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SUMMARY

Xanthomonas axonopodis pv. citri utilizes the type III effector
protein PthA to modulate host transcription to promote citrus
canker. PthA proteins belong to the AvrBs3/PthA family and carry
a domain comprising tandem repeats of 34 amino acids that
mediates protein–protein and protein–DNA interactions. We
show here that variants of PthAs from a single bacterial strain
localize to the nucleus of plant cells and form homo- and het-
erodimers through the association of their repeat regions. We
hypothesize that the PthA variants might also interact with
distinct host targets. Here, in addition to the interaction with
a-importin, known to mediate the nuclear import of AvrBs3, we
describe new interactions of PthAs with citrus proteins involved
in protein folding and K63-linked ubiquitination. PthAs 2 and 3
preferentially interact with a citrus cyclophilin (Cyp) and with
TDX, a tetratricopeptide domain-containing thioredoxin. In addi-
tion, PthAs 2 and 3, but not 1 and 4, interact with the ubiquitin-
conjugating enzyme complex formed by Ubc13 and ubiquitin-
conjugating enzyme variant (Uev), required for K63-linked
ubiquitination and DNA repair. We show that Cyp, TDX and Uev
interact with each other, and that Cyp and Uev localize to the
nucleus of plant cells. Furthermore, the citrus Ubc13 and Uev
proteins complement the DNA repair phenotype of the yeast
Dubc13 and Dmms2/uev1a mutants, strongly indicating that
they are also involved in K63-linked ubiquitination and DNA
repair. Notably, PthA 2 affects the growth of yeast cells in the
presence of a DNA damage agent, suggesting that it inhibits
K63-linked ubiquitination required for DNA repair.

INTRODUCTION

Citrus canker, caused by the bacterial pathogen Xanthomonas
axonopodis pv. citri, is characterized by water-soaked eruptions
and pustule formation on the surface of the host plant (Brunings
and Gabriel, 2003). Although it is known that canker lesions
result from the intense division and expansion of the host cells at
the site of infection, the molecular events leading to cell hyper-
trophy and hyperplasia are not fully comprehended. Previous
studies have shown that X. axonopodis pv. citri infection
changes the transcription of a large set of host genes associated
with cell division and expansion, including genes involved in
ribosome biogenesis, cell wall remodelling, vesicle trafficking,
and the synthesis and mobilization of auxin and gibberellin
(Cernadas et al., 2008). The expression of the cell wall remodel-
ling genes, as well as those involved in the synthesis and mobi-
lization of auxin and gibberellin, was shown to be similarly
regulated by auxin and gibberellin, indicating that X. axonopodis
pv. citri changes the active contents of both hormones to
promote cell division and enlargement (Cernadas and Benedetti,
2009). Indeed, it was found that both auxin and gibberellin are
required for canker development and that polar transport of
auxin and vesicle trafficking mediate this process (Cernadas and
Benedetti, 2009; Cernadas et al., 2008).

The transcriptional changes associated with the growth and
expansion of citrus cells in response to X. axonopodis pv. citri
infection are thought to be triggered by the Type III effector
protein PthA. PthA is recognized as the major determinant of X.
axonopodis pv. citri pathogenicity (Al-Saadi et al., 2007; Brun-
ings and Gabriel, 2003). This protein is required for pathogen
growth and canker elicitation, and is sufficient to promote hyper-
trophy and hyperplasia in citrus (Duan et al., 1999; Swarup et al.,
1991, 1992). PthA belongs to the AvrBs3/PthA protein family.
Members of this family, also known as transcription activator-like
(TAL) effectors, are translocated by the Type III secretion system
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and function as transcriptional activators in the host (Kay
et al., 2007; Römer et al., 2007; Sugio et al., 2007; Yang et al.,
2006).

One of the most surprising features of AvrBs3/PthA proteins is
that they have an internal region comprising variable, nearly
identical tandem repeats of 34 amino acids that determine both
pathogenicity and avirulence (Kay and Bonas, 2009; Swarup
et al., 1992; Yang and Gabriel, 1995). For instance, AvrBs3, the
most well-characterized TAL effector, dimerizes through its
repeat region and interacts with an a-importin (a-Imp) that
mediates its transfer to the nucleus of the host cell (Gürlebeck
et al., 2005; Szurek et al., 2001). In the nucleus, AvrBs3 recog-
nizes plant promoters and activates the transcription of a helix–
loop–helix factor required for cell enlargement in susceptible
plants, whereas, in resistant plants, it transactivates its cognate
Bs3 resistance gene, triggering a hypersensitive reaction (Kay
et al., 2007; Römer et al., 2007). Most remarkably, it is the repeat
region that mediates DNA recognition, and the amino acid poly-
morphism found within the repeat units determines the DNA
sequence specificity of TAL effectors (Boch et al., 2009; Moscou
and Bogdanove, 2009).

Many Xanthomonas pathogens contain multiple variants of
AvrBs3/PthA proteins.The existence of multiple copies of avrBs3/
pthA genes in a single strain is thought to facilitate recombina-
tion and rapid adaptation to new hosts (Yang and Gabriel,
1995). However, in the light of the findings of Boch et al. (2009)
and Moscou and Bogdanove (2009), it is expected that multiple
variants of TAL effectors would also directly affect the transcrip-
tion of target genes in the host and, consequently, the outcome
of the disease process. Accordingly, it has been shown that
multiple TAL effectors contribute additively to symptom devel-
opment (Yang and White, 2004; Yang et al., 1996). The X. axo-
nopodis pv. citri strain 306 (da Silva et al., 2002) contains four
related PthA proteins (PthA 1–4) that differ from each other
essentially by the number of their 34-amino-acid repeats and by
the polymorphic residues found within the repeat units
(Fig. S1A,B, see Supporting information). These PthA variants are
the equivalents of the four functionally characterized PthAs of
strain 3213 (Al-Saadi et al., 2007). Interestingly, it was found
that all X. axonopodis pv. citri strains carry one PthA variant with
17.5 repeats that determines the pathogenicity on citrus, and
that the other variants of different repeat sizes do not comple-
ment a knockout mutation of the 17.5-repeat PthA (Al-Saadi
et al., 2007). Thus, how PthA variants with 15.5 (PthAs 2 and 3)
and 16.5 (PthA 1) repeats contribute to symptom development is
not yet clear. Microarray analyses of sweet orange epicotyls
transformed with individual PthAs have shown that PthA 4 (17.5
repeats) up-regulates a larger set of citrus genes associated with
cell division and expansion relative to PthA 2. Nevertheless, a
number of genes implicated in canker development are
up-regulated by both PthAs, and some are specifically induced by

PthA 2 (A. Pereira and C. Benedetti, unpublished data), indicat-
ing that they contribute to symptom development in an additive
or synergistic manner.

Although the ultimate target of Type III TAL effectors appears
to be the plant nuclear DNA (Kay et al., 2007; Römer et al., 2007;
Sugio et al., 2007; Yang et al., 2006), it is reasonable to expect
that these proteins might interact with other host factors to
direct the transcriptional activation of their target genes. Thus
far, a-Imp is the only TAL effector interactor known (Szurek
et al., 2001). Therefore, considering the sequence variability
among the four PthA internal repeats (Fig. S1, see Supporting
Information), and given the extraordinary phenotypes elicited by
TAL effectors in the host, we hypothesized that the PthA variants
might differentially interact with distinct host proteins in addi-
tion to a-Imp.

To gain insights into the functional dynamics of TAL effectors,
we combined two-hybrid assays with in vitro binding and
complementation studies to identify and characterize the inter-
actions of each of the X. axonopodis pv. citri PthAs with sweet
orange proteins. In addition to the identification of a citrus
a-Imp similar to that responsible for the nuclear import of
AvrBs3 (Szurek et al., 2001), we describe new interactions of
PthA proteins with components of a citrus protein complex
implicated in protein folding and DNA repair.

RESULTS

PthA proteins localize to the nucleus and form
homo- and heterodimers

Figure 1A shows that all PthA variants localize to the nucleus of
Nicotiana benthamiana cells and, in some nuclei, the proteins
appear to concentrate into multiple nuclear dots, indicating that
they might be associated with sites of increased transcriptional
activity.

As AvrBs3 dimerizes in the cytosol of the host cell prior to its
nuclear import (Gürlebeck et al., 2005), we hypothesized that
the four PthA variants would possibly form homo- and/or het-
erodimers in the host cell. To test this assumption, we used
two-hybrid assays to verify all possible interactions among the
PthA proteins.We observed that all PthAs are capable of forming
homodimers, but only PthAs 2 and 3 heterodimerize with each
other and with PthAs 1 and 4 (Fig. 1B). Surprisingly, PthAs 1 and
4 do not form heterodimers even under less stringent conditions
of interaction, i.e. in the presence of adenine (Fig. 1C). As shown
for AvrBs3, the repeat domain of PthA was sufficient for homo-
and heterodimerization (Fig. 1D). In addition, a truncated version
of PthA2 (5.5rep + CT2), carrying the last 5.5 repeat units plus
the C-terminus (Fig. S1C, see Supporting Information), also
formed homo- and heterodimers with PthAs 2 and 3, respectively
(Fig. 1D).
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Identification of sweet orange interactors of PthA

To identify interactors of PthAs, we performed two-hybrid screen-
ing of a citrus cDNA library using PthAs 2,3 and 4 as bait (Fig. S1C,
see Supporting Information). The majority of the identified pro-
teins can be classified into four major functional categories,
including protein folding,nuclear transport, transcriptional control
and DNA repair. The screenings made with PthA 4 retrieved
primarily proteins associated with transcriptional control, RNA
stabilization and DNA repair, carrying either DNA- or RNA-binding
motifs. These interactions will, however, be reported elsewhere.
Below, we describe the interactions of the four PthAs with the
citrus proteins implicated in protein folding, K63-linked ubiquiti-
nation and nuclear transport, identified with PthAs 2 and 3.

Of particular relevance was the identification of interactions
with a-Imp, which is 87% identical to the Capsicum annuum
a-Imp shown to interact with AvrBs3 and to mediate its nuclear
import (Szurek et al., 2001), and with citrus cyclophilin (Cyp),
thioredoxin (TDX) and ubiquitin-conjugating enzyme variant
(Uev). The citrus Cyp has a single peptidyl-prolyl cis–trans
isomerase (PPiase) domain and is 84% identical to ROC1, an
Arabidopsis thaliana Cyp required for the activation of AvrRpt2
inside the host cell (Coaker et al., 2005). TDX (tetratricopeptide
domain-containing thioredoxin) is a two-domain protein with
disulphide reductase activity found only in plants (Vignols et al.,
2003). Its N-terminus contains a tetratricopeptide repeat (TPR)
found in the co-chaperone Hsp70-interacting protein HIP,
whereas its C-terminus carries a thioredoxin (TRX) domain
(Fig. 2B). The citrus Uev is closely related to the yeast methyl-
methanesulphonate 2 (MMS2) and its human orthologue Uev1a,
which act in conjunction with Ubc13 to promote K63-linked
ubiquitination of components of the DNA repair machinery
(Hofmann and Pickart, 1999; Petroski et al., 2007; Windheim
et al., 2008).

To confirm the interactions, the full-length Cyp, TDX and Uev
proteins were used as prey in two-hybrid assays against all four
PthA baits. We also used an a-Imp construct in which the first
80 residues carrying the N-terminal auto-inhibitory region (Har-
reman et al., 2003) were deleted. Figure 2A shows that both
PthAs 2 and 3 interact more strongly than PthAs 1 and 4 with the
citrus proteins. Indeed, with the exception of a-Imp, PthA 4
interacts weakly with Cyp, TDX and Uev, and the interactions of
PthA 1 with the citrus prey are even weaker, as observed in
synthetic complete medium lacking tryptophan, leucine and
histidine but containing adenine (SC - Leu - Trp - His + Ade)
(Fig. 2A).

As TDX was the only prey protein displaying two functional
domains (Fig. 2B), we tested the requirement of each of its
domains for interaction with PthAs. Figure 2C shows that both
the TPR and TRX domains of TDX strongly and preferentially
interact with PthAs 2 and 3, whereas only the TRX domain

Fig. 1 PthA proteins localize to the nucleus and form homo- and
heterodimers. (A) Fluorescence of PthA–green fluorescent protein (GFP)
fusions in the nucleus of transiently transfected Nicotiana benthamiana cells
72 h after Agrobacterium tumefaciens infiltration. The top panels show the
PthA4–GFP and 4′,6-diamidino-2-phenylindole (DAPI) fluorescence of the
same cell at ¥400 magnification. The bottom panels show the localization
of PthA1– and PthA2–GFP fusions in nuclear dots at ¥1000 magnification.
(B) Yeast two-hybrid assays showing that PthAs 2 and 3 form homodimers
but also heterodimerize with each other and with PthAs 1 and 4. Yeast
cells co-transformed with the bait and prey constructs are shown at the top
of the plate, whereas cells carrying the bait construct plus the empty pOAD
or the prey construct plus the empty pOBD are shown at the sides, as
indicated. (C) Under less stringent conditions of interaction (synthetic
complete medium lacking histidine but containing adenine, SC - His +
Ade), PthAs 1 and 4 homodimerize but do not self-interact. (D) The repeat
domain (RD2) as well as the 5.5rep + CT2 of PthA2 were sufficient for
homo- and heterodimerization with PthAs 2 and 3, respectively. In (B–D),
bait and prey are indicated horizontally and vertically, respectively.
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interacts with PthAs 1 and 4, and only under less stringent
conditions (Fig. 2C).

To confirm the interactions observed in yeast, glutathione
transferase (GST) pulldown assays were carried out using PthAs
2 and 4 as representative bait. This choice was based on the
differential interaction shown by the PthA variants with the prey
proteins, i.e. PthA 1 interacts weakly with the prey, PthAs 2 and

3 show similar interaction patterns with all prey, and both have
the same number of repeat units, and PthA4, carrying 17.5
repeat units, is the form required to elicit canker on citrus (Al-
Saadi et al., 2007; Duan et al., 1999). Consistent with the two-
hybrid data, pulldown assays revealed that PthA 2 binds to all
prey proteins, including the TPR and TRX domains of TDX. Stron-
ger interactions were observed with a-Imp and TDX, as observed

Fig. 2 Differential interactions between PthA proteins with the citrus a-importin (a-Imp), cyclophilin (Cyp), thioredoxin (TDX) and ubiquitin-conjugating enzyme
variant (Uev). (A) Yeast two-hybrid assays showing that PthAs 2 and 3 interact most strongly with the citrus proteins, whereas PthAs 1 and 4 interact with the
prey under less stringent conditions (synthetic complete medium lacking histidine but containing adenine, SC - His + Ade). The disposition of the yeast
co-transformants in the plates is the same as shown in Fig. 1. (B) Schematic representation of the tetratricopeptide repeat (TPR) and thioredoxin (TRX) domains
of TDX with the numbers representing the positions of the amino acid residues. The TPR (residues 1–178) and TRX (residues 179–328) domains were subcloned
into the pOAD vector for two-hybrid assays. (C) Differential interactions between the four PthA proteins with the TDX domains, showing the preferential
interaction of PthAs 2 and 3 with both TPR and TRX domains, relative to PthAs 1 and 4. PthA 4 and the TRX domain of TDX self-interacted in the presence of
adenine. (D, E) Glutathione transferase (GST) pulldown assays with PthAs and the citrus proteins. 6 ¥ His–PthAs 2 and 4 were expressed in Escherichia coli and
purified by affinity chromatography. The purified proteins were subjected to GST pulldown assays, as described in Experimental procedures, and the resulting
samples were separated by electrophoresis and probed with the anti-PthA and anti-GST sera. (D) PthA2 binds to all citrus proteins (GST fusions), but more
strongly to a-Imp and TDX. (E) Pronounced interaction of PthA4 with a-Imp. No interactions were detected between PthA 4 and Cyp or the TPR domain of
TDX. Purified PthA proteins used as controls are shown on the left. The GST fusions are indicated by asterisks and the molecular sizes of the proteins are shown
on the left. The corresponding sodium dodecylsulphate (SDS) gels are shown in Fig. S2 (see Supporting Information).
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in yeast (Fig. 2D). Similarly, we observed a good correspondence
between the two-hybrid and in vitro protein interaction assays
performed with PthA 4 (Fig. 2E). PthA 4 binds more tightly to
a-Imp than to Cyp and Uev. In addition, only the TDX domain of
TDX interacts with PthA 4 in vitro (Fig. 2E).

Cyp, TDX and Uev interact with each other

As described in the Discussion, Cyp, TDX and Uev have been
associated with protein folding, activation and quality control.
We thus tested whether they could interact with each other.
Figure 3A shows that TDX interacts with Cyp and Uev, and that
both TPR and TRX domains contribute to these interactions.
Although the binding of TDX to Uev is relatively weak in the in
vitro pulldown assays relative to the binding with Cyp, it is
notable that significantly larger amounts of Uev were pulled
down with TDX in the presence of Cyp (Fig. 3B). Similarly, larger
amounts of Cyp were detected when Uev was added in the
pulldown with TDX (Fig. 3B). Considering that the interaction
between Cyp and Uev is relatively weak (Fig. 3A,B), this syner-
gism of interaction is best interpreted as evidence of the forma-
tion of a protein complex involving TDX, Cyp and Uev.

The citrus Ubc13 interacts with PthA2 and forms a
heterodimer with Uev

The role of the Uev–Ubc13 heterodimer in the K-63 ubiquitina-
tion of components of the DNA damage repair machinery has
been well documented in yeast, animals and plants (Broomfield
et al., 1998; Hofmann and Pickart, 1999; Motegi et al., 2008;
Panier and Durocher, 2009; Wen et al., 2006, 2008). Given the
high degree of identity shared by Ubc13 proteins, we were able
to identify the citrus Ubc13 orthologue. We therefore investi-
gated whether the citrus Ubc13 would interact with Uev, as has
been observed in yeast and vertebrates. Figure 4A shows that
Ubc13 strongly interacts with Uev, but not with TDX or Cyp. In
addition, consistent with the results shown in Fig. 2, Ubc13
interacts with PthAs 2 and 3 only (Fig. 4A). These interactions
were also confirmed by in vitro pulldown assays, where we
detected strong binding of Ubc13 to Uev and PthA2, but no
binding to PthA4 (Fig. 4B).

The PthA repeat domain and leucine-rich repeat
(LRR) are important for protein–protein interactions

Yeast two-hybrid assays showed that the repeat domain of
PthA2 (RD2), as well as the 5.5rep + CT2 fragment (Fig. S1C,
see Supporting Information), interacts with Cyp, TDX, Uev,
Ubc13 and a-Imp, except that the interaction of RD2 with
a-Imp is less pronounced (Fig. 5A). Interestingly, LRR, which is
located adjacent to the repeat region and is invariable among

Fig. 3 The citrus proteins cyclophilin (Cyp), thioredoxin (TDX) and
ubiquitin-conjugating enzyme variant (Uev) interact with each other. (A)
Yeast two-hybrid assays showing interactions between TDX, Cyp and Uev,
as well as between Cyp and Uev. The tetratricopeptide repeat (TPR) and
thioredoxin (TRX) domains of TDX also interact with Cyp and Uev. The
disposition of the yeast co-transformants in the plates is the same as
shown in Fig. 1. (B) Western blot of glutathione transferase (GST) pulldown
assays using GST–TDX or GST–Cyp as bait and 6 ¥ His–Cyp and 6 ¥
His–Uev as prey. Consistent with the in vivo assay shown in (A), stronger
interactions between TDX and Cyp are observed in the presence of Uev,
suggesting the existence of a protein complex formed by TDX, Cyp and Uev.
The corresponding sodium dodecylsulphate (SDS) gel is shown in Fig. S2
(see Supporting Information).
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PthAs (Fig. S1, see Supporting Information), interacts only with
a-Imp (Fig. 5A). These results were also confirmed by GST pull-
down assays, which showed that both RD2 and 5.5rep + CT2
bind to the citrus proteins (Fig. 5B). The C-terminus of PthAs
transactivated the yeast reporter genes and so could not be
used in the in vivo assays. In this case, we demonstrated by
GST pulldown that the C-terminus of PthA2 (CT2), carrying LRR
and the nuclear localization signal (NLS) (Fig. S1, see Support-
ing Information), binds to a-Imp only (Fig. 5B). Taken together,
the results indicate that the repeat region, which is sufficient
for homo- and heterodimerization of PthAs (Fig. 1C), also con-
tributes to the interactions with Cyp, TDX, Uev and Ubc13,
whereas LRR and NLS appear to be required for interaction
with a-Imp only.

Citrus Uev and Ubc13 complement the Dubc13 and
Dmms2/uev1a yeast mutants

The yeast mutants Dubc13 and Dmms2/uev1a are defective in
K63-linked ubiquitination and, as a result, are unable to grow in

the presence of MMS as they are defective in DNA damage
repair (Broomfield et al., 1998; Hofmann and Pickart, 1999). To
test whether the corresponding citrus proteins are also involved
in DNA repair, we expressed the citrus Ubc13 and Uev genes in
the corresponding yeast mutants (Fig. 6A). We observed that the
growth of both mutants in MMS gradient plates can be rescued
by the citrus proteins, strongly indicating that the citrus Ubc13
and Uev are functional homologues of the yeast proteins
(Fig. 6B).

Fig. 4 The citrus Ubc13 interacts with ubiquitin-conjugating enzyme
variant (Uev) and PthA proteins. (A) Sweet orange Ubc13 interacts with Uev
and with PthAs 2 and 3. The disposition of the yeast co-transformants in
the plates is the same as shown in Fig. 1. (B) Western blots of glutathione
transferase (GST) pulldown assays using GST–Ubc13 as bait and 6 ¥
His–Uev and 6 ¥ His–PthAs 2 and 4 as prey. According to the assay shown
in (A), Ubc13 binds to Uev and PthA2, but not to PthA 4. Purified PthA
proteins used as controls and the molecular sizes of the proteins are shown
on the left. The corresponding sodium dodecylsulphate (SDS) gels are
shown in Fig. S2 (see Supporting Information).

Fig. 5 The repeat domain and leucine-rich repeat (LRR) are important for
protein–protein interactions. (A) Yeast two-hybrid assays showing the
interactions of the internal repeat domain of PthA2 (RD2) and the 5.5rep +
CT2 construct with all citrus proteins. LRR interacted with a-importin
(a-Imp) only. (B) Western blot of glutathione transferase (GST) pulldown
assays showing that both RD2 and 5.5rep + CT2 constructs bind to citrus
proteins (GST fusions). The C-terminus of PthA2 (CT2), carrying LRR and the
nuclear localization signal (NLS), binds to a-Imp only. Purified PthA proteins
used as controls and the molecular sizes of the proteins are shown on the
left. The corresponding sodium dodecylsulphate (SDS) gels are shown in
Fig. S2 (see Supporting Information).
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PthA proteins are not K63-linked ubiquitinated
in vivo

The fact that the citrus Uev and Ubc13 complemented the yeast
Dubc13 and Dmms2/uev1a mutants suggested that PthA could
be ubiquitinated in vivo by the yeast Ubc13–Uev complex.To test
this hypothesis, we expressed PthAs 2 and 4 as GST fusions in
the wild-type yeast and mutant derivatives. The proteins were
purified by affinity chromatography and detected by Western
blot. Blots developed with the anti-PthA serum revealed a major
band with the expected size for the GST–PthA fusions (Fig. 7A).
Both PthAs were expressed in the wild-type and mutant cells at
relatively equal amounts, and the presence of lower molecular
weight bands detected by the anti-PthA and anti-ubiquitin sera
indicates that the PthAs were degraded in the yeast cells
(Fig. 7A). Although a band corresponding to the size of the
GST–PthA2 fusion was predominantly labelled by the anti-
ubiquitin serum in the wild-type yeast, relative to the mutants
and relative to the GST–PthA4 fusions, no bands were detected
by an anti-K63-linked ubiquitin monoclonal antibody (not

shown), indicating that the PthAs were not ubiquitinated
through K63-linked ubiquitin chains.

To test whether PthA is ubiquitinated in planta, sweet orange
hypocotyls were transformed with PthA 2, PthA 4 or
b-glucuronidase (GUS) as control. Both PthAs 2 and 4 were
detected by the anti-PthA serum, but not by the anti-K63-linked
ubiquitin or by the general anti-ubiquitin antibodies (Fig. 7B).
Taken together, these results indicate that PthA proteins are not
K63-linked ubiquitinated in vivo.

PthAs inhibit K63-linked ubiquitination and affect
DNA repair

The fact that the PthA proteins were not ubiquitinated in vivo
suggests that they might, on interaction with the Ubc13–Uev
complex, inhibit or promote the K63-linked ubiquitination of
target proteins. Indeed, the presence of extra bands detected by
the anti-K63-linked ubiquitin antibody in citrus cells transformed
with GUS relative to PthAs (Fig. 7B) suggests that PthAs might
inhibit K63-linked ubiquitination. Consistent with this idea, the
expression of PthAs 2 and 4 significantly inhibited the growth of
normal yeast cells in the presence of MMS (Fig. 7C), indicating
that DNA repair mechanisms were affected by the PthA proteins.
Notably, the negative effect of PthA2 expression on DNA repair
was more pronounced than that of PthA4 expression, although
the intracellular levels of PthA4 were higher in comparison with
the levels of PthA2 (Fig. 7D). This is in agreement with the
observation that PthA2 preferentially interacts with the Ubc13–
Uev proteins. In addition, although the anti-K63-linked ubiquitin
antibody detected no bands in yeast extracts, blots developed
with the general anti-ubiquitin serum revealed a missing band in
the yeast extract expressing PthA2 relative to control and PthA4
(Fig. 7D). Taken together, these results indicate that PthA2 pref-
erentially inhibits K63-linked ubiquitination required for DNA
repair.

DISCUSSION

The presence of four PthA variants in a single bacterial strain
suggests that they might interact with distinct host factors. Here,
in addition to the interaction with a-Imp, the only protein inter-
actor of this class of effectors known to date (Szurek et al.,
2001), we describe new and differential interactions of PthA
variants with the citrus proteins Cyp, TDX and the Uev–Ubc13
pair. In agreement with previous reports (Szurek et al., 2001), all
PthAs interacted with a-Imp and were localized to the nucleus.
This interaction appears to be mediated primarily by NLS found
at the C-terminus of the protein. However, we noted that LRR
located adjacent to NLS, which has been shown to influence
AvrBs3 dimerization (Gürlebeck et al., 2005), was sufficient to
promote an interaction with a-Imp. In addition, as dimerization

Fig. 6 The citrus Ubc13 and ubiquitin-conjugating enzyme variant (Uev)
proteins complement yeast Dubc13 and Dmms2/uev1a mutants. (A) The
Citrus sinensis Ubc13 and Uev genes under the control of a copper-induced
promoter were expressed in the yeast mutants Dubc13 and Dmms2/uev1a
as glutathione transferase (GST) fusions. The proteins (43 kDa) were induced
with 0.5 mM copper sulphate for 2 h, purified by affinity chromatography
and probed with anti-GST serum. Induced (I) and noninduced (NI) samples
are shown. The amounts of protein loaded on the gels are shown in Fig. S2
(see Supporting Information). (B) Growth of the yeast strain SUB62 and its
derivative mutants Dubc13 and Dmms2/uev1a in synthetic complete (SC)
medium in the presence of increasing amounts of methylmethanesulphonate
(MMS). The growth of both mutants in MMS gradient plates can be rescued
by the corresponding citrus Ubc13 and Uev genes.

PthA interaction with citrus proteins 669

© 2010 THE AUTHORS
JOURNAL COMPILATION © 2010 BLACKWELL PUBLISHING LTD MOLECULAR PLANT PATHOLOGY (2010) 11(5 ) , 663–675



of TAL effectors is required for their nuclear import (Gürlebeck
et al., 2005), the existence of related PthA proteins in a single
pathogen also suggested that they might interact with each
other. Indeed, all PthAs formed homodimers, but only PthAs 2
and 3 heterodimerized with each other and with PthAs 1 and 4.
As the repeat region was sufficient to promote homo- and het-
erodimerization, these interactions may reflect variations in the
number of repeat units.

The pattern of homo- and heterodimerization of PthAs may be
correlated with the preferential interaction of PthAs 2 and 3,
relative to PthAs 1 and 4, with Cyp, TDX and Uev. Again, this
seems to reflect variations in the repeat region as this region also

contributed to the interactions with the citrus proteins. There-
fore, the results indicate that the repeat region may not only be
critical to match citrus target promoters, as expected considering
the role played by AvrBs3 (Boch et al., 2009; Kay et al., 2009;
Römer et al., 2009), but may also play a role in the interaction
with host proteins.

The PthA-interacting proteins Cyp, TDX and the Uev–Ubc13
pair have all been associated with protein folding, activation and
quality control. In this study, we have presented evidence indi-
cating that they interact to form a protein complex. This is
consistent with the fact that Cyps are targets of TRX (Laxa et al.,
2007; Motohashi et al., 2003) and interact with the TPR domain
of Hsp90 and Hsc70 (Carrello et al., 2004; Ratajczak and Car-
rello, 1996). In addition, Uev1a, which lacks ubiquitin-
conjugating activity, associates with Ubc13 to form a functional
heterodimer that promotes K63-linked ubiquitination of target
proteins implicated in DNA repair, signal transduction and
homologous recombination (Hofmann and Pickart, 1999; Wang
et al., 2001; Zhao et al., 2007). The Uev1a–Ubc13 pair has also
been described as a component of the quality control C-terminus
of Hsp70-interacting protein (CHIP) U-box ubiquitin ligase
complex, which comprises a TPR domain that mediates interac-
tions with Hsp90 and Hsp70 (Zhang et al., 2005). As some effec-
tors are transferred by secretion systems in an unfolded or
inactive state and are activated by plant Cyps related to the
citrus Cyp (Coaker et al., 2005; Deng et al., 1998), we initially
hypothesized that the citrus proteins might be part of a chaper-
one or quality control protein complex required for the folding
and/or activation of PthAs. However, recombinant PthAs pro-
duced in Escherichia coli are structured and have DNA-binding
activity (M. Domingues and C. Benedetti, unpublished results),
suggesting that proline isomerization by the plant Cyp is not
critical for PthA folding/action. Accordingly, PthAs are not ubiq-

Fig. 7 PthA proteins are not K63-linked ubiquitinated in vivo. (A) PthAs 2
and 4 were expressed in the wild-type yeast strain SUB62 and its derivative
mutants Dubc13 and Dmms2/uev1a as glutathione transferase (GST) fusions
(~140 and 147 kDa, respectively). The proteins were purified by affinity tag
and subjected to sodium dodecylsulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) followed by Western blot detection with anti-PthA or anti-
ubiquitin sera. Major PthA bands of the expected size for the GST fusions are
indicated by the arrows. (B) PthAs 2 and 4 were expressed in sweet orange
epicotyl sections using Agrobacterium tumefaciens transformation. A
b-glucuronidase (GUS) construct was used as control. Both PthA proteins
(~116 kDa) were detected by anti-PthA serum (arrow), but not by anti-
ubiquitin serum. (C) Growth of yeast strain SUB62 (control expressing GST
only) and SUB62 separately transformed with PthA 2 and 4 GST fusions in
yeast peptone dextrose (YPD) medium in the presence of a methylmethane-
sulphonate (MMS) gradient. (D) The anti-PthA serum confirms the presence
of PthA proteins in the yeast extracts (arrow), whereas the anti-ubiquitin
serum reveals a missing band in the yeast extract expressing PthA2 (arrow).
The amounts of proteins loaded on the sodium dodecylsulphate (SDS) gels
are shown in Fig. S2 (see Supporting Information).
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uitinated in vivo, but apparently inhibit K63-linked ubiquitina-
tion associated with DNA repair. Thus, our data strongly point to
a model in which PthAs would inhibit the activity of a citrus
protein complex associated with DNA repair. Interestingly, other
citrus proteins identified as PthA4 interactors, including a high
mobility group (HMG) protein, a homologue of the mammalian
translin-associated factor (TRAX) and an SMC (structural main-
tenance of chromosomes), are associated with DNA repair and
chromatin stability (Erdemir et al., 2002; Hirano, 2002; Prasad
et al., 2007).

Although the role of Uev–Ubc13 in response to DNA damage
has been well established in yeast, animals and plants (Broom-
field et al., 1998; Hofmann and Pickart, 1999; Motegi et al., 2008;
Panier and Durocher, 2009;Wen et al., 2006, 2008), recent studies
have shown that K63-linked ubiquitination also serves as a tar-
geting signal for the 26S proteasome (Saeki et al., 2009).This is in
line with recent findings showing that CHIP targets the degrada-
tion of mammalian SRC-3, a transcriptional co-activator associ-
ated with tumour progression (Kajiro et al., 2008). It is thus
attractive to speculate that, if a CHIP-related complex operates in
citrus, its inhibition by PthAs might favour canker development.

Alternatively, it is notable that citrus Cyp is 64% identical to
yeast Cyp A, a protein that decreases gene silencing (Arévalo-
Rodríguez and Heitman, 2005; Arévalo-Rodríguez et al., 2000)
and interacts with Ess1, a prolyl-isomerase that affects chroma-
tin remodelling and the process of transcription through isomer-
ization of prolines of the C-terminal domain of the RNA
polymerase II (Hani et al., 1999; Krishnamurthy et al., 2009; Wu
et al., 2000). Interestingly, Ess1 activity is affected by a ubiquitin
ligase that promotes K63 ubiquitination and the degradation of
RNA polymerase II (Somesh et al., 2007; Wu et al., 2001). As the
ubiquitination and degradation of RNA polymerase II occur in
response to DNA damage and during transcriptional elongation
arrest, as a mechanism to avoid the transcription of damaged
chromatin and prolonged transcriptional arrest of active genes
(Daulny and Tansey, 2009; Somesh et al., 2005, 2007), we
propose that PthAs might increase the rates of transcription
through the modulation of the activity of a protein complex
associated with chromatin remodelling and transcriptional
control. This idea is in agreement with the expected role of PthAs
as transcriptional activators, and is supported by the fact that
both Cyp and Uev identified here localize to the nucleus (Fig. S3,
see Supporting Information). A possible role of the citrus Cyp in
PthA-dependent transcription is under investigation.

EXPERIMENTAL PROCEDURES

Plant material and bacterial infiltration

Six-month-old plants of sweet orange (Citrus sinensis) were
obtained from certified nurseries and kept in a growth room at

25–28 °C under 14 h/day fluorescent light. Leaves were infil-
trated with suspensions of X. axonopodis pv. citri, as described
previously (Cernadas et al., 2008). Leaf sectors were infiltrated
with approximately 0.3 mL of an aqueous suspension of bacte-
rial cells [optical density at 600 nm (OD600 nm) = 0.5].

Leaves of N. benthamiana were infiltrated with Agrobacte-
rium tumefaciens suspensions (OD600 nm = 0.5) carrying the
constructs pBI-35S::PthA(1-4)-GFP, pBI-35S::GFP, pBI-35S::GUS,
pBI-35S::DsRed, pBI-35S::Cyp-DsRed or pBI-35S::Uev-DsRed. The
subcellular localization of the fusion proteins was visualized by
fluorescence microscopy equipped with filters for green fluores-
cent protein (GFP), red fluorescent protein (DsRed) and 4′,6-
diamidino-2-phenylindole (DAPI) fluorescence.

Citrus cDNA library construction and yeast
two-hybrid assays

Messenger RNA was extracted from sweet orange leaves 48 h
after X. axonopodis pv. citri infiltration using Trizol and FastTrack
(Invitrogen). RNA samples from noninfiltrated and infiltrated leaf
sectors were reverse-transcribed using an oligo-dT with a NotI
restriction site. cDNAs were ligated to SalI adaptors, digested
with SalI/NotI and ligated into a modified pOAD vector (Uetz
et al., 2000) carrying a NotI site between SalI and PstI. The
generated cDNA library containing approximately 0.8 ¥ 106 inde-
pendent clones was moved into the Saccharomyces cerevisiae
strain PJ694a (MATa trp1-901 leu2-3 112 ura3-52 his3-200
gal4D gal80D LYS2::GAL1-HIS3 GAL2-ADE2 met2::GAL7-lacZ)
(James et al., 1996) by high-efficiency lithium acetate transfor-
mation (Gietz and Woods, 2002).

The genes corresponding to PthAs 1–4 were amplified from X.
axonopodis pv. citri plasmids and cloned into the NdeI/EcoRI
sites of pET28 (Novagen). The genes were subsequently digested
with NotI and subcloned into pOBD/pOAD vectors (Uetz et al.,
2000). This created an N-terminal truncation of the proteins
lacking the first 128 amino acid residues (Fig. S1C, see Support-
ing Information). This construct was chosen to avoid the trans-
activation of the yeast HIS3 reporter gene by the N-terminus (not
shown). The constructs were verified by DNA sequencing and
used as bait/prey in two-hybrid assays.

The initial two-hybrid screening was performed on synthetic
complete medium lacking tryptophan, leucine, histidine and
adenine (SC - Trp - Leu - His - Ade), supplemented with 5 mM

3-aminotriazole (3AT), using PthAs 2 and 3 as bait. pOAD plas-
mids recovered from positive clones were sequenced and, when
required, the full-length citrus cDNAs, including Ubc13, were
obtained by reverse transcription-polymerase chain reaction (RT-
PCR) and subcloned downstream of and in frame with the fusion
proteins Gal4 (pOAD), GST (pGEX-4T1) and 6 ¥ His (pET28). Bait
(pOBD) and prey (pOAD) constructs, including controls (empty
pOBD + pOAD prey and pOBD bait + empty pOAD), were used to
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co-transform PJ694a cells. The cells were grown on SC - Trp -
Leu - His (�Ade) containing 0, 3 or 5 mM 3AT for 5 days at
30 °C. The cDNA sequences of the citrus Cyp, TDX, Uev, Ubc13
and a-Imp were deposited in the GENBANK database as
GQ853548, GQ853549, GQ455410, GQ862814 and GQ475487,
respectively.

Protein purification and GST pulldown

The 6 ¥ His-tagged proteins PthA2, PthA4, 5.5rep + CT2, CT2 and
Uev were expressed in E. coli BL21(DE3) cells and purified by
metal affinity chromatography. Briefly, cultures were grown at
25 °C in Luria–Bertani (LB) medium containing kanamycin
(50 mg/mL) to OD600 nm = 0.6, followed by induction with 0.4 mM

isopropyl-thio-b-D-galactopyranoside (IPTG) for 3 h. Cells har-
vested by centrifugation were suspended in binding buffer
[20 mM Tris-HCl, pH 8.0, 300 mM NaCl, 5 mM imidazole, 20%
glycerol, 1 mM phenylmethylsulphonylfluoride (PMSF), 0.5 mM

dithiothreitol (DTT)] and incubated on ice with lysozyme (1 mg/
mL) for 30 min. Bacterial cells were sonicated and the clarified
supernatants were incubated with nickel or cobalt resins for 4 h
at 4 °C under slow agitation.The beads were washed three times
with two column volumes of washing buffer (20 mM Tris-HCl, pH
8.0, 300 mM NaCl, 15 mM imidazole, 20% glycerol, 1 mM PMSF,
0.5 mM DTT) and the retained proteins were eluted with washing
buffer containing up to 200 mM imidazole.

Prey proteins, subcloned into the SalI/NotI sites of pGEX-4T,
were expressed in BL21(DE3) cells on induction with IPTG for 2 h
at 30–37 °C. Cell pellets were suspended in phosphate-buffered
saline (PBS) containing 1 mM DTT and lysozyme. After sonication
and centrifugation, soluble fractions of GST fusions were immo-
bilized on glutathione resin and nonbound proteins were
removed with three PBS washes. Thirty micrograms of the puri-
fied 6 ¥ His fusion proteins were incubated with the resins
containing GST or the GST fusion proteins for 2 h at 4 °C. The
beads were washed four times with PBS and the resin-bound
proteins were resolved on 10–13% sodium dodecylsulphate-
polyacrylamide electrophoresis (SDS-PAGE) gels. Proteins were
transferred onto nylon membranes, probed with anti-PthA
(1 : 5000), anti-6 ¥ His (1 : 3000) or anti-GST (1 : 1000) sera and
developed with the ECL kit (GE Healthcare).

Functional complementation of yeast mutants

The yeast strain SUB62 (MATa lys2-801leu2-3, 112 ura3-52 his3-
D200 trp1-1[am]) and its single mutant derivatives Dubc13 and
Dmms2 (uev1a) (Hofmann and Pickart, 1999) were transformed
with the citrus Ubc13 or Uev genes cloned into pYEX-4T (Clon-
tech). Transformants were grown on SC - Leu - Ura plates at
30 °C for 4 days. For qualitative analysis of MMS sensitivity,
liquid cultures were grown overnight to exponential phase in

yeast peptone dextrose (YPD) medium and plated in YPD supple-
mented with 0.025% MMS gradient (Pastushok et al., 2005). The
plates were incubated at 30 °C for 24 h.

In vivo ubiquitination

PthA ubiquitination in yeast was evaluated using the wild-type
yeast strain SUB62 and the corresponding mutant derivatives
ubc13D and UevD.The strains were transformed with PthA 2 and
4 GST fusions cloned into pYEX4T-1 and grown in SC - Leu - Ura
for 4 days at 30 °C. Liquid cultures were grown to OD600nm = 0.8
and protein expression was induced with 0.5 mM CuSO4 for 2 h.
Cells were collected by centrifugation (6000 g for 15 min at
4 °C), resuspended in PBS containing 1 mM PMSF and lysed with
glass beads and freeze–thaw cycles. Recombinant proteins were
purified using glutathione sepharose beads. Purified proteins
were analysed by 7% SDS-PAGE and probed with the anti-PthA
and anti-ubiquitin sera.

To evaluate possible PthA ubiquitination in planta, PthAs 2
and 4 were expressed in etiolated epicotyls of sweet orange
‘Hamlin’ according to de Oliveira et al. (2009). Surface-sterilized
seeds were sown in half-strength Murashige and Skoog (MS)
basal medium supplemented with 50 mg/L myo-inositol and
25 g/L sucrose. Seeds were incubated at 27 � 2 °C under dark
conditions for 6 weeks. Epicotyl sections of etiolated seedlings
were cut transversally into 1-cm segments and incubated for
15 min with Agrobacterium tumefaciens EHA105 (OD600nm = 1.0)
carrying the pBI121-PthA2, pBI121-PthA4 or pBI121-GUS con-
struct in MS basal medium containing 100 mM acetosyringone.
Excess of Agrobacterium suspension was removed by blotting,
and co-cultivation was carried out in the dark at 26 � 2 °C for
2 days. Epicotyls were macerated in liquid nitrogen and resus-
pended in SDS-PAGE sample buffer. Soluble proteins were recov-
ered by centrifugation (16 000 g for 30 min at 4 °C), resolved by
10% SDS-PAGE and detected by the anti-PthA, anti-ubiquitin
(Sigma) and anti-polyubiquitin K63-linkage-specific clone
HWA4C4 (Biomol International) antibodies.

Inhibition of K63-linked ubiquitination-mediated DNA
repair in yeast

PthAs 2 and 4 were expressed in the SUB62 wild-type strain.
Transformants were selected on SC - Leu - Ura plates at 30 °C
for 4 days. Liquid cultures were grown overnight to exponential
phase in YPD medium and plated in YPD supplemented with a
0.025% MMS gradient. The plates were incubated at 30 °C for
24 h and the expression of PthAs 2 and 4 was detected by
Western blot with anti-PthA serum.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article:

Fig. S1 PthA proteins and constructs used in two-hybrid and
pulldown assays. (A) Schematic representation of the four PthAs
from Xanthomonas axonopodis pv. citri strain 306. Dark-grey
bars indicate the 34-amino-acid repeats depicted in (B). Light-
grey boxes indicate the C-terminal leucine-rich repeat (LRR) and
the acidic domain (AD) flanking three nuclear localization
signals (NLSs). The numbers represent the positions of the amino
acid residues and the letters indicate residue variation outside
the repetitive domain. The proteins were expressed in Escheri-
chia coli as 6 ¥ His fusions and used in glutathione transferase
(GST) pulldown assays. (B) Sequence alignment of the 34-amino-
acid repeats of the four PthA proteins, depicting the regions of
increased amino acid variation (*). Comma indicates ‘and’,
whereas hyphen indicates ‘to’. (C) Schematic representation of
the PthA constructs in pOBD/pOAD used as bait/prey in the

two-hybrid assays. The internal repeat domain of PthA2 (RD2),
the invariable LRR and the C-terminal (CT2) and C-terminal with
the last 5.5 repeats of PthA2 (5.5rep + CT2) were also expressed
as 6 ¥ His fusions for pulldown assays.
Fig. S2 Coomassie blue-stained sodium dodecylsulphate-
polyacrylamide gel electrophoresis (SDS-PAGE) gels correspond-
ing to the Western blots shown in Figs 2D, E, 3B, 4B, 5B, 6A, 7A, B
and D, showing the relative amounts of proteins loaded in each
lane. The molecular size markers are indicated on the left. The
glutathione transferase (GST) fusion proteins used in the pull-
down assays of Figs 2D, E, 3B, 4B and 5B are indicated by the
asterisks. The gels corresponding to Fig. 6A show the copper-
induced expression (I) of citrus ubiquitin-conjugating enzyme
variant (Uev) and Ubc13 in the yeast mutants, relative to nonin-
duced samples (NI). Arrows indicate the induced bands. The gels
corresponding to Fig. 7A show the GST–PthA samples purified
from wild-type and mutant yeast cells. NI (noninduced), I
(induced), S (soluble), FT (flow-through),W (wash) and E (elution).
The ‘E’ samples were loaded side by side in the blot shown in
Fig. 7A. The gels corresponding to Fig. 7B and D show the
amounts of proteins loaded from plant and yeast cells expressing
PthAs 2 and 4. Arrows indicate the positions of PthA bands.
Fig. S3 Nuclear localization of cyclophilin (Cyp) and ubiquitin-
conjugating enzyme variant (Uev) in Nicotiana benthamiana
cells. Fluorescence of Uev–red fluorescent protein (DsRed) and
Cyp–DsRed fusions in the nucleus of transiently transfected N.
benthamiana cells 72 h after Agrobacterium tumefaciens infil-
tration. 4′,6-Diamidino-2-phenylindole (DAPI) fluorescence of
the same cells is shown alongside.
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