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General abstract (English) 
Co-evolution between plants and pathogenic microbes leads to adaptive genetic 
changes that shape the development of the host immune system. A major 
component of plant innate immunity is the deployment of nucleotide-binding leucine-
rich repeat receptors (NLRs) with N-terminal coiled-coil domains (CNLs). Grass 
species including wheat and barley encode CNLs that detect pathogenic effector 
proteins, an interaction that results in a potent hypersensitive response (HR) that is 
associated with effector-triggered immunity (ETI). ETI can be evaded due to 
sequence alterations in virulent effectors to escape detection by their cognate CNLs. 
The molecular basis of receptor-effector interaction specificity is incompletely 
understood. In this thesis, I present the cryogenic electron microscopy (cryo-EM) 
structure of the wheat Sr35 CNL in complex with its matching effector AvrSr35 from 
Puccinia graminis f sp tritici (Pgt) as the first structure of an activated NLR 
heterocomplex from a crop species. In addition, I report the cryo-EM structure of the 
barley CNL MLA13 in complex with its cognate effector AVRA13-1 from Blumeria 
graminis. I demonstrate that structural elucidation of CNLs in complex with their 
cognate effectors, and investigation of the interface between the two, can guide the 
rational design of CNLs to broaden effector recognition specificity. To this end, I have 
developed and present here a versatile and robust protocol for the purification of 
proteins from leaves of Nicotiana benthamiana, which has been successfully applied 
to a range of proteins and structural studies. Taken together, I show that 
experimentally resolved receptor-effector structures remain indispensable for 
understanding crop-pathogen interactions and aiding the design of NLRs with 
expanded effector recognition capability to enhance resistance to crop diseases. 
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General abstract (German) 
Die Koevolution zwischen Pflanzen und pathogenen Mikroben führt zu adaptiven 
genetischen Veränderungen, die die Entwicklung des Immunsystems des Wirts 
prägen. Ein Hauptbestandteil der angeborenen Immunität von Pflanzen ist der 
Einsatz von Rezeptoren mit Nukleotid-bindenden Leucin-reichen Wiederholungen 
(NLRs) mit N-terminalen coiled-coil-Domänen (CNLs). Grasarten wie Weizen und 
Gerste kodieren für CNLs, die pathogene Effektorproteine erkennen. Diese 
Interaktion führt zu einer starken Hypersensitivitätsreaktion (HR), die mit der 
Effektorausgelösten Immunität (ETI) assoziiert ist. ETI kann durch 
Sequenzänderungen in virulenten Effektoren umgangen werden, um der Erkennung 
durch ihre entsprechenden CNLs zu entgehen. Die molekulare Basis der Spezifität 
der Rezeptor-Effektor-Interaktion ist unvollständig verstanden. In dieser Dissertation 
präsentiere ich die Struktur der Weizen-Sr35 CNL im Komplex mit ihrem passenden 
Effektor AvrSr35 von Puccinia graminis f sp tritici (Pgt) mittels Kryo-
Elektronenmikroskopie (cryo-EM) als die erste Struktur eines aktivierten NLR-
Heterokomplexes aus einer Nutzpflanze. Darüber hinaus berichte ich über die Cryo-
EM-Struktur der Gerste-CNL MLA13 im Komplex mit ihrem entsprechenden Effektor 
AVRA13-1 von Blumeria graminis. Ich zeige, dass die strukturelle Aufklärung von 
CNLs im Komplex mit ihren entsprechenden Effektoren und die Untersuchung der 
Schnittstelle zwischen beiden die rationale Gestaltung von CNLs zur Erweiterung der 
Erkennungsspezifität von Effektoren leiten kann. Zu diesem Zweck habe ich ein 
vielseitiges und robustes Protokoll für die Reinigung von Proteinen aus Blättern von 
Nicotiana benthamiana entwickelt und präsentiere es hier, das erfolgreich auf eine 
Reihe von Proteinen und strukturellen Studien angewendet wurde. 
Zusammenfassend zeige ich, dass experimentell aufgeklärte Rezeptor-Effektor-
Strukturen unverzichtbar bleiben, um Pflanzen-Pathogen-Interaktionen zu verstehen 
und die Entwicklung von NLRs mit erweiterter Effektorerkennungskapazität zur 
Verbesserung der Widerstandsfähigkeit gegen Pflanzenkrankheiten zu unterstützen. 
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General introduction 
Plant immunity to pathogenic microbes is largely reliant on the detection of 
pathogen-associated molecular patters (PAMPs) and pathogen-derived effector 
proteins. PAMP-triggered immunity (PTI) is primarily mediated by the perception of 
PAMPS such as fungi-derived chitin or bacteria-derived peptide flg22 by pattern 
recognition receptors (PRRs) at the cell surface, often leading to the host production 
of toxic reactive oxygen species (ROSs)1,2. PTI also engages an additional branch of 
immunity that includes the deployment of intracellular nucleotide-binding leucine-rich 
repeat (NLR) immunoreceptors to detect and counter pathogens3. Plant NLRs 
contain a modular architecture and are categorised according to their N-terminal 
coiled-coil (CC; CNLs) domain or Toll-Interleukin-1 Receptor (TIR; TNLs) domain4. 
Conserved modules among the two classes include a central nucleotide binding 
domain (NBD) and a C-terminal leucine-rich repeat (LRR) domain4. It is the LRR 
domain that typically interacts with cognate pathogen-derived effector proteins 
(AVRs) and/or their pathogen-modified virulence targets, resulting in a downstream 
immune response that is often characterised by a localised cell death and restriction 
of pathogen growth, generally referred to as effector triggered immunity (ETI)1,5. In 
some cases, these so called ‘sensor NLRs’ also contain an integrated domain (ID) 
that is believed to resemble the virulence target of effectors, a molecular mimicry 
capable of triggering an immune response upon effector detection6. Some sensor 
CNLs and TNLs signal through downstream ‘helper NLRs’ that contain a HeLo-
/RPW8-like domain or a CC domain at the N-terminus and act as pairs to confer 
immunity with the helper NLRs executing a cell death response7-9. 
 Oligomerisation of high order heterocomplexes is a hallmark of NLR 
autoinhibition, activation and immunostimulatory output10-13. Resolution of the 
cryogenic electron microscopy (cryo-EM) structure of the Arabidopsis thaliana CNL 
ZAR1 resistosome provided the first example of how oligomerisation of plant NLRs 
leads to ETI10. The bacterial pathogen Xanthomonas campestris pv campestris (Xcc) 
delivers the uridylytransferase effector AvrAC into the into the host cell resulting in 
the uridylation of its virulence target PBS1-like protein 2 (PBL2). A preformed 
complex comprising ZAR1 and resistance-related kinase 1 (RKS1) binds to PBL2UMP 
resulting in the exchange of ADP to ATP in the NBD and oligomerisation of a wheel-
like pentamer10,14. Evidence suggests that at least one function of the ZAR1 
resistosome is localisation at the plasma membrane where it acts as a nonselective 
Ca2+ channel suspected to contribute to cell death15. The helper NLR required for 
cell death 4 (NRC4) exhibits similar oligomerisation tendencies albeit in a hexameric 
conformation rather than the pentameric ZAR1 resistosome13. In this case, the 
sensor NLR Bs2 detects the bacterial pathogen effector AvrBs2, triggering the 
oligomerisation of an NRC4 hexamer which executes the cell death response13. 
Conversely, the homologous NRC2 was found to oligomerise as dimers, tetramers 
and filaments as an autoinhibitory conformation and sequestration of the cell death-
inducing receptors16. The cryo-EM structures of the N. benthamiana ROQ1 and A. 
thaliana RPP1 resistosomes reveal that effector-triggered TNLs also oligomerise to 
form tetramers with NADase activity11,12. Although oligomerisation seems to be a 
common theme of NLRs activity, it is curious to consider alternative NLR 
conformations since the discovery of hexamers and autoinhibitory states. 
 Detection of pathogen effectors or effector-modified host molecules remains 
central to the efficacy of NLRs and host resistance to devastating diseases1,5. 
Revealing how NLRs interact with and are triggered by pathogen effectors broadens 
our understanding of co-evolutionary processes and can assist in the rational design 
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of NLRs for broad spectrum resistance through genetic engineering. A prime 
pathosystem for studying such interactions is stem rust of wheat caused by the 
obligate biotroph and basidiomycete Puccinia graminis f sp tritici (Pgt). Wheat stem 
rust is a globally devastating disease, in particular due to the emergence and spread 
of the highly virulent Pgt race Ug99 which is capable of overcoming many of the over 
36 characterised (Sr) resistance genes widely deployed by conventional breeding 
programmes17,18. Among several classes of proteins, Sr genes encode NLRs that 
detect Pgt-derived AvrSrs and trigger ETI18. For example, the CNL Sr27 recognises 
the Zn2+-bound effector AvrSr27 and two structural homologs19,20. While the crystal 
structure of AvrSr27 is available, and evidence suggests the N terminal domain of 
the effector is responsible for interaction with Sr27, structural information from the 
interface between the two is lacking20. The crystal structure of AvrSr50 exemplifies 
structural diversity among Sr-recognised effectors with highest similarity to cupin 
superfamily members and carbohydrate hydrolases21. Similar to AvrSr27, 
identification of key residues believed to contribute to the Sr50-AvrSr50 interaction 
have been identified, however, structural resolution of the interface remains 
incomplete21. The only other AvrSrs characterised to date include AvrSr35, AvrSr13 
and AvrSr22, all of which are predicted to be structurally dissimilar22,23. 
 Barley-powdery mildew interactions also present ample opportunity to 
investigate effector recognition specificity by CNLs. The ascomycete Blumeria 
graminis shares the same biotrophic lifestyle as Pgt although infects barley leaves 
and delivers effectors into the host cell, a strategy presumed to promote virulence24. 
A single Bg strain encodes >600 effectors and is capable of delivering hundreds into 
a host cell during infection, the majority of which are predicted to exhibit a conserved 
RNase-like fold24.  The pathogen is countered by the allelic series of Mildew locus a 
(Mla) genes which were first isolated from wild barley relatives and have historically 
been introgressed into domesticated barley lines to confer strain-specific disease 
resistance to Bg25. Mlas encode CNLs containing >90% amino acid sequence 
similarity with the majority of polymorphisms existing in the LRR, a diversification 
believed to be the product of co-evolutionary pressures between wild barley and 
Bg25. To date seven Bg AVRAs have been characterised including AVRA1, AVRA6, 
AVRA7, AVRA9, AVRA10, AVRA13, AVRA22, effectors that directly interact with and trigger 
a cell death response when co-expressed with their cognate MLAs MLA1, MLA6, 
MLA7, MLA9, MLA10, MLA13 and MLA22, respectively26-28. Of these AVRAs, the 
crystal structures of AVRA6, AVRA7, AVRA10, and AVRA22 revealed RNase-like folds 
that are lacking some of the key residues in the conserved catalytic binding pocket29. 
Moreover, evidence suggests that AVRA6, AVRA10, and AVRA22 are all recognised by 
their basal loops at the LRR of their respective, cognate MLA28,29. Similar to Sr-AvrSr 
pairs, structural information of MLA-AVRA interactions remains unresolved, limiting 
our understanding of how sequence similar CNLs specifically recognise structurally 
similar AVRAs. 
 The utility of Mlas reaches beyond immunity to Bg as some alleles have been 
found to recognise and trigger HR in response to infection by an evolutionarily 
diverse range of pathogenic microbes. For example, Mla8 was found to confer dual 
resistance specificity to both barley powdery mildew (Bg) and wheat stripe rust 
(Puccinia striiformis f sp tritici; Pst) in barley30. Similarly, Mla3 confers dual resistance 
specificity to barley powdery mildew and rice blast cause by Magnaporthe oryzae. 
Although the matching Bg AVRA3 remains uncharacterised, Pwl2 was identified as 
the M. oryzae avirulence effector responsible for triggering MLA3-mediated cell 
death31,32. Interestingly, the crystal structure of Pwl2 in complex with its virulence 
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target in rice (HIPP43) exhibits a MAX effector fold unlike the RNase-like folds of 
AVRA6, AVRA7, AVRA10, AVRA22

29,32. Although multi resistance specificity is an alluring 
trait of MLAs, some pathogens can seemingly manipulate MLA-mediated resistance 
for their own benefit. For example, the Mla homologue Susceptibility to Cochliobolus 
sativus 6 (Scs6) is believed to be ‘highjacked’ by the necrotrophic fungus Bipolaris 
sorokiniana isolate ND90Pr to promote cell death and proliferation of the pathogen33. 
The delivery of an uncharacterised yet presumed non-ribosomal peptide effector into 
the host cell results in an LRR-dependent interaction with SCS6 and cell death 
response33. The diverse range of MLA-engaging microbes highlights how these 
CNLs are potent for conferring multi resistance specificity yet need to be regulated 
by the host to avoid manipulation by necrotrophic pathogens. 
 Advances in AVR characterisation and structural resolution of NLR-effector 
interactions has spurred interest in the rationale design of NLRs for gain-of-function 
recognition of non-cognate effectors. One commonly reported approach to 
engineering resistance is the swapping or modification of the heavy metal associated 
(HMA) ID of rice NLRs Pik and Pia which has shown promising results of expanded 
effector recognition specificity for enhanced disease resistance to M. oryzae34-40. 
Alternatively, swapping LRR domains between NLRs or structure-guided engineering 
of the LRR has proven to be a promising approach to altering effector recognition 
specificity. In the case of MLA3, transferring the Pwl2-interacting segment of the LRR 
to the LRR of Sr50 resulted in a dual function Sr50 receptor capable of activation by 
both AvrSr50 and Pwl241. A more targeted approach was successful in transferring 
AvrSr50 recognition specificity to Sr33 with the substitution of 12 amino acids from 
the LRR of Sr5042. Notably, some of the tested substitutions in the LRR of Sr50 
resulted in receptor autoactivity. Modelling of the inactive receptor suggests that 
some of these putatively effector-interacting residues in the LRR interact with the 
NB-ARC ‘latch’ region to maintain an inactive conformation in the absence of 
AvrSr5042. Although the above-mentioned approaches show promising advances, 
high resolution structural information of the interface between the LRR and AVRs is 
lacking, limiting the potential for targeted engineering for broad effector recognition 
by NLRs. 
 In the first chapter of this thesis, we co-expressed wheat Sr35 and Pgt 
effector AvrSr35 in insect cell cultures to analyse the resulting conformation Sr35-
AvrSr35 heterocomplexes. Cryo-EM and subsequent modelling revealed a 
pentameric resistosome of ~24 nm at 3.2 Å. We performed cell death assays in 
wheat protoplasts and N. benthamiana with structure-guided substitution mutants of 
both Sr35 and AvrSr35 to validate the cryo-EM structure and to further verify which 
residues at the effector-LRR interfaces are indispensable for recognition and 
receptor activation. We then introduced a minimal number of substitutions into two 
Sr35 homologues with unknown function to test if these receptors could gain 
recognition of AvrSr35. These data revealed the first cryo-EM structure of a crop 
CNL directly interacting with its cognate effector and revealed common principles of 
calcium channel formation of CNL resistosomes. 
 In the second chapter, we expressed barley MLA13 and Bg AVRA13-1 in 
leaves of N. benthamiana to purify and resolve the resulting heterocomplex via cryo-
EM. The resulting structure revealed a stable MLA13-AVRA13-1 heterodimer, contrary 
to the pentameric conformation of the aforementioned Sr35 resistosome. The 
heterodimer measured ~11 nm in length and was resolved to 3.8 Å. Structure guided 
mutagenesis and cell death assays validated the interacting residues between 
AVRA13-1 and the MLA13 LRR that are necessary for triggering a cell death 
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response. Structural analysis and sequence alignment prompted us to generate a 
synthetic MLA7 receptor capable of triggering a cell death response in the presence 
of the non-cognate effectors AVRA13-1 and the virulent variant AVRA13-V2 while 
retaining recognition of its cognate AVRA7 variants. 
 In the third chapter, we present a robust and versatile protocol for expressing 
and purifying recombinant proteins from leaves of N. benthamiana. Firstly, we tested 
the expression levels of several diverse proteins that were codon altered for 
expression in insect cell cultures or N. benthamiana leaf expression systems. 
Additionally, we show that expressing the signal peptide of the effectors AVRA22 from 
B. graminis and Pwl2 from M. oryzae increases protein yield. We then generated and 
utilised Gateway compatible vectors with a backbone-encoded Twin-Strep tag for 
performing single-step affinity chromatography purification of heterocomplexes. The 
single-step co-expression and purification of Sr35 and AvrSr35 not only resulted in 
the isolation and resolution of the resistosome but also the AvrSr35 homodimer43,44. 
This shows that different expression and purification systems can lead to the same 
oligomeric state of some proteins. The protocol exhibits versatility for a diverse range 
of protein complexes and clarifies time-consuming optimisation parameters when 
tailoring for a user-specific application. 
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Chapter 1: A wheat resistosome defines common 
principles of immune receptor channels 
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Extended Data Fig. 1 | Sr35-AvrSr35 complex reconstitution in Sf21 insect 
cells. a, Cell viability data in Sf21 insect cells. Sr35 constructs carrying 
amino-terminal 6xHis-Sumo-tag and Avr35 constructs carrying N-terminal 
GST-tag. Cell viability was determined using trypan blue stain (mean ± SEM; 
n = 3 technical replicates). Six biological replicates were performed with 
comparable results. b, Chromatogram of Sr35-AvrSr35 resistosome purification 
using HiLoad S6 column. Red arrows corresponding to 669 kDa (66 mL) 
thyroglobulin molecular weight marker, 440 kDa (72 mL) to ferritin. c, SDS–PAGE 

of individual fractions collected in (b). Numbers represent elution volumes. 
Molecular weight marker (MWM) on left. d, Representative cryo-EM 
micrograph of Sr35-AvrSr35 complex. e, Representative 2D class averages of 
Sr35-AvrSr35 complex. f, Flowchart of cryo-EM data processing and 
Sr35-AvrSr35 3D reconstruction. g, FSC curves at 0.143 of the final model of 
Sr35-AvrSr35 complex. h, FSC curves at 0.143 of the final model of 
Sr35LRR-AvrSr35.
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Extended Data Fig. 2 | AvrSr35 structure from the Sr35 resistosome. α10-helix (red) is involved in most extensive contacts with Sr35 LRR.



Extended Data Fig. 3 | Western blot of N. benthamiana experiments. Pooled 
samples from 3 technical replicates. Ponceau S staining as a loading control.  
a, Sr35 NBD ATP-binding and coiled-coil protomer interface mutants. 
Myc-tagged protein. Left and right side merged from the same blot. b, Sr35 

EDVID and arginine-cluster mutants. Myc-tagged protein. Last lane cropped 
from the same blot. c, Sr35 channel mutants. Myc-tagged protein. d, Sr35 LRR 
mutants. Myc-tagged protein. e, AvrSr35 mutants. YFP-tagged protein 
detected by GFP antibody.
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Extended Data Fig. 4 | Details of EDIVD and R-cluster. a, Multiple protein 
sequence alignment of HvMLA10, HvMLA13, Sr35 and ZAR1. Amino acids 
highlighted in red and in red text are identical and possess similar properties, 
respectively. Alignment of the EDIVD motif and arginine cluster are boxed in 
black (Robert and Gouet 2014). b, Electrostatic surface charge of Sr35 LRR 

around the EDVID motif. c, Structural alignment of Sr35 inactive structure 
prediction (cyan) and one protomer (yellow) from Sr35 resistosome. Detailed 
view of EDVID and arginine cluster interactions. In analogy to ZAR1, the Sr35 
coiled-coil (CC) α1-helix might undergo structural rearrangement, which likely 
requires EDVID with arginine cluster interactions to transiently resolve.



Extended Data Fig. 5 | CNL resistosome structural conservation.  
The structures (in surface representation) of the ZAR1 resistosome and the 
Sr35 resistosome are shown. Zar1 is indirectly activated by the host proteins 
PBL2 and RKS1. Sr35 is directly activated by the fungal effector AvrSr35. The 

first, second, and third row show the top, side, and bottom views of these 
structures, respectively. Domains are coloured according to in-figure legend. 
Sizes are indicated by scale bar.



Article

Extended Data Fig 6 | Recognition of AvrSr35 effector by Sr35 LRR domain. 
a, Shape and charge complementarity of Sr35 LRR and AvrSr35 at their 
interface. (Left) AvSr35 shown as cartoon (lime) and Sr35 as electrostatics 
surface model. (Right) Sr35 LRR shown as cartoon (cyan) and AvrSr35 as 
electrostatics surface model. b, Wheat protoplast data of AvrSr35 mutants 

predicted to impair Sr35 recognition. Relative luminescence as readout for cell 
death. Empty vector treatment defined the relative baseline (mean ± SEM; 
n = 3). Test statistics derived from ANOVA and Tukey post hoc tests (P <0.05). 
Exact p values provided in Supplementary Table 3.



Extended Data Fig. 7 | Comparison of the Sr35 prediction (AlphaFold2) with 
the Sr35 protomer from the cryo-EM structure. a, Structural alignment of 
WHD and LRR domains from Sr35 AlphaFold2 prediction (cyan) and from Sr35 
resistosome Cryo-EM structure (blue). b, Structural comparison of monomeric 

Sr35 from prediction (left) and from Cryo-EM structure (right). Substantial 
differences exist highlighting the structural re-organization within the NOD 
module (NBD-HD1 relative to WHD). Domain color code: coiled-coil (yellow), 
NBD (light pink), HD1 (cyan), WHD (purple), and LRR (blue).



Article

Extended Data Fig. 8 | Steric clash between AvrSr35 and Sr35 NBD mediates 
Sr35 receptor activation. Inactive Sr35 inside the cell comes in contact with 
Pgt effector AvrSr35. In avoidance of a steric clash (red) between AvrSr35 and 
the Sr35 NBD domain, the Sr35 NBD domain is forced to structurally rearrange 

and a ‘primed’ receptor-effector complex is formed. Full activation and 
oligomerization requires subsequent ADP release, ATP binding and, NOD 
module rearrangement and coiled-coil (CC) domain structural rearrangement. 
Sr35 domains and AvrSr35 are coloured according to in-figure legend.















 12 

Chapter 2: The barley MLA13-AVRA13 heterodimer reveals 
principles for immunoreceptor recognition of RNase-like 
powdery mildew effectors 
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Chapter 3: A versatile protocol for purifying recombinant 
protein from Nicotiana benthamiana 
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General discussion 
Resolving the Sr35 resistosome extends our understanding of heteromeric 
immunocomplexes from the model system A. thaliana’s ZAR1 resistosome to the first 
cryo-EM structure of a resistosome from a staple crop43,44. Our results not only 
revealed differences but also commonalties between immunocomplexes from highly 
divergent monocotyledonous and dicotyledonous species. Electrophysiology results 
suggest that the formation of a Ca2+ permeable non-selective ion channel, possibly 
via resistosome pore formation at the plasma membrane, is a conserved cell death-
inducing mechanism shared between the two CNL immunocomplexes despite ~150 
million years of evolutionary divergence between wheat and Arabidopsis. The lack of 

resolution of the 1-helix at the N-terminal of Sr35 indeed raises curiosities about its 
conformation in comparison to that of the ZAR1 resistosome which forms a cone-like 
structure believed to associate with the plasma membrane15. Co-expression of Sr35 
and AvrSr35, however, seemingly co-localise at the endoplasmic reticulum, 
prompting the need for further research into the functional diversity among plant 

resistosomes22. Similarly, the NRC4 resistosome lacks resolution of the 1-helix, 
questioning the stability of these domains in the absence of a lipid bilayer, e.g. the 
plasma membrane or endoplasmic reticulum, and how they differ from the ZAR1 
resistosome13. Alternatively, the substitutions Sr35L15E/L19E and NRC4L9E introduced 
to abolish cell death activity could contribute to destabilise the CC domain. Although 
Ca2+ influx seem to be a common output of plant resistosome activation, cellular 
processes downstream of Ca2+ influx and of other ions preceding cell death remain 
poorly understood. Pore formation could simply lead to membrane rupture or 
cytotoxicity, resulting in cell death. Alternatively, unidentified, downstream Ca2+-
binding proteins s may be the bona fide executers of the HR response45. One 
candidate is the Ca2+ calmodulin binding transcription activator (CAMTA) family for 
which experimental evidence suggests a function as convergence point for PRR- 
and NLR-triggered immune responses46,47. The pentameric conformation of Sr35 
was believed to represent a common principle of plant resistosomes until the recent 
discovery of the hexamerisation of NRC4, cautioning the field of plant NLR biology to 
remain open to non-pentameric conformations of activated plant immunoreceptors13. 
However, an important functional difference between NRC4, Sr35 and ZAR1 is that 
NRC4 acts downstream of sensor NLRs in immune signalling as helper NLR, 
whereas the latter two are directly or indirectly involved in pathogen recognition 
(sensor NLRs). The Sr35 resistosome represents the first structure of a CNL 
immunocomplex in plants that directly binds its cognate effector, AvrSr35, revealing 
the interface in the LRR domain and prompting us to explore gain/loss of recognition 
mutants. Using information from the interface, we were able to engineer gain-of-
function receptor variants from an orphan Sr35 homolog in wheat to recognise 
AvrSr35. Although this is a step in the direction of rational structure-guided design of 
NLRs, it did not yet exemplify broadened effector recognition capability which is 
thought to result in more durable disease resistance. 
 Resolving the cryo-EM structure of the barley MLA13-AVRA13  heterodimer 
raises questions regarding the non-pentameric conformation and its physiological 
relevance. A key question for the future remains whether the stable heterodimer has 
an immunostimulatory function and represents an intermediate complex on the path 
to a putative MLA13 resistosome or is a protomer of a disassembled putative MLA13 
resistosome. Having successfully purified both the Sr35 and Sr50 resistosome using 
the same method as the MLA13-AVRA13 heterodimer and having tested various cell 
death-preventing substitutions in the receptor and epitope tag fusions, I conclude 



 15 

that the lack of a detectable MLA13 resistosome can be explained by its instability 
and inability to be purified from N. benthamiana. If the stable heterodimer represents 
an intermediate complex, I also conclude that the transition from the intermediate 
complex to a pentameric resistosome is differentially regulated among different 
sensor CNLs. Further exploration of the former hypothesis will require introducing 
alternative substitutions in MLA13 to test if the current substitutions (L11E/L15E and 
K98E/K100E) result in non-native conformation or complex instability. In support of 
the latter hypothesis, the wheat CNL Pm2a and its cognate effector AvrPm2 from Bg 
were recently found to require interaction with the wheat zinc finger transcription 
factor TaZF for mediating cell death and immunity to powdery mildew, prompting the 
idea that MLA13-AVRA13-mediated immunity may require additional factors or 
pathways48. Moreover, preliminary, unpublished data suggests that some barley 
CNLs are capable of triggering a cell death response in human HEK293 cells while 
MLA13-AVRA13 cannot, suggesting that additional, plant-specific factors are required 
for reconstituting cell death in such a heterologous system. Notably, purification and 
characterization of the MLA3-Pwl2 heterocomplex by size exclusion chromatography 
suggests an apparent molecular weight indicative of a deduced heterodimer. This 
suggests the receptor conformation in the MLA13-AVRA13 heterodimer may be a 
common feature of other activated MLA recognition specificities. Clearly, the 
physiological relevance of activated, non-pentameric CNL heterocomplexes such as 
the MLA13-AVRA13 heterodimer needs to be clarified due to recent discoveries of 
non-canonical immune complexes such as the NRC4 hexamer13. This requires the 
generation of transgenic barley plants expressing MLA13 with K98E/K100E 
substitutions from its native promoter and pathogen infection experiments with Bg 
strains containing or lacking AVRA13-1.   
 Long-standing evidence supporting direct MLA recognition of Bg AVRAs is 
finally verified by the structure of the MLA13-AVRA13-1 heterodimer27,28. Moreover, 
the heterodimer structurally clarifies previous evidence that some AVRAs are 
recognised by their matching MLAs via their basal loops28,29. Although resolving the 
interface of additional MLA-AVRAs is required to conclude that basal loop recognition 
is a common feature of MLA interactions, we hypothesise that receptor targeting of 
this structurally diversified region of the effector may be to avoid non-target 
recognition of structurally similar, host RNases resulting in receptor autoactivity. Our 
mutagenesis and cell death results of the interface also highlights the physiological 
relevance of AVRA13-1 recognition and finally opened the door to structure-guided 
design of MLAs for broadened effector recognition. Designing the MLA7L902S gain-of-
function mutant to not only recognise AVRA13-1 but also the virulent variant AVRA13-
V2 illustrates how a a single base gene edit can be used to broaden effector 
recognition capabilities to a non-cognate effector and a virulence effector. AVRA13-1 
is expressed in a worldwide collection of characterised Bg strains, extending the 
utility of the engineered receptor and its capability to recognise effector variants that 
escape receptor recognition in the field. Additionally, the minimalistic alteration of 
using a single base edit is potentially desirable in the context of legislation of 
genetically modified plants in some jurisdictions. Before extending such findings to 
the field, the MLA7L902S mutant needs to be tested for gain of immunity through the 
generation of transgenic barley lines followed by pathogen infection assays. 
 Extension of our findings in this thesis to future research questions such as 
resolving the cryo-EM structures of additional MLA-AVRA pairs is facilitated through 
the development of a robust and versatile protocol for purifying transiently expressed 
proteins from leaves of N. benthamiana. Our protocol reveals basic parameters that 



 16 

are essential not only for high in planta expression but also for formulating conditions 
that are suitable for maximising protein yield while maintaining sample purity. While 
predictive tools such as AlphaFold are gaining popularity, resolving experimental 
structures remains indispensable for not only answering biological questions but also 
for shaping the utility and veracity of modelling algorithms. 
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