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a b s t r a c t

The viral V2 protein is one of the key factors that Tomato yellow leaf curl geminivirus (TYLCV), a major
tomato pathogen worldwide, utilizes to combat the host defense. Besides suppressing the plant RNA
silencing defense by targeting the host SGS3 component of the silencing machinery, V2 also interacts
with the host CYP1 protein, a papain-like cysteine protease likely involved in hypersensitive response
reactions. The biological effects of the V2-CYP1 interaction, however, remain unknown. We addressed
this question by demonstrating that V2 inhibits the enzymatic activity of CYP1, but does not interfere
with post-translational maturation of this protein.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Tomato yellow leaf curl virus (TYLCV), a whitefly-transmitted
geminivirus, is a major tomato pathogen worldwide [1e3]. TYLCV
has a circular ssDNA genome [4,5] that encodes six ORFs, one of
which, termed V2 [5], is essential for infection, but is not directly
involved in viral replication or spread [6]. Recently, we have shown
that the V2 protein of the TYLCV-Israel isolate (Acc. X15656) is a
suppressor of the RNA silencing defense [7] and interacts with the
tomato SGS3 [8], a component of the RNA silencing machinery. This
suppressor functionwas also reported for the V2 proteins of TYLCV-
China [9] and Cotton leaf curl Multan virus [10].

Intriguingly, the counter-defense function of V2 is not limited to
silencing suppression. Our recent data [11] suggest that V2 interacts
with a tomato protein, CYP1, that belongs to the family of papain-
like cysteine proteases (PLCPs). Cysteine proteases are found in a
variety of organisms, where they are involved in protein degrada-
tion and turnover, programmed cell death (PCD), and immunity
[12e16]. Specifically, CYP1 (AJ003137.1) is a tomato homolog of the
Arabidopsis RD21, a PLCP that participates in stress responses and
senescence [17e19], as well as in plant immune response [16]. CYP1
is encoded by a single gene and has several conserved domains, i.e.,
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).
a cysteine protease domain, a proline-rich domain, and a granulin
domain [11], that are characteristic of the RD21-type PLCPs. By
analogy to RD21 [19], CYP1 is predicted to accumulate in two iso-
forms: the immature isoform, iCYP1, that contains the granulin
domain, and the mature isoform, mCYP1, that lacks the granulin
domain due to post translational proteolytic cleavage.

Is there a biological consequence of the V2-CYP1 interaction? As
a defense-related factor, CYP1 could simply target V2 to inhibit its
suppression of RNA silencing activity. In an alternative scenario, V2
could act to suppress the CYP1 activity; generally, this suppression
might occur either by inhibiting CYP1 maturation or by affecting its
enzymatic activity. Here, we examined these possibilities and
demonstrated that, whereas CYP1 does not interfere with the V2
activity as silencing suppressor, V2 blocks the CYP1 protease ac-
tivity, but does not affect its maturation.

2. Materials and methods

2.1. Plasmid construction

For all agroinfiltration assays, the CYP1 gene was excised from
its pET-based vector [11] and cloned into the BamHI and NotI sites
of the binary vector pBin19 (GenBank accession number U09365).
GFP-expressing binary plasmid pBin19-GFP was obtained from Dr.
B. Epel (Tel Aviv University). TYLCV-Is V2-expressing binary vector
wasmade by cloning a PCR-amplified V2 gene into the KpnI and SalI
sites of pCAMBIA 2300 (GenBank accession number AF234315).
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Fig. 1. RNA silencing suppression activity of V2. (A) GFP. (B) GFP þ CYP1. (C) GFP þ V2.
(D) GFP þ CYP1 þ V2. Left panels, view of a whole agroinfiltrated leaf. Right panels,
higher magnification of the agroinfiltrated areas. GFP fluorescence was visualized
seven days after infiltration.
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2.2. Plant material

Tomato (Solanum lycopersicum) plants used in this study were of
the M82 variety obtained from HaZera Genetics, Israel. Nicotiana
benthamiana and tomato plants were germinated from seeds for
each experiment. Plants were cultivated in growth chambers at
16 h under light at 23 �C.

2.3. Transient expression by agroinfiltration

Binary plasmids described above were transferred to Agro-
bacterium tumefaciens (strain EHA105) [30] by the freeze-thaw
transformation method, and the resulting bacteria were cultured
overnight at 28 �C in LB medium containing 50 mg/ml kanamycin.
Then, bacterial cultures were diluted 1:20 in fresh LB medium
without antibiotics, grown to an optical density A600 ¼ 0.5, and
resuspended in 20 ml of an infiltration solution containing 10 mM
MgCl2, 10 mM MES pH 5.6, and 150 mM acetosyringone. For co-
expression of CYP1 with V2, the corresponding bacterial cultures
were mixed in 1:1 v/v ratio before agroinfiltration which was
achieved by pressure-infiltration of the bacteria into young leaves
of three-weeks-old greenhouse-grown N. benthamiana plants. For
co-expression of GFP with different V2 or with V2 and CYP1, the
corresponding bacterial cultures were mixed in equal v/v ratios
before agroinfiltration.

2.4. Extraction of proteins from agroinfiltrated leaves

Agroinfiltrated N. benthamiana leaves (40 g) on the third day
after agroinfiltration, were sliced into strips and ground in 10 mM
Tris pH ¼ 8.0, containing 5 mM DTT, in an ice-cold mortar. After
slurry was filtered through Miracloth, insoluble material was
further removed by centrifugation at 12,000 rpm for 30 min at 4 �C.
Protein extracts were adjusted to a concentration of 1 mg/ml. In
E64 treatments, a thin layer of 100 mM E64 was applied on the
surface-cleaned leaf before protein extraction was performed. The
proteins were separated on 12% polyacrylamide gels (10 mg protein
per lane) and stained with Coomassie blue or analyzed by western
blotting or used for enzyme activity assay.

2.5. Western blot analysis

Leaf extracted protein homogenate was mixed with sample
buffer [31], boiled for 5 min, and its protein content (30 mg) was
resolved on a 12% SDS polyacrylamide gel [31] followed by electro-
transfer to a nitrocellulose membrane. The membrane was blocked
with 5% dry milk in phosphate-buffered saline (PBS) and incubated
for overnight at room temperature with the anti-CYP1 primary
antibody (obtained as anti-RD21 antibody from Dr. Ikuko Hara-
Nishimura, Kyoto University, Japan, diluted 1:1000) in PBS.
Immunoreactive bands were visualized using goat anti-rabbit IgG
(diluted 1:3000) conjugated to horseradish peroxidase (Bio-Rad)
and the ECL western blotting detection kit (Amersham
Biosciences).

2.6. Analysis of CYP1 activity

For qualitative analysis of the CYP1 enzymatic activity, we used
an assay of Rubisco degradation described previously [20]. When
incubated for 1 h (or longer) at room temperature in the presence of
SDS, Rubisco is markedly degraded in leaf extracts of wild-type
plants, and, in Arabidopsis, this degradation has been demon-
strated to occur primarily due to the enzymatic activity of the CYP1
homolog, RD21 [20]. Protein extracts were then resolved on 12%
SDS polyacrylamide gels (10mg protein per lane), and their Rubisco
content was detected by staining with Coomassie blue.

The enzymatic activity of CYP1 was quantified as described [32].
Briefly, the activity was monitored using the known PLCP fluores-
cent substrate carboxybezoxy-l-phenylalanyl-L-arginine-4-
methyl-coumaryl-7-amide (Z-Phe-Arg-MCA) (Sigmae-Aldrich),
which, when cleaved by protease activity, releases the product that
fluoresces at 460 nm [33]. All assays were done in 96-well plates.
Each well contained 75 mg total protein in 40 ml reaction buffer
(0.2 mM sodium acetate pH 5.2, 4 mM EDTA, 8 mM DTT), 100 ml
reaction buffer and 100 ml substrate (Z-Phe-Arg-MCA, 0.2 mM)
dissolved in the reaction buffer, and incubated at 37 �C. The
released product was quantified using a FL600 Fluorescence
Microplate Reader (Bio-Tek, Winooski, VT, USA).

3. Results

3.1. CYP1 does not affect the RNA silencing suppression activity of
V2

We examined the possibility that CYP1 may defend the plant
against the invading virus by targeting V2, one of the viral proteins
essential for efficient infection. The hallmark of the V2 function is
its ability to suppress RNA silencing; therefore, we assayed this V2-
induced suppression in the absence and presence of coexpressed
CYP1. In this assay [7], a silencing initiator and reporter GFP is
transiently expressed by agroinfiltration in N. benthamiana leaves
alone or together with V2, which prolongs the duration of GFP
expression in the infiltrated leaf area. Fig. 1 shows that GFP
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expressionwas largely silenced at 7 days post infiltration (panel A),
and this silencing was not affected by coexpression of CYP1 (panel
B). In contrast, coexpression of V2 suppressed silencing, elevating
the levels of GFP expression (Fig. 1C). This suppression of GFP
silencing by V2 was not affected by coexpression of CYP1 (Fig. 1D).
These results indicate that CYP1 does not detectably affect the
ability of V2 to suppress RNA silencing.
3.2. V2 does not affect maturation of CYP1

Our western blot analysis of the CYP1 population transiently
expressed in tomato leaves (Fig. 2A) revealed that this protein is
well expressed and it exists in two isoforms with molecular masses
of 38 kDa and 33 kDa (lane 1), which were absent in the absence of
transient expression (lane 2). Similar isoforms have been reported
for the Arabidopsis CYP1 homolog RD21 [19], where the 38-kDa
isoform represented the full-length immature protein and the 33-
kDa isoform represented the mature protein with the cleaved-off
granulin domain. Thus, the 38-kDa and 33-kDa bands most likely
represent the immature and mature forms of CYP1, termed iCYP1
and mCYP1, respectively.

Next, we examine whether this CYP1 maturation is affected by
the presence of V2. To this end, we transiently coexpressed CYP1
and V2 in tomato leaves, and detected the presence of iCYP1 and
mCYP1 by immunoblotting. Fig. 2B shows that both CYP1 isoforms
were detected, and their relative abundance was comparable to
that observed in the absence of V2 (Fig. 2A). Thus, the V2 does not
interfere with CYP1 maturation.
Fig. 3. Effect of V2 on proteolytic activity of CYP1. (A) CYP1-mediated proteolysis of
Rubisco. Lane 1, extract from control leaves; lane 2, extract from V2-expressing leaves;
lane 3, extract from control leaves with exogenously added papain; lane 4, extract from
CYP1-expressing leaves; lane 5, extract from leaves coexpressing CYP1 and V2. Proteins
were resolved SDS polyacrylamide gel electrophoresis and detected by Coomassie blue
staining. Arrow indicates the position of Rubisco. (B) Western blot analysis of iCYP1
and mCYP1 content. Lane 4, extract from CYP1-expressing leaves; lane 5, extract from
3.3. V2 inhibits the proteolytic activity of CYP1

One of the hallmarks of the enzymatic activity of RD21 is its
ability to degrade the large subunit of Rubisco within plant extracts
[20]. Here, we employed the same assay to monitor the proteolytic
activity of CYP1 transiently expressed in N. benthamiana, to rule out
any effects of V2 silencing repressor activity on the Rubisco content,
the P19 RNA silencing suppressor [21] was expressed in all assay
systems. Fig. 3A shows that a large amount of Rubiscowas observed
in cell extracts in the absence of CYP1 or V2 (lane 1) and that
expression of V2 did not decrease this Rucisco content (lane 2). As
expected, addition of a commercially available papain protease to
Fig. 2. Maturation of CYP1 in tomato leaves. (A) Western blot analysis of transiently
expressed CYP1. Lane 1, Leaves agroinfiltrated with a CYP1-expressing construct; lane
2, control leaves. (B) Western blot analysis of CYP1 transiently coexpressed with V2.
Arrows indicate the positions of iCYP1 (38 kDa) and mCYP1 (33 kDa). The numbers on
the right indicate molecular mass standards in thousands of Daltons.

leaves coexpressing CYP1 and V2. Arrows indicate the positions of iCYP1 (38 kDa) and
mCYP1 (33 kDa). The numbers on the left indicate molecular mass standards in
thousands of Daltons.
the plant extract resulted in an almost complete disappearance of
Rubisco (Fig. 3A, lane 3).

Expression of CYP1 also completely depleted Rubisco from the
cell extract (Fig. 3A, lane 4). Importantly, extracts from plants co-
expressing of V2 and CYP1 largely retained their Rubisco content
(Fig. 3A, lane 5), indicating that the presence of V2 substantially
compromised the CYP1 proteolytic activity. In control experiments,
the presence of CYP1 in the corresponding plant extracts was
confirmed by western blotting. Fig. 3B shows that the extracts from
plants expressing CYP1 or both CYP1 and V2 (lanes 4 and 5,
respectively) contained comparable amounts of iCYP1 and mCYP1
isoforms, consistent with the noninterference of V2 in CYP1
maturation. Collectively, these data suggest that the V2-CYP1
interaction inhibits the enzymatic activity of CYP1.

To investigate the inhibitory effect of V2 on CYP1 enzymatic
activity in more detail, we performed enzyme kinetic studies. Cell
extracts from N. benthamiana leaves transiently expressing CYP1
were assayed for protease activity using the fluorogenic substrate
Z-Phe-Arg-MCA [22]. Fig. 4 shows a representative experiment in
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which the substrate conversion was monitored continuously as
function of time of reaction and expressed in arbitrary units (AU) of
enzymatic activity when one AU was defined as change in ab-
sorption at 460 nm by 1.0 OD unit per minute at 37 �C and pH 5.2. In
these experiments, CYP1 expressed alone exhibited enzymatic ac-
tivity of 70 AU/mg protein (Fig. 4A). This activity was substantially
reduced by E64, a specific inhibitor of RD21 [20], to 28 AU/mg
protein (Fig. 4B). A comparable inhibition of the CYP1 enzymatic
activity to 21 AU/mg protein was observed in cell extracts that
coexpressed V2 (Fig. 4C). Interestingly, addition of the E64 inhibitor
to this latter assay system completely blocked the reaction (Fig. 4D),
suggesting that V2 and E64 inhibit CYP1 in a synergistic fashion. As
expected, no reaction occurred without CYP1 expression, i.e., in
extracts from tissues agroinfiltrated with an empty expression
vector (Fig. 4E).
4. Discussion

Here, we demonstrate a novel ability of the TYLCV V2 protein to
inhibit the enzymatic activity of a host PLCP CYP1. What is the
biological rationale that might underline this V2 function? Viral
infection often results in profound, sometimes even catastrophic,
changes in the host plant cell physiology. In the case of TYLCV, one
such effect would be destruction of the host cell vacuole. Indeed,
following plant viral infection, the vacuolar membrane is known to
collapse [23], leading to the release of vacuolar hydrolytic enzymes,
including PLCPs that participate in immune response against
pathogens [16]. These enzymes include CYP1, the homolog of
which, RD21, is involved in plant immunity [16] and is negatively
regulated by direct interaction [24] with serpins, members of a
large superfamily encoded by most plant species, among them
tomato [25,26]. Potentially, V2 may represent a viral functional
homolog of the cellular serpins, acting to down-regulate the CYP1
activity. This is by analogy to many other plant and animal
pathogen-encoded proteins which have acquired functional fea-
tures of a host protein required for infection [27e29]. These path-
ogen factors usually do not exhibit sequence similarities with the
eukaryotic factor they mimic, making their functional annotation
difficult [29], and requiring experimental identification of their
activities.
Fig. 4. Enzyme kinetics of CYP1 proteolytic activity. (A) Extract from CYP1-expressing
leaves. (B) Extract from CYP1-expressing leaves with exogenously added E64. (C)
Extract from leaves coexpressing CYP1 and V2. (D) Extract from leaves coexpressing
CYP1 and V2 with exogenously added E64. (E) Extract from control leaves. All exper-
iments were repeated at least three times.
The invading virus, however, requires a living host cell for suc-
cessful infection and subsequent spread. Thus, it makes biological
sense for the virus to evolve a strategy for suppression of the host
cell death. It is tempting to speculate that V2 represents such
strategy for TYLCV. In this scenario, TYLCV infection promotes
vacuole rupture and release of CYP1 into the cytoplasm. Although
the infected cell might survive this event utilizing its endogenous
serpins to bind and down regulate CYP1, the virus facilitates cell
survival by augmenting the serpin action with the CYP1-inhibiting
activity of V2. V2, therefore, represents a multifunctional viral anti-
host-defense factor: it suppresses the host gene silencing defense
by interacting with the SGS3 silencing machinery component [8],
and it suppresses the host cell death/hypersensitive response by
interacting with the programmed cell death machinery component
CYP1.
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