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SUMMARY

Only few fungal effectors have been described to be delivered into
the host cell during obligate biotrophic interactions. RTP1p, from
the rust fungi Uromyces fabae and U. striatus, was the first fungal
protein for which localization within the host cytoplasm could be
demonstrated directly. We investigated the occurrence of RTP1
homologues in rust fungi and examined the structural and bio-
chemical characteristics of the corresponding gene products. The
analysis of 28 homologues showed that members of the RTP
family are most likely to occur ubiquitously in rust fungi and to be
specific to the order Pucciniales. Sequence analyses indicated that
the structure of the RTPp effectors is bipartite, consisting of a
variable N-terminus and a conserved and structured C-terminus.
The characterization of Uf-RTP1p mutants showed that four con-
served cysteine residues sustain structural stability. Furthermore,
the C-terminal domain exhibits similarities to that of cysteine
protease inhibitors, and it was shown that Uf-RTP1p and Us-RTP1p
are able to inhibit proteolytic activity in Pichia pastoris culture
supernatants. We conclude that the RTP1p homologues constitute
a rust fungi-specific family of modular effector proteins comprising
an unstructured N-terminal domain and a structured C-terminal
domain, which exhibit protease inhibitory activity possibly associ-
ated with effector function during biotrophic interactions.

INTRODUCTION

During invasion of their hosts, plant pathogens release numerous
effector molecules which enable infection processes and allow the
pathogen to overcome plant defences. The modulation of plant
defence mechanisms is especially important for biotrophic and
hemibiotrophic pathogens which establish a close interaction with
their hosts and depend on a persisting continuation of this inter-
action. The manipulation of host metabolism and defence reac-

tions by the secretion of effector proteins is a common strategy of
many plant pathogens (Panstruga and Dodds, 2009). These effec-
tors can act in the plant apoplast or may be translocated to the
host cytoplasm following secretion. The transfer of effectors to the
host cytoplasm is well known in pathogenic bacteria, which use an
elaborate secretion apparatus for the delivery of a wide repertoire
of proteins, called type III effectors (Hann et al., 2010). Similar to
pathogenic bacteria, plant pathogenic oomycetes and fungi
possess a repertoire of effectors which are transferred to the host
cytoplasm. Oomycete effectors contain N-terminal host transloca-
tion signals, such as the LXLFLAK, RXLR and CHXC motifs (Birch
et al., 2006; Kemen et al., 2011; Schornack et al., 2010; Whisson
et al., 2007). Functional variants have also been described for
some fungal effectors (Kale et al., 2010; Rafiqi et al., 2010).
Although many effectors of oomycete and fungal plant pathogens
have been discovered, little is known about their functions. Most
of these effectors were identified because they elicit plant defence
reactions by interacting with plant resistance proteins, and were
therefore termed avirulence (Avr) proteins (Catanzariti et al.,
2006; Orbach et al., 2000). However, it can be assumed that these
proteins also have positive effects for pathogen virulence in the
absence of the corresponding R protein, as shown for the Avr3a
protein from Phytophthora infestans, which is able to inhibit infes-
tin 1 (INF1)-induced cell death by stabilizing a host E3 ubiquitin
ligase required for programmed cell death (PCD) (Bos et al., 2010).
The functions of several apoplastic effector proteins have been
reported, e.g. for EPIC1 and EPIC2B from P. infestans and Avr2
from Cladosporium fulvum. These effectors inhibit the tomato
cysteine protease Rcr3, which is involved in basal defence reac-
tions, and thus contribute to successful infection of the host plant
(van Esse et al., 2008; Tian et al., 2007). The inhibition of plant
proteases may be a critical factor for most pathogens, as many
apoplastic and cytosolic plant proteases are involved in pathogen
recognition and defence reactions during the infection process
(D’Silva et al., 1998; van der Hoorn, 2008; Solomon et al., 1999).

Rust transferred protein 1 (RTP1p) from the bean rust fungus
Uromyces fabae and its homologue from U. striatus were the first
fungal proteins for which haustorium-specific expression and
transfer to the host cytoplasm during the biotrophic interaction
could be shown directly (Kemen et al., 2005). After the initial
identification of RTP1p in U. fabae and U. striatus (Kemen et al.,
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2005), recently released expressed sequence tag (EST) and
genome sequence data of a range of rust fungi revealed the
existence of further RTP1 homologues, some of which could be
shown to be expressed in biotrophic structures (Duplessis et al.,
2011; Fernandez et al., 2012; Puthoff et al., 2008). These findings
suggested that RTP1 homologues might be widespread in the
order Pucciniales, and therefore might be crucial for the biotrophic
lifestyle.

The aim of this study was to further investigate the role of
RTP1p and its homologues during the biotrophic interaction of rust
fungi and their host plants. We show that RTP1p is a member of a
new rust-specific family of secreted effectors. Members of this
protein family are divided into a variable, unstructured N-terminus
and a conserved and highly structured C-terminal domain, which
shows similarity to the C-terminal domain of cysteine protease
inhibitors.

RESULTS

Identification of RTP1 homologues from different
genera of rust fungi

Based on the sequences of Uf-RTP1 and Us-RTP1 (Kemen et al.,
2005) and additional RTP sequences from Puccinia graminis
f.sp. tritici and U. appendiculatus, published by Puthoff et al.
(2008), Uneven- and SiteFinding-polymerase chain reaction
(PCR) (Chen and Wu, 1997; Tan et al., 2005), as well as BLAST

searches (Altschul et al., 1997), were performed to identify
further homologues from different rust genera. We identified and
sequenced RTP1 homologues from Gymnosporangium sabinae,
Hemileia vastatrix and Puccinia coronata. BLAST searches of pub-
licly available genome sequences of P. graminis f.sp. tritici,
P. triticina, Melampsora larici-populina and Phakopsora pachy-
rhizi revealed the existence of five further RTP1 homologues in
P. graminis f.sp. tritici, three homologues in M. larici-populina
and one homologue in P. pachyrhizi. Two further sequences
from U. appendiculatus and P. pachyrhizi (Ua-RTP9 and Pp-
RTP2) were kindly provided by T. Link (Universität Hohenheim,
Stuttgart, unpublished results). For further analysis, we addition-
ally used RTP1 homologous sequences from Melampsora occi-
dentalis, Melampsora medusae f.sp. tremuloides, Melampsora
medusae f.sp. deltoides and Puccinia striiformis, identified by
Feau et al. (2007), Joly et al. (2010) and Ma et al. (2009).

The lengths of the thus identified 28 complete genomic
sequences ranged between 1005 bp (Mlp-RTP2) and 1380 bp
(Gs-RTP1). All genes contained five highly conserved exons
encoding the RTPp C-termini (exons 2–6, Fig. 1). The region
encoding the N-termini of the proteins was highly variable and
consisted of one to three exons (exons 1A–C, Fig. 1). The length
of the amino acid sequences ranged between 199 and 265 resi-
dues. SIGNALP 3.0 analysis (Bendtsen et al., 2004) identified an

N-terminal leader peptide in all RTPps, indicating secretion of all
homologues. The theoretical molecular weight varied in the
range 22.0–28.9 kDa for the unprocessed polypeptides and
19.6–25.7 kDa for mature proteins. Alignment of the RTP amino
acid sequences confirmed the previous finding that RTP1p homo-
logues are divided into a divergent N-terminal part, encoded by
the variable exon 1A–C, and a highly conserved C-terminal
region starting at position 94 referring to the Uf-RTP1p
sequence, encoded by exons 2–6 (Figs 1 and S1, see Supporting
Information). The smaller N-terminal part comprised 71–113 resi-
dues, and the C-terminal part contained 125–155 residues. These
findings suggest a bipartite structure of RTP1p homologues,
comprising variable N-terminal and conserved C-terminal
domains.

Phylogenetic analysis of the RTPp family

In order to investigate the evolutionary relationship among RTPp
family members, we carried out OrthoMCL analyses using the
parameters defined by Moustafa et al. (2009) and the genomes of
12 eukaryotes to verify RTPp candidates and to identify possible
candidates outside the rust fungi. We were unable to identify any
RTP homologues outside the Pucciniales, suggesting that RTPp
homologues constitute a family of effectors specific to rust fungi.
Phylogenetic analyses of RTPp N- and C-termini suggest that the
clades of the N-terminal and C-terminal domains largely show
co-evolution, whereas three genes showed a diverging distribu-
tion within these clades (Fig. 2). These findings were supported by
TribeMCL analyses of RTPp N- and C-terminal domains, which
showed that both the RTPp N-terminal domains and the RTPp
C-terminal domains could be clustered into six tribes, five of which
were consistent, whereas the N-terminal domains of tribe one
showed a higher degree of divergence (Fig. S2, see Supporting
Information).

Sequence analyses of the RTPp N- and C-terminal
domains

In silico structural analyses using DisEMBLTM, GLOBPLOT2 and
PONDR-FIT algorithms (Linding et al., 2003a, b; Xue et al., 2010)
supported the previous finding that RTP1p homologues consist of
two distinct domains corresponding to the variable and conserved
regions described above (Fig. 1). Accordingly, the N-terminus is
structurally disordered, whereas the C-terminus consists of a
globular domain, which indicates that RTPp domains are structur-
ally distinct. Secondary structure prediction based on different
algorithms was performed for each sequence. As expected, no
conserved secondary structural motif could be identified within
the N-terminal region. By contrast, all algorithms consistently
indicated the presence of seven highly conserved b strands within
the C-terminal domain, which were interrupted by six equally
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conserved coil or loop regions (Fig. 1). The identified secondary
structural motifs of the C-terminal domain appear to be more
strongly conserved than the amino acid sequences, indicating a
crucial function for these b sheets. Searches for conserved motifs
within the N-terminal RTPp sequences revealed a dibasic cleavage
site for post-translational processing in the N-terminus, which
resembles NEC1/NEC2 or subtilisin/kexin processing sites (Fig. S1).
N-terminal sequencing of Uf-RTP1p and Us-RTP1p expressed in
Pichia pastoris showed that the sequences of the mature peptides
started with Glu55 and Asp64, respectively, indicating additional
processing of the proteins after cleavage of the N-terminal leader
peptide. First analyses of Uf-RTP1p isolated from infected Vicia
faba leaves suggest that an identical N-terminal processing also
occurs in rust fungi. Corresponding to the findings of Puthoff et al.
(2008) a nuclear localization signal (NLS), initially postulated for
Uf-RTP1p (Kemen et al., 2005), could not be detected in any of the

homologous sequences, indicating that the primary target for
RTPps might be different from the host cell nucleus.

The RTP1p C-terminal domains show signs of purifying
selection

Selection analyses of the variable N-terminal sequences and the
conserved C-terminal sequences showed that a large number of
residues in the C-terminal domains are under purifying selection,
whereas no significant signs of selection could be detected within
the N-terminal domains (Fig. 3). Twenty-six residues in the
C-terminal part of RTPps (amino acid positions 94–220) show
strong signatures of purifying selection. In particular, four con-
served cysteine residues (C1–C4, matching Uf-RTP1p residues
Cys104, Cys117, Cys147 and Cys179) and two conserved glycine
residues (Gly188 and Gly189) underlie purifying selection (Fig. 3).

Fig. 1 Schematic diagram of the RTP exon/intron structure and domain structure of the rust transferred proteins (RTPps). The variable exon 1 may be interrupted by
additional introns (A, B) and codes for the structurally disordered N-terminus. Exons 2–6 code for the C-terminal globular domain. Black arrows indicate the
positions of the four conserved cysteine residues (C1–C4). Grey arrows represent the seven b strands (b1–b7) of the globular domain.
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Importance of disulphide bridges for the stabilization
of the globular domain

The localization of the four highly conserved cysteine residues
which show signs of purifying selection within the C-terminal
globular domain of RTPps indicated the importance of disulphide
bridge formation for the stability of this domain. According to
DiANNA1.1 and DISULFIND predictions (Ferre and Clote, 2005;
Vullo and Frasconi, 2004), the formation of disulphide bridges
between C1 and C2, as well as C3 and C4, is the most probable
combination. Furthermore, additional cysteine residues occurring
in some homologues were predicted to be linked by another
disulphide bond.The substitution of the cysteine residues by serine
residues resulted in reduced or completely absent secretion, as
well as an alteration of the molecular weight and N-glycosylation
state of the mutated proteins (Fig. 4). Endoglycosidase Hf treat-
ment of the mutated proteins showed that the variation of the
molecular weight originated from altered N-glycosylation. The
failure of secretion and aberrant post-translational modifications
can be considered as an effect of protein misfolding and destabi-

lization, as described, for example, for the GPHa protein (Darling
et al., 2000). Therefore, we assume that the formation of disul-
phide bridges is essential for the structural integrity of the globular
domain.

Similarities of RTPps to cysteine protease inhibitors

As the secondary structure of the RTPps appears to be highly
conserved, and accurate folding of the secondary structural motifs
was found to be critical for protein integrity, we searched for
structural homologues of RTPps. Two families of cysteine protease
inhibitors, the cystatins (MEROPS family I25) and the chagasin-like
inhibitors (MEROPS family I42), showed similarities with respect
to secondary structure, as members of both families are charac-
terized by b sheet structures (Fig. 5) (Alvarez-Fernandez et al.,
2005; Smith et al., 2006). The cystatins contain a five-stranded
antiparallel b sheet and one a helix; type 2 cystatins, which are
secreted cystatins, additionally contain two conserved disulphide
bridges (Alvarez-Fernandez et al., 2005). Members of the
chagasin-like inhibitor family are characterized by an

Fig. 2 Phylogenetic tree of the N- versus C-terminus of the rust transferred proteins (RTPps). Colours are selected according to TribeMCL analyses. Clades of RTPp
N-termini and C-termini show co-evolution, except for three genes that show divergence between N- and C-termini (indicated by blue connection bars). Tree based
on a neighbour-joining (NJ) analysis. All bootstrap counts refer to 1000 replications.
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immunoglobulin-like b sandwich fold composed of seven essential
b strands (Smith et al., 2006). Phylogenetic analyses based on
secondary structure alignments show a relationship between
members of the RTPp family and cystatin-like proteins (Fig. S3, see
Supporting Information). The RTP1p C-terminal domains and
cystatin- and chagasin-like proteins show distinct similarities with
regard to the position of the b strands as well as some amino acid
positions (Fig. 5).Analysis of the RTPp sequences corresponding to
the protease interacting loop sequences of the chagasin-like pro-
teins revealed similarities between the protease interacting
motifs, especially with regard to two highly conserved glycine

residues that correspond to the second chagasin loop motif
(Fig. 5).

Inhibition of proteases by Uf-RTP1p and Us-RTP1p

As RTPp homologues exhibit certain structural similarities with
cysteine protease inhibitors, we investigated possible protease
inhibitory effects of Uf-RTP1p and Us-RTP1p. As the yeast
P. pastoris is known to show proteolytic activity within the culture
medium (Sinha et al., 2005), we tested the protease activity of
supernatants from different strains containing Uf-RTP1p,

Fig. 3 Rust transferred proteins (RTPps) show signs of purifying selection. Numerous C-terminal residues of RTPs show signatures of purifying selection. In
particular, conserved cysteine residues (C1–C4) are under purifying selection. X, value on Selecton selection scale, where ‘1’ indicates positive selection and ‘7’
indicates purifying selection.

Fig. 4 Western blot analysis of Uf-RTP1p
cysteine mutants. Mutated proteins were
heterologously expressed in Pichia pastoris. P,
pellet; S, culture supernatant; wt, wild-type
Uf-RTP1p. Uf-RTP1p cysteine residues C104,
C117, C147 and C179, corresponding to the
conserved cysteine residues C1, C2, C3 and
C4, respectively, were replaced by serine
residues. Differences in the molecular weight of
the Uf-RTP1p variants originate from altered
N-glycosylation of the mutated proteins.
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Us-RTP1p, a U. fabae invertase (Voegele et al., 2006) or no heter-
ologous protein. We detected phenylmethanesulfonyl fluoride
(PMSF) inhibitable proteolytic activity corresponding to a molecu-
lar mass of about 100 kDa in P. pastoris strains not expressing any
heterologous protein or expressing a U. fabae invertase. However,
this proteolytic activity was absent in P. pastoris strains expressing
Uf-RTP1p or Us-RTP1p (Fig. 6, lanes 1–4).The addition of Uf-RTP1p
or Us-RTP1p abolished the proteolytic activity within the superna-
tants of control strains, suggesting that the observed inhibition of
the proteolytic activity can be attributed to RTP1p (Fig. 6, lanes
11–14). We therefore conclude that RTPps are able to inhibit
protease activity and may act as cysteine protease inhibitors
within the host plant.

DISCUSSION

The analysis of 28 complete RTPp sequences from 13 rust species
emanating from six genera showed that RTPs constitute a new
family of effector proteins presumably occurring ubiquitously in
the order Pucciniales. Since the identification of RTP1 in U. fabae
and U. striatus (Kemen et al., 2005), a number of RTP1 homo-
logues have been identified in various genera within all suborders
of the Pucciniales, including phylogenetically distant groups, such
as the genus Hemileia (Duplessis et al., 2011; Fernandez et al.,
2012; Puthoff et al., 2008). The discovery of homologues in such a
wide spectrum of rust fungi suggests that RTP1 homologues are

conserved in all rust species. RTP genes lack homology to
sequences from species outside this order. This indicates that the
RTPp family is confined to rust fungi and may therefore be asso-
ciated with their obligate biotrophic lifestyle. Similarly, a restricted
occurrence of effector protein families possibly involved in bio-
trophic interactions has been described recently for powdery
mildews (Spanu et al., 2010). The RTPp family shows a distribution
into several subgroups, with most species containing members
from different subgroups. As some of the subgroups are conserved
between genera, it seems likely that these subgroups evolved
early in the Pucciniales, which is further supported by the fact that
members of different subgroups have been described recently for
H. vastatrix by Fernandez et al. (2012). Some groups, however, are
likely to have evolved from gene duplication events in one species.

We showed that members of the RTPp family are characterized
by a bipartite structure that comprises two domains which differ in
sequence conservation and secondary structure. Although, in most
cases, both parts have evolved in congruence, it is possible that at
least three RTPs are the product of recombination and therefore
do not follow the expected phylogeny. This domain organization is
reflected at the genomic level, with the highly diverse exon 1
coding for the variable N-terminal domain and the invariable
exons 2–6 coding for the conserved C-terminal domain.A modular
protein structure has been described previously for oomycete
effectors, where the domains adopt different functions during the
interaction with the host plant (Win et al., 2007). In these cyto-

Fig. 5 Alignment of selected rust transferred protein (RTPp) globular domain sequences and sequences of eukaryotic and bacterial cysteine protease inhibitors.
Pb-ICP, Py-ICP, Tc-ICP (chagasin), Cb-ICP and Ps-ICP are chagasin-like cysteine protease inhibitors, whereas Pi-EPIC2A is cystatin-like. Cb, Coxiella burnetti; Pb,
Plasmodium berghei; Pgt, Puccinia graminis f.sp. tritici; Pi, Phytophthora infestans; Ps, Pseudomonas syringae; Py, Plasmodium yoelii; Tc, Trypanosoma cruzi; Ua,
Uromyces appendiculatus; Uf, Uromyces fabae. Pink arrows and sequences mark the positions of the seven b strands of Uf-RTPp. The positions of b sheets of
Tc-ICP and Pb-ICP according to Rennenberg et al. (2010) are marked by blue arrows and sequences. Green arrows, positions of b sheets specific for Pb-ICP; yellow,
sequence motifs that are known to be involved in cysteine protease binding (Rennenberg et al., 2010); red, conserved glycine residues.

The RTP family of effectors 101

© 2012 THE AUTHORS
MOLECULAR PLANT PATHOLOGY © 2012 BSPP AND BLACKWELL PUBLISHING LTD MOLECULAR PLANT PATHOLOGY (2013) 14(1 ) , 96–107



plasmic effector proteins, the N-terminal region is involved in
secretion and translocation into the host cell, whereas the
C-terminal domain can be linked to effector activity (Schornack
et al., 2009). Both domains are under different selection pressure,
which is consistent with their distinct function (Schornack et al.,
2009; Win et al., 2007). In contrast with these oomycete effectors,
we were unable to detect such evolutionary processes for the
RTPp domains.

The highly variable RTPp N-terminal domain does not contain
any structural motifs, except for the N-terminal leader peptide, and
probably consists of a disordered region. These flexible regions
within proteins are often involved in specific but transient protein
interactions (Gsponer et al., 2008), which may be advantageous
for possible protein interactions during the translocation process
or within the target compartments. Only one conserved sequence
motif could be identified in the N-terminal region of RTP1p homo-
logues. This motif forms a dibasic cleavage site for post-
translational processing at which the proteins are cleaved during
secretion. Translocation motifs of oomycete RXLR and CRN effec-
tors, as well as some fungal effector proteins, are located in the
N-termini, about 30–60 amino acids downstream of the signal
peptides (Bhattacharjee et al., 2006; Haas et al., 2009; Kale et al.,
2010; Rafiqi et al., 2010). The oomycete RXLR motif, as well as its
functional variants in fungal effectors, resembles the Pexel motif of
translocated proteins from the malaria pathogen Plasmodium spp.
and is interchangeable with this motif (Grouffaud et al., 2008;
Hiller et al., 2004; Kale et al., 2010). These proteins are cleaved at
the Pexel motif during secretion from the parasite and enter the
erythrocyte through a pathogen-derived translocon (Chang et al.,
2008; de Koning-Ward et al., 2009). As the cleavage site of RTPp
N-termini is located within a similar region and represents the sole
conserved sequence within this highly variable domain, one could
speculate that this motif is involved in the transfer of RTP1p
homologues, and the observed cleavage may be a mechanism
associated with the translocation process, although it is not yet

known whether all RTPp homologues are actually located within
the host cell cytoplasm, as recent studies by Hacquard et al. (2012)
have suggested a diverse localization of different RTPp homo-
logues. Therefore, proteolytic processing of the RTPp N-terminus
may be necessary for the release or activation of the C-terminal
protease inhibitor domain.

Unlike the N-terminal region, the RTPp C-terminal domain is
highly conserved in terms of sequence, as well as secondary struc-
tural motifs, in particular a b aggregation domain described for
Uf-RTP1p and Us-RTP1p by E. Kemen et al. (Max Planck Institute for
Plant Breeding Research, Cologne, unpublished results), which
mediates amyloid-like characteristics and can be found in all RTP1p
homologues. This high degree of structural as well as sequence
conservation indicates an association with effector function inside
the host cell. All our analyses indicate that the overall structure of
the C-terminal domain is most likely globular and ordered, which is
consistent with other intracellular effector proteins, particularly
AvrM and AvrL567 from flax rust, which also possess highly struc-
tured C-terminal domains (Catanzariti et al., 2010; Wang et al.,
2007). Site-directed mutagenesis of four highly conserved cysteine
residues in the C-terminal region indicates that the formation of
disulphide bridges is required for correct folding and stability of the
RTPp C-terminal domain.A range of effector proteins are known to
be stabilized by disulphide bridges, among them Avr2 and Avr4
from C. fulvum and Pep1 from Ustilago maydis (van den Burg et al.,
2003; Doehlemann et al., 2009; Van’t Klooster et al., 2011). These
disulphide bridges sustain the globular structure in the apoplastic
compartment and thus are indispensable for effector function
(Jones and Catanzariti, 2010). Similarly, disulphide bridges may
stabilize the RTPp C-terminal domain within the extrahaustorial
matrix and during transfer into the plant cell.

As consistently predicted by secondary structure analyses, the
RTPp globular domain is likely to contain seven entirely conserved
b strands, suggesting a crucial role for protein structure or sec-
ondary structural motifs. As the structure of the RTPp C-terminal

Fig. 6 Inhibition of proteolytic activity by Uf-RTP1p and Us-RTP1p. Gelatin-based zymograms show proteolytic activity in Pichia pastoris supernatants from strains
expressing Uf-RTP1p, Us-RTP1p, U. fabae invertase (INV) or no heterologous protein (pPIC3.5). Supernatant (20 mL) was loaded onto lanes 1–6. The addition of
phenylmethanesulfonyl fluoride (PMSF) (10 mM), Uf-RTP1p or Us-RTP1p (equal amount as sample volume) to supernatants from INV and pPIC3.5 strains
abolished proteolytic activity (lanes 5 and 6, and 11–14, respectively). The intensity of the proteolytic activity depends on the amount of the loaded supernatant
(lanes 7–10).
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domain appears to be a critical factor, we attempted to identify
proteins characterized by a similar structural motif. We showed
that members of the RTPp family share similarities with chagasin-
and cystatin-like proteins, two families of cysteine protease inhibi-
tors. These findings were supported by phylogenetic analyses
showing the relationship between members of the RTPp family
and cysteine protease inhibitors. Interestingly, some members of
the chagasin family are secreted by the malaria pathogen Plas-
modium spp. and enter the host cell cytoplasm, where they are
involved in the suppression of host cell death (Rennenberg et al.,
2010). The N-terminal region of these proteins undergoes post-
translational processing, which leads to the release of the
C-terminal chagasin-like domain that is active inside the host cell
(Rennenberg et al., 2010). The RTPp C-terminal domains and
chagasin-like inhibitors exhibit a similar molecular weight
and resemble, in number and position, conserved secondary struc-
ture elements. Members of the chagasin-like inhibitor family
exhibit low sequence similarity and are characterized by an
immunoglobulin-like b sandwich fold composed of seven essential
b strands (Casados-Vazquez et al., 2011; Ljunggren et al., 2007;
Smith et al., 2006). Three of the loop regions between the b
strands form a wedge-like structure that mediates interaction with
the proteases (Rigden et al., 2001). Regarding these structural
similarities to chagasin-like protease inhibitors, it is possible that
the RTPp C-terminal domain adopts a similar overall structure.
Interestingly, the loop regions of the chagasin-like proteins can be
associated with the three protease interacting regions of the
cystatins (Redzynia et al., 2009). One of these motifs comprising
two glycine residues can also be found in the RTPps (Fig. 5), and
our selection analyses revealed that these residues are under
purifying selection, supporting their functional relevance (Fig. 3).

We observed the inhibition of proteolytic activity within P. pas-
toris culture supernatants from strains expressing Uf-RTP1p and
Us-RTP1p. This suggests that Uf-RTP1p and Us-RTP1p may be able
to inhibit proteases. Little is known about the proteases which are
active in P. pastoris supernatants, although the degradation of
many heterologously expressed proteins is a frequently reported
problem (Cereghino and Cregg, 2000; Sinha et al., 2005). Cur-
rently, it is not yet possible to define the type of inhibited pro-
teases, although the inhibition of proteolytic activity suggests an
involvement of serine proteases or papain-like cysteine proteases.

Several apoplastic effector proteins of phytopathogenic oomyc-
etes and fungi have been shown to act as protease inhibitors,
among them EPIC1 and EPIC2B from P. infestans and Avr2 from
C. fulvum, which are inhibitors of the tomato cysteine protease
Rcr3 that is involved in the hypersensitive response (van Esse
et al., 2008; Tian et al., 2007). As plant proteases are active in
numerous pathogen recognition processes and defence reactions
(van der Hoorn, 2008), these proteases represent essential targets
for effector protein activity. Some studies have shown stress- and
PCD-associated activity of cysteine proteases in the plant cytosol

(D’Silva et al., 1998; Solomon et al., 1999). Such cytoplasmic
cysteine proteases may be inhibited by members of the RTPp
effector protein family during the infection process, but this may
not be the only function of the RTPps.

As described by E. Kemen et al. (Max Planck Institute for Plant
Breeding Research, Cologne, unpublished results), Uf-RTP1p and
Us-RTP1p show characteristics of amyloid-like proteins and are
able to form filamentous structures. It is conceivable that the
RTPps exhibit variable functions during different stages of infec-
tion or within different compartments passed during the course of
secretion and translocation to the host cytoplasm.The inhibition of
plant cysteine proteases within the extrahaustorial matrix or the
plant cytoplasm may therefore be an essential functional feature
of the RTPp effector family that contributes to the establishment
and maintenance of the biotrophic interaction.

EXPERIMENTAL PROCEDURES

Isolation of fungal DNA

DNA of different rust fungi, required for the identification of RTP1 homo-
logues by Uneven-PCR (Chen and Wu, 1997) and SiteFinding-PCR (Tan
et al., 2005), was obtained from infected host plants. Hemileia vastatrix
isolate 1427 DNA was isolated from infected leaves of Coffea arabica
‘Catuai’ (IICT/CIFC Centro Investigação das Ferrungens do Cafeeiro,
Oeiras, Portugal) using the ZR Plant/Seed DNA Kit (Zymo Research Corpo-
ration, Orange, CA, USA). Gymnosporangium sabinae DNA was isolated in
a similar fashion from field samples of infected Pyrus communis leaves
from a pear orchard near Lake Constance, Germany. Puccinia coronata
DNA was kindly provided by Dr Les Szabo (US Department of Agriculture-
Agricultural Research Service, St. Paul, MN, USA).

Cultivation of microorganisms

Escherichia coli strain DH5a (Invitrogen, Carlsbad, CA, USA) was
grown in Luria–Bertani medium (Sambrook and Russell, 2001)
supplemented with an adequate concentration of antibiotic, isopropyl-
b-D-thiogalactopyranoside and 5-bromo-4-chloro-indolyl-b-D-
galactopyranoside for blue/white screening following transformation.
Pichia pastoris strain KM71 was grown at 30 °C and 360 rpm in minimal
glycerol medium or minimal methanol medium for induction, according
to the manufacturer’s instructions (Multi-Copy Pichia Expression Kit,
Invitrogen).

Nucleic acid manipulations

Molecular procedures were performed according to standard protocols
(Sambrook and Russell, 2001). Escherichia coli strain DH5a was used for
plasmid propagation. Pichia pastoris was transformed by electroporation
according to the manufacturer’s instructions (Invitrogen). Plasmids were
linearized with SalI prior to P. pastoris transformation. Sequencing was
performed by GATC Biotech, Konstanz, Germany. Sequencing data were
evaluated and analysed using BioEdit software (Hall, 1999). Uneven-PCR
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(Chen and Wu, 1997) and SiteFinding-PCR (Tan et al., 2005) were used to
amplify unknown sequence fragments of the Gs-RTP1, Hv-RTP1 and
Pc-RTP1 genes (Table S1, see Supporting Information). Substitutions of
cysteine residues by serine were introduced to Uf-RTP1 containing a
C-terminal 6 ¥ His cluster by PCR with overlapping mutagenic primers
(Table S2, see Supporting Information).

Plasmid constructions

Products of Uneven- and SiteFinding-PCR were ligated into the pDRIVE
vector from the Qiagen PCR cloning kit according to the manufacturer’s
instructions (Qiagen GmbH, Hilden, Germany). For expression in Pi. pas-
toris, cysteine mutants were amplified during mutagenic PCR with primers
PIG7-full5 (5′-CGTAGAATTCCATTATGTCAAACCTTCGCTTAC-3′) and Pig7-
f-his3′ (5′-GCCGCCCTAGGTCAGTGGTGGTGGTGGTGG-3′), introducing
EcoRI and AvrII restriction sites, respectively (italic type). PCR products
were digested with EcoRI and AvrII successively, and ligated into EcoRI
and AvrII digested and dephosphorylated vector pPIC3.5 (Invitrogen). The
accuracy of the plasmid constructs was confirmed by sequence analysis.

Homology searches, sequence alignments and
phylogenetic analysis

Homologous sequences were obtained from public databases of the Broad
Institute FGI (Fungal Genome Initiative), DOE Joint Genome Institute and
National Center for Biotechnology Information (NCBI) GenBank websites
by BLAST search (Altschul et al., 1997) using BLASTN, BLASTP, BLASTX, TBLASTN

and TBLASTX algorithms (Table S3, see Supporting Information). RTPp
sequences were aligned using the CLUSTALW algorithm (Thompson et al.,
1994). To identify RTP1 orthologues within the Pucciniales, in more distant
fungi and other Eukaryotes, we performed OrthoMCL analyses using
the genomes of Blumeria graminis, M. larici-populina, P. graminis,
P. striiformis, U. maydis, Sporisorium reilianum, Fusarium oxysporum, Sac-
charomyces cerevisiae, Tuber melanosporum, Laccaria bicolor, Hyaloper-
onospora arabidopsidis and Albugo laibachii.

We used default parameters as described by Moustafa et al. (2009). All
alignments were performed using e-values of 1E-3 and 1E-5. Tribe analysis
was performed using hierarchical clustering with average linkage imple-
mented in the CLUSTERX program (Nepusz et al., 2010). For selection analy-
ses, transcribed RTPp sequences were aligned using CLUSTALW2
(Thompson et al., 1994). The alignment was transferred onto the nucle-
otide sequence using the Pythonscript revtrans.py (version 1.4, http://
www.cbs.dtu.dk/services/RevTrans/download.php) and analysed using the
selecton algorithm with default parameters. Selecton was downloaded
from http://selecton.tau.ac.il/source.html and run locally as described by
‘selecton-h’. As input tree, a tree based on the CLUSTALW2 alignment using
1000 optimization steps was used.

In silico analyses of amino acid sequences and
structural cluster analyses

Searches for conserved functional motifs were performed using the ELM
server (Puntervoll et al., 2003). The presence of signal peptides was veri-
fied with the SIGNALP 3.0 program (Bendtsen et al., 2004). N-Glycosylation
sites were predicted with the Net N-Glyc 1.0 algorithm (Blom et al., 2004).
Prediction of cysteine disulphide bonding was performed using the

DISULFIND and DiANNA 1.1 servers (Ferre and Clote, 2005; Vullo and
Frasconi, 2004). Analyses of protein domain structure were carried out
using the DisEMBLTM, GLOBPLOT2 and PONDR-FIT algorithms (Linding
et al., 2003a, b; Xue et al., 2010). Protein secondary structure was pre-
dicted with the Porter, Sable and PsiPred algorithms (Adamczak et al.,
2004; McGuffin et al., 2000; Pollastri and McLysaght, 2005).

Sodium dodecylsulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) and immunoblot analysis

Protein samples were separated on 12% SDS-PAGE gels (Laemmli, 1970)
and subsequently transferred to polyvinylidene difluoride (PVDF) mem-
branes. Immunoblots were performed according to Towbin et al. (1979).
Purified guinea pig anti-Uf-RTP1p serum S746p or rabbit anti-Uf-RTP1p
serum S844p (Kemen et al., 2005) were used as primary antibodies.
Peroxidase-coupled goat–anti-guinea pig or goat–anti-rabbit secondary
antibodies (Sigma-Aldrich, Taufkirchen, Germany) and ECL Western Blot
detection reagent (GE Healthcare, Munich, Germany) were used for detec-
tion. For analyses of heterologously expressed proteins, pellet fractions of
the appropriate Pi. pastoris cultures were dissolved in sample buffer after
centrifugation. Cell-free culture supernatants were mixed with sample
buffer following filtration through a 0.2-mm pore size filter.

N-terminal sequencing

Protein samples from 30-fold concentrated P. pastoris culture supernatant
were separated on 12% SDS-PAGE gels and transferred to PVDF mem-
branes. Membranes were stained with 0.2% (w/v) Serva Blue R250, 40%
methanol and destained with 50% methanol. Edman sequencing of the
excised bands was performed by TOPLAB GmbH, Munich, Germany.

Gelatin zymography

Gelatin zymography was performed on 7% SDS-PAGE gels containing
0.1% gelatin. Pichia pastoris culture supernatant (20 mL) was mixed with
sample buffer without reducing agent and loaded onto the gel without
previous heating. Gels were incubated in 2.5% Triton X-100 for 1 h at
room temperature after electrophoresis, followed by incubation overnight
at 37 °C in 10 mM Tris, 20 mM NaCl, 5 mM cysteine, pH 5.0. Proteolytic
activity was detected as unstained bands after staining with 45% (v/v)
methanol, 10% (v/v) acetic acid and 0.25% (v/v) Serva Blue R, and destain-
ing with 35% (v/v) methanol, 10% (v/v) acetic acid and 0.3% (v/v) glyc-
erol. For analysis of inhibitory effects, samples were pretreated with 10 mM

PMSF or mixed with an equal amount of P. pastoris culture supernatant
containing Uf-RTP1p or Us-RTP1p, and incubated for 20 min at room
temperature before electrophoresis.
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Fig. S1 Alignment of the 28 complete rust transferred protein 1
(RTP1p) homologues. Conserved residues are shaded grey. Blue,
signal peptide; green, cleavage site for post-translational process-
ing; yellow, highly conserved cysteine residues. Arrows mark the
positions of the conserved b strands.
Fig. S2 TribeMCL analysis of rust transferred protein (RTPp) N-
and C-termini. Cluster analyses of conserved RTPp termini were
performed using the TribeMCL method. The network structure
highlights the major relationships between members of a tribe. (a)
RTPp C-termini can be clustered into six tribes. (b) RTPp N-termini
also cluster into six tribes. Colours are selected according to
C-termini clustering and reveal that the N-terminus of tribe 1
shows a higher degree of divergence than those of tribes 2–6.
Fig. S3 Phylogenetic analyses based on secondary structure pre-
diction using PsiPred. Analyses were conducted using sequences
of rust transferred proteins (RTPps), cystatin- and chagasin-like

cysteine protease inhibitors and Kunitz-type serine protease
inhibitors as outgroup. Cb, Coxiella burnetti; Gg, Gallus gallus;
Gm, Glycine max; Hs, Homo sapiens; Mlp, Melampsora larici-
populina; Mm, Mus musculus; Mmd, Melampsora medusae f.sp.
deltoides; Mmt, Melampsora medusae f.sp. tremuloides; Mo,
Melampsora occidentalis; Pb, Plasmodium berghei; Pc, Puccinia
coronata; Pgt, Puccinia graminis f.sp. tritici; Pi, Phytophthora
infestans; Pn, Populus nigra; Ps, Puccinia striiformis; Psa, Pisum
sativum; Pt, Puccinia triticina; Py, Plasmodium yoelii; Tc, Trypano-
soma cruzi; Ua, Uromyces appendiculatus; Uf, Uromyces fabae;
Us, Uromyces striatus.
Table S1 Uneven- and SiteFinding-PCR primers for Gs-RTP1,
Pc-RTP1 and Hv-RTP1 sequencing.
Table S2 Mutagenic primers for substitution of Uf-RTP1p amino
acid residues.
Table S3 Accession numbers of sequences used in this study.

The RTP family of effectors 107

© 2012 THE AUTHORS
MOLECULAR PLANT PATHOLOGY © 2012 BSPP AND BLACKWELL PUBLISHING LTD MOLECULAR PLANT PATHOLOGY (2013) 14(1 ) , 96–107


