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A Tomato Cysteine Protease
Required for Cf-2-Dependent
Disease Resistance and
Suppression of Autonecrosis
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Little is known of how plant disease resistance (R) proteins recognize pathogens
and activate plant defenses. Rer3 is specifically required for the function of Cf-2,
a Lycopersicon pimpinellifolium gene bred into cultivated tomato (Lycopersicon
esculentum) for resistance to Cladosporium fulvum. Rcr3 encodes a secreted
papain-like cysteine endoprotease. Genetic analysis shows Rcr3 is allelic to the
L. pimpinellifolium Ne gene, which suppresses the Cf-2—dependent autonecro-
sis conditioned by its L. esculentum allele, ne (necrosis). Rer3 alleles from these
two species encode proteins that differ by only seven amino acids. Possible roles
of Rer3 in Cf-2—-dependent defense and autonecrosis are discussed.

Plant disease R proteins activate defense mech-
anisms upon perception of pathogen-derived
molecules. Intracellular and extracellular race-
specific elicitors are recognized by structurally
distinct classes of R proteins (/, 2). Tomato Cf-
genes confer resistance to the fungus Clados-
porium fulvum. During infection numerous
peptides are secreted into the apoplast (3), and
some are products of fungal avirulence (4vr)
genes. Cf- genes encode transmembrane pro-
teins with extracellular leucine-rich repeats
(LRRs) and short (23 to 36 amino acid) cyto-
plasmic domains (/, 2). In tomato, Avr peptide
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recognition activates a defense reaction depen-
dent on Cf- genes, the hypersensitive response
(HR), which results in localized cell death and
the arrest of pathogen ingress. In tobacco cells
expressing Cf-9, elicitation with Avr9 leads
within 5 to 15 min to reactive oxygen produc-
tion, protein kinase activation and novel gene
expression (4). How Cf proteins activate de-
fense responses is unknown.

Cf-2 confers Avr2-dependent resistance to
C. fulvum. Mutations in Rcr3 suppress Cf-2
function (2). Rcr3 is unlikely to be a component
shared by multiple Cf- signaling pathways, be-
cause it is dispensable for the function of Cf-9
and even Cf-5, an ortholog of Cf-2 ().

We isolated Rcr3 by positional cloning (6).
Rer3 encodes a protein of 344 amino acids that
is 43% identical to papain from Carica papaya
(Fig. 1A). Rer3 expressed from its own promot-
er restores Cf-2—dependent resistance to rcr3
mutants (Fig. 1B). Rer3 contains conserved
amino acid residues of the active site of eukary-
otic thiol proteases (C'>4, H?*®, and N3*7 (7),
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Fig. 1A), and six cysteines that form three pu-
tative cystine bridges. Single nucleotide ex-
changes were found in all rcr3 mutants (6)
resulting in single amino acid exchanges in
rcr3-1 and rer3-2, and premature translation
stop codons in rcr3-3 and rcr3-4 (Fig. 1A). The
recr3-1 mutation, a C to S substitution at position
151 (C'3'S), does not completely compromise
Cf-2 function (2), and serine is found at a similar
position in other cysteine proteases (PROSITE:
PDOC00126). The G*'*V substitution in rcr3-2
results in complete loss of function.

Rer3 expression is regulated developmen-
tally and in response to C. fulvum infection.
Rcr3 mRNA levels are elevated in older
plants irrespective of leaf age (Fig. 1C). After
infection with C. fulvum, Rcr3 expression is
elevated in compatible (disease causing) in-
teractions, but much more rapidly in incom-
patible (resistant) interactions mediated by
Cf-2 or Cf-9 (Fig. 1C). The regulation of Rcr3
expression resembles that of pathogenesis-
related genes (8).

We sequenced Rer3 in several Lycopersi-
con species and in L. esculentum near-iso-
genic lines. Analysis of Rer3 from L. pimp-
inellifolium (Rcr37™) revealed nucleotide
changes leading to a deletion of one amino
acid and six amino acid exchanges compared
with the L. esculentum allele (Rcr3¢*<; Fig.
1A). The Cf2 line contains Rcr3”™ (Fig. 1A),
suggesting it was cointrogressed with Cf-2
even though the genes are unlinked (2). An-
other breeding line containing Cf-2 (Ontario
7620) also contains Rcr3”™. During intro-
gression of Cf-2 into tomato, a second L.
pimpinellifolium gene (Ne) was required to
suppress Cf-2—dependent autonecrosis condi-
tioned by its L. esculentum allele (ne, necro-
sis) (9). The F, progeny from a L. esculentum
X L. pimpinellifolium (Cf-2) cross, which
carry Cf-2 and are homozygous for ne, are
autonecrotic. This phenotype first appears in
older leaves after the onset of flowering but
eventually spreads to all leaves.

We investigated whether Rcr37™ and Ne
are allelic by testing if 7c+3 mutants had lost Ne
function. When Cf2 rcr3-2 and Cf0 (ne/ne)
lines were crossed, the F, progeny showed
necrotic lesions on older leaves comparable to
those observed in Cf-2/+, nelne plants (Fig.
2A). Therefore, mutations in Rcr37™ abolish
Ne function. The phenotypes of Cf2 rcr3-3
transgenic plants transformed with the clone
p28L2 (10) that contains Rcr3*“ were also
analyzed, and those plants that exhibited Cf-2—
dependent resistance to C. filvum infection also
developed autonecrotic lesions (Fig. 2A). Thus,
Rcr3¢¢ actively confers Cf-2—dependent necro-
sis. We also characterized two Cf-9/Cf-2 chi-
meras (//). In the pCf-9:Cf-2 chimera, Cf-2 is
expressed from the Cf-9 promoter (Fig. 2B).
The Cf-2/9 chimera encodes a protein with the
34 NH,-terminal LRRs of Cf-2 fused to three
COOH-terminal LRRs and COOH-terminal se-
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quences of Cf-9, expressed from the Cf-2 pro-
moter (Fig. 2B). Both chimeras confer Avr2-
and Rcr3-dependent resistance to C. fulvum
infection (/2). Because the resistance conferred
by Cf-2/9 requires Rcr3, when Cf-9 does not
(2), this requirement must be a property of the
extracellular LRR domain of Cf-2.

Cf0 plants expressing a Cf-2 transgene (1/3)
or the Cf-2/9 chimera are not autonecrotic.
Therefore, Cf-2 expression may be necessary
but not always sufficient for autonecrosis.
However, Rcr3%*°-dependent autonecrosis was
observed in Cf0 transgenic plants expressing
pCf-9:Cf-2 (14) (Fig. 2D). The Cf-9 promoter is
stronger than that of Cf-2 (15). In older tomato
plants, increased levels of Rcr3 mRNA are
observed (Fig. 1C). Elevated expression of

pathway components may inappropriately acti-
vate Cf-2—dependent plant defenses. Together
these data demonstrate that Rer3 is required for
Cf-2—dependent resistance to C. fulvum infec-
tion, and that Rcr3”™ (Ne) can suppress
Rcr3°“(ne)-dependent autonecrosis.

The papain class of cysteine proteases is
translated into a prepro form, with a signal
peptide for localization to the vacuole or
extracellular space and a prodomain that
blocks the active site until proteolytic remov-
al (16). To localize Rer3 and to assay pro-
tease activity, Rcr3 was expressed transiently
in Nicotiana benthamiana (17). Leaves were
infiltrated with Agrobacterium tumefaciens
carrying a 35S:histidine (His)- and hemagglu-
tinin (HA)-tagged Rcr3 fusion. A protein of

Rcr3pim MAMKVDLMNILIT----- LFFVISMFNTQTRG‘I{SQPKLSVSIR----HEL‘IHSRHGRV!‘KDEVEKGERE’MIFKENMKFIE
Rer3®sc MAMKVDLMNILIT-----LFFVISMFNTQTRGRSQPKLSVSER----HELWMSRHGRVYKDEVEKGERFMIFKENMKFIE
papalin MAMIPSISKLLFVAICLFVYMGLSFGDFSIVGYSQNDLT STERLIQLFESWMLKANKIYRNIDERI YRFEIFKDNLKYID
i *
Rcr3P™  QVNKAGNLSYKLGMNEFADITSQEFLAKFTGLNIPNSYLSPSPMSSTEFK- INDLSDDYMPSNLDWRESGAVTQVKHQGR
Rcr3®S¢  SUNKAGNLSYKLGMNEFADITSQEFLAKFTGLNIPNSYLSPSPMSSTEFKKINDLSDDYMPSNLDWRESGAVTQVKHQGR
papain ETHEK-NNSYWLGLNVFADMSNDEFKEKYTGS-IAGNYTT----TELSYEEVLNDGDVNIPEYVDWRQKGAVTPVENQGS
: S rer3-1 STOP recr3-3
Rer3P™  CGCCWAFSAVGSLEGAYKIATGNLMEFSEQELLDCTTNNYGCNGGLMTNAFDFI IENGGISRESDYEYLGEQYTCRSREK
Rcr3®SC  CGCCWAFSAVGS LEGAYKIATGNLMEFSEQELLDCTTNNYGCNGGFMTNAFDFI IENGGISRESDYEYLGOQYTCRSQEK
papain OGSKWAFSAWT IEGIIKIRTGNLNEYSEQELLDCDRRSYGCNGGY PWSALQLVAQYG-IHYRNTYPYEGVQRYCRSREK
; STOP rcr3-4
Rer3P™ - TARVQISSYKVVPEGETSLLQAVTKQPVSIGIAARS-ODLQFYAGGTYDGNCADQ INHAVTAIGYGT DEEGOKYWLLKN
Rcr3®SC - -TAAVQISSYQVVPEGETSLLOAVTKQPVSIGIAAS-ODLOFYAGGTY DGNCADR INHAVTAIGYGT DEEGOKYWLLKN
papain GPYMKTDGVRQVQPYNIGALLYSIANQWSWLEBAGKDFQLYRGGIFVGFCGNKVDEKVMVGYGPN ----- !ILIKg
V rer3-2
Rcr3pim SWGTSWGENGFMKIIRDSGDPSGLCDIAKMSSYPNIA
Rer3®SC  SWETSWGENGYMKIIRDSGDPSGLCDIAKMSSYPNIA 3w 12w
papain  SWGTGWGENGYIRIKRGTGNSYGVCGLYTSSFYBVKN
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B C (e e e guy Actin
- e | Rc3
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Fig. 1. Rer3 characterization. (A) Alignment of Rer3 from L. pimpinellifolium (Rer3f™), L. esculen-
tum (Rcresc), and papain. Identical amino acids are shown in bold, allele-specific differences in red,
and rcr3 mutant residues in blue. Asterisks indicate the first amino acid after the predicted signal
peptide and prodomain cleavage sites, and triangles indicate the protease catalytic residues. (B)
Complementation of Cf2 rcr3-3 mutants with pRer3:Rcr37™. The abaxial surface of tomato leaves
is shown 16 days after infection with C. fulvum race 5 that expresses Avr2. (a) Disease-sensitive Cf2
rcr3-3 control; (b) Cf2 rer3-3 transformed with pRer3:Rer3. (C) Expression of Rer3. Upper panel,
reverse-transcriptase—polymerase chain reaction (RT-PCR) products of Rer3 and actin as a control
for RNA prepared from Cf2 plants of different ages. Lane 1, 3-week-old plant, lanes 2 to 4,
12-week-old plant, RNA was prepared from the leaf indicated. Lower panel, RT-PCR products of
Rer3 and actin in 2-week-old plants inoculated with C. fulvum race 5 in compatible (Cf0) or
incompatible interactions (Cf2, Cf9) at 3, 6, 9, and 12 days postinfection (dpi).
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the predicted size for the secreted, unproc-
essed Rer3 (38 kD) was observed in total
extracts using the HA antibody (Fig. 3B). In
the apoplastic intercellular fluid (/8), a sec-
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ond band that corresponds to the predicted
size of Rer3 lacking its prodomain was de-
tected (Fig. 3B).

These smaller forms of Rer3-His and Rer3-

His-HA proteins were affinity-purified from in-
tercellular fluid using TALON beads (Clon-
tech) (6) and tested for protease activity in gels
containing gelatin (/9). A zone of clearing was

Fig. 2. Rcr3P™ is Ne,
Rcr3°s€ is ne. (A) Auto-
necrosis is Rcr3¢%-
dependent. Leaflets of
12-week-old  plants
with the following ge-
notypes; (a) Cf-2/+,
ne/ne; (b) Cfo X Cf2
rer3-3 Fp; () Cf2
rcr3-3 expressing the
Rcr3%¢ transgene on
p28L2; (d) transgenic
CfO expressing pCf-9:
Cf-2. (B) Schematic
representation of Cf-
9, Cf-2, and two chi-
meras. Fragments of
genomic clones of
Cf-9 and Cf-2 were
exchanged (177). 5
signifies 5’ flanking
DNA; 3’ signifies 3’
flanking DNA. Cf-2/9
contains 5’ coding se-
quences from Cf-2
fused to the 3’ coding
region of Cf-9. In pCf-
9:Cf-2, Cf-2 is ex-
pressed from the Cf-9
promoter.
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shown above were probed with the antibodies as indicated on the
right of the panels. (C) Lane numbers correspond to samples shown
above. In-gel assay of total IF and affinity-purified proteins using
gelatin as substrate detects protease activity at approximately 34 kD
under these conditions. (D) Protease assay using FTC-casein as sub-

detected within the gel due to gelatin degrada-
tion. This zone was specific for intercellular
fluid containing epitope-tagged Rer3 and was
also detected in the TALON eluate (Fig. 3C).
Thus, mature Rer3 can utilize gelatin as a sub-
strate. We also used a protease assay that de-
tects cleavage of fluorescein thiocarbamoyl
(FTC)- labeled casein (Fig. 3D). Protease ac-
tivity in intercellular fluid was partially inhibit-
ed and, in affinity-purified preparations, was
almost completely inhibited by E-64, a specific
inhibitor of papainlike cysteine proteases (20).

We show here that Rcr3 is a positive
regulator of Cf-2—dependent resistance and
that Rer3%¢ is also a positive regulator of
Cf-2—dependent autonecrosis. The molecular
mechanism for Rcr37™ suppression of
Rer3ec-dependent autonecrosis remains to be
determined. Because Rer3 is a secreted cys-
teine protease and it has a specific role in
Cf-2-mediated resistance, it likely functions
upstream of Cf-2.

Plant proteases are involved in a multitude
of cellular processes (2/-23). Several roles for
aprotease in Cf-2—dependent resistance can be
envisaged. Rer3 might process Avr2 to generate
a mature ligand. Several C. filvum avirulence
proteins, including Avr4 and Avr9, are proteo-
lytically processed in planta (3). Processing of a

Ct-2

Ct-2/9 peptide ligand is exemplified by the generation
C
475 —
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strate. Incubation was for 16 hours at 30°C in the presence (black
columns) or absence (white columns) of 5 wM E-64, a cysteine
protease inhibitor. Total intercellular fluid and affinity-purified pro-
teins (eluate) from plants expressing empty vector (-) or
pPMWBin19Rcr3:His:HA (Rer3).
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of the spitzle ligand for the Drosophila Toll
receptor that is generated via a serine protease
cascade (24). In mature flies, Toll also func-
tions in immunity to fungal pathogens, and
derepression of this pathway, due to the ab-
sence of the Spnd43Ac protease inhibitor, also
results in necrosis (25).

Generating a mature ligand is unlikely to be
the sole function of Rcr3, because #cr3 mutants
do not exhibit an HR when infiltrated with
intercellular fluid preparations that contain Avr2
isolated from infected tomato plants (2).

Alternatively, Rer3 could process Cf-2 or
another plant protein. Differences in the sub-
strate specificity or activity of Rcr3P™ and
Rer3*c might explain why Rcr3°° induces
Avr2-independent necrosis. An extracellular
protease is also required for brassinosteroid per-
ception in Arabidopsis (26). Overexpression of
the serine carboxypeptidase BRS1 suppresses
extracellular domain mutants of the BRI1 LRR-
receptor kinase. BRS1 may process a protein
that forms part of the BRII ligand (26). Alter-
natively, Rer3 might be a plant defense compo-
nent that is inhibited by Avr2. Avr2 could also
inhibit other cysteine proteases, either by bind-
ing to or by modifying them. Whether Rcr3
has a role in defense is not established. The
Cf2 Rer3 mutant lines do not appear more
susceptible to C. fulvum than Cf0, but tomato
encodes many different cysteine proteases. It
is interesting that the C. fulvum Avr9 protein
shows significant structural homology to sev-
eral protease inhibitors (27).

It is possible that Avr2 and Rcr3 togeth-
er constitute a complex ligand that is rec-
ognized by Cf-2. It has been suggested that
R proteins act as ‘guards‘ for specific pro-
teins targeted by pathogen Avr proteins
during infection (I, 2). Cf-2 may guard
Rer3 and trigger a defense response upon
perception of an Rcr3/Avr2 complex. In
rcr3 mutants, no Avr2-independent signal-
ing would occur either because no Rer3rim/
Cf-2 complex is formed or because the
complex does not activate defense signal-
ing. A subtle structural difference in
Rer3es¢ (Fig. 1A) may result in activation
of an Avr2-independent response upon
binding to Cf-2.

With the recent isolation of the Avr2 gene
(28), it will be possible to determine whether
the Avr2, Rer3, and Cf-2 proteins can inter-
act. This should further increase our under-
standing of the molecular mechanism of li-
gand perception by this unique class of R
proteins.
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A Role for Skin yo T Cells in
Wound Repair

Julie Jameson," Karen Ugarte," Nicole Chen, Pia Yachi,’
Elaine Fuchs,? Richard Boismenu,' Wendy L. Havran'*

v T cell receptor—bearing dendritic epidermal T cells (DETCs) found in murine
skin recognize antigen expressed by damaged or stressed keratinocytes. Acti-
vated DETCs produce keratinocyte growth factors (KGFs) and chemokines,
raising the possibility that DETCs play a role in tissue repair. We performed
wound healing studies and found defects in keratinocyte proliferation and
tissue reepithelialization in the absence of wild-type DETCs. In vitro skin organ
culture studies demonstrated that adding DETCs or recombinant KGF restored
normal wound healing in y8 DETC-deficient skin. We propose that DETCs
recognize antigen expressed by injured keratinocytes and produce factors that

directly affect wound repair.

v3 T cells compose a major T cell component
in epithelial tissues (/, 2). The tight correlation
between T cell receptor (TCR) V gene segment
usage and tissue localization suggests a highly
specialized function. ¥y TCR-bearing DETCs
found in murine skin produce cytokines and
proliferate in response to damaged or stressed
keratinocytes (3), indicating a functional inter-
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action between these two neighboring cell types
in vivo. DETCs produce KGF-1, also called
fibroblast growth factor-7 (FGF-7), following
stimulation through the y8 TCR (4). Both
FGF-7 and KGF-2 (FGF-10) bind the FGFR2-
IIIb receptor and have been implicated in
wound healing (5-15). To directly test the po-
tential role of yd T cells in wound repair, we set
up wound healing studies in mice lacking yd
DETCs.

Location, morphology, and density of
DETCs were evaluated after wounding of
C57BL/6 mouse ear skin (16) (Fig. 1, A through
C). Twenty-four to 48 hours after full-thickness
wounding, DETCs located around the wound
exhibited a change in morphology characterized
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