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Chapter 1

General introduction and outline of the thesis



Introduction

Plant-pathogen interactions

Plants are constantly exposed to pathogens that are present in their environment. In most
cases, plants do not get diseased, because the pathogen lacks the basic capacity to infect the
plant species. Such a lack of basic compatibility between a plant species and a pathogen is
called nonhost resistance (Agrios, 1997). In only a few cases, basic compatibility between a
particular plant species and an encountering pathogen exists. In principle, the pathogen is
able to colonise and reproduce successfully on that particular plant species under certain
conditions. However, in most cases in nature, some genotypes of the susceptible plant
species are able to recognise the invading pathogen and arrest its development, resulting in
host resistance and avirulence of the pathogen. This phenomenon is referred to as genotype-
specific resistance. Genetic studies revealed that genotype-specific resistance is generally
depending on a monogenic, dominant trait. In addition, avirulence of the pathogen was
shown to be dependent of a monogenic, dominant trait as well. Based on these findings the
gene-for-gene concept was put forward.

The gene-for-gene concept

The gene-for-gene concept was independently proposed by Oort (1944), working on the
Ustilago tritici-wheat interaction and by Flor (1942, 1946), working on the Melampsora
Jini-flax interaction. Based on their genetic studies they postulated that for every dominant
gene defermining resistance in the host plant, there is a matching dominant gene
conditioning avirulence in the pathogen. The prevailing model to explain the biochemical
basis of the gene-for-gene concept is the elicitor-receptor model (Gabriel and Rolfe, 1990;
Keen, 1990). According to this model, an avirulence (4vr) gene of a pathogen encodes an
elicitor protein that is perceived by a receptor protein, which is encoded by the matching
resistance (R) gene of the host plant. Perception of the elicitor protein by the host plant
subsequently leads to the activation of defence responses, often including local cell death
around the infection site (Hammond-Kosack and Jones, 1996). The latter is referred to as
the hypersensitive response (HR) and is a hallmark for gene-for-gene based resistance.

Resistance gene and avirulence gene products

To date, a variety of R and Avr genes have been cloned (reviewed by Takken and Joosten,
2000a and Van 't Slot and Knogge, 2002). Various R genes have been characterised that
confer resistance to a wide range of pathogens. The encoded R proteins, however, are
remarkably similar and can be classified based on their structural domains and their
localisation (Takken and Joosten, 2000a). Consistent with their predicted receptor function
all R proteins, except for Pto and RPWS, contain a leucine-rich repeat (LRR) domain,
which is thought to be involved in protein-protein interactions (Kobe and Deisenhofer,
1994). The R genes can be divided in those encoding proteins with cytoplasmic LRRs and
those encoding proteins with extracytoplasmic LRRs (Jones and Jones, 1996). The R
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proteins with a cytoplasmic LRR domain all possess a nucleotide-binding site (NBS).
Furthermore, some of these R profeins contain a leucine zipper (LZ) domain or a
TolVinterleukin 1 receptor-like (TIR} domain. The R proteins with an extracytoplasmic
LRR domain contain a transmembrane region and one of them, Xa2l, contains a
cytoplasmic protein kinase domain as well (Takken and Joosten, 2000a). The structural
domains of R proteins predict a role in signal perception and transduction. In most cases,
however, it is not clear how R proteins initiate defence responses.

In contrast to R proteins, Avr gene products identified so far show hardly any
similarity. The fact that Avr genes are maintained within a pathogen population suggests
that their products, in addition to a role as avirulence factor, have a function that is
beneficial for the pathogen. Although the number of Avr genes for which a clear function
for the pathogen has been demonstrated is still limited, it is now generally accepted that Avr
gene products are bifunctional. In addition to triggering defence responses on resistant host
genotypes, they have a role in virulence of the pathogen on susceptible genotypes (Gabriel,
1999; White et al., 2000; Kjemtrup et al., 2000; Van 't Slot and Knogge, 2002).

Perception of AVR proteins

The number of R genes for which the matching Avr gene has been cloned is increasing.
However, to date, only for two R proteins, Pto from tomato and Pi-ta from rice, physical
interaction with a pathogen-derived ligand, AvrPto and AVR-Pita respectively, has been
reported (Scofield er al., 1996; Tang et al., 1996; Jia et al., 2000). This limited number
suggests that in various host-pathogen relationships no physical interaction between R and
AVR proteins occurs and that perception of AVR proteins by their matching R gene
products is indirect. Indirect perception of AVR proteins by R proteins implies that at least
a third component is required for specific recognition of an avirulence factor by a resistant
host. Although the nature of the third component is speculative, it might well be a co-
receptor. Another fascinating possibility was put forward by Van der Biezen and Jones
(1998), in the ‘Guard hypothesis’. The ‘Guard hypothesis’ proposes that the third
component that is required for perception of an AVR protein is represented by the virulence
target of the AVR protein. Binding of the AVR protein to its virulence target is detected by
the matching R protein, which is ‘guarding” this virulence target. An intriguing aspect of
the ‘Guard hypothesis’ is that it predicts that, in plants carrying the matching R gene, the
Avr gene product causes avirulence by interaction with its virulence target. This would
mean that, although AVR proteins are gencrally regarded to be bifunctional, this dual
function might be based on a single biochemical event, funnelling into two different
pathways. In the presence of the ‘guarding’ R protein, binding of the AVR protein to its
virulence target will result in the initiation of defence responses, whereas in case of absence
of the R protein, binding will result in enhanced susceptibility of the host.
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The Cladosporium fulvum-tomato interaction

The fungus Cladosporium fulvum (syn. Fulvia fulva) is a biotrophic pathogen that causes
leaf mould disease on its only host, tomato (Lycopersicon spp.). Conidia of C. fulvum
germinate on the leaf surface and enter the leaf through the stomata. Subsequently, the
hyphae colonise the intercellular space of the leaves of a susceptible host. Although the
hyphae grow in close contact with the mesophyll cells, no specialised feeding structures
like haustoria are formed (De Wit, 1977). Approximately 10 days after penetration, a
network of hyphae is formed in the substomatal cavities, and conidiophores on which
asexual spores are formed, emerge from the stomata.

The interaction between tomato and C. fuhwum complies with the gene-for-gene
concept. As growth of C. fulvum is confined to the apoplastic space of tomato leaves, it was
hypothesised that exchange of all molecules between plant and fungus, including elicitor
proteins, occurs via the apoplastic space. De Wit and Spikman (1982) indeed showed that
elicitor molecules are present in apoplastic fluid of infected susceptible plants. Two race-
specific elicitors, AVR4 and AVRSY, were isolated from apoplastic fluid and the
corresponding genes were cloned (Joosten et al., 1994; Scholtens-Toma and De Wit, 1988;
Van den Ackerveken et al., 1992; Van Kan ef ¢l., 1991). Furthermore, five elicitor proteins,
extracellular proteins (ECPs)} ECP1, ECP2, ECP3, ECP4 and ECPS, were purified that are
produced by all strains of C. filvumn analysed so far (Laugé ef al., 2000; Laugé et al,
1998b; Van den Ackerveken et al., 1993a; Wubben ef a/., 1994). For ECP1 and ECP2 it has
been shown that they are virulence factors of C. fidvum (Laugé er al., 1997} and it is
expected that the same holds for the other ECP proteins. All elicitor proteins of C. fulvum
that have been isolated so far, are small, cysteine-rich proteins that contain an N-terminal
signal sequence for extracellular targeting (reviewed by Joosten and De Wit, 1999).

From tomato, several Cf genes mediating resistance to specific races of C. fulvum
have been cloned (reviewed by Joosten and De Wit, 1999). Two of them, Cf-4 and Cf9
(Jones et al., 1994; Thomas ef al., 1997) confer resistance upon recognition of elicitor
proteins AVR4 and AVRY, respectively. All (f genes are predicted to encode
extracytoplasmic, membrane-anchored glycoproteins that contain many LRRs. The N-
terminal part of the LRR domain, which is highly variable among the Cf proteins, is
thought to play a role in recognitional specificity, whereas the C-terminal part of the LRR
domains of Cf proteins is highly conserved and might play a role in signal transduction
(Dixon et al., 1996).

Outline of the thesis

The research described in this thesis is focussed on the characterisation of elicitor proteins
of C. fulvum and their perception by resistant tomato plants. At the start of this research
project several Cf genes from tomato, mediating resistance to specific races of C. fislvum,
and several Avr and Ecp genes from C. fulvum had already been cloned. The apoplastic
localisation of the various elicitor proteins, together with the predicted extracellular



Chapter 1

localisation of the LRR region of the Cf proteins is consistent with the hypothesis that a
direct interaction occurs between C. fulvum-derived elicitors and the matching Cf proteins.
However, no biochemical data were available to confirm this,

A striking feature of all elicitor proteins of C. fulvum is that the mature form contains
an even number of cysteine residues (reviewed by Joosten and De Wit, 1999). These
cysteine residues are thought to be involved in disulfide bridges, which are essential for
proper conformation and stability of the elicitors. Therefore we set out to examine the role
of the cysteine residues in HR-inducing activity and stability of elicitor proteins. Chapter 2
describes a study in which a mutational analysis of the cysteine residues of elicitor proteins
ECP1, ECP2 and ECP5 was performed. Our findings indicate that the role of (the even
number of) cysteine residues in these proteins is more compiex than anticipated, as some of
the cysteine residues do not seem to be involved in intramolecular disulfide bridges in the
mature ECPs.

The six cysteine residues present in the mature AVRY peptide have been shown to be
involved in intramelecular disulfide bridges that are essential for its structure and necrosis-
inducing activity (Kooman-Gersmann et al., 1997, Van den Hooven ef al., 2001). Binding
studies using radiolabeled AVRY protein showed the presence of a high-affinity binding
site (HHABS) for this elicitor in plasma membranes isolated from leaves of near-isogenic
lines of tomato, either with or without the Cf-9 resistance gene (Kooman-Gersmann et a/.,
1996). This raised the question whether, in addition to binding of AVR9 to the HABS, a
direct interaction between AVRY and the C£-9 protein does take place. In order to perform
binding studies with Cf-9 protein in the absence of the HABS, Cf-9 was produced in
heterologous systemns. In chapter 3 the results of binding studies with Cf-9 protein produced
in insect cells or other heterologous systems are described. Although binding studies were
performed using different experimental approaches, no specific binding of AVR9 to Cf-9
was detected. This implies that the simplest interpretation of the gene-for-gene concept,
involving direct interaction of a pathogen-derived elicitor with a matching resistance gene
product, does not hold for the Avr9/Cf-9 gene pair, and that at least a third interacting
partner is involved in perception of AVRY by Cf-9. The HABS would be a good candidate
for this third interacting partner, Currently, efforts are being made to purify the HABS.

Avr2/Cf-2 is another gene-for-gene pair for which a third interacting partner has been
suggested to play a role in perception of the elicitor protein by tomato (Dixon et al., 2000).
The gene encoding the possible third interacting partner, Rer3, was identified and its
cloning is underway. Rcr3 is specifically required for Cf-2-mediated resistance. The Cf-2
resistance locus has been isolated (Dixon et af., 1996), however, cloning of the Avr2 gene
has been unsuccessful so far, as attempts to purify the AVR2 protein from apoplastic fluid
failed. To allow dissection of the biochemical mechanism of perception of AVR2 by Cf-2
and Rer3, we set out to clone Avr2 cDNA, employing a functional screen based on the HR-
inducing activity of AVR2 in Cf2 tomato plants (Takken ef al., 2000b). In chapter 4,
cloning and characterisation of avirulence gene Avr2 is described. Whether Rer3 is indeed
involved in perception of AVR2 by Cf-2 will be investigated in the near future.

6
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In chapter 5, the perception of AVR proteins is discussed for gene-for-gene
relationships for which both the 4w and the matching R gene have been cloned.
Interestingly, for a majority of the gene-for-gene relationships, indirect perception of AVR
proteins seems to be more consistent with the experimental data than a direct AVR-R
protein interaction. Moreover, this indirect perception seems to comply with the ‘guard’
model. The implications of this finding are discussed.

The data presented in this thesis indicate that, although the genetics of the gene-for-
gene concept suggest a simple direct receptor-ligand interaction, the actual biochemical
mechanism of elicitor perception by a resistant host might be more complex than
anticipated. In chapter 6, models are presented for perception of AVR2 and AVR9Y by Cf2
and Cf9 tomato plants, respectively. The implications of indirect perception of AVR
proteins by resistant host plants for future research on gene-for-gene interactions and for
modern resistance breeding will be discussed.



Chapter 2

Functional analysis of cysteine residues
of ECP elicitor proteins of the fungal tomato pathogen
Cladosporium fulvum

This chapter has been published with minor modifications by Rianne Luderer, Maarten J.D.
de Kock, Robert H.L. Dees, Pietre J.G.M. de Wit and Matthieu H.A.J. Joosten in Molecular
Plant Pathology 3 (2), 91-95 (2002),



Cysleine residues of elicitor proteins

Abstract

A striking feature of all elicitor proteins of Cladosporium fulvum that are specifically
recognised by tornato is that they contain an even number of cysteine residues. These
cysteine residues are thought to be involved in disulfide bridges. In this study, a mutational
analysis of the cysteine residues of ECP1, ECP2 and ECP5 was performed, to examine their
role in stability and hypersensitive response-inducing activity of the proteins. We show that
not all cysteine residues of the ECPs are critical for the hypersensitive response-inducing
activity of the proteins and we propose that the role of cysteine residues in the ECPs is
more complex than anticipated.

Introduction

The interaction between tomato and the strictly apoplastic, biotrophic pathogen
Cladosporium fulvum complies with the gene-for-gene model. This model postulates that
for every gene determining resistance in the host, there is a corresponding gene
conditioning avirulence in the pathogen (Flor, 1942). Avirulence proteins of C. fulvum elicit
a hypersensitive response (HR) in tomato, resulting in resistance. To date, 8 genes from C.
Jilvum have been cloned that encode an elicitor protein. Four of these elicitors, AVR2,
AVR4, AVR4E and AVRY, are race-gpecific and induce a HR, visible as necrosis,
following injection in tomato lines harbouring the corresponding C. fulvum (Cf) resistance
gene (Luderer, unpublished data, Joosten et al, 1994; Westerink, unpublished data;
Scholtens-Toma and De Wit, 1988). The other four elicitors, extracellular proteins ECP1,
ECP2, ECP4 and ECPS5, are produced by all strains of C. filvum investigated thus far and
are recognised by genotypes of different Lycopersicon species (Haanstra et al., 2000; Lauge
et al., 2000). ECP1 and ECP2 have been proven to be virulence factors of C. fulvum (Laugé
et al., 1997) and it is expected that the same holds true for ECP4 and ECP3. None of the
elicitors have a significant homology with each other or with any other genes or proteins
present in databases.

During infection, C. filvum secretes the elicitor proteins into the apoplast of tomato
leaves. Consistent with this observation, the proteins all contain an N-terminal signal
scquence for extracellular targeting (Joosten er al, 1994; Laugé et al., 2000; Luderer,
unpublished data; Van den Ackerveken et al., 1993a; Van Kan et al, 1991; Westerink,
unpublished data). After secretion, additional N- and/or C-terminal processing takes place
(Joosten et al., 1997; Laugé et al., 2000; Van den Ackerveken et al., 1993ab). A siriking
feature of all elicitor proteins is that the mature form contains an even number of cysteine
residues. The six cysteine residues present in the mature AVR9 peptide have been shown to
be involved in disulfide bridges that are essential for its structure and necrosis-inducing
activity (Kooman-Gersmann et al., 1997, Van den Hooven ef al., 2001). Furthermore, in
several natural mutant isoforms of AVR4, produced by strains of C. filvum that are virulent
on tomato plants that carry the Cf~4 gene, one of the eight cysteine residues is substiuted
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by a tyrosine residue, resulting in an unstable protein (Joosten et al., 1997). These data
suggest that the various cysteine residues that are present in clicitor proteins of C. filvum
are involved in disulfide bridges, which are essential for proper conformation and stability
of the elicitors. The stability of the elicitor proteins might be particularly important because
they reside in the apoplast, which is known to be rich in proteases (Van den Ackerveken et
al., 1993b). The stability of ECPs in the apoplast is thought to be required both for their
contribution to the virulence of the fungus and for their elicitor function. To find out
whether the even amount of cysteine residues is of general importance for the stability and
necrosis-inducing activity of the various elicitor proteins of C. fit/vum, a mutational analysis
was initiated.

Resulits and conclusions

In this study, cysteine residues of ECP5, ECP1 and ECP2, containing 6, 8 and 4 cysteine
restdues, respectively (Fig. 1), were substituted one by one by an alanine residue, using
primer-directed mutagenesis of the corresponding codon of the encoding cDNA. Wild-type
Fep ¢DNAs and derived mutants were expressed in tomato genotypes camrying the
corresponding C/~ECP gene (Laugé et al., 1998b, 2000}, using potato virus X (PVX).
Previously, the PVX expression system was shown to be well suited for testing HR-
inducing activity of AVR9 mutants (Kooman-Gersmann et al., 1997). For each ECP and its
derivatives, the HR-inducing activity was classified ranging from no HR-inducing activity
(-), and showing only mosaic symptoms caused by PVX, to the HR-inducing activity
similar to that of the wild-type ECP (+++++). In Figure 2a-c, typical HR symptoms,
consisting of spreading necrotic lesions and epinasty of leaves, are shown for each of the
wild type ECPs and some of their derivatives.

Fig. 1. Schematic representation of ECP5

mature ECP5, ECP1 and ECP2. 1318 M 59..61 94
Numbers indicate amino acid positions I I I ’r

in the mature proteins. The black bars

indicate the positions of the cysteine 0 98
residues. ECP1

9 21293744 5664

IR

0 65
ECP2
12 33 62 17
I [ |
0 142
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Cysteine residues of elicitor proteins

Single cysteine-to-alanine substitutions in ECP5 resulted in a complete loss of
necrosis-inducing activity for residues 31, 59, 61 and 94 (sce Fig. 2a for symptoms of
C31A), suggesting that these are involved in disulfide bridges which are essential for HR-
inducing activity and/or stability of the ECP5 protein. Wild-type HR-inducing activity was
observed for C13A and C18A derivatives (see Fig. 2a for symptoms of C13A), indicating
that cysteine residues 13 and 18 are either not connected by a disulfide bridge or that the
disulfide bridge that they form is not essential for the necrosis-inducing activity and
stability of the ECP5 protein. It was not possible to analyse the stability of ECP5 and
derived proteins by Western blot analysis, as attempts to raise antibodies against a synthetic
peptide derived from ECP3 were not successful.

Single cysteine-to-alanine substitutions in ECP1 resulted in a complete loss of HR-
inducing activity for all mutants, except for C64A, which showed a reduced HR-inducing
activity (+++) compared to the wild-type ECPl protein (Fig. 2b,d). For two cysteine
residues that are connected by an intramolecular disulfide bridge, a similar effect on the
HR-inducing activity of the protein is expected following substitution of each of the
matching cysteine residues by alanine. Therefore, it is surprising that only one mutant
shows some residual HR-inducing activity, and a matching mutant is lacking. These results
indicate that C64, and consequently also one additional cysteine residue, are not involved in
an intramolecular disulfide bridge in the mature ECP1 protein. These cysteine residues
might be involved in disulfide bridges that are required in intermediate structures during
folding of the protein, or in intermolecular disulfide bridges. Western blot analysis (see
legend of Fig. 2) shows that there is a strict correlation between the amount of ECP1 and its
derivatives that is present in the apoplastic fluid, and their HR-inducing activity (Fig. 2d),
suggesting that the changes in HR-inducing activity are due to changes in the stability of
the ECP1 mutants,

Substitution of cysteine residue 12, 33 or 62 of ECP2 by alanine resulted in a
reduction of HR-inducing activity (+++) compared to wild-type ECP2, whereas substitution
of C117 resulted in an almost complete loss of HR-inducing activity (+) (Fig. 2c,e}. As
substitution of none of the other cysteine residues resulted in a loss of HR-inducing activity
similar to the C117A mutant, C117 and at least one other cysteine residue are probably not
involved in an inframolecular disuifide bridge in the mature ECP2 protein. To find out
whether the other cysteine residues are involved in an intramolecular disulfide bridge,
double mutants of Ecp2 were constructed. Only C33,62A showed an HR-inducing activity,
which was equal to the activity of the cormresponding single mutants (Fig. 2e), indicating
that these cysteine residues are involved in an intramolecular disulfide bridge. Western blot
analysis (see legend of Fig. 2) revealed that there is not a strict correlation between the
amount of ECP2 and derived proteins that is present in the apoplastic fluid, and their HR-
inducing activity, as C117A is readily detected by ECP2 antibodies, whereas hardly any
HR-inducing activity was observed (Fig. 2e). In particular, C117A shows a changed pattern
on Western blot compared to the wild-type ECP2 protein. This might be the result of
structural differences, due to aberrant folding or the potential loss of the ability to form
intermolecular disulfide bridges, which result in a different behaviour of the protein on a
native gel.

13
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Fig. 2. Hypersensitive response (HR)-inducing activity and abundance in the apoplastic fluid (AF) of wild-type
ECPs and derived mutants, Mutants are named after the position of the cysteine residue in the mature ECP protein
that has been replaced by alanine. Arrows indicate epinastic leaves that show necrosis. (A) HR, visible as necrosis
and epinastic symptoms, induced by PVX expressing wild-type (WT) Ecp5 (+++++), Ecp5 mutant C13A (+++++)
and Ecp5 mutant C31A (-), 15 days post inoculation. {B) HR induced by PVX expressing WT Egpl (+++++),
Ecpl mutant C64A (+++) and Ecpl mutant COA (-), 10 days post inoculation. {C) HR induced by PVX expressing
WT Ecp2 (+++++), Ecp2 mutant C12A (+++), Ecp2 mutant C117A (+) and Ecp? double mutant C33,117A (-), 13
days post inoculation. (D) HR-inducing activity and abundance in the AF of ECP1 and derived mutants.
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Fig.2 (Continued) {E) HR-inducing activity and abundance in the AF of ECP2 and derived mutants. Cysteine to
alanine codon changes were introduced with a minimal amount of nucleotide changes. Mutagenic primers of 21-26
bp were designed and to introduce each mutation three PCR reactions were performed. The PVX plasmid vectors
containing the wild-type Ecp cDNA (Laugé ef al., 1998 and 2000) were used as primary template. In the ficst PCR
reaction the forward OX10-primer {(5°-CAATCACAGTGTTGGCTTGC-3’, annealing 5° of the Eecp insert in the
PVX vector) and a reverse mutagenic primer were used. The second PCR reaction was performed using the
reverse N3 1 primer (5’-GACCCTATGGGCTGTGTTG-3", annealing 3° of the £cp insert in the PVX vector) and a
forward mutagenic primer complementary to the primer used in the first PCR reaction. The amplified fragments
were purified, combined and subjected to overlap extension PCR using the OX10 and N31 primers. The resulting
fragment was digested with Clal and inserted into Clal-digested, dephosphorylated PVX plasmid vector
{Chapman et al., 1992), 3° of the duplicated coat protein promoter. PCRs were performed using Pfu DNA
polymerase (Stratagene, Amsterdam, NL} and the sequence of the recombinant PYX constructs was verified. fn
vitro transcription and plant inocculation were performed according to Kooman-Gersmann et al. (1997). For
assessment of the HR-inducing activity of ECP5 and derivatives, selfings of Lycopersicon esculentum accession
Gl.1161 (CfECP5, Haanstra et al., 2000) were inoculaied. For ECPl and derivatives, selfings of L.
pimpinellifolium line Lp-Cf-ECP1 (Laugé er al.,, 2000) were inoculated, whereas selfings of the *Ontario’ breeding
line 7518 (Cf-ECP2, Laugé ef al, 2000; Laugé ef al., 1998) were inoculated for the analysis of ECP2 and
derivatives. Two to three weeks after inoculation, apoplastic fluid (AF) was isclated (De Wit and Spikman, 1982)
from the third and fourth PVX-infected leaves of MM-Cf4 plants, that do not respond to the various ECPs and
their derivatives. For analysis by PAGE, 75 pl aliquots of AF were frecze-dried and loaded on gel. For ECP1
detection, AF was subjected to SDS-PAGE analysis and transferred to nitro-cellulose by electroblotting. Blots
were incubated with ECP] antibodies raised against a synthetic peptide consisting of the 26 C-terminal amino
acids from ECP| (Sigma-Genosys, Cambridge, UK), at a 1:1000 dilution. For ECP2 detection, PAGE analysis at
high pH in the absence of SDS was employed. Blots were incubated with pelyclonal ECP2 antibodies (Wubben er
al., 1994) at a 1:1000 dilution. Antigen-antibody complexes were visualised using alkaline phosphatase-
conjugated goat anti-rabbit IgG, under standard conditions.

This study has shown that not all cysteine residues of the ECPs are essential for full
HR-inducing activity. Furthermore, there is not always a strict correlation between the
amount of an ECP derivative that is present in the apoplastic fluid, and its HR-inducing
activity. Beside the possible loss of a disulfide bridge, substitution of a cysteine residue by
an alanine residue might affect folding (and thereby HR-inducing activity and stability) of
the proteins due to intrinsic differences between these amino acids. The differences
between a cysteine and an alanine residue, however, are relatively small compared to other
amino acid residues. It is therefore unlikely that the observed changes in HR-inducing
activity and stability of mutant ECP proteins are the result of other effects than the loss of a
disulfide bridge. The loss of a disulfide bridge, however, might result in conformational
changes of an elicitor protein that affect its secretion in the apoplastic space.

The data presented in this manuscript show that the role of the even amount of
cysteine residues present in the ECP elicitor proteins of C. filvum is more complex than
anticipated. This might be the same for NIP1, a small, secreted, cysteine-rich protein of the
barley pathogen Rhynochosporium secalis, which was proven to be both a virulence and an
avirulence factor (Rohe et al., 1995). Some of the cysteine residues do not seem to be
involved in intramolecular disulfide bridges in the mature ECPs. They might be involved in
intramnolecular disulfide bridges that occur in intermediate structures during folding of the
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protein, as was shown to occur during folding of AVR9 (Van den Hooven ef al., 1999) or
they might be involved in intermolecular disulfide bridges. Such bridges could either result
in homodimers or in complexes with other proteins. Currently, ECP proteins are being
produced in heterologous expression systems. The productton of these proteins in large
amounts will allow further biochemical studies to unequivocally determine which cysteine
residues of the ECP proteins are connected by a disulfide bridge. The potential formatton of
intermolecular disulfide bridges is of special interest, as these disulfide bridges might be
important for perception of elicitor proteins by the plant as well as for their function in
pathogenicity of the fungus.
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No binding between Cf-9 and AVR9

Abstract

The gene-for-gene model postulates that for every gene determining resistance in the host
plant, there is a corresponding gene conditioning avirulence in the pathogen. On the basis
of this relationship, products of resistance (R) genes and matching avirulence (4vr) genes
are predicted to interact. Here, we report on binding studies between the R gene product Ci-
9 of tomato and the Avr gene product AVRY of the pathogenic fungus Cladosporium
Sfulvum. Because a high affinity binding site (HABS) for AVRY is present in tomato lines,
with or without the Cf9 resistance gene, as well as in other solanaceous plants, the Cf-9
protein was produced in COS and insect ceils in order to perform binding studies in the
absence of the HABS. Binding studies with radiolabeled AVR9 were performed with Cf-9-
producing COS and msect cells and with membrane preparations of such cells.
Furthermore, the Cf-9 gene was introduced in tobacco, which is known to be able to
produce a functional Cf-9 protein. Binding of AVR9 to Cf-9 protein produced in tobacco
was studied employing surface plasmon resonance and surface-enhanced laser desorption
and ionisation. Specific binding between Cf-9 and AVR9 was not detected with any of the
procedures. The implications of this observation are discussed.

Introduction

Host specificity in plant-pathogen interactions has been described by the gene-for-gene
model (Flor, 1942), which postulates that for every gene determining resistance in the host,
there is a corresponding gene conditioning avirulence in the pathogen. On the basis of this
relationghip, products of resistance (R) genes and matching avirulence (4vr) genes are
predicted to interact, resulting in an incompatible interaction (Keen, 1990). To date, a
variety of R and Avr genes have been cloned (Jones and Jones, 1996; Laugé and De Wit,
1998a; Van der Biezen and Jones, 1998).

Until now, only for two R proteins, Pto from tomato and Pi-ta from rice, physical
interaction with a pathogen-derived ligand, AvrPto and AVR-Pita, respectively, has been
reporied (Scoficld er al.,, 1996; Tang et al., 1996; Jia et al., 2000). Pto is a protein kinase, of
which the kinase activity is required for activation of a resistance response (Sessa et al.,
1998). The Pi-ta resistance gene encodes a predicted cytoplasmic protein containing a
nucleotide binding site and a leucine rich carboxyl terminus (Jia et @/., 2000). The number
of R genes for which the matching Avr gene has been cloned is increasing {Laugé and De
Wit, 1998a). This allows for more extensive studies of the mechanisms by which plant R
gene products and corresponding pathogen-derived avirulence gene products interact and
subsequently determine the outcome of the plant-pathogen interaction.

The interaction between tomato and the strictly apoplastic, biotrophic pathogen
Cladosporium fulvum complies with the gene-for-gene model. From tomato, several Cf
genes mediating resistance to specific races of C. filvum have been cloned (Joosten and De
Wit, 1999). All Cf genes are predicted to encode extracytoplasmic, membrane-anchored
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glycoproteins that contain many leucine-rich repeats (LRRs) (Fig. 1). LRRs are thought to
be involved in protein-protein interactions {Kobe and Deisenhofer, 1994). The N-terminal
domains, which are highly variable, are thought to play a role in recognitional specificity,
whereas the C-terminal parts of the LRRs of Cf proteins show a remarkable homology
(Dixon et al., 1996). For Cf~4 and Cf-9, the avirulence genes encoding the corresponding
race-specific elicitor of C. fulvum, Avr4 and Avr9, respectively, have been cloned (Joosten
et al., 1994; Van Kan et af., 1991; Van den Ackerveken ef al., 1992). Recognition of these
elicitors by tomato genotypes carrying the matching resistance gene results in a typical
hypersensitive response (HR) (Joosten et al., 1994; Van den Ackerveken et al., 1992).

SP LRRs ™
e | c DEFR

Fig. 1. Schematic representation of the Cf-9 protein, The Cf-9 protein can be divided into seven domains: A, the
predicted signal peptide (SP); B, the predicted amino terminal domain of the mature protein; C, the leucine rich
repeats domain (LRRs); D, a connecting domain; E, an acidic domain; F, the transmembrane domain (TM); G, a
basic domain. Domains E-G anchor and orient Cf-9 in the plasma membrane in such 2 way that domains B-E are
extracytoplasmic and domain G forms a cytoplasmic tail (Jones and Jones, 1996; Piedras et al., 2000).

Upon colonisation of the intercellular spaces of tomato leaves, C. fulvum secretes
elicitors into the apoplast (Joosten and De Wit, 1999). The apoplastic localisation of the
various elicitors, together with the localisation of the LRR region of the Cf proteins on the
outer surface of the plasma-membrane of the host cells (Piedras ef al., 2000), is consistent
with the hypothesis that a direct interaction occurs between C. fulvum-derived elicitors and
the matching Cf proteins. Although the C-terminal dilysine motif of the Cf-9 protein
suggests that Cf-9 is localised in the endoplasmic reticulum (ER) (Benghezal et al., 2000},
this motif is not essential for C£-9 function (Van der Hoom er al., 2001b), suggesting that
functional Cf-9 protein resides in the plasma membrane, as was shown by Piedras et a/. (2000).

The availability of near isogenic lines (NILs) of tomato containing particular Cf genes
and of matching elicitor proteins allows for detailed studies on mechanisms of elicitor
perception by a resistant host. Binding studies with radiolabeled AVRY elicitor protein
showed the presence of a high-affinity binding site (HABS) for this clicitor in plasma
membranes isolated from leaves of NILs of tomato, either with or without the Cf-9
resistance gene (Kooman-Gersmann ef a@l., 1996). Furthermore, other solanaceous plants
were found to contain such a binding site, indicating that the Cf-9 protein itself is not the
HABS (Kooman-Gersmann et ql., 1996).

Direct interaction between AVRY and Cf-9 could not be detected employing the yeast
two-hybrid system (Laurent and Honée, unpublished data). This system, however, is not
entirely suitable to study interactions between such proteins. In order to perform binding
studies with membrane-localised Ci-9 protein in the absence of the HABS, the Cf-9 protein
was produced in COS and insect cells. Furthermore, the Cf% gene was introduced in
tobacco, which is known to produce functional Cf-9 protein because the injection of AVR9
in Cf-9-transgenic tobacco results in HR, which is visible as necrosis (Hammond-Kosack et
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al., 1998). Here, we report on binding studics between AVR9 and Cf-9 produced in these
three different expression systems. Binding studies with '*I-AVR9 and Cf-9 produced by
COS or insect cells were performed following the methods described by Kooman-
Gersmann et al. (1996). Binding of AVRY to Cf-9 protein produced in tobacco was studied
employing Surface Plasmon Resonance (SPR), with BlAcore technology (Fivash et al,
1998) and Surface-Enhanced Laser Desorption and Ionisation (SELDI) (Hutchens and Yip,
1993). Specific binding between Cf-9 and AVRY was not detected with any of the
procedures. The implications of this finding are discussed.

Results

Production of Cf-9 protein in COS cells.

COS cells were co-transfected with Cf-9 fused to a mammalian signal peptide sequence and
the gene encoding green fluorescent protein (GFF) (Sheen et al., 1995). GFP expression
was used to monitor the efficiency of transfection. Only those cell lines in which significant
expression of GFP was observed were used in AVRY-binding assays. Immunolocalisation
of Cf-9 revealed that the protein is predominantly present in the plasma membrane of COS
cells (Fig. 2), whereas GFP accumulated in the cytoplasm and nucleus (not shown). The
observation that the Cf-9 protein is present at the expected location indicates that the
manmunalian signal peptide directs the protein to the proper processing route, allowing
posttranslational modifications. No cross-reactivity of Cf-9 antibodies was observed in
untransfected COS cells {results not shown),

Binding studies with Cf-9 protein _from COS cells.

Ligand binding assays with '“I-AVR9 were performed with intact transgenic, Cf-9-
producing COS cells and microsomal membrane preparations from such cells. Nonspecific
binding was determined in the presence of an excess of unlabeled AVRY. No significant
difference between total and nonspecific binding of '“I-AVRY to Cf-9-producing COS
cells or to derived microsomal membrane preparations was observed (Fig. 3). Similar
results were obtained with nontransgenic COS cells (results not shown). Thus, no specific
binding could be detected under the conditions applied. Similar binding studies with the
human Melanocyte Stimulating Hormone (MSH) receptor and ‘*I-labeled o-MSH showed
that such binding studies employing COS cells are adequate for detecting receptor-ligand
interactions, with binding affinities that are similar to the affinity expected for the binding
of AVRY to Cf-9 (data not shown). Specific binding is not likely to be masked by the
amount of nonspecific binding because nonspecific binding only reflects approximately 7%
of the total radioligand used for binding studies with membrane preparations.
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Fig. 2. Immunocytochemical visualisation
of Cf-9 in COS cells. COS cells were
fixed 3 days after transfection with a Cf-9-
containing vector. Cf-9 protein was
visualised with Cf-9 antibodies, combined
with a secondary antibody coupled to the
fluorescent dye Alexa 546, Consecutive
sections of the cells are shown. The
distances between dissection levels are
indicated in micrometers.

In an attempt to identify appropriate conditions for radioligand binding, the experimental
conditions of the AVRY binding assay were changed sequentially. '*I-AVR9 binding was
not affected by alteration of the incubation temperature from 37°C to room temperature or
0°C (results not shown). Similarly, variation of the pH of the ligand binding buffer (pH 4.5,
5.5, 6.5 or 7.5) did not result in detectable specific AVRY binding. The addition of NaCl,
KCl, or KI (at 100 mM each) did not reduce nonspecific binding. Also, solubilisation of
microsomal membranes, either by 1% Triton X-100 or 1% octylglucoside, which is
frequently used to solubilise plasma membrane receptors, did not result in specific binding
of '“I-AVRY (results not shown). Thus, none of the various conditions applied resulted in
detectable, specific binding of '“I-AVRY to the Cf-9 protein produced by COS cells.

Production of Cf-9 protein in insect cells.

In addition to expression in COS cells, Cf-9 was expressed with the baculovirus expression
system. Two different recombinant baculovirus constructs were employed for production of
Cf-9 protein. One recombinant virus contained the complete Cf-9 cDNA (Cf9), including
the native signal sequence, whereas the other encoded the predicted extracellular part of Cf-
9 (domain A to halfway through domain E, Fig. 1) containing a C-terminal Hiss-tag (C£9").
Production of Cf-9 by baculovirus-infected insect cells was confirmed by immunoblot
analysis. Different forms of Cf-9 protein are present in insect cells. Predominant forms
range from approximately 84 to 125 kD for complete Cf-9 (Fig. 4). Compared with Cf-9",
the lower mobility of the proteins produced by insect cells infected by baculovirus
containing Cf-9 is consistent with the size difference of the corresponding open reading
frames. The largest form of Cf-9" protein detected in cells infected by baculovirus
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12000~ Fig. 3. Binding of "I-AVR9 to (f-9-
'é" O total expressing  COS-cells and microsomal
8- 10000- ... ~membranes of these cells. Total binding
- ] m nonspecific (white columns) and nonspecific binding
E (black columns) are indicated in counts per
g 80007 minwte (cpm) for cells (n=12) and
ﬁ-l microsomal membranes (n=3).
s 6000
g
S 40007
[ =
&

2000+

Cells Membranes

expressing Cf-9" is approximately 116 kD in molecular weight. This form also was
detected in culture medium, whereas no Cf-9 was detected in culture medium of cells
infected by baculovirus expressing the complete Cf-9 ¢DNA (Fig. 4, see arrow). This
suggests that the native, N-terminal signal sequence for extracellular targeting of Cf-9 is
recognised in insect cells and that the membrane anchor of the complete Cf-9 protein
comprising domains E, F and (5, prevents it from being secreted.

The amount of extracellular Cf-9" produced, however, was too low to purify the
protein from the culture medium. Therefore, a procedure was initiated to purify Cf-9
proteins from insect cell extracts. As the various forms of Cf-9 and Cf-9" turned out to be
insoluble under native conditions (results not shown), affinity purification of Cf-9" was
performed under denaturing conditions (see materials and methods). Purification of Cf-9"
under denaturing conditions yielded three forms that were approximately 75, 80 and 116 kD,

Cells | Medium

Fig. 4. Western blot analysis of Cf-9 and Cf-9" Cf-9 Cr9" - CF9 Cfr9" -
proteins produced with the baculovirus kD
¢xpression system. Insect cells were infected
by baculovirus containing Cf-9 or Cf97, or by
baculovirus without an insert (-), and cultured
in SF900 II medium. Proteins present in cell
lysates and medium were separated by SDS- 66 —
PAGE, followed by immunodetection with the
use of Cf-9 antibodies. Arrow indicates the 116
kD form of Cf-9". Molecular weight marker 45 —

positions are indicated on the left.

116

29 —
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which all cross reacted with antibodies raised against the Cf-9 protecin (Fig. 5). As these
three forms were purified employing their C-terminal Hisg-tag, they are all derived from a
full-length translation product. The 116 kD form of Cf-9" migrated as a more diffuse band
than did the 75 and 80 kD forms. Because the Cf-9 protein contains 22 potential N-
glycosylation sites (Jones et al., 1994), it was anticipated that this diffuse band represents a
glycosylated form of Cf-9". Cells that were incubated in the presence of tunicamycin, an
inhibitor of N-glycosylation, did not produce the 116 kD form, whereas the 75 and 80 kD
forms were still produced (results not shown), indicating that the 116 kD band indeed
represents a glycosylated form of C£-9", Similar results were obtained when insect cells,
infected with baculovirus expressing the complete Cff9 cDNA, were incubated with
tunicamycin. These data also indicate that approximately 41 kD of the mass of the Cf-9
protein produced in inscct cells represents N-glycosylation, which contributes about 55 kD
to the mass of the Cf-9 protein produced in tobacco (Piedras et al., 2000). This difference is
probably the result of the differences between the glycosylation in insects and plants (King
and Possee, 1992). Upon processing of Cf-9", removal of the signal peptide occurred,
because N-terminal sequencing of the 116 kD) form of C£-9" revealed that the signal peptide
had been cleaved off at the position predicted by Jones et al. (1994). N-terminal sequencing
of the 80 and 75 kD form of Cf-9" did not result in a clear amino acid sequence. We expect
that these forms represent nonglycosylated Cf-9" protein, either with (80 kD) or without
{75 kD) signal peptide, because the estimated masses of these forms are close to the
calculated masses of 88.4 and 85.9 kD respectively. These results indicate that at least part
of the full-length Cf-9 protein produced in insect cells is directed to the proper processing
route, allowing glycosylation and removal of the signal sequence.

Fig. 5. Affinity purification of Cf9*
from insect cells under denaturing
conditions. Cf-9"' was purified from
total insect cell proteins (T). The
purified fraction (P) contains three
forms of Cf-9" of approximately 75, 80
and 116 kD (arrows). Proteins that were
present in complete cell lysates and
purified fractions were analysed by
SDS-PAGE, followed by Coomassie
staining {A) or immunadetection with
the use of Cf-9 antibedies (B). Marker
{M) molecular weight is indicated on
the left.
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Binding studies with Cf-9 proteins produced by insect cells.

Cf-9" protein was purified under denaturing conditions. Because these conditions are
expected to render the protein unsuitable for binding studies, binding assays were
performed with whole insect cells producing the complete Cf-9 protein containing the
membrane anchor, and with membrane-enriched fractions of such cells. Binding assays
were performed in a similar way as described for binding studies with microsomal fractions
of plant cells (Kooman-Gersmann ef al., 1996) and COS cells (this article). SDS-PAGE
confirmed that the membrane-enriched fractions of Cf-9-producing insect cells also were
enriched for all forms of Cf-9 (results not shown). This enrichment, however, partly is the
result of the presence of insoluble Cf-9 protein that ends up in the final pellet representing
the membrane-enriched fraction. Insect cells infected by baculovirus without insert and
derived membrane-enriched fractions were used as a control. During all binding studies
with Cf-9 produced in insect cells, microsomal fractions of MM-Cf tomato leaves were
included as a positive control for the experimental procedures. When standard binding
conditions were used, no specific binding of '*I-AVRY to Cf-9-producing insect cells or to
derived membrane-enriched fractions was observed (data not shown), Binding of AVR9 to
the HABS present in the microsomal fractions of tomato leaves was always detected,
whereas the amount of glycosylated Cf-9 from insect cells present in binding assays is
estimated to be at least 10,000-fold {membrane-enriched fractions) or 1000-fold (cells)
higher than the amount of HABS present in the microsomal fractions of tomato leaves.

In an attempt to optimise binding conditions, some parameters of the binding buffer
were varied. Binding studies with membrane-enriched fractions were performed at different
pH values (pH 4, 5, 6, 7, 8 and 9) and salt concentrations (0, 100 and 500 mM NaCl). None
of the various conditions, however, resulted in the detection of specific binding of ***I-
AVR9 to membrane-enriched fractions (data not shown).

As an alternative to standard binding studies, a native dot blot was made of Cf-9-
producing insect cells. Mock-infected insect cells and a microsomal fraction, including the
HABS, isolated from leaflets of MM-Cf9 plants, were spotted as controls,. The amount of
glycosylated Cf-9 present in the spots of Cf-9 producing insect cells is estimated to be at
least 1000-fold higher than the amount of HABS present in the spots of the microsomal
fraction of MM-C{9 plants. The Cf-9 protein in insect cells was readily detected by Cf-9
antibodies, whereas the amount of Cf proteins in the microsomal fraction of MM-Cf9 plants
was too low to obtain a visible signal (Fig. 6, upper panel). Binding of '“I-AVR9 to the
spotted Cf-9-producing insect cells, however, was not observed, whereas the microsomal
fraction of MM-Cf9 plants present on the blot did bind 'I-AVR9 (Fig. 6, lower panel).
Similar experiments were performed with blots spotted with culture medium of insect cells
expressing Cf-9”. Again, no specific binding of '**I-AVRY was detected (data not shown).
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Cf-9 - MM-Cf9 Fig. 6. Binding of '®[-AVR9 to a native
dot blot spotted with Cf-9-producing
insect cells. Insect cells were either
infected by baculovirus containing CF9
(CF9) or mock infected (-) and spotted
onto nitrocellulose. As a positive control,
a microsomal fraction of MM-C tomato
plants was spotted (MM-Cf9). Similar
blots were treated with Cf-9 antibodies
{upper panel) or ‘*PI-AVRY (lower panel).

"1-AVR9

Production of Cf-9 protein in tobacco.

Because no specific binding of AVR9 to Cf-9 protein produced by COS or insect cells was
observed, binding studies were performed with Cf-9 protein produced in tobacco.
Transformation of tobacco with c-myc:Cf-9 resulted in a line, designated 9161, showing
HR. upon injection of AVRY (Piedras et al., 2000). The c-myc:Cf-9 protein was localised in
the plasma membrane (Piedras et al., 2000) and could be solubilised from a microsomal
fraction isolated from leaves of the 9161 line with 0.1% Nonidet P-40 (Fig, 7, lane 1).
Nonidet P-40 commonly is used for the native solubilisation of membrane proteins
(Hjelmeland, 1990). Nonidet P-40, however, reduces the binding of AVRY to the HABS

kD

Fig. 7. Specific immunoprecipitation of ¢-
myc:Cf-9 protein produced in tobacco by c-
myc antibodics, Immunoprecipitation was
carried out with microsomal preparations of
leaves from c-myc:Cf-9-transgenic tobacco
(line 9161) and ¢-myc monoclonal antibodies,
as described in the materials and methods. The
immunoprecipitated proteins were separated
by SDS-PAGE and detected with the use of ¢-
myc polyclonal antibodies. Lane 1, total
micresomal fraction; lane 2, material bound
nonspecifically to the protein G beads during
the preclearing step; lane 3, material immuno-
precipitated by the c-myc antibody; lane 4,
material immunoprecipitated by unrelated
hemagglutinin antibodies. Arrow indicates the
position of the c-mye:Cf-9 protein. Molecular
weight marker positions are indicated on the
left.
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detected in tobacco by Kooman-Gersmann et ol (1996} (Van der Hoorn, unpublished
results), resulting in reduced interference of the HABS in binding studies between AVRY
and Cf-9. The solubilised c-myc:Cf-9 protein from tobacco was used in in vitro binding
experiments, employing Surface Plasmon Resonance (SPR) and Surface-Enhanced Laser
Desorption and Ionisation (SELDI) techniques.

SPR experiments with c-myc:Cf-9 protein produced in tobacco.

SPR analysis was carried out with biotinylated AVR9, which had been demonstrated to
have necrosis-inducing activity (Van den Hooven et al., 1999), immobilised onto the chips.
Total solubilised microsomal proteins from the 9161 line or untransformed Nicotiana
tabacum cv. Petite Havana plants (PH.4) were diluted in 20 mM sodium phosphate, pH 6.0,
and injected into the flow cell. The resonance signals at the steady state (R.,) that were
obtained with both protein preparations were similar at comparable total solubilised
microsomal protein concentrations (Fig. 8A and C). When 0.5 pg of R8K AVRY (an AVRYS
mutant showing increased necrosis-inducing activity) (Kooman-Gersmann et af.,, 1997) was
injected together with the membrane protein samples, a similar decrease in R,y values was
observed for proteins from the 9161 line (Fig. 8B) and PH.4 (Fig. 8D). These results
indicate that the observed binding of Cf-9-containing membrane proteins to immobilised
AVRY does not reflect specific binding of Cf-9 protein, but probably represenis some
residual binding of the HABS in addition to nonspecific binding. Also, when a pH of 7.3
was applied, either with or without 100 mM NaCl, no spectfic binding of Cf-9 proteins to the

Fig. 8. Sensorgrams of the intcraction

between immobilised, biotinylated 800 A Cc
AVRY and solubilised microsomal
proteins from tobacco. Samples in- 400
jected into the flow cell were; (A)
solubilised membrane proteins from
c-myc: Cf-9-transgenic  tobacco  line
9161. Increasing concentrations of
membrane protein samples were used
(from bottom to top curve: 30, 100
and 500 ng total proteins/ul); (B)
same sample as in (A} injected at 100 0
ng/ill (a), and the same sample 0 450 0 450
injected at 100 ng/pl, in the presence Time (s)

of the competing RBK mutant of

AVRS {b}; {C) solubilised membrane proteins from untransformed PH.4 plants (from bottom to top curve: 30, 100
and 500 ng/ul); (D) same sample as in (C) injected at 100 ng/ul (a) and the same sample injected at 100 ng/pl,
the presence of the competing R8K mutant of AVRY (b). Response, expressed in resonance units (RU), is reported
as the difference between the signal obtained from the flow cell with immobilised AVR9 and a second flow cell
without peptide. The initial baseline corresponds to the buffer flow over the AVR9 surface. An increase in RU
occurs during the association phase upon sample injection. The maximum resonance signal reached during sample
injection reflects the steady state, whereas the decrease in RU that occurs at the end of the injection, when sample
is replaced by buffer, corresponds to the dissociation phase.
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