submitted directly to the server, searched against the database
including TAIR Release 10 and SwissProt/UniProt plant proteins database, and
classified into functional plant categories according to MapMan BINs (Thimm
et al., 2004).

2.13 Calculate the grand average of hydropathy (GRAVY) value for

protein sequences

The GRAVY value is calculated by the sum of hydropathy values of all amino
acids divided by the protein length(Kyte and Doolittle, 1982). Hydrophobicity
score (arbitrary unit) below 0 are more likely cytoplasmic protein (hydrophilic

protein), while scores above 0 are more likely TMPs (hydrophobic).
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2.14 Synthetic peptides

The MtCEP1 (Domain1 Hyp 4, 11) (Mohd-Radzman et al., 2015), FITC-MtCEP1,
FITC-MtCEP1F* and FITC-MtCEP14 (Fig. 1) were synthesized by GL BioChem
Ltd., Shanghai, China with a greater than 95% purity, and validated by mass
spectrometry (Djordjevic et al., 2011). The peptides were re-suspended in
sterile water to prepare the 1 mM stock solution before being used at final
concentration of 1 uM. Aliquots of the stock solutions were stored at -20°C and
used within 2 months. The photo-activated crosslinking of FITC-MtCEP1F* was
confirmed by MS after directly UV 365 nm exposure.

2.15 Biological activity of MtCEP1 peptide derivatives on Medicago

truncatula

Surface-sterilized A17 seed were germinated and transferred to 150 mm Petri
plates containing Fahraeus medium with 5 mm KNOs, with or without synthetic
peptides (1 uM). LR number was scored at day 7 and 14 (Mohd-Radzman et
al., 2015). Four day old seedlings were inoculated with Sinorhizobium meliloti
WSM1022 (Imin et al Mohd Radzman et al 2016) and grown on nitrogen-free
Fahraeus medium with or without peptide added. Nodule number were
determined at day 7 and 14 post-inoculation (Imin et al., 2013). Plants were
grown in a Thermoline growth chamber at 25 °C with a 16-hour photoperiod

and a photon flux density of 100-120 pmol m=2 s™' (Imin et al., 2013).

2.16 Isolation and enrichment of viable Medicago and Arabidopsis leaf

vascular tissue (VT)

Medicago leaves of 14-day old Al7 or cra2 seedlings were harvested and
processed (Endo et al., 2016) with the following modifications. An individual
leaf was immersed in 1 mL of the cell wall degrading enzyme solution (0.75%
Cellulase (Sigma), 0.25% Macerozyme (Sigma), 0.4 M mannitol, 5 mM MES-
KOH (pH 5.6), 8 mM CaCl2) with the cOmplete™, EDTA-free Protease Inhibitor
Cocktail (Roche) ina 1.5 mL tube. For Arabidopsis, cauline leaves from 5-week-

old flowering plants were cut into ~10 mm? pieces and immersed in enzyme
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solution in a 1.5 mL tube. The tube was sonicated on ice 5 times for a maximum
of 10 seconds with 1-minute rest intervals on ice using a probe sonicator (MSE:
Imgen technologies) until most (~80%) of the mesophyll tissue dissociated from
the VT. The remaining VT was then washed in 1x MES buffer (pH 5.6) to
remove the enzyme solution so that it was ready for in vivo peptide binding. The
viability of the isolated Medicago and Arabidopsis VT was confirmed by
propidium iodide staining (Chapman et al., 2019) using a Leica DM5500

microscope with a 560 nm excitation filter.

2.17 Propidium iodide staining

The viability of the isolated Medicago VT was confirmed by propidium iodide
staining following the published protocol (Chapman et al., 2019). In brief, the
purified VT was stained with 100 uM propidium iodide for 2 minutes, washed
with milliQ water, and mounted on glass slides. The VT viability was confirmed

by Leica DM5500 microscope with a 560 nm excitation filter.

2.18 Crosslinking of FITC-MtCEP1 to Medicago VT in vivo

The interaction of FITC-MtCEP1 with A17 or cra2-11 vascular tissue in vivo was
assessed using a modification on the published method (Ogawa et al., 2008)
with the following modifications. After removing the enzyme solution by
aspiration, the purified Medicago VT and was incubated with 500 uL of 1 uM of
FITC-MtCEP1 in 5 mM MES buffer (pH=5.6) for 30 minutes on ice. After
incubation, the VT was washed with 5 mM PBS (pH=7) buffer to remove
unbound peptide and subjected to crosslinking with 4% formaldehyde in PBS
(pH=7), or with 200 mM Dimethyl-pimelimidate-2-HCI (DMP) in 0.2M
triethanolamine (pH 8.0) by incubating for 30 minutes at room temperature with

consistent agitation using a rotating wheel.
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2.19 Defining the minimum concentration of formaldehyde required for
crosslinking of FITC-MtCEP1 to VT

The purified Medicago VT was incubated with 500 yL of 1 yM FITC-MtCEP1 in
5 mM MES buffer (pH 5.6) for 30 minutes on ice. The VT was then washed with
5 mM PBS buffer (pH 7) to remove unbound peptide. The complex was cross-
linked with 4% formaldehyde suspended in PBS for 5 minutes at room
temperature with consistent agitation and washed with PBS to remove the
formaldehyde and unbound CEP peptide. A series of lower formaldehyde
concentrations were used for crosslinking as specified. FITC-MtCEP1
crosslinking to VT was observed using confocal microscopy (Zeiss Confocal

LSM 780, see the confocal microscopy section)

2.20 Photo-activated crosslinking of FITC-MtCEP1F* to VT in vivo

After removing the enzyme solution, the purified Medicago VT was incubated
with 1 uM of FITC-MtCEP1F* in 5 mM MES buffer (pH=5.6) for 30 minutes on
ice. After incubation, the VT was washed with PBS (pH=7) buffer to remove
unbound peptide and exposed to UV 365 nm for 3 hours on ice with consistent
agitation. MES (pH=5.6) was not used since it was not sufficient to remove the
unbound peptide. After 3 hours the VT was washed with PBS (pH=7) before

FITC-MtCEP1F* crosslinking was observed using confocal microscopy.

2.21 Binding site competition assays between FITC- MtCEP1/FITC-
MtCEP1F* and MtCEP1

After removed the enzyme solution, the purified Medicago VT was co-incubated
with 250 pL of 1 yM of FITC-MtCEP1 and (1) 250 yL of 1 uM of MtCEP1 or (2)
250 pL of 0.1 yM of MtCEP1 or (3) 250 pL of 0.01 pM of MtCEP1 in 5 mM MES
buffer (pH=5.6) for 30 minutes on ice. After incubation, the VT was washed with
5 mM Phosphate Buffered Saline (PBS) (pH=7) buffer to remove unbound
peptide and subjected to crosslinking with 4% formaldehyde unless otherwise
specified in PBS (pH=7) by incubating for 30 minutes at room temperature with

consistent agitation using a rotating wheel. The peptide crosslinked VT was
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ready for localization of FITC-MtCEP1 using confocal microscopy.

For the photo-activated FiTC-MtCEP1F*, the purified Medicago VT was co-
incubated with 250 pL of 1 yM of FITC-MtCEP1F* and (1) 250 uL of 1 uM of
MtCEP1 or (2) 250 pL of 0.1 yM of MtCEP1 or (3) 250 uL of 0.01 yM of MtCEP1
or (4) 250 pL of 0.001 pM of MtCEP1 in 5 mM MES buffer (pH=5.6) for 30
minutes on ice. After incubation, the VT was washed with 5 mM Phosphate
Buffered Saline (PBS) (pH=7) buffer to remove unbound peptide and exposed
to UV 365 nm for 3 hours on ice with consistent agitation. After 3 hours the VT
was washed with PBS (pH=7). The peptide crosslinked VT was ready for

localization of FITC-MtCEP1F* using confocal microscopy.

2.22 Confocal microscopy

We used confocal microscopy (Zeiss Confocal LSM 780) with argon laser
excitation at 485 nm to image the FITC-MtCEP1F* binding to VT localization.
The fluorescent spectra of FITC and VT auto fluorescence were determined by
spectral scanning module of Zeiss LSM 780 (Ohad et al., 2007), in which the
FITC emission peak was at 525 nm and VT auto fluorescence was at around
600 nm (Ohad et al.,, 2007). All pictures were representative from three
independent experiments. Panels in each figure were imaged on the same day
with the same confocal microscope settings and exposure time to enable a

direct comparison of the results.

2.23 Extraction and separation protein from Medicago VT by SDS-PAGE

Proteins were extracted from the semi-purified VT (Saur et al., 2016) after
crosslinking with the following modifications. VT from 40 post-cross-linked
preparations was frozen in liquid nitrogen, ground into a fine powder with a
mortar and pestle. The ground material was transferred to a 1.5 ml tube
containing 1ml extraction buffer (150mM Tris-HCI pH 7.5, 150mM NaCl, 10mM
EDTA, 10% glycerol, 15mM DTT, 1mM NaF, 1mM NazMoO4, 0.55mM NaVOs,
1% (v/v) IGEPAL, Protease Inhibitor cocktail (Roach)) and subjected to 3 probe
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sonication cycles of 10 seconds with an intervening 1 minute rest incubation on
ice. VT proteins were TCA precipitated by adding 125 pL ice-cold 100% TCA
solution added into 1000 pL of the sample to achieve a final TCA concentration
of 11% followed by 20 min incubation on ice (Link and LaBaer, 2011). The
solution was centrifuged at 20,000 g for 30 min to recover the precipitated
protein, and the supernatant discarded. The protein pellet was rinsed three
times with 80% acetone, centrifuged at 20,000 g for 10 min and followed by
several 100% acetone washes until there was no visible green pigment in the
protein pellet. The clean protein pellet was dried using a vacuum evaporator
(VirTis, bench TopK) for 3 minutes. The TCA precipitated pellet was re-
suspended in 500 pL SDS sample buffer (1M Tris-HCL (pH 6.8), 8M urea, 10%
SDS, 0.1% bromophenol blue, 0.1M DTT) and incubated in 65 °C for 10
minutes. The heated sample solution was centrifuged at 20,000 g for 1 minute
to remove any non-dissolving material. An aliquot (60 pL) of the protein sample
was separated using a 10% SDS-PAGE with 8M urea/MOBS running buffer
(Dutta et al., 2010).

2.24 Visualization FITC- MtCEP1F* labeled protein separated by SDS-
PAGE

FITC fluorescence in the SDS-PAGE was monitored by using a ChemiDoc
Imaging Systems ChemiDoc™ (Bio-rad) with a built-in FITC/Alexfluor 488
fluorophore labelling setting. The SDS-PAGE separated VT protein was
exposed for 120 seconds to image the FITC fluorescence signal. Gel bands
containing the FITC signal were excised from the SDS-PAGE gel and subjected
to in-gel trypsin digestion and cysteine carbamidomethylation. The tryptic
peptide sample was examined using MS to identify the proteins in target band.
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Chapter 3: Improving the identification and coverage of plant

transmembrane proteins in Medicago using bottom-up proteomics
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3.1 Introduction

The aim of this chapter was to assess the feasibility for using mass
spectrometry to directly identify LRR-RLKs and specifically MtCRA2 in

Medicago leaf tissue using advanced bottom-up proteomics.

3.1.1 TMPs are crucial for regulating growth

TMPs play critical roles in the function of all living organisms. Approximately
20% to 30% of the sequenced genomes from microbial, or eukaryotic
organisms encode TMPs (Komatsu et al., 2007; Schey et al., 2013; Almeida et
al., 2017). In humans, roughly 50% of all known drug targets are TMPs (Hopkins
and Groom, 2002; Lappano and Maggiolini, 2011; Tautermann, 2014), and
many human diseases are caused by malfunctioning TMPs (Hardy, 2017;
Hasegawa et al., 2017; Hattori et al., 2017; Szablewski, 2017). In plants, TMPs
play important roles in solute transport (Pellizzaro et al., 2015), signal
recognition and transduction (Kemmerling et al., 2011; Mohd-Radzman et al.,
2015; Song et al., 2015; Imin et al., 2018), growth and development (Clark et
al., 1997; van der Knaap et al., 1999; Osakabe et al., 2005; ten Hove et al.,
2011), and photosynthesis (Liu and Last, 2015; Okumura et al., 2016). In this
thesis, the potential Medicago CEP receptor of interested, MtCRA2, is a TMP
with one TMD. The aim of the chapter is to establish a bottom up proteomics

method for enriching TMP identification, especially for the CEP receptors.

3.1.2 Difficulty in TMPs purification and identification

TMPs can be difficult to identify by proteomic strategies due to their high
hydrophobicity (Seddon et al., 2004; Carpenter et al., 2008; Rawlings, 2016),
and low abundance (Vit and Petrak, 2017). All proteomic strategies aimed at
identifying TMPs begin with membrane enrichment that involves the purification
of microsomal, organelle, or plasma membranes (Mirza et al., 2007; Ogawa et
al., 2008; Huang et al., 2013; Abdallah et al., 2014; Guillier et al., 2014; Avila,
2015; Aloui et al., 2018). The effectiveness of the proteomic identification of

TMPs from these membrane-enriched fractions, however, is compromised by
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contaminating cytoplasmic or membrane-associated proteins without
transmembrane domains (TMDs). High ionic strength buffers can remove some
of these contaminants with varied degrees of success (Marx et al., 2016; Vit
and Petrak, 2017). Typically, TMPs represent roughly 20% of proteomic
identifications (Chen et al., 2008) and the standard trypsin based purification
method typically provides sequence coverage limited to the soluble loops and
terminal tails of TMPs (Schey et al., 2013). In addition, TMPs are difficult to
solubilize and digest using standard urea solubilization and trypsin Lys-C based
procedures. Various detergents, chaotropic agents, organic solvents as well as
proteinases and chemical cleavage reagents have been used to help solubilize
and/or digest TMPs (Bennett et al., 1992; Newby et al., 2009; Guillier et al.,
2014). There are few reports, however, comparing the efficiency of proteomic

procedures that aim to identify plant TMPs using mass spectrometry (MS).

3.1.2 Improved bottom up proteomics for TMPs identification

To determine the protein make-up of a given sample using bottom up
proteomics requires maximal peptide coverage of the sample. TMPs with a high
content of TMDs are under-represented in MS identification since the most
commonly used protein purification method for bottom-up proteomics uses 8M
urea to solubilize the sample. The poor solubilization and thus poor trypsin
digestion (UR-TLC), reduces the identification rate for proteins with a large
number of TMPs (Long et al., 2018). The inability of urea to dissolve the
membrane most likely contributes to trypsin Lys-C failing to cleave sites
including TMDs. Almost all studies of TMPs use certain kinds of detergents to
provide solubility (Kar et al., 2017). Common detergents, however, are not MS-
friendly and an additional clean-up step is required (Yeung and Stanley, 2010).
In addition, detergents are selective in their ability to solubilize TMPs (Arachea
et al., 2012; Laganowsky et al., 2013). Formic acid has been used as a

substitute for SDS in the solubilization of membrane samples (Zhao et al., 2013).
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3.1.3 Improving the identification and coverage of plant TMP in

Medicago using bottom-up proteomics

In this thesis, we tested a non-detergent based purification and identification
strategy designed for analysing TMPs using MS. We tested this method using
the model legume, Medicago truncatula, which is an important nitrogen-fixing
agricultural crop to augment the prior proteomic analyses of this plant (Natera
et al.,, 2000; Djordjevic et al., 2003; Djordjevic, 2004; Zhang et al., 2006;
Djordjevic et al., 2007; Kusumawati et al., 2008; Lee et al., 2013; Marx et al.,
2016). In order to directly identify LRR-RLKs and specifically MtCRAZ2, the
microsomal membrane preparations were used to increase the relative
abundance of LRR-RLKs in the starting material. All the proteins from
microsomal membrane preparation were precipitated by Trichloroacetic Acid
(TCA). The protein samples were divided and then subjected to two
solubilization extraction and protein cleavage methods to determine if effective
solubilization of membrane fractions was responsible for the relatively poor
coverage and analysis of Medicago LRR-RLKs in the literature (Marx et al.,
2016). The first method utilized the most commonly used method for bottom-up
proteomics, which uses a standard 8M urea solubilization step followed by a
trypsin Lys-C double digestion (termed UR-TLC). The disadvantage of this
technique is that a significant amount of insoluble material remains after
solubilization and it is not known how effectively membrane proteins are
solubilized for subsequent analysis. It is well recognized that urea solubilization
followed by enzymatic cleavage has a low efficiency in solubilizing and cleaving
TMPs (Seddon et al., 2004; Carpenter et al., 2008; Rawlings, 2016). Therefore,
the relatively poor analysis of LRR-RLKs could simply be due to ineffective
solubilization. The second method utilized the superior solubilization and
chemical cleavage ability of formic acid (FA) combined with cyanogen bromide
(CNBr). FA solubilizes membranes effectively and CB breaks proteins into
larger fragments since CNBr chemically cleaves each protein at relatively rare
Met residues, which occur on average every 50 amino acids. The large peptide
fragments generated by the FACN solubilization/cleavage step were then
rendered more compatible for MS analysis by using trypsin/Lys-C double

enzymatic digestion, thus generating fragments of MS-suitable average size
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with terminal 2+ charged amino acids (i.e. Arginine or Lysine). The second
method was abbreviated to FAC-TLC. To increase the resolving power of the
mass spectrometer, we separated the tryptic peptides generated by both
methods using reverse phase-high pH fractionation. Additionally, we used 2D
LC MS-MS combined with the use of in-house columns to run each fraction
separately on the mass spectrometer. The in-house columns were packed
using a laser puller and a pressure bomb to a length of about 400 mm with a
75 um ID fused silica housing. These columns gave sharper chromatography
than proprietary columns primarily due to their narrower internal diameter, and
this resulted in better presentation and fragmentation of the peptides to the
mass spectrometer and therefore high quality results. Finally, we used a Q-
Exactive plus orbitrap mass spectrometer and analyzed the 20 most abundant
ions with a charge state >1, which were fragmented in the high energy C-trap
dissociation collision cell to acquire tandem mass spectra, before analyzing the

results using Proteome Discoverer.

(i) the popular urea solubilization and trypsin Lys-C digestion based method or
(i) a method for improving the cleavage of TMPs, which utilizes formic acid (FA)
solubilization followed by cyanogen bromide (CNBr) cleavage and then trypsin
Lys-C digestion (Quach et al., 2003; Girolamo et al., 2010; Vit and Petrak, 2017).
The cleaved peptides derived from the two methods were separated by high
pH reversed-phase peptide fractionation, and identified by orbitrap-based MS.
The effectiveness of the two methods was assessed by (i) comparing total
protein identifications, (ii) determining how many TMPs were identified, and (iii)
defining how many peptides incorporate all, or part, of the TMD sequences
using a new algorithm. In addition, we determined the subcellular location and
predicted the function of the proteins identified. The objective of this study was
to establish a detergent-free and effective strategy to identify plant TMPs and
improve the overall identification and coverage of these proteins using MS. We
examined the effectiveness of the two methodological approaches by (i)
comparing the number of proteins identified, (ii) determining how many
transmembrane proteins (TMPs) were identified, and (iii) defining how many
peptides incorporate all, or part, of transmembrane domains (TMD) sequences

and (iv) determining the capability of these methods to identify members of the
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LRR-RLK family, and specifically MtCRAZ2, which is a receptor of interest in
Chapters 5 and 6.

3.2 Results

3.2.1 Establishment of a FA-CTLC method for improving bottom-up

proteomics and membrane protein identification

As a preliminary assessment step, we determined the effectiveness of FA
solubilization combined with CNBr treatment to validate that CNBr cleaves to
the C-terminal side of the comparatively rare methionine (Met) residues to
generate large peptide fragments, since methionine occurs, on average, every
50 amino acids. The MS results (Table 3. 1) confirmed that FA solubilization
followed by CNBr cleavage alone resulted in the production of large peptides

with C-terminal Met residues, as expected (Appendix Table 3.1).

Table 3. 1. Improvement of FA-CTLC method in protein identification

Treatment Identified protein groups number
FA-CNBr cleavage method 2566
FA-CTLC cleavage method 7118

FA-CTLC re-solubilized debris
material from URTLC

5644

Peptides of large molecular mass with an uncharged, C-terminal Met residue
do not ionize well and give poor quality MS/MS spectra. As expected, this
resulted in poor coverage of the proteome; only 2566 protein groups were
observed using the CNBr cleavage method only (at a 1%FDR; Table 3. 1). This

can be remedied by following the CNBr cleavage with trypsin Lys-C digestions.

62



3.2.2 The FA-CTLC method more effectively solubilized & digest proteins

from MM preparations

A summary of the key steps of the two procedures is shown in Fig. 3. 1. To
compare the effectiveness of the solubilization and digestion after applying the
UR-TLC or FA-CTLC methods, we centrifuged the samples after applying the
two methods to identical starting material (MM preparations). The results (Fig.
3. 1, red box) showed that a considerable pellet of insoluble material remained
after UR-TLC, but not after FA-CTLC. A common practice in MS is to apply the
same extraction procedure to the insoluble material so that more hydrophobic
components can be liberated and identified by MS. A second round of the UR-
TLC was applied to the pellet, but after overnight digestion and subsequent re-
centrifugation, the pellet remained. By contrast, an application of the FA-CTLC
method to the insoluble pellet that remained after using the UR-TLC method
resulted in no observable pellet after centrifugation (Fig. 3. 1, red box). An MS
analysis of this FA-CTLC re-solubilized pellet material identified 5644 protein
groups (at a 1% FDR) in the insoluble material that remained after UR-TLC
(Appendix Table 3. 2), in which the second round of FA-CTLC identified 979
protein groups (Appendix Table 3. 3), that UR-TLC failed to identify. This
demonstrated that considerable protein material remained in the pellet, which
may or may not be represented in the proteome. These results also show that
the FA-CTLC is more effective in solubilizing and digesting the proteins from

MM preparations as shown in the method flowchart (Fig. 3. 1, Table. 3. 1).
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Figure 3.1. Flow chart summarizing the two solubilization and protein

cleavage methodologies used in this study
Red box: Negligible insoluble material remained after using the FA-CTLC

method (2a, blue arrow), whereas significant insoluble material remained after
using the UR-TLC method (2b, red arrow). The remaining insoluble material
after UR-TLC was solubilized and digested using the FA-CTLC method. MS
analysis showed the presence of a wide range of proteins in the pellet (Table.
S2). Subsequent centrifugation of this re-solubilized and FA-CTLC treated

material showed negligible insoluble material remained (2c, green arrow).

3.2.3 Assessment of inter-sample reproducibility and the effectiveness
protein identification by MS after using the FA-CTLC or the UR-TLC

method
We assessed the reproducibility of the two methods by examining the proteins
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identified using three biological repeats from each treatment (Fig. 3. 2). When
considering proteins with a FDR of <1%, we identified 4171 proteins common
to all three biological repeats after UR-TLC, and 3609 proteins groups common
to all three biological repeats after FA-CTLC. The reproducibility of the proteins
identified was 51.1% and 48.8% for the UR-TLC and FA-CTLC methods,
respectively (Fig. 3. 2A and 3. 2B). We further compared the 4171 proteins
groups common to all three biological repeats after UR-TLC (Fig. 3. 2A) to the
3609 proteins groups common to all three biological repeats after FA-CTLC (Fig.
3. 2B) and found 2981 groups common proteins were identified by both
methods (Fig. 3. 2C). Based on the results, 629 protein groups are unique to
FA-CLC identification method while 1191 protein groups are unique to UR-TLC.
Appendix Table 3. 4 shows the complete list of proteins groups identified in
three biological repeats from both methods. The 1191 UR-TLC-specific protein
groups are shown in Appendix Table 3. 5 and the 629 FA-CTLC-specific protein
groups identified after using the FA-CTLC are shown in Appendix Table 3. 6.
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(A) (B)
UR-TLC 1st UR-TLC 2nd FA-CTLC 1st FA-CTLC 2nd

UR-TLC 3rd FA-CTLC 3rd

(C) UR-TLC FA-CTLC

Figure 3.2. Analysis of the proteins identified by MS-MS after UR-TLC or
FA-CTLC

(A) The reproducibility of protein identifications between the three biological
repeats following UR-TLC treatment (B) Reproducibility of protein
identifications between the three biological repeats following FA-CTLC
treatment (C) A comparison of proteins identified by each treatment.

(http://bicinfogp.cnb.csic.es/tools/ venny/)
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When considering proteins identified from three repeats, 7946 protein groups
were identified following UR-TLC. 7118 protein groups were identified following
FA-CTLC (Appendix Table 3. 7). After combining the results derived from the
two methods, we identified 8993 protein groups in total (Appendix Table 3. 8).
To determine the effectiveness of the two methods at identifying TMPs, the

identified proteins were analyzed for the presence of TMDs.

3.2.4 The FA-CTLC method preferentially identifies TMPs with a higher
number of TMDs

By using the TMHMM algorithm, 23.26% of the proteins in the Medicago Uniprot
database were identified as TMPs. From the 7946 protein groups identified after
UR-TLC treatment, 2817 protein groups (35.45%) contained at least one TMD,
and of the 7118 protein groups identified from the FA-CTLC treatment, 2784
protein groups (39.11%) contained at least one TMD. Therefore, a higher
percentage of TMPs can be identified by using the FA-CTLC method compared
to using the UR-TLC method. Additional analysis showed that there were 5129
protein groups identified from UR-TLC treatment and 4334 protein groups
identified from FA-CTLC treatment with 0 TMDs. This result suggests that the
published procedures for removing non-membrane proteins (e.g. using Na
carbonate washes at pH 11) have poor efficacy. We further analyzed the TMPs
distribution in different biological repeats from each purification method using
the TMHMM algorithm. The TMPs results are shown in Fig. 3. About half of the
TMD containing proteins identified using either method had only one TMD and
both purification methods gave no significance difference in distribution of
TMDs to that predicted by analyzing the theoretical distribution of TMDs in all
Medicago TMPs (inset of Fig. 3. 3, confirmed by Chi-Square Test, p=0.32). This
suggests that there is no major bias of either method in identifying TMPs, and
that the most abundant TMPs are likely to populate the lists of proteins identified.
However, the significant difference between the proteins identified was that UR-
TLC method preferentially identified proteins with only one TMD, whereas the
FA-CTLC method preferentially identified significantly more proteins with
greater than 4 TMDs (Fig. 3. 3; p < 0.05). By combining the TMPs identified by
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UR-TLC and FA-CTLC, 3289 TMP groups were identified, or 36.57% of all
TMPs.

The proteins identified after using UR-TLC or FA-CTLC methods were also
examined using the grand average of hydropathy (GRAVY) algorithm (Kyte and
Doolittle, 1982). The GRAVY index indicates the hydrophobicity of the proteins,
calculated by adding the hydropathy value for each residue and dividing by the
length of the sequence. Proteins with a GRAVY scores above 0 are more likely
to be hydrophobic proteins (Magdeldin et al., 2012). The GRAVY results (Fig.
3. 3B) showed that there were 1420 (19.95%) protein groups identified by FA-
CTLC, and 1313 (16.52%) proteins identified by UR-TLC, which displayed a
GRAVY score greater than zero. These results indicated that the FA-CTLC can

preferably purified proteins which are hydrophobic.
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Figure 3.3. Distribution of proteins identified after applying the FA-CTLC
or UR-TLC methods to Medicago MM preparations from three biological
repeats based on TMD number and GRAVY score.

(A) The proteins identified after analyzing the UR-TLC or FA-CTLC treated
samples from three biological repeats were submitted to the TMHMM sever,
respectively. The total predicted number of TMP groups in the UR-TLC and FA-
CTLC samples was 2817 (35.45%) and 2784 (39.11%), respectively. The
predicted TMD distribution of the Medicago proteins in the UniProt database is
shown in the inset panel as a comparison. There were 23.26% proteins were
predicted to be TMPs. * P <0.05, ** P < 0.01, *** P < 0.001 (Two tail Student’s

t - test). Error bars =standard error, n=3. (B) The GRAVY scores were calculated
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(Kyte and Doolittle, 1982) from the proteins identified after analyzing the UR-
TLC or FA-CTLC base on the previous published literature (Kyte and Doolittle,
1982). Approximately 20% of proteins identified by FA-CTLC displayed a
GRAVY score greater than zero, and 17% of proteins identified by UR-TLC.
Proteins had a hydrophobicity scores above 0 are more likely to be TMPs
(hydrophobic).

We developed the TRAMDOMI algorithm to identify the peptides that contain
all or part of TMDs motifs within the TMPs. This algorithm enabled us to quantify
the relative ability of each method to identify peptides with TMD motifs. The
search results showed that the FA-CTLC method can identify 9.36 times more
TMD-containing peptides than the UR-TLC method (811 compared to 87; Fig.
3. 4A). Therefore, the results indicate that the FA-CTLC method is more
effective at detecting peptides within TMPs that have TMD motifs, which boosts
the number of TMPs identified. A list of identified TMPs and the TMDs identified
using both purification methods is shown in Supplemental Appendix Table 3.9.
To further illustrate the difference between the two methods, we compared the
peptides identified for the MFS/sugar transporter (MTR_7g005910), which has
12 predicted TMDs (Fig. 3. 4B and 3. 4C). Clearly, the FA-CTLC method
identified more peptides within MTR_7g005910 with TMD motifs, whereas the
UR-TLC method only identified MTR_7g005910 peptides predicted to loop into

the cytoplasm and none that contained TMD motifs.
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Figure 3.4. FA-CTLC method preferentially identifies peptides with TMD

(A) A comparison of the total TMDs identified numbers from both purification

methods. The FA-CTLC methods identified 9.3-fold more TMDs than the UR-

TLC method. (B, C) The peptides identified in the MTR_7g005910 transporter

of Medicago after using the FA-CTLC (B) or UR-TLC method (C). The peptides

which were identified by mass spectrometry (MS) were colored in black. The
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schematic diagrams were made using the Protter online tool (Omasits et al.,
2014)( http://wlab.ethz.ch/protter/start/).

3.2.5 Transporter proteins are preferentially identified by using the FA-
CTLC method

Given that each solubilization and cleavage method identified distinct classes
of peptides, a Mercator analysis was done to determine if the two methods
resulted in the enrichment of the identification of proteins with different functions.
The results (Fig. 3. 5) show that the TMPs containing one TMD, which were
preferentially identified by UR-TLC, were mostly functionally assigned as being
signaling proteins (20.81%), and the proteins preferentially identified by FA-
CTLC, which had either greater than 4 TMDs were predominantly functionally
assigned as being transporters (58.01%). We further examined the difference
between two data sets by a Binomial test. The results showed the proteins
identified by the FA-CLTC method were significant different in 18 categories
when compared to the UR-TLC method (Fig. 3. 5). The complete protein
functional analysis list is shown in Appendix Table 3.10 and the binomial test

results is shown in Appendix Table 3.11.
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Figure 3.5. Functional analysis of the proteins preferentially identified
using either the FA-CTLC or UR-TLC methods

(A) The proteins preferentially identified after using FA-CTLC (i.e. with > 5
TMDs) were predominantly transporters. (B) The proteins preferentially
identified after using UR-TLC (i.e. with one TMD) were predominantly signaling
proteins. The category which FA-CTLC method had significant difference with
p-value < 0.05 were labelled with *.

To determine the likely membrane where the TMPs identified reside, all proteins
were analyzed for their sub-cellular location using LOCALIZER (Figure 3. 6).
Irrespective of the method used, an analysis of the TMPs identified showed that
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was a similar distribution of proteins predicted to reside in the membranes of
the nucleus, chloroplast, or mitochondria. For both methods, the FA-CTLC
method identified significantly more TMPs predicted where the subcellular
location could not be assigned to an organelle (p=0.044, n=3). The complete

subcellular location prediction list is shown in Appendix Table 3.12.

FA-CTLC
Cytoplasmic Trans-
proteins membrane
3% proteins
27%
UR-TLC
i Trans-
Cytoplasmic
proteins m;’:g: :e
5% 25%

Figure 3.6. The predicted subcellular location of the proteins identified
after using FA-CTLC or UR-TLC.

(A, B) Between 73-75% of the proteins identified in the MM preparations were
cytoplasmic proteins. Of the proteins identified to be TMPs there was no
significant difference in the identity of the proteins predicted to reside in the
nuclear, chloroplast or mitochondrial membranes. A t-test confirmed a

significance difference (p < 0.05, n=3) between two methods in identifying
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proteins where the subcellular location could not be assigned (the “unassigned”

category).

3.2.6 There was insufficient enrichment of LRR-RLKs after using the FA-
CTLC or the UR-TLC method

In this study, the original purpose is to establish a methodology to identify the
ligand receptor interaction between CEP peptide and its receptor, potentially
MtCRAZ2. Based on the uniport database, there were 538 LRR-RLKs family
proteins in Medicago (Appendix Table 3. 13) including MtCRA2. LRR-RLKs
have a single pass TMD and are located in the plasma membrane where they
serve roles in interacting with extracellular signals (such as metabolite and
peptide hormones) (Liu et al., 2017; Campos et al., 2020; Man et al., 2020). As
the identification and analysis of this class of proteins was fundamental for later
steps in this thesis, the ability of both methods to identify these proteins was
assessed. From the MS results we identified 137 LRR-RLKs protein groups
(25.46 %) of from UR-TLC methods, 120 LRR-RLKSs protein groups (22.30%)
from FA-CTLC methods, which had at least one unique peptide. The average
coverage of identified LRR-RLKs were 10.53% and 10.31%, with average of 6
and 5 unique peptides identified for UR-TLC and FA-CTLC, respectively. The
UR-TLC identified a slightly more LRR-RLKs then FA-CTLC. The results
matched previous theory that UR-TLC can preferable enrich the TMP with
single TMD, such as membrane signal proteins like LRR-RLKs family. Besides,
both purifications only identified 1% of MtCRA2 with one unique peptide. Thus,
both purifications methods were not suitable for extensive LRR-RLKs analysis
due to low sequence coverage. Considering previous studies showed using in
situ hybridization that MtCRA2 was expressed vascular tissue of leaves (Huault
et al., 2014) we established an alternative approach in Chapters 4 and 5, which
combined Medicago leaf vascular tissue purification and ligand-receptor

crosslinking to examine MtCRA2 function and localization.
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3.3 Conclusion

In this chapter, we compared the capability of FA-CTLC to identify TMPs in MM
preparation from young Medicago shoot tissue with the commonly used UR-
TLC method. The GRAVY score and the number of TMDs are the two main
factors used in this chapter to determine the hydrophobicity of proteins. The
results both indicated that FA-CTLC can significantly identify more TMPs with
a higher proportion of TMDs, and the more hydrophobic proteins which had
GRAVY scores greater than 0. The FA-CTLC methods resulted in the
identification the proteins with a higher proportion of TMDs with a positive bias
towards transporter proteins, whereas UR-TLC preferentially enriched signaling
proteins, which contain one TMD. We further compared the identified peptide
with the TMDs by TRANDOMI algorithm. The FA-CTLC method identified 9
times more TMDs and enriched more TMPs than UR-TLC method. The results
suggested FA-CTLC is a more effective approach for TMDs identification, and
better coverage for TMPs.

However, there were no significant enrichment of proteins from the LRR-RLK
family (for example MtCRAZ2) utilizing either the UR-TLC or the FA-CTLC
method. In order to identify the potential receptor for MtCEP1, a more direct
method was employed in Chapter 4 and 5, which involved the enrichment
vascular tissue, combined with crosslinking labelling technique for investigate
the interaction of CEP peptide ligand, CEP, with the putative CEP receptor
CRAZ2.
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Chapter 4: Medicago vasculature purification and formaldehyde

mediated crosslinking ligand- receptor interaction identification
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4.1 Introduction

In Chapter 3, an approach was developed to enrich and identify membrane
proteins isolated from shoot tissue using MS. Although this method was
advantageous, MS lacked the ability to comprehensively and reliably identify
low abundance membrane proteins such as LRR-RLKs. One of the aims of this
thesis was to develop ways to demonstrate that the LRR-RLK, MtCRA2, was a
cognate receptor partner for the peptide ligands of the CEP family.

Therefore, this chapter developed a new approach to validate that members of
the CEP family interacted with the MtCRAZ2 receptor and that CRA2 is a
functionally similar to the verified CEP receptor, CEPR1. Since in situ
localization, grafting and genetic studies demonstrated that MtCRA2 and its
likely functional orthologue, AtCEPR1 were expressed in the vascular tissue of
leaves in the Fabaceae species (Huault et al., 2014) Medicago (Huault et al.,
2014; Mohd-Radzman et al., 2016; Laffont et al., 2019) and the Brassicaceae
species Arabidopsis (Tabata et al., 2014), respectively, a chemical crosslinking
strategy was devised to demonstrate an interaction between the CEP ligand
and Medicago CRAZ2 in vivo. To achieve this, live Medicago vascular tissue (VT)
tissues were semi-purified from leaves and biologically active and fluorescently
tagged CEP ligands were synthesized. The purification of the VT afforded
unhindered accessibility of this tissue to the synthesized ligand as well as
allowed the visualisation of any interaction of the fluorescently CEP ligand to
specific sites on these tissues to be assessed by confocal microscopy. We also
assessed if a natural affinity of the CEP ligand towards its receptor could be
cemented by using crosslinking strategies. Formaldehyde and dimethyl
pimelimidate (DMP) were assessed for their effectiveness as crosslinking

reagents.

4.1.1 Vasculature tissue (VT) isolation for VT specific protein purification
The vascular system of plants is an assemblage of conducting tissues and
associated supportive fibres. In leaf tissue the vasculature is extended from
stem, which contain vascular bundles composed of xylem and phloem. The

xylem consists of tracheids and xylem vessels, which bring water and minerals
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into the leaves along with root to shoot signal peptides, such as CEPs, CLEs
(Shabala et al., 2016). Phloem is composed of various specialized cells called
sieve tubes, companion cells, phloem fibres, and phloem parenchyma cells.
The phloem transports the photosynthetic products from the leaf to the other
parts of the plant (Fig. 4.1) (Smith A et al., 2009). Several receptors are
localized in VT, such as the TDIF (tracheary element differentiation inhibitory
factor) and its receptor TDR/PXY (TDIF Receptor/Phloem Intercalated With
Xylem), which belongs to the class XI LRR-RLK family (Hirakawa et al., 2008)
and is crucial for vascular stem cell maintenance (Lucas et al., 2013). Previous
studies showed MtCRAZ2 is phloem localized as suggested by in situ gene
expression studies (Fig. 1.6A) (Huault et al., 2014). However, if we used the
whole leaf for ligand-receptor localization experiment, the mesophyll cells
provide too much auto fluorescence which makes the localisation of ligand-

receptor interaction hard to distinguish by confocal microscopy.

Upper
epidermis

Collenchyma Phloem

Biology of Plants, 7*" Edition

Figure 4.1. The cross-section anatomy of leaf
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4.1.2 Formaldehyde mediated crosslinking for PPIs identification

In recent studies, cross-linking reagents are more commonly used to identify
the protein-protein interaction. A number of formaldehyde based experimental
approaches are very promising in their ability to accurately and efficiently
identify novel protein-protein interaction complexes (Sutherland et al., 2008).
Formaldehyde is routinely used to cross-link proteins, inactivating, immobilising
or stabilising nearby macromolecules (Toth and Biggin, 2000; Casadonte and
Caprioli, 2011; Hoffman et al., 2015; Sinz et al., 2015). A key advantage of
formaldehyde as a cross-linking reagent is its small size. This enables the
molecule to easily permeate cells and facilitates very specific cross-linking
reactions between amino acids on two proteins in close proximity (2.3-2.7 A)
(Metz et al., 2004). Additionally, formaldehyde cross-linking reactions are
reversible and compatible with mass spectrometry (MS) (Sutherland et al.,
2008). Although several approaches exist to demonstrate PPIs studies,
formaldehyde assisted crosslinking has been rarely used to demonstrate
peptide-receptor interactions. It mainly because formaldehyde mediate peptide-
peptide crosslinking requires suitable amino acid side groups (e.g. Cysteine,
Histidine, Tryptophan and Arginine groups and Lysine groups) to be present in
the interacting molecules (Metz et al., 2004). Therefore, it is possible that
confocal microscopy could be used to visualize the formaldehyde assisted
crosslinking of a fluorescently tagged CEP ligand to it receptor in vivo by
exploiting the natural affinity of the ligand for its receptor. This has the
advantage of obviating the need to manipulate the putative receptor (e.g. by
adding an N- or C-terminal tag), however, success is contingent on the
fluorescent tag not destroying the biological activity of the peptide ligand by
negating binding.

Using formaldehyde, we examined the interaction between fluorescein
isothiocyanate (FITC) labelled MtCEP1 peptide (FITC-MtCEP1) and MtCRA2
using semi-purified Medicago leaf vascular tissue. Next, the binding efficacy of
FITC-MtCEP1 to MtCRA2 was defined and the minimum formaldehyde
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concentration for effective ligand receptor crosslinking determined. Finally, we
tested the utility of this methodology to see whether it can be employed to

validate ligand receptor interaction in different plant species.

4.2 Results
4.2.1 Synthesis of biologically active FITC-MtCEP1

CEP peptides have a 15 amino acid conserved domain, which is conserved
across species (Delay et al., 2013; Imin et al., 2013; Ogilvie et al., 2014) and
native CEP peptides predominantly secreted from plant roots or isolated from
xylem fluids correspond to this 15 amino acid domain (Ohyama et al., 2008;
Tabata et al., 2014; Mohd-Radzman et al., 2015; Okamoto et al., 2015; Patel et
al., 2018). Some naturally occurring CEPs, however, have N- or C-terminal
extensions that include amino acids flanking the 15 amino acid conserved
domain(Patel et al., 2018). When the 15 amino acid MtCEP1 derivative is
added to Medicago roots, it decreases the number of lateral roots and increases
the number of root nodules induced by Sinorhizobium meliloti (Imin et al., 2013;
Mohd-Radzman et al., 2015). By contrast, when the naturally occurring
MtCEP1 peptides with N- or C- terminal extensions were synthesized and
tested for biological activity, a diminished ability to enhance root nodule number
was often observed although the ability to reduce lateral root number was
retained. These observations collectively suggest that the interaction of CEP
peptide with the native Medicago CEP receptor is sensitive to peptide structure
and that loss of the ability to induce root nodules is more sensitive to peptide
structure than the ability to reduce lateral root number. Therefore, care needed
to be exercised to design MtCEP1 derivatives that retained the full spectrum of

biological activity.

We synthesized an MtCEP1 peptide derivative with an N-terminally labelled
fluorescent FITC tag (Fig. 4.2). We added the FITC tag to the N-terminus based
on prior results where a carboxytetramethylrhodamine (TAMRA) tag was added
to either the N- or the C-terminus of MtCEP1. Since the N-terminally tagged
TAMRA peptides only retained full biologically activity, and TAMRA and FITC
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have similar molecular masses (386 and 389, respectively), we tested the
biological activity of FITC-MtCEP1 relative to MtCEP1. FITC-MtCEP1 retained
the expected biological activity (Fig. 4.3) which is and inhibition of lateral root
number and a promotion of root nodule number. This result validated that the
N-terminal FITC modification did not inactivate the biological activity of the CEP

peptide. Thus, we used FITC-MtCEP1 for the following experiments.

OH
/
MtCEP1 AFQPTTPGNSPGVGH
OH
OH
/
EITC-MLtCEPL .—AFQPTTPGNSQGVGH
OH
FITC-AtCEP14 .—VDRYLRSVPSPSVGH
OH

Figure 4.2. The CEP peptide derivatives used in this study
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Figure 4.3. The MtCEP1 derivative with a FITC tag is biologically active in
Medicago. The synthetic peptide was added into the medium for Medicago
seeding growth. The Medicago seedings were tested the lateral root and nodule
numbers for peptide biological activity (see section 2.15) (A)(B) The biological
activity of FITC-MtCEP1 derivative was accessed on A17 roots. (A) The effect
of FITC-MtCEP1 (1 x 10M) derivative on lateral root and (B) root nodule
number. Lateral organ formation in A and B was scored at 14 dpi. Different

letters indicate a statistically significant difference (P < 0.05, one-way analysis

of variance (ANOVA) followed by Tukey multiple comparisons test) (error bars,
+SE, n 2 15)..
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4.2.2 Medicago leaf VT isolation

Next, we developed strategies for the isolation Medicago VT and confirmed that
the cells in the VT were viable. The technique devised involved using Medicago
leaves soaked in buffer containing cell wall degrading enzymes. These leaves
were subjected to probe sonication to remove most (~80%) of the mesophyll
cells and expose the VT. The isolated VT was subjected to light microscopy to
make sure the sonication procedure is sufficient to remove the mesophyll cells
but not to cause the dissociation of the VT (Fig. 4.4A). The viability of semi-
purified VT cells was verified by using propidium iodide (PI) staining (Fig. 4.4B),
which discriminates between viable and non-viable cells. Pl binds to DNA
through the intercalation of nucleobases. Because Pl is not permeable to live
cells, it is also widely used to detect dead cells in a population. The results
showed that sonication of leaves in a pH buffered solution containing cell wall
degrading enzymes was an effective method to (a) remove mesophyll cells,
which do not express CRA2, (b) retain VT cell viability, (c) provide an
enrichment of tissue that could interact with CEP peptides, and, (d) provide
easy access for a crosslinking chemical. This procedure would also enable

direct visualization of potential CEP-CEP receptor interactions, and perhaps

other puttive ligand-receptor pairsvia confocal microscopy.

Figure 4.4. Light microscopy images of Medicago vasculature tissue

viability staining. The Medicago leaves were soaked in the enzyme solution
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and subjected to probe sonication to remove the attached mesophyll cell (see
section 2.16) The isolated Medicago VT was confirmed that (A) most of the
mesophyll cells (green) were removed from VT (B) the viability of the vascular
tissue cells using propidium iodide staining. Representative pictures from 3

independent experiments are shown. Scale bar=100 pym

4.2.3 VT related protein purification and identification

To further validate VT enrichment, we employed a detergent based approach
to extract the proteins from the semi purified VT preparations and we examined
the protein content using mass spectrometry to determine if the isolated VT
really enriched in VT related proteins. Purified VT protein (10 mg) was
separated by SDS-PAGE, cut into 10 gel slices based on the molecular weight
and each gel slice subjected to in-gel trypsin digestion (Fig. 4.5A). Based on
the MS identification, 4950 proteins (2380 protein groups) were identified in the
Medicago VT. Among these 4950 proteins, there were 931 membrane proteins,
(522 protein group) identified from isolated Medicago VT (Fig. 4.5B).
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Figure 4.5. SDS-PAGE separation of the Medicago vasculature protein The
Medicago VT protein was purified, size separated by SDS-PAGE, and identified
by MS (see section 2.23). (A) The isolated Medicago VT proteins were
separated by SDS-PAGE and cut into 10 pieces according to the MW. (B) The

identified protein numbers in each fraction

To assess the effectiveness of the Medicago VT isolation, we accessed the
vasculature specific gene database (Melnyk et al., 2018) and compared the
protein identifications to the gene expression profile identified in this study. In
brief, we used the VT related gene lists to find the homologues in Medicago
proteins based on the Uniprot database (Fig. 4.6A). There are 939 genes in
Arabidopsis which are VT related (Appendix Table 4.1) (Melnyk et al., 2018).
Among the 939 genes, there are 596 genes which had homologues and can be
found protein data in Medicago Uniprot database (Appendix Table 4.2). We
compared the proteins purified from Medicago shoot tissue (Appendix Table 4.3)
to the proteins purified from Medicago VT (Appendix Table 3.6) to determine
whether vasculature related proteins were enriched. The result (Fig. 4.6) 2.32%
(of the 4950 proteins) were VT related (Fig. 4.6B). This compared favorably to
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the results in Chapter 3 where of 15656 Medicago leaf proteins identified only
1.84% were VT related. Therefore, the VT purification procedure developed
successfully enriched proteins related to VT, especially the proteins related to
phloem, stele, and vascular development (Fig. 4.6C). The significance of
difference of VT related protein enrichment between leaf tissue and VT was

confirmed by a binomial test (P<0.01)
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Fig 4.6. Comparison between proteins identified from Medicago Leaf
tissue (LT) and vasculature tissue (VT) based on published literature
(Melnyk et. al., 2018). (A) Flow chart of generating Medicago VT related
proteins list (B) The VT related proteins were significantly enriched after VT
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isolation (C) The VT isolation significantly enriched VT related proteins such as
phloem, stele, leaf vascular induction. Significant difference was exanimated by
Binomial test, P < 0.01

4.2.4 Formaldehyde crosslinking of FITC-MtCEP1 to A17 leaf VT is
MtCRA2 dependent

To investigate the suitable chemical crosslinking reagents, we assessed the
ability of two crosslinking reagents (formaldehyde and DMP) to specifically
crosslink FITC-MtCEP1 to Medicago leaf VT (summarized in Fig. 4.7).

(A)

H,CO

[
o

Receptor ‘(LH Receptor

Tt
HZC + HzD
Crecepor >

[=2)

(B)

XH x’

CsHiaN20, CHyN; + CH;0H

Receptor H Receptor Y,

—

C)

MtCEP1 AFQPTTPGNSPGVGH

Figure 4.7. An illustration of the potential crosslinking of MtCEP1 peptides to

its receptor using formaldehyde or DMP General (A) Formaldehyde (B) DMP

assisted crosslinking reaction; X, Y =S or N of Cys, Lys, Trp, Asn, His, or Arg

side chain (C) Possible crosslinking sites on MtCEP1 for formaldehyde and

DMP were labelled in red. The space arm length is 2.3-2.7 A for formaldehyde
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and 9.2 A for DMP

During formaldehyde-dependent crosslinking, formaldehyde first reacts with a
potential nucleophile on either the ligand or the receptor to form methylol
adducts. Suitable nucleophiles include amino acids such as Lys, Cys, Trp, Asn,
His, or Arg. The reaction of formaldehyde with an appropriate amino acid results
in the loss of water during the formation of a Schiffs base. Second, the Schiff
base reacts with a second nucleophile on a closely associating molecule, in this
case the receptor or also the ligand, to form covalent crosslinking (Hoffman et
al., 2015). Formaldehyde crosslinking reactions are reversible at the
temperature above 37°C, and the crosslinking is stable at 4 °C (Kennedy-
Darling and Smith, 2014). By contrast to formaldehyde, DMP contains an
imidoester at each end of a 7-carbon spacer arm and forms an amidine bond
with the primary amines on the amino groups such as Lys, Cys, Trp, Asn, His,
or Arg. The cross-linking reaction is more efficient when performed at pH >8
(DeCaprio and Kohl, 2019). The maijor differences between formaldehyde and
DMP are the arm length of the cross-linkers and pH dependency of DMP. The
space arm length is 2.3-2.7 A for formaldehyde (Klockenbusch and Kast, 2010)
and 9.2 A for DMP (McKee et al., 2000). DMP mediated crosslinking reaction
is pH dependent and maximal at pH>8, whereas formaldehyde mediated
crosslinking reaction is pH independent. This later point is important as CEP-
CEP receptor interactions might be expected to occur at pH 5.5, which is the
pH of the extracellular space of plants and where the extracellular ligand,
MtCEP1, interacts with the ecto-domain of the potential receptor, CRA2, which
faces the extracellular space. As a control for these experiments, we used the
CRA2 mutant strain, cra2-11, which would be expected to not bind MtCEP1 as

this strain is a transposon-induced CEP-receptor null mutant.

We incubated FITC-MtCEP1 with WT or cra2-11 VT and cross-linked using
formaldehyde or DMP. The results (Figs. 4.6&4.7) show that both crosslinking
reagents can bind FITC-MtCEP1 to WT VT (Fig. 7A; Fig. 8A), but not the VT
from cra2-11 (Fig. 4.8B, Fig. 4.9C). Therefore, result implies that the binding of
FITC-MtCEP1 to Medicago leaf VT is CRA2-dependent, and the DMP mediated
crosslinking is both pH and CRA2-dependent (Fig. 4.9B). Since DMP mediated
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crosslinking is pH-dependent and formaldehyde crosslinking is independent of
pH, we used formaldehyde as the preferred crosslinking reagent in subsequent
experiments. In addition to the green fluorescence expected of a FITC-MtCEP1
interaction with its potential receptor, we also observed a purple signal in cra2-
11 vascular tissue (Fig. 4.8B). This purple auto-florescence also occurs in WT
VT not cross-linked to FITC-MtCEP1 (Fig. 4.8B) and we conclude that this is
due to the weak cell wall auto-fluorescence of the xylem tissue (Willemse, 1989;
Donaldson and Williams, 2018), which is known to be infused with phenolic
materials which auto-fluoresce. This cell wall auto-fluorescence served as a
useful internal control in all samples as well as a tissue-specific marker. In Fig.

4.9A, the cell wall auto-fluorescence was masked by the greater intensity of the

FITC-MtCEP1 signal.
.

Figure 4.8. Formaldehyde crosslinking of FITC-MtCEP1 to A17 leaf
vascular tissue is MtCRA2 dependent. The isolated Medicago leaf VT was
incubated with FITC-MtCEP1 and crosslinked by formaldehyde before

subjected to confocal microscopy (see section 2.18 & 2.22). (A, B) Confocal

microscopy images of Medicago vasculature tissue of (A) A17 and (B) cra2-11.
Vasculature tissue was incubated with FITC-MtCEP1 for 30 min before
formaldehyde crosslinking and the subsequent washing step. FITC
fluorescence is green and auto—fluorescence due to cell wall related phenolics
is purple. Representative pictures from 3 independent experiments are shown.

The VT of A17 + cra2-11 were prepared and imaged using identical confocal
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microscopy setting. Scale bar=100 um

Figure 4.9. Dimethyl pimelimidate crosslinking of FITC-MtCEP1 to A17 leaf
vascular tissue is pH dependent. The isolated Medicago leaf VT was
incubated with FITC-MtCEP1 and crosslinked by DMP before subjected to
confocal microscopy (see section 2.18 & 2.22). (A,B) Confocal microscopy
images of Medicago A17 vasculature tissue at (A) pH=9, which is a preferable
pH condition for DMP crosslinking, and (B) pH=7. (C) Images of Medicago cra2-
11 vasculature tissue at pH=9. Vasculature tissue was incubated with FITC-
MtCEP1 for 30 min before DMP crosslinking and the subsequent washing step.
FITC fluorescence is green and auto—fluorescence due to cell wall related
phenolics is purple. Representative pictures from 2 independent experiments
are shown. The VT of A17 + cra2-11 were prepared and imaged using identical

confocal microscopy setting. Scale bar=100 ym

4.2.5 MtCEP1 can out compete FITC-MtCEP1 for binding sites on WT VT

If the binding of FITC-MtCEP1 to CRAZ2 is specific, then it should be
outcompeted by unlabeled MtCEP1. To determine this, the A17 VT was used in
a binding competition experiment, which also enabled us to estimate the

relative binding efficacy of MtCEP1 compared to FITC-MtCEP1 (Fig 4.10).
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FITC-MtCEP1 bound to WT VT as expected (Fig. 4.10A) however co-incubation
of 1 yM MtCEP1 with 1 yM FITC-MtCEP1 resulted in no detectable binding of
FITC-MtCEP1 (Fig. 4.10B). This result suggested the MtCEP1 and FITC-
MtCEP1 bound to the same receptor and completely displaced FITC-MtCEP1

from its binding site.

We further tested the relative binding efficacy of MtCEP1 compared to FITC-
MtCEP1 by co-incubating a fixed amount of FITC-MtCEP1 (1 uM) with MtCEP1
concentrations ranging from 1 yM down to 1nM. Detectable binding of FITC-
MtCEP1 started to be restored when the MtCEP1 concentration was reduced
to 10 nM. Therefore, these results suggest that MtCEP1 is at least 10-100 times
more efficient at binding than FITC-MtCEP1 (Fig. 4.10C-E) and that MtCEP1
peptide can bind to WT VT at 10 nM.
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Figure 4.10. Binding site competition assays between FITC- MtCEP1 and
MtCEP1. The isolated Medicago leaf VT was co-incubated with 1 yM FITC-
MtCEP1 and different concentrations of MtCEP1 and crosslinked by
formaldehyde before subjected to confocal microscopy (see section 2.21 &
2.22). Confocal microscopy pictures of WT leaf VT incubated with: (A) 1 uM of
FITC- MtCEP1; (B)(C)1 uM of FITC-MtCEP1 and 1 uM of MtCEP1; (D)1 pM of
FITC- MtCEP1 and 0.1 yM of MtCEP1; (E) 1 uM of FITC- MtCEP1 and 0.01 uM
of MtCEP1. FITC fluorescence is green, and auto—fluorescence is purple. The

pictures are representative of 3 independent experiments. Scale bar=100um
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4.2.6 Defining the minimum concentration of formaldehyde required for
specific crosslinking of FITC-MtCEP1 to A17 M. truncatula VT

To further ensure that the formaldehyde mediated crosslinking was specific we
determined the minimum concentration of formaldehyde required for FITC-
MtCEP1 crosslinking to semi-purified Medicago VT (Fig. 4.11). This was done
because the published concentrations of formaldehyde used for interactome
studies (Thavarajah et al., 2012) recommend using 4 % formaldehyde to
permeate into cells, whereas the crosslinking reaction in these studies occurs
on the cell surface. Since it was unnecessary for formaldehyde to penetrate
the VT cells, we expected that the minimum formaldehyde concentration
required for MtCEP1-CRA2 crosslinking to be lower than 4%. Figure 10A
shows the confocal images of peptide treated VT after crosslinking with a range
of formaldehyde concentrations using 4% as a baseline. There is clear FITC
fluorescence in the 4% positive control, indicating the FITC-labelled peptide has
been successfully cross-linked to proteins in the vasculature. The fluorescence
level in samples cross-linked with the 2x10-3% solution is comparable to the
control (Fig. 4.11D). There is a noticeable drop in fluorescence at lower
concentrations. Crosslinking with 2x104% (Fig. 4.11E) significantly reduces the
intensity of fluorescence but FITC is present in throughout the vascular tissue
samples as a green vein. In the samples exposed to the 2x10-°% solution, much
less FITC is evident fluorescence cannot be seen throughout the VT, instead it
is localized to a few intense clusters (Fig. 4.11F). There was little to no
fluorescence observable after incubation with 2x10%% formaldehyde,
suggesting this was not enough to induce covalent bond formation (Fig. 4.11G).
Therefore, these studies confirm that formaldehyde can crosslink FITC-
MtCEP1 to CRA2 at 1000-fold lower concentrations that are required for cellular
interactome studies and that the incubation time can be reduced from 30 min

to 5 min.

An interesting outcome from the titration experiment is that as the FITC
fluorescence intensity is reduced with decreasing formaldehyde, a more
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specific MtCEP1 localization within the VT is revealed (Fig. 4.11 H, I). Since the
fluorescence of the xylem vessels emitted a strong purple auto-fluorescence
signal, which caused by the phenolics in their cell walls, the green vein which
caused by FITC labelling is most likely be the phloem tissue, which corresponds
to the location where MtCRAZ2 expresses in prior studies (Tabata et al., 2014;
Ohkubo et al., 2017) Taleski et al 2020)

Figure 4.11. Defining the minimum concentration of formaldehyde
required for specific crosslinking of FITC-MtCEP1 to A17 M. truncatula VT.
The isolated Medicago leaf VT was incubated with FITC-MtCEP1 and
crosslinked by different concentration of formaldehyde before subjected to
confocal microscopy (see section 2.19 & 2.22). The samples in the images were
crosslinked for 5 minutes with the following formaldehyde concentrations: (A)
4%, (B) 0.2%, (C) 0.02%, (D) 0.002%, (E) 2x104%, (F) 2x10°%, (G) 2x10-%%.
The FITC fluorescence is green whereas cell wall auto-fluorescence is purple.
The scale bars are 100 ym. (H-I) Magnifications of image (E) lower panel and
(B) upper panel. (H)The fluorescence due to MtCEP1 binding is discretely

localized within the vascular tissue (as see white bracket) whereas white arrows
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indicate regions of purple auto-fluorescence that likely correspond to xylem

vessels.

4.2.7 Cross-species ligand receptor identification revealed by

formaldehyde cross-linking

We investigated if the Medicago CEP1 derivative can interact specifically with
the Arabidopsis CEPR1 receptor. First, we tested the biological activity of FITC-
MtCEP1 in Arabidopsis to see if it can bind to the AtCEPR1, which is the
putative functional orthologue of MtCRA2 (Fig. 4.12A; Mohd-Radzman et al
2016). Second, we incubated the FITC-MTCEP1 with the purified Arabidopsis
leaf VT to confirm the ligand receptor interaction in vivo. The results (Fig. 4.12)
show that FITC-MtCEP1 can bind to Arabidopsis WT VT (Fig. 4.13A), but not
the VT from cepr1-1(Fig. 4.13B). Therefore, the binding of FITC-MtCEP1 to
Arabidopsis leaf VT is AtCEPR1-dependent. The results also reaffirm that
MtCRAZ2 is functionally orthologous to AtCEP1.
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Figure 4.12. The MtCEP1 derivative with a FITC tag is biologically active
in Arabidopsis. The synthetic peptide was added into the medium for
Arabidopsis seeding growth. The Arabidopsis seedings were tested the main
root for peptide biological activity (see section 2.15) (A) The effect of FITC-
MtCEP1 (1 x 10-°M) derivative on main root. Main root formation was scored at
10 dpi. Statistically significant differences were determined using a Student's t-
test: ***, P < 0.001 (error bars, £ standard error, n = 7). (B) The sequence
aliment of group | CEP, which were AtCEP3 and MtCEP1, and group Il CEP,
which was AtCEP14.

100



Figure 4.13. Formaldehyde crosslinking of FITC-MtCEP1 to WT
Arabidopsis leaf vascular tissue is AtCEPR1 dependent. The isolated
Arabidopsis leaf VT was incubated with FITC-MtCEP1 and crosslinked by
formaldehyde before subjected to confocal microscopy (see section 2.18 &
2.22). (A,B) Confocal microscopy images of mechanically-isolated Arabidopsis
vasculature tissue of (A) WT and (B) cepr1-1. Vasculature tissue was incubated
with FITC-MtCEP1 for 30 min before formaldehyde crosslinking and the
subsequent washing step. FITC fluorescence is green and auto—fluorescence
due to cell wall related phenolics is purple. Representative pictures from 3

independent experiments are shown. Scale bar=100um

To examine the specificity of CEP species to CEPR1/CRA2 we made an FITC-
AtCEP14 peptide and assessed its ability to bind to the VT of WT and a CEP
receptor mutant. AtCEP14 is a so-called group 2 CEP based on rather weak
homology of its CEP domain to the group 1 CEPs (Delay et al., 2013; Roberts
et al., 2013). Whilst the C terminal residues of the group 2 CEPs is conserved
with the group 1 CEPs, there is considerable divergence in the N-terminal
amino acids of group 1 and group 2 CEP family peptides. In addition, AACEP14
contains two prolines at position 9 and 11 only one of which is conserved in
position with the group | CEP family. By contrast most group 1 CEPs contain
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conserved prolines at positions 4, 7 and 11, which have been shown to be
required for CEP peptide activity (Mohd-Radzman et al., 2015). The biological
activity of group 2 CEPs is untested.

Therefore, we investigated if AtCEP14 is a functional ligand for MtCRAZ2. (Fig.
4.12B). First, we noted that AtCEP14 shares no obvious phenotypic effect on
plants in Arabidopsis and Medicago (Fig. 4.12A), in contrast to the group 1
CEPs. We evaluated a possible interaction between AtCEP14 and MtCRA2
using formaldehyde mediated crosslinking and FITC labelled AtCEP14. The
results (Fig. 4.13) show that FITC-AtCEP14 bound to both Medicago WT VT
(Fig. 4.14A), and the VT from cra2-11 (Fig. 4.14B). Therefore, the binding of
FITC-AtCEP14 to Medicago leaf VT appears not to be MtCRA2-related. The
results suggested the receptor of AtCEP14 is not MtCRA2, and AtCEP14 and
other “class 2 CEPs” should be excluded from CEP family as they bind to
(an)other vascular receptor(s).

204

Figure 4.14. FITC-AtCEP14 binds to both A17 and CRA2 MT leaf VT The
isolated Medicago leaf VT was incubated with FITC-AtCEP14 and crosslinked
by formaldehyde before subjected to confocal microscopy (see section 2.18 &
2.22). (A, B) Confocal microscopy images of Medicago vasculature tissue of
(A) A17 and (B) cra2-11. Vasculature tissue was incubated with FITC-AtCEP14
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for 30 min before formaldehyde crosslinking and the subsequent washing step.
FITC fluorescence is green and auto—fluorescence due to cell wall related
phenolics is purple. Representative pictures from 3 independent experiments
are shown. The VT of A17 + cra2-11 were prepared and imaged using identical

confocal microscopy setting. Scale bar=100 ym

4.3 Conclusion

In this chapter, we established a methodology to identify ligand receptor
interaction in vivo by using formaldehyde mediated crosslinking and purified
Medicago VT.

First, since the MtCRA2 was mainly expressed in VT, we isolated VT from
Medicago leaf as the starting material and verified the isolated Medicago VT
retained viability and was enriched for VT related proteins. The viability of the
isolated Medicago VT was confirmed by propidium iodide staining. Proteomic
analysis indicated that the proteins purified from Medicago VT were enriched
with proteins related to the VT, especially the proteins linked to phloem, stele,

and vascular development.

Second, we accessed the capability of in vivo ligand receptor interaction using
semi-purified Medicago VT and chemical crosslinking.  Specifically, we
examined formaldehyde and DMP as crosslinking reagents for in vivo
crosslinking of class 1 CEPs to isolated Medicago VT. Although both reagents
can cross-link MtCEP1 to VT in a receptor dependent manner, DMP failed to
stabilize the FITC-MtCEP1 to WT Medicago VT at pH<8 condition. Thus, we
choose formaldehyde as the preferred crosslinking reagent since the

formaldehyde crosslinking was independent of pH.

Third, using formaldehyde-assisted cross-linking, we validated the binding of
FITC-MtCEP1 to Medicago leaf VT was MtCRA2 dependent, and this binding
can be out competed by unlabeled MtCEP1. This result suggests that MtCRA2
specifically binds FITC-MtCEP1, and MtCEP1 binds CRA2 at least 10 times
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more efficiently.

Fourth, to ensure that the formaldehyde mediated crosslinking was specific, we
determined minimum concentration of formaldehyde required to cross link
MtCEP1 to the ecto domain of CRAZ2. The crosslinking can be achieved with
the formaldehyde concentration as low as 2x 103%. As a result of lowering the
formaldehyde concentration confocal examination indicated a more tissue-
specific binding of FITC-MtCEP1 in the VT. It is clear that FITC-MtCEP1 does

not co-localize with the tissues containing the purple auto fluorescence.

Fifth, we expanded the methodology of formaldehyde mediated ligand receptor
identification to cross-species ligand receptor identification and examined the
interaction between ligand and receptor. The results showed FITC-MtCEP1
bound to the Arabidopsis leaf VT in AtCEPR1 dependent manner, which
confirmed the methodology can be applied to identify ligand receptor interaction
in different species. This result is consistent with MtCRA2 being a functional
orthologue of AtCEPR1.

Sixth, the approach devised in this chapter showed that AtCEP14, which is one
of group Il CEP peptide, bounds to the Medicago VT independently of MICRA2.
This result suggests that group 2 CEPs may bind to (a)nother receptor(s) in
Medicago VT.

Since the formaldehyde is a non-specific crosslinking reagent, it would be
difficult to isolate the receptor complex and identify it by MS identification. One
possibility might be to extract the cross-linked proteins use blue native gels and
use the FITC fluorescence to identify a receptor complex in these gels that
could be examined by MS. However, since formaldehyde mediated
crosslinking is a random and non-specific crosslinking, it basically crosslinks
every protein which is in the suitable range. This makes the MtCEP1-CRA2
complex hard to identify from the crosslinked protein complex. To address this
issue the next chapter uses site-directed photo-activation to cross-link and

purify the ligand-receptor complex for MS identification.
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Chapter 5: Validation of CEP peptide binding to MtCRA2
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5.1 Introduction

The previous chapter provided evidence for the binding of MtCEP1 to the
Medicago leaf VT in a MtCRA2 dependent manner. The results indicated that
MtCEP1 and MtCRA2 may form a ligand receptor complex. However, as
formaldehyde is a non-specific crosslinking reagent, the formaldehyde
mediated crosslinking made the ligand receptor complex purification extremely
difficult since crosslinking was not limited to MtCEP1 and MtCRAZ2, but also all
the other proteins complexes within. Although the formaldehyde mediated
FITC-MtCEP1 localization to the MtCEP1 was localized majorly on the living
cells of the Medicago VT, which might be the parenchyma from xylem or phloem,
the non-specific formaldehyde crosslinking still limited the resolution of FITC
localization. Therefore, this chapter aimed to develop a methodology to purify
the receptor which interacted with MtCEP1 by using a site-directed photo-
activatable cross-linker and confirmed the ligand-receptor complex with Mass

spectrometry.

5.1.1 Photo-active site directed crosslinking for PPIs identification

Another approach used to examine specific PPIs is to incorporate a photo-
active amino acid on one of the interacting partners. There are several photo-
active amino acids that can be used and one example is the photo-active amino
acid analogue of phenylalanine, p-benzoyl-L-phenylalanine (oBpa), (Kauer et
al., 1986). Upon UV irradiation at a wavelength around 365 nm, the photo-
generated triplet state of the benzophenone group abstracts a hydrogen atom
from geometrically accessible carbon-hydrogen bond of the polypeptide
backbone. The side chain methylene groups then combine with the resulting
radical to generate a covalent link between the ketone carbonyl carbon and the
attacked methylene carbon on an adjacent protein (Wong and King, 2015).
Carbon-hydrogen bonds within 3 A of the carbonyl oxygen are targets for cross-
linking (Farrell et al., 2005). The cross-linked protein complex can be purified
and identified using tandem mass spectrometry. However, few publications
have reported using this technique in plant tissues to examine putative peptide
ligand-receptor interactions.
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5.1.2 In vivo CEPs receptor identification

The need for a deeper understanding of how intercellular signalling mediated
by peptide hormone-receptor interactions control growth and development
requires the development of rapid and simple methods for identifying or
validating interactions of peptide hormones with their respective receptors in
vivo. In Chapter 5, we utilized a technique to semi-purify VT from the leaves of
Medicago and Arabidopsis to investigate if native CEP receptor complexes
known to express in these tissues can bind to biologically active fluorescently
tagged group 1 peptides in vivo. We then used confocal microscopy to assess
if formaldehyde-mediated crosslinking of these peptides to wild type VT of
Medicago or Arabidopsis depends on CEP receptors by exploiting the natural
expected affinity of group 1 CEP peptides to putative, or known, receptors (e.g.
MtCRAZ2 or AtCEPRL1, respectively).

In this chapter, the aim is to discover the potential receptor for MtCEP1 by
photo-activated crosslinking and MS identification. First, we tested the
biologically activity of varies N-terminal extension for affinity and fluorescence
tag. Second, we tested if the photo-cross-linker (pBpa) modified FITC-MtCEP1
peptide (FITC-MtCEP1F*) can still maintain the biological activity. Third, we
examined the interaction between FITC-MtCEP1F* and MtCRAZ2 using purified
Medicago leaf VT, as well as the binding efficacy of FITC-MtCEP1F* to MtCRAZ.
Finally, we purified the proteins from Medicago Leaf VT which is cross-linked
specifically to FITC-MtCEP1F* and identified the binding partner as MtCRA2 by
MS detection.

5.2 Results

5.2.1 Different N-terminal extension can affect the biological activity of
MtCEP1

First, in order to purified the MtCEP1-MtCRA2 complex, we sythesized several
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MtCEP1 derivatives with different tag on the N-terminus, which were FITC tag
(named FITC-MtCEP1), HA tag (named HA-MtCEP1), Strepll tag with spacer
(named Strep- MtCEP1) (Fig. 5.1). We further compared the biological activities
of these MtCEP1 variants to ensure the synthetic peptide still bound to its
receptor. The results (Fig. 5.2) showed that the MtCEP1 N-terminal extension
variants were biologically activie to different level. All of the MtCEP1 variants
can inhibit the laterial roots formation, but only FITC-MtCEP1 can increase the
nodule number similarly to MtCEP1. The HA-MtCEP1 and Strep MtCEP1
displayed abolished activity on the enhanced nudulation. Thus, we used FITC-

MtCEP1 as the N-teminal tagged ligand for ligand-receptor complex purificaiton.

C;H
MtCEP1 AFQPTTPGNSF{GVGH
OH
OH
/
FITC-MtCEP1 .— AFQPTTPGNSPGVGH
\OH
OH
/
HA-MtCEP1 YPYDVPDYAAFQPTTPGNSPGVGH
“oH
OH
/
Strep-MtCEP1 ASWSHPQFEKGAAFQPTTPGNSPGVGH
\OH
OH
/
FITC-MtCEP1F* .‘AFQPTTPGNSP\GVGH
OH

sz-benzoyl- L-phenylalanine
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Figure 5.1. The MtCEP1 derivatives used in this study. The HA tag and Strep

tag were labeled in blue. The photo-crosslinker was labeled in red.
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Effect of MtCEP1 derivatives on lateral root formation
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Figure 5.2. N-terminal extension difference of MtCEP1 will affect the
biological activity

(A)(B)The biological activity of MtCEP1 derivatives was accessed on A17 roots.
(A) The effect of root 1 x 10-°M MtCEP1 derivatives on lateral root and (B) root
nodule number at 14 dpi. Water was used as a control. Different letters indicate
a statistically significant difference (P < 0.05, one-way analysis of variance
(ANOVA) followed by Tukey multiple comparisons test) (error bars, +SE, n =
15).
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5.2.2 MtCEP1 derivatives with FITC tags and photo-cross-linker are

biologically active

We further compared MtCEP1 to its variant, FITC-MtCEP1F*, to ensure that
FITC-MTCEP1F* retained biological activity. The two peptides were identical,
except FITC-MTCEP1F* had a p-benzoyl-L-phenylalanine (F*) at its 2nd
residue instead of phenylalanine as well as the N-terminal FITC tag (Fig. 5.1).
Both peptides were biologically active. FITC-MTCEP1F* inhibited Medicago
lateral root formation and increased the number of root nodules similarly to that
reported for MtCEP1 (Imin et al., 2013; Mohd-Radzman et al., 2015) (Fig. 5.3)
and to FITC-MTCEP1 (Fig. 4.2; Chapter 4). This suggested that the modified
peptides were biologically active and can bind to the receptor in vivo to alter the

number of lateral organs produced on Medicago roots.
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Figure 5.3. The MtCEP1 derivative with a pBpa residue and FITC tag is
biologically active

(A)(B) The biological activity of FITC-MtCEP1F* derivative was accessed on
A17 roots. (A) The effect of FITC-MtCEP1F* (1 x 10-M) derivative on lateral
root and (B) root nodule number. Lateral organ formation in Aand B was scored
at 14 dpi. Different letters indicate a statistically significant difference (P < 0.05,

one-way analysis of variance (ANOVA) followed by Tukey multiple comparisons

test) (error bars, +SE, n = 15)..
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5.2.3 Photo-activation of FITC-MtCEP1F* resulted in specific
crosslinking to WT VT

To test the specificity of MtCEP1 binding to its putative receptor, CRA2, we
covalently cross-linked FITC-MtCEP1F* to WT VT in vivo using UV at 365 nm.
If p-benzoyl-L-phenylalanine is sufficiently proximal to a suitable amino acid in
CRA2 this should result in a covalent linkage of the CEP peptide to CRAZ2.
Specifically, any CRA2 amino acid side chain in CRA2’s ligand binding domain
proximal to the position of the phenylalanine residue at position 2 in the ligand
will be cross-linked (Fig. 5.4). Confocal microscopy observations showed that
FITC-MtCEP1F* bound to the WT VT (Fig. 5.5A). Moreover, a magnification of
the tissue showed that FITC-MtCEP1F* bound at the periphery of individual VT
cells (Fig. 5.5B) but not any internal membrane, which is consistent with the
CRA2 being in the plasma membrane. The binding of FITC-MtCEP1F* was UV
and CRA2 dependent (Fig. 5.5 C, D) since there was no FITC-MtCEP1F*
binding in the absence of UV exposure or in UV-treated cra2-11 VT exposed to
FITC-MtCEP1F*. Overall, these results indicate that the binding of FITC-
MtCEP1F* to the WT VT is CRAZ2, UV, and ligand dependent.
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Figure 5.4 Putative photo-activated crosslinking of CEP ligand to the CEP
receptor. MtCEP1 with p-benzoyl-L-phenylalanine (pbap) as second residue is

crosslinked to an adjacent amino acid residue of the receptor.

Figure 5.5. Photo-activated crosslinking of FITC-MtCEP1F* to VT is UV-
and CRA2-dependent

(A) Confocal microscopy images of Medicago VT incubated with FITC-
MtCEP1F* after UV exposure. (B) High magnification confocal microscopy
images of Medicago VT incubated with FITC-MtCEP1F* after UV exposure.
FITC-MtCEP1F* dependent fluorescence accumulates in the periphery of

individual VT cells. (C) Confocal microscopy images of Medicago VT incubated

118



with FITC-MtCEP1F* without UV exposure. (D) Confocal microscopy images of
VT from cra2-11 VT incubated with FITC-MtCEP1F* after UV exposure. The
FITC fluorescence is green, and auto—fluorescence is purple. The pictures are
representative of three independent experiments. Scale bar in (A)(C)(D) panels

are 100 ym, and in (B) panel is 25 ym.

5.2.4 MtCEP1 can out compete FITC-MtCEP1F* for binding sites on WT
VT

A17 VT was used for a binding competition assay to estimate the relative
binding efficacy of MtCEP1 compared to FITC-MtCEP1F*(Fig 5.6). The co-
incubation of 1 yM MtCEP1 with 1 uyM FITC-MtCEP1F* resulted in no
detectable binding of FITC-MtCEP1F* (Fig. 5.6A). This result suggested the
MtCEP1 and FITC-MtCEP1F* bound to the same receptor, but MtCEP1 can
outcompete FITC-MtCEP1F* for binding. We further tested the relative binding
efficacy of MtCEP1 compared to FITC-MtCEP1F* by co-incubating a fixed
concentration and dose of FITC-MtCEP1F* (50 pl at 1 yM) with diminishing
concentrations and dosages of MtCEP1. Detectable binding of FITC-MtCEP1F*
was partially restored when the MtCEP1 concentration was reduced to 10 nM,
and appeared completely restored when the MtCEP1 concentration was
reduced to 1 nM (Fig. 5.6 C-E). These results suggested that MtCEP1 is at least
100 to 1000 times more efficient at binding than FITC-MtCEP1F (Fig. 5.6 C-E)
and implies that MtCEP1 peptide can bind to WT VT between 1 and 10 nM.
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Figure 5.6. Binding site competition assays between FITC-MtCEP1F* and
MtCEP1

Confocal microscopy pictures of WT leaf VT incubated with: (A) 1 uM of FITC-
MtCEP1F* and 1 uM of MtCEP1; (B)1 uM of FITC- MtCEP1F* and 0.1 uM of
MtCEP1; (C) 1 uM of FITC- MtCEP1F* and 0.01 yM of MtCEP1. (D) 1 uM of
FITC- MtCEP1F* and 0.001 uM of MtCEP1. FITC fluorescence is green, and
auto—fluorescence is purple. The pictures are representative of 3 independent

experiments. Scale bar=100 pm.
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5.2.5 Visualization FITC- MtCEP1F* labeled protein separated by SDS-
PAGE

To independently validate that CRA2 is the receptor for MtCEP1, we first
incubated and UV irradiated WT VT with or without FITC-MtCEP1F*, and as a
control, to cra2 VT with FITC-MtCEP1F*. We then extracted and separated the
WT and cra2 VT proteins using SDS-PAGE before visualizing the separated
proteins using a fluorescence detector set to measure the emissions at 530+
30 nm (which includes the 525 nm emission maximum for FITC) (Fig. 5.7). The
results showed a fluorescent band common ~105 kDa (Lane 1 red arrow) but
not when FITC-MtCEP1F* was photo-cross-linked to cra2 VT or in the absence
of FITC-MtCEP1F* (Lanes 2-4). The band (red arrow) at ~105 kDa corresponds
to the expected molecular mass of CRA2 (107.23 kDa). These results
suggested that the band indicated with a red arrow (Fig. 5.7) corresponds to
CRAZ2.

Al7 cra2-11

Peptide + - + -

1 2 3 4
198 2
98 H S—
62
49

]

28

Fig. 5.7 Visualization FITC- MtCEP1F* labeled protein separated by SDS-
PAGE Lane 1: 10 mg protein extracted from A17 Medicago vascular tissue
labeled with FITC-MtCEP1F*. Lane 2: 10 mg protein extracted from A17
Medicago vascular tissue, no peptide control. Lane 3: 10 mg protein extracted
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from cra2 mutant labeled by FITC-MtCEP1F*. Lane 4: 10 mg protein extracted
from cra2, no peptide control. The band above 100 kDa (red arrow)
corresponds to the expected size of MICRA2 (MW= 107.23 kDa).

5.2.6 Identification of MtCRA2 by mass spectrometry in protein bands
extracted from SDS-PAGE

To validate that the unique bands in lane 2 of the SDS gel were MtCRA2
derivatives we examined the excised band at ~105 kDa for the presence of
CRA2 peptides using MS. The MS analysis (Fig. 5. 8) identified peptides
corresponding to MtCRAZ2 in the gel piece. The peptides represented 7% of
total protein sequence coverage, and the identified peptides were all unique
fragments to MtCRA2 (Fig. 5.8A). Fig. S4B shows a representative spectrum
of an MtCRA2 peptide. Thus, we confirmed the binding of FITC-MtCEP1F* to
Medicago VT is peptide and MtCRA2 dependent.
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AOAQT2V RRKISGQITP TISSAYNLVK IDFSYNFLSG PIPSEIGNLR KINLIMLOAN KINSSIPDSF SSLESLNLLD LSSNLLTGNI PESLSVLLPN SINFSENLLS GPIPPKLIKG

Modific 551 o
AOAOT2V GLVESFAGNP GLCVMMPVNA NSSDORNFPL CSHGYKSKKM NTIWVAGVSV ILIFVGAALF LKKRCGENVS AVEHEYTLSS SFFSYDVKSF HMISFDQREI VESLVDENIM

Modific 661
AOAOT2V GHGGSGTVYK IELXTGDVVA VXRLWSRSSX DSSPEDALFV DXALXAZVET LGSIRMKNIV KLYCCFSSLD CSLLVYEYMP NGTLYDSLEK GWIHLDWPTR YRIALGIAQG

Modific 171
AOAQTZV VAYLEHDLVF PIIHRDIXST NILLDEDYHP XVADFGIAXV LOQARGAXDST TTVIAGTYGY LAPEYAYSPR ATTRCDVYSF GVILLELLTG RKPIESEFGE NRNIVFWVAN

Modific 881
AOAOT2V KVEGKEGARP SEVFDPKLSC SFKDDMVKVL RIAIRCSYKA PASRPTMXEV VQLLIEAEPR KSDSCKLSTK DVSTNVTLVK KSFEL

(B)
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Fig. 5.8 Identification of MtCRA2 in protein extracted from SDS-PAGE.

A17 and cra2VT was incubated with FITC- MtCEP1F* and cross-linked. Total
protein was extracted and separated by SDS-PAGE, and the FITC labelled
protein was visualized. The fluorescent band unique to A17 cross-linked with
FITC- MtCEP1F* was excised and subjected to mass spectrometry. (A) shows
the protein sequence of MtCRAZ2. The peptides identified by mass spectrometry
(shown in different colors) account for 7% coverage of CRA2. (B) A

representative spectrum of a unique MtCRA2 peptide identified from CRAZ2.

5.3 Conclusion

In this chapter, we established a methodology to identify ligand receptor
interaction in vivo by using site-direct photo activated crosslinking, purified
ligand-receptor complex from Medicago VT and identified by Mass

spectrometry.

First, we synthesized various MtCEP1 with different N-terminal affinity tag
extensions and screened the biological activities of the synthetic peptides. We
examined the effects of synthetic peptides on A17 lateral root and nodulation
formation to verify the MtCEP1 derivatives can cause same phenotype as
MtCEP1. This result implied that the synthetic ligands still bind the same
receptor. The results showed all MtCEP1 derivative with different N-terminal
modifications can reduce the number of lateral roots, but only FITC-MtCEP1
can induce nodulation as well as MtCEP1. Based on the results, we used FITC

as the N-terminal extension fluorescence tag.

Second, we replaced the second amino acid on FITC-MtCEP1 from
phenylalanine to p-benzoyl-L-phenylalanine (pBpa), which is a site directed,
photo activated cross-linker we termed FITC-MtCEP1F*. The photo-active
amino acid analog p-benzoyl-L-phenylalanine (pBpa) was selected in this study
as a crosslinking reagent. pBpa has been used as a cross-linker to study
peptide-protein interactions since 1986 (Kauer et al., 1986). pBPA contains a
photo-reactive and chemically stable benzophenone group in its side chain.

123



Upon UV irradiation at a wavelength around 365 nm, the photo-generated triplet
state of the benzophenone group abstracts a hydrogen atom from a
geometrically accessible carbon-hydrogen bond of the polypeptide backbone.
The UV-activated benzophenone can attack adjacent CH bonds to form
covalent cross-linking(Miyazaki et al., 2020). The carbon-hydrogen bonds
within 3 A of the carbonyl oxygen are targets for cross-linking (Farrell et al.,
2005). The cross-linked protein complex was capable for following purification
and identification with tandem mass spectrometry. A structure study of plant
plasma membrane P-type H+-ATPase was published via pBpa and tandem MS
in yeast model (Nguyen et al., 2018). However, few publications have reported

using this technique directly in plant tissues.

Third, we further test the biological activities of FITC-MtCEP1F* to check if the
modified peptide still bound to the receptor and cause the same phenotype as
MtCEP1. The results showed the FITC-MtCEP1F* can reduce the lateral roots
formation and increase root nodule number as well as MtCEP1, which indicated
the modified peptide still bounds the same receptor and can be used for the

ligand receptor complex purification.

Fourth, with the assistance of pBpa, we validated the binding of FITC-
MtCEP1F* to Medicago leaf VT was MtCRA2 dependent, and this binding can
be out competed by unlabeled MtCEP1 by at least 100-fold ratio. The results
suggested the MtCRAZ2 is crucial for the Medicago VT binding of FITC-
MtCEP1F*, and MtCEP1 bounds the same receptor as FITC-MtCEP1F* at least

100 times more efficiently.

Fifth, we purified the protein from semi purified VT via a detergent based
method. The purified proteins were separated on the SDS-PAGE and a protein
band in WT VT was shown to specifically bind to FITC-MtCEP1F* as visualized
using a fluorescence detector set to measure FITC. The results showed a
unique band was detected in WT VT plus FITC-MtCEP1F* peptide with
corresponding to the expected molecular mass of CRA2, which were not
detected in the protein sample purified from WT VT alone and receptor mutant

VT plus FITC-MtCEP1F*. This unique fluorescence band was cut out, trypsin
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digested, and the purified peptide subjected to MS. As the result, unique
peptides corresponding to MtCRA2 were identified that corresponded to
MtCRAZ2. The results strongly indicate that FITC-MtCEP1F* directly binds to
MtCRAZ2.
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Chapter 6: Discussion
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6.1 Thesis Overview and Key Results and Findings:

This thesis developed two broad approaches to investigate the interaction of
the LRR-RLK, MtCRAZ2, with its putative cognate ligands of the CEP family.
Chapters 3 4 and 5 utilized direct proteomic approaches and mass
spectrometry to analyze the results and Chapters 4 and 5 developed in situ
methods to visualize the direct binding of CEP ligands to native receptor
complexes in the vascular tissues of leaves using confocal microscopy. The
overall results show that peptides of the CEP family specifically bind to MtCRA2

localized to a subset of vascular tissue cells in Medicago.

Using direct proteomic approaches chapter 3 identified LRR-RLKs and in
particular MtCRA2 using enhanced solubilization and fractionation techniques
combined with the latest mass spectrometry instrumentation. Whilst these
approaches identified 3289 TMP groups or 36.57% of all transmembrane
proteins (TMPs), including trans membrane proteins with a significantly higher
number of transmembrane domains (TMDs), and enriched highly hydrophobic
proteins such as membrane transporters, they proved unsuitable for an in depth
analysis of LRR-RLKs. Neither methodological approach gave particularly high
coverage of LRR-RLKs even though 41% of the 538 annotated LRR-RLKs were
identified. In addition, only one MtCRA2 peptide was identified using either or
the solubilization, fractionation and MS analysis strategies. A proteomic
analysis of vascular tissue material in Chapter 4, which should have enriched
the relative proportion of MtCRA2 in the sample, also showed poor coverage of
LRR-RLKs and MtCRA2

In Chapter’s 4 and 5 new approaches were developed to optimize the
purification of live vascular tissue and to use fluorescently tagged group 1 CEP
ligands to investigate if MtCRA2 was the primary receptor for these ligands.
The addition of the fluorescent tag did not unduly affect the biological activity of
the ligand. We then exploited the natural affinity of the ligand for the receptor
complex to demonstrate specific binding by using two crosslinking and washing
strategies combined with confocal microscopy. Visualization of the ligand-

receptor complex in an SDS gel finally enabled MS verification of MtCRAZ2 as
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the receptor for group 1 but not group 2 CEPs

6.2 Proteomic approaches
6.2.1 Rationale for the approach in Chapter 3

Chapter 3 utilized mass spectrometry in combination with detergent-free
biochemical approaches to identify MtCRA2 and other members of the LRR
RLK family directly. Detergent based approaches were avoided because they
are difficult to remove prior to MS analysis and detergent contamination of mass
spectrometers leads to poor results and instrument fouling and downtime.
Chapter 3 used two protein solubilization techniques combined with proteolytic
digestion and extensive fractionation before MS analysis. We tested the
hypothesis that the poor representation of LRR-RLKs in the Medicago
proteomic literature was due to inadequate solubilization of membrane proteins,
which leads to ineffective enzymatic digestion of the material. Microsomal
membranes (MM) were utilized to enrich the membrane protein component in
the starting material, and we applied the reported superior capacity of formic
acid (FA) to solubilize the membrane proteins followed by a chemical cleavage
using CnBr, which cleaves at rare methionine residue, to break the proteins into
large peptide fragments. The cleavage of the protein material was validated by
MS analysis (Appendix Table 1). To ensure that the average size of the peptides
generated was more suitable for mass spectrometry, we used trypsin and Lys-
C to cleave the larger peptide fragments to generate peptides with Arg or Lys
termini, which promotes the production of 0.6—4 kDa peptides that are ideal for
MS ionization and analysis (Fischer and Poetsch, 2006). As a reference point,
we compared this strategy to the universally used bottom up proteomic strategy
using urea solubilization followed by trypsin and Lys-C digestion. Following
digestion, the peptides were fractionated using high pH reverse phase (section
2.6) and subjected to 2-D LC MS-MS analysis using a high precision orbitrap
MS combined with a more effective chromatographic separation using in house
columns (section 2.7). The results were analyzed by using the TMHMM, GRAVY,
subcellular location prediction, protein functional annotation, TRAMDOMI
algorithms (section 2.9 & 2.10 TMD analysis by TMHMM and TRAMDOMI; 2.11

129



subcellular protein location prediction by LOCALIZER; 2.12 functional
annotation by Mercator and 2.13 Calculate the grand average of hydropathy
(GRAVY) value for protein sequences), the latter of which was a new
development of this thesis. The TRAMDOMI algorithm developed in this thesis
is the first customized python script to map the actual detected peptide set to
the Medicago TMD motif set to reveal the true extent of the TMDs identified
(Section 2.10). With the help of TRAMDOMI, one can determine how well the
purification method used enriches peptides containing all or part of the TMDs

within transmembrane proteins in the samples.

6.2.2 Major findings using proteomic approaches

As Fig. 6.1 shows, the FA-CTLC method in Chapter 3 was superior at
solubilizing and digesting proteins from MM (microsomal membrane)
preparations (Fig. 3.1). Of the 57065 proteins in the MT data base, 13274
(23.26%) are predicted to be TMPs. The combined output of the two methods
identified 3289 TMP groups and 36.57% of all TMPs. This is approximately 1.5-
fold more protein identifications achieved in a recent quantitative proteomic
analysis of young Medicago seedlings (Long et al.,, 2018), and more
comparable to the number of Medicago proteins identified using similar
sampling and bioinformatics procedures and similar instrumentation (Marx et
al., 2016). It should be noted that Marx et al (2016) analyzed more individual
fractions (31 fractions) from high pH reverse phase HPLC than used in this
study (16 fractions). Therefore, this thesis acceived a comparable number of
identifications by a cost-effective method with less fractions and MS runs. About
50% of the trans membrane proteins identified using either method had only
one TMD but, reassuringly, both purification methods gave no significance
difference in distribution of TMDs to that predicted by analyzing the theoretical
distribution of TMDs in all Medicago trans membrane proteins using the
THMMM algorithm (Fig. 3.3). Therefore, this result suggests that there was no

major bias of either method in identifying TMPs.

130



1. FA-CTLC method identified
more TMDs, and TMPs than the
UR-TLC method, particularly
transporter proteins

2. UR-TLC preferentially
Ch 3. identified TMPs with one TMD,
particularly signalling proteins

Proteomics approach for

LRR-RLKs and MtCRA2

identification 3. 8993 protein groups and

36 % of the predicted
Medicago TMPs were identified

4. There was insufficient
enrichment of LRR-RLKs from
both proteomics approach

Fig. 6.1. The key results and findings from chapter 3: proteomics
approach for LRR-RLKs and MtCRA2 identification

Given the high accuracy and resolution of modern day MS, why was the total
% of trans membrane proteins so low (Fig. 3.3) First, an analysis of the results
suggest it is likely that only the most abundant trans membrane proteins
populate the lists of proteins identified and that trans membrane proteins of
lower relative abundance were not detected by the MS. Secondly, subsequent
analysis (Fig. 3.3) also showed that a substantial number of protein groups
(5209 for UR-TLC and 6342 FA-CTLC) identified using either method had 0
TMDs. The high number of proteins with no TMDs, despite the enrichment of
membrane proteins in the initial MM starting material, suggests that the
published procedures for removing non-membrane proteins (e.g. using Na
carbonate washes at pH 11) have poor efficacy or these cytoplasmic proteins
have a strong affinity to membranes or the components within. The presence
of these non-membrane proteins in the proteomic output would almost certainly
hamper the identification of more trans membrane proteins and further
fractionation of the membrane components in the starting material using ultra
centrifugation would be recommended to remedy this issue. Finally, we
identified a significant benefit of using the FAC-TLC method: the FA-CTLC

method preferentially identifies trans membrane proteins with a significantly
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higher number (9.36 fold) of TMDs than the UR-TLC method and each method
identified partially non-overlapping TMP cohorts, as demonstrated in Fig. 3.4.
Each purification method still had its bias, since 629 protein groups are unique
to FA-CLC identification method whereas 1191 protein groups are unique to
UR-TLC. This result was validated by the FAC-TLC method identifying more
transporter proteins, which have multiple > 8 TMDs (Fig. 3.3). FA-CTLC
identified more trans membrane proteins with a higher proportion of TMDs with
a positive bias towards transporter proteins, whereas UR-TLC preferentially
enriched signaling proteins, which contain one TMD. The results implied that
the more hydrophobic trans membrane proteins were difficult to denature or
solubilize using 8M urea. Therefore, UR-TLC method most likely shaves the
exposed extra- and intra- cellular domains that loop away from the regions of
trans membrane proteins imbedded inside the membrane. This deficiency leads
to lower protein sequence coverage for proteins with a higher number of TMDs.
By contrast, the UR-TLC method gave better identification of trans membrane
proteins with one TMD. The FA-CTLC method identified 9 times more TMDs
and enriched more trans membrane proteins than UR-TLC method. Since
increasing the protein sequence coverage of trans membrane proteins can be
benefit to improve the quantitative proteomics (Ishihama et al., 2008; Millioni et
al., 2011; Koziol et al., 2013) and FA-CTLC can provide higher sequence
coverage in TMDs, this method had the potential to provide superior data for
quantitative proteomics. Therefore, we recommend that a combination of the
two methods be used to achieve better TMP identification and better coverage
of the peptides within TMPs. After combining the results derived from the two
methods, we identified 8993 protein groups and 3289 trans membrane proteins
in young shoot tissues. If more tissues were examined and different, or more
extensive, membrane fractionation techniques applied where non-membrane
proteins were minimized, the number of trans membrane proteins and their

coverage would be expected to increase.
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6.2.3 Both proteomic approaches failed to identify LRR-RLKs and
MtCRA2

LRR-RLKs have a single pass TMD and given that both methods identified a
high proportion of single pass TMD proteins it might be expected that LRR-
RLKs would yield high quality results. Disappointingly, after applying MS
analysis of the proteins identified using either the FA-CTLC or the UR-TLC
method, there was insufficient enrichment and poor coverage of LRR-RLKs as
a cohort and this resulted in an equally poor identification of MtCRA2. Of the
538 LRR-RLKs family proteins in Medicago (Appendix Table 3.13, Sheet 1),
224 LRR-RLKs were identified in total by applying both methods (Appendix
Table 3.13, Sheet 2). The UR-TLC method identified 137 LRR-RLKs protein
groups (25.46 % of the total), and the FA-CTLC method identified 120 LRR-
RLKs protein groups (22.30%) (Appendix Table 3.13, Sheet 3&4) with at least
one unique peptide. The average peptide coverage for the LRR-RLKs was
approximately 5% for most of the identified species but only 1% of MtCRA2
(one unique peptide) was identified (Appendix Table 3.13, Sheet 3&4). Thus,
both purifications methods were not suitable to provide an extensive analysis
of LRR-RLKs due to the low sequence coverage. Since the results indicated
that better enrichment of the starting material might remedy this situation,

alternative proteomic strategies were used in Chapters 4 and 5.

6.2.4 Alternative proteomic procedures used in this thesis to identify
LRR-RLKs and MtCRA2

In Chapters 4 and 5 alternative approaches were devised that combined
Medicago leaf vascular tissue purification and ligand-receptor crosslinking to
specifically examine MtCRA2 function and localization. As part of the validation
process for the enrichment of vascular tissue, we employed a gel based
detergent- and size fractionation-based approach (SDS-PAGE) to extract the
proteins from the semi purified VT preparations and subsequently examined
the protein content using mass spectrometry. One expectation of this process
is that the proteins identified would be TMP proteins known to be localized to
VT cells and that this might also include MtCRA2. Among the 4950 proteins
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identified 931 were membrane proteins (Fig. 4.4) and there was an enrichment
of VT related proteins (Fig. 4.5), however few (only 25) were LRR-RLKs and
MtCRA2 was not represented (Appendix Table 4.3). Therefore. despite the
enrichment of VT in the starting material, this approach also was not effective
at identifying a huge diversity of LRR-RLKs or MtCRAZ2 and this was most likely
due to their low relative abundance. Therefore, alternative approaches were
used to analyze MtCRA2 and to demonstrate that it interacted with ligands of
the CEP family. These approaches included using formaldehyde and photo-
activated crosslinking of fluorescently tagged CEP peptides to Medicago leaf

VT, as summarized below.

6.3 Rationale for the approach in Chapter 4

In situ hybridization (Huault et al., 2014) and reporter gene constructs (Bryan
et al., 2012; Tabata et al., 2013) indicated that the Arabidopsis CEP receptor,
CEPR1 and the putative Medicago CEP receptor, MtCRAZ2, localize primarily to
the root and shoot vascular tissue. Tabata et al (2014) provided the only
biochemical proof that CEP peptides bind to CEPR1. They demonstrated that
radiolabeled and photoaffinity tagged Arabidopsis CEP1 peptide can bind to a
recombinant CEPR1 protein expressed in tobacco BY2 cells. Tabata et al
(2014), however, did not demonstrate that AtCEP1 bound to CEPR1 complexes
in Arabidopsis vascular tissue. Although pharmacological and genetic evidence
suggested that Medicago MtCRA2 may be the functional orthologue of
Arabidopsis CEPR1 (Mohd-Radzman et al., 2016), there was no biochemical
proof that members of the CEP family bind to MtCRA2, and this remains an

important gap in the current knowledge.

Another consideration is that the CEP family is divided into group 1 and 2 CEPs
(Delay et al., 2013; Imin et al., 2013; Roberts et al., 2013; de Bang et al., 2017).
Tabata et al (2014) showed that the group 1 CEPs physically bind to
recombinant CEPR1 in tobacco cells using photoactivation tagging. The
biological activity and binding specificity of group 2 CEPs is unknown. Although
the group 2 CEPs share C-terminal homology to the group 1 CEPs (Fig. 1.5),
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they vary considerably in their N-terminal amino acid composition to group 1
CEPs, and also lack two conserved proline residues, which are critical for the
biological activity of group 1 CEP peptides (Mohd-Radzman et al., 2015). Given
the lack of functional analysis of group 2 CEPs it is not known if they bind to
CEPR1/CRAZ2 or other/another receptor/s. In addition, group 2 CEP peptides
have not been detected in xylem fluid, whereas several group 1 CEP peptides
are readily identified in the xylem fluid (Patel et al., 2018). Therefore, group 2
CEPs do not appear to have a long distance signaling capacity like group 1
CEPs.

6.3.1 Key findings from Chapter 4

As the Fig. 6.2 shows, chapter 4 aimed to determine if (a) group 1 and/or group
2 CEPs bound to MtCRA2/CEPR1 (b) “foreign” group 1 CEPs from Medicago
are biologically active on Arabidopsis and (c) Medicago CEP receptors localize
to particular cells in the vascular tissue. Chapter 4 utilized confocal microscopy
to visualize the direct binding of fluorescently tagged CEP family ligands to
native CEP receptor complexes in the vascular tissues of Medicago and
Arabidopsis leaves. This involved, firstly, designing MtCEP1 peptide derivatives
with a fluorescent tag that did not destroy biological activity (Fig. 4.1; Fig. 4.2).
Second, we developed a procedure to isolate intact vascular tissue cells by
optimizing approaches to semi-purify live vascular tissue from Medicago and
Arabidopsis leaves (Fig. 4.3). We used sonication and cell wall-degrading
enzymes to remove leaf mesophyll cells without disrupting or killing vascular
tissue cells (Fig. 4.3). The semi-purified vascular tissue preparations then
allowed unimpeded access to the vascular tissue of fluorescently tagged CEP
peptides and any added crosslinking agent(s). The procedure then determined
if the biologically active, fluorescently tagged Medicago CEP1 has a specific
affinity for the putative Medicago CEP receptor, MtICRA2. To demonstrate
specificity of binding to the putative receptor, vascular tissue was prepared from
the MtCRA2 mutant, which is null for MtCRA2. Subsequently, we tested
formaldehyde and DMP (Dimethyl pimelimidate) for their ability cross-link these
peptides specifically to wild type vascular tissue cells but not those of a MtCRA2

135



mutant (Fig. 4.6). Finally, we determined if group 1 and group2 CEPs bound to
MtCRAZ2.

1. Formaldehyde crosslinking of '
FITC-MtCEPI to Al7 leaf VT is
MtCRA2 dependent

| 2. MtCEPI can out compete FITC-

MtCEPI for binding sites on WT
Ch 4. o

Formaldehyde mediated ligand-
receptor interaction identification

: ) 3. Cross-species ligand receptor
in Medicago vasculature identification can be revealed by
FITC-MtCEP1 and Arabidopsis

4. AtCEP14 and other "class 2
CEPs" should be excluded from
CEP family as they bind to (an)
other vascular receptor(s)

Fig. 6.2. The key results and findings from chapter 4: formaldehyde

mediated crosslinking ligand- receptor interaction identification

Using confocal microscopy, we found that formaldehyde and DMP effectively
cross-linked the fluorescently tagged group 1 CEP peptide, MtCEP1, to either
wild type Medicago or Arabidopsis VT but not to VT of their respective CEP-
receptor mutants (i.e. cra2 and cepr1, respectively; Fig. 4.6). This result
strongly implies that CEPR1 and MtCRAZ2 are receptors for group1 CEPs and
MtCRAZ2 is a functional orthologue of AtCEPR1. The results also suggest that
the MtCEP1 peptide tightly associates with native CEP receptor complexes in
a specific subset of VT cells before crosslinking. FITC-MtCEP1 did not co-
localize with the purple auto-fluorescing cells in the vascular tissues, which are
most likely to be xylem tracheids and vessel cells (Fig. 4.7; Fig. 4.8), which
incorporate phenolic compounds into their cell walls (Willemse, 1989;
Donaldson and Williams, 2018). These results are consistent with MtCRA2
being localized in discrete cell types in the vascular tissue distinct from the
purple auto-fluorescing cells. It is likely that MtCRAZ2 localizes to the phloem as
in situ studies using promoter:GUS fusions indicate that CEPR1 is phloem
localized in Arabidopsis (Bryan et al., 2012; Tabata et al., 2013; Taleski et al.,
2020) and Medicago (Huault et al., 2014). However, these studies did not
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provide specific knowledge of the tissue type(s) where MtCRAZ2 is localized.
Therefore, a parallel technique that marks specific tissues in the sample after
crosslinking would be of particular use. Such as carboxyfluorescein (CF dye)
was widely used as a symplastic mobile phloem sap tracer (Jensen et al., 2011;
Savage et al., 2013), Calcofluor White for general cell wall stain (Snow, 2016),
Basic Fuchsin for lignin stain (Dharmawardhana et al., 1992) and Nile Red for

suberin stain (Waduwara et al., 2008).

In addition, unlabeled MtCEP1 peptide effectively competed with FITC-MtCEP1
for binding sites on wild type vascular tissue, and these competition
experiments showed that FITC-MtCEP1 was at least 100-fold less efficient at
binding. The result also imply that 10 nM MtCEP1 is almost sufficient to
completely displace a 100-fold higher concentration of FITC-MtCEP1
molecules from the MtCRA2 binding sites (Fig. 4.9). The reduced activity of
FITC-MtCEP1 is consistent with-previous results from our laboratory. These
published results (Patel et al., 2018) showed that the addition of three or five
amino acids located at the N-terminal flank of the MtCEP1 peptide domain
partially reduced the biological activity of the peptide. Specifically, Patel et al
(2018) showed that three to five amino acid extensions abolished the ability of
this peptide to enhance root nodule formation but not the ability to reduce lateral
root formation. The result in Fig. 4.9 is also consistent with prior unpublished
observations using N- or C-terminal modifications of the MtCEP1 peptide using
the TAMRA fluorescent probe; only the N-terminal TAMRA derivative retained
biological activity whereas the C-terminal derivative lacked any biological
activity. Overall, these results suggest that the mature size of the CEP peptide
affects its biological activity and that modifications or extensions to the N- or C-
terminus can affect biological activity moderately or severely. Therefore, there
is a need to screen carefully the effect of modifications to CEP peptides on CEP

peptide binding efficiency and biological activity.

The results also showed that much lower formaldehyde concentrations than
used in interactome studies (Thavarajah et al., 2012) are sufficient to efficiently
crosslink CEP peptides to MtCRA2 (Fig. 4.10). This is significant for future
studies as minimizing the formaldehyde concentration can prevent the
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excessive formation of higher molecular weight complexes. Therefore, it might
be possible to use formaldehyde to cross-link MtCEP1 peptides to MtICRA2 and
other closely associating molecules (e.g. membrane localized co receptors,
protein scaffolds like Feronia (Li et al., 2016) or other receptors or alternatively
to intracellular signal transduction proteins that might be involved in phosphor
relays). It is conceivable that the formation of these hypothetical
macromolecular complexes could be fractionated, for example, by size
exclusion chromatography and specifically detected using the FITC
fluorescence signature. A conceptually similar procedure was used recently to
macromolecular complexes in plants using a large-scale proteomic analysis
(McWhite et al., 2020). Mass spectrometry could determine the nature of

proteins forming these complexes.

We found also that formaldehyde can effectively crosslink the Medicago FITC-
MtCEP1 to Arabidopsis CEPR1 in vascular tissue preparations (Fig. 4.11). This
result is consistent with group 1 peptides having similar biological activity
across species and binding to the corresponding orthologous receptors
specifically. In addition, this result would explain why group 1 CEPs are strongly
conserved across a wide range of seed bearing plants (Delay et al., 2013;
Roberts et al., 2013; Ogilvie et al., 2014). These results suggest a conservation
of CEP-CEP receptor signaling across a wide range of species.

Finally, we also found that group 2 CEP peptides bound to vascular tissue cells
in leaves independently of MtCRA2 or CEPR1, and did not share the same
biological activity as group 1 CEPs. This result indicates that group 2 CEPs may
bind to other/another receptor and therefore may form a separate class of

peptides altogether.

6.4 Rationale for approach in Chapter 5

In chapter 5 the strategy developed in Chapter 4 was extended to address the
specific issue: do group 1 CEPs specifically bind to MtCRA2? Here, we used a
derivate of FITC-MtCEP1 that incorporated a photoaffinity tag and determined
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if it bound specifically to MtCRA2. Again, the relative binding activity of
biologically active FITC-MtCEP1F* to vascular tissue derived from wild type and
MtCRA2 was assessed. Finally, mass spectrometry was used to verify that
peptides corresponding to MtCRA2 were present in a protein band excised from
a SDS-PAGE gel that was fluorescently labelled with FITC-MtCEP1F*.

6.4.1 Key results in Chapter 5

As the Fig. 6.3 shows, the approache used to investigate MtCEP1-MtCRA2
interactions involved the use of MtCEP1 derivatives with different tags on the
N-terminus to facilitate visualization or purification (Fig. 5.1). The addition of HA
or Strep tags to the N-terminus negatively affected biological activity so these
were abandoned (Fig. 5.2). This result, however, further emphasized that longer
N-terminal extensions negatively impacted biological activity. FITC-MtCEP1F*,
however, retained the full range of biological activity (Fig. 5.2 and 5.3) and
therefore it was a reasonable expectation that UV crosslinking may bind FITC-
MtCEP1F* to the ligand binding site of MtCRA2 (Fig. 5.4). Confocal microscopy
examination of UV cross-linked WT and MtCRAZ2 vascular tissue showed that
FITC-MtCEP1F* bound only to wild type (Fig. 5.5) and was competitively
inhibited by unlabeled MtCEP1 (Fig. 5.6). The results (Fig. 5.6) also imply that
MtCEP1 binds in the low nM range. Using SDS PAGE, we extracted size
separated the proteins from wild type and cra2 vascular tissue that was UV
exposed in the presence and absence of FITC-MtCEP1F*. Examination of this
gel using fluorescence detection revealed a fluorescent band at the
approximate molecular mass of MtCRA2 (~105 kDa) only in the lane with wild
type vascular tissue and FITC-MtCEP1F* (Fig. 5.7). The extraction of this band
and examination by mass spectrometry showed that peptides corresponding to
MtCRA2 were present (Fig. 5.8). Overall, these results demonstrate that
MtCEP1 specifically binds to MtICRAZ2.
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1. Different N-terminal extension
can affect the biological activity
of MtCEP1

2. Photo-activation of FITC-
MtCEPIF* resulted in specific
Ch5b crosslinking to WT VT

Validation of CEP peptide binding

to MtCRA2 3. MtCEP1 can out compete FITC-
MtCEPIF* for binding sites on WT
vT

4_ MtCRA2 can be separated and
identified by mass spectrometry
in protein bands extracted from
SDS-PAGE

Fig. 6.3. The key results and findings from chapter 5: validation of CEP
peptide binding to MtCRA2

6.5 Possible future development

Based on the proteomics approach results in Chapter 3, the FA-CTLC can
provide better coverage of more abundant TMDs but failed to provide sufficient
coverage of LRR-RLKs and MtCRAZ2. It is not ideal that we used microsomal
membrane proteins in Chapter 3 as starting material as it contains the plasma
membrane and membranes derived from the endoplasmic reticulum, Golgi
apparatus, transGolgi network, tonoplast and plastids (LaMontagne et al.,
2016). Therefore, it is more ideal to enrich the plasma membrane fractions to
more effectively undertake these types of direct proteomic studies. The plant
plasma membrane protein can be enriched by two-phase partitioning (Yoshida
et al., 1983) with purity of about 95% (Alexandersson et al., 2008), or affinity
purification by biotinylated the plasma membrane protein (deBlaquiere and
Burgess, 1999). Plasma membrane enriched protein fractions would be
expected to less contaminated with cytoplasmic proteins and other membrane
proteins from organelles. This should result better coverage and more
identifications in LRR-RLKs and MtCRAZ2. One major disadvantage of the FAC-
TLC method in formic acid may cause excessive N- and O-formylation (Zheng
and Doucette, 2016) and the strongly acidic conditions may lead to unexpected
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cleavages at acid labile residues (Smith, 1988) . It may be good to use
Trifluoroacetic acid (TFA) to replace the FA as protein denature reagent to avoid

the possible protein modification.

In Chapter 4 we demonstrated the formaldehyde- and DMP-mediated
crosslinking of CEPs to the MtCRAZ2 receptor. It may be possible to use other
crosslinking agents instead of formaldehyde such as DSSO. DSSO is
advantageous in that it be cleaved in the gas phase during tandem MS (MS/MS)
using collision-induced dissociation (CID), whereas formaldehyde crosslinking
is reversible at higher temperature (Nilsen, 2014). A major disadvantage of
DSSO and DMP is that they require a higher pH for crosslinking due to the
reliance of primary amines. Shifting the pH from 5.5 (the pH of the apoplast) to
higher pH for crosslinking may cause the ligand to dissociate from the receptor
before crosslinking. The success of DMP may suggest this may not be too
problematic. It is noteworthy that the fluorescently-tagged derivative of the
ligand used does not have a primary amine and if formaldehyde-mediated
crosslinking is initiated from the ligand formaldehyde must activate the
alternative suitable amino acids (e.g. Asn or His) since Cys, Lys, Trp, and Arg
residues are absent in CEP1 ligand sequence. The ability of formaldehyde to
activate residues in the ligand or the receptor as well as its pH independence
also increases its versatility. It is also very cost-effective compared to other

crosslinking agents.

This study did not identify MtCRAZ2'’s co-receptor. Based on numerous studies
of LRR-RLKs that recognize endogenous or foreign peptide ligands, SERK
(somatic embryogenesis receptor kinase) is commonly a co-receptor (Roux et
al., 2011; Brandt and Hothorn, 2016; Chakraborty et al., 2018). These ligands
are triggers for a multitude of processes involved in defense and development

(as summarized in Fig. 1.3).

Based on this, it is highly possible that MtSERK is a co-receptor involved in
forming a functional MtCRA2-MtCEP1 complex to trigger the downstream
phosphorylation as a protein kinase. (Fig. 6.4) but this was not addressed in

this thesis. However, if short term applications (~5 min) of low formaldehyde
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concentrations are used this may minimize the irrelevant crosslinking of
intracellular protein-protein complexes and enrich surface receptor-ligand
crosslinking. By applying this strategy, a more specific FITC-MtCEP1
localization within the VT was revealed (Figure 4.10). It may be then possible
to purify such ligand-receptor-co receptor complex by following the fate of FITC
tag during separation such as size exclusion using fluorescence detection. By
analyzing the constitution of such complexes with MS, it may be possible to
identify the co-receptor(s) for MtCRA2 and possibly any interacting proteins that
complex with MtCRAZ2 on the cytoplasmic (kinase) side of the receptor. Besides,
the recently reported TurbolD (Branon et al., 2018; Zhang et al., 2019) which
based proximity labeling approach could be the possible approach to identify

the coreceptor(s) protein(s) of CEPs.
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Fig. 6.4. The illustration diagrams of MtCRA2-MtCEP1-MtSERK1 complex
The schematic diagrams were made using the Protter online tool (Omasits et

al., 2014) ( http://wlab.ethz.ch/protter/start/).

In chapter5, we used the site-directed photo-activated cross-linker, p-benzoyl-
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L-phenylalanine to more definitively identify MtCRAZ2 as receptor for MtCEP1.
This was supported by MS identification. This strategy specifically and
exclusively links the ligand with the binding site of the receptor. With further
enrichment of tissues containing MtCRA2 such as using a large scale in vivo
crosslinking initiative, such as using Bioruptor to handle multiple leaves in one
time (Endo et al., 2016), it may be possible using MS to identify the binding site.
pBpa can reveal the interaction site in protein-protein interaction by MS
identification (Wong and King, 2015). As the Fig. 6.4, the MtCEP1 should sit on
the extracellular domain of MtCRAZ2, the pbpa will provide the covalent binding
to MtCRAZ2. Then one could use novel database search engines such as XlinkX
to find the crosslinking site between MtCEP1 and MtCRA2 to reveal how
MtCEP1 binds to MtCRA2. XlinkX is a cross-link search engine in Proteome
Discover for analyzing a multipronged data set (Liu et al., 2015; Liu et al., 2017).
The software can identify cross-links obtained with non-cleavable cross-linkers
by collision-induced dissociation for protein-protein interactions (Haupt et al.,
2017; Liu et al.,, 2018; Gotze et al., 2019). In addition, size exclusion
chromatography by FPLC could be combined with fluorescence detection to
purify MtCRA2. This may allow the phosphorylation state of MtCRA2 to be
examined more closely before and after ligand addition to determine phosphor
sites in the kinase domain of MtCRA2.
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