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Abstract

Plants suffer from various diseases, which cause significant yield losses in crops annually. Pathogens
secrete effectors that interact with host targets and manipulate plant metabolism to promote the
infection. Translocated effectors can be perceived by plant immune receptors termed NLRs

(nucleotide-binding, leucine-rich repeat), restricting pathogen spread.

The rice NLR pair Pik-1/Pik-2 confers resistance to the fungal pathogen Magnaporthe oryzae by
perceiving variants of the AVR-Pik effector. This recognition is mediated via direct interaction

between AVR-Pik and an integrated HMA (heavy metal associated) domain within Pik-1.

In this work, | predominantly used biochemical and structural approaches to characterise several
aspects of rice/M. oryzae interactions. | investigated the working model of the Pikp-1/Pikp-2 pair
and demonstrated they function via a finely tuned cooperation that requires all domains of both
NLRs for function. Moreover, | showed both NLRs require their intact P-loop and MHD-like motifs,

and they can associate, before and after the perception of the AVR-PikD effector.

| also investigated the interaction between M. oryzae effectors from the PWL family, and their
potential target OsHIPP43 (rice HMA-containing isoprenylated plant protein 43). | demonstrated
that PWL effectors bind OsHIPP43 with micro to nanomolar affinity. | generated the chimeric
receptor Pikm-19""P43 and showed that it can perceive all tested PWL effectors in a transient
expression system. Additionally, | determined the crystal structure of the PWL2/0OsHIPP43 complex.
This structure revealed that PWL2 belongs to the MAX effector superfamily. | demonstrated the
binding between PWL2 and OsHIPP43 cannot be easily compromised, which has implications for

engineering disease resistance.

Finally, | showed that the recently identified rice blast effector AVR-Pias represents a new structural

class of M. oryzae effector.

These findings can inform future rational design of NLRs with novel recognition specificities. In turn,
this can help provide continuous new solutions for tackling ever-evolving plant pathogens

worldwide.
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1 General Introduction

1.1 Plants are constantly threatened by pathogens

Plants, like humans and animals, can suffer from various diseases. They are attacked by a wide
range of pathogens and pests, including viruses, bacteria, filamentous pathogens (oomycete and
fungi), nematodes and insects (Scholthof et al., 2011, Dean et al.,, 2012, Fisher et al., 2012,
Mansfield et al., 2012, Kamoun et al., 2015, Bentham et al., 2020). This is of economic importance,
as plant diseases can cause up to 30% loss of the yield in crops world-wide every year, which in turn
have an impact on food supply chains and prices (Savary et al., 2019). Crops are protected from
pathogens largely via chemicals. However, this approach is not sustainable in the long-term due to
the impact on environment and high costs. Genetic resistance in plants offers an alternative

approach for crop protection that is environmentally friendly and sustainable (van Esse et al., 2020).

Rice (Oryza sativa) is a staple crop for more than half of the world population (Pennisi, 2010, Liu et
al., 2014), nearly 500 million metric tons of rice are consumed worldwide every year. Production of
rice is constantly threatened by various pathogens, out of which the most economically important
is filamentous ascomycete fungus Magnaporthe oryzae (syn. Pyricularia oryzae (Dean et al., 2012)),
the causal agent of the blast disease (Figure 1.1). It is estimated that rice blast causes around 6%
loss of rice yield globally (Savary et al., 2019). Apart from rice, M. oryzae can infect more than 50
different grass species, including barley, millet and weeping lovegrass (Langner et al., 2018). It also
displays the ability to jump from one host to another. A good example is wheat blast that first
appeared in Brazil in 1985, likely following a host jump from Lolium sp. to common wheat (Inoue et
al., 2017). Increasing global trade allows for pathogens to spread on different continents, which can
classify them as pandemics. In 2016, wheat blast emerged in Bangladesh (Islam et al., 2016, Ceresini
et al., 2018), threatening the entire wheat production in this country, but also posing a threat of
spreading to India, which is world’s second largest wheat producer (Islam et al., 2019, Islam et al.,
2020). Most recently, wheat blast has also been reported in Zambia (Tembo et al., 2020), indicating
that Magnaporthe oryzae poses a significant threat globally. Current strategies for blast
management include quarantines, fungicides, good agricultural practices and deploying genetic

resistance (Singh et al., 2021).
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1.2 The majority of plants are resistant to majority of pathogens

This phenomenon is sometimes called a non-host resistance; however, it is not a precise term
(Panstruga and Moscou, 2020). Plants possess a range of structural characteristics and physical
barriers like leaf cuticle (Yu et al., 2019), epicuticular waxes (Ishiga et al., 2013), cell wall of a specific
composition (Engelsdorf et al., 2017) or display a characteristic stomatal patterning and closure

(Melotto et al., 2017), which all can prevent the pathogen from infection.

Figure 1.1 Symptoms of rice blast disease.
A) and B) Typical grey lesions on leaves. C) Collar blast characterised by brow necrotic lesions.

Pictures taken from International Rice Research Institute

(http.//www.knowledgebank.irri.org/training/fact-sheets/pest-management/diseases/item/blast-

leaf-collar)

1.2.1 Early responses are triggered by cell-surface immunity

Plants can also induce defence responses upon early detection of pathogens via extracellular
receptors. Cell-surface immunity consists of two major components: membrane-localized receptor-
like kinases (RLKs) and receptor-like proteins (RLPs) that detect signatures of non-self as signs of
infection (Jones and Dangl, 2006). These receptors monitor the extracellular environment for
microbial-associated molecular patterns (MAMPs) or damage-associated molecular patterns
(DAMPs), hence they are also known as pattern recognition receptors (PRRs) (Saijo et al., 2018,
Kanyuka and Rudd, 2019). MAMPs are molecules found in a broad group of microorganisms that
are generally conserved and integral to the structure or function of the microbes, e.g., flagellin in
bacteria or chitin in fungi (Boller and Felix, 2009). DAMPs are plant-derived molecules whose

presence indicates microbial attack, e.g., cell-wall components, ATP, or certain sugars (Hou et al.,
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2019). Frequently, PRRs require coreceptors to transduce the perception of microbes into a defence
response (Béhm et al., 2014, Macho and Zipfel, 2014). The specific ligands (MAMPs and DAMPS)
can be perceived by cell-surface receptors at nanomolar concentrations, which in turn initiates
downstream signalling cascades and responses, including cytosolic Ca?* bursts, production of
reactive oxygen species (ROS), activation of mitogen-activated protein kinases (MAPKs) and
changes in expression of various defence related genes (Lu and Tsuda, 2021). These responses are
very often sufficient to prevent the majority of pathogens from infecting the plants and are

generally referred to as pattern-triggered immunity (PTI).

1.3 Effectors are pathogens’ weapons to promote infection

To counteract these immune responses and manipulate host’s metabolism for their own benefit,
pathogens evolved effectors. Effectors are secreted molecules (most often proteins, but small RNAs
and secondary metabolites have also been described (Collemare et al., 2019) that can act either in
the apoplast or in the plant cells (Torufio et al., 2016). Many apoplastic effectors are cysteine-rich
proteins, and they often target host proteases (Wang and Wang, 2018). The intracellular effectors
can actinvarious plant cell compartments, manipulating the cellular machinery and interfering with
immunity hubs (Lo Presti and Kahmann, 2017, El Kasmi et al., 2018, Derevnina et al., 2021, Pandey
et al., 2021).

1.3.1 Effectors can rapidly evolve

Genes encoding effectors are often located in parts of genome that are evolutionarily dynamic,
associated with structural variation and instability of the genome (Allen et al., 2004, Langner et al.,
2021). This feature allows the effector genes to undergo constant selection pressure and evolve via
different mechanisms including translocation, duplication, presence/absence polymorphism and
diversification (Allen et al., 2004, Raffaele et al., 2010, Raffaele and Kamoun, 2012, Huang et al.,
2014, Dong et al., 2015, Yoshida et al., 2016, Inoue et al., 2017). The capacity of plant pathogens to
rapidly adapt to novel habitats and hosts, and break resistance via accelerated evolution poses a
serious challenge for disease management and creates the constant need for implementing new

resistance genes in the field.

1.3.2 Characteristic features of effectors can help to identify new candidates

Frequently, effectors do not share strong amino acid sequence similarity with each other or with
other known proteins. However, they sometimes share some overall features that can help identify
new effector candidates. Gram-negative bacteria deliver effectors to host cells via the Type |l
secretion system (T3SS). This requires an export signal (also known as signal peptide) at the N-

terminus of the effector (Wang et al., 2011). Although this signal does not constitute a specific
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amino acid sequence, it can be reliably identified by certain amino acid patterns. Its presence is
indicative of secreted proteins, therefore underlies the identification of potential effectors and
effector repertoires in many bacterial pathogens. Type Il secreted effectors often contain catalytic
domains and can target a variety of signal transduction pathways and immune components. Known
modifications of immunity elements include proteolysis, ADP ribosylation, and ubiquitination

among others (Blttner, 2016).

In oomycetes, the best described effector family (based on the presence of translocation signal) is
the RXLR family. In these effectors, the N-terminal export signal is followed by an RXLR sequence
(where X can be any amino acid). The RXLR sequence has been shown to be important for the
effectors’ translocation, e.g., mutation is this motif prevented the translocation of the AVR3
effector from Phytophtora infestans (Whisson et al., 2007). However, the C-terminal domains of
these effectors are highly diverse and many of these effectors' roles in pathogenicity are yet to be

determined.

The apparent absence of conserved motifs necessary for translocation into the host cell has made
identifying fungal effectors more challenging. The infection patterns displayed by fungal pathogens
are quite diverse and they use various mechanisms to deliver the effectors. For instance, Ustilago
maydis delivers effectors via the hyphal tip (Bielska et al., 2014, Ludwig et al., 2021), whereas M.
oryzae develops a special structure called biotrophic interfacial complex (BIC) (Eseola et al., 2021).
The characteristics shared by many experimentally validated effectors, such as small size, high
cysteine content and genomic location, have traditionally been used to predict effectors from
fungal secretomes (Lo Presti et al., 2015, Saunders et al., 2012, Nemri et al., 2014). More recently,
new approaches have been developed to identify new potential effectors, which include machine
learning methods (Sperschneider et al., 2018, Sperschneider et al., 2016) and searches based on

predicted structures (de Guillen et al., 2015).

1.3.3 Effectors can target different host components

Many of the effectors that have been functionally characterised suppress plant immune signalling,
alter host metabolic modification, or reprogram transcription. One of the better characterised set
of effectors are those from P. infestans. Effectors EPI1, EPI110, EPIC2B, EPIC1 and AVR-blb2 all
function as inhibitors of the apoplastic proteases that are involved in plant immunity (Tian et al.,
2004, Tian et al., 2005, Tian et al., 2007, Song et al., 2009, Kaschani et al., 2010, Kaschani and Van
der Hoorn, 2011, Bozkurt et al., 2011). The RXLR effector, PexRD2, suppresses the activity of
MAPKKK &€ kinase domain (King et al., 2014), which is involved in immune signalling. PexRD24

suppresses host’s immunity by interaction with three protein phosphatase 1 catalytic (PP1c)
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isoforms and their relocalization to the nucleoplasm from the nucleolus, which decreases levels of
salicylic acid (SA) and jasmonic acid (JA) (Boevink et al., 2016). AVRcaplb effector can suppress the
response triggered by auto-active immunity receptors NRC2 and NRC3 (Derevnina et al., 2021).
Additional examples of P. infestans effectors are discussed in (Wang and Jiao, 2019), where the

known effector repertoire of Phytohtora sp. is reviewed.

Multiple effectors can target similar host proteins, sometimes even within one pathogen. Such
redundancy could offer a certain buffer, in case that one of the effectors becomes recognised by
the host. One example of a plant protein that is targeted by multiple effectors is the RPM1-
Interacting Protein 4 (RIN4). This protein is located at the plasma membrane (El Kasmi et al., 2017)
and acts as a regulator of plant immunity. It has been shown that several pathogen effectors can
cleave RIN4 or introduce post-translational modifications, altering its role in plant immunity (Axtell

and Staskawicz, 2003, Chung et al., 2011, Chung et al., 2014).

On the other hand, it has been also demonstrated that individual effectors can target various host
proteins. For instance, HopZ1la effector from Pseudomonas syringae can acetylate multiple host
targets, including tubulin and JAZ proteins. Modification of tubulin interferes with transport of
various proteins, including immunity related, whereas modification of JAZ proteins induces their
degradation, which leads to downregulating signalling pathways regulated by salicylic acid (Lee et
al.,, 2012, Jiang et al., 2013). Furthermore, it has been shown that M. oryzae effector AvrPiz-t
interacts with at least four different host targets. These include a bZip-type transcription factor,
APIP5 (Wang et al., 2016), two RING E3 ubiquitin ligases, APIP6 and APIP10 (Park et al., 2012, Park
et al., 2016), and APIP12, which has a homology to the nucleoporin protein Nup98 (Tang et al.,
2017).

1.3.4 Structural biology helps to identify new effectors and determine their activities

Structural studies of effectors can be also a powerful tool in identifying effector candidates and
deciphering effector functions and evolutionary trajectories. Bioinformatic analyses coupled with
structural studies have recently identified structures of several bacterial effectors secreted via T3SS,
displaying distinct enzymatic folds- AvrRpt2 from P. syringae was confirmed a cysteine protease
(Bartho et al., 2019), HopBA1 was shown to be an esterase (Nishimura et al., 2017), and XopAl from
Xanthomonas sp. was confirmed an ADP-ribosyltransferase (Liu et al., 2019). These examples

highlight how diverse catalytic strategies pathogens can deploy to promote the infection.

Several effectors of filamentous plant pathogens display structural folds similar to proteins of
determined functions, such as LysM domain-containing proteins (Ecp6) and carbohydrate binding

proteins (Avrd) (Giraldo and Valent, 2013, Lo Presti et al.,, 2015). Interestingly, filamentous
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pathogens also possess a range of effectors that can share a conserved fold, despite sharing low
sequence similarity. The two most known structural families of effectors, defined by the adopted

fold, are the RXLR-WY (and RXLR-LWY) and MAX effectors (Mukhi et al., 2020).

The WY domain is characterised by the overrepresentation of Trp and Tyr residues in conserved
positions (Jiang et al., 2008, Boutemy et al., 2011). The WY fold is present in many oomycete
effectors, which can display high functional diversity and low sequence similarity (Chou et al., 2011,
Yaeno et al.,, 2011, Maqgbool et al.,, 2016). Moreover, structural variations (such as tandem
multiplications) of this fold have also been observed (He et al., 2019), suggesting that this fold may
serve as a structural platform to enable the rapid evolution and diversification of the effectors
(Franceschetti et al., 2017). Almost half of the Phytophthora RXLR effectors are predicted to contain
the WY fold (Win et al., 2012). This fold has been also found in effectors from other oomycete
pathogens, including proteins that lack the RXLR motif (Wood et al., 2020). Therefore, it can be used

as a good predictor for effector candidates in oomycete genomes.

The MAX effectors are characterised by six-stranded B-sandwich fold. This is a shared structural
feature for all M. oryzae effectors, of which structures have been determined to date (de Guillen et
al., 2015, Bentham et al., 2021a). These effectors include AVR-Pik, APikL2, AVR-Pia, AVR1-CO39,
AVR-Pib and AvrPiz-t (Zhang et al., 2013b, Magbool et al., 2015, Ose et al., 2015, Guo et al., 2018,
Zhang et al., 2018, Bentham et al., 2021a). Interestingly, this fold is also shared by ToxB, a toxin
from the fungus Pyrenophora tritici-repentis (Nyarko et al., 2014), to which these effector family

owes the name “MAX” (Magnaporthe AVR and ToxB effectors) (Figure 1.2).

Despite having a similar structure, most of M. oryzae effectors target distinct host proteins. As
mentioned previously, AvrPiz-t modulates the plant ubiquitination system and manipulates gene
expression by interacting with a variety of host targets (Park et al., 2012, Park et al., 2016, Wang et
al., 2016, Tang et al., 2017). AVR-Pik, AVR-Pia and AVR1-CO39 have been shown to directly bind to
proteins containing a heavy metal associated (HMA) domain, however the exact role of that
interaction remains to be determined. The precise mechanism of action of ToxB is also unknown,
however it has been shown to cause chlorosis on expression in host plants (Figueroa Betts et al.,

2011).

32



General Introduction

A) AVR1-CO39 ToxB AvrPiz-t
A
\b
8
()
‘,\j/

AVR-PikD AVR-Pia AVR-Pib

B)

AVR1-CO39 s 3
22

AvrPiz-t 12
AVR-PikD METGNKYIERRAIDLSRERDPNFFDHPGIPVPECFWFMFRENNVRQDAGTCYSSWRMDMEKV 60
\WR:Plg: ————m—sassanos=e APARFCVYYDGHLPATRVLLMYVRIGTTAT-—-—--I—-————— TAR 34
—————————————————— TQVTILRR----GERITWVEVPRGESRE-——-—-F-—----NIR 28
AVR1-CO39ANRNEEITI-EEYRVFVNE--———=====—————————————— ACHPYPV-—-—-ILPDRSV S3
GNLIIRVGSDH == maa e anasamm—— SYLIRATVSCGLSLNPSQSF 53

AvrPiz-t GRHWGTIRRRAGWAVRFYEERPGQPRRLVAICRKNASPVHCNYLRCTNLAAGFSAGTSTDV 72
AVR-PikD GPNWVHIKSDDNCNL---S-—-GDFPP-————————————— GWIVLGKKRPGF-——————- 93
/R-Pia GHEFEVEAKDQNCKVILTN--GRQAP-—-————=—===—— DWLAAEPY-———======== 66
GRYFTVSVSDDGTPSIS———============——————————— GSKYTVE-—--—--—-— 52

AVR1-CO39LSGDFTSAYADDDESC 69

INGES----LASGGRC 65

AvrPizt  LSSGT----VGS---- 80
AVR-PIkD ===mmmmmmm e 93
RPla  —mmmmmmmmmmmm e 66
———————————————— 52

Figure 1.2 MAX effectors share a structural fold with no sequence similarity.

A) Structure representation of MAX effectors, as deposited in PBD database. AVR1-CO39 (5ZNG);
ToxB (2MM2); AvrPiz-t (2LW6); AVR-PikD (6G10); AVR-Pia (6Q76); AVR-Pib (5Z1V); structures were
prepared using ChimeraX software. B) Sequence alignment of the presented effectors showing no

similarity between them.
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1.3.5 The Magnaporthe oryzae effector repertoire is likely diverse

Apart from the MAX effectors listed above, M. oryzae carries many other potential effectors (Petit-
Houdenot et al., 2020). Over the years, several effectors have been identified and described,
although the level of detail differs from case to case. The PWL2 (Pathogenicity towards Weeping
Lovegrass 2) effector was first identified in 1995 and described as host determining factor, as M.
oryzae strains carrying this effector are not able to infect weeping lovegrass (Eragrostis curvula),
but could infect rice and barley (Kang et al., 1995, Sweigard et al., 1995). AVR-Pii is small effector
that was cloned via association genetics in 2009 (Yoshida et al., 2009). Although its precise function
is not known, it has been shown to specifically bind to specific Exo70 alleles, which can form part
of the plant exocyst complex. This effector is also indirectly recognised by the Pii-1/Pii-2 NLR pair
(Fujisaki et al., 2015, Fujisaki et al., 2017). Recently, a new, small, cysteine-rich effector has been
reported, designated as AVR-Pias, which is recognised by a cognate rice NLR pair Pias-1/Pias-2
(Shimizu et al., 2021). However, no further studies have been conducted on this protein. A more
extensive list of identified M. oryzae effectors can be found (along with references) in (Guo et al.,
2019). From the effectors mentioned in this paragraph, AVR-Pii is the best studied so far, and little
research has been done on PWL2 and AVR-Pias. Hence, PWL2 and AVR-Pias will be subjects of study

in this thesis.

1.4 NLRs are important in defence responses to effectors

During evolution, plants have acquired resistance (R) genes that encode proteins able to specifically
recognise certain effectors and trigger immune responses, preventing infection and the spread of
disease. Hence, many characterised effectors have been named avirulence (AVR) proteins, which
can be a confusing term for researchers entering the plant-pathogen interactions field. However,
in the absence of the cognate plant immune receptor, these effectors still enhance the

pathogenicity of the pathogens.

The majority (~60%) of cloned Resistance (R) genes encode NLR (Nucleotide-binding Leucine-rich
Repeats) proteins (Kourelis and van der Hoorn, 2018), which are intracellular receptors able to
recognise cytoplasmic effectors. This recognition often leads to a localised programmed cell death

response (also known as Hypersensitive Response (HR)) that restricts spread of the pathogen.

NLR receptors are part of the immune system in both plants and animals, although they are thought
to have evolved independently in a convergent manner (Yue et al., 2012). Interestingly, animal NLRs
trigger immune responses upon recognition of non-self and modified-self molecules, similar to
plant PRRs, while plant NLRs recognise pathogen/strain specific effectors delivered to their cells

(Broz and Dixit, 2016).
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1.4.1 The canonical architecture of NLRs consists of three domains

NLR proteins belong to the STAND (Signal Transduction ATPase with Numerous Domains) protein
family. The canonical architecture of plant NLRs consists of three domains: C-terminal leucine-rich
repeat domain (LRR), a central NB-ARC (nucleotide-binding Apaf-1, R protein, CED4-shared)
domain, and a variable N-terminal domain. In plants, the N-terminus typically consists of either a
TOLL/interleukin-1 receptor (TIR) domain or a coiled coil (CC) domain, which classifies them to two
main subfamilies: TIR-NLRs (or TNLs) and CC-NLRs (or CNLs). Recently, an additional subfamily has
been distinguished in the literature, with CC domain with homology to RPW8 (resistance to
powdery mildew 8), forming a separate subfamily of CCk-NLRs (or RNLs) (Duxbury et al., 2016,
Bentham et al., 2020).

The C-terminal Leucine-Rich Repeat (LRR) domain is mainly thought to have two functions. Firstly,
it can carry out a regulatory function, as its deletion can cause constitutive NLR activation (also
known as auto-activation) in several plant and animal receptors (Ade et al., 2007, Faustin et al.,
2007). This was further verified by determining the crystal structure of the mammalian NLRC4
receptor, which revealed that direct contact between the LRR and the NB domains was underlying
the auto-inhibition mechanism (Hu et al., 2013). Secondly, the LRR domains have also been shown
to be involved in direct and indirect recognition of effectors and specificity determination (Jia et al.,
2000, Dodds et al., 2006). This has been shown for flax NLRs L5/L6/L7, where swapping fragments
of LRR domains between these receptors changed the specificity towards the AVRL-567 effector

variants from flax stem rust pathogen Melampsora lini (Ellis et al., 1999).

The central NB-ARC domain is thought to function as a molecular switch that operates via ADP/ATP
exchange upon the pathogen recognition (Takken and Goverse, 2012, Jones et al., 2016, Meunier
and Broz, 2017). Several well conserved motifs involved in ADP/ATP binding can be distinguished
within this domain, including the Walker A motif (also known as the P-loop), the Walker B motif
and MHD motif. Mutations in these motifs often affect the functionality of NLRs (making them
either non-functional or auto-active), therefore nucleotide association has long been thought to be
essential for NLR activity (Tameling et al., 2002, Tameling et al., 2006, Takken et al., 2006, Takken
and Goverse, 2012).

The N-terminal domains, CC and TIR have been long thought to be involved in downstream
signalling, as both types of domain are able to trigger immune responses when transiently
overexpressed alone in model plant Nicotiana benthamiana (Collier et al., 2011, Maekawa et al.,
2011, Williams et al., 2014, Casey et al., 2016, Baudin et al.,, 2017, Lee et al.,, 2021). Recent

discoveries shed light on their mechanism of action. In the case of CC domains, it was shown that
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upon activation they form can a funnel that inserts into the plasma membrane and acts as an ion
channel (Lee et al., 2020b, Bi et al., 2021). TIR domains have been shown to possess NADase activity,
which depletes the plant cell of the NAD* pool, which in turn leads to cell death in yet unresolved
way. Interestingly, one of the bacterial defence systems against phages also relies on TIR proteins

that indirectly act via depleting the cells of NAD (Ofir et al., 2021).

1.4.2 NLRs can recognise effectors via different mechanisms

Detection of pathogen effectors by plant NLRs can be very specific and can occur via various
mechanisms. To date, three main models of effector recognition have been described (Cesari, 2017,
Kourelis and van der Hoorn, 2018), depending on whether the effector is perceived directly by the

NLR or via an intermediate host protein (Figure 1.3).

Several plant NLRs have been reported to directly bind effectors. For example, M. oryzae effector
AVR-Pita interacts with the LRR domain of the rice NLR Pi-ta (Jia et al., 2000) and AVRL-567 variants
from M. lini were shown to interact directly with specific proteins encoded in the flax resistance

locus L (NLRs L5, L6 and L7) (Dodds et al., 2004).

However, in other cases, instead of directly interacting with effectors, NLRs monitor the state of
the virulence target and detect the modification introduced by the effectors. This is referred to as
the “guardee model”. In this scenario, the guardees are host proteins important for various plant
processes, including defence mechanisms. A good example is mentioned in section 1.3.3 (p. 30)
protein RIN4 that can be targeted by multiple pathogens. In Arabidopsis, the status of RIN4 is
monitored by the NLR RPM1 (resistance to Pseudomonas syringae pv. maculicola 1), which can
detect various states of the protein and trigger downstream immune responses. (Mackey et al.,
2002, Axtell and Staskawicz, 2003, Chung et al., 2011, Liu et al., 2011, Chung et al., 2014, Lee et al.,
2015).

Sometimes, plant NLRs can monitor the status of protein that does not seem to carry any other
biological function than interacting with an effector. Such proteins are known as “decoys” and are
thought to have evolved to mimic real pathogen targets. Their status is monitored by NLRs that
trigger an immune response upon detection of decoy modification. This model is known as the
“decoy model” and its advantage over the “guardee model” is that the effectors are not interfering
with important host metabolic pathways (or that interference is decreased due to mistargeting of

the effectors) (van der Hoorn and Kamoun, 2008, Kourelis et al., 2020).

A good example of decoy model is the protein kinase PBS1. PBS1 does not appear to carry any

biological function, as its mutations do not show any measurable phenotypes in plants. It is,
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however, targeted for cleavage by multiple effectors, and this is recognised by the NLR RPS5
(Resistance to Pseudomonas Syringae 5), which triggers immune responses upon detection of the
cleavage (Shao et al., 2003, Ade et al., 2007, Kim et al., 2016). Another example is a range of plant
pseudokinases targeted by different effectors from Xanthomonas campestris. The state of these
proteins is monitored by the NLR ZAR1 (HopZ-Activated Resistance 1) that can be found in both
Arabidopsis thaliana and N. benthamiana (Seto et al., 2017, Wang et al., 2015b, Wang et al., 20193,
Wang et al., 2019b).

In addition to the three canonical domains present in plant NLRs, a subset of these immune
receptors possesses additional, unconventional domains. Initially they were described as
“integrated decoys”, as they were hypothesised to share a common origin with the effector targets.
Such integration of decoys would allow for the direct recognition of the effectors by NLRs, enabling
more efficient response (Cesari et al., 2014a). However, to avoid the assumption that all these
domains serve as baits and have no other function, they are more broadly referred to as “integrated

domains” (Wu et al., 2015).

Integrated domains have been estimated to be present in 3.5-5.2% of higher plant NLR proteins
(Kroj et al., 2016, Sarris et al., 2016). These domains are quite diverse and include (but are not
limited to) BED domains, WRKY domains, HMAs, thioredoxins and kinases (Grund et al., 2019,
Andersen et al., 2020, Chen et al., 2021). Moreover, they are found to be integrated at different
positions of the NLRs, not only at N- and C-termini, but also between the canonical domains. It is
thought that integration of unconventional domains into the NLR architecture occurred
independently multiple times during evolution. Interestingly, research on grass NLRs with
integrated domains revealed an amino acid motif upstream of the integration, which might have
enabled the integration of unconventional domains (Bailey et al., 2018). The mechanism underlying

these integrations remains to be elucidated.

In the majority of reported cases, the integrated domain has been shown to directly interact with
an effector. The A. thaliana RRS1 receptor contains an integrated WRKY domain at its C-terminus,
which directly interacts with the effectors AvrRps4 (from P. syringae pv. pisi) and PopP2 (from R.
solanacearum) to trigger immune responses (Sarris et al., 2015, Mukhi et al., 2021). The rice NLR
proteins Pik-1 and RGAS5 both contain an integrated HMA (heavy metal associated) domain that can
directly bind the cognate M. oryzae effectors AVR-Pik and AVR-Pia/AVR1-CO39, respectively
(Magbool et al., 2015, Ortiz et al., 2017, Guo et al., 2018, De la Concepcion et al., 2018). Arabidopsis
RPP1 directly recognises the ATR1 effector from Hyaloperonospora arabidopsidis via an integrated

C-JID (C-terminal jelly roll and Ig-like domain) domain (however, there is an ongoing debate,

37



General Introduction

whether this domain is actually an “integrated domain”, therefore it is often referred to as post-

LRR domain (PL)) (Ma et al., 2020).

Direct recognition
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Figure 1.3 Different models of effector recognition in plants.

The NLR presented in the figure does not represent actual NLR structure. Different colours within
the NLR structure represent individual NLR domains: green - CC, purple - NB-ARC, orange — LRR.
Adapted from (Bentham et al., 2020).
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1.4.3 NLRs can work as singletons, in specialised pairs or in networks
NLRs, and other resistance genes, were initially reported to work as single units, according to Flor’s

gene-for-gene model (one Resistance (R) gene for one avirulence gene) (Flor, 1971).

So-called “singleton” NLRs are receptors that trigger cell death responses in heterologous systems
by overexpressing them in the presence of their cognate effector. Examples include A. thaliana
NLRs RPS5 and RPP13 that recognise effectors AvrPphB (from P. syringae) and ATR13 (from
Hyaloperonospora arabidopsidis), respectively (Ade et al., 2007, Leonelli et al., 2011). Moreover,
different alleles of barley MLA (mildew locus A) proteins can directly recognise corresponding
alleles of powdery mildew effector AVRa (Saur et al., 2019). These “singleton” NLRs are capable of
both recognising (sensing) the presence of an effector and triggering downstream immune

responses.

Apart from NLR receptors working as singletons, an increasing number of studies indicate that
genetic architecture underpinning plant immunity can be more complex and additional
components, including additional NLRs, can be required to deliver responses to a pathogen (Eitas

and Dangl, 2010, Wu et al., 2018).

Contrary to NLRs that work as singletons, which are capable of both sensing the effectors and
triggering the immune response, some NLRs specialised to carry only one of these functions. NLRs
that are specialised in recognising the pathogen are usually referred to as “sensors”. Sensor NLRs
need partner NLRs that are specialised in delivering the immunity response. These partner NLRs are
usually referred to as “helpers” (Adachi et al., 2019b, Jubic et al., 2019). Sensor and helper NLRs
can work in highly specialised pairs (often genetically linked, sharing the regulatory elements (Eitas
and Dangl, 2010, Griebel et al., 2014)) or form more intricate immune networks where multiple
sensor NLRs can work together with diverse helper NLRs (Wu et al., 2017, Wu et al., 2018, Castel et
al., 2019).

Several paired NLRs have been described to date, with two main modes of action described, based
on the auto-activity of the helper NLR. Arguably, the best characterised NLR pairs are rice
RGA5/RGA4 (Cesari et al., 2014b, Cesari et al., 2013) and Arabidopsis RRS1/RPS4 (Narusaka et al.,
2014, Sarris et al., 2015, Huh et al., 2017, Ma et al., 2018). They share similar working mechanism,
where the helper NLR (RGA4 and RPS4) is auto-active, and this auto-activity is repressed by
presence of the sensor NLR (RGA5 and RRS1). The inhibition is released upon recognition of the

cognate effector by the sensor. This model is therefore based on negative regulation.
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A different model has been suggested for the rice Pik-1/Pik-2 pair (Biatas et al., 2018). The helper
NLR (Pik-2) is not auto-active when overexpressed alone, therefore this pair is thought to work via
cooperation rather than negative regulation. However, this system is not as well characterised as
the other described NLR pairs, and will be a subject of investigation in Chapter 3 of this work. A
cooperation model has been also suggested for mammalian NAIP2/NLRC4 inflammasomes (Broz
and Dixit, 2016), where NAIP2 functions as a sensor of bacterial patterns (Kofoed and Vance, 2011,
Tenthorey et al., 2017) and NLRC4 is recruited to trigger downstream immune responses (Hu et al.,

2015, Zhang et al., 2015).

1.4.4 NLRs form resistosomes upon activation

Initial studies on NLRs revealed that receptor activation involves ADP/ATP exchange within the NB-
ARC domain. It has been suggested that NLRs are initially in an inactive, ADP-bound state,
maintained via intra and intermolecular interactions (Tameling et al., 2002, Maekawa et al., 2011).
Effector recognition would then lead to a switch of the ADP-bound inactive state for an ATP-bound
active state, probably by inducing conformational changes that enable ADP/ATP exchange

(Tameling et al., 2002, Takken et al., 2006, Williams et al., 2011, Bernoux et al., 2016).

Until recently, the knowledge about mechanisms of plant NLR function and activation were based
on studies conducted on individual domains (Bentham et al., 2018, Casey et al., 2016, Cesari et al.,
2016, Maekawa et al., 2011, Zhang et al., 2017a). Moreover, several studies indicated that plant
NLRs can also associate in homo- and hetero-typic manner, both prior to and after effector
recognition (Mestre and Baulcombe, 2006, Schreiber et al., 2016, El Kasmi et al., 2017, Huh et al.,
2017). However, it was unclear whether that association represented active oligomeric structures,

as has been observed in mammalian inflammasomes or apoptosomes.

A recent breakthrough in biochemical studies of plant NLRs shed light on their activation and post-
activation events leading to immune signalling. The Cryo-EM structures of Arabidopsis ZAR1, RPP1
(Recognition of Peronospora parasitica 1) and N. benthamiana Roql (Recognition of XopQ 1)
revealed that upon the effector recognition they form oligomeric structures named “resistosomes”,
which is reminiscent of the oligomeric inflammasomes and apoptosomes, formed by mammalian

NLRs (Wang et al., 2019a, Wang et al., 2019b).

ZAR1 belongs to a CC-NLR family and recognises at least three bacterial effectors via association
with various pseudokinases. One of these effectors is AvrAC, delivered by Xanthomonas campestris
pv. campestris. Before effector recognition, ZAR1 remains in an inactive, ADP-bound state, forming
a heterodimer with the pseudokinase RKS1. AvrAC uridylylates a cytoplasmic kinase, PBS1-like
protein 2 (PBL2), which subsequently binds to the ZAR1-RKS1 complex (as PBL2Y™P). Binding of
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PBL2YM? induces conformational changes in the NB-ARC domain of ZAR1 which leads to the release
of ADP from the receptor, allowing binding of ATP (Wang et al., 2019b). This in turn induces
oligomerisation of the ZAR1-RKS1-PBL2'MP complex, which forms a pentameric wheel-like
resistosome (Wang et al., 2019a) (Figure 1.4 A). Analysis of the cryo-EM structure of the ZAR1
resistosome revealed that the al helices of the CC domains undergo a conformational change upon
oligomerisation and form a 5-helix funnel-like structure that projects outwards. Initially, it was
suggested that this structure could cause cell death response due to plasma membrane perforation
(activated ZAR1 localises at the plasma membrane), as has been observed in certain cell-death
causing toxins (Wang et al., 20193, Burdett et al., 2019a). However, there is growing evidence that
this structure could be forming ion channels, which would cause ion influx to the cell (the studies
mainly point towards calcium ions), causing a cell death (Lee et al., 2020b, Bi et al., 2021).
Interestingly, this mechanism seems to be working for both plants and animals, as auto-active
mutant of plant NLR NRG1 (N requirement gene 1) can also induce calcium influx and subsequent

cell-death in human cell lines (Jacob et al., 2021b).

RPP1 (Recognition of Peronospora parasitica 1) is a TIR-NLR that recognises ATR1 effector from
oomycete pathogen Hyaloperonospora arabidopsidis (previously Peronospora parasitica) (Botella
et al., 1998, Asai et al., 2015, Steinbrenner et al., 2015). The Cryo-EM structure revealed that RPP1
oligomerizes upon recognition of ATR1 and forms a tetrameric ring-like resistosome, consisting of
four RPP1 and four ATR1 molecules (Figure 1.4 B). The oligomerisation of the receptor is entirely
mediated by subdomains of RPP1. In addition to canonical NLR domains, RPP1 possesses post-LRR
domain at its C-terminus. Structural search showed that this domain adopts a —jelly roll and Ig-like
fold, therefore it has been designated as C-JID (C-terminal jelly roll and Ig-like domain). This domain,
together with LRR domain, is responsible for mediating the interaction with ATR1 (Ma et al., 2020).
It has been previously suggested that TIR-NLRs deliver the cell death response via depleting the
NAD* pool in the cell upon the activation (Essuman et al., 2018, Horsefield et al., 2019, Wan et al.,
2019). This has been also confirmed by studies on RPP1, which showed that activated RPP1 (but
not RPP1 in absence of the ATR1 effector) displays NADase activity and can hydrolyse NAD* in vitro.
This activity is driven by oligomerisation of the TIR domains, as it has been shown that increased
concentration of TIR domains alone can also display NADase activity in vitro (where oligomerisation
was likely driven by higher concentration of the protein). To achieve NADase activity, the TIR
domains are positioned in a specific way in the active resistosome. Two symmetric TIR homodimers
are packed in a specific way, leading to formation of two asymmetric head-to-tail TIR homodimers.
Surprisingly, in the active state, RPP1 binds ADP instead of ATP at its P-loop motif. Although this

might be an effect of intrinsic ATPase activity of RPP1, other interactions between NB-ARC domains
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of RPP1 monomers have been suggested to compensate for loss of ATP-mediated stabilization of

the resistosome (Ma et al., 2020).

B)

ZAR1 RPP1 NAIP2/NLRC4

Figure 1.4 Oligomeric states of different NLRs.

A) Pentameric ZAR1 structure in complex with RKS1 and PBL2UV (6J5W). B) Tetrameric structure of
RPP1 in complex with ATR1 (7CRC). C) Inflammasome formed by activated NAIP2/NLRC4 (3JBL).

A similar structure to RPP1 has been described for the TIR-NLR Roql that recognises the
Xanthomonas euvesicatoria type Il effector XopQ. XopQ binds to the LRR and post-LRR (PL) domain
of Roqgl, which alters the conformational state of the NB-ARC domain. This change allows for the
release of ADP and ATP to bind at the P-loop site (in contrast to RPP1 structure, ATP molecule was
found in the Roql resistosome). Interestingly, the PL region of Roqgl also resembles the
immunoglobulin-like or jelly-roll fold, as observed in the RPP1 structure. Roql oligomerises into
ring-like tetramer, where TIR domains form a two-fold assembly of “dimer of dimers”, as seen in

RPP1 structure (Martin et al., 2020).

Although determining the Cryo-EM structures of the first CC-NLR and TIR-NLRs was a major
breakthrough, these structures represent receptors that function as singletons. To date, it is hard
to extrapolate the mechanism of activation of ZAR1 or Roqgl to paired NLRs or to the NLRs that
function in networks. It is possible that different mechanisms could apply for these receptors, for
instance, similar to mammalian NAIP2/NLRC4 inflammasomes (Figure 1.4 C), where a single
molecule of NAIP2 is assembled with multiple copies of NLRC4, therefore providing a scaffold for
oligomerisation of other units (Zhang et al., 2015). Moreover, it has been reported that both CC-
NLRs and TIR-NLRs can act via certain downstream signalling components and there is increasing

evidence that they interact directly (Huh et al., 2017, Zhai et al., 2019, Townsend et al., 2018, Xu et
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al.,, 2014, Chang et al., 2013, Liu et al.,, 2015). This suggests that NLRs can act via various
mechanisms, and we are only at the beginning of the path leading to understanding the biology and

mechanistic details of plant NLRs.

1.5 Gene transfer and protein engineering can be used for deploying novel
resistance

Continuous progress in discovering and describing new immunity receptors enables finding new
solutions for plant health improvement. PRR receptors tend to recognise conserved patterns from
pathogens and act via conserved signalling pathways, therefore they offer numerous opportunities
to transfer the resistance between different plant species. For example, expression of rice cell-
surface receptor Xa21 in tomato, sweet orange and banana increased resistance to Xanthomonas
sp. (Mendes et al., 2010, Afroz et al., 2010, Tripathi et al., 2014). EFR receptor (from Arabidopsis)
conferred novel resistance to bacterial pathogens when it was transferred to tomato and rice
(Lacombe et al., 2010, Schoonbeek et al., 2015, Kunwar et al., 2018). Further, transfer of allelic
receptor FLS2 from wild grape to tobacco conferred resistance to the crown-gall pathogen
Agrobacterium tumefaciens (Furst et al., 2020). Based on these advances, cell-surface receptors can
be a good source of novel and broad-spectrum resistance that can be transferred between plant

species (Tian et al., 2020).

Apart from PRRs, simple transfer of NLRs between species has also been reported to be successful
in conferring novel resistance. Originally identified in pigeon pea (Cajanus cajan) receptor CcRpp1l
(Cajanus cajan Resistance against Phakopsora pachyrhizi 1) conferred full resistance in soybean to
pathogen of Asian Soybean Rust, Phakopsora pachyrhizi (Kawashima et al., 2016). Further, transfer
of resistance genes from wild potato species conferred resistance to late blight pathogen in
common potato (Witek et al., 2016, Ghislain et al., 2019). Constant improvement of genomic
technologies (Jupe et al., 2013, Bevan et al., 2017) and structure-based predictions (Zheng et al.,
2021), enables more and more efficient mining the genomes of wild plant species and identification
of new resistance genes, however breeding the resistance into elite cultivar crops is still a slow
process (Steuernagel et al., 2016, Rodriguez-Moreno et al., 2017, Arora et al., 2019). Moreover,
transfer of newly identified resistance genes to other plant species often appears to be ineffective
(lack of response). Since many NLRs might function in pairs or networks (Castel et al., 2019, Wu et
al., 2018), newly discovered NLRs may require specific genetic context to successfully confer
resistance (Chae et al., 2014, Hurni et al., 2014, Stirnweis et al., 2014). Furthermore, NLRs usually
have a precise recognition specificity, recognising race-specific effectors. Because of that, rapidly
evolving pathogens may relatively quickly escape recognition by modifying their effector repertoire

(Yoshida et al., 2016, De la Concepcion et al., 2018).
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An alternative approach to developing new resistance genes is to modify the toolkit that has
evolved in nature. Engineering of NLRs has been attempted on multiple occasions, using different
approaches. The first trials focused on random mutagenesis of NLRs to expand their recognition,
however it turned out to be largely unsuccessful (Farnham and Baulcombe, 2006, Harris et al., 2013,

Segretin et al., 2014, Giannakopoulou et al., 2015).

Expanding the knowledge about mechanisms of effector recognition and NLR activation has
recently enabled more focused and precise approaches to engineering novel resistance, not only
via modification of NLRs, but also via engineering decoys. An excellent example is engineering of
novel resistance mediated by the RPS5 receptor. RPS5 monitors the state of protein kinase PBS1
(Shao et al., 2003, Ade et al., 2007), which is targeted by the effector AVRPphB from P. syringae.
AVRPphB is a protease and specifically cleaves PBS1, and this activity is detected by the RPS5. It has
been shown that replacing the AVRPphB cleavage site in PBS1 with the cleavage site of different
effector protease, can alter the recognition specificity mediated by RPS5 (Kim et al.,, 2016).
Moreover, a PBS1 variant containing the cleavage site of the Nla protease (delivered by soybean
mosaic virus) could be cleaved by this protease, and this further triggered a cell death response in
soybean protoplasts, likely via an RPS5 ortholog (Helm et al., 2019). Furthermore, AVRPphB can
also induce immune responses in wheat and barley, suggesting that PBS1 orthologs are also
monitored in different plant species. Therefore, engineering PBS1 variants with various protease
cleavage sites could be a promising tool to develop resistance to a subset of pathogens that deliver

proteases to their hosts (Carter et al., 2019, Pottinger et al., 2020, Pottinger and Innes, 2020).

1.6 Rice NLR pair Pik-1/Pik-2 recognises rice blast effector AVR-Pik via
integrated HMA domain

Rice paired NLRs Pik-1 and Pik-2 confer resistance to Magnaporthe oryzae strains carrying AVR-Pik

effectors. Pik-1 and Pik-2 are genetically linked, as they are arranged in a head-to-head orientation

in the genome (on the long arm of chromosome 11), and they share the same promoter (Ashikawa

et al., 2008).

Pik-2 has a canonical CC-NLR architecture. However, Pik-1 possesses an integrated heavy metal
associated (HMA) domain that is located between the CC and NB-ARC domains. The HMA is widely
conserved in living organisms, and can be found in both prokaryotes and eukaryotes. It is generally
involved in detoxification or transport of various heavy metals (Zhang et al., 2020). HMA domains
typically contain a metal-binding motif, comprising residues MXCXXC (where X represents any
amino acid). The cysteine residues are responsible for binding and coordinating the heavy metal

(Arnesano et al., 2001). Structures of HMA-containing proteins revealed that they typically adopt
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an af-sandwich fold comprised of a four-stranded antiparallel B-sheet and two a-helices. This fold
is often referred to as a “ferredoxin-like” (Gitschier et al., 1998). Apart from Pik-1, the HMA domain
has been also found to be integrated in another NLR, RGAS5. Interestingly, in RGA5, the HMA is

located at the C-terminus of the receptor (Ortiz et al., 2017, Guo et al., 2018).

To date, eight Pik-1/Pik-2 alleles have been described: Pikp, Pikm, Pik*, Pik*-KA, Pikh, Piks, Pike and
Pil1 (Ashikawa et al., 2008, Yuan et al., 2011, Zhai et al., 2011, Ashikawa et al., 2012, Hua et al., 2012,
Zhai et al., 2014, Chen et al., 2015), and they share between 95% and 99% amino acid sequence

similarity. Importantly, the most polymorphic region between the alleles is the HMA domain.

The AVR-Pik effector was cloned using an association genetics approach (Yoshida et al., 2009).
Initially, five alleles of AVR-Pik were identified (designated A-E), differing in between 1 and 4 amino
acid positions. Further analysis found that all the AVR-Pik alleles (apart from AVR-PikB) could be
found in isolates from all over the world, including Asia, Europe, America and Africa, indicating that
AVR-Pik effectors are widely present in pathogen populations (Kanzaki et al., 2012). Recently, an
additional allele has been described, named AVR-PikF (Longya et al., 2019, Li et al., 2019).

Different Pik alleles have different recognition specificity towards the AVR-Pik alleles. For example,
the Pikp allele can only recognise AVR-PikD, whereas Pikm can recognise AVR-PikD, AVR-PikA and
AVR-PikE. Interestingly, none of the known Pik alleles can recognise AVR-PikC or AVR-PikF, which
means that M. oryzae carrying one of these effectors can infect rice varieties containing any Pik

allele.

Biophysical studies of AVR-PikD/Pikp-1-HMA interaction revealed that these two proteins interact
in vitro. This means that the integrated HMA domain of Pik-1 receptors can recognise the effectors
directly, therefore Pik-1 acts as a classical “sensor” in this NLR pair. Pik-1 is only able to trigger cell
death responses upon effector recognition in the presence of Pik-2 protein, therefore Pik-2 acts as

a classical “helper” (Magbool et al., 2015).

Structural studies of the AVR-PikD/Pikp-1-HMA complex identified important residues involved in
binding between these two proteins. A single mutation in AVR-PikD, H46E, was able to disrupt the
binding to Pikp-1-HMA in vitro, which was further correlated with lack of recognition in a transient

expression system. Moreover, M. oryzae carrying the AVR-PikD"46E

mutant was not recognised by
rice cultivar K60 that naturally possesses the Pikp-1/Pikp-2 pair (Magbool et al., 2015). These results
indicate that interaction between the integrated HMA domain and the AVR-Pik effector is necessary

for activation of resistance mediated by the Pik NLRs.
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Pikp-1-HMA binds AVR-PikD with high affinity, and weakly interacts with AVR-PikE (although that
does not translate into resistance in planta), while Pikm-1-HMA binds AVR-PikD, AVR-PikE and AVR-
PikA effectors (De la Concepcion et al., 2018). Determining crystal structures of Pikm-1-HMA with
these three effectors allowed identification of important residues involved in binding between the
HMA domain and the effectors, and explains the differences in the interaction profiles between
Pikp-1-HMA and Pikm-1-HMA. Furthermore, these data enabled engineering the interaction
interface present in Pikm-1-HMA onto Pikp-1-HMA, which extended its recognition profile to AVR-
PikE and AVR-PikA effectors (De la Concepcion et al., 2019). These results provided an important
proof-of-concept that we can use structural biology in engineering novel recognition specificities in

NLRs.

The binding between AVR-Pik and the integrated HMA domains suggests that an HMA-containing
proteins might be biological targets of these effectors. Over 100 small HMA-containing proteins
(abbreviated as small HMAs or sHMAs for simplicity) have been identified in rice. Broadly, they can
be divided into two families: heavy metal associated isoprenylated plant proteins (HIPPs) and heavy
metal associated plant proteins (HPPs). In addition to one or more HMA domains, HIPPs also contain
a C-terminal CaaX isoprenylation motif (where “a” represents an aliphatic amino acid, and X

represents any amino acid), whereas HPPs lack this motif (de Abreu-Neto et al., 2013).

A yeast-2-hybrid screen aiming at identifying putative biological targets of AVR-PikD identified
several HMA-containing proteins, including OsHIPP19, OsHIPP20, OsHPP04 and OsHPP03 (Oikawa
et al., 2020). Interestingly, other tested alleles AVR-PikA, AVR-PikC and AVR-PikE also bound
OsHIPP19 and OsHIPP20, suggesting that they might be a biological target for all the AVR-Pik
effectors. In addition, it has been demonstrated that AVR-PikF also binds to OsHIPP19 (Maidment
et al., 2021). It has been shown that presence of AVR-PikD can stabilise OsHIPP19 and OsHIPP20,
and affects their localisation in the plant cell. Although the exact mechanism of how interaction
between AVR-Pik and sHMA proteins promotes disease is not known, it has been shown that a
knockout of OsHIPP20 reduces rice susceptibility to M. oryzae, suggesting that sHMA proteins can

be susceptibility genes (Oikawa et al., 2020).
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1.7 Aims and objectives

Advancing our comprehension of plant-pathogen interactions requires research on both sides of
the conflict. A better understanding of plant immune receptors combined with knowledge about
pathogen effectors and effectors’ targets can inform and enable rational design of NLRs to engineer
novel recognition specificities and offer new solutions for improving the food security. In this work,
| investigate different aspects of molecular interactions between rice and the rice blast fungus

Magnaporthe oryzae.

In Chapter 3, | investigate the working model of rice NLR pair Pikp-1/Pikp-2 that has been suggested

to deliver the cell death response via cooperation rather than negative regulation.

In Chapter 4, | characterise biochemically the interaction between different alleles of M. oryzae

effector PWL2 and their potential interactor rice protein OsHIPP43.

In Chapter 5, | investigate the potential of engineering new recognition specificity of Pikm-1 by

exchanging its integrated HMA domain for OsHIPP43-HMA - a potential biological target of PWL2.

In Chapter 6, | describe the crystal structure of PWL2/OsHIPP43 complex and the interactions that
underpin the binding between these two proteins. | also show that the interaction between PWL2

effector and OsHIPP43 cannot be easily compromised.

In Chapter 7, | investigate whether other M. oryzae effectors from the PWL family can also interact
with OsHIPP43, and whether the approach of engineering novel recognition specificity presented

in Chapter 5 can be also applied to these effectors.

In Chapter 8, | describe the solution structure of the recently discovered effector AVR-Pias, which

represents a new effector class from M. oryzae.

47






2

Materials and Methods






Materials and Methods

2 Materials and Methods

2.1 Cloning and DNA manipulation

All generated constructs were verified by Sanger sequencing. The service was provided by Genewiz

or Eurofins Genomics companies.

2.1.1 Gene synthesis

The DNA sequence coding each PWL2 mutant was commercially synthesised by Integrated DNA
Technologies as a gBlocks Gene Fragment. The DNA fragments were designed with Bsal restriction
sites and appropriate overhangs, therefore could be directly used as level 0 constructs for an
assembly of level 1 constructs for in planta expression (with C-terminal tags) using Golden Gate
cloning. For generating constructs for protein expression, the synthesised DNA fragments were
used as templates for amplification of DNA fragments with appropriate overhangs that enable the

cloning with N-terminal tags.

2.1.2 DNA amplification
DNA fragments destined for downstream cloning were amplified using high fidelity, proof reading
VELOCITY DNA polymerase (Bioline), allowing 30 s/kb of extension time. The reaction components

are listed in Table 2-1

Table 2-1 Reaction mix for DNA amplification using VELOCITY DNA Polymerase

Component Quantity
5 x VELOCITY Buffer 10 ul
Forward primer 3 ul (at 10 uMm)
Reverse primer 3 ul (at 10 uMm)
Template DNA 1 pl with 10 ng of DNA
VELOCITY DNA Polymerase 1l
dNTP 1ul(at1puM)
Water 31l

51



Materials and Methods

To perform colony PCR, MyTaq DNA polymerase (Bioline) was used according to the manufacturer’s
guidelines, allowing 30 s/kb of extension time. MyTaq DNA polymerase uses a premixed buffer that
contains MgClz, dNTPs, and a gel loading dye. The reaction components are listed in Table 2-2. As
a DNA template, single, isolated bacterial colonies were added to the mixture. To release the DNA

from bacteria, the initial denaturation was extended to 5 min.

Table 2-2 Reaction mix for DNA amplification using MyTaq Polymerase

Component Quantity
5 x MyTaq Buffer 4 ul
Forward primer 1 pl (at 10 uM)
Reverse primer 1 ul (at 10 uMm)
Template DNA Bacterial cells
MyTaq Polymerase 0.5 ul
Water 13.5 pl

2.1.3 Agarose gel/ DNA electrophoresis

1% (w/v) agarose gel (in TAE buffer; 40 mM Tris-acetate pH 8.0, 1.0 mM EDTA) with Midori®reen
Advance DNA stain (Nippon Genetics Europe; 1 pl stain / 25 ml agarose) was used to confirm and/or
separate the desired PCR products. MyTaq Red PCR buffer contains the loading dye, therefore
samples obtained using this buffer were loaded directly on a gel. Other DNA samples were mixed
with loading dye 4xFOG (12% (w/v) Ficoll 400, 0.25% (w/v) Orange G) before loading on a gel. The
electrophoresis was carried out at a constant voltage of 100 V in TAE buffer. Subsequently samples

were visualised under UV light.

2.1.4 Purification from agarose
After electrophoresis, DNA bands of interest were cut out from the agarose gel using a razor blade.
To purify the DNA from the gel fragment, NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel)

was used according to the manufacturer’s instructions.
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2.1.5 In-Fusion cloning

For protein production in E. coli, genes of interest were cloned into pOPIN vectors (Berrow et al.,
2007) by In-Fusion cloning. Protein coding sequences were amplified with primers introducing
overhangs matching the cloning acceptor plasmid. 100 ng of linearized vector and 100 ng of purified
PCR fragment were combined with 1 pl of 5x In-Fusion HD enzyme premix and adjusted to final
reaction volume 5 pl with water. The reaction mix was incubated at 42 °C for 30 min and

subsequently transformed into chemicompetent E. coli STELLAR cells.

2.1.6 Golden Gate cloning

Golden Gate cloning was used to generate constructs for transient expression in N. benthamiana
(Engler et al., 2014) and several constructs for protein production in E. coli (Bentham et al., 2021b).
The full length NLRs (wild type and chimeric) were cloned under control of A. tumefaciens
mannopine synthase (mas) promoter and terminator. Individual NLR domains were cloned under
control of CaMV35S promoter. Full length Pik-1 NLRs and Pik-1 individual domains were C-
terminally tagged with 6xHis/3xFlag (HellFire, HF) tag, full length Pik-2 and Pik-2 individual domains
were C-terminally tagged with an HA tag. Expression of the effectors was driven by the A. thaliana
Ubil0 promoter with a 35S terminator, and all the effectors were tagged with 4xMyc tag. AVR-PikD
was tagged N-terminally and all PWL effectors were tagged C-terminally, unless stated otherwise.

All constructs were cloned into acceptor vector pICH47751.

The selected constructs for protein production in E. coli obtained via Golden Gate cloning are listed

in the relevant Results sections, and were cloned as described in (Bentham et al., 2021b).

The Golden Gate cloning method is a single-pot digestion-ligation reaction that allows assembly of
multiple DNA fragments in a desired order. The reaction uses type IIS restriction enzymes that
recognise specific asymmetric DNA sequences and cleave outside of the recognition site, leaving
four base pair single stranded overhangs (Engler et al., 2008, Weber et al., 2011, Engler et al., 2014).
Subsequently, the DNA fragments are ligated by the T4 DNA ligase, and the assembly order is
dictated by the complementarity of the overhangs. This method requires that the DNA templates
used for construct assemblies are free from endogenous restriction sites (Bpil and Bsal sites). The

process of removing the restriction site (by introducing mutations) is referred to as domestication.

The standard Golden Gate components are usually defined as level 0, level 1 or level 2, based on
their content. Level 0 modules carry single genetic components such as promoters, epitope tags,
terminators and coding sequences. These can be assembled into level 1 constructs that contain
complete functional transcriptional units. Importantly, level 1 acceptor vectors are binary vectors,

therefore can be used in both bacteria (for plasmid amplification or protein expression) and plants
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(for protein expression). Hence, level 1 constructs are broadly used for transient expression of
proteins in planta, allowing optimisation of that expression, by straightforward assembly of given
gene of interest with various promoters, terminators and tags. Level 1 constructs can be further
assembled into level 2 constructs that contain multiple transcriptional units. This can be used for
stable plant transformation, as alongside the gene of interest, a separate selectable marker cassette
can be present. The order of assembly is determined by the level 1 acceptor vectors and the
overhang they expose upon digestion. Bpil enzyme is used for generation of level 0 and level 2

constructs; Bsal is used for generation of level 1 constructs.

This method can be adapted to create unique acceptor vectors. For instance, Pikm-1 has been
incorporated into level 0 acceptor vector, with the original Pikm-1-HMA domain exchanged for the
RFP selection cassette flanked by Bpil restriction sites (Figure 2.1). The generated construct allows
replacing this cassette with any DNA sequence, therefore, generating a level 0 construct carrying
Pikm-1 receptor with integrated domain of interest in place of the original HMA domain. Such
chimeric receptor would be a level 0 construct, ready for further assembly into level 1 construct
with regulatory elements of choice. Using this method, | generated the Pikm-19H'P?43 receptor,
where | inserted the OsHIPP43 sequence in place of the RFP selection cassette in the described
acceptor vector. This acceptor vector has been designed and prepared by Dr. Mark Youles (The

Sainsbury Laboratory).

Level 0 acceptor

ga Pikm-1-CC Pikm-1-NB-LRR T

Bsal * :
restriction site !

“Bsal
restriction site

Bpil restriction sites

Figure 2.1 Schematic representation of the Pikm-1- integrated domain acceptor vector.

Bpil restriction enzyme can be used in Golden Gate reaction to replace the RFP selection cassette
with any integrated domain. Subsequently, the chimeric Pikm-1 construct can be put together with

epitope tag and regulatory elements of choice into a level 1 construct.

To assemble the level 1 constructs, 100 ng acceptor plasmid was used. The level 0 modules were
added in a 2:1 (level 0 construct : acceptor vector) molar ratio. The components of the digestion-
ligation reaction are listed in Table 2-3. The final volume of the reaction was 20 pl. The protein
coding sequence of interest was added to the mixture in form of purified PCR product (amplified

with appropriate overhangs and restriction sites). The conditions of the reaction are listed in Table
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2-4. After completed reaction, 2 ul of the reaction mix was used to transform chemicompetent E.

coli STELLAR cells.

Table 2-3 Components of Golden Gate reaction

Component Quantity
Acceptor plasmid 100 ng
Level O parts 2:1 molar ratio of insert:acceptor
Bovine Serum Albumin (1 mg/ml) 1.5 ul
T4 DNA ligase buffer (NEB) 1.5 ul
T4 DNA ligase (NEB) 1yl
Bsal or Bpil (NEB) 1yl

Table 2-4 Reaction conditions of Golden Gate cloning

Temperature Time
37°C 20s
37°C 3 min

X 27 cycles
16 °C 4 min
50°C 5 min
80°C 5 min

2.2 Bacteria transformation

2.2.1 E. colitransformation

1-2 pl of a plasmid/reaction mix was added to the 30 ul of chemically competent E. coli STELLAR
cells (thawed on ice). Transformation mix was incubated in 42 °C for 60 s and immediately
resuspended in 1 ml of room-temperature LB medium. The mix was incubated for 1 hour in 37 °C
with agitation (200 rpm) for cell recovery. Subsequently, 100 pl of the suspended bacteria were
plated on the LB plate containing relevant antibiotics and the plate was incubated at 37 °C

overnight.

2.2.2 Agrobacterium tumefaciens transformation
Electrocompetent Agrobacterium tumefaciens cells were transformed using electroporation.

Plasmid DNA was mixed with the bacteria and transferred into pre-chilled 2 mm electroporation
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cuvette (Geneflow/Cell Projects). The cells were transformed by supplying 2500 V pulse using an
Eppendorf Electroporator 2510. Immediately after electroporation, cells were resuspended in 1 ml
of LB and incubated at 28 °C with agitation (200 rpm) for 2-3 hours. 100 ul of the suspended bacteria
were plated on the LB plate containing relevant antibiotics and the plate was incubated at 28 °C for

at least two days.

2.2.3 Antibiotics

1000X stocks of kanamycin (30 mg/ml), carbenicillin (100 mg/ml), gentamycin (50 mg/ml), and
spectinomycin (100 mg/ml), were prepared by dissolving in deionised water. A 1000X stock of
rifampicin (50 mg/ml), was prepared by dissolving in 100% DMSO, and a 1000X stock of
chloramphenicol (34 mg/ml) was prepared by dissolving in ethanol. Prepared solutions were filter-

sterilised (Minisart 0.22um filters (Sartorius)).

2.3 Protein production and purification

2.3.1 Protein production in E. coli

OsHIPP43, PWL2/0OsHIPP43 complex and AVR-Pias constructs in pOPIN (Berrow et al., 2007,
Bentham et al., 2021b) protein expression vectors were transformed into E. coli SHuffle cells
(Lobstein et al., 2012), and all PWL effectors (including PWL2 mutants) were transformed into BL21-
Al One Shot (Arabinose Inducible) E. coli cells (Invitrogen). To prepare the pre-culture, 100 ml of LB
medium (supplied with appropriate antibiotics) was inoculated with bacteria carrying the plasmid
of interest, and incubated overnight at 37 °C. The next day, 5 ml of the pre-culture was added to 1
L of LB medium in 2 L baffled Erlenmeyer flask with appropriate antibiotics and incubated with
shaking (160 rpm) at 37 °C (Al strain) or 30 °C (SHuffle strain) until the OD reached 0.6 - 0.8. Then
the temperature was decreased to 18 °C and cultures were induced with 1 mM IPTG (SHuffle strain)
or 0.2% arabinose (Al strain), and incubated overnight. 8 L of cultures were grown per construct,

unless stated otherwise.

Allowing at least 18 hours of growth post-induction, cells were harvested by centrifugation (10 min,
7500 x g) and resuspended in ice-cold lysis buffer (A1 buffer (150 mM Tris-HCl pH 8.0, 500 mM NaCl,
5% glycerol, 50 mM glycine and 20 mM imidazole)), freshly supplemented with cOmplete EDTA-
free Protease Inhibitor Cocktail). Subsequently, the cells were lysed by sonication using a Vibra-Cell
sonicator (SONICS) with a single 13 mm probe, with the cells resting on ice. The sonication was set

at 1 s pulse / 3 s pause for 10 min (total time of pulses), with amplitude set on 40%.
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To obtain the soluble fraction, the lysate was centrifuged at 45000 x g for 30 min at 4 °C. The
supernatant was loaded onto AKTAxpress to perform immobilised metal affinity chromatography
(IMAC), directly followed by size-exclusion chromatography (SEC). 5 ml HisTrap HP NTA column (GE
Healthcare) pre-equilibrated in Al buffer was used for the IMAC step. After loading the sample
(lysate), the column was washed with 100 ml of Al buffer (also referred to as washing buffer). Al
buffer contains low concentration of imidazole that should help to prevent binding of the proteins
with weak affinity to the nickel resin. After the washing step, the proteins were eluted with 25 mi
of elution buffer B1 (Al buffer supplemented with 500 mM imidazole), and immediately loaded
onto a SEC column equilibrated with A4 buffer (20 mM HEPES pH 7.5 and 150 mM NaCl). The SEC
step was performed on a Superdex 75 HiLoad 26/600 column (GE Healthcare). Elution from the
column was collected in 8 ml fractions, containing proteins separated by size. The elution of the
proteins was monitored by measuring the absorption at 280 nm. The fractions were subsequently

analysed by SDS-PAGE to inspect the presence of the proteins.

Samples containing the proteins of interest (POI) were combined and incubated overnight with
recombinant human rhinovirus (HRV) 3C protease at 4 °C to remove the affinity/solubility tag. The
protease was added in 10 pg of protease / 1 mg of POI ratio. After the cleavage, the untagged
protein of interest was separated from the cleaved tag and the protease (the 3C protease contains
6xHis tag) by affinity chromatography using 5 ml HisTrap HP NTA column (GE Healthcare). If proteins
were initially tagged with an MBP tag, additional MBPTrap HP dextrin sepharose column (GE
Healthcare) was used in the process, attached in tandem with HisTrap column. Both columns were
equilibrated in SEC (A4) buffer. The sample was passed through the columns using peristaltic pump
at speed around 4 ml/min. The initial flow through (ca. 8-15 ml, referred to as Flow Through 1 (FT1))
was collected to assess the “dead” volume of the column. The subsequent flow through was
collected altogether (referred to as Flow Through 2 (FT2)). This fraction should contain majority of
the untagged protein of interest, unless it displays weak affinity to one of the columns. The columns
were subsequently washed with 45 ml Al buffer that contains higher amount of salt and low
concentration of imidazole; both components can help to elute the proteins with low affinity to the
columns. Elution from the washing step was collected into three 15 ml fractions (referred to as
Wash 1, Wash 2 and Wash 3). 15 ml of elution buffers (B1 for HisTrap column and 0.5 M NaOH for
MBPTrap™ column) were passed through the column to elute the remaining proteins, which allows
to assess the efficiency of the process (and any losses in yield). The collected fractions from the
process were analysed by SDS-PAGE and fractions containing protein of interest were combined
and concentrated down to 5 ml using 20 ml VivaSpin concentrators (Sartorius) with a cut-off

depending on the molecular weight of the protein of interest.
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Following the concentration, the sample was loaded on an AKTAxpress system at 4 °C for a second
SEC. This step was performed on smaller column Superdex 75 HiLoad 16/600 (GE Healthcare), which
allows collection of smaller fractions (2 ml), therefore enables more precise selection of least
contaminated samples. The SEC was run again in A4 buffer (20 mM HEPES pH 7.5 and 150 mM
NaCl).

Subsequently, the selected fractions were analysed by SDS-PAGE. Fractions containing purified
proteins (or least contaminated) were combined and concentrated using 20 ml and 500 ul VivaSpin
concentrators (Sartorius), with a cut-off depending on the molecular weight of the protein of
interest. Samples were concentrated down to concentrations desired for biophysical analysis or
crystallography trials (usually ca. 10 mg/ml (if possible)), flash frozen in liquid N, and stored at -70
°C.

2.3.2 Purification of PWL2/OsHIPP43 complex

To produce PWL2/0sHIPP43 complex in E. coli the proteins were co-expressed in the SHuffle cells
following co-transformation of pOPINM:PWL2 and pPGC-K:OsHIPP43 (untagged). Cells were grown
in LB medium, with antibiotic selection for both plasmids. Cells were induced, harvested and
purification was conducted as described above. As the pPGC-K:OsHIPP43 construct did not produce

a protein with an affinity tag, OsHIPP43 could be only purified when bound to PWL2.

2.3.3  Production of *>N labelled protein

E. coli SHuffle strain carrying pOPIN-M:AVR-PiasA20 was inoculated from a glycerol stock into 100
ml of LB medium and incubated overnight at 37 °C with shaking (200 rpm). The following day, 10
ml of the pre-culture was inoculated per 1 L (8 L total) of minimum medium M9, supplemented

with *NH,Cl and appropriate antibiotic. To prepare the >N labelled M9 medium:

Per 500 ml of MQ water, 3 g Na;HPO,, 1.5 g KH,POsand 0.25 g NaCl were added, and the mix was

autoclaved.

Subsequently, Iml of 1 M MgSQ,, 50 ul of 1 M Ca,Cl,, 500 pl of 2.5% thiamine, 2.5ml of 0.2% biotine,
10 ml of 50% glycerol, 3 ml of 50% glucose and 2.5 ml of 20% *NH,Cl were added cold.

The cultures were incubated at 30 °C until ODgoo reached 0.5. Then the temperature was set to 18

°C and cultures were induced with 1 mM IPTG and grown overnight.

2.3.4 SDS-PAGE
Gradient 4% - 20% pre-cast RunBlue TEO-Tricine SDS Mini gels (Expedeon) were used for resolving

proteins from plant extracts. 16% gels were used for resolving proteins during the purification from
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E. coli. Samples were mixed with RunBlue 4x LDS Sample Buffer supplied with 100 mM DTT,
incubated 95 °C for 10 min, loaded on a gel, and run with 1x RunBlue TEO-Tricine SDS running buffer
at 90 — 130 V. Samples from E. coli expression and purification were incubated with InstantBlue
Coomassie Protein Stain (Expedeon) at room temperature for at least 1 h for visualisation. The
excess of the dye was then rinsed off with water and the gel was imaged using a GeneSys G:Box
(Syngene). Samples derived from plant extracts were subjected to further western blot analysis (see

section 2.6.5, p.65).

2.4 Invitro techniques

2.4.1 Analytical Size-Exclusion Chromatography (SEC)

Analytical SEC experiments were carried out at 4 °C using a Superdex 75 10/300 GL column (GE
Healthcare) equilibrated in A4 running buffer (20 mM HEPES pH 7.5, 150 mM NaCl). PWL2 and
OsHIPP43 were mixed in a 1:1 molar ratio and incubated on ice for 1 h. Sample volume of 110 pl
was injected on a column. For analysis of individual proteins, samples were loaded at concentration
of 1 mg/ml (110 pl). The samples passed through the column at a flow rate of 0.5 ml/min. 0.5 ml
fractions were collected for further SDS-PAGE analysis. The protein elution profile was monitored

by measuring the absorbance at 280 nm.

2.4.2 Isothermal Titration Calorimetry (ITC)

ITC experiments were conducted using a MicroCal PEAQ-ITC (Malvern, UK). The PWL effectors were
placed in experimental cell at 20 uM and titrated with OsHIPP43 at 300 pM. Both proteins were in
A4 buffer (20 mM HEPES, pH 7.5, 150 mM NacCl) from the same batch, ensuring that the buffer is
exactly the same and does not interfere with the measurements. Every ITC experiment was
conducted at 25 °C. In each run, a single injection of 0.5 pL of OsHIPP43 was followed by 19
injections of 2 ul injections in 150 s intervals, with stirring (750 rpm). Experiments were repeated
three times each. The raw titration data was analysed by AFFINIMeter software (Pineiro et al., 2019)
that integrated the datasets, removed noise, corrected the baseline and calculated the AH and K,
parameters. For visualisation, the data was plotted using R v3.4.3 (https://www.r-project.org/) and

the graphic package ggplot2 (Wickham, 2016).

2.4.3 Circular dichroism (CD)
After purification, proteins are in the buffer used for the final SEC step (20 mM HEPES pH 7.5, 150
mM NaCl). Both HEPES and chloride ions absorb in the far UV (<200 nm), hence the purified proteins

needed to be exchanged into a phosphate buffer (20 mM potassium phosphate, pH 7.5). The buffer
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exchange was carried out either via overnight dialysis using 0.5 ml Slide-A-Lyzer Dialysis Cassettes
(Thermofisher) with 3.5 kDa molecular weight cut-off or by repeated cycles of dilution and
concentration using a VivaSpin centrifugal concentrator (Sartorius). The final sample was

concentrated to ca. 0.5 mg/ml and diluted, if necessary, during the measurements.

Circular dichroism was performed by Ms Julia Mundy, at JIC Biophysical Analysis Platform. The
spectra were measured on a Chirascan Plus CD Spectrometer (Applied Photophysics) at
wavelengths 180 — 260 nm, with measurement taken every 1 nm; the temperature was set to 20
°C. Three spectra per protein were obtained, averaged and the blank measurement was subtracted.
The software reports the final data in milidegrees, which were subsequently converted into mean
residue molar ellipticity (MRME), to correct the measurement for protein concentration. The

conversion equation was as follows:

MRW x Oobs
10xd *c

MRME =

Where:

MRW - Mean residual weight (~110 Da)
Oobs - Measured ellipticity (deg)

d - pathlength (cm)

¢ — protein concentration (g/ml)

2.4.4 Trypsin digest

Stock solution of trypsin (Sigma) was prepared at 1 mg/mlin 1 mM HCI. 5 pl of the stock solution
was added to an Eppendorf tube. Subsequently, as series of 1:3 dilution in PBS (137 mM NaCl, 2.7
mM KCl, 10mM Na;HPO4, 1.8 mM KH,PO,, pH 7.4) was prepared, with each tube containing 5 pl of
diluted trypsin solution. To each tube, 20 ul of protein solution (either PWL2+0OsHIPP43 or PWL2
alone) was added at concentration of 0.2 mg/ml, so the total reaction volume was 25 pl. The
samples were incubated at 23 °C for 30 min. The reaction was stopped by adding 7 ul of stopping
buffer (4x Loading Dye supplemented with 100 uM DTT and 5x solution of cOmplete EDTA-free
Protease Inhibitor Cocktail), incubated at 95 °C for 10 in and 15 pul of the mix was loaded on a gel

for the SDS-PAGE analysis.
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2.4.5 Mass spectrometry

Intact mass spectrometry and peptide mapping / fingerprinting was performed by Dr. Jan Sklenar
in The Sainsbury Laboratory. For the intact mass spectrometry, around 100 pg of protein sample
was precipitated with 80% Acetone at -20 °C (for at least an hour) and spun down. For peptide
mapping, a single band of interest was excised from polyacrylamide gel after SDS-PAGE and

Coomassie staining.

2.5 Crystallography, structure solution and analysis

2.5.1 X-ray crystallography

Commercially available crystallization trials were set up using sitting drop, vapor diffusion method.
Trials were set up in 96 well plates, allowing two proteins (or two protein concentrations) per
screen, using an Oryx nano robot (Douglas Instruments, United Kingdom). Plates were kept at 20°C.
Amongst many tested proteins and conditions, the only crystals were obtained for
PWL2A10/0sHIPP43 complex in ProPlex crystallisation screen (Molecular dimensions) condition H5
(1.2 M Potassium sodium tartrate tetrahydrate, 0.1 M Tris 8.0) 13 days after initial set up. For data
collection, three crystals were harvested by Dr. Clare Stevenson, dipped in a buffer containing the
crystallisation condition supplemented with 20% ethylene glycol (cryoprotectant), and flash-frozen

in liquid nitrogen.

2.5.2 Cross-seeding

Seeding is a process of addition of small protein crystal fragments (seeds) into the sitting drop in a
crystallography screen. These seeds can act as nucleation points and enable formation of protein
crystals more efficiently. Usually, the seeds are derived from the same proteins as the target protein
that is intended to be crystallised. However, cross seeding is also possible, if crystals of the target
protein are not available. In this case, seeds from different proteins can be used. As the seeds are
very small and only serve as initiation point for crystal formation, the majority of subsequently
formed crystals are made of the protein of interest which will be mainly responsible for the
obtained diffraction pattern in an X-ray data collection. Therefore, the signal from the seed in a

crystal will be reduced to noise.

Crystallisation trials of the PWL2/0OsHIPP43 complex involved cross seeding. The seeds were derived
from initial crystals of sSHMA94/AVR-PikF complex, kindly provided by Dr. Adam Bentham (Bentham

et al., 2021a). The seed stock is obtained by diluting the sitting drop with crystals with 2 ul of buffer
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identical to crystallisation condition and transferring the drop into a tube with 48 pl of that buffer.

The tube is then vortexed to shatter the crystals.

2.5.3 X-ray data processing

X-ray diffraction data were collected at beamline 104 of the synchrotron facility Diamond Light
Source (Oxford, UK). Data reduction was carried out using the autoPROC (Native data, (Vonrhein et
al.,, 2011)), and xia2.multiplex (S-SAD data, (Gildea and Winter, 2018, Beilsten-Edmands et al.,
2020)) pipelines with the scaled (but unmerged) data imported and processed with AIMLESS (as
implemented in CCP4i2) (Winn et al., 2011, Evans and Murshudov, 2013). The structure was solved
by the SAD method using the CRANK2 pipeline as implemented in CCP4i2 (Skubak and Pannu, 2013,
Skubdk et al., 2018). This model was then used to solve the Native dataset (that was obtained at
higher resolution) by molecular replacement with PHASER (McCoy et al., 2007). To arrive at the
final structure, a series of manual rebuilding, refinement and validation steps were carried out using
REFMAC (Murshudov et al., 2011) and COOT (Emsley et al., 2010). The structure was validated with
MolProbity (Chen et al., 2010) and tools implemented in COOT.

2.5.4 Protein interface analyses

Protein interface analysis was carried out using QtPISA (Krissinel, 2015). The software determines
the interactions parameters and visualise them graphically as interaction radar. The polygon area
represents the likelihood that the interface is a part of a biologically relevant assembly. The key
interface properties are compared to statistical distributions derived from the PDB. The centre of
the radar represents zero, therefore any radar area close to centre (or within the 50% probability

area) is considered of low probability of biological relevance.

2.5.5 Root Mean Squared Deviation (RMSD)

RMSD is a measure of the average distance between superimposed atoms of two structures. RMSDs
were automatically calculated by ChimeraX software, upon superposition of the structures using
the ‘match maker’ command. The command was used as default, allowing rejection of outliers,
therefore the RMSD value given for any structure superposition is accompanied by the number of

atoms that were aligned in the process.

2.5.6 NMR data collection and structure solution
NMR data for AVR-Pias were collected at 20 °C on Bruker Avance Ill 700 MHz and 800 MHz

spectrometers equipped with a 5 mm z-gradient TCI cryoprobe.

AVR-Pias at concentration 0.5-2.0 mM (**N-labeled or not) was submitted for NMR data collection

in 25 mM sodium phosphate buffer (pH 6.8), 150 mM NaCl, 1 mM DTT with 10% DO for the lock.
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'H chemical shifts were referenced directly to the methyl resonance of DSS, while 3C and °N
chemical shifts were referenced indirectly to the absolute *C/*H and °*N/!H frequency ratio,
respectively. Each NMR spectrum was processed with TopSpin (Bruker) and analysed with CINDY
(v2.1 Padilla, Univ. Montpellier).

Sidechain and backbone resonance assignments were performed using standard 3D ['H, *N]
NOESY-HSQC, 3D [*H, ®N] TOCSY-HSQC and 3D HNCO experiments performed on the **N-labeled
protein sample in combination with 2D [*H, *H] NOESY, 2D [*H, $3C] TOCSY experiments performed

on unlabelled protein sample.

CYANA 3.9 (Glntert, 2004) was used for automated NMR structure calculations to assign NOE cross-

peaks identified on NOESY spectra (mixing time 150-250 ms).

Sidechain x1 and backbone ®/W torsion angles constraints were obtained from a database search
procedure on the basis of backbone (**N, Hy, $3C’, 13Ca, Ha and 3CB chemical shifts using TALOS-N
(Shen and Bax, 2013). Hydrogen bond restraints were derived using standard criteria based on the
amide H / 2H exchange experiments. Following identification, the hydrogen bond was enforced
using the following restraints: ranges of 2.7-3.0 A for d(N,0), and 1.8-2.0 A for d(N-H,0). The
disulphide pairings (Cys-53/Cys-83 and Cys-57/Cys-79) were unambiguously identified from a
statistical analysis of the distance between CB -Cys atoms of a set of preliminary structures.

Disulphide bond restraints were added in the range: 2.0-2.1 A for d(Sy - Sy) and 3.0-3.1 A for d(CB

- Sy).

A total of 200 three-dimensional structures were generated using the torsion angle dynamics
protocol of CYANA 3.9 from 1201 NOEs, 28 hydrogen bond, 6 disulphide bond and 93 angular
restraints for AVR-PiasA21. The 20 best structures (based on the final target penalty function
values) were minimized with CNS 1.2 according the RECOORD procedure (Nederveen et al., 2005)
and analysed with PROCHECK (Laskowski et al., 1993). The RMSDs were calculated with MOLMOL
(Koradi et al., 1996).

2.6 Plant techniques

2.6.1 Growth of Nicotiana benthamiana
Nicotiana benthamiana plants were grown in a controlled environment room with a 16 hours
photoperiod, constant temperature 22 °C and relative humidity set to 80%. 4-week-old plants were

used for agroinfiltrations.
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2.6.2 Agroinfiltration

Agrobacterium tumefaciens strain GV3101 carrying the construct of interest was streaked out from
a glycerol stock on a LB plate with appropriate antibiotics and incubated at 28 °C for two days prior
to infiltration. Grown bacteria were gently scraped from the plate and resuspended in the
infiltration buffer (10 mM MES (2-(N-morpholine)-ethanesulfonic acid) pH 5.6, 10 mM MgCl,,
freshly added 150 pM acetosyringone). Alternatively, bacteria from the glycerol stock were
inoculated in 10 ml of LB medium and incubated for two days prior infiltration at 28 °C with shaking
(200 rpm). Subsequently, the culture was spun down (5 min, 3500 x g) and resuspended in the

infiltration buffer.

Following the initial measurement of ODgoo, bacteria were mixed in desired combinations to have
to ODsnoin the final mix as following: Agrobacteria carrying NLRs and individual NLR domains were
infiltrated at ODgoo = 0.4 and bacteria carrying the effectors - at ODggo = 0.4. Each infiltration mix
contained Agrobacteria carrying p19 constructs at ODego = 0.1, which serves as silencing suppressor
and enhances the expression of the proteins of interest. The prepared agrobacteria were infiltrated

into the leaves of 4-week-old N. benthamiana leaves using needleless 1 ml syringes.

2.6.3 Cell death assays

At 5 dpi, detached agroinfiltrated N. benthamiana leaves were imaged under UV light (abaxial side).
The UV images were taken using a Nikon D4 camera with a 60 mm macro lens, exposure was set at
~10 s at F14 and 1SO set 1600. A Kodak Wratten No. 8 filter was used, with white balance set to
6250 degrees Kelvin. The UV light was supplied with Blak-Ray longwave (365 nm) B-100AP spotlight

lamps, actively moved around the leaves for even illumination.

Each infiltration spot was scored (0 to 6) for cell death occurrence, according to the scale published
in (Magbool et al., 2015), also presented in Figure 2.2. Scoring data was plotted individually for
each sample as dot plots using R v3.4.3 (https://www.r-project.org/) and the graphic package
ggplot2 (Wickham, 2009). Every dot represents an individual data point / score. All dots are plotted
around their given cell death score (size of the circle at given score is proportional to the number

of dots within), each dot has a distinct colour corresponding to the biological replicate.
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Figure 2.2 Scoring scale used for cell death assays

Figure displayed as presented in (Magbool et al., 2015).

2.6.4 Coimmunoprecipitation (ColP)

Proteins of interest were transiently expressed in 4-weeks old N. benthamiana plants via
agroinfiltration of entire leaves. At 3 days post infiltration (dpi), the transformed leaves were
harvested, flash frozen in liquid nitrogen and ground to fine powder in a mortar. The obtained
powder was mixed with the ice-cold extraction buffer (GTEN (10% glycerol, 25 mM Tris pH 7.5, 1
mM EDTA, 150 mM Nacl)), freshly supplemented with 0.1% Tween 20 (Sigma), 2% w/v PVPP, 1x
protease inhibitor cocktail (Sigma) and 10 mM DTT) in 2 g of tissue / 1 ml of buffer ratio and
vortexed. The samples were centrifuged at 4500 x g for 30 min at 4 °C and subsequently the
supernatant was passed through a 0.45 um syringe filter (Minisart). The presence of each protein

before the immunoprecipitation (the input) was determined by SDS-PAGE/western blot.

To immunoprecipitate the proteins of interest, 25 ul of pre-washed in the IP buffer (GTEN with 0.1%
Tween 20) M2 anti-FLAG magnetic beads (Sigma, M8823) was added to 1.5 ml of filtered plant
extract and incubated at 4 °C on a rotary mixer for 1 hour. Then the resin was separated from the
extract using magnetic rack and the extract was carefully removed using a syringe with a needle.
The resin was washed by resuspension in the IP buffer and separated again using the magnetic rack.
The washing step was performed five times. After last wash, samples were gently spun down,
resuspended in 30 ul of LDS Runblue sample buffer, incubated at 70 °C for 10 min, spun down and

15 ul of sample was loaded on a gel for western blot analysis.

2.6.5 Western blot

Proteins from the SDS-PAGE gel were transferred onto a PVDF (polyvinylidene difluoride)
membrane (pre-activated in methanol for 1 min) using Trans-Blot Turbo transfer system (Bio-Rad)
according to the manufacturer’s protocol. After protein transfer, the membrane was incubated

with the blocking buffer (5% w/v skimmed milk in TBS-T (50 mM Tris-HCI pH 8.0, 150 mM NaCl,
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0.1% Tween-20)) at 4 °C for 1 hour, with agitation. Subsequently, the membrane was incubated
with appropriate antibodies (diluted in the blocking buffer according to manufacturer’s protocol)
overnight. The next day, the membrane was washed with TBS-T buffer (3 x 20 min at room
temperature with agitation). As the used primary antibodies were conjugated with HRP
(horseradish peroxidase) (Table 2-5), the protein could be directly visualised using the two
LumiBlue ECL Extreme reagents (Expedeon) pre-mixed in 1:1 ratio (300 pl of the mix per
membrane). An ImageQuant LAS 500 spectrophotometer (GE Healthcare) was used to detect the
chemiluminescence. To visualise the total protein load, membrane was stained with Ponceau red
stain (0.1% w/v Ponceau S in 5% v/v acetic acid). The excess of the stain was removed after 15-20

min of incubation by multiple washes with water.

Table 2-5 List of antibodies used in this work.

Antibody Company
a-FLAG Cohesion Biosciences
a-HA Invitrogen
a-V-5 Invitrogen
a-Myc Santa Cruz Biotechnology
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3 NLRs Pikp-1 and Pikp-2 work via
cooperation rather than negative
regulation to deliver cell death responses
in planta

3.1 Introduction

Pikp-1 and Pikp-2 are a well-studied pair of NLRs from rice. Both these proteins belong to CC-NLR
class and are both required to trigger immune responses upon the perception of the rice blast
pathogen effector protein AVR-PikD. Pikp-2 has a canonical plant NLR architecture and consists of
CC, NB-ARC and LRR domains. Pikp-1 possesses an additional, unconventional integrated HMA
domain between the CC and NB-ARC domains that binds directly the effector. Due to the ability to
directly bind the effector, Pikp-1 functions as a “sensor” in this NLR pair, while Pikp-2 functions as

a “helper”.

Many studies support a conceptual framework for the function of each of the domain found in NLR
immune receptors, although the roles and requirements for these domains can vary from one NLR
to another. CC domains are involved in downstream signalling and initiating the cell death response,
supported by experiments demonstrating their ability to trigger these responses when expressed
in planta alone (Casey et al., 2016, Wroblewski et al., 2018, Lee et al., 2020a). CC domains have
been also reported to self-associate (Maekawa et al., 2011, Wang et al., 2015c, Wang et al., 2021a),
associate with CC domains of other, paired NLRs (Cesari et al., 2014b), guardee proteins (Ade et al.,
2007) and potential downstream interactors (Hao et al., 2013, Hamel et al., 2016, Baudin et al.,
2017, Townsend et al., 2018). In the first reported cryo-EM structure of a full length NLR, that of
ZAR1, it was shown that CC domains can undergo a conformational change upon NLR activation.
This conformational change resulted in the al helix of the ZAR1-CC filling out of the core structure
in oligomeric state (forming a funnel on self-association) (Wang et al., 2019a). The funnel formed
by the oligomeric al helices has been suggested to mediate association with the plasma membrane
and form an ion channel (Burdett et al., 2019a). Recent discoveries indicate that the CC domains
might indeed form a specific Calcium-influx channel (Bi et al., 2021, Jacob et al., 2021a), which has

been suggested to be the mechanism underlying the cell death response (Lee et al., 2020b).

The central NB-ARC domain is thought to be the molecular switch of the NLR as it can adopt

significantly different conformations depending on the bound nucleotide (Bernoux et al., 2016,
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Zhang et al., 2017b, Wang et al., 2019b). Within the NB domain several well-conserved motifs can
be distinguished, including the P-loop and MHD motifs, both of which are involved in nucleotide
binding and/or exchange. Mutations in these sequences can have diverse effects on protein
function and localisation. Mutation of the P-loop motif impairs nucleotide binding and often results
in loss of protein function (Dinesh-Kumar et al., 2000, Howles et al., 2005, Bai et al., 2012).
Moreover, mutations in the P-loop of RPM1 caused loss of its ability to self-associate and impaired
plasma-membrane localisation (El Kasmi et al., 2017). The MHD motif in the ARC2 is predicted to
act as a phosphate sensor and be involved in nucleotide-dependent conformational changes.
Mutations in this motif often lead to constitutive activity (usually described as auto-activation) of
NLRs (Bendahmane et al., 2002, Kawano et al., 2010, Gao et al., 2011, Roberts et al., 2013). Although
the role and mechanism of binding and sensing ADP/ATP by the NB-ARC domain is relatively well
investigated, its role in some NLRs does not seem to be crucial for the protein function and
therefore remains somewhat elusive (mutation of P-loop does not always impair NLR’s function)
(Bonardi et al., 2011, Cesari et al., 2014b, Wu et al., 2016, Steele et al., 2019, Wang et al., 2019b,
Martin et al., 2020).

The C-terminal LRR domains have been shown to play mainly two roles. Firstly, they can play
important roles in intramolecular interactions, very often being responsible for auto-inhibition in
cooperation with NB-ARC domain (Rairdan and Moffett, 2006, Qi et al., 2012, Slootweg et al., 2013,
Qi et al., 2018). Interestingly, similar patterns can also be found in mammalian NLRs (Hu et al., 2015,
Bentham etal., 2017, Burdett et al., 2019b). Secondly, they can play a role in both direct and indirect
effector recognition. For instance, direct interaction has been shown between AVR-Pita and LRR
domain of Pita NLR in Yeast-2-Hybrid (Jia et al., 2000), whereas indirect interaction can be observed
in ZAR1 structure, where the LRR domain is involved in formation of the pre-activation complex of
ZAR1-RKS1 that can perceive uridylylated PBL2 (PBL2UM?) catalysed by the AvrAC effector (Wang et
al., 2019a, Wang et al., 2019b).

In the literature, two cases of genetically linked NLR pairs are relatively well studied: CC-NLRs RGA5
and RGA4 from rice, with integrated HMA (Heavy Metal Associated) domain and TIR-NLRs RRS1 and
RPS4 from Arabidopsis, with integrated WRKY domain. It has been shown that they share similar
modes of action. One of the proteins of the pair (helper) is auto-active when expressed alone, and
this auto-activity is inhibited by the second NLR (sensor) via direct interactions. Upon recognition
of the effector this suppression is released, leading to cell death (Williams et al., 2014, Cesari et al.,
2014b). Moreover, these pairs can form pre- and post-activation complexes that are crucial for NLR

function (Cesari et al., 2014b, Huh et al., 2017).

70



Chapter 3

Molecular interactions underpinning recognition of specific AVR-Pik effector alleles, and
corresponding Pik NLRs, have been well studied (Magbool et al., 2015, De la Concepcion et al., 2018,
De la Concepcion et al., 2019, De la Concepcion et al., 2021b). However, how effector perception
translates into response in the context of full-length receptors remains unclear. The Pik-2 (helper)
NLR does not display the characteristic auto-activity observed on expression of other genetically
linked helper NLRs like RGA4 and RPS4 (Maqgbool et al., 2015). Therefore, it has been suggested that
the Pik-1/Pik-2 NLR pair works via cooperation, rather than negative regulation (Biatas et al., 2018).
However, the details of this cooperation, as well as requirements for particular domains in both

receptors remain elusive.

In this Chapter, | set out to investigate the roles and requirements of individual domains of the NLR
pair Pikp-1/Pikp-2 in triggering the cell death response in planta. | also determine the requirements
for P-loop and MHD motifs in the receptor activity. Finally, | investigate the roles of homo- and
hetero- association of the two NLRs in planta, and how the receptor oligomerisation is affected by

the presence of the AVR-PikD effector.

3.2 Results

3.2.1 Alldomains of Pikp-1 and Pikp-2 are required for receptor activation

It has previously been shown that the cell death response mediated by Pik-1/Pik-2 NLR pair upon
perception of AVR-Pik effectors can be recapitulated using transient expression in leaves of the
model plant Nicotiana benthamiana (Magbool et al., 2015, De la Concepcion et al., 2018, De la
Concepcion et al., 2019). To achieve this, the proteins are overexpressed using Agrobacterium
tumefaciens mediated transformation (from now on referred to as agroinfiltration). The presence
of cell death is usually recorded between 3-5 dpi (days post infiltration). Upon cell death, plant cells
accumulate phenolic compounds that fluoresce under UV light, allowing for a clear distinction
between healthy and collapsed tissue. The intensity of the cell death can be scored visually,

according to a scale originally developed in (Magbool et al., 2015).

To investigate the roles and requirements for the individual domains of Pikp-1 (CC, HMA, NB-ARC
and LRR) and Pikp-2 (CC, NB-ARC and LRR) in triggering cell death, | set out to transiently express
each of these in N. benthamiana. Sequences encoding these domains (as defined as in (Magbool et
al., 2015)) were PCR-amplified and assembled into expression constructs using Golden Gate cloning
(Engler et al., 2008). Each domain was placed under the control the viral constitutive promoter
CaMV35S and tagged at the C-terminus with the HellFire tag (6xHis + 3xFlag (HF), for Pikp-1
domains) or HA tag (for Pikp-2 domains). Full length Pikp-1, Pikp-2 and AVR-PikD constructs for

expression were kindly provided by Dr. Juan Carlos de la Concepcion, and were used as described
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in (Magbool et al., 2015). Briefly, the NLRs were cloned and expressed under control of the mas
(mannopine synthase promoter derived from A. tumefaciens) promoter and C-terminally tagged
with HF and HA tag (for Pikp-1 and Pikp-2 respectively). Expression of the AVR-PikD effector was
driven by the AtUbil0 promoter (ubiquitin promoter derived from Arabidopsis), and the protein

was cloned to be expressed with an N-terminal 4xMyc tag.

| found that none of the individual domains of either Pikp-1 or Pikp-2 triggered a cell death response
when expressed on their own. Further, | did not observe any cell death response on expression of
any of the individual domains in the presence of the corresponding paired NLR and/or effector
(Figure 3.1 A; Figure 3.2 A, B). Western blot analysis showed that all the proteins accumulated to
detectable levels (Figure 3.1 C). Subsequently, | set out to look for a minimum functional unit of the
Pikp-1/Pikp-2 system that would be able to trigger the cell death response. | systematically
truncated Pikp-1 or Pikp-2 at relevant domain boundaries and expressed them alone or in the
presence of the corresponding paired NLR and/or effector. For all these combinations | did not
observe any cell death responses on expression (Figure 3.1 B, Figure 3.2 A, B), despite the proteins
accumulating in plant tissues to detectable levels (Figure 3.1 C). | only observed a cell death
response when full length Pikp-1 and Pikp-2 were co-expressed in the presence of AVR-PikD. These
results suggest that the Pikp-1/Pikp-2 pair work together to deliver cell death responses upon

perception of the effector, and all domains are required for this cooperation.
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Figure 3.1 All the domains are required for Pikp-1/Pikp-2 system to function.
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Indicated proteins were transiently overexpressed via agroinfiltration. Leaf pictures were taken at 5
dpi under the UV light, which allows to visualise the cell death response as green fluorescence. A)
Representative leaves show that only full length Pikp-1/Pikp-2 can trigger cell death response in
presence of the AVR-PikD effector. None of the individual domains of Pikp-1/Pikp-2 tested were able
to tigger cell death response. B) Boxes with representative infiltration sites show that none of the
truncated variants of Pikp-1 or Pikp-2 tested were able to tigger cell death response. Combinations
of constructs without HMA domain were not tested (N/T) in presence of the effector. C) Western
blot showing that all the proteins were expressed and accumulated to detectable level.
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Figure 3.2 All the domains are required for Pikp-1/Pikp-2 system to function.
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Quantification of the cell death assay presented in Fig 3.1 shown as dot plots, for Pikp-1 (A) and
Pikp-2 (B) respectively. All dots are plotted around the cell death score (size of the circle at given
score is proportional to the number of dots within), each dot has a distinct colour corresponding to
the biological replicate. Experiments were conducted in 3 biological replicates with at least 2—3
technical replicates.

3.2.2 Intact P-loop and MHD motifs are required for Pikp-1 and Pikp-2 function

To further characterise the Pikp-1/Pikp-2 system, | set out to investigate the requirements for a
functional nucleotide-binding pocket in Pikp-1 and Pikp-2 for receptor activity. To test this, lysine
to arginine mutations were introduced into the highly conserved P-loop motif present in
nucleotide-binding proteins, generating Pikp-1***R and Pikp-2¥*"® variants (constructs were
generated and provided by Dr. Josephine Maidment and Dr. Juan Carlos de la Concepcion). These
mutations sterically block nucleotide binding, and have previously been shown to impair NLR
function (Tameling et al., 2002, Howles et al., 2005, Williams et al., 2011, Bai et al., 2012). The
mutants were placed under control of the CaMV35S promoter and tagged with HF tag (Pikp-1
variants) or HA tag (Pikp-2 variants) at the C-terminus. When expressed in N. benthamiana via
agroinfiltration, neither of these mutants was able to trigger the cell death response, including
when expressed in the presence of the paired NLR and the AVR-PikD effector (Figure 3.3 A, B, C, D).
This reveals that both Pikp-1 and Pikp-2 require an intact P-loop for cell death activity. Expression
of all proteins was confirmed by Western Blot (Figure 3.3 E). Please note that in previous Western
Blots (Figure 3.1 C) no observable background bands at relevant heights were detected, therefore
the Western Blots presented below are cropped to relevant regions for simplicity and no negative

control was included for these experiments.

Another widely conserved motif in nucleotide-binding proteins is the MHD (methionine-histidine-
aspartate) motif located in ARC2 region of the NB-ARC NLR domain. This motif is a part of the
nucleotide binding pocket, and the histidine is responsible for binding and positioning of B-
phosphate of ADP, and the aspartate is involved in coordination binding, and thought to be involved
in keeping the receptor in inactive state prior to effector perception (van Ooijen et al., 2008). The
MHD motif is classically defined as Met-His-Asp, however the residues comprising this motif in plant
NLRs can vary. In Pikp-1/Pikp-2 system, this motif is less conserved, and therefore | will refer to it
as the MHD-like motif. In Pikp-1, the MHD-like motif consists of lle-His-Pro (IHP) residues, while in
Pikp-2 it comprises Val-His-Asp (VHD) residues. In many cases this motif is involved in auto-
inhibition of NLR and mutation of either histidine or aspartate leads to auto-activity and constitutive
cell death in absence of the pathogen perception (de la Fuente van Bentem et al., 2005, van Ooijen
et al., 2008, Takken and Goverse, 2012). To investigate the importance of the MHD-like motif for

Pikp-1 and Pikp-2 activity, | set out to test how the introduced mutations would affect the proteins’
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function. Triple mutants Pikp-1°9"HP01>AM g Pikp-2557VHDS592AM and an additional single mutant
Pikp-2P>%V were provided by Dr. Josephine Maidment and Dr. Juan Carlos de la Concepcion.
Overexpression of these genes alone did not result in auto-activity and cell death (Figure 3.3 A, B,
C, D). To determine whether auto-activity could occur in the presence of the paired NLR, | expressed
the mutants in the presence of corresponding MHD-like mutants and intact NLRs, but | did not
observe cell death in any of these combinations (Figure 3.3 A, B, C, D). Moreover, overexpression
of these constructs in the presence of the corresponding wild-type NLR and AVR-PikD effector led
to loss-of-function, as no cell death was observed in the assay (Figure 3.3 A, B, C, D). All proteins
were expressed to detectable levels, as confirmed by western blot analysis (Figure 3.3 E). These
results demonstrate that wild-type MHD-like motifs are required for both Pikp-1 and Pikp-2 to

trigger cell death responses.
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Figure 3.3 Intact P-loop and MHD-like motifs are required for Pikp-1/Pikp-2 to function.
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A) Mutation of P-loop motif in Pikp-1 results in loss of cell death response upon perception of AVR-
PikD. Mutation of the MHD-like motif in Pikp-1 does not lead to auto-activity, and results in loss of
cell death response upon perception of AVR-PikD. B) Mutation of P-loop motif in Pikp-2 results in
loss of cell death response upon perception of AVR-PikD. Mutation of the MHD-like motif in Pikp-2
does not lead to auto-activity, and results in loss of cell death response upon perception of AVR-
PikD. C), D) Quantification of the cell death assay presented in A), B) shown as dot plots, for Pikp-1
(C) and Pikp-2 (D) respectively. All dots are plotted around the cell death score (size of the circle at
given score is proportional to the number of dots within), each dot has a distinct colour
corresponding to the biological replicate. Experiments were conducted in 3 biological replicates with
at least 2-3 technical replicates. E) Western blot showing that all the proteins were expressed and
accumulated to detectable level.

3.2.3 Pikp-1 and Pikp-2 form homo- and hetero-complexes in planta

Paired NLRs can form homo- and hetero-complexes in planta (Cesari et al., 2014b, Huh et al., 2017).
| tested whether Pikp-1 and Pikp-2 can also form such complexes using co-immunoprecipitation
(co-IP) assays. This was investigated both prior to and upon effector perception. Two differentially
tagged Pikp-1 (with FLAG tag and V-5 tag) and Pikp-2 constructs (with FLAG tag and HA tag) were
generated under the control of mas promoter in the Golden Gate system and expressed in N.
benthamiana via agroinfiltration in relevant combinations. The barley NLR MLA10 (expressed with
a FLAG tag) was used as a negative control for interactions (construct provided by Dr. Hiroaki
Adachi, The Sainsbury Laboratory). Following expression, the protein complexes were extracted
and immunoprecipitated using a-FLAG resin. All FLAG-tagged NLRs were expressed, and
immunoprecipitated as expected (Figure 3.4 A, B lower and top panels). Pikp-1:V-5 was pulled
down with Pikp-1:FLAG via the a-FLAG resin, but not on co-expression with MLA10:FLAG or when
expressed alone (Figure 3.4 A). This shows that Pikp-1 associates specifically with itself (Pikp-1:V-5
with Pikp-1:FLAG) and not with another unrelated NLR, or with a-FLAG resin in non-specific manner.
Similar results were observed for Pikp-2 (Figure 3.4 B). A strong band of Pikp-2:HA was observed
only following pull-down with Pikp-2:FLAG, indicating self-association of the protein (Pikp-2:HA
with Pikp-2:FLAG). | observed a very faint band of Pikp-2:HA with MLA10:FLAG, however, a similar
band can be observed where Pikp-2:HA is expressed alone, indicating possible weak non-specific

binding to the resin. This result indicates that Pikp-2 self-associates in a specific manner.
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Figure 3.4 Pikp-1 and Pikp-2 associate in homotypic manner.

All the proteins were transiently expressed in N. benthamiana via Agroinfiltration. A) Pikp-1:FLAG,
Pikp-1:V5 and MLA10:FLAG and B) Pikp-2:FLAG, Pikp-2:HA and MLA10:FLAG were expressed alone
or in relevant combinations. Subsequently anti-FLAG immunoprecipitation (aFLAG-IP) was
performed, followed by Western Blot detection with relevant antibodies (upper panel). Lower panel
(Input) confirms presence of all the proteins in extracts prior to immunoprecipitation. Experiments
were repeated at least 3 times with similar results.

To test whether presence of the AVR-PikD effector might affect the self-association of either Pikp-
1 or Pikp-2, | co-expressed these NLRs in presence of AVR-PikD and its non-binding mutant AVR-
PikD"E (Magbool et al., 2015), which served as a negative control. All the proteins accumulated to
detectable levels and FLAG-tagged proteins were pulled down appropriately (Figure 3.5 A, B). AVR-
PikD coimmunoprecipitated with Pikp-1 as expected, but it did not affect the self-association of the
Pikp-1 itself, as strong band of Pikp-1:V-5 could be observed following pull-down with Pikp-1:FLAG
(Figure 3.5 A, upper panel). No co-precipitation with Pikp-1:FLAG was observed for AVR-PikD"4¢¢
mutant. Further, as expected, | did not observe an interaction between AVR-PikD and Pikp-2, and
the presence of the effector did not affect self-association of Pikp-2 (Figure 3.5 B, upper panel).
These results show that presence of AVR-PikD does not affect the self-association of Pikp-1 or Pikp-

2, and AVR-PikD associates with the sensor NLR Pikp-1 in planta, but not the helper Pikp-2.
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Figure 3.5 Presence of AVR-PikD does not disrupt the homo-association of Pikp-1 and Pikp-2.

All the proteins were transiently expressed in N. benthamiana via Agroinfiltration. A) Pikp-1:FLAG,
Pikp-1:V5, Myc:AVR-PikD and Myc:AVR-PikD"*%t and B) Pikp-2:FLAG, Pikp-2:HA, Myc:AVR-PikD and
Myc:AVR-PikD"t  were expressed in relevant combinations. Subsequently anti-FLAG
immunoprecipitation (a-FLAG-IP) was performed, followed by Western Blot detection with relevant
antibodies (upper panel). Lower panel (Input) confirms presence of all the proteins in extracts prior
to immunoprecipitation. Experiments were repeated at least 3 times with similar results.

Next, | tested whether Pikp-1 and Pikp-2 can associate with each other to form hetero-oligomeric
complexes. To test this, | co-expressed these proteins as described above (using MLA10 as a
negative control) and performed a-FLAG pull down. Pikp-2:HA co-precipitated specifically with
Pikp-1:FLAG, but not with MLA10:FLAG, indicating that Pikp-1 and Pikp-2 can associate (Figure 3.6
A).

To investigate how the presence of AVR-PikD may affect formation of hetero-complexes between
Pikp-1 and Pikp-2, | co-expressed Pikp-1:V-5, Pikp-2:FLAG and Myc:AVR-PikD and performed a-FLAG
pull down (note: in this case Pikp-2:FLAG is immunoprecipitated). As shown in Figure 3.6 B, upper
panel, all three proteins could be detected following a-FLAG coimmunoprecipitation, indicating

that they form tri-partite complex, where Pikp-2 associates with Pikp-1, which at the same time is
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bound to the AVR-PikD effector (but not to AVR-PikD"E mutant). This suggests that signalling

competent unit in the Pikp-1/Pikp-2 system most likely comprises each of these three proteins in

planta.
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Figure 3.6 Pikp-1 and Pikp-2 hetero-associate prior to and upon recognition of the effector.

All the proteins were transiently expressed in N. benthamiana via Agroinfiltration. A) Pikp-1:FLAG,
Pikp-2:HA, MLA10:FLAG and MLA10:HA and B) Pikp-2:FLAG, Pikp-1:V5, Myc:AVR-PikD and
Myc:AVR-PikD"*t  were expressed in relevant combinations. Subsequently anti-FLAG
immunoprecipitation (aFLAG-IP) was performed, followed by Western Blot detection with relevant
antibodies (upper panel). Lower panel (Input) confirms presence of all the proteins in extracts prior
to immunoprecipitation. Experiments were repeated at least 3 times with similar results.
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3.3 Discussion

In this Chapter, | demonstrated that the NLRs Pikp-1 and Pikp-2 form a fine-tuned system that
differs from other well characterised paired NLRs to work via a cooperation rather than negative
regulation mechanism. All domains of both the sensor and helper NLRs are indispensable for
receptor function. Moreover, mutations in well-characterised motifs, P-loop and MHD-like, in
either of the proteins, abolished the ability of the receptor complex to trigger the cell death
response, suggesting that Pikp-1/Pikp-2 requires functional ADP/ATP exchange system for its
activity. Finally, | showed that Pikp-1 and Pikp-2 can associate in homo- and hetero-typic manner,
and upon recognition of the AVR-PikD effector, a tri-partite Pikp-1/Pikp-2/AVR-PikD complex is

formed.

3.3.1 Roles of individual domain can often be distinguished

The N-terminal domains of specific NLRs have been observed to trigger cell death when
overexpressed in planta (Howles et al., 2005, Maekawa et al., 2011, Wang et al., 2015c, Casey et
al., 2016, Wroblewski et al., 2018, Lee et al., 2021). However, this activity was not observed for the
CC domains of Pikp-1 or Pikp-2. For the CC-domain constructs, all 4 helices predicted to be
important for the folding of the protein were included (Bentham et al., 2018, Burdett et al., 2019a).
Further, no cell death response was observed upon co-expression of full-length Pikp-1 with the
Pikp-2 CC domain (with or without AVR-PikD). This is considered a biologically relevant test for CC
domain-mediated cell death in a paired NLR, compared to expression of the CC domains fused to
GFP/YFP that proved to be a successful strategy in some cases (Krasileva et al., 2010, Hamel et al.,
2016, Baudin et al., 2017). The ability of CC domains to mediate cell death appear to be finely tuned.
Studies on the barley NLR MLA10 showed that a single amino acid change in length of the CC domain
construct determined the capacity for mediating a cell death response (Casey et al., 2016).
Moreover, Pikp-2 possesses the MADA motif that has been linked with the ability to trigger cell
death (Adachi et al., 2019a). Further studies are required to identify a Pikp-1 or Pikp-2 CC domain

construct that triggers a cell death response.

When considering other NLR domains, the NB-ARC domain from NLR Rx was able to trigger a cell
death response upon overexpression (Rairdan and Moffett, 2006). However, the NB domains of
Pikp-1 or Pikp-2 did not promote this activity. For the NLR RPS5 it was shown that CC-NB-ARC
construct could mediate cell death on overexpression (Ade et al., 2007). This result suggests that
the LRR domain is involved in auto-inhibition of this NLR (Qi et al., 2012, Qi et al., 2018). However,
corresponding constructs from Pikp-1 and Pikp-2 did not show this activity, neither on their own

nor when expressed with the effector. Moreover, when lacking the LRR domain of either Pikp-1 or
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Pikp-2, the entire complex lost the ability to initiate a cell death response on perception of the

effector.

Altogether, these results show that all the domains are indispensable for the cooperation and
function of the Pikp-1/Pikp-2 receptor complex. It also highlights the necessity for additional studies
to understand the molecular mechanistic basis of Pikp-1/Pikp-2 activation, and the function of

diverse genetically linked NLRs more generally.

3.3.2 Different NLRs have different requirements for intact nucleotide-binding motifs

An intact P-loop motif has been shown to be necessary for many NLRs reported to work as
singletons (Dinesh-Kumar et al., 2000, Bai et al., 2012), but it is not always required for paired or
NLRs part of extended networks (Cesari et al., 2014b, Williams et al., 2014, Wu et al., 2017). In other
genetically linked pairs, RGA5/RGA4 and RRS1/RPS4, only the helper NLR protein requires intact P-
loop for the activity, whereas it is redundant for the function of the sensor. For the CCg-type helper
NLRs, ADR1 and NRG1, which work downstream of several other NLRs (not genetically linked)
(Castel et al., 2019), an intact P-loop motif was not required (Bonardi et al., 2011, Wu et al., 2019),
but it was required for NLRs responsible for pathogen recognition. The requirement of Pikp-1/Pikp-
2 for an intact P-loop is similar to the Solanaceous NRC network, where NRC proteins work
downstream of other NLRs and both components require this motif for their function (Wu et al.,
2017). The requirement for intact P-loop motif in both Pikp-1 and Pikp-2 may provide an additional
layer of regulation of the system. Mutations in the P-loop might prevent appropriate protein folding
by affecting ADP binding, and ADP/ATP exchange could be more important for perception of the
effector by this system, possibly determined by the position of the integrated HMA domain
between CC and NB-ARC domains.

Residues of the MHD motif are involved in binding ADP, which stabilises the inactive state of NLR
(Steele et al., 2019, Wang et al., 2019b, Ma et al., 2020, Martin et al., 2020). Mutation of this motif
can lead to auto-activity of the protein, observable as constitutive cell death response in the
absence of the effector (Roberts et al., 2013). This motif is less conserved in Pikp-1 (IHP) although
largely conserved in Pikp-2 (VHD). Interestingly, mutations in these sequences did not result in auto-
activation of Pikp-1 or Pikp-2, and the proteins were not able to respond to the presence of the
AVR-PikD effector. In both RGA5 and RGA4, the MHD-like motif is also less conserved, and
comprises residues Leu-His-His (LHH) in RGA5 and Thr-Tyr-Gly (TYG) in RGA4. The presence of
Glycine (G) in the third position of the MHD-like motif was shown to be responsible for auto-activity
of RGA4 (Cesari et al., 2014b). Introducing mutations into MHD-like motif of RGA5 did not abolish
its ability to repress RGA4. In the ZAR1 structure, the MHD residues stabilise the ADP-bound
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inactive state of protein, but they do not participate in the binding of dATP in an active state. The
Cryo-EM structure of the TIR-NLR RPP1 revealed that in the active state the MHD motif binds ADP
(Ma et al., 2020), but RPP1 displays an ATPase activity. It is possible that hydrolysis of ATP may play
a role in Pikp-1/2 system, and therefore intact nucleotide-binding pocket is required for both
proteins. It is also possible that mutation of MHD-like motif in Pikp-1 and Pikp-2 results in a loss of
function rather than auto-activity, probably because these mutations do not support the protein

conformation required to translate effector perception into cell death.

3.3.3 Oligomerisation is common feature for NLRs

Plant NLRs can form both homo- and hetero-oligomeric complexes. Tomato Prf, maize Rp1-D21 and
Arabidopsis RPM1 and RPS5 NLRs have been shown to self-associate both prior to and after effector
recognition (Ade et al., 2007, Gutierrez et al., 2010, Ntoukakis et al., 2014, Wang et al., 2015a, El
Kasmi et al., 2017). The tobacco TIR-NLR N shows effector-induced oligomerisation (Mestre and
Baulcombe, 2006). For some receptors, their N-terminal domains have been shown to oligomerise,
inferring that these NLRs require homotypic interactions for their function. Self-association of TIR
domains were shown for several NLRs, including L6 (Bernoux et al., 2011), RPP1 (Schreiber et al.,
2016) and SNC1 (Zhang et al., 2017a). For CC domains, the self-oligomerisation has been shown in
several cases, including MLA10 (Maekawa et al., 2011), Sr33, Sr50 (Casey et al., 2016) and ZAR1
(Baudin et al., 2017). The Cryo-EM structure of ZAR1 showed oligomerisation into a pentameric
structure called the “resistosome” on activation (Wang et al., 2019a). In the inactive state, ZAR1
remains in the complex with pseudokinase RKS1 in 1:1 ratio. Binding of PBL2"™P (decoy kinase
uridylylated by AvrAC effector) by the RKS1 leads to conformational changes within the single unit
of ZAR1:RKS1 complex and allows formation of the oligomer. A similar mechanism may operate in
the Pikp system, where Pikp-1 remains associated with itself and Pikp-2, and upon the recognition
of AVR-PikD, the whole complex undergoes a conformational change to form a signalling competent
unit composed of three proteins. However, how many monomers of each NLR are involved in
formation of such a complex remains unknown. In context of other genetically linked NLRs, in the
RGA5/RGA4 pair both proteins can associate in a homo- and hetero-typic manner and this
association is not disrupted by perception of the effector. For the paired TIR-NLRs RRS1 and RPS4,
only the RRS1 is able to form homotypic complexes, whereas RPS4 can self-associate only in the
presence of RRS1. At present, multiple models are possible for the activated Pikp-1/Pikp-2 complex,
including a Pikp-1/Pikp-2 dimer, multiple copies of the dimer forming higher order complex, or a
model where Pikp-1 acts as a scaffold to initiate oligomerisation of Pikp-2 similar to the mechanism
seen for NAIP5/NLRC4 (Tenthorey et al., 2017) and NAIP2/NLRC4 (Zhang et al., 2015). To address

more accurately the mechanism of cooperation between Pikp-1 and Pikp-2, and how this complex
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perceives the effector to initiate cell death, further biochemical and structural studies are required,

but this research is beyond the scope of this work presented in this thesis.
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4 Biochemical characterisation of
PWL2 and OsHIPP43 interaction

4.1 Introduction

Investigating functions and properties of effectors is important to better understand how
pathogens overcome the host’s immune system and promote disease spread. Analysis of genomic
sequences and gene expression patterns have allowed identification of hundreds of effector
candidates from fungi and oomycete pathogens (Giraldo and Valent, 2013). However, since
majority of fungal effectors share low sequence similarity with each other or with other proteins
with established activities (e.g., enzymes), prediction of their function remains challenging. Despite
the lack of sequence similarity, proteins can adopt similar domain architectures, and structural
conservation can be a better indicator of shared function than sequence. Therefore, determining
structures of effectors can contribute to understanding their activities, and can also reveal which
residues may be involved in their recognition by plant receptors. Combined with comparative
analysis of allelic variants, structure and in planta assays can identify functionally relevant regions
of effectors (Zhang et al.,, 2018). Subsequently, when combined with structural studies of the
corresponding NLR or biological target, that knowledge might enable engineering of receptor to

extend recognition of the pathogen (De la Concepcion et al., 2019).

PWL2 (Pathogenicity towards Weeping Lovegrass) is an effector from M. oryzae, first identified in
1995 using map-based cloning (Sweigard et al., 1995). M. oryzae strains containing PWL2 cannot
infect weeping lovegrass (Eragrostis curvula), but can infect rice and barley. The role of PWL2 in
pathogenicity is unknown and might be redundant, as pwl/2 deletion mutants gain virulence on
weeping lovegrass but do not show any known fitness cost. A lack of known resistance “in the field”
towards PWL2 has resulted in high occurrence of the effector in the pathogen population. Over
95% of rice-infecting isolates tested carry this effector (doctoral thesis of Dr. Vincent Were), making
it an interesting target for engineering resistance in crops. Since weeping lovegrass has been shown
to be resistant to M. oryzae strains carrying PWL2, some advances have been made towards
identifying and cloning the gene responsible for resistance, however no results have been published
to date. PWL2 occurs in pathogen populations with allelic variation, with two other described
variants known as PWL2-2 and PWL2-3 that are not recognised by any known weeping lovegrass or
rice accession. Importantly, PWL2-3 allele is present in majority of isolates causing wheat blast that

currently poses a major threat to wheat production in Bangladesh and neighbour countries (Islam
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et al., 2016). Moreover, wheat blast disease was recently also reported in Zambia, Africa, therefore

can be now considered a pandemic pathogen (Tembo et al., 2020, Singh et al., 2021).

This project initially started with attempts to purify and crystallise the PWL2 effector only. While
the initial work was being conducted, Dr. Yohann Petit in the Kamoun Lab (The Sainsbury
Laboratory) discovered a potential interactor of PWL2 in a Yeast-2-Hybrid screen. This protein
turned out to be heavy metal associated isoprenylated plant protein 43 (OsHIPP43), derived from
rice. Since many of effector structures to date have been determined in complex with their
interactors, | decided to use this opportunity and investigate further the interactions between
PWL2 and OsHIPP43. This section will focus on confirming and characterising the interaction
between these two proteins in vitro and, furthermore, will investigate whether this interaction

might also occur between other reported alleles of PWL2, PWL2-2 and PWL2-3.
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4.2 Results
4.2.1 PWL2 can be purified from E. coli

The native sequence of secreted proteins (including effectors) contains a signal peptide,
characterised by high number of hydrophobic residues, which decreases the solubility and stability
of the protein. Moreover, signal peptide is usually cleaved from the protein upon secretion, and
does not perform any other biological function. Therefore, for in vitro studies, it is common to
express and purify proteins without the signal peptide (here | predicted the signal peptide sequence
using SignalP 5.0 software (http://www.cbs.dtu.dk/services/SignalP/)). The desired nucleotide
sequence, encoding PWL22%% was PCR-amplified using a DNA construct provided by Dr. Vincent
Were (The Sainsbury Laboratory) as a template, and cloned into the pOPIN-F vector by In-Fusion

cloning system (see Material and Methods, p. 53).

The pOPIN-F:PWL2 construct produces a recombinant protein with an N-terminal hexa-histidine
(6xHis) tag that enables purification by immobilised metal affinity chromatography (IMAC), most
commonly on immobilised Nickel resin (Ni-NTA). The 6xHis tag is followed by 3C protease cleavage
site (LEVLQGP) that allows removal of the tag after initial purification steps. 3C protease is derived
from human rhinovirus (HRV) and cleaves between glutamine (Q) and glycine (G) (of the sequence

above), therefore leaves a Gly-Pro “scar” on the final protein product.

An initial expression screen showed that E. coli BL21-Al (Arabinose Inducible) strain was the best
system for expression of PWL2 (data not shown). Competent cells were transformed with the
pOPIN-F:PWL2 construct, grown in LB medium and expression was induced with 0.2% arabinose.
The cells were harvested by centrifugation (10 min, 7500 x g), suspended in lysis buffer, and lysed
by sonication. To clarify the lysate and obtain the soluble fraction, the sample was subjected to

another centrifugation (45 min, 45000 x g).

To purify the protein of interest, the clarified lysate was loaded onto an AKTAxpress system, where
it was subjected to IMAC, directly followed by size-exclusion chromatography (SEC). Using SEC, we
can separate the proteins based on their shape and size. The injected sample of interest flows
through the column filled with resin composed of cross-linked agarose and dextran matrix. This
matrix forms pores of various sizes that can be occupied by smaller molecules. Therefore, larger
molecules like proteins (and protein complexes) can travel through the column faster and elute
earlier, as they do not occupy the small free spaces between the beads, which would result in their
retention in the column. Smaller proteins and molecules can fill the pores of the beads, what results

in their longer retention in the resin and overall later elution from the column.
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The presence of the protein before and after purification steps was inspected by sodium dodecyl
sulphate polyacrylamide gel electrophoresis (SDS-PAGE). A 6xHis:PWL2 band could be seen in
Whole Cell and Soluble fractions, even though the protein was significantly diluted and
contaminated by other bacterial proteins (Figure 4.1 A), indicating that the protein was expressed
and soluble. Subjecting the lysate to IMAC resulted in concentration of the protein of interest, as it
could be seen eluting in subsequent SEC between 180-280 ml not as a single peak, but as a trailing
trace, indicating potential low affinity between the protein and the resin of the SEC column.
Samples collected from across the trace were also run on a gel, confirming the presence of the
protein, as the band of expected size (17.9 kDa) was visible on the gel after Coomasie staining
(Figure 4.1 A). To remove the 6xHis tag from the PWL2, samples containing the protein were pooled
together and incubated overnight with the 3C protease at 4°C. SDS-PAGE analysis of the protein
confirmed the successful tag removal, as the slightly lower band could be observed, comparing to
the sample before cleavage (Figure 4.1 B). To separate the cleaved 6xHis tag and the 6xHis-tagged
3C protease from the PWL2, the sample was run through an IMAC column, where 6xHis tag, 3C
protease and uncleaved PWL2 should bind to the resin, allowing the protein of interest to flow
through the column. Since there is a possibility that untagged protein retains some affinity to the
IMAC resin, the column was washed with the lysis buffer (containing 20 mM imidazole and higher
NaCl concentration than the SEC buffer) and the Wash fractions were collected. Indeed, PWL2
seems to moderately bind to the column and none of the protein could be seen in Flow Through
fractions. Part of the protein was detected in the Wash fractions, but also a significant part of PWL2
was retained on the column and eluted only with high imidazole, along with 3C protease and other
contaminants (Figure 4.1 B). Recovering the protein from the IMAC elution fraction would require
a buffer exchange and subsequent repetition of downstream purification steps and therefore
extending the entire purification process. Such extended protein manipulation may lead to protein
degradation. | estimated that combined Wash fractions contained enough protein for downstream
analysis and proceeded with them only. To recover higher amount of PWL2 from the IMAC
purification in the future, extended washing step is required. This can be achieved through
increased volume or time of washing in the current condition, or optimisation the washing buffer

towards higher imidazole content.

The Wash fractions containing PWL2 were subjected to a second SEC, to separate them further
from contaminants, but also to exchange the buffer (See section 2.3.1, p. 56) that would be more
suitable for downstream analysis. SDS-PAGE analysis of the fractions from the elution peak showed

that PWL2 was purified to a satisfactory level, with only few contaminants that might be a result of
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protein instability (Figure 4.1 C). To obtain the final sample, | combined the samples with best

protein-of-interest:contamination ratio (represented by lanes 2-7 on the gel (Figure 4.1 C)).
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Figure 4.1 PWL2 can be purified from E. coli.

A) SDS-PAGE gel showing Whole Cell and Soluble fractions from E. coli expressing pOPIN-F:PWL2.
Further lanes show fractions corresponding to the indicated fragment of SEC trace. B) SDS-PAGE gel
showing fractions before and after cleavage of the tag, and subsequent steps of manual purification.
C) SDS-PAGE gel showing fractions from final SEC. D) Intact mass spectrometry analysis of the

purified sample. The detected mass (14009.24 Da) exactly matches predicted monoisotopic mass of
PWL2 (14009.26 Da).
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To confirm the protein identity, the sample was given to TSL Proteomics Team, where it was
analysed by intact mass spectrometry and subjected for trypsin digest and peptide mapping. The
intact MS result showed a major peak at 14009.24 Da, precisely matching the predicted mass of
PWL2 (14009.26 Da) (Figure 4.1 D). This was further confirmed by 100% coverage of the protein

sequence by the peptide mapping experiment.

4.2.2 Circular dichroism spectroscopy suggests PWL2 has low percentage of secondary
structure features

To enable biochemical and biophysical analysis of a protein in vitro, it is important that at the end
of the purification process the protein is properly folded and maintains appropriate secondary
structure. Analysis of PWL2 sequence by the PSIPRED software suggests that this protein could be
mainly formed by loop regions, as majority of the sequence is designated as “coils” (e.g., Tyr-32 to
Arg-42, Gly-56 to Tyr-81 and Gly-91 to His-113) (Figure 4.3 A). Moreover, homology search with
PHYRE?2 server failed to detect any potential secondary structures or conserved protein folds. To
detect the presence of secondary structures in protein, techniques like circular dichroism (CD) can
be used. CD is a spectroscopic technique used to detect and characterise (to certain degree) the
secondary structures of proteins and other structural features of optically active chiral molecules.
Such molecules can differentially absorb right and left circularly polarised light. By measuring these
differences in absorption at specific wavelengths in the UV range (typically 180-260 nm), we can
draw conclusions about protein secondary structure content. Certain structures give a
characteristic spectrum. a-helices show a positive peak at 192 nm and two negative peaks at 208
nm and 222 nm, while B-sheets are characterised by a positive peak between 195-200 nm and a
negative peak around 215-219 nm. A large negative peak around 195-200 nm is characteristic for
random coils (Figure 4.2) (Wei et al., 2014, Micsonai et al., 2015). Apart from recognising certain
features of the obtained spectra by hand, this can be submitted for deconvolution by software,
such as BeStSel (Micsonai et al., 2021). Since the final SEC buffer contains chloride ions and HEPES-
two molecules that strongly absorb in far UV, the purified PWL2 was exchanged into phosphate
buffer (10 mM potassium phosphate, pH 7.5) by overnight dialysis prior to the experiment. The final
result from the CD analysis was obtained by subtracting the “blank” measurement (buffer only)
from the protein containing sample, and subsequently converting the millidegrees to mean residue

molar ellipticity (MRME), to correct for protein concentration.
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Figure 4.2 Typical CD spectra of basic secondary structures of polypeptide chains.

Adapted from (Wei et al., 2014).

The CD spectrum of PWL2 shows a large negative peak between 197-202 nm, suggesting low
percentage of secondary structures or that the majority of the protein might be disordered (Figure
4.3 B). However, the spectrum does not reach a positive value in a wide range (205-250 nm), which
suggests that some secondary features can be present in the PWL2 structure. Further analysis with
BeStSel software confirmed these estimations and suggested that helices and sheets constitute
24.6% and 11.7% of the structure, respectively, whereas Turns and “Other” possible structures
would make up to 63.6% of the structure. These results are in agreement with previously reported
attempts of purification and characterisation of one of the alleles of PWL2, where Schneider and
colleagues suggested that misfolding of the protein might be a mechanism of recognition escape
by the pathogen (Schneider et al., 2010). However, since we know that this PWL2 allele can be
recognised by certain plant accessions, | considered other explanations. | hypothesised that this
protein might simply be misfolded as a result of the heterologous expression system or might be
unstructured in solution, and only becomes properly folded upon binding to its target. As the

potential target for this effector was identified at that time, | investigated the latter idea.
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Figure 4.3 PWL2 has low percentage of secondary structures.

A) Secondary structure features prediction with PSIPRED. Analysis shows low percentage of
predicted secondary structures. B) CD spectrum of PWL2. Analysis of the spectrum suggests that
PWL2 has low percentage of secondary structures or might be partially unstructured in solution.
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4.2.3 Yeast-2-Hybrid screen identifies a potential interactor for PWL2

The following experiment was designed and conducted by Dr. Yohann Petit and Dr. Thorsten
Langner in The Sainsbury Laboratory. They designed and built two libraries of genetic constructs:
one composed of M. oryzae effectors and one with HMA-containing proteins from rice. Both
libraries were published and deposited online (Petit-Houdenot et al., 2020), and the constructs are
available upon request. Subsequently they screened these libraries against each other in Yeast-2-
Hybrid screen, looking for potential interactions. One potential candidate for interactor for PWL2
emerged from this screen, initially designated as 0s01g0507700 (Figure 4.4). When searched in
NCBI database, this accession revealed a protein called Heavy metal associated Isoprenylated Plant
Protein 20 (HIPP20)- an HMA-containing protein found initially in a rice cultivar Nipponbare.
However, when | retrieved this protein’s sequence and searched it against an available database of
partially characterized HPPs and HIPPs published by (de Abreu-Neto et al., 2013), | found out that
it has been described as OsHIPP43, and can be found in The Rice Genome Annotation Project
designated as LOC_0s01g32330. To remain consistent with published literature, | decided to follow

the latter naming system, and name the new protein of interest as OsHIPP43.

+0s04g0468600

| +LOC_0s04g040600
+0s01g0507700  (OsHIPP43)
+0s08g0403300

| +0s04g0401000

Figure 4.4 PWL2 interacts with OsHIPP43 in Y2H.

Yeast-2-Hybrid screen identified OsHIPP43 as potential interactor for PWL2. Blue colonies on
selective medium (-L/-W/-A/-H + X-GAL) indicates positive interaction between the two tested
proteins. Experiment conducted by Dr. Y. Petit.
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4.2.4 OsHIPP43 can be purified from E. coli

Full length OsHIPP43 consists of 151 amino acids, with the HMA domain initially identified as
sequence between Met-37 to Ala-90, according to a BLAST search. This domain was included in the
truncated construct tested in Y2H screen, which spanned the sequence Arg-26 to Thr-99. To
increase the probability of obtaining stable and soluble protein for in vitro work (and at the same
time to enable the HMA integration into full length receptor background, described in detail in the
next Chapter), | defined boundaries of this HMA domain based on comparison with the Pikm-1-
HMA, for which a crystal structure is available. Sequence alignment with Clustal OMEGA software
of full length OsHIPP43 (Figure 4.5 A) (or the shorter fragment of OsHIPP43 used in Y2H (Figure 4.5
B)) with the Pikm-1-HMA did not give a consensus answer and showed different alignments,
depending on the length of the sequence in query. To resolve this, | defined the boundaries for this
construct based on crystal structures of other HMA domains and used the structure prediction
software PHYRE2 (Kelley et al., 2015). When submitted as the full sequence, PHYRE2 predicted
OsHIPP43 as an HMA-domain containing protein, and built a model based on the Pikm-1-HMA
domain (automatically detected). The result showed that the sequence aligned was two amino
acids longer than used in Y2H screen (Arg-26 to Thr-101) (Figure 4.5 C). Therefore, | decided to use
these boundaries for cloning and further analysis. Henceforth, for simplicity, OsHIPP43-HMA?26-101

construct in any work described, will be referred to as OsHIPP43, unless stated otherwise.

The sequence described above was PCR-amplified (using a construct provided by Dr. Yohann Petit
as a template) and cloned into pOPIN-M vector via In-Fusion cloning system. pOPIN-M, apart from
adding the 6xHis tag to the protein of interest, adds a maltose binding protein (MBP) tag, that
promotes solubility and can be used for affinity chromatography. The 6xHis+MBP tag can be cleaved
by 3C protease, leaving the same Gly-Pro “scar” on the final protein product as for pOPIN-F. The
developed construct was transformed into competent E. coli SHuffle strain that has been previously
successfully used by other members of the Lab to produce HMA proteins. After the expression and

harvesting the cells, initial purification steps were identical to those described for PWL2.

The MBP tag is relatively large (42 kDa) and is known for its solubility properties, hence it can
significantly boost the expression of the protein of interest. This can be seen in the gel for 6xHis-
MBP-OsHIPP43 (Figure 4.6 A). A large band of around 50 kDa can be seen in Whole Cell and Soluble
fractions, and can be further seen as a main protein eluting from the SEC column (Figure 4.6 A). The

indicated fractions were combined, and the tag was cleaved with 3C protease.
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Figure 4.5 Sequence alignment of OsHIPP43 and Pikm-1-HMA.

Sequence alignment of full length OsHIPP43 (A) and OsHIPP43-HMA (from Y2H screen) (B) with
Pikm-1-HMA with CLUSTAL OMEGA reveals no significant similarities between the aligned proteins
and does not lead to defining the ultimate boundaries for OsHIPP43-HMA to be studied in vitro. C)
Analysis of OsHIPP43 sequence by PHYRE2. The software detected the HMA motif and built a
homology model on template of Pikm-1-HMA. Sequence alignment with the template suggested
including two more residues in the structure, when compared with the fragment used in Y2H screen.
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Figure 4.6 OsHIPP43 can be purified from E. coli.

A) SDS-PAGE gel showing Whole Cell and Soluble fractions from E. coli expressing pOPIN-
M:OsHIPP43. Further lanes show fractions corresponding to the indicated fragment of SEC trace. B)
SDS-PAGE gel showing fractions before and after cleavage of the tag, and subsequent steps of
manual purification. C) SDS-PAGE gel showing fractions from final SEC. D) Intact mass spectrometry
analysis of the purified sample. The detected (8641.43 Da) mass almost exactly matches predicted
monoisotopic mass of OsHIPP43 (8642.45 Da).
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To remove the cleaved tag, the solution was passed through MBPTrap and HisTrap columns in
tandem. The MPBTrap column allows to remove the majority of the MBP tag from the sample. The
adjacent IMAC column removes the 6xHis-tagged 3C protease and other contaminations with high
affinity to that resin, but also any remaining 6xHis-MBP tag. Similar to PWL2, OsHIPP43 also weakly
binds to the IMAC column, and was eluted with the low imidazole buffer in the Wash fractions
(Figure 4.6 B). The sample containing protein of interest was further subjected to size-exclusion
chromatography (SEC) and yielded a protein of satisfactory yield and purity for further analysis
(Figure 4.6 C).

The identity of the protein was confirmed by Mass Spectrometry, where the major peak of 8641.43
Da could be observed, which matches almost exactly the predicted mass of OsHIPP43 (8642.45 Da)

(Figure 4.6 D) (experiment conducted by Dr. Jan Sklenar).

4.2.5 Circular dichroism spectrum of OsHIPP43 displays features of a folded protein

The CD spectrum of OsHIPP43 indicates that the protein is well folded, and displays features of both
a-helices and B-sheets (Figure 4.7). The main negative peak between 205-210 nm and slight drop
around 220 nm indicate presence of helices, whereas major positive peak at 190-195 nm is very
likely a contribution of B-sheets. Interestingly, despite having clear characteristics of spectrum of a
folded protein, analysis with the BeStSel software suggested combined helices and B-sheets

contribute only to 38% of the protein structure.
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Figure 4.7. CD spectrum of OsHIPP43 suggests that the protein is well ordered.

CD analysis OsHIPP43. The obtained spectrum displays features of a-helices and B-sheets,
indicating that OsHIPP43 is well ordered.

101



Chapter 4

4.2.6 PWL2 and OsHIPP43 interact with nanomolar affinity

Next, | sort to confirm the interaction between the PWL2 and OsHIPP43 in vitro using purified
proteins. To qualitatively answer this question, | used analytical size-exclusion chromatography.
This technique functions on the same basis as the preparative SEC described in section 4.2.1, p. 91.
Based on this principle, complex formation between two proteins can be investigated using a
column of a higher resolution. When two (or more) proteins form a complex, they form a single
unit of a higher molecular mass (that by default should be also larger in size) than the individual
monomers. Such complex will likely behave as a larger molecule, and will elute from the column
faster (observed as shift of the elution peak to the left) than the single components. The elution of
the proteins can be monitored by measuring the absorbance at 280 nm and the elution profiles
from single runs can be plotted and compared. OsHIPP43 alone elutes from the column around 15.9
ml, whereas PWL2 elutes at approximately 13 ml, as indicated by the chromatography peaks (Figure
4.8 A). When these proteins were combined in an equimolar ratio, a clear shift of the peak to the
left could be observed, when compared with single OsHIPP43 run. Additionally, in the
OsHIPP43+PWL2 sample, no small peak was observed at 15.9 ml elution volume, indicating that the
entirety of OsHIPP43 was in complex with PWL2. The SDS-PAGE analysis shows the presence of both
proteins coeluting at the volume of 13.5 ml, which confirms the complex formation (Figure 4.8 B).
Interestingly, when compared with PWL2 alone, the elution peak of the complex shifted to the right,
suggesting formation of a smaller molecule. This is counterintuitive, as one would usually expect
that the complex formed between two proteins should be bigger than its individual units (Figure
4.8 A). One possible explanation for this is that PWL2 alone can self-associate, and therefore elutes
as a bigger complex (dimer of PWL2 would have a mass of approx. 28 kDa, whereas in complex with
OsHIPP43 it would be ca. 22 kDa). However, we have no direct evidence to support this hypothesis
and additional experiments, like Size-exclusion Chromatography coupled with Multi Angle Light
Scattering (SEC-MALS), would have to be conducted to investigate this phenomenon. As a negative
control, | tested whether OsHIPP43 would interact with the M. oryzae effector- AVR-PikD (the
purified protein was provided by Dr. Juan Carlos de la Concepcion). As can be observed (Figure 4.8
C, upper panel), a sample containing OsHIPP43 and AVR-PikD elutes as two distinct peaks. One at
15.9 ml, characteristic for OsHIPP43, and another peak at around 17.8 ml, representing AVR-PikD.
Fractions from the peaks were further analysed by SDS-PAGE. This shows a clear distinction
between the two proteins, indicating that they do not form a complex in vitro (Figure 4.8 C, lower
panel). Very weak bands from OsHIPP43 can be seen on the gel apparently coeluting with AVR-PikD,
suggesting a very weak interaction. However, a very small peak can be also observed at this elution

volume when OsHIPP43 was run alone, indicating that this is not indicative of potential interaction.
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Interestingly, AVR-PikD (11.8 kDa), despite being a larger protein, as indicated on a gel, elutes later
than OsHIPP43 (8.5 kDa). One possible explanation for this is that AVR-PikD interacts with the resin
of the chromatography column in an unspecific manner, probably via hydrophobic interactions.
This elution pattern is in agreement with published data on this effector, and therefore does not
raise concerns about potential disorder of AVR-PikD (disordered protein can display properties of
small molecules and have higher retention time). Another possible explanation might be that
OsHIPP43 behaves as a homodimer in solution (17 kDa), however, similarly to PWL2, we do not

have any direct evidence for this.
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Figure 4.8 OsHIPP43 interacts with PWL2, but not with AVR-PikD in vitro.

Size-exclusion chromatography traces of analysed proteins and protein complexes. A)
PWL2+0sHIPP43 sample displays clear shift of the elution peak to the left, when compared to the
OsHIPP43 sample alone, indicating a complex formation. PWL2 alone sample elutes sooner than the
complex, suggesting it might be self-aggregating. B) SDS-PAGE gel of showing the proteins eluting
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at the indicated volumes (from individual runs), confirming complex formation (middle line). C)
Mixed OsHIPP43+AVR-PikD elute as two distinct peaks that correspond to individually run OsHIPP43
and AVR-PikD, indicating that they do not interact and form a complex in vitro.

Analytical size-exclusion chromatography is a technique that allows qualitative detection of
protein-protein interaction. However, for comparative studies, and to enable any future
engineering of interactions, more quantitative approach is needed to characterise the interactions
between proteins of interest. Biophysical techniques like surface plasmon resonance (SPR) and
isothermal titration calorimetry (ITC) can be used to measure the strength of interactions between
two molecules. ITC is a technique based on measuring the heat exchanged (either absorbed or
produced) upon binding between two molecules. The amount of heat exchanged by the system is
measured as amount of energy that is required to be delivered in order to restore the temperature
of the experimental cell (where the binding occurs) to the temperature of the reference cell, and is
output as function of energy delivered over time (ucal/s). Hence, the isotherm of exothermic
reactions (releasing heat), will occur as a series of negative peaks, as the energy required to restore
the equilibrium is negative (to decrease the temperature of the experimental cell). ITC is a powerful
tool that allows measuring several parameters and thermodynamic properties of the studied

process, like equilibrium constant (K), enthalpy (AH), entropy (AS), and Gibbs energy.

PWL2 was placed in the experimental cell at concentration of 20 UM and the OsHIPP43 in the
syringe at concentration of 300 uM. OsHIPP43 was injected into PWL2 solution in 18 2 ul aliquots,
in 150s intervals and the heat change was monitored over time. The negative peaks of the isotherm
indicate that the reaction was exothermic (Figure 4.9, upper panel). The results obtained in
triplicates were analysed using the AFFINImeter software (Pineiro et al., 2019). This programme
allows to integrate raw ITC data and obtain desired kinetic parameters of the reaction. Data
integration by this software includes (but is not limited to) noise removal, baseline correction,
calculation of uncertainty for each datapoint of equilibrium isotherm, global fitting of replicates
within the experiment, calculation of association constant K, and calculation of molar enthalpy
change AH and stoichiometry N. Importantly, this software also corrects for the heat of dilution,
which might have an effect of potential of monomer/dimer equilibrium shift upon concentration
change (dilution of the sample upon injection to the cell). These data are obtained from the

saturated part of the isotherm, where no more heterocomplexes are formed upon injections.

Fitting the obtained data and further analysis by the AFFINImeter showed that interaction between
PWL2 and OsHIPP43 has association constant K, = 6.7154x10% M. To obtain the dissociation

constant Ky that is a standard parameter reported for biophysical interactions, we need to perform
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simple mathematical operation Ky= 1/K,. That means that binding strength between PWL2 and
OsHIPP43 is at nanomolar range, and has the Ky= 191 nM (Figure 4.9). Such strong binding indicates
that this interaction is specific, and encourages further investigation, especially in context of future
in planta work. Remarkably, this reaction has also a relatively high molar enthalpy change AH = -
67.6 kcal/mol. This might be possibly a result of folding upon binding of PWL2, as previously
hypothesised. The experiments above indicate that both proteins, PWL2 and OsHIPP43 can be
expressed and purified, therefore are suitable for in vitro studies. Moreover, | showed that they can

form a complex in vitro and they interact with nanomolar affinity.
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Figure 4.9 PWL2 binds OsHIPP43 with nanomolar affinity.

In vitro binding affinity between PWL2 and OsHIPP43 was measured by ITC. Upper panel-
representative isotherm showing heat exchange upon the injection of the HMA into the cell
containing the effector. Middle panel- Integrated heats of injection from the technical replicates and
global fit to a single site binding model calculated using AFFINImeter. Lower panel- calculated
difference between predicted value of measurement (by global fit) and actual measurement.

105



Chapter 4

4.2.7 PWL2-2 and PWL2-3 can be purified from E. coli.

The published literature and doctoral thesis of Dr. Vincent Vere shows that other alleles of PWL2
have been identified and reported (Sweigard et al., 1995). These alleles, called PWL2-2 and PWL2-
3 are not recognised by any known weeping lovegrass or crop accession. It is interesting, especially
in case of PWL2-2, that the recognition specificity is only dependent on single residue
polymorphism, Asp90Asn, that seems to be relatively mild, given the nature of these amino acids.
Furthermore, PWL2-3 possesses mutations in the same region and in place of 89EDKS92, has a
sequence QDQI (for the alignment, see Figure 4.12 A, p. 110), and also carries additional Asn32His
substitution. Since no resistance gene against these effectors has been cloned, or even resistant
plant accessions identified, it is of great interest to investigate this system further. By exploring the
potential of these effectors to bind to OsHIPP43 we can investigate the use of this HMA domain as
a potential integrated decoy to engineer resistance against pathogens carrying these effectors. If
the binding of the HMA is compromised, we can speculate that a homologue of OsHIPP43 might be
involved in mediating resistance found in weeping lovegrass and the introduced mutations are in
fact selected to disrupt this interaction. To answer this, | set out to purify PWL2-2 and PWL2-3 and

measure the potential affinity to OsHIPP43 and compare it with PWL2.

To purify PWL2-2, | used the same strategy that proved successful in purification of PWL2. |
amplified by PCR the gene of interest using a DNA construct provided by Dr. Vincent Were as a
template. | cloned the desired coding sequence into the pOPIN-F vector and transformed it into
competent E. coli BL21-Al strain and followed the protocol previously described. Following the
IMAC + SEC, an intense band of ca. 16 kDa was observed on the SDS-PAGE gel, indicating that
protein of interest was expressed and purified by IMAC successfully (Figure 4.10 A). After overnight
cleavage with 3C protease, sample was passed through the IMAC column to remove the cleaved
tag, the protease, and any additional contaminations. As described previously, PWL2-2 also
displayed weak affinity to the IMAC column and needed to be eluted with the Wash buffer
containing imidazole at low concentration (Figure 4.10 B). A final SEC step resulted in a high yield
of protein (Figure 4.10 C). However, some contamination was observed on the gel, most likely as
an effect of protein degradation, indicated by progressive set of bands below the bands of interest.
To obtain the final sample, only samples with the best protein-of-interest:contamination ratio were
chosen (lanes 3-7 from the SEC, Figure 4.10 C), yielding a sample with satisfactory purity. The
identity of the protein was assessed by intact mass spectrometry, that showed the main peak of

14008.25 Da, exactly matching the estimated monoisotopic mass of PWL2-2 (14008.27 Da).
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Figure 4.10. PWL2-2 can be purified from E. coli.

A) SDS-PAGE gel showing fractions corresponding to the indicated fragment of SEC trace of PWL2-
2 purification. B) SDS-PAGE gel showing fractions before and after cleavage of the tag, and
subsequent steps of manual purification. C) SDS-PAGE gel showing fractions from final SEC. D) Intact
mass spectrometry analysis of the purified sample. The detected mass (14008.25 Da) exactly
matches predicted monoisotopic mass of PWL2-2 (14008.27 Da).
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The assembly of DNA via In-Fusion is a well-established system for cloning new constructs for
protein expression. However, creating new acceptor vectors that would allow cloning the protein
of interest with a wider variety of tags is laborious and therefore limits the number of available
vectors and plasticity of the system. To improve these factors, we moved to the Golden Gate cloning
system that simplifies the development of new elements (e.g., genetic constructs carrying tags for
protein expression) and hence allows to increase the possibilities and variety of DNA constructs
that can be used (Bentham et al., 2021b). This allowed me to introduce the GB1 tag (derived from
streptococcal protein G) that has proved to be successful by other members of the Group in
boosting the expression of the proteins of interest. The coding sequence of PWL2-3 was PCR-
amplified and assembled with N-terminal 6xHis-GB1-3C-cleavage-site into pPGN-C vector using
Golden Gate cloning. The obtained construct was transformed into BL21-Al E. coli strain and

subsequent expression and purification steps were performed as previously described.

After initial IMAC purification followed by SEC, two peaks were observed at elution volume of
around 210 ml and 290 ml (data not shown). Fractions across the two peaks were analysed by SDS-
PAGE, revealing that PWL2-3 was spread across all of the tested fractions (Figure 4.11 A). Such
elution profile indicates that the protein might be transiently self-associating or has weak affinity
to the resin that slows down its flow through the column. The fractions containing PWL2-3 were
pooled together, subjected for overnight 3C cleavage and run through IMAC column as described
previously. Interestingly, this allele of PWL2 has weaker affinity to the IMAC resin and the majority
of the protein passed through the column and was detected in the Flow Through fraction (Figure
4.11 B). The most likely explanation for this change points towards the polymorphic region of PWL2-
3 where EDKS residues are changed for QDQI (meaning charged glutamate and lysine that might be
contributing to weak binding to the resin, are changed for non-charged glutamines). The fractions
containing PWL2-3 were pooled, concentrated and subjected for the second SEC. Interestingly, this
time the protein came out as a single peak, and its purity was further assessed by SDS-PAGE (Figure
4.11 C). The gel shows a protein of satisfactory yield and purity that is suitable for downstream
analysis. The identity of the protein was again assessed by intact mass spectrometry, which showed

the main peak of 14188.33 Da, exactly matching the estimated monoisotopic mass of PWL2-3.
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Figure 4.11. PWL2-3 can be purified from E. coli.

A) SDS-PAGE gel showing fractions corresponding to the indicated fragment of elution volume of
PWL2-3. B) SDS-PAGE gel showing fractions before and after cleavage of the tag, and subsequent
steps of manual purification. C) SDS-PAGE gel showing fractions from final SEC. D) Intact mass
spectrometry analysis of the purified sample. The detected mass (14188.33) exactly matches
predicted monoisotopic mass of PWL2-3 (14188.33 Da).
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Both PWL2-2 and PWL2-3 were analysed by CD spectroscopy. The CD spectrum obtained showed
very similar pattern as previously described for PWL2, indicating that all these proteins have similar

folding patterns (Figure 4.12 B).

PWL2-3 GGGWTHKQFYNDKGEREGSISIRKGSEGDFNYGPSYPGGPDRMVRVHENNGNIRGMPPGY
PWL2 GGGWTNKQFYNDKGEREGSISIRKGSEGDFNYGPSYPGGPDRMVRVHENNGNIRGMPPGY
PWL2-2 GGGWTNKQFYNDKGEREGSISIRKGSEGDFNYGPSYPGGPDRMVRVHENNGNIRGMPPGY
PWL2-3 SLGPDHQQDQIDRQYYNRHGYHVGDGPAEYGNHGGGQWGDGYYGPPGEFTHEHREQREEG
PWL2 SLGPDHQEDKSDRQYYNRHGYHVGDGPAEYGNHGGGQWGDGYYGPPGEFTHEHREQREEG
PWL2-2 SLGPDHQENI SDRQYYNRHGYHVGDGPAEYGNHGGGQWGDGYYGPPGEFTHEHREQREEG
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Figure 4.12 Sequence alighment and CD spectra of PWL2 alleles.

A) Sequence alignment of PWL2 alleles by CLUSTAL OMEGA. B) CD analysis of purified PWL2 alleles.

Obtained spectra show that all purified proteins display similar secondary structure features.
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4.2.8 PWL2-2 and PWL2-3 interact with OsHIPP43 with nanomolar affinity

Since PWL2 interaction with OsHIPP43 was successfully measured by ITC, showing that this
technique is well suited for this system, | decided to omit the qualitative analysis of PWL2-2 and
PWL2-3 interaction with OsHIPP43 by analytical SEC, and directly perform ITC. The experiments
were conducted as described previously for PWL2/OsHIPP43 interaction. Analysis of obtained
isotherms revealed that both these proteins bind strongly to OsHIPP43, within the nanomolar
range: 141 nM and 35 nM for PWL2-2 and PWL2-3 respectively, which is comparable with the
binding of PWL2 (191 nM) (Figure 4.13). Both these proteins also display high heat exchange upon
binding to OsHIPP43 (66.4 kcal/mol and 85.2 kcal/mol for PWL2-2 and PWL2-3, respectively),
comparable with the value obtained for PWL2 (67.6 kcal/mol).
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Figure 4.13 PWL2-2 and PWL2-3 bind OsHIPP43 with nanomolar affinity.

In vitro binding affinity between PWL2-2 (A) and PWL2-3 (B) and OsHIPP43 was measured by ITC.
Upper panel- representative isotherm showing heat exchange upon the injection of the HMA into
the cell containing the effector. Middle panel- Integrated heats of injection from the technical
replicates and global fit to a single site binding model calculated using AFFINImeter. Lower panel-
calculated difference between predicted value of measurement (by global fit) and actual
measurement.
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4.3 Discussion

In this Chapter, | used biochemical approaches to confirm the interaction between the PWL2
effector from M. oryzae and the HMA domain of the rice heavy metal associated isoprenylated
plant protein 43 (OsHIPP43), that was initially discovered in Y2H screen by our collaborators.
Further, | demonstrated that PWL2 and its alleles, PWL2-2 and PWL2-3, bind to OsHIPP43 with the

nanomolar affinity.

4.3.1 PWL2 may be highly unstructured without its interactor

In silico analysis with various software (including PSIPRED and PHYRE2) suggested that PWL2 might
have very low percentage of secondary structure, which could be an indication of being
unstructured without its binding target or intrinsically disordered. Moreover, analysis with PHYRE2
software did not find any potential homology model, suggesting that either majority of PWL2 is not
well folded, or this effector represents entirely new structural features. Subsequent analysis of
purified PWL2 with Circular Dichroism Spectroscopy further supported the hypothesis that this
protein indeed is does not have high secondary structures content. To confirm that some secondary
features are present in the structure, additional experiments could be conducted that measure the
folding state of protein while deliberately unfolding it, e.g., by gradual increase of the temperature.
These data are in agreement with results reported by (Schneider et al., 2010), who also attempted
to purify and characterise one of the PWL2 alleles. The allele they investigated, called PWL2-D, was
similar to described in this work PWL2-2, that carries D9ON mutation. Additionally, PWL2-D was
also carrying Cys142Ser substitution. However, since PWL2 sequence only possesses one cysteine
residue, it was unlikely that that mutation was playing a great role in contribution to overall
structure stabilisation, as no potential disulphide bridges can be formed. Schneider and colleagues
managed to purify and analyse PWL2-D by CD spectroscopy, and reported that this protein seems
to be disordered. As this allele is not recognised by any weeping lovegrass accession, they
hypothesised that misfolding the effector was a potential mechanism for escaping the recognition,
and therefore restoring the pathogenicity of M. oryzae towards weeping lovegrass. The discovery
of potential interactor for PWL2 allowed me to test this hypothesis. All three alleles described in
this work were shown to strongly bind the OsHIPP43, indicating that the mutations introduced into
different alleles do not prevent proper folding, and still allow binding to the potential target. The
most likely explanation of these observations is that PWL2 is intrinsically disordered and folds
properly upon binding to its target. This hypothesis can be further supported by the relatively high
heat exchange of the interaction measured by ITC, to which refolding of PWL2 might be

contributing.
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4.3.2 Natural resistance to PWL2 seems not to be mediated by OsHIPP43

The interaction between effectors and HMA domains has been reported in the literature multiple
times (Magbool et al., 2015, Varden et al., 2019, Oikawa et al., 2020, Maidment et al., 2021,
Bentham et al., 2021a). The integrated decoy hypothesis suggests that HMA domain has been
integrated independently into NLR backgrounds at least twice during evolution (in Pik alleles and in
RGAD5, both conferring resistance to M. oryzae carrying AVR-Pik and AVR-Pia effectors respectively),
by which plants gained potential of direct recognition of the effectors. It has also recently been
reported that several alleles of AVR-Pik effectors can bind to HMA-containing protein called
OsHIPP19 (Oikawa et al., 2020). A recent study shows that rice HIPPs, including OsHIPP43, show
increased expression during infection (Oikawa et al., 2020). However, whether they play a role in
immune responses or are highjacked by the pathogen to promote disease remains to be elucidated.
It has been shown multiple times that HPPs/HIPPs can be susceptibility factors, and silencing these
genes can lead to increased resistance to certain pathogens, not only to fungi, but also to pathogens
from across other kingdoms (Zschiesche et al., 2015, Cowan et al., 2018, Radakovic et al., 2018,
Oikawa et al., 2020). Therefore, it would not be a great surprise if interaction between one of the
rice blast effectors and an HMA-containing plant protein would play a significant biological role in
plant-pathogen interaction. The role of OsHIPP43 and its homologs in weeping lovegrass in
mediating immunity remains a separate question not investigated in this work. It has been shown
(doctoral thesis of Dr. Vincent Were) that PWL2-2 and PWL2-3 alleles are not recognised by the
accession of weeping lovegrass that is resistant to M. oryzae strain carrying PWL2. As |
demonstrated in this Chapter, OsHIPP43 binds all the alleles of PWL2 in vitro with nanomolar
affinity. That suggests that this protein might not be involved in mediating the immunity response
in planta. It is possible that all alleles of PWL2 retained their ability to bind OsHIPP43, by keeping
the relevant interface intact, and they escaped recognition by introducing mutations in the

interface that was used by potential plant receptor, which is different to the one binding the HMA.

4.3.3 Different effectors bind HMA-containing proteins with different affinity

The strength of the interaction between PWL2 and OsHIPP43 lays within the upper nanomolar
range (ca. 200 nM). This affinity is lower than reported for other M. oryzae effectors interacting
with HMA domains. AVR-PikD was shown to interact with Pikp-1-HMA at Kz= 31 nM (Magbool et
al., 2015) and at Ky= 4,7 nM with Pikm-1-HMA (De la Concepcion et al., 2018). More interestingly,
AVR-Pik effectors are demonstrated to interact with OsHIPP19 with subnanomolar affinity (0.7 nM
for AVR-PikD and 0.9 nM for AVR-PikF (Maidment et al., 2021). This suggest that the effectors are
evolving higher affinity towards their biological targets than demonstrated by results presented in

this Chapter. However, the results reported in the literature were obtained by different method
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(SPR) and, although the apparent K4 for two interacting proteins should remain the same when
measured with different techniques, comparison of those results should be taken with caution.
Interestingly, the affinity measured for other effector/integrated HMA domain pair, AVR-Pia/RGA5-
HMA was measured by ITC and reported to be within micromolar range (7.8 uM) (Ortiz et al., 2017).
This strength of binding was sufficient to elicit cell death responses in planta upon co-expression of
RGA5/RGA4/AVR-Pia in N. benthamiana plants, although some interaction between the AVR-Pia
and other domains of RGA5 might be contributing to this recognition (Ortiz et al., 2017). It would
be interesting to see, whether integration of OsHIPP43-HMA domain into NLR background, like
Pikm-1, would result in gaining of recognition of the PWL2 effectors and therefore enable an
exciting opportunity to develop a novel recognition specificity towards previously unrecognised

effectors.
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5 A chimeric Pikm-1 receptor, Pikm-10sHPP43,
demonstrates novel recognition of the
PWL2 effector

5.1 Introduction

Paired NLRs Pik-1 and Pik-2 confer resistance to Magnaporthe oryzae carrying specific AVR-Pik
effectors. These receptors and effectors each occur in natural allelic series, where certain Pik
variants can only bind and recognize certain alleles of AVR-Pik. The recognition specificity is
determined by the HMA domain of Pik-1 proteins, and has been extensively investigated (De la
Concepcion et al., 2018, De la Concepcion et al., 2021b). The Pikm-1/Pikm-2 pair perceives AVR-
PikD, AVR-PikE and AVR-PikA, whereas the Pikp pair only perceives AVR-PikD. Crystal structures of
HMA domains in complex with effectors allowed identification of key residues at the binding
interfaces responsible for specificity (De la Concepcion et al., 2018). These data allowed engineering
of the Pikp-1 binding interface based on Pikm-1 (by Asn261Lys and Lys262Glu substitution, giving

1NKE raceptor) to expand its recognition specificity towards AVR-PikA and AVR-PikE

rise to a Pikp-
alleles (De la Concepcion et al., 2019). While this work did not generate a novel resistance specificity
per se, it provided an important proof of concept that Pik-HMA domains can be altered to change
the specificity of these NLRs. This approach has been further explored based on structural
knowledge of an sHMA protein called OsHIPP19 in complex with AVR-PikF (Maidment et al., 2021).
Combining information from the OsHIPP19/AVR-PikF structure, and the structures of Pikp-1N“XE
bound to multiple AVR-Pik alleles, allowed engineering to expand the recognition specificity to new
effector alleles. By introducing an additional Ser258Glu mutation alongside the Pikp-1N“*¢
generated the Pikp-1SN“#¢ mutant that was able to perceive the AVR-PikF allele, in addition to
previously recognised AVR-PikA, AVR-PikD and AVR-PikE (doctoral thesis of Dr. Josephine
Maidment). Notably, AVR-PikF is not recognised by any natural rice accession and therefore the
recognition specificity of the Pikp-1°N“E€ mutant is novel. These structure-guided approaches
showed that specific mutations in HMA binding interfaces could expand effector perception. In an
alternative approach, integration of the full length OsHIPP19 into the Pikp-1 background resulted

in Pikp-2-dependent auto-activity of the receptor, suggesting that a straightforward swapping of an

HMA domain in Pik-1 may not always be useful.

In Chapter 4, | confirmed and characterised the binding between the rice HMA-domain-containing

protein OsHIPP43 and the M. oryzae effector PWL2. In this Chapter | performed experiments to
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determine whether this interaction can be used to engineer a Pik NLR that perceives PWL2. |
hypothesised that incorporating the OsHIPP43-HMA into a Pikm-1 chassis would enable binding of
the PWL2 effector, and that could lead to a cell death response in N. benthamiana upon transient

co-expression (Figure 5.1).
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Figure 5.1 Scheme of integration of OsHIPP43 into Pikm-1 background to engineer recognition
towards PWL2.
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5.2 Results

5.2.1 Pikm-191PP43 chimeric receptor is auto-active

To enable straightforward exchange of the native HMA domain of Pikm-1 for any other HMA
domain (or indeed any other gene of interest), a Golden Gate compatible Pikm-1-chassis has been
developed (in collaboration with Dr. Mark Youles from TSL SynBio Group, see also Materials and
Methods, p. 53). The construct was designed as a LVLO acceptor vector, where an RFP selection
cassette was integrated in place of the original Pikm-1-HMA domain (residues 184-263). This
selection cassette was flanked by Bpil restriction sites allowing for excision and incorporation of
any sequence (flanked by appropriate overhangs) using digestion-ligation cloning. Using this
system, | placed the OsHIPP43251%1 sequence in Pikm-1 chassis, generating Pikm-1%"PP43 receptor.
Subsequently, | generated a LVL1 construct to place the chimeric receptor under the control of the
mas promoter and 35S terminator and transformed into electrocompetent cells of Agrobacterium
tumefaciens. Integration of different HMA domains into the Pikp-1 NLR can result in helper-
dependent auto-activity of the receptors (e.g., OsHIPP19, doctoral thesis of Dr. J. Maidment).
Interestingly, in this case, auto-activity could be removed by swapping certain residues from
OsHIPP19 to those found in Pikp-1 (doctoral thesis of Dr. J. Maidment). However, in a second
strategy, auto-activity of chimeric receptors may be alleviated by mismatching NLR alleles in the
combination of Pikm-1-chimera and Pikp-2 (interestingly, mismatching Pikp-1 and Pikm-2 results in
auto-activity even in the wild type background (De la Concepcion et al., 2021a)). Based on this
information, | tested the Pikm-19"PP43 receptor for auto-activity in presence of both helper NLRs,

Pikm-2 and the mismatched allele Pikp-2 using the well-established N. benthamiana system.

Infiltration of the chimeric Pikm-1%""P43 receptor in the presence of the corresponding Pikm-2
helper NLR resulted in auto-activity in the absence of the effector (effector-independent cell death,
Figure 5.2, top right). Interestingly, when Pikm-1°HPP43 was infiltrated in presence of the
mismatched helper allele Pikp-2, effector-independent cell death was not observed (Figure 5.2,
bottom right). Importantly, the mismatched Pikm-1 with Pikp-2 combination was still responsive to
the AVR-PikD effector, suggesting that this combination of NLRs is functional in perceiving the
cognate effector. Therefore, mismatching Pikm-1 chimeras with Pikp-2 may present a mechanism

for avoiding auto-activity but maintaining perception of effectors.
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Pikm-1 Pikm-10sHIPP43

Pikp-2
+ AVR-PikD

Pikm-2
Pikm-2
Pikp-2
Pikp-2

Figure 5.2 Pikm-12"1PP43receptor is auto-active in presence of Pikm-2, but not in presence of Pikp-
2.

Indicated proteins were transiently overexpressed using agroinfiltration. Leaf picture was taken at
5 dpi under the UV light, which allows to visualise the cell death response as green fluorescence.
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5.2.2 Chimeric receptor Pikm-19sHPP43 can perceive PWL2 in Pikp-2 dependent manner

Next, | set out to test the hypothesis that a Pikm-1°HP"43/pikp-2 combination could trigger cell
death in response to recognition of PWL2. For expression in N. benthamiana, | cloned PWL2 (with
a C-terminal 4xMyc tag) using Golden Gate cloning and placed it under control of AtUbi10 promoter
followed by transformation of the expression vector in A. tumefaciens. | then co-infiltrated PWL2

with either the Pikm-1 or chimeric Pikm-1%""P43 NLRs along with Pikp-2.

In Figure 5.3 (left side of the leaf) we can observe that wild type Pikm-1 can respond to AVR-PikD
in presence of Pikp-2, but cannot recognise the PWL2. Interestingly, upon infiltration of Pikm-
10H1PP43 with Pikp-2 and PWL2 (right side of the leaf), we can observe strong cell death response.
Pikm-1911PP43 raceptor does not recognise the AVR-PikD effector, which agrees with previously
obtained results, where no interaction was observed between AVR-PikD and OsHIPPP43 in
analytical size-exclusion chromatography. This is an important proof of concept showing that we
can use the knowledge about potential targets of effectors to engineer novel recognition specificity

in plants.

Pikm-1 I Pikm-10sHIPPas

AVR-PikD AVR-PikD

PWL2

Figure 5.3 Pikm-1%HPP33 raceptor triggers strong cell death in response to PWL2, but not to AVR-
PikD.

Indicated proteins were transiently overexpressed using agroinfiltration. Leaf picture was taken at
5 dpi under the UV light, which allows to visualise the cell death response as green fluorescence.
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5.2.3 All tested alleles of PWL2 are recognised by Pikm-10sHPP43/pjkp-2

The results presented in Chapter 4 showed that all tested alleles of PWL2 bound to OsHIPP43 with
similar affinity. Therefore, | tested, whether these alleles could also be recognised by the chimeric
receptor. To enable this, | cloned PWL2-2 and PWL2-3 as described for PWL2, and subsequently co-
expressed them with Pikm-1°HPP43 and Pikp-2 in N. benthamiana, again using wild type Pikm-1 as a
negative control. As expected, Pikm-1 did not respond to any tested PWL2 effector (Figure 5.4, left
side of the leaf). However, the Pikm-1°H""**3 chimeric receptor perceived all tested alleles of PWL2,
triggering a robust cell death response in each case. These results prove that integration of an HMA
domain in the Pik-1 chassis can lead to exciting new opportunities of engineering a novel
recognition specificity in plants, even if the sequence conservation of the bespoke HMA domain is

very low when compared with wild type Pik-1-HMA.

Pikm-1 [ Pikm-10sHPP43
PWL2 e

PWL2-2 PWL2-2

PWL2-3

+ Pikp-2

Figure 5.4 Pikm-1°HPP43 receptor triggers strong cell death response upon recognition of PWL2,
PWL2-2 and PWL2-3.

Indicated proteins were transiently overexpressed using agroinfiltration. Leaf picture was taken at
5 dpi under the UV light, which allows to visualise the cell death response as green fluorescence.
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5.3 Discussion

In this Chapter, | demonstrated that the integration of OsHIPP43 into the Pikm-1 chassis causes
auto-activity in a Pikm-2-dependent manner. This auto-activity can be removed by mismatching the
helper allele, using Pikp-2 in place of Pikm-2. The Pikm-1/Pikp-2 NLR combination remains
functional in perception of AVR-PikD (De la Concepcion et al., 2021a). Furthermore, | showed that
Pikm-1911PP43 receptor triggers a robust cell death response upon perception of PWL2, but not AVR-
PikD, demonstrating specificity. Finally, | showed that the chimeric Pikm-1%""P43 receptor perceives

PWL2 alleles PWL2-2 and PWL2-3, which are not recognised by any crop accession reported to date.

5.3.1 Sequence alterations in NLRs can lead to auto-activity

Upon pathogen perception, NLRs very often trigger cell death response. Such dramatic reaction
requires tight regulation to prevent a spontaneous auto-activity that can have a drastic effect on
plant fitness and overall plant development (Chae et al., 2016, Karasov et al., 2017, Richard and
Takken, 2017). Moreover, in case of paired NLRs, mismatching the alleles in an individual plant
through crossing might lead to ineffective response to pathogen that might result in susceptibility,
which helps the pathogens to spread. When two gene products that cannot function properly
together are brought together upon hybridization, the phenomenon called “hybrid necrosis” might
occur, which leads to dwarfism, and necrotic and lethal phenotypes (Bomblies and Weigel, 2007,
Chaeetal., 2014, Tran et al., 2017, Barragan et al., 2019, Vaid and Laitinen, 2019). The role of hybrid
necrosis is to reduce the gene flow among incompatible genotypes, and as such, it is long known in
agriculture (Hermsen, 1963, Bomblies and Weigel, 2007, Yamamoto et al., 2010). It has been
suggested that NLR mismatch is one of the components underlaying the mechanisms of this
phenomenon (Bomblies and Weigel, 2007, Ispolatov and Doebeli, 2009). In context of paired NLRs
and their adaptation to constantly evolving pathogens, we can hypothesise that they have to
maintain balance between diversification that allows recognition of new variants of pathogens and
maintaining the fine-tuned regulation of protein assembly leading to immune responses. It has
been suggested that helper NLRs (in this case Pik-2 proteins) have evolved to work specifically with
their cognate sensor NLRs (Pik-1) and are not always compatible in mixed combinations (De la
Concepcion et al., 2021a). Pikm-1 can function with Pikp-2 to trigger a cell death response upon
perception of AVR-PikD, but that response is weaker than response triggered by Pikm-1/Pikm-2 or
Pikp-1/Pikp-2 pairs (De la Concepcion et al., 2021a). However, when Pikp-1 and Pikm-2 are
combined, they trigger constitutive cell death that is independent of the effector. The auto-activity
of this complex has been narrowed down to a single amino acid polymorphism (De la Concepcion
et al., 2021a). Moreover, it has also been shown that minor modifications of the HMA domain can

lead to auto-activity of the Pik NLRs. Deleting Gly-186, or introducing mutation Pro252Asp, into the
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HMA domain of Pikm-1 also causes constitutive cell death in a Pikm-2 dependent manner (doctoral
thesis of Dr. Juan Carlos de la Concepcion). Interestingly, these changes were introduced in regions
of HMA that are not directly involved in binding of the effector. This suggests that the Pik-1/Pik-2
system forms a sophisticated receptor complex, sensitive to subtle changes and appropriate pairing
of NLRs. Therefore, careful engineering of HMAs is needed, if the recognition properties of this

complex are to be expanded or changed.

5.3.2 Correlation of affinity with strength of immune response is not always clear

| found that the chimeric receptor Pikm-1%"""P43 can perceive PWL2 and triggers a strong Pikp-2
mediated cell death response in N. benthamiana. Interestingly, the binding affinity between PWL2
and OsHIPP43 lies within upper nanomolar range (191 nM), which is lower than apparent Ky
measured for AVR-PikD effector interacting with Pik-HMA domains (Ky= 4.7 nM with Pikm-1-HMA
and 31 nM with Pikp-1-HMA). However, these values were obtained using different techniques, and
caution should be taken when comparing these results. Moreover, there is limitation to which we
can compare the two systems, and their correlation between in vitro and in planta studies. For
instance, we still do not know whether the dissociation constant (the time that protein remains
bound to its interactor) can affect the initiation of downstream signalling, or how differences in
binding interfaces contribute to overall conformation changes that initiate the ADP/ATP switch in
NLRs and downstream processes leading to immune responses. A first step to answering this
question could be determining the crystal structure of PWL2 in complex with OsHIPP43 and

comparing it with existing effector/HMA structures.

5.3.3 Exchange of NLR integrated domain can be powerful tool to engineer novel
resistance in plants

The integration of OsHIPP43 into the Pik-1/Pik-2 system, which facilitates specificity towards an
effector unrelated to AVR-Pik, such as PWL2, is a new concept that shows that we can use existing
knowledge about effector targets to engineer novel resistance. Moreover, the chimeric Pikm-
10sHIPP43 receptor can recognise also PWL2-2 and PWL2-3, to which no natural resistance has been
reported to date. This further strengthens the potential use of this system. However, it is important
to note that the results presented here were obtained from a transient expression system, where
the experiments were conducted in N. benthamiana, and the proteins were overexpressed via
agroinfiltration. Although cell death responses in N. benthamiana have been correlated with
disease resistance in crops (De la Concepcion et al., 2019), such engineered receptors must be
further validated using stable NLR transformants in host plants such as rice, barley, or wheat, and
challenged by the pathogens of interest (Cesari et al., 2021). Generation of transgenic crops

containing the chimeric receptor Pikm-1%"""43js currently ongoing.
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6 The crystal structure of the
PWL2/0OsHIPP43 complex

6.1 Introduction

Proteins can adopt similar domain architectures, even if they lack sequence similarity. A well-
established example of such phenomenon are MAX effectors from M. oryzae, where AVR-PikD,
AVR-Pia, AVR-Pib, AvrPiz-t, AVR1-CO39 and APikL2 adopt the same characteristic B-sandwich fold
without any significant similarity of their amino acid sequences (Magbool et al., 2015, Ortiz et al.,
2017, Guo et al., 2018, Zhang et al., 2018, Varden et al., 2019, Bentham et al., 2021a). Structural
conservation can be a better indicator of shared function than sequence, therefore determining
structures of proteins is crucial for understanding their biological functions. Moreover, combining
the structural knowledge of allelic variants of the effectors and their corresponding NLRs or
biological targets can identify functional relevant regions of effectors (Zhang et al., 2018) and
underpin the mechanisms of escape from immune recognition. This in turn can be used to engineer
plant immune receptors towards extended recognition of the pathogen (De la Concepcion et al.,

2019).

In this Chapter, | set out to purify and crystallise the PWL2/0OsHIPP43 complex and determine its 3D
structure using X-ray crystallography. Analysis of the resulting structure allowed me to identify
important residues responsible for interaction between the PWL2 and OsHIPP43, and revealed that
the binding between these two proteins cannot be easily compromised. This knowledge has the
potential to contribute to the rational design of HMA-containing NLRs with extended recognition

specificities to new effectors.
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6.2 Results

6.2.1 PWL2/0sHIPP43 complex can be purified from E. coli

To purify PWL2 in complex with OsHIPP43 | co-expressed the proteins in E. coli. | introduced PWL2
into the pOPIN-M vector (adding an N-terminal 6xHis-MBP tag that enhances the solubility and
expression of the protein) via In-Fusion cloning, and OsHIPP43 into pPGC-K without a tag via Golden
Gate cloning (Bentham et al., 2021b). It was hypothesized the strong interaction between PWL2
and OsHIPP43 should allow for the purification of a complex by pulling down only one component.
| transformed both constructs into competent E. coli SHuffle strain and purified the proteins via
immobilised-metal affinity chromatography (IMAC) coupled with size-exclusion chromatography
(SEC), as described in Chapter 4, (section 4.2.1, p. 91; see also Materials and Methods, section 2.3,
p. 56). As can be seen in Figure 6.1 A, initial IMAC-SEC resulted in purification of both proteins in
complex; the high molecular weight band represents 6xHis-MBP-PWL2 (ca. 50 kDa), and lower
molecular weight band represents untagged OsHIPP43 (ca 8 kDa). Overnight cleavage with 3C
protease was efficient, as the majority of 6xHis-MBP tag was removed from PWL2 (Figure 6.1 B).
After tag removal, the complex was further purified by reverse-IMAC purification using MBPTrap
and HisTrap IMAC columns in tandem. The tagless PWL2/OsHIPP43 complex displayed a weak
affinity to the IMAC column (as individual proteins displayed previously) and could be eluted with
low imidazole in the Wash fractions (Figure 6.1 B). The cleaved 6xHis-MBP tag, 3C protease and
other contaminations were retained on the columns until specifically eluted. Final size-exclusion
chromatography resulted in a high yield of pure protein complex, suitable for crystallisation trials

(Figure 6.1 C).
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Figure 6.1 Purification of PWL2/OsHIPP43 complex from E. coli.

A) SDS-PAGE gel showing Soluble fraction from E. coli expressing pOPIN-M:PWL2+pPGC-
K:OsHIPP43. Further lanes show fractions corresponding to the indicated fragment of size-exclusion
chromatography trace. B) SDS-PAGE gel showing fractions before and after cleavage of the tag, and

subsequent steps of manual purification. C) SDS-PAGE gel showing fractions from final size-exclusion
chromatography.
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6.2.2 Crystallisation of PWL2/OsHIPP43 complex

The Protein Crystallography Platform at the John Innes Centre offers a range of commercially
available crystallisation screens and robotics for crystallisation and imaging crystallisation
experiments. The crystallisation trials are conducted using the sitting drop vapour diffusion
method, and each screen (96-well plate) allows to test two different proteins (or the same protein
at two different concentrations). Each screen offers a range of different pH, buffers, precipitants,
and additives, which can be found on manufacturers’ websites. To begin with, | used the Morpheus
and JCSG (Molecular Dimensions) screens, however no crystals were observed. Since no clear
preferred conditions were revealed by these initial screens (indicated by occurrence of crystalline
precipitate, data not shown), | set up additional crystallisation screens, including Shotgun and
ProPlex. The screens and concentrations tested are listed in Table 6-1. Unfortunately, none of the

tested conditions generated any crystals.

Table 6-1 Initial screens and conditions used for crystallisation of PWL2/0sHIPP43 complex.

Screen Protein concentration Additional comments

JCSG 17 mg/ml and 8.5 mg/ml
Morpheus 17 mg/ml and 8.5 mg/ml

Morpheus 20 mg/ml and 10 mg/ml With cross seeding

Shotgun 20 mg/ml and 10 mg/ml With cross seeding
JCSG 20 mg/ml and 10 mg/ml
ProPlex 20 mg/ml and 10 mg/ml
KISS 20 mg/ml and 10 mg/ml
Shotgun 58 mg/ml and 29 mg/ml
Morpheus 58 mg/ml and 29 mg/ml

All screens are commercially available, apart from the KISS screen, which has been developed by
Biophysical Platform in John Innes Centre. Seeds for cross-seeding were derived from crystals of
SHMA94/AVR-PikF complex, provided by Dr. Adam Bentham (Bentham et al., 2021a).

Based on previously acquired data, | hypothesised that PWL2 might be highly unstructured or an
intrinsically disordered protein that folds properly upon binding to its interactor. Proper folding of
the protein is crucial to obtain crystals, as any disordered region within the protein or protein
complex could physically interfere with ordering molecules into a lattice, as required for crystal

formation. Although | purified PWL2 in complex with OsHIPP43, hoping to promote its stability and
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proper folding, the complex did not crystallise. Therefore, | hypothesised that PWL2 does not
become completely ordered upon the interaction with OsHIPP43 and there might still be disordered
regions that interfere with the crystallisation process. To test this and identify any potential
truncation that could be made in order to obtain a well folded complex, | conducted a partial trypsin

digest experiment.

Partial trypsin digest is a limited proteolysis process that can be used to remove disordered and
unstructured regions from proteins in vitro and can be added directly to crystallisation plate as an
additive to perform in situ proteolysis (Dong et al., 2007, Wernimont and Edwards, 2009). Trypsin
belongs to the serine protease family, cleaving after lysine and arginine residues, and will most
readily cut disordered regions above folded structures (Figure 6.2 A). | optimised this approach and
set up a limited proteolysis experiment to observe whether trypsin could cleave portions of either
of the proteins in the PWL2/0sHIPP43 complex. This would allow subsequent identification (using
Mass Spectrometry) of well folded regions of PWL2 and/or OsHIPP43 and redesigning the

constructs, potentially increasing the chances of protein crystallisation.

| prepared a trypsin dilution series and incubated it with 4 pg of the PWL2/0OsHIPP43 complex, and
4 ug of PWL2 alone, for 30 min at room temperature. | also incubated the samples without the
protease at room temperature, and on ice to exclude the possible effect of exposing the sample to
higher temperature on degradation. To halt the reaction, a “stopping buffer” was added to each
sample (see Materials and Methods Section 2.4.4, p. 60). Subsequently the samples were boiled
and analysed by SDS-PAGE. As can be seen in Figure 6.2 B, trypsin digests PWL2 into a smaller
product, suggesting that there is a specific region of PWL2 that is potentially unstructured or
disordered in the complex with OsHIPP43 and readily available to the protease. | observed the
degree of trypsin digest is directly proportional to amount of trypsin added. Interestingly, OsHIPP43
seems to be unaffected, even in higher amounts of trypsin, suggesting OsHIPP43 is well ordered in
the complex with PWL2. When PWL2 alone was incubated with trypsin, it was completely degraded,
even in the experiment with the smallest amount of protease (Figure 6.2 C). These observations
agree with the hypothesis that PWL2 majorly consists of loop regions on its own ((Schneider et al.,
2010), also section 4.2.2, p.94) and only becomes properly folded upon the interaction with its

binding partner.
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Figure 6.2 Limited proteolysis of the PWL2/OsHIPP43 complex.

A) Visual representation of partial trypsin digest. Trypsin cuts only into primary protein structure,
leaving ordered parts of protein complex intact. Image generated with BioRender. B) Partial trypsin
digest of PWL2+0OsHIPP43 complex. PWL2 is being truncated down to a stable fragment. The
amount of processed PWL2 is directly proportional to amount of trypsin in the sample. OsHIPP43
remains intact. C) Trypsin digest of PWL2 only results in complete digest of the sample.
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To identify the PWL2 fragment that is resistant to proteolysis, the digested sample was prepared
for intact mass spectrometry analysis by acetone precipitation. Further, the band representing
truncated PWL2 was excised from the SDS-PAGE gel and submitted for peptide mass fingerprinting.
The peptide mapping analysis revealed a tryptic peptide was missing from the sample, and
indicated that PWL2 was truncated by 10 amino acids at its C-terminus (Figure 6.3 A). Analysis of
the intact mass spectrum showed a main peak in the sample of 12819.70 Da, which corresponds to
the monoisotopic mass of the predicted truncated sequence of PWL2 (12819.78 Da) (Figure 6.3 B).
A second major peak in the intact mass spectrum, at 8617.35 Da, almost exactly matches the
predicted mass of OsHIPP43 (8619.41 Da), indicating that OsHIPP43 was not affected by the trypsin
digest (Figure 6.3 B). The apparent difference between predicted and measured masses of
OsHIPP43 might be a result of possible disulphide bond formation between two cysteines in the
OsHIPP43 sequence. The difference between the predicted mass of OsHIPP43 in this experiment
and the one reported in Chapter 4 (8642.45 Da vs. 8619.41 Da) is a result of a different construct
being used. In Chapter 4, OsHIPP43 was purified with an affinity tag, which after cleavage left
glycine-proline scar at the N-terminus of the protein. In this Chapter, OsHIPP43 was cloned without
the affinity tag, which required the presence of additional methionine residue at the beginning of

the sequence to enable start of translation and expression of the protein.

Following these limited proteolysis experiments | cloned a new truncated construct of PWL2,
PWL2A10 (missing the C-terminal 10 amino acids), and co-expressed/purified it with OsHIPP43, as
described previously (Figure 6.4 A, p. 135). | set up several crystallisation screens, as listed in Table
6-2. The presence of crystalline precipitation in crystallisation screens can be an indicator of
conditions that might result in crystal formation, but are currently sub-optimal. Analysis of the
screens that were set-up revealed that most of the precipitates occurred in presence of ammonium
sulphate in acidic pH (Figure 6.4 B, p. 135). | decided to set up a custom designed optimisation
screen with a range of ammonium sulphate (1.0-2.4 M) at acidic pHs (5.5-7.0) (Figure 6.5 A, p. 136).
This resulted in a similar outcome (mainly crystalline precipitate), as described previously for
commercially available screens (Figure 6.5 B, p. 136). Overall, these results suggest that truncating

of the PWL2 sequence resulted in better folded protein, prone to crystallisation.

133



Chapter 6

A)

Protein sequence coverage: 92%

Matched peptides shown in bold red.

1 GPGGGWTNKQ FYNDKGEREG SISIRKGSEG DFNYGPSYPG GPDRMVRVHE
51 NNGNIRGMPP GYSLGPDHQE DKSDRQYYNR HGYHVGDGPA EYGNHGGGQW
101 GDGYYGPPGE FTHEHREQRE EGCNIM

B) PWL2410

12819.7013

360000+
340000
320000+
300000
280000
250000; 7861.6143
240000
220000
2200000
G

B OsHIPP43

160000
8617.3499

140000
8048.7962
120000

100000

80000

60000 8219.7792

40000

L

T o .ML

B T T T SR T T T T T
bl 8000 8500 9000 9500 10000 10500 11000 11500 12000 12500 13000

Figure 6.3 Identification of truncated fragments of PWL2/0OsHIPP43 complex.

A) Peptide mapping of PWL2 submitted for partial trypsin digest revealed that PWL2 was truncated
at C-terminus by 10 amino acids. B) Intact mass spectrometry analysis of the protein complex
submitted for partial trypsin digest. The detected masses precisely match the predicted
monoisotopic mass of PWL2A10 (12819.78 Da). The peak representing OsHIPP43 (predicted mass
8619.41 Da) is smaller by 2 Da, indicating possible disulphide bond formation and no truncation
caused by partial trypsin digest.
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Table 6-2 Initial screens and conditions used for crystallisation of PWL2A10/0sHIPP43 complex.

Screen Protein concentration
JCSG 35 mg/ml and 17.5 mg/ml
Morpheus 35 mg/ml and 17.5 mg/ml
ProPlex 35 mg/ml and 17.5 mg/ml
Shotgun 35 mg/ml and 17.5 mg/ml

All the screens are commercially available.

B
) Shotgun JCSG ProPlex

2M Ammonium Sulfate 2M Ammonium Sulfate 1.5M Ammonium Sulfate
0.1M Bis-Tris pH 6.5 0.1M Sodium cacodylate pH 6.5 0.1M Sodium Acetate pH 5.0
0.2M NacCl

2M Ammonium Sulfate 2M Ammonium Sulfate
0.1M BIS-Tris pH 5.5 0.1M BIS-Tris pH 5.5

Figure 6.4 Initial screens and conditions used for crystallisation of PWL2/OsHIPP43 complex
resulted in crystalline precipitate.

A) SDS-PAGE gel showing final purified complex of PWL2A10/0sHIPP43 complex B) Representative
pictures of crystalline precipitates obtained in indicated crystallisation screens.
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A) pH 5.57.0

Ammonium Sulfate 1.0 - 2.4M

Ammonium Sulfate 1.8M Ammonium Sulfate 1.8M
pH5.5 pH5.75

7.5mg/ml 15mg/ml 7.5mg/ml

Figure 6.5 Optimisation of crystallisation conditions.

A) Schematic representation of gradient of ammonium sulphate and pH across the crystallisation
screen. Image generated with BioRender. B) Representative pictures of crystalline precipitates
obtained in indicated conditions
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Protein crystallisation can be a slow process and require days, months or even years (McPherson,
2017), therefore continuous monitoring of experiments is important. Two weeks after the initial
crystallisation set up, rhomboidal-shaped crystals were observed in the ProPlex crystallisation
screen (Figure 6.6 A). Three of these crystals were harvested by Dr. Clare Stevenson and flash frozen
in liquid nitrogen. Buffer identical to crystallisation condition, but supplemented with 20% ethylene
glycol, was used as a cryoprotectant. These crystals were sent to the Diamond Light Source

synchrotron facility for X-ray data collection.

A)

Condition:

1.2M Potassium sodium tartrate tetrahydrate
0.1M Tris pH 8.0

Time of occurrence:

13days

Protein concentration:

35 mg/ml

Figure 6.6 Crystals of PWL2/0OsHIPP43 complex.

A) Crystals of PWL2A10/0sHIPP43 complex in the crystallisation screen. B) Crystals mounted on the

loop prepared for X-ray data collection
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6.2.3 X-ray data collection and structure determination

X-ray diffraction data were collected at beamline 104 of the synchrotron facility. Following
preliminary screening, a diffraction dataset was collected for each the harvested crystals at a
wavelength of 0.98A. Figure 6.6 B shows one of the crystals mounted in the loop prior to data
collection. For each dataset, 3600 images were collected, with an oscillation angle of 0.1°. The
dataset with the highest initial resolution was chosen for downstream analysis. Initially, we tried to
solve the structure by deriving phases from molecular replacement using the automated MrBUMP
pipeline, implemented on ISPyB website (Keegan and Winn, 2007, Keegan and Winn, 2008).
However, due to lack of sequence similarity between OsHIPP43 and any other deposited structure
of HMA domain, the programme did not find a suitable homology model to build the structure.
Moreover, we did not know what could possibly PWL2 look like, therefore we could not use any
available structure as a model. Additional attempts to solve the PWL2/0OsHIPP43 structure using
available structures of HMA domains as templates also failed to position any protein molecules. At
this time, we recognised that the PWL2/0sHIPP43 complex contained 11 sulphur atoms present
within four cysteine and seven methionine residues. We hypothesised that the anomalous signal
from these sulphur atoms may be sufficient to position these atoms and allow structure solution
by single-wavelength anomalous diffraction (S-SAD). To do this, the same crystals used for the
previous data collection were used, with an X-ray wavelength of 1.9 A. Remarkably, we were able
to collect 12 datasets from one of these crystals. We subsequently focussed on 9 of these datasets,
those which showed the best quality, to combine and further analyse. Each of these 9 data sets

comprised 3600 images, with an oscillation angle of 0.1°.

Data reduction was carried out using the autoPROC (Native data, (Vonrhein et al., 2011)), and
xia2.multiplex (S-SAD data, (Gildea and Winter, 2018, Beilsten-Edmands et al., 2020)) pipelines with
the scaled (but unmerged) data imported and processed with AIMLESS (as implemented in CCP4i2)
(Winnetal., 2011, Evans and Murshudov, 2013). As expected, unit cell parameters were very similar
as the data was collected from the same crystal and were calculated as, a= 63.16, b= 63.16, c=
198.21, a= B=90, y=120 for the Native dataset, and a= 63.30, b= 63.30, c= 198.47, a= =90, y=120,
for the S-SAD data. Both datasets were processed in the space group P 6; 2 2 to a maximum
resolution of 1.8 A and 2.8 A respectively. The overall Rmerge for the Native and S-SAD datasets are
8.7% and 13.5%, respectively. The overall data collection statistics are presented in Table 6-3.

Notably, the S-SAD dataset had an overall redundancy of 295.

The structure was solved by the SAD method using the CRANK2 pipeline as implemented in CCP4i2
(Skubak and Pannu, 2013, Skubak et al., 2018). This pipeline built an initial model of the structure,

with 188 amino acids successfully positioned, and initial R-factor of 28.25% and Rfee Of 36.35%. This
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model was then used to solve the Native dataset (that was obtained at higher resolution) by

molecular replacement with PHASER (McCoy et al., 2007). To arrive at the final structure, a series

of manual rebuilding, refinement and validation steps were carried out using REFMAC (Murshudov

etal.,2011) and COOT (Emsley et al., 2010). At the final stages of refinement, translation-liberation-

screw (TLS) parameters were included (setting the TLS groups to be automatically defined), to

reflect anisotropic displacement of the defined groups of atoms (Winn et al., 2003). The TLS

parameters were refined over 10 cycles prior to the main refinement, with the automatic weighting

of the geometric restraints against the experimental data.

Table 6-3. X-ray data collection and refinement statistics for PWL2A/OsHIPP43 complex.

Data Collection and Refinement Table

PWL2/OsHIPP43

PWL2/OsHIPP43

Data collection statistics Native S-SAD
Wavelength (A) 0.9795 1.90
Space group P6:22 P6122

Cell dimensions
a, b, c(A)
Resolution (A)*
Rmerge (%)

I/ol

Completeness (%)
Overall
Anomalous
Unique reflections
Redundancy
Overall
Anomalous
CC(1/2) (%)

Refinement and model
statistics
Resolution (A)
Rwork/Rfree (%)
No. atoms
Protein
Ligand
B-factors
Protein
Ligand
R.m.s deviations
Bond lengths (A)
Bond angles (°)
Ramachandran plot (%)**
Favoured
Allowed
Outliers
MolProbity Score

63.16 63.16 198.21
54.70-1.80 (1.84-1.80)
8.7 (169.8)
31.1(2.9)

100.0 (100.0)
100.0 (100.0)
22749 (1291)

36.9 (38.4)
20.3 (20.5)
100.0 (91.5)

54.76-1.8 (1.84 — 1.80)
18.5/21.3

1473
175

21.72
45.59

0.0138
1.77

97.81
2.19
0.00

1.1

63.30 63.30 198.47
54.82-2.80 (2.95-2.80)
13.5 (43.3)

70.5 (28.3)

100.0 (99.8)
100.0 (100.0)
6420 (888)

295.3 (230.7)
173.7 (129.2)
99.8 (99.8)

*The highest resolution shell is shown in parenthesis.

**As calculated by MolProbity
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The final refined R-factors for the model were 18.5/21.3% (Rwork/Rfree). In the final model, residues
Gly?, Pro! (the remaining residues after tag removal), Gly-22 (at N-terminus) and Arg-135 (at C-
terminus) were excluded from the PWL2 structure due to poor electron density defining their
position. For the same reason, Met? was also excluded from the OsHIPP43 structure (the Met
residue was added to the sequence to enable the expression of the protein). Therefore, the final
structure comprised amino acids Gly-23 to His-134 of PWL2, and Arg-26 to Met-100 of OsHIPP43.

Moreover, 203 water molecules were built in the final model.

In addition to the tools available in COOT, | validated the final model using MolProbity (Chen et al.,
2010), which assesses the quality of structures based on steric clashes and protein geometry. The
phi (¢) and psi (P) dihedral angles of the amino acids can be graphically represented as a
Ramachandran plot, defining the combinations of ¢ and { that are favoured in protein structures.
The Ramachandran plot for the refined model of PWL2/0OsHIPP43 showed that 97.81% (180 out of
183 amino acids) of the residues were in favoured configurations and no outliers were present in
the structure (Figure 6.7). Amino acid side chain rotamer analysis revealed that only one residue,
Ser-56 of PWL2 was classified as an outlier. This residue was inspected, and the electron density did

not support any other more favourable rotamer.
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Figure 6.7 Ramachandran plots for the PWL2/OsHIPP43 structure.

All residues were in the allowed regions, with 98.36% (180/183) of the residues lying within
favoured regions (green area). Analysis and plots were made by MolProbity.
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6.2.4 The crystal structure of the PWL2/0OsHIPP43 complex

As expected, the HMA domain of OsHIPP43 adopts the well-characterised HMA fold (Pfam:
PF00403) that consists of a four-stranded antiparallel B-sheet and two a-helices. Each of these
secondary structures comprise 27.3% of the overall secondary features content of the protein,
which is more than calculated from the CD spectrum presented in Chapter 4 (combined B-sheets
and a-helices were predicted to constitute 38% of the protein). The metal-binding motif MxCxxC
(here MDCEGC) faces away from the interaction interface with PWL2 and lies in a loop between B1

and al, where the Cys-39 and Cys-42 form a disulphide bridge (Figure 6.8 A, B, C).

In the structure of PWL2, three predominant overall structural features can be distinguished (Figure
6.8 A, B, C). The N-terminal region adopts a MAX fold, characterized by 6 antiparallel B-strands
arranged in a B-sandwich. This fold spans residues Trp-25 to Pro-85. Following the region that
adopts the MAX fold, amino acids His-87 to His-100 form an a-helix. Finally, the C-terminal part of
the protein (residues Gly-101 to His-134) forms a loop structure without a-helices or B-strands
(apart from short B-strand formed between Tyr-111 to Asn-113). Interestingly, this part of PWL2
wraps around the structure of OsHIPP43 forming extensive interactions between the two proteins
(Figure 6.8 A, B, C). Overall, the content of a-helices, B-sheets and loop regions for PWL2 accounts
for 12.3%, 34.2% and 53.5% respectively, which is not in agreement with the interpretation of the
CD spectrum presented in Chapter 4, where the proportions of these structures (helices, sheets and
loops respectively) were calculated to constitute 24.6%, 11.7% and 63.6% of the protein. However,
both results agree that more than half of the PWL2 structure lacks secondary structure features. It
is important to remember that analysis of the CD spectrum is only an estimation, and the data was
collected for PWL2 only, whereas the structure of PWL2 was obtained in the complex with its

interactor.
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Figure 6.8 Crystal structure of PWL2/OsHIPP43 complex.

A) The molecular surface of PWL2/0sHIPP43. B) Separate structures of PWL2 (pink) and OsHIPP43
(blue) with indicated secondary structures. The disulphide bridge in OsHIPP43 is represented as
yellow bond. C) Secondary structures mapped on proteins’ sequences. Underlined residues form the
polymorphic region in PWL2 alleles. Residues in grey are not represented in the structure.
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The interface formed between PWL2 and OsHIPP43 is extensive. Analysis using QtPISA (Krissinel
and Henrick, 2007, Krissinel, 2010) reveals 25.1% and 38.2% of the total accessible surface area of
the effector (1919.2 A%) and the HMA domain (2033.9 A?) respectively is buried in the complex. The
total interface area (the average of the two individual areas) for the PWL2/0OsHIPP43 complex is
1976.9 A? (Figure 6.9), which is more than twice as large as any of the Pik-HMA/AVR-Pik complexes
determined to date. For example, the total interface area of the Pikp-HMA/AVR-PikD complex is
966.6 A? (Magbool et al., 2015).

The interaction interface between PWL2 and OsHIPP43 is formed by more than a half of the
residues of each protein. QtPISA analysis showed that 62 residues (55.4%) of PWL2 and 45 residues
(60%) of OsHIPP43 are involved in formation of the interface, and form in total 37 hydrogen bonds
and 9 salt bridges (Figure 6.9). Upon detailed manual inspection, | identified several residues that
are likely to be important for the interaction between PWL2 and OsHIPP43 and these can be

grouped into three interfaces (Figure 6.10).

The first interface is located in the core part of structure (within the MAX fold region), surrounding
B2 of PWL2 and B2 of OsHIPP43. At the beginning of B2 of PWL2, Arg-37 forms a salt-bridge
interaction with Glu-43, located at the beginning of al of OsHIPP43 (Figure 6.10). A large part of
this central interface is formed by interaction between backbone atoms of 2 of PWL2 and 2 of
OsHIPP43. Additionally, Ser-40 and Ser-42 of PWL2 form hydrogen bonds with Lys-47 located on al
of OsHIPP43. Finally, Lys-51 (located also on the al of OsHIPP43) forms a salt bridge with Glu-89
from al of PWL2 (Figure 6.10).

The second interface is formed by the loop between B3 and B4 of PWL2. Residues Asn-52 (end of
B3) and Asp-62 (beginning of B4) of PWL2 form a range of hydrogen bonds with Asn-32 (located at
B1 of OsHIPP43), and Arg-67 and Thr-69 located at 3 of OsHIPP43 (Figure 6.10).

Finally, the third interface is formed by the large C-terminal loop region of PWL2 (spanning residues
Gly-101 to His-134) that wraps around the structure of OsHIPP43. Tyr-111 (located at the end of
short B7) docks into the structure of OsHIPP43, where it is surrounded by Ser-52 and Met-53,
positioned on the loop between al and 2, and Arg-82, located at a2, of OsHIPP43. Further, Trp-
119 and Tyr-123 form stacking interactions with the hydrophobic chain of Arg-54 of OsHIPP43,
forming a sandwich-like structure that may contribute to the overall stability of this region (Figure

6.10).
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DS
SB
PWL2/0OsHIPP43
IA: Interface area 1976.9 A
DG: Solvation energy -7.1 kcal/mol
BE: Binding energy -26.9 kcal/mol
PV: Hydrophobic P-value 0.3876
HB: Hydrogen bonds 37
SB: Salt bridges 9
DB: Disulphide bonds 0

Figure 6.9 Analysis of interaction interface of the PWL2/0OsHIPP43 complex.

Radar plot produced by QtPISA provide a visual representation of the binding interface of the
PWL2/0sHIPP43 complex. The polygon area of the radar represents the probability of the interface
to be a part of biological assembly based on statistical analysis of all interfaces found in the Protein
Data Bank. The parameters represented in the radar are defined in the table underneath the panel.
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Interface 3

Figure 6.10 PWL2 forms a vast binding interface with OsHIPP43.

PWIL2 (pink) wraps around the OsHIPP43 (blue) forming a vast interaction interface. The ovals show
a close-up view of the interactions across the interface. Side chains are represented as sticks.
Hydrogen bonds are represented as black dashes between the residues. Blue dots represent water
molecules.
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6.2.5 Validation and functional analysis of the PWL2/OsHIPP43 crystal structure

To identify which residues are crucial for the interaction between the PWL2 and OsHIPP43, |
designed seven single point mutations aimed at disrupting the binding between the two proteins.
Five mutations were designed to introduce charged and steric clashes across the interface between
the proteins: Serd42Arg, Asn52Arg, Asp62Arg, Glu89Arg and TyrlllArg. The two remaining
mutations: Trpl119Asp and Tyr123Asp were designed to disrupt the hydrophobic interaction
between the aromatic residues of PWL2 and the long side chain of Arg-54 of OsHIPP43. | did not
mutate the Arg-37 residue of PWL2 that forms the salt bridge with Glu-43 of OsHIPP43, as |
hypothesised that any steric clash introduced in that region could be accommodated, given that

this residue is positioned at the surface of the complex.

| tested whether any of the mutants would break the perception of the effector by the chimeric
Pikm-1911PP43/pikp-2 receptor in planta. The coding sequence of PWL2 mutants were synthesised
commercially (IDT) and cloned under control of the AtUbil0 promoter and with a C-terminal Myc-
tag. These constructs were transformed into A. tumefaciens and transiently co-expressed with the
Pikm-1911PP43/pikp-2 NLR pair in N. benthamiana plants as described previously in Chapter 1
(p.119). As presented in Figure 6.11 A, none of the mutants tested were able to escape perception
by the receptor, with all mutants triggering a strong cell death response upon co-expression. AVR-
PikD served as a negative control, and did not trigger any responses. Western blot analysis showed
that all the effectors were expressed to similar level, apart from PWL2"'!R that could not be
detected (Figure 6.11 B), despite triggering a cell death response in the in planta assay. This
indicates that the PWL2/0OsHIPP43 binding interface is complex and single mutations may not

overcome the additive effect of the other residues that contribute to binding.
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Figure 6.11 All single mutants of PWL2 are perceived by the chimeric Pikm-12"!""3 receptor.

Indicated proteins were transiently overexpressed using agroinfiltration. A) Leaf picture was taken
at 5 dpi under the UV light, which allows to visualise the cell death response as green fluorescence.
B) Western blot showing that all the effectors (apart from PWL2YR) were expressed and
accumulated to detectable level.

Based on this | hypothesised that introducing a mutation in only one of the interfaces may not be
enough to disrupt the binding between PWL2 and OsHIPP43, and several more spatially dispersed
mutants may be required. Therefore, | introduced one mutation in each of the described interfaces
and designed two triple mutants of PWL2. One mutant carried Ser42Arg, Asn52Arg and Trp123Asp
mutations, and was designated as PWL2°NW, while the second mutant combined the GIu89Arg,
Asp62Arg and Tyr119Asp mutations, and was designated as PWL2EPY. Additionally, | cloned a
septuple mutant that combines all seven mutations previously listed, and this was designated as
PWL2SNPEYWY | cloned PWL2SMW, PWL2EPY and PWL2SNPEYWY and tested whether they can escape
perception by the Pikm-1%"PP43/pikp-2 receptor in the cell death assay. Surprisingly, the triple

mutants PWL2EPY and PWL2"W were still perceived and triggered strong cell response when co-
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expressed with Pikm-191PP43 and Pikp-2 (Figure 6.12 A). Only the septuple mutant PWL2NPEYWY 3¢
not perceived and no longer triggered cell death, despite being expressed and accumulated to the
detectable level as shown by western blot analysis (Figure 6.12 B). These results show that the
binding interface between PWL2 and OsHIPP43 is complex and introducing even triple mutations

in the described binding interfaces are not sufficient to break the overall interaction.
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Figure 6.12 Septuple mutant PWL2"N°E"WY js hot perceived by chimeric Pikm-1°"'PP43 receptor.

Indicated proteins were transiently overexpressed using agroinfiltration. A) Leaf picture was taken
at 5 dpi under the UV light, which allows to visualise the cell death response as green fluorescence.
B) Western blot showing that all the effectors were expressed and accumulated to detectable level.
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To confirm that the loss of perception in the cell death assay was due to disrupted binding between
PWL2SNPEYWY and OsHIPP43, | purified the PWL2SNPE™WY protein and tested whether it would still
interact with the OsHIPP43 in the ITC experiment. PWL2NCEYWY was expressed with a GB1-tag
following the protocols previously described (see Chapter 4 (p. 106)) and obtained the final protein,
which was of sufficient amount and purity for biophysical analyses. Analysis of PWL2NPEWY ysing
CD showed that the protein is folded in similar overall pattern as wild type PWL2. This indicates

that the introduced mutations did not disrupt the overall protein secondary structure (Figure 6.13).
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Figure 6.13 CD spectrum of PWL2 and PWL25NDEYWY,

Analysis of the spectrum suggests that both proteins adopt similar folding pattern.
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However, due to potential intrinsically disordered nature of PWL2, the interpretation of this result
should be made with caution and other techniques need to be used to confirm that the structural
nature of the PWL25NPE"WY remains similar wild type. To investigate this, | used analytical size-

2SNDEYWY ramains similar to

exclusion chromatography to see whether the elution profile of PWL
PWL2. Interestingly, significant shift of the elution peak was observed in the chromatogram, when

compared to the wild type PWL2 (Figure 6.14 A).
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Figure 6.14 Analytical size-exclusion chromatography traces of PWL2 and PWL25NDEYWY,

Shift of the elution peak of PWL2*"PEYWY indicates that introduced mutations changed the biophysical

properties of the protein. B) SDS-PAGE gel showing proteins eluted under the peaks.

This indicates that the PWL2SNPE"WY might adopt a differently folded form compared to wild type.
This could affect the retention time on the column, as unfolded proteins can display the properties
of smaller proteins (hence the later elution (peak shift to the right) observed for PWL25NPEYWY) SDS-
PAGE analysis of the eluted proteins shows that the shift of the peak is not a result of protein
degradation (Figure 6.14 B). The other possible explanation is that introduced mutations altered
the overall folding of the protein, allowing certain hydrophobic residues to be exposed that could
generate nonspecific interactions with the resin of the column and delay elution from the column.
Finally, we cannot exclude the possibility that the introduced mutations disrupt the potential self-
association properties of PWL2, and the observed elution peak is actually characteristic for the
monomeric PWL2. Although at this stage it is hard to conclude how disruptive the introduced
mutations were for the overall folding of PWL2, | tested whether it would still interact with

OsHIPP43 in an ITC experiment.
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ITC experiments were set up as described previously, placing concentrated (300 uM) OsHIPP43 in

25NDEYWY at

the syringe and injecting it into the experimental cell containing the purified PWL
concentration of 20 uM. As shown in Figure 6.15, the binding between the two proteins was
completely disrupted, and no heat exchange was measured upon injection. This indicates that

PWL2NPEYWY no Jonger interacts with OsHIPP43, correlating with lack of perception in the cell death

assay.
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Figure 6.15 PWL2SNPEYWY does not bind OsHIPP43 in vitro.

Upper panel- representative isotherm showing lack of heat exchange upon the injection of the HMA
into the cell containing the effector. Middle panel- Integrated heats of injection from the technical
replicates and global fit to a single site binding model calculated using AFFINImeter. Lower panel-
calculated difference between predicted value of measurement (by global fit) and actual
measurement.
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As previously discussed, due to the rather extreme changes introduced into PWL2 to generate the
PWL2SNPEYWY yariant, the disrupted binding with OsHIPP43 might be a result of misfolding of the
effector, rather than targeted disruption of the binding interface. To investigate whether structure-
guided mutations can decrease the binding affinity between the PWL2 and OsHIPP43 in vitro, |
purified and tested in ITC the binding of PWL2\W, even though this was still perceived by the
chimeric Pikm-1°HPP43 receptor in the cell death assays. | purified the PWL2°"Y with a GB1-tag, as
described previously. The subsequent analysis of the sample by the CD revealed that PWL25"W
displayed similar secondary features as wild type PWL2 (Figure 6.16). Analysis with analytical SEC
showed that PWL2°"W was eluting at the same volume as the wild type PWL2 (Figure 6.17),
indicating that the introduced mutations did not alter the overall folding of the protein and its

properties in vitro.
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Figure 6.16 CD spectrum of PWL2 and PWL25\W,

Analysis of the spectrum suggests that both proteins adopt similar folding pattern.
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Figure 6.17 Analytical size-exclusion chromatography traces of PWL2 and PWL25\W,

A) Shift of the elution peak of PWL2NY indicates that introduced mutations changed the biophysical
properties of the protein. B) SDS-PAGE gel showing proteins eluted under the peaks.
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Using the same experiment setup as described previously, | tested the binding affinity between
PWL2NW and OsHIPP43 by ITC. Interestingly, analysis of the isotherms by the AFFINIMETER
software revealed that the proteins still bind with an affinity at the nanomolar range (Figure 6.18)

(Kg=357 nM) similar to the the Ky measured for the wild type PWL2 (191 nM).
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Figure 6.18 PWL25\W binds OsHIPP43 with nanomolar affinity.

Upper panel- representative isotherm showing heat exchange upon the injection of the HMA into
the cell containing the effector. Middle panel- Integrated heats of injection from the technical
replicates and global fit to a single site binding model calculated using AFFINImeter. Lower panel-
calculated difference between predicted value of measurement (by global fit) and actual
measurement.

These results indicate that the binding interface between PWL2 and OsHIPP43 is complex and can
accommodate quite severe changes of amino acids designed to introduce steric and charged
clashes within the interaction interface. This data suggests that to escape perception by the
chimeric Pikm-19H1PP43 receptor, major changes must be introduced into the effector that might

result in its misfolding or changes in its biochemical properties.
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6.3 Discussion

In this Chapter, | described the X-ray crystal structure and characterisation of the PWL2 effector in
complex with OsHIPP43. PWL2 adopts the characteristic MAX fold and therefore can be classified
as a MAX effector, alongside other characterised effectors from M. oryzae including: AVR-PikD,
APikL2, AVR-Pia, AVR-Pib, AvrPiz-t and AVR1-CO39 (Bentham et al., 2021a). Validation of the crystal
structure through structure-guided mutations aimed at breaking the interaction between PWL2
and OsHIPP43 showed that the binding interface between these two proteins is extensive, and all
single mutations can be accommodated within the structure, without affecting perception in the

cell death assay.

6.3.1 PWL2 might be intrinsically disordered protein that folds upon binding to its
interactor

In line with reports previously published in the literature (Schneider et al., 2010), PWL2 lacks major
secondary structure features in solution and is readily digested by trypsin. Based on results in
Chapter 4, | hypothesised that PWL2 may be highly unstructured in solution (or even intrinsically
disordered), but may become fully folded upon binding its interactor. When the PWL2/0OsHIPP43
complex was subjected to trypsin digest, | observed a 10 amino acid truncation at the C-terminus,
leaving the rest of PWL2, and the entire OsHIPP43, intact. Subsequently, this complex was
successfully crystallised. Ultimately, to confirm whether PWL2 is highly unstructured,

complementary techniques, such as NMR, could be used (Fu and Vendruscolo, 2015).

Intrinsically disordered proteins (IDPs) are a change in the structure-function paradigm in protein
world and are abundant in the proteomes of all the organisms (Uversky, 2010, Xue et al., 2012).
They are usually enriched in charged amino acids that stabilise their unfolded state in hydrophilic
cytoplasmic environment (Uversky et al., 2000). IDPs that undergo conformational changes in order
to perform their biological function are called “inducible foldons” (Uversky, 2019). This can be
dependent on several factors like environment (including temperature and pH) (Uversky et al.,
1999, Uversky et al., 2002, Permyakov et al., 2003), post-translational modifications (Firman and
Ghosh, 2018) or presence of the interactors (Tobi and Bahar, 2005, Zhang et al., 2013a). They can
adopt different conformation depending on the interactor (Wright 2009), or part of the protein can
remain disordered (fuzzy) (Gunasekaran et al., 2004), where the disordered part can still act as an
epoxy for post-translational modifications (Sharma et al., 2015). Interestingly, disordered proteins

can still have very high affinity to their interactors (Borg et al., 2007, Borgia et al., 2018).
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6.3.2 PWL2 possesses MAX fold and large C-terminal extension

The crystal structure of the PWL2/0OsHIPP43 complex revealed PWL2 to be a MAX effector. The
characteristic B-sandwich fold of this family is located at the N-terminal part of the protein and is
structurally most similar to the AVR-Pib effector (Figure 6.19, Figure 6.20 A), according to the Dali
search (Holm, 2020), with RMSD 1.19 A as calculated by ChimeraX software (Pettersen et al., 2021).
Unlike the other MAX effectors, PWL2 has a large C-terminal extension that contains an a-helix and
loop region that wraps around its interactor, OsHIPP43, in the complex. The a-helix contains
residues 89EDKS92 that comprise the polymorphic region between PWL2 alleles. These residues
mostly face away from the interface with OsHIPP43, with the exception of Glu-89. Mutating this
residue to arginine did not break the interaction between PWL2 and OsHIPP43, suggesting it is not
crucial for the interaction. The position of the polymorphic region suggests that OsHIPP43 is not
involved in natural resistance to M. oryzae isolates expressing PWL2 alleles detected in weeping
lovegrass, as it can be predicted that the binding between PWL2 and OsHIPP43 would not be
affected by the polymorphisms present in the other alleles of PWL2. Mutations introduced into the
C-terminal loop region of PWL2 did not disrupt the binding between PWL2 and OsHIPP43,
suggesting that this region can be flexible in accommodating certain changes. The lack of secondary
structures in this region raises the question of whether it could fold differently when binding to a
different target? To date, we do not have evidence that OsHIPP43 is a biological target of PWL2,
and it seems like natural resistance to PWL2 is based on different interface than formed with
OsHIPP43 (Sweigard et al., 1995). This implies that there might be an alternative or additional
interactor for PWL2 in nature and this interaction might cause the PWL2 to fold alternatively than
it is when in complex with OsHIPP43. Although we do not know the biological significance of the

PWL2/0OsHIPP43 interaction, these findings are still useful for engineering new recognition

specificity.
No: Chain Z rmsd lali nres %$id PDB Description
l:] l: 5zlv-B 6.6 1.9 54 61 20 PDE MOLECULE: AVRPIB PROTEIN;
[:l 2: 6xr5j-C 4.8 2.3 57 68 21 PDE MOLECULE: UNCHARACTERIZED PROTEIN;
l:] 3: 2lwé-A 4.7 2.4 65 g0 18 PDBE MOLECULE: AVRPIZ-T PROTEIN;
l:l 4: Zmyv-A 4.4 2.2 57 79 16 PDE MOLECULE: UNCHARACTERIZED PROTEIN;
l:] 5: Z2mm2-2A 4.4 2.4 54 65 13 PDBE MOLECULE: TOXB:;
[:l 6: 6fub-B 4.3 2.6 57 83 16 PDBE MOLECULE: AVR-PIXK PROTEIN;
]:] 7: Zmyw-A 3 2.5 54 79 11 PDE MOLECULE: AVR-PIA PROTEIN;

Figure 6.19 Dali homology search using PWL2 as query.

First seven hits of Dali search indicated MAX effectors.
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The PWL2/0OsHIPP43 interface partially resembles the binding interface formed between AVR1-
C0O39 and RGA5-HMA. In both complexes, the interaction between backbone atoms of the 2
strand of the effector and the B2 of the HMA domain forms a significant interface between the
proteins (Figure 6.20 B). In contrast, the PWL2/0sHIPP43 binding interface is completely different
from the one observed between AVR-PikD and Pikp-HMA, where the C-terminal B4 strand of Pikp-
HMA forms an antiparallel B-sheet with B3 strand of AVR-PikD, positioning the effector on the
opposite site of the HMA (Figure 6.20 C). The interaction interface of PWL2/OsHIPP43 complex is
more intricate than described for other effector/HMA structures, which might underlie the
differences in correlation between the cell death response and strength of binding between the

effector and its HMA interactor observed here.

6.3.3 Binding between PWL2 and OsHIPP43 cannot be easily compromised

In the field, plant-pathogen interactions undergo a constant evolutionary arms race, where
pathogens can escape perception by plant immune receptors by deleting or mutating effectors.
AVR-Pik effectors occur in an allelic series, where only certain variants are recognised by certain
Pik-1/Pik-2 receptors. It has been shown that single mutations introduced in the interfaces of the
effectors were sufficient to disrupt the binding between the effector and the integrated Pik-1-HMA
domain in vitro, which correlated with lack of response in in planta assays. No synonymous
mutations have been observed between the alleles of AVR-Pik effectors, suggesting strong positive
selection towards escaping perception (De la Concepcion et al., 2018). Introducing several
structure-guided single and triple mutations into sequence of PWL2, with the aim of interfering
with OsHIPP43 binding, did not prevent recognition of PWL2 in planta by the chimeric Pikm-19s"PP43
receptor. Only the septuple mutant was able to break the binding in vitro and escape perception in
the cell death assay. However, introducing such extreme changes in the protein resulted in altered
biophysical properties of PWL2, as shown by analytical size-exclusion chromatography. These data
suggest that introducing the Pikm-19"PP43 chimeric receptor in plants by generating stable
transformants might provide a durable resistance towards M. oryzae carrying PWL2 effectors.
Breaking the interactions between PWL2 and OsHIPP43 has proven challenging, and cannot be
achieved unless extreme changes are introduced into the effector. Such changes might result in loss
of effector function, which could affect the overall fitness of the pathogen making it an

unfavourable evolutionary path.
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OsHIPP43

AVR-PikD

Figure 6.20 Superposition of selected structures with PWL2/0sHIP43 complex.

A) PWL2/OsHIPP43 and AVR-Pib. B) PWL2/OsHIPP43 and AVR1-CO39/RGA5-HMA. ()
PWL2/0sHIPP43 and AVR-PikD/Pikp-HMA.
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Chapter 7

7 Recognition specificity of chimeric
receptor Pikm-10sHIPP43

7.1 Introduction

PWL2 belongs to a larger PWL effector family, whose other members include PWL1, PWL3 and
PWL4 (Kang et al., 1995). PWL2 shares amino acid sequence similarity to PWL1, PWL3 and PWL4 of
79%, 42% and 62%, respectively (signal peptide of these effectors was not included in the analysis,
Figure 7.1). Initially, PWL1 and PWL2 were described as host determinant factors (Magnaporthe
strains carrying PWL1 and PWL2 were unable to infect weeping lovegrass), whereas PWL3 and
PWL4 were described as non-functional. Further analysis revealed that PWL4 encoded a functional
protein when its expression was driven from the PWL1 or PWL2 promoter, with Magnaporthe
carrying pPWL1::PWL4 or pPWL2::PWL4 being non-pathogenic on weeping lovegrass, however this
was not demonstrated for PWL3. PWL3 and PWL4 were mapped to the same genetic locus, but
PWL1 and PWL2 are located at two different loci, suggesting only PWL3 and PWL4 are allelic (Kang
et al., 1995).

The PWL effectors are widely distributed across M. oryzae populations, including various host-
specific lineages that infect plants from different genera, including Oryza, Triticum, Digitaria,
Setaria, Eleusine, Eragrostis and more (Dr. Thorsten Langner, personal communication). Due to its
widespread distribution, the PWL effector family is an interesting target for engineering resistance
in crops. As highlighted in Chapter 6, conserved residues within the PWL effector family are
potentially important for interaction between PWL2 and OsHIPP43 (Figure 7.1, indicated in red
boxes). This suggests that PWL1, PWL3 and PWL4 could potentially bind to OsHIPP43.

In this Chapter, | set out to purify the effectors PWL1, PWL3 and PWL4, and measure their affinity
to OsHIPP43 in vitro. | also investigated whether PWL1, PWL3 and PWL4 can be perceived in planta
by chimeric receptor Pikm-19"PP43 These studies will shed light on the specificity of the Pikm-

10sHIPP43 receptor, and its potential utility for deploying in the field.
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Figure 7.1 Alignment of PWL effector family.

Alignment of PWL1, PWL2, PWL3 and PWL4 effectors using Clustal Omega. Signal peptides of the
effectors were not included in the analysis. Red boxes indicate residues identified as important for
interaction in PWL2/0OsHIPP43 complex, described in Chapter 6.
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7.2 Results

7.2.1 Purification of PWL1 and PWL4

To enable the biophysical characterisation of binding between PWL1, PWL3 and PWL4 to OsHIPP43,
| first set out to purify these effectors from E. coli. Initial expression and purification trials of PWL1
and PWL3 revealed that they are not stable in vitro, and they degrade to more stable products
truncated by 13 and 10 amino acids respectively at their C-terminus (Dr. Abbas Magbool, personal
communication). A construct for expression of 6xHis-GB1-PWL1A13 was kindly provided by Dr.
Abbas Magbool. To generate constructs for PWL3A10 and PWL4 expression, | PCR-amplified the
gene (using constructs provided by Dr. Vincent Were as template) and cloned into pOPIN expression
vectors (pPGN-C (Bentham et al., 2021b)) using Golden Gate and including 6xHis-MBP and 6xHis-
GB1 tags, respectively. In case of PWL3A10, an MBP tag was used to boost the protein expression,
as fusion with a GB1 tag did not result in sufficient yield (data not shown). The expression and
purification of PWL1A13 and PWL4 effectors were conducted as described for PWL2-3 in Chapter 4
(p. 106). Both purifications yielded high amounts of protein, although some contamination was
observed that may represent additional degradation (Figure 7.2 A, B). Attempts were made to
prepare samples to minimise the presence of degradation. The identity of each protein was
confirmed by intact mass spectrometry (Figure 7.2 C, D) and both PWL1A13 and PWL4 showed
similar features to PWL2 when analysed by circular dichroism spectroscopy (Figure 7.3), suggesting
a similar fold. Together, these data show that PWL1A13 and PWL4 are suitable for further

experiments.
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Figure 7.2 Purification of PWL effectors from E. coli.

SDS-PAGE gels showing fractions from final size-exclusion chromatography (SEC) from A) PWL1A13
and B) PWL4 purifications. C) Measured intact mass (12639.77 Da) of PWL1A13 almost exactly

matches the predicted mass (12638.83 Da). D) Measured intact mass (13171.05 Da) of PWL4 exactly
matches the predicted mass (13171.06 Da).
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Figure 7.3 CD spectrum of PWL1A13, PWL2 and PWLA4.

Analysis of the spectrum suggests that all the proteins adopt similar folding pattern. PWL2
spectrum is identical as presented in Chapter 4, here included for comparison.

7.2.2  Purification of PWL3

Expression and purification of PWL3 proved to be more challenging. Initial expression in E. coli did
not give sufficient yield for further experiments, even upon scaling up the production (16 L of
medium vs regular 8 L, see Materials and Methods, p. 56) (Figure 7.4 A). After further purification
steps (tag cleavage and removal), the protein was still significantly contaminated (Figure 7.4 B),
although this contamination could be separated by a final size-exclusion chromatography (SEC) step
(Figure 7.4 C). Peptide mapping analysis by mass spectrometry showed the lower molecular mass
band on the gel comprised PWL3A10, therefore fractions in lanes 6 - 10 on the SDS-PAGE gel from
the final SEC purification step (Figure 7.4 C) were selected for further analysis. Due to time
constraints the purification of PWL3 could not be optimised. However, enough PWL3 was produced

for preliminary ITC experiments.
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Figure 7.4 Purification of PWL3A10 from E. coli.
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A) SDS-PAGE gel showing Whole cell and Soluble fractions from E. coli expressing pOPIN-
M:PWL3A10. Further lanes show fractions corresponding to the indicated fragment of SEC trace. B)
SDS-PAGE gel showing fractions before and after cleavage of the tag, and subsequent steps of

manual purification. C) SDS-PAGE gel showing fractions from final SEC.
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7.2.3 PWL1, PWL3 and PWL4 bind OsHIPP43 in vitro

As for PWL2 alleles, PWL2-2 and PWL2-3 (Chapter 4), | also did not use analytical SEC for a
qualitative assessment of an interaction between PWL effectors and OsHIPP43, and proceeded
immediately to the ITC analysis. The experiments were set up as described for PWL2 in Chapter 4
with the effectors placed in the experimental cell at concentration of 20 uM, and OsHIPP43 was
placed in the syringe at 300 uM (for details see Materials and Methods, p. 59). The isotherms
obtained were subsequently analysed with the AFFINIMeter software. Both PWL1A13 and PWL4
displayed binding to OsHIPP43 in vitro, with K;= 147 nM and Ky= 124 nM, respectively (Figure 7.5).
Both effectors also demonstrated high heat exchange upon binding to OsHIPP43: AH = -81.5
kcal/mol and AH =-80.2 kcal/mol for PWL1A13 and PWL4 respectively. These values are very similar
to the values obtained of PWL2 binding to OsHIP43 (Kys= 191 nM and AH = -67.6 kcal/mol).

Analysis of interaction between PWL3A10 and OsHIPP43 could not be optimised due to time
constrains, and insufficient amount of purified PWL3A10. However, the preliminary data collected
was analysed with the AFFINIMeter software. This analysis showed that PWL3A10 binds OsHIPP43
with Kg= 1.04 uM (Figure 7.6), which is one order of magnitude less than measured for other
effectors in this study. The heat exchange for the PWL3A10/0sHIP43 interaction was around two
times lower than measured for other PWL effectors, with a value of AH = -35.5 kcal/mol. These
results need repetition, optimisation and validation. However, this work is beyond the scope of this

thesis.

Although characterisation of the PWL3A10/0sHIPP43 binding requires further optimisation and
confirmation, these results show that all the PWL effectors tested: PWL1A13, PWL3A10 and PWL4
display affinity to the OsHIPP43 in vitro, and PWL1A13 and PWL4 binds the OsHIPP43 with the same
strength as PWL2. To see if in vitro binding correlates with response in planta, | sought to determine
whether the chimeric Pikm-19"1"P43 receptor could respond to PWL1, PWL3 and PWL4 in cell death

assay.
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Figure 7.5 PWL1 and PWL4 bind OsHIPP43 with nanomolar affinity.

A) PWL1A13 and B) PWL4 interact with OsHIPP43 in vitro. Upper panel- representative isotherm
showing heat exchange upon the injection of the HMA into the cell containing the effector. Middle
panel- Integrated heats of injection from the technical replicates and global fit to a single site
binding model calculated using AFFINImeter. Lower panel- calculated difference between predicted
value of measurement (by global fit) and actual measurement.
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Figure 7.6 PWL3 binds OsHIPP43 with micromolar affinity.

Upper panel- representative isotherm showing heat exchange upon the injection of the HMA into
the cell containing the effector. Middle panel- Integrated heats of injection from the technical
replicates and global fit to a single site binding model calculated using AFFINImeter. Lower panel-
calculated difference between predicted value of measurement (by global fit) and actual
measurement.
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7.2.4 In planta recognition of PWL1, PWL3 and PWL4 by chimeric Pikm-10sH1PP43

| cloned the full-length sequences of PWL1, PWL3 and PWL4, only lacking the signal peptides, into
plant expression vectors via Golden Gate cloning with a C-terminal 4xMyc tag, and under control of
the AtUbi10 promoter for cell death assays. Subsequently, | co-expressed these effectors with Pikm-
10H1PP43 and Pikp-2 receptors in N. benthamiana leaves, along with PWL2 and AVR-PikD that served

as a positive and negative control, respectively.

Each of the effectors PWL1, PWL2, PWL3 and PWL4, but not AVR-PikD, were recognised by the
chimeric Pikm-1°HPP43 receptor and triggered strong cell death upon co-expression (Figure 7.7 A).
Analysis by western blot showed the presence of PWL1, PWL2 and AVR-PikD could be detected, but
not PWL3 and PWL4, indicating that these two effectors might be less stable on overexpression in

planta and not suitable for detection by western blot analysis.
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Figure 7.7 PWL1, PWL2, PWL3 and PWL4 are perceived by the chimeric Pikm-1°HP?43 receptor.

Indicated proteins were transiently overexpressed using agroinfiltration. A) Leaf picture was taken
at 5 dpi under the UV light, which allows to visualise the cell death response as green fluorescence.
B) Western blot showing that PWL1, PWL2 and AVR-PikD were expressed and accumulated to
detectable level. PWL3 and PWL4 could not be detected, despite triggering a response in the cell
death assay.
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To troubleshoot this, | cloned and tested C-terminally truncated and N-terminally tagged variants
of PWL3 and PWL4: PWL3A10:Myc, PWL4A3:Myc, PWL4A7:Myc, Myc:PWL3 and Myc:PWLA4. For
consistency, | also cloned corresponding constructs for other effectors: PWL1A11:Myc,
PWL2A10:Myc, Myc:PWL1 and Myc:PWL2. | used wild type PWL2:Myc and PWL2NPEYWY 35 positive
and negative control, respectively. The presence of all the effector variants was perceived by Pikm-
10sHIPP43 /pikp-2 (apart from PWL2NPE"WY) (Figure 7.8 A, C). However, consistent with previous result,
PWL3 and PWL4 constructs could not be detected on western blot (Figure 7.8 B, D). Interestingly,
N-terminally tagged Myc:PWL1 and Myc:PWL2 also could not be detected on western blot (Figure
7.8 B, D), suggesting that N-terminal tagging of PWL effectors is not suitable for western blot

analysis.

Taken together, these results show that the chimeric Pikm-1°"""P43 receptor can perceive a wide
range of effectors belonging to the PWL family, which further strengthens its potential utility for

deployment in the field.
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Figure 7.8 Truncated and diffrentially tagged PWL effectors are perceived by Pikm-1°:11PP43,

Indicated proteins were transiently overexpressed using agroinfiltration. A) C) Leaf picture was
taken at 5 dpi under the UV light, which allows to visualise the cell death response as green
fluorescence. B) Western blot showing that N-terminally tagged PWL effectors are not detectable
with this technique. D) Western blot showing that PWL1A11, PWL2A10, PWL2 and PWL2NPE'WY were
expressed and accumulated to detectable level. PWL3A10 and PWL4A3 and PWL4A7 could not be
detected, despite triggering a response in the cell death assay.
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7.3 Discussion

The sequences of the PWL1, PWL3 and PWL4 effectors are divergent from the PWL2, only sharing
79%, 42% and 62% similarity with PWL2, respectively. In this Chapter, | demonstrated that all the
PWL effectors interact with OsHIPP43. The PWL1, PWL3 and PWL4 effectors each bind to OsHIPP43
in vitro within the micro- to nano-molar range, and all the effectors are recognised by the chimeric
Pikm-1911PP43 receptor when transiently expressed in planta. Together, these data suggest that PWL
effectors, despite diverse sequences, retain binding to the potential target, probably due to the
structure conservation. This strengthens the hypothesis that OsHIPP43 could be an actual biological

target of PWL effectors.

7.3.1 What makes OsHIPP43 an interesting target for PWL effectors?

To better understand its role in pathogenicity, it is important to elucidate the biological function of
OsHIPP43. Analysis reported by de Abreu Neto and colleagues (de Abreu-Neto et al., 2013) showed
that expression of OsHIPP43 was downregulated in Fe deficiency, but was not altered in response
to Cd, Pb or Cr (VI) deficiency, suggesting that OsHIPP43 might be involved specifically in iron
homeostasis in plants. It would be interesting to see whether its expression would be elevated in
presence of higher iron concentrations. If so, it would be possible that OsHIPP43 is responsible for
detoxification of plant cells by removing excess Fe. The canonical metal binding motif in HMA
proteins consists of MxCxxC residues (where x represents any amino acid). This motif is
degenerated in the integrated HMA domains (Magbool et al.,, 2015), but is conserved and
potentially functional in OsHIPP43 (formed by residues MDCEGC). This is expected, as all the HIPP
proteins are thought to be involved in heavy metal homeostasis, therefore should possess the
ability to bind the heavy metal atoms. However, | did not detect any heavy metal atom in the crystal

structure of OsHIPP43, and instead, a disulphide bond was found in the metal-binding loop.

The presence of this disulphide bond might be an artifact of protein production in a heterologous
system that specifically supports the disulphide bond formation. However, it is possible that special
environment conditions (e.g., redox potential) are required for a heavy metal to bind. In the crystal
structure, the metal binding loop of OsHIPP43 is facing away from the PWL2 binding interface, and
it seems likely that the role of the effector is not to compromise metal binding in the HMA protein.
AVR-PikD has been shown to stabilise its HMA targets in planta (Oikawa et al., 2020). It would be
interesting to see whether PWL2 also stabilises OsHIPP43. Such stabilisation, without compromising
the metal binding ability might promote removal of toxic ions from the host cell, which would be
beneficial for the pathogen. A similar mechanism has been reported for another rice pathogen,

Xanthomonas oryzae pv oryzae (Xoo) (Yuan et al., 2010), the causal agent of rice blight disease. Xoo
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is sensitive to Cu, and many pesticides based on copper proved to be effective in controlling rice
blight. Xoo secretes an effector that activates transcription of rice susceptibility gene Xal3 which in
turn, together with copper transporters COPT1 and COPT5, promotes removal of toxic Cu from

plant cells.

7.3.2 HMA proteins as susceptibility factors

HMA-containing proteins have been reported to be susceptibility factors multiple times (Oikawa et
al., 2020). AtHIPP3 is expressed in Arabidopsis upon inoculation with Pseudomonas syringae pv
tomato (but not when challenged with P. syringae hrc- mutant which is unable to deliver effectors.
Overexpression of AtHIPP3 affects expression of ca. 400 other genes. Analysis of expression
patterns revealed that it might play a role in negative regulation of the salicylate-dependent
pathway (Zschiesche et al., 2015). Intriguingly, some HIPPs have been shown to be susceptibility
factors for a wide range of pathogens (Radakovic et al., 2018). AtHIPP27 is important for the
nematode Heterodera schachtii, as its expression level was significantly elevated in syncytia and
Arabidopsis hipp27 knockout mutants were significantly less susceptible, although their level of
basal resistance, as measured by expression of defence marker genes and ROS burst upon flg22
treatment, remained the same (Radakovic et al., 2018). NbHIPP26 from N. benthamiana interacts
with the TGB1 protein from Potato mop-top virus (PMTV) and plays a role in viral long-distance
movement throughout the plant tissues (Cowan et al., 2018). OsHIPPQ5 from rice was described as
a major susceptibility factor upon challenging with rice blast. Knocking out HIPPOS5 in rice conferred
increased resistance to M. oryzae, and Arabidopsis lines overexpressing HIPPO5 become susceptible

to the pathogen (switching from non-host to a host status) (Nakao et al., 2011).

7.3.3 Effectors from the PWL family might be structurally conserved

Retaining binding to a putative biological target likely requires that effectors display similar
structural features, despite low sequence homology. The CD spectrum of PWL1 and PWL4 was
similar that of PWL2, indicating that PWL1 and PWL4 may also be highly unstrucutred before
binding to a target like OsHIPP43. Further experiments, such as limited trypsin digest, are required

to confirm this hypothesis.

AlphaFold2 is a recent breakthrough in the field of protein fold prediction (Jumper et al., 2021). It
can predict protein structures with high accuracy, even when no homologous model is available. |
used AlphaFold2 to predict the structures of PWL1, PWL3 and PWL4. The analysis revealed that all
the PWL effectors are predicted to contain the MAX fold (Figure 7.9 A), supporting the hypothesis
that they retained the same structural features despite diverging in sequence. Structure

comparison revealed that PWL1, PWL3 and PWL4 are very similar to crystal structure of PWL2 with
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RMSDs of 0.866 A, 0.949 A and 0.980 A, over 49, 66, 56 atoms respectively. Interestingly, the C-
terminal part of all the effectors was predicted to be largely unstructured (Figure 7.9 B).
Determination of crystal structures of PWL1, PWL3 and PWL4 in complex with OsHIPP43 is not only
important to confirm these predictions, but will also allow for the elucidation of how the
polymorphic residues in different PWLs are accommodated in the complex, or whether they
differentially contribute to binding. An alternative approach to confirm that the binding interface is
conserved between the PWL effectors is to find a combination of mutations (based on the
PWL2/0sHIPP43 structure) that disrupts the interaction between PWL2 and OsHIPP43, without
affecting biophysical properties of the effector, and subsequently test whether the same mutations
would disrupt binding between OsHIPP43 and PWL1, PWL3 and PWL4. However, this work is

beyond the scope of this thesis.

Figure 7.9 Structure prediction of PWL1, PWL3 and PWL4.

A) AlphaFold2 prediction of PWL1, PWL3 and PWL4 revealed that all these effectors possess a MAX
fold highly similar to the one present in crystal structure of PWL2. B) PWL1, PWL3 and PWL4
effectors are predicted to contain largely unstructured C-terminal region, similarly as observed in
crystal structure of PWL2.

The chimeric receptor Pikm-1°H"P*3 can perceive all tested members of PWL effector family. This
includes the PWL3 effector that is only 42% similar to the PWL2 in sequence and binds to the
OsHIPP43 with seemingly lower affinity (within the micromolar range). Despite the lower apparent
binding affinity of PWL3 to OsHIPP43, the Pikm-1%"PP43 seems an excellent candidate for field

deployment, as it still promotes cell death and may confer resistance to wide range of M. oryzae
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strains that express PWL effectors. This resistance may not be easily overcome by the pathogen, as
multiple alterations of the sequence cannot break the interaction between the PWL effector and
OsHIPP43, unless the biophysical properties of the effector (i.e., the fold) are changed. Gene loss
may be necessary to escape perception, which might come with a fitness cost and decreased

pathogenicity at the population level.

Taken together, these results demonstrate the potential of using potential biological targets of
pathogen effectors as integrated domains in engineering novel resistance in plants. It will be
interesting to test whether stable expression of Pikm-1%"PP43/pikp-2 in crops such as barley, rice

and wheat will provide resistance to M. oryzae strains carrying the PWL effectors.

178



3

The solution structure of
AVR-Pias






Chapter 8

8 The solution structure of AVR-Pias

8.1 Introduction

Recently discovered genetically linked CC-NLRs Pias-1 and Pias-2 from rice confer resistance to M.
oryzae strains carrying the AVR-Pias effector (Shimizu et al., 2021). Interestingly, Pias-1 shares
96.6% DNA sequence similarity with RGA4 and displays auto-activity when expressed alone in N.
benthamiana plants. However, Pias-2 has only 59.8% DNA sequence similarity to RGA5 and possess
different domain at its C-terminus, called DUF761 (Domain of Unknown Function 761). When
transiently overexpressed together, RGA5 can inhibit the auto-activity of Pias-1, however in
presence of Pias-2, the cell death triggered by Pias-1 seems to be enhanced, even in the absence of
the effector. This suggests different working model between these two pairs of NLRs (Shimizu et

al., 2021).

In rice, Pias-1/Pias-2 perceives the AVR-Pias effector, initially cloned from M. oryzae strain 2012-1.
AVR-Pias is 91 amino acids in length, and does not share any significant sequence similarity to any
other known effector. However, a Toxin18-like motif (12 amino acids) has been predicted at its C-
terminus. To date, despite several attempts, no direct interactions between AVR-Pias and Pias-2
have been detected. It is possible that recognition of AVR-Pias by Pias-2 might require an
intermediate interactor, as has been observed for AVR-Pii, which is recognised by the
corresponding NLR Pii-2 only when it is bound to its interactor Exo70-F3 (Fujisaki et al., 2015,
Fujisaki et al., 2017). However, to date, no direct interactors for the AVR-Pias effector have been

found, and its biological role has not been elucidated.

In this Chapter, | set out to purify and determine the structure of the AVR-Pias effector. This work

might inform the future directions for studies of the Pias/AVR-Pias system.
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8.2 Results
8.2.1 AVR-Pias can be purified from E. coli

The coding sequence of AVR-Pias effector was synthesised (IDT oligo) and cloned into the pOPIN-
M expression vector that fuses N-terminal 6xHis-MBP tag to the protein of interest. The sequence
was cloned without the predicted signal peptide, spanning residues Ala-18 to Glu-91. Analysis of
the amino acid sequence revealed presence of four cysteine residues, indicating a possibility of at
least one disulphide bridge in the protein. Therefore, | chose the E. coli SHuffle strain for expression
of the construct, as this strain better supports disulphide bond formation in the bacterial cytoplasm.
The construct was expressed on a small scale (2 L of LB medium vs. standard 8 L) and subsequent
steps to obtain clarified lysate were conducted as described previously (See Material and Methods,
p. 56). The lysate was incubated with 1 ml of Ni-NTA resin (equilibrated in the lysis buffer) for 20
min and transferred into a gravity-flow column. The resin was washed two times with lysis buffer
(5 ml/wash) and the protein was eluted with 1 ml of elution buffer containing 500 mM imidazole.
Samples were collected throughout the process and inspected by SDS-PAGE. The 6xHis-MBP-AVR-
Pias construct was well expressed and soluble (Figure 8.1 A). Although an intense band representing
the protein of interest can be observed in the elution fraction, the majority of the protein seemed
to be still in the flow through fraction, indicating that the resin used in this process was saturated
(Figure 8.1 A). The flow through fraction was subsequently loaded on AKTAxpress for IMAC coupled
with size-exclusion chromatography (SEC), as described for other protein purifications described in
this thesis (see Chapter 4 (p. 91)) (data not shown). Relevant fractions from the SEC were combined
and incubated with 3C protease overnight, and subsequently purified manually using HisTrap™ and
MBPTrap columns in tandem. As revealed by SDS-PAGE, AVR-Pias displayed weak affinity to the Ni-
NTA resin and was found in the flow through and Wash 1 fractions, when eluted with the low
concentration of imidazole (Figure 8.1 B). These fractions were combined and submitted for SEC.
SDS-PAGE indicated that the final product was smaller (ca. 6 kDa) than expected (8.1 kDa). However,
it was of very high purity, as a single band was observed on the gel (Figure 8.1 C). The protein was

directly submitted for crystallisation trials, as listed in Table 8-1
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Figure 8.1 Purification of AVR-Pias from E. coli.
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A) SDS-PAGE gel showing fractions from consecutive steps of manual purification of 6xHis-
MBP:AVR-Pias. B) SDS-PAGE gel showing fractions before and after cleavage of the 6xHis-MBP tag,
and subsequent steps of manual purification. C) SDS-PAGE gel showing fractions from final SEC.
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Initial screens resulted in many conditions showing crystalline precipitate, especially in the
Morpheus screen (Figure 8.2). However, due to its complex mix of precipitant conditions, this
screen is not straightforward to optimise. Before proceeding with further crystallisation trials, | sort
to confirm the integrity of the purified protein by mass spectrometry, to determine whether the
difference in observed and expected mass of the protein was due to protein degradation, or just an
artifact of the SDS-PAGE. The purified AVR-Pias effector was submitted for intact mass analysis and

tryptic digest mass fingerprinting by The Sainsbury Laboratory Proteomics Team.

Table 8-1 Crystallisation screens and conditions used for crystallisation of AVR-Pias.

Screen Protein concentration
JCSG 9 mg/ml and 4.5 mg/ml
Morpheus 9 mg/ml and 4.5 mg/ml
PEGs 9 mg/ml and 4.5 mg/ml

All screens are commercially available.

9 mg/ml

0.1 M bicine/Trizma 0.1 M MOPS/HEPES- 0.1 M bicine/Trizma
base pH 8.5 Na pH 7.5 base pH 8.5

10% w/v PEG 8000, 10% w/v PEG 8000, 10% w/v PEG 4000,
20% v/v ethylene 20% v/v ethylene 20% v/v glycerol
glycol glycol 0.02 M sodium I-
0.02 M 1,6-hexanediol, 0.02 M d-glucose, glutamate,

0.02 M 1-butanol, 0.02 M d-mannose, 0.02 M dl-alanine,
0.02 M (RS)-1,2- 0.02 M d-galactose, 0.02 M glycine,
propanediol, 0.02 M I-fucose, 0.02 M dlI-lysine HCl,
0.02 M 2-propanol, 0.02 M d-xylose, 0.02 M dl-serine
0.02 M 1,4-butanediol, 0.02M N-acetyld-

0.02 M1,3- glucosamine

propanediol

Figure 8.2 Initial crystallisation screens and conditions used for crystallisation of AVR-Pias
resulted in crystalline precipitate.

Representative pictures of crystalline precipitates obtained in indicated conditions.
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8.2.2 Intact mass spectrometry revealed that AVR-Pias was truncated

The intact mass analysis revealed two major peaks at 5830.78 Da and 5870.81 Da (Figure 8.3 A).
However, automated analysis did not find the corresponding fragment of the protein that would
match these masses. Interestingly, peptide mapping revealed that 96% of the AVR-Pias sequence
was present in the sample, with only three residues missing, Asp-35 to Lys-37 (Figure 8.3 B). This
suggested that AVR-Pias might be unstable at two different sites, and the break down products
display similar masses, unresolvable by SDS-PAGE. To further aid the identification of a stable AVR-
Pias fragment, | submitted the sequence for in silico analysis by the MoreRONN software (Yang et
al., 2005) that predicts the disordered regions of the proteins. This analysis predicted that N-
terminal part of AVR-Pias is disordered, with the ordered region only spanning the residues Arg-41
to Glu-91 (Figure 8.3 C). Analysis of the protein sequence truncated in that region revealed a mass
close to the one observed in mass spectroscopy (5830.78 Da) that spans residues Ser-39 to Glu-91
(predicted mass: 5834.81 Da). | hypothesised that the remaining difference of 4 Da might be a result
of potential formation of two disulphide bridges formed by the 4 cysteines present in the sequence.
Therefore, | generated a new AVR-Pias construct truncated to include this sequence, generating
AVR-Pias?**!, henceforth referred to as AVR-PiasA21, due to truncation of further N-terminal 21

amino acids (apart from signal peptide).
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Figure 8.3 Mass spectrometry analysis of AVR-Pias revealed an N-terminal truncation.

A) Intact mass spectrometry analysis of the AVR-Pias showed main peak at 5830.78 Da, which is
significantly lower than expected (8141.02 Da) B) Peptide mapping of the AVR-Pias revealed that
96% of the sequence can be detected in the sample. C) Disorder prediction by MoreRONN software.
Per-residue scores < 0.4 are denoted as blank spaces (predicted ordered region of the protein),
scores >= 0.4 and < 0.5 are shown as '-', scores >= 0.5 and < 0.6 are identified as '=', and scores >=
0.6 are denoted by '#' (predicted disordered region).
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8.2.3 Purification of AVR-PiasA21

This coding sequence was introduced into pOPIN-M via In-Fusion cloning and expressed in the E.
coli SHuffle strain. Subsequent steps of harvesting the cells, sonication and clarification of the lysate
were performed as described in Materials and Methods. Clarified lysate was loaded onto
AKTAxpress system and subjected to tandem IMAC and SEC. SDS-PAGE analysis revealed that the
protein was well expressed (Figure 8.4 A). Fractions under the elution peak were combined and
incubated with 3C protease overnight. Subsequently, the sample was subjected to further
purification on HisTrap and MBPTrap columns (in tandem). SDS-PAGE analysis of samples collected
throughout the process revealed that AVR-PiasA21 displayed higher affinity to the HisTrap column
than the full-length construct, and majority of the protein was present in the Wash 1 and Wash 2
fractions (Figure 8.4 B). These samples were combined and subjected to SEC, yielding a protein of
high purity and yield (Figure 8.4 C). The fractions were combined, concentrated, and crystallisations
screens set up as listed in Table 8-2 (p. 189). Unfortunately, no crystals were obtained from these

trials.

The next question to address was whether the AVR-Pias effector was properly folded following
expression and purification. To address this, | submitted the protein for CD analysis (the sample
was prepared as described in Chapter 4, p. 94). Analysis of the obtained spectrum indicated that
majority of AVR-Pias is a-helical, displaying characteristic (almost text-book example) positive peak
at 192 nm and two negative peaks at 208 nm and 222 nm (Wei et al., 2014). Further analysis with
BeStSel software confirmed that large part of the protein is helical (40.8%, data not shown). These
results indicate that AVR-PiasA21 is at least partially ordered and might be expected to be suitable

for crystallisation.
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Figure 8.4 Purification of AVR-PiasA21 from E. coli.
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A) SDS-PAGE gel showing Whole cell and Soluble fraction from E. coli expressing 6xHis-MBP:AVR-
PiasA21. Further lanes show fractions corresponding to the indicated fragment of SEC trace. B) SDS-
PAGE gel showing fractions before and after cleavage of the tag, and subsequent steps of manual
purification. C) SDS-PAGE gel showing fractions from final SEC.
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Table 8-2 Crystallisation screens and conditions used for crystallisation of AVR-PiasA21.

Screen Protein concentration
JCSG 9 mg/ml and 4.5 mg/ml
Morpheus 9 mg/ml and 4.5 mg/ml
KISS 9 mg/ml and 4.5 mg/ml

All screens are commercially available, apart from the KISS screen, which has been developed by
Biophysical Platform in John Innes Centre.

Mean residue molar ellipticity

Figure 8.5 CD spectrum of AVR-PiasA21.
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Analysis of the spectrum suggests that AVR-Pias mostly comprises of a-helices.
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Aside from X-ray crystallography, there are other two other major experimental techniques that
allow for structure determination of proteins. Nowadays, Cryo-Electron Microscopy (CryoEM) is
gaining more and more interest among scientists, mainly due to its constantly improving resolution.
However, it is only suitable for big molecular complexes, such as resistosomes, inflammasomes or
membrane pores (Tenthorey et al., 2017, Boyd and Bubeck, 2018, Wang et al., 2019a, Hebert,
2019). Molecules (or complexes) smaller than 100 kDa are difficult to find and orient against the
noisy background when using normal defocus phase contrast. To investigate the structure of
smaller molecules, including small proteins (up to 20 kDa), Nuclear Magnetic Resonance (NMR) can
be used. NMR is a technique based on observation and measurement of nuclear spins of individual
atoms of a molecule, when placed in a powerful magnetic field. This technique has certain
advantages over X-ray crystallography, mainly the lack of a requirement of protein crystals.
However, it typically requires labelling the purified proteins with heavy isotopes of nitrogen (**N)
or carbon (*3C) and high protein stability at room temperature as typically experiments may take

days (or even weeks) to collect the required data.

As AVR-PiasA21 is a small protein (6 kDa), and | was unable to obtain protein crystals, | explored the
potential of using NMR studies to obtain its structure using this method. To achieve this aim, the
sample was sent to our collaborators at Centre de Biochimie Structurale, Université de Montpellier,
France. The data collection and AVR-Pias structure calculation were performed by Dr. Andre Padilla
at Université de Montpellier, France (for details, see Materials and Methods). Initially, the
submitted and analysed sample was not labelled with any heavy isotopes. The initial analysis allows
to assess, whether the protein is suitable for NMR studies, e.g., whether it is stable in room
temperature for long time and can be concentrated to higher concentration that would allow for
collection of quality data. Interestingly, AVR-Pias was very stable, which allowed for significantly
prolonged data collection and structure determination, using only scarce natural abundance of
heavy isotopes. Notably, the prolonged data collection was possible due to low demand on the

NMR spectrometer, as we sent the sample just before the first Covid-19 lockdown.

However, to confirm the results, | set out to produce and purify AVR-PiasA21 labelled with N°,
Briefly, E. coli SHuffle cells were transformed with pOPIN-M:AVR-PiasA21 construct and grown in
minimal medium M9, supplemented with labelled *®NH,CI (for details, see Materials and Methods).
The subsequent purification steps were performed as described for AVR-PiasA21. The final SEC gave
a high yield of pure protein (Figure 8.6), which was concentrated to 2 mg/ml, flash frozen in liquid

nitrogen and sent to our collaborators.
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The structure of AVR-PiasA21 was successfully determined and reported to us, along with the key

refinement statistics (Table 8-3).
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Figure 8.6 Final size-exclusion chromatography step of purification of 1*N-labelled AVR-PiasA21.

SDS-PAGE shows fractions corresponding to the indicated SEC trace.
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Table 8-3 Refinement statistics for NMR structure of AVR-Pias.

AVR-Pias
NMR distance and dihedral constraints
Distance constraints
Total NOE 1201
Intra-residue 264
Inter-residue
Sequential (Ji —j|=1) 324
Medium-range (Ji —j| < 4) 323
Long-range (Ji —j| > 5) 290
Hydrogen bonds 28
Disulfide bonds 6
Total dihedral angle restraints
¢ 37
\} 37
Y1 19
Structure statistics
Violations (mean and s.d.)
Max. distance constraint violation (A) 0.14£0.01
Max. dihedral angle violation (°) 1.72+£0.52
Deviations from idealized geometry
Bond lengths (A) 0.0099 + 0.0003
Bond angles (°) 1.1648 £ 0.0423
Impropers (°) 1.2906 + 0.0975
Ramachandran plot (%)
Most favoured region 89.1
Additionally allowed region 8.7
Generously allowed region 2.2
Disallowed region 0.0
Average pairwise r.m.s. deviation** (A)
Backbone 0.33+0.08
Heavy 0.92 +£0.17

** “Pairwise r.m.s. deviation calculated among 20 refined structures for residues 10-52.”

(AVR-Pias, 0.5 mM, 25 mM NaPhosphate pH 6.8, 150 mM NaCl, 1ImM DTT, 293 K, 800 MHz)
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8.2.4 The solution structure of AVR-Pias

The structure of AVR-PiasA21 (henceforth, for simplicity, referred to as AVR-Pias) revealed a novel
class of M. oryzae effector that comprises of two anti-parallel a-helices, stapled together by two
disulphide bridges (Figure 8.7 A). The N-terminal fragment of purified AVR-Pias is disordered,
spanning the fragment Gly to Arg-45 (the Gly?is the first remaining residue after cleavage of the
6xHis-MBP tag, a part of “Gly-Pro scar”). The al helix spans residues Arg-46 to Gly-60, and the a2
helix spans residues Ser-76 to Ala-85. The two helices are joined by a loop region, which lacks any
secondary structure features. The helices are stabilised by presence of two S-S bridges, formed by
pairs Cys-53/Cys-83, and Cys-57/Cys-79, which is in agreement with the obtained mass
spectrometry result. Analysis of positions of charged residues did not reveal any major charged
patches on the surface of the effector (Figure 8.7 B) that have been shown to be important for
interactions in other effectors (Zhang et al., 2018). However, several charged amino acids are facing
towards outside of the AVR-Pias structure, which may play a role in interaction with a potential
target. A homology search using the Dali server (Holm, 2020) did not find any significantly similar
structures (Figure 8.8). This may be due to relatively simple structure of this effector that allows

many helical fragments of a given protein to be compared with AVR-Pias.
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Figure 8.7 NMR Structure of AVR-Pias.

A) AVR-Pias consists of two a-helices stapled together with two disulphide bridges (in yellow). B)
Analysis of location of charged residues revealed no major charged patches on the surface of AVR-
Pias, although several single charged residues are exposed, and may play a role in potential
interactions. Negatively charged residues (Asp and Glu) are shown in red, positively charged
residues (Lys and Arg) are shown in blue.

No: Chain 2 rmsd lali nres $%$id PDB Description
0 1: Swig-a 3.2 2.4 37 131 ¢ PDE MOLECULE: ORF140;
D g: Sg4y-A 3.1 2.4 37 147 S PDB MOLECULE: CHEMOTAXIS PROTEIN;
D §: 6ofa-A 3.1 1.9 32 32 13 PDB MOLECULE: WASABI RECEPTOR TOXIN;
D 2: 6ajf-a 3.0 2.6 39 901 13 PDB MOLECULE: DRUG EXPORTERS OF THE RND SUPERFAMILY-LIKE PROTEI
D E: 2wit-A 3.0 4.3 43 531 8 PDB MOLECULE: GLYCINE BETAINE TRANSPORTER BETP;
D E: T73si=a; 2.9 3.0 41 468 12 PDB MOLECULE: SOLUTE CARRIER FAMILY 13 MEMBER 5;
D Z: 6éwgm-A 2.9 5.0 43 305 12 PDB MOLECULE: TRAP-TYPE C4-DICARBOXYLATE TRANSPORT SYSTEM, PERI
D §: 2100-A 2.9 4.4 37 45 3 PDB MOLECULE: UNCHARACTERIZED PROTEIN;
D 2: 6ux5-A 2.9 2.9 41 50 S PDBE MOLECULE: U-ACTITOXIN-AEQSA;
[0 10: 603g-2 2.8 2.5 37 49 14 PDB MOLECULE: VICILIN;

Figure 8.8 Dali homology search did not find any significant similarity of AVR-Pias to other
known structures.
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8.3 Discussion

In this Chapter, | set out to purify and determine the structure of the newly identified M. oryzae
effector AVR-Pias. | identified a stable fragment of this effector for in vitro work, and purified it in
both native forms and with °N labelling. For structure determination by NMR, | collaborated with

researchers at The Université de Montpellier, France.

To date, all the determined and published structures of M. oryzae effectors belong to the MAX
family, due to the characteristic fold present in their structure, even if they share low sequence
similarity (Franceschetti et al., 2017, Bentham et al., 2021a). Analysis of the AVR-Pias structure
revealed a new structural class of effectors in M. oryzae, characterised by presence of two a-helices

stapled together with two disulphide bonds.

8.3.1 Correlation of sequence conservation with the structure

AVR-Pias is well spread across different M. oryzae host-specific lineages, including lineages infecting
rice, wheat, Lollium, Digitaria and Eleusine (Dr. Thorsten Langner, personal communication).
Protein sequence alignment across these isolates shows that the four cysteines forming the two S-
S bonds are highly conserved, indicating that they may be crucial for effector stability and function
(Figure 8.9). Other highly conserved residues include Gly-60 and Gly-61, which are located at the
end of the al, and Phe-68 and Arg-74, present within the loop region. The properties of glycine
residues make them less suited to helical structures, and Gly-60/Gly-61 may enable helix
termination and formation of the loop. For Phe-68 and Arg-74, it is possible the loop between the
two helices is important for the biological activity of AVR-Pias, and the two helices stabilised by two
S-S bridges are a scaffold for the effector and mainly contribute to protein stability. This hypothesis
requires further testing, for example by identifying the host cell target of AVR-Pias and performing

biophysical analysis of complex formation.

Another highly conserved set of residues are Leu-43, Arg-45, and Arg-46. These residues are located
in the disordered region, immediately preceding the al-helix. They form a characteristic LxxR motif,
which is a potential cleavage site for the Kex2 protease (Li et al., 2017). Kex2 is an endogenous
protease conserved across fungi, with a canonical cleavage site defined as dibasic RR or KR (in AVR-
Pias the sequence is LERR). This protease has been suggested to play role in maturation of the
effectors, before they are secreted into plants. In the AVR-Pias structure, we observe that the al
helix starts immediately after this motif, therefore it can be hypothesised that the mature form of
AVR-Pias spans the residues Arg-46 to Ala-91 and the N-terminal part of the effectors is a pro-
domain that might play a role in appropriate folding of the effector or effector trafficking. This

would classify AVR-Pias as K2PP (Kex2-processed pro-domain) effector (Outram et al., 2021).
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Confirmation of the role of Kex2 cleavage-mediated maturation of the AVR-Pias is beyond the scope
of this thesis. Kex2 has been shown to cleave effectors from different fungi, including
Parastagonospora nodorum (SnTox3 effector) and Fusarium oxysporum f. sp. lycopersici (effectors
SIX1, SIX4 and SIX6) (Outram et al., 2021), and the potential Kex2 cleavage site has been found in a
range of effectors from different fungi, including Puccinia graminis, Ustilago maydis, Verticillium

dahlia and M. oryzae (Outram et al., 2021).
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Figure 8.9 AVR-Pias is prevalent in pathogen population.

Sequence alignment of AVR-Pias sequences shown high sequence conservation. Only sequences with
similarity higher than 90% were taken into the alignment. Analysis conducted by Dr. Thorsten
Langner.

8.3.2 Finding the interactor for AVR-Pias is crucial for establishing its activity

The majority of fungal plant pathogen effectors share low sequence identity with each other, or
with other proteins with established activities, therefore prediction of their function remains
challenging. The few exceptions are effectors containing known-function-related motifs or
domains, such as Slpl or Ecp6 with LysM domain or necrosis and ethylene-inducing peptide 1
(Nep1)-like proteins (NLPs) (Mentlak et al., 2012, Sanchez-Vallet et al., 2013, Giraldo and Valent,
2013, Lo Presti et al., 2015). AVR-Pias does not share any significant sequence similarity to any other
know protein, and a structure-based homology search did not identify any characteristic domain

folds. To determine the role of AVR-Pias in the pathogenesis, it is crucial to find its interactor.
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Two common methods can be used in search for protein interactions, Yeast-2-Hybrid (Y2H) and
Immunoprecipitation coupled with Mass Spectrometry (IP-MS). Y2H has been recently successfully
used to identify the interactors of SAPO5 effector from Aster Yellows phytoplasma- two distinct
transcription factors SPL and GATA (Huang et al., 2021). Further, the authors showed that SAPO5
binds and mediates the degradation of these transcription factors via lysine ubiquitination-
independent mechanism, which leads to delayed plant ageing and simultaneous proliferation of
plant tissue. Moreover, using structure guided approach, they were able to eliminate the
susceptibility factor in the plant host (Huang et al., 2021). An alternative approach to interactor
identification is to perform immunoprecipitation of a tagged effector from transgenic crop
(expressing the effector of interest) and subsequently analysing the sample using mass
spectrometry. This approach identified Exo70-F3 as interactor of M. oryzae effector AVR-Pii (Fujisaki
et al., 2015). Subsequently, is has been shown that Exo70-F3 also binds to the integrated NOI
domain of Pii-1 receptor (Fujisaki et al., 2017), revealing the mechanism of indirect recognition of

the effector to activate the plant immune system.

Identification of the AVR-Pias host target is beyond the scope of this thesis. However, generation
of stable barley transgenic lines expressing AVR-Pias:FLAG is in progress. In future, | will perform
the IP-MS experiment to identify interactors of AVR-Pias. In case of SnTox3 effector, it has been
shown that the mature protein was triggering much stronger response when delivered into its host,
therefore the pro-domain was interfering the process of recognition. The currently generated
transformants express the full length (without the signal peptide), which may interfere with
potential interactions, but at the same time could be crucial for appropriate protein folding.
Therefore, an alternative approach might be considered in the future. In case of finding the
potential interactor, further studies will be needed to confirm and characterise the interaction,
including crystallisation of the complex. Learning from the structure of AVR-Pias, further truncation
(after the Kex2 cleavage site) of the protein may be advisable, to ensure that the protein in the

sample is well ordered and, perhaps, more suited to crystallisation.
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9 General Discussion

9.1 Plant diseases can become pandemic too

Plant pathogens pose a constant threat to food production all over the world. Increased
globalisation allows for rapid spread of pathogens, not only between different countries, but also
between different continents, which can change an emergence into a pandemic. Moreover, a
changing climate can enable pathogens to thrive in new regions, which were previously not
available to them. A changing climate can also support host jumps and alteration of host range
(Thines, 2019). Magnaporthe oryzae is a model example of such a globally spreading pathogen.
Aside from being a major threat to rice production worldwide, an increasing number of cases are
emerging of wheat blast (Islam et al., 2020). In 2016, wheat blast was reported in Bangladesh for
the first time, where it had a significant impact on crop yield, with knock-on effects to the country’s
overall economy (Islam et al., 2016). Since 2020, wheat blast has also been reported in Africa, with
the first cases occurring in Zambia (Tembo et al., 2020, Singh et al., 2021). Recently, wheat blast
has also emerged in other countries, including Tanzania and Zimbabwe (Dr. Joe Win, personal
communication). This is a prime example of how pathogens can adapt to ever changing
environments and spread globally, along with human movement across the world. Such
occurrences emphasize the need of studying plant-pathogen interactions and widening our arsenal

of resistance potential against disease if we want to improve food security.

9.2 Pathogen’s effector repertoire can be structurally diverse

To enable this, further studies are required on both the pathogen and the plant side of the
interaction. Structural information about the effectors can help with elucidation of their function
and aid discovery of new effector candidates. Through protein modelling, structural data can also
be used to predict potential effectors, which is more powerful approach than sequence alone. In
Chapters 6 and 8, | present new structures of M. oryzae effectors, PWL2 and AVR-Pias, respectively.
Shared with other M. oryzae effectors, for which structures have been determined and published
to date, PWL2 belongs to the MAX effector family despite little recognisable sequence homology
with other MAX effectors. AVR-Pias is a recently identified effector, perceived by the NLR pair Pias-
1/Pias-2 (Shimizu et al., 2021). The NMR structure of AVR-Pias revealed this effector adopts a
completely different fold comparing to the MAX effectors, and therefore represents a new class of
effectors in the rice blast fungus that may have novel targets. This latter hypothesis requires further
investigation, but it would seem likely that we are only just beginning to uncover the structural

complexity of the M. oryzae effector repertoire.
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9.3 One model does not fit them all

NLRs are plant immune receptors that can function as singletons, pairs, or in networks. Paired NLRs
have evolved to carry out specialised functions, with one of the pair acting as the sensor and the
other as the helper. Perhaps the best studied NLR pairs to date, RGA4/RGA5 and RPS4/RRS1, have
been described to work via negative regulation mechanism (Cesari et al., 2014b, Williams et al.,
2014). Until recently, it has been generalised and assumed this model might apply to most paired
NLRs. In Chapter 3, | showed that the negative regulation model does not apply to the Pikp-1/Pikp-
2 NLR pair, which seems to work via tightly regulated cooperation. This emphasises the diversity of
NLR mechanisms, and indicates that we still lack knowledge about mechanistic features of NLRs. It
seems likely that the ZAR1 resistosome is not a universal mechanism of CC-NLRs oligomerisation

and different NLRs may work via different mechanisms.

One striking difference between the Pik-1/Pik-2 pair, and RGA5/4 and RRS1/RPS4 pairs is the
position of the integrated domain in the sensor NLR. In the Pik pair, the integrated domain is located
between the CC and NB-ARC domains, whereas in RGA5/4 and RRS1/RPS4 pairs it is located at the
C-terminus, after the LRRs. It remains an open question whether the position of the integrated
domain in the architecture of the NLR can be correlated with the mode of action; is the position of

the integrated domain in the Pik pair a determinant for their cooperative mode of function?

9.4 The discovery of the integrated domains (IDs) offers new insights into
plant immunity and NLR engineering

IDs have been suggested to have evolved as “integrated decoys” (Cesari et al., 2014a), displaying
features of natural effector targets. This has generated hypotheses concerning potential virulence-
associated targets for the effectors in promoting disease. Frequently, it has been shown that the
virulence-associated targets of effectors can act as susceptibility factors, and deleting them can
increase plants resistance to disease. This strategy is potentially useful for engineering resistance,
however, it may come at a cost. Effector targets are biologically relevant proteins (Wang and Jiao,
2019, Huang et al., 2021), therefore deleting them, or knocking them down, might have deleterious
effects on plant health and development. To avoid this, an alternative approach could involve
engineering these susceptibility factors to reduce their binding to the effector, but retain their
biological function (Huang et al.,, 2021). To achieve this, structural information about
effector/target complexes may be crucial. The results presented in Chapter 6 showed that
interactions between PWL2 and OsHIPP43 cannot be easily compromised, however attempts to
date to break the interaction have only been made by mutating the effector. It would be interesting

to see whether mutating residues in OsHIPP43 could break or reduce the binding between these
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two proteins. Although the biological role of OsHIPP43 remains to be elucidated, the PWL2 binding
interface is located away from the metal binding loop. It could be possible to engineer an OsHIPP43
variant that would still perform its biological function, but would not be targeted by the effectors

from the PWL family.

An alternative approach to increasing resistance is engineering perception of effectors. Integrated
domains of NLRs are a very interesting target for this approach. It has been suggested that
integration of non-canonical domains into the NLR architecture not only allows direct recognition
of selected effectors, but it also enables improved tolerance for sequence alterations during the
course of evolution (Baggs et al., 2017, Biatas et al., 2018). This allows NLRs to adapt to rapidly
evolving pathogens without compromising the role of NLRs in immunity. Mutations within the
integrated domains could be tolerated in context of full-length NLRs, although the extent to which
these alterations may happen remains unclear. In Chapters 5 and 7, | showed that integration of
HMA domain of OsHIPP43 protein into Pikm-1 chassis allowed perception of PWL effectors in a
transient expression system in N. benthamiana plants. These results showed an entire integrated
domain can be swapped within an NLR to generate a novel recognition specificity in plant NLRs,
providing an important proof-of-concept that engineering of NLRs can be taken further than

mutation of individual amino acid residues.

The full extent to which integrated domains can be altered is currently unknown, but there are
some potential limitations to this system. Swapping the Pikm-1-HMA domain for OsHIPP43-HMA
caused auto-activity of the NLR pair (expression with Pikm-2). Moreover, it has been shown that
even single point mutations within the HMA domain of Pik proteins can cause auto-activity of the
system (De la Concepcion et al., 2021a). In Chapter 5, | showed that this auto-activity can be
alleviated by mismatching the allele of the helper NLR (Pikm-2 for Pikp-2). However, whether this
approach can mitigate any auto-activity that arises from the integration of any new domain remains
to be determined. To date, any changes introduced in the integrated domain of Pik proteins were
performed by structure-guided mutations of single amino acids or, as presented in this work, by
swapping the entire HMA domain for another HMA domain. It would be interesting to investigate
whether other effector targets with folds different to HMAs could be also incorporated into the
Pikm-1 chassis and change the recognition specificity of the receptor. This approach might be
limited by the size of the integrated domain and/or the perceived effector, due to position of the
integrated domain. For example, target domains may cause a steric clash with the neighbouring CC
or NB-ARC domain affecting the intramolecular interaction within the receptor. Moreover, an
effector significantly larger than AVR-Pik or the PWL effectors may clash with the CC and/or NB-

ARC domains and not be able to interact with the integrated domain limiting the use of the system.
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Pathogens whose effectors became AVR genes (are recognized by cognate plant NLRs) are unable
to infect their host. Therefore, these pathogens are under constant selection pressure which
favours the strains that acquired mutations in the avr genes that allow them to evade the
recognition, preferably without losing the ability of binding the biological target (Bentham et al.,
2021a). This can be exemplified by presence of the stealthy effector allele AVR-PikF, that binds its
target OsHIPP19, but is not perceived by any known Pik accession (Maidment et al., 2021).
Deploying engineered receptors with integrated effector targets may generate plants that cannot
be infected by pathogens carrying the cognate effectors. Mutations in these effectors may not be
favoured as they could compromise binding to their host target. In this case, selection pressure may
lead to complete loss of effector genes and hence to occurrence of presence/absence phenotypes.
This mechanism has been suggested for M. oryzae AVR-Pik effectors, which are present only in the
rice-infecting lineages of the blast fungus (Bentham et al., 2021a). However, the loss of an effector

can result in decreased pathogenicity and reduced fitness of the pathogen at the population level.

9.5 New recognition specificity does not always correlate with resistance in
the field

Engineered receptors that display new recognition specificities in transient expression systems do
not always confer new resistance towards pathogens when stably expressed in plants. For example,
swapping the restriction site in the PBS1 decoy kinase (cleavage of PBS1 is recognised by the NLR
RPS5) resulted in new recognition specificity and activated immune responses in transient
expression system (Kim et al., 2016). However, it did not confer full resistance in Arabidopsis, unless
the decoy was overexpressed and localised at the plasma membrane (Pottinger et al., 2020,
Pottinger and Innes, 2020). In a second example, engineering the recognition interface of Pikp-1-
HMA/AVR-PikD onto RGA5-HMA showed that the mutated HMA domain could bind AVR-PikD,
AVR1-C039 and AVR-Pia in vitro and in a transient expression system (Cesari et al., 2021). However,
the engineered RGAS did not confer resistance in rice to M. oryzae strain carrying AVR-PikD. Finally,
the chimeric receptor RRS1-R*"/AA-GATA was designed to be targeted and degraded by phytoplasma
effector SAPO5, which would lead to derepression of auto-active RRS1-R®" that can trigger cell
death responses in RPS4-dependent manner. This strategy was shown to be successful in a transient
expression system, but stable transformants of Arabidopsis carrying these three proteins did not
display full resistance when challenged with the phytoplasma expressing the SAPQ5 effector (Wang
et al., 2021b). In contrast to these studies, stable expression of Pikp-15N<E€E in rice conferred
resistance to M. oryzae strains carrying the previously unrecognised AVR-PikF effector (Ryohei
Terauchi, personal communication; manuscript in preparation), proving that alteration of the HMA

domain in Pik-1 is a promising platform for engineering novel resistance in plants, especially when
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it can be supported by in-depth structural analysis of the interaction. Together, these studies show
that a cell death response in a transient expression system may not always correlate with resistance

in target plants, and chimeric receptors need to be validated in stable transgenic lines.

Validation of the engineered NLRs described in this thesis a is an essential next step. For this, stable
transgenic lines of barley, rice and wheat expressing the chimeric Pikm-1%""P43/pikp-2 receptor will
be generated and challenged with pathogen strains expressing PWL2 effectors. It will be important
to closely monitor physiological phenotypes that might occur as a result of expression of the
chimeric proteins. Although only the HMA region of the OsHIPP43 was incorporated into the Pikm-
1 background, it retains an intact metal-binding loop, which might interfere with plant’s heavy
metal homeostasis. Such potential interference may be the reason why the heavy metal binding
motif in the integrated HMA domains (including both Pik and RGAS5 NLRs) is degenerate. This region
has been also shown to be responsible for the observed auto-activity of chimeric Pik receptors with
an ancient HMA domain incorporated (Bialas et al., 2021). The emerging question is: why has the
OsHIPP43 sequence not been incorporated into Pik, RGA, or other HMA-containing NLR
backgrounds so far during the course of evolution? It may be that this specific interaction is yet to
evolve to be compatible with the NLR system, hence the resistance against PWL2 found in weeping
lovegrass may adapt a different strategy to recognise the effector. This hypothesis is supported by
the location of allelic/polymorphic residues in the PWL2 crystal structure being distanced from the
OsHIPP43 interface (presented in Chapter 6, p. 143), and the fact that unrecognised alleles of PWL2-
2 and PWL2-3 strongly bind to OsHIPP43 (presented in Chapter 4, p. 111).

9.6 GMO acceptance is slowly increasing worldwide

Even if the chimeric Pikm-10sHPP43

receptor confers novel resistance in transgenic crops, its
commercialisation and deployment in the field may meet significant obstacles. As a synthetic
protein, it does not exist naturally and therefore can only be introduced into elite cultivars via
genetic modification. Various genetic modification tools now exist that work successfully in rice
(reviewed in (Mishra et al., 2018)). This includes CRISPR/Cas9 that is constantly being improved and
enables precise genetic manipulation. However, genetically edited crops are still under tight
regulation with various levels of approval in different regions of the world. In certain countries
(mainly USA), the level of GMO acceptance and cultivation is high, and overall, it is increasing
worldwide. Over the last 25 years, GM crop production has increased ca. 100 times (Brookes and
Barfoot, 2013, Mathur et al., 2017). However, the majority of the GM crops (with the four main GM

crops: soybean, maize, cotton and canola as a prime examples) are not destined for direct human

consumption. Most of the GM soybean is used for oil production and feeding livestock, and maize
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usage is shifting to ethanol production rather than animal feed (Wallington et al.,, 2012,
Klopfenstein et al., 2013, Ranum et al., 2014). The best example for genetically modified crop
targeted for human consumption is Golden Rice that expresses B-carotene; a pre-cursor of vitamin
A (Moghissi et al., 2016, Bohn et al., 2019). In several countries Golden Rice has been approved for
human consumption, but not for cultivation (these two aspects of GMO commercialisation are
regulated separately). Unfortunately, many countries, including the European Union, do not
approve consumption of GM products. The cultivation of GM plants within the EU is dependent on
countries” own policies, however the only gene edited crop grown in Europe is insect-resistant
maize MON810, which is currently only allowed in Portugal and Spain (Turnbull et al., 2021).
Regrettably, although some African countries approve GM technologies (with South Africa as a
leader), the main GM resisting countries include Zambia, Zimbabwe, and Tanzania, which would
potentially benefit the most, especially in the light of recent wheat blast outbreaks. In Asia, several
countries allow cultivation of specific GM crops, with India and China being the world’s leaders in
GM cotton production. Very recently (July 2021), The Philippines became the first country that

allows commercial cultivation of Golden Rice, in addition to its consumption.

9.7 Closing remarks

In conclusion, the work presented in this thesis extends our knowledge of M. oryzae effectors,
describing a potentially new effector class. Moreover, it contributes to our understanding of the
plant immune system and explores its potential towards novel resistance in crops through
engineering NLRs, driven by the discovery of putative effector targets. Given the improving
precision of gene editing and increasing GM technology approval by governments and society,
rational design of NLRs can provide real solutions for sustainable combating plant diseases and

contribute globally to future food security.
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Abstract

Plant NLR immune receptors are multidomain proteins that can function as specialized sen-
sor/helper pairs. Paired NLR immune receptors are generally thought to function via nega-
tive regulation, where one NLR represses the activity of the second and detection of
pathogen effectors relieves this repression to initiate immunity. However, whether this
mechanism is common to all NLR pairs is not known. Here, we show that the rice NLR pair
Pikp-1/Pikp-2, which confers resistance to strains of the blast pathogen Magnaporthe ory-
zae (syn. Pyricularia oryzae) expressing the AVR-PikD effector, functions via receptor coop-
eration, with effector-triggered activation requiring both NLRs to trigger the immune
response. To investigate the mechanism of Pikp-1/Pikp-2 activation, we expressed trun-
cated variants of these proteins, and made mutations in previously identified NLR sequence
motifs. We found that any domain truncation, in either Pikp-1 or Pikp-2, prevented cell death
in the presence of AVR-PikD, revealing that all domains are required for activity. Further,
expression of individual Pikp-1 or Pikp-2 domains did not result in cell death. Mutations in
the conserved P-loop and MHD sequence motifs in both Pikp-1 and Pikp-2 prevented cell
death activation, demonstrating that these motifs are required for the function of the two
partner NLRs. Finally, we showed that Pikp-1 and Pikp-2 associate to form homo- and het-
ero-complexes in planta in the absence of AVR-PikD; on co-expression the effector binds to
Pikp-1 generating a tri-partite complex. Taken together, we provide evidence that Pikp-1
and Pikp-2 form a fine-tuned system that is activated by AVR-PikD via receptor cooperation
rather than negative regulation.
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Introduction

Like animals, plants are constantly threatened by pathogens and pests. To defend themselves,
they have evolved a sophisticated immune system that relies on both cell surface and intracel-
lular receptors [1, 2]. The majority of cloned resistance genes are intracellular immune recep-
tors that belong to the nucleotide-binding, leucine-rich repeat (NLR) superfamily [3]. NLRs
activate immunity leading to disease resistance following recognition of pathogen elicitors,
typically effectors delivered into host cells to promote pathogenesis [4]. NLR-mediated immu-
nity can include localised cell death known as the Hypersensitive Response (HR) [5], which
contributes to limiting pathogen spread through host tissue.

The canonical architecture of plant NLRs consists of an N-terminal Toll/Interleukin-1
receptor homology (TIR) domain or coiled-coil (CC) domain ((including the RPW8-like CC,
CCp), establishing the TIR-NLR, CC-NLR and CCg-NLR families), a central NB-ARC domain
(Nucleotide-binding adaptor and APAF-1, R proteins, and CED-4), and a C-terminal leucine-
rich repeat (LRR) domain. Conceptual frameworks for the roles of each domain are estab-
lished, although their precise role may vary from one NLR to another [6]. In brief, the N-ter-
minal TIR or CC domains are thought to be involved in triggering cell death following effector
perception, with recent studies suggesting a nucleotide hydrolase activity (for TIRs [7-9]) and
membrane-perturbation (for oligomeric CCs [10, 11]). The NB-ARC domain acts as a molecu-
lar switch with the conformation of the protein stabilised by the bound nucleotide, ADP or
ATP [12-15]. Within the NB-ARC domain, several well-conserved sequence motifs are
known, with the “P-loop” and “MHD” motifs located to the nucleotide binding site [16, 17].
Mutations in these motifs have diverse effects on NLR activity. For example, mutations within
the P-loop motif impair nucleotide binding, and often result in loss of protein function [18-
20]. Mutations in this motif can also prevent self-association and affect localisation [21]. Muta-
tions within the MHD motif frequently lead to constitutive activity (often called auto-activa-
tion [22-26]). The C-terminal LRR domain has a role in auto-inhibition [27-29], a function
shared with animal NLRs [30-32], but can also define effector recognition specificity [33].

NLRs can function as singletons, capable of both perceiving effectors and executing a
response [34, 35]. This activity may require non-NLR interactors [36—40] or oligomerisation
[41, 42]. However, many NLRs require a second NLR for function, with three major classes
described [43, 44]. In each class, one of the NLRs functions as a “sensor” to detect the presence
of the effector, whereas the second acts as a “helper”, and is required for cell death activity. For
genetically linked sensor-helper NLR pairs, expression is driven from a shared promoter, and
both proteins are required for effector perception [45]. Interestingly, in many genetically
linked NLR pairs, the sensor NLR contains an additional integrated domain that directly binds
a pathogen effector [46-50]. Integrated domains in NLRs have been found across all flowering
plants [51-53]. The separation of sensor/helper functions within NLR pairs may have evolu-
tionary advantages, for example increasing tolerance to point mutations in the sensor [54].

CC-NLRs RGA5 and RGA4 from rice, and TIR-NLRs RRS1 and RPS4 from Arabidopsis are
well established models in the study of genetically linked NLR pairs [45, 48, 55]. RGA5 and
RRS1 are the sensor NLRs (harbouring an integrated HMA (Heavy Metal Associated) domain
and integrated WRKY domain respectively), and RGA4 and RPS4 are the helpers. In both sys-
tems, the helper NLRs appear to be auto-active when expressed alone in heterologous expres-
sion systems, and this auto-activity is suppressed on co-expression with the sensor NLR.
Effector perception relieves suppression and initiates receptor activity [45, 56].

In rice, the CC-NLR pair Pik-1 and Pik-2 confers resistance to Magnaporthe oryzae (syn.
Pyricularia oryzae) carrying the AVR-Pik effector. Similar to RGAS5, Pik-1 has an integrated
HMA domain, but unlike RGAS5 this is positioned between the CC and NB-ARC domain,
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rather than after the LRR. The Pik-1 integrated HMA domain directly binds the AVR-Pik
effector [50]. However, how recognition of the effector translates into an immune response in
the context of full-length receptors is unclear, as is the nature of any pre-activation state of the
Pik-1/Pik-2 proteins. Further, which NLR domains are necessary and sufficient for immune
signalling in this pair is unknown.

We previously showed that the AVR-Pik elicited hypersensitive cell death mediated by the
Pik NLR pair can be recapitulated using transient expression in leaves of the model plant Nico-
tiana benthamiana [50, 57, 58]. In this study, we investigated the roles and requirements of
domains in the Pik NLR alleles Pikp-1 and Pikp-2 in planta using the N. benthamiana experi-
mental system. We show that intact, full-length, Pikp-1 and Pikp-2 are necessary for a cell
death response upon effector perception. Truncation of any domain results in lack of effector-
dependent cell death compared to wild-type. Further, expression of any specific NLR domain,
or combination of domains, does not result in cell death. We also show that native P-loop and
MHD-like motifs are required in both Pikp-1 and Pikp-2 proteins for receptor activity. Finally,
we demonstrate that Pikp-1 and Pikp-2 are able to form homo- and hetero-complexes in
planta in the absence of the AVR-PikD. Upon binding of the AVR-PikD effector, a tri-partite
complex is formed that may represent the activated state of the receptor.

Materials and Methods

Cloning

Domesticated sequences of full-length Pikp-1 and Pikp-2 (as described in [58]), and MLA10,
were assembled into the pICH47751 vector under the control of the mas promoter and with
C-terminal epitope tags (3x FLAG tag, V-5 tag or 6xHA tag accordingly) using the Golden
Gate system [59]. To obtain Pikp-1 and Pikp-2 individual domains and truncation variants,
relevant sequences were amplified by PCR using the plasmids above as templates, and assem-
bled into the pICH47751 vector under control of CaMV35S promoter and with C-terminal
epitope tags (6xHis + 3xFlag (HellFire (HF)) for Pikp-1 derivatives and 6xHA for Pikp-2 deriv-
atives) using the Golden Gate system. Myc:AVR-PikD and Myc:AVR-PikD"*°F constructs
used were as described in [58]. All DNA constructs were confirmed by sequencing and trans-
formed into Agrobacterium tumefaciens strain GV3101 via electroporation.

Mutagenesis

To generate Pikp mutants (P-loop and MHD-like motifs), we introduced mutations into the
relevant NB-ARC domain modules using site-directed mutagenesis. Subsequently these
domain constructs were used to generate full length NLRs by assembly using the Golden Gate
system. Each of the constructs were assembled with the CaMV 35S promoter with relevant tags
(6xHis + 3xFlag (HellFire (HF)) for Pikp-1 derivatives and 6xHA tag for Pikp-2 derivatives).

Cell death assays

Agrobacterium tumefaciens strain GV3101 carrying the appropriate constructs were suspended
in infiltration buffer (10 mM MgCl2, 10 mM MES, pH 5.6, 150 mM acetosyringone) and
mixed prior to infiltration at the following final ODgg: NLRs and NLR-derivatives 0.4, effec-
tors 0.6, P19 (silencing suppressor) 0.1. Bacteria were infiltrated into leaves of ~4 weeks old N.
benthamiana plants using a 1ml needleless syringe. At 5 days post infiltration (dpi), detached
leaves were imaged under UV light on the abaxial side, and visually scored for cell death
response (see below). To confirm protein expression, representative infiltration spots were
prepared, frozen in liquid nitrogen, ground to a fine powder, mixed with extraction buffer (see
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below) in 2 ml/g ratio, centrifuged, mixed with loading dye and loaded on an SDS-PAGE gel
for western blot analysis.

Cell death scoring

Pictures of the leaves at 5 dpi were taken as described previously [57] and cell death (visible as
green fluorescence area under the UV light) was scored according to the scale presented in
[50]. The dot plots were generated using R v3.4.3 (https://www.r-project.org/) and the graphic
package ggplot2 [60]. Dots represent the individual datapoints and the size of larger circles is
proportional to the number of dots within that score. Dots of the same colour within one plot
come from the same biological repeat. All positive and negative controls were also scored and
are represented on relevant plots. As positive and negative controls were included on most
leaves there are more data points for these samples.

Co-Immunoprecipitation

Protein extraction was conducted as described in [61] with minor modifications. Extraction
buffer GTEN (10% glycerol, 25 mM Tris, pH 7.5, 1 mM EDTA, 150 mM NacCl), 2% w/v PVPP,
10 mM DTT, 1x protease inhibitor cocktail (Sigma), 0.1% Tween 20 (Sigma) was added to fro-
zen tissue in 2 ml/g ratio. The sample was resuspended and centrifuged for 30 min (4500g) at
4°C. The supernatant was filtered through a 0.45 um filter. Anti-FLAG M2 magnetic beads
(Sigma, M8823) were washed with the IP buffer (GTEN + 0.1% Tween 20), resuspended, and
added to protein extracts (20 pl of resin per 1.5 ml of extract). Samples were incubated for an
hour at 4°C with gentle shaking. Following incubation, the resin was separated using magnetic
stand and washed 5 times with IP buffer. For elution, beads were mixed with 30 pl of Loading
Dye and incubated at 70°C for 10 min. Finally, samples were centrifuged and loaded on a pre-
cast gradient gel (4-20%, Expedeon) for western blot analysis.

Western blot

Western blots were performed as described previously [61]. Following SDS-PAGE, proteins
were transferred onto PVDF membrane using Trans-Blot Turbo Transfer Kit (Biorad) and
blocked in 5% milk in TBS-T (50mM Tris-HCI, 150mM NacCl, 0.1% Tween20, pH 8.0) at 4°C
for at least 1 hour. Respective primary HRP-conjugated antibodies (o-FLAG: Cohesion Biosci-
ences, CPA9020; o-HA: Invitrogen, #26183-HRP; a-V-5: Invitrogen, #MA5-15253-HRP; a-
Myc (9E10): Santa Cruz Biotechnology, SC-40) were applied for overnight incubation (4°C).
Membranes were then rinsed with TBS-T. Proteins were detected using ECL Extreme reagents
(Expedeon) in chemiluminescence CCD camera (ImageQuant LAS 500).

Results
Each domain of Pikp-1 and Pikp-2 is required for receptor activation

To investigate the roles and requirements for individual domains of Pikp-1 (CC, HMA,
NB-ARC and LRR) and Pikp-2 (CC, NB-ARC and LRR) in triggering cell death, we transiently
expressed each of these in N. benthamiana using Agrobacterium tumefaciens mediated trans-
formation (henceforth agroinfiltration). All constructs were tagged at their C-terminus with
the HellFire tag (6xHis + 3xFlag (HF), for Pikp-1 domains) or HA tag (for Pikp-2 domains).
The boundaries of the domains used were as defined in [50].

We found that each of the individual domains of either Pikp-1 or Pikp-2 were unable to
trigger cell death when expressed alone, or in the presence of the corresponding paired NLR
and/or effector (Fig 1 and 2 and S1 Fig in S1 File). We confirmed that all the proteins
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Fig 1. Each domain of Pikp-1 and Pikp-2 is required for receptor activation. A) Representative N. benthamiana leaves showing that
expression of the individual domains of Pikp-1 (left) or Pikp-2 (right) were unable to elicit a cell death response in presence of the
corresponding paired NLR (for Pikp-1) or paired NLR and effector (for Pikp-2). Pikp-1+Pikp-2+AVR-PikD is shown as a positive control. B)
Representative agroinfiltration spots show that the truncated variants of Pikp-1 (left) or Pikp-2 (right) were unable to elicit a cell death
response, either when overexpressed alone, or in the presence of corresponding full-length NLR and/or effector. Combinations of constructs
without HMA domain were not tested (N/T) in presence of the effector.

https://doi.org/10.1371/journal.pone.0238616.9001

accumulated to detectable levels using western blot analysis (S2 Fig in S1 File). We then sys-
tematically truncated Pikp-1 or Pikp-2 at relevant domain boundaries, and expressed these
alone or in the presence of the corresponding paired NLR and/or effector, to search for any
minimum functional unit (Figs 1B and 2A and 2B and S1 Fig in S1 File). As it has been shown
previously that AVR-PikD binds directly to the HMA domain of Pikp-1 [50], we did not test
truncation variants of Pikp-1 without the HMA domain or Pikp-2 variants in the presence of
the effector. In all cases tested no cell death was observed, despite the proteins accumulating in
plant tissues (S2 Fig in S1 File). The only combination that gave cell death was the positive con-
trol of full length Pikp-1 and Pikp-2 in the presence of AVR-PikD. These results show that the
Pikp-1/Pikp-2 pair work together to deliver a cell death response on effector perception, and
all domains are required for activity.
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Fig 2. Each domain of Pikp-1 and Pikp-2 is required for receptor activation. Cell death quantification for the infiltration
combinations of Fig 1 shown as dot plots, for Pikp-1 (A) and Pikp-2 (B) respectively. Each of the dots has a distinct colour
corresponding to the biological replicate, and are plotted around the cell death score for visualization purposes. Each set of
infiltrations were repeated in 3 biological replicates with at least 2-3 technical replicates. The size of the central dot at each cell
death value is proportional to the number of replicates of the sample with that score.

https://doi.org/10.1371/journal.pone.0238616.9002

Conserved NB-ARC domain sequence motifs are required for Pikp-1 and
Pikp-2 activity

Next, we tested whether previously characterised sequence motifs within the nucleotide-bind-
ing pocket of the Pikp-1 and Pikp-2 NB-ARC domains are required for receptor activity.
Firstly, we generated mutations in the P-loop motifs of Pikp-1 and Pikp-2 (Pikp-1***" and
Pikp-2**'"R). Such mutations restrict nucleotide binding, and have previously been shown to
impair NLR function [18, 19, 62, 63]. On expression in N. benthamiana via agroinfiltration, we
found that these mutations abolish cell death activity in planta, including when expressed in
the presence of the paired NLR and the AVR-PikD effector (Fig 3 and S3A Figin S1 File). This
reveals that an intact P-loop motif is required in both Pikp-1 and Pikp-2 for activity.
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Pikp-1 MHD-like motif (Pikp-1*""P601—4A%) qoes not lead to auto-activity when overexpressed alone, or in the
presence of corresponding intact NLR. Further, this mutant was also unable to trigger a cell death response when co-
expressed with AVR-PikD. B) Mutation of the P-loop motif of Pikp-2 (Pikp-25*'"%) results in loss of cell death
response upon effector perception. Mutation of the Pikp-2 MHD-like motif (Pikp-2>°7VHP>¥97AAA 5 Pikp-2P°%7Y)
does not lead to auto-activity when overexpressed alone, in the presence of corresponding intact NLR, or its MHD-like
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comparison. C) and D) Cell death quantification for each infiltration shown as dot plots. Each of the dots has a distinct
colour corresponding to the biological replicate, and are plotted around the cell death score for visualization purposes.
The size of the central dot at each cell death value is proportional to the number of replicates of the sample with that
score. The data for Pikp-1+Pikp-2 (wild type) is a subset of the previous experiment (Fig 2A and 2B), used here for
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1799THPEOL pilep-24+ AVR-PIikD are the same in both panels, presented for comparison.

https://doi.org/10.1371/journal.pone.0238616.9003

Expression of all proteins was confirmed by western blot analysis (S3B Fig in S1 File). Sec-
ondly, we generated mutations in the “MHD” motifs of Pikp-1 and Pikp-2. Although classi-
cally defined as Methionine-Histidine-Aspartate (MHD), the residues that comprise this motif
in plant NLRs can vary. Here we will refer to this as the MHD-like motif. In Pikp-1, the MHD-
like motif residues are Ile-His-Pro (IHP), while in Pikp-2 they are Val-His-Asp (VHD). Muta-
tions within this NLR motif frequently lead to auto-activation and cell death in the absence of
pathogen perception [64-66]. To determine the importance of the MHD-like motif for Pikp-1
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and Pikp-2 activity, we generated triple alanine mutants of each protein (Pikp-1>*°HPe01 = AAA

and Pikp-2>%7VHP359 =AMy and a Pikp-2"°*"Y mutant. On expression in N. benthamiana via
agroinfiltration, we found that expression of these mutants alone did not result in auto-activity
and cell death (Fig 3). We also found that any combination of the MHD-like motif mutants
with wild-type or mutant paired NLRs, with or without the AVR-PikD effector, did not result
in cell death (Fig 3B and 3D). These results show that the native MHD-like motifs of Pikp-1
and Pikp-2 are required to trigger cell death. All proteins were expressed to detectable levels,
as confirmed by western blot analysis (S3B Fig in S1 File).

Pikp-1 and Pikp-2 form homo- and hetero-complexes in planta

Paired NLRs can form homo- and hetero-complexes in planta [45, 48]. To investigate whether
Pikp-1 and Pikp-2 can also homo- and/or hetero-associate, both in the absence and in the
presence of the effector, we performed in planta co-immunoprecipitation (co-IP) assays. To
test for homo-complex formation we expressed differentially tagged Pikp-1 constructs (FLAG
tag and V-5 tag), or Pikp-2 constructs (FLAG tag and HA tag) in N. benthamiana via agroinfil-
tration, followed by immunoprecipitation with a-FLAG resin. The barley NLR MLA10
(expressed with a FLAG tag) served as a negative control for interactions. Each FLAG-tagged
protein was expressed, and immunoprecipitated as expected (lower panels, Fig 4A and 4B).
For Pikp-1, we observe co-immunoprecipitation of Pikp-1:V-5 with Pikp-1:FLAG, but not
with MLA10:FLAG, and Pikp-1:V-5 did not show non-specific interaction with the resin when
expressed alone (Fig 4A). Similar results were obtained for Pikp-2 (Fig 4B), where Pikp-2:HA
immunoprecipitated Pikp-2:FLAG on co-expression. Faint bands of Pikp-2:HA were also
observed with MLA10:FLAG. However, a similar band can be observed where Pikp-2:HA is
expressed alone, indicating a weak non-specific binding to the resin. The presence of the
AVR-PikD effector (or the mutant AVR-PikD"** as a negative control) does not affect the
homo-association of Pikp-1 or Pikp-2 (S4 Fig in S1 File).

We then tested whether Pikp-1 and Pikp-2 can form hetero-complexes. Using the resources
described above, we co-expressed the proteins and performed o-FLAG pull downs. We show
that Pikp-2:HA co-immunoprecipitated with Pikp-1:FLAG, but not with MLA10:FLAG,

Pikp-1:FLAG + - = + - Pikp-2:FLAG + = = + =
Pikp-1:V-5 - + - + + Pikp-2:HA - + - + +
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Fig 4. Pikp-1 and Pikp-2 form homo-complexes. A) Pikp-1:FLAG, Pikp-1:V-5 and MLA10:FLAG and B) Pikp-2:
FLAG, Pikp-2:HA and MLA10:FLAG were expressed alone or in the combinations shown. Subsequently, anti-FLAG
immunoprecipitation (o.-FLAG-IP) was performed, followed by western blot analysis with relevant antibodies to detect
the proteins (upper panel). The lower panel confirms presence of all the proteins prior to immunoprecipitation.
Experiments were repeated at least 3 times with similar results.

https://doi.org/10.1371/journal.pone.0238616.9004
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indicating that these NLRs specifically hetero-associate (Fig 5A). We also tested whether co-
expression with AVR-PikD affects the formation of Pikp-1/Pikp-2 hetero-complexes. We co-
expressed Pikp-1:V-5, Pikp-2:FLAG and Myc:AVR-PikD followed by a-FLAG pull down
(note: in this case Pikp-2:FLAG is immunoprecipitated). All three proteins could be detected
after o-FLAG pull down (Fig 5B). We suggest that Pikp-2 associates with Pikp-1, which is also
bound to the AVR-PikD effector, forming tri-partite complex. Co-expression with the AVR--
PikD™*°F mutant was used as a negative control for effector interaction.

Discussion

Genetically linked NLR pairs are emerging as an important class of immune receptor in plants.
Established models for paired NLR receptors suggest they function via negative regulation
where a sensor NLR, that often carries an integrated domain, represses the activity of the sec-
ond. Binding of pathogen effectors to the sensor NLR relieves this negative regulation. In this
study, we show that the rice NLR pair Pikp-1/Pikp-2 differs from this model and works via
receptor cooperation. Pikp-2 is not auto-active when expressed in the absence of Pikp-1. Both
Pikp-1 and Pikp-2 are required to trigger cell death upon binding of the AVR-PikD effector to
the integrated HMA domain of Pikp-1, and all the domains are indispensable for this activity.
Further, we determined the requirements for conserved NB-ARC domain sequence motifs,
the P-loop and MHD-like motifs. Finally, we find Pikp-1 and Pikp-2 can form homo- and het-
ero-complexes that are likely important for function.

The expression of individual domains of a number of NLRs can result in cell death. In par-
ticular, CC domains and other N-terminal truncations can induce cell death when expressed
in planta [19, 42, 67-70]. This is thought to reflect oligomerization of the CC domains, result-
ing in minimal functional units that can trigger cell death. However, the CC domains of either
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Fig 5. Pikp-1 and Pikp-2 form hetero-complexes prior to and upon recognition of AVR-PikD. A) Pikp-1:FLAG,
Pikp-2:HA, MLA10:FLAG and MLA10:HA and B) Pikp-2:FLAG, Pikp-1:V-5, Myc:AVR-PikD and Myc:
AVR-PikD™F were expressed in the combinations shown. Subsequently, anti-FLAG immunoprecipitation (c-
FLAG-IP) was performed, followed by western blot analysis with relevant antibodies to detect the proteins (upper
panel). The lower panel confirms presence of all the proteins prior to immunoprecipitation. Experiments were
repeated at least 3 times with similar results.

https://doi.org/10.1371/journal.pone.0238616.g005
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Pikp-1 or Pikp-2 did not display cell death inducing activity. This likely reflects an inability of
these domains to adopt a configuration that supports cell death when expressed alone. Further,
we did not observe cell death on expression of full-length Pikp-1 with the Pikp-2 CC domain
(with or without AVR-PikD). We consider this a biologically relevant test for CC domain-
mediated cell death in a paired NLR compared to co-expression of the CC domains with short
epitope tags, or fused to GFP/YFP (a strategy required to observe cell death for some CC
domains [38, 39, 71], but not used here). It is possible that further studies may identify a Pikp-
1 or Pikp-2 CC domain construct that supports cell death, as studies with MLA10 family NLRs
showed that a single amino acid change can make the difference between observing cell death
or not [69], and chimeric NLRs with swaps within the CC domains can result in cell death
[72].

Considering NLR regions other than the N-terminal domains, expression of the NB-ARC
from Rx resulted in cell death [73]. However, we did not observe this phenotype on expression
of the NB-ARC domains of Pikpl or Pikp-2. For the NLR RPS5, it was shown that a
CC-NB-ARC construct can elicit cell death [40], but this may be due to deletion of the LRR
domain that may have a role in auto-inhibition prior to effector detection [28]. We did not
observe cell death following deletion of the LRR domains of Pikp-1 or Pikp-2. Together, our
data shows that full-length Pikp proteins, and perception of the effector, are required for cell
death activity in planta. This is an effective strategy to prevent mis-regulation of receptor activ-
ity in the absence of the pathogen, but highlights the need for additional studies to understand
the molecular mechanistic basis of Pikp activation, and the diversity of paired NLR function
more generally.

Although the P-loop motif is required for NLRs reported to work as singletons [18, 20], it is
not always necessary for paired and networked NLRs [45, 56, 74]. In genetically linked pairs
RGA5/RGA4 and RRS1/RPS4, the helper NLR requires an intact P-loop for cell death, but not
the sensor [45, 56]. In CCg-type helper NLRs, such as ADR1 and NRG1 (which function
downstream of several other NLRs, but are not genetically linked [75]), an intact P-loop motif
may not be required [76, 77]. Pikp-1 and Pikp-2 appear to function similar to the NRC net-
work of solanaceous plants, where both sensor and helper NLRs require a native P-loop motif
for function [74]. So why do Pikp-1 and Pikp-2 both require a native P-loop? It maybe this just
provides an additional layer of regulation. It is also possible that mutations in the P-loop affect
protein folding by preventing ADP binding, and Pikp-1 is more sensitive to this than other
sensor NLRs studied, or that ADP/ATP exchange is more important for transducing effector
binding by the HMA integrated domain in Pikp-1, possibly determined by the unusual posi-
tion of the integrated domain between the CC and NB-ARC domain in this NLR.

Residues of the MHD-like motif are involved in binding ADP in the inactive state of NLRs
[12, 78], and mutations in this motif can lead to auto-activity [22, 23]. Mutations in the MHD-
like motif of Pikp-1 and Pikp-2 are not auto-active, and result in a loss of cell death activity
when expressed with the AVR-PikD effector. In RGA5 and RGA4, residues of the MHD-like
motif are LHH and TYG, respectively, and the presence of a Glycine (G) in the third position
of RGA4 was shown to be linked to RGA4 auto-activity, whereas introducing mutations into
MHD-like motif of RGA5 did not abolish its ability to repress RGA4 [45]. The most straight-
forward explanation for why changes at the MHD-like motif in Pikp-1 and Pikp-2 results in a
loss of any cell death activity, rather than autoactivation, is that these mutations do not support
the protein confirmation required, perhaps in the context of this NLR pair specifically. It is
also possible that mutations in the P-loop and MHD-like motifs affect the ability of the recep-
tors to form biologically relevant protein complexes that support activity.

Plant NLRs can form both homo- and hetero-complexes both prior to and after effector
recognition [21, 40, 42, 79, 80], or undergo effector induced oligomerisation [81]. In addition
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to the CC domains of CC-NLRs, the N-terminal TIR domains of TIR-NLRs have been shown
to oligomerise [82-84]. Recently, the structure of full-length ZAR1 revealed the role of oligo-
merisation in activation of a full-length NLR [11]. Here, we have shown that Pikp-1 and Pikp-
2 form both homo- and hetero-complexes in the absence and presence of the AVR-PikD effec-
tor. However, the conformation of the proteins, their stoichiometry, and their specific arrange-
ment within the complexes, remain to be determined. Various models are possible for the
active complex including a Pikp-1/Pikp-2 dimer, a higher order oligomer including multiple
copies of the dimer, or a structure where Pikp-1 initiates the oligomerisation of Pikp-2 similar
to the mechanism seen for NAIP2/NLRC4 [85] and NAIP5/NLRC4 [86].

In summary, our findings reveal that the Pikp-1/Pikp-2 NLR pair function via receptor
cooperation rather than a suppression/activation mechanism, and signalling in planta requires
the full-length proteins with native sequences at the P-loop and MHD-like sequence motifs.
This suggests multiple mechanisms of regulation exist for NLRs. It is important to further
investigate these mechanisms if we are to fully understand NLR function and use this to engi-
neer improved disease resistance phenotypes in crops.
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