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Geminiviruses are single-stranded DNA viruses that infect a wide variety of plants and cause severe crop losses worldwide.
The geminivirus replication initiator protein (Rep) binds to the viral replication origin and catalyzes DNA cleavage and ligation
to initiate rolling circle replication. In this study, we found that the Tomato golden mosaic virus (TGMV) Rep is phosphorylated at
serine-97 by sucrose nonfermenting 1-related protein kinase 1 (SnRK1), a master regulator of plant energy homeostasis and me-
tabolism. Phosphorylation of Rep or the phosphomimic S97D mutation impaired Rep binding to viral DNA. A TGMV DNA-A
replicon containing the Rep S97D mutation replicated less efficiently in tobacco (Nicotiana tabacumi) protoplasts than in wild-type
or Rep phosphorylation-deficient replicons. The TGMV Rep-597D mutant also was less infectious than the wild-type virus in
Nicotiana benthamiana and was unable to infect tomato (Solanum lycopersicum). Nearly all geminivirus Rep proteins have a serine
residue at the position equivalent to TGMV Rep serine-97. SnRK1 phosphorylated the equivalent serines in the Rep proteins of
Tomato mottle virus and Tomato yellow leaf curl virus and reduced DNA binding, suggesting that SnRK1 plays a key role in combat-
ing geminivirus infection. These results established that SnRK1 phosphorylates Rep and interferes with geminivirus replication

and infection, underscoring the emerging role for SnRK1 in the host defense response against plant pathogens.

The relationship between a pathogen and its host is
determined by the history of their coevolution (Sac-
ristin and Garcia-Arenal, 2008). Biological organisms
constantly face new challenges from rapidly evolving
infectious agents that are more virulent and spread to
new hosts and geographical locations. Global climate
changes also alter interactions within ecosystems,
providing opportunities for pathogens to exploit new
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hosts. These new encounters assert pressure on the
host to evolve mechanisms to tolerate or resist patho-
gens. Conversely, pathogens also might need to adjust
their virulence to conserve the pool of hosts necessary
for their own survival. Geminiviruses are a family of
plant single-stranded DNA (ssDNA) viruses that have
high DNA mutation and recombination rates and are
excellent models for studying the interplay between
pathogens, their hosts, and the environment (Seal et al.,
2006; Duffy and Holmes, 2008).

Geminiviruses infect many plant species, including
both monocots and dicots, and cause substantial crop
losses every year in developing and developed coun-
tries (Mansoor et al., 2003, 2006; Navas-Castillo et al.,
2011). The family Geminiviridae is divided into nine
genera based on their genome structures and their in-
sect vectors (Zerbini et al., 2017). Begomoviruses con-
stitute the largest genus, which includes more than 320
viral species, with new species being identified reg-
ularly (Brown et al., 2015; Zerbini et al., 2017). Some
begomoviruses are associated with satellite DNAs that
can increase virulence (Zhou, 2013).

Begomovirus genomes consist of one or two circular
DNA molecules of approximately 2,700 nucleotides in
size (Rojas et al., 2005). Each viral DNA molecule is
packaged as an ssDNA moiety into a twinned icosahedral
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Figure 1. TGMV Rep is phosphorylated by SnRK1 at Ser-97. A, Schematic diagram of the TGMV Rep showing functional do-
mains, conserved motifs, and Ser-97. B, Amino acid sequence of the TGMV Rep N terminus (1-180). The SnRK1 phosphoryla-
tion site Ser-97 and its upstream Arg-94 are indicated by red and blue arrows, respectively. Conserved motifs are underlined.
A potential secondary phosphorylation site is marked by a dot. C, Wild-type (wt) His -Rep(1-131), the S97A, S98A, and S99A
single mutants, and the S97A-S98A-S99A triple mutant phosphorylated by GRIK+SnRK1. D, Wild-type His -Rep(1-180) and
its S97A mutant phosphorylated by GRIK, preactivated SnRK1, or GRIK+SnRK1. E, Wild-type His -Rep(1-180) and the R94G
or S97A mutants phosphorylated by preactivated SnRK1. In C to E, recombinant His -tagged TGMV Rep proteins were incu-
bated in vitro in kinase reactions in the presence of [y-*?P]ATP. The proteins were resolved by SDS-PAGE and transferred to a
nitrocellulose membrane. Protein phosphorylation was detected by autoradiography (top gels), and the loading of His -Rep was
assessed by immunoblotting with anti-His, antibodies (bottom gels).

capsid. Begomovirus genomes encode six to eight pro-
teins involved in viral DNA replication and transcrip-
tion, movement in the host plant, encapsidation, and
insect transmission (Rojas et al., 2005; Fondong, 2013;
Hanley-Bowdoin et al., 2013). The viral proteins also
reprogram plant cell cycle controls, alter host gene ex-
pression and DNA methylation, interfere with host cell
signaling, and suppresshostdefense pathways (Hanley-
Bowdoin et al., 2004, 2013; Rojas et al., 2005; Burgyan
and Havelda, 2011; Fondong, 2013).

Geminiviruses replicate their ssDNA genomes
through double-stranded DNA (dsDNA) intermedi-
ates using a combination of rolling circle and recom-
bination-dependent replication (Jeske et al., 2001;
Hanley-Bowdoin et al., 2004). They replicate in the nu-
clei of infected plant cells using host DNA polymerases
(Nagar et al., 1995). The viral replication initiator pro-
tein (Rep; also known as AC1, C1, or AL1) acts as the
origin recognition protein (Fontes et al., 1992, 2004),
endonuclease/DNA ligase, and DNA helicase (Desbiez
etal., 1995; Laufs et al., 1995; Clérot and Bernardi, 2006)
during the initiation of rolling circle replication. Rep is
a 40-kD basic protein with a modular structure (Fig.
1A). Its N terminus mediates binding to and cleavage/
ligation of viral DNA, while the C terminus unwinds
DNA (Orozco and Hanley-Bowdoin, 1998; Clérot and
Bernardi, 2006). A central domain is involved in the
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formation of Rep oligomers and interactions with other
viral proteins (Settlage et al., 2005) and host factors
(Kong et al., 2000; Orozco et al., 2000; Castillo et al.,
2003). The Rep DNA-binding site is located in the
5’-intergenic region of the viral genome that separates
divergent transcription units (Fontes et al., 1994). The
binding site, which is characterized by direct repeats
(Argtiello-Astorga and Ruiz-Medrano, 2001), is located
upstream of a conserved hairpin structure that con-
tains the cleavage/ligation site (Orozco and Hanley-
Bowdoin, 1996). The Rep N terminus contains four
conserved sequence motifs that have essential roles in
DNA binding and cleavage (Koonin and Ilyina, 1992;
Orozco and Hanley-Bowdoin, 1998; Nash et al., 2011).
Rep also plays an essential role in reprogramming the
plant cell cycle through its interaction with the host
retinoblastoma-related protein, leading to the synthe-
sis of the host replication machinery required for viral
replication in infected cells (Kong et al., 2000).

Given its essential role in viral replication, the Rep
protein is an excellent target for modulating virulence
via host defense pathways. Posttranslational modifi-
cations, like phosphorylation, enable an organism to
quickly alter protein activity, localization, and/or sta-
bility. The phosphorylation status of a protein is con-
trolled by the opposite actions of protein kinases and
phosphatases. Sucrose nonfermenting 1 (SNF1)-related
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protein kinase 1 (SnRK1) is the best characterized host
protein kinase known to be involved in geminivirus in-
fection (Shen et al., 2011, 2014; Hulsmans et al., 2016). It
is a heterotrimeric complex composed of an a-catalytic
subunit and - and y-regulator/adaptor subunits re-
lated to SNF1 in budding yeast and AMP-activated
protein kinase (AMPK) in animals (Polge and Thom-
as, 2007; Ghillebert et al., 2011; Emanuelle et al., 2016;
Roustan et al., 2016). SnRK1 plays a central role in reg-
ulating energy and metabolism in plants and has been
implicated in responses to abiotic and biotic stresses
(Baena-Gonzalez et al., 2007; Polge and Thomas, 2007;
Broeckxetal.,2016; Hulsmans etal., 2016). As a primary
metabolic regulator, SnRK1 is crucial for the mainte-
nance of energy balance during stress and is targeted
by pathogens to interfere with host defenses.

The antiviral role of SnRK1 is supported by the ob-
servation that Nicotiana benthamiana SnRK1 RNA in-
terference plants are more susceptible to geminivirus
infection, while SnRK1-overexpressing plants are
more resistant (Hao et al., 2003). SnRK1 phosphory-
lates some begomovirus AL2 proteins and the satellite-
encoded pC1 protein to suppress infection (Shen et al.,
2011, 2014; Zhong et al., 2017). Conversely, the viral
AL2/C2 protein interacts with SnRK1 and inhibits its
kinase activity to counter host defenses (Hao et al,,
2003). AL2/C2 also inhibits host adenosine dikinase,
which catalyzes the salvage synthesis of 5'-AMP that
is required to sustain SnRK1 activity (Wang et al., 2003,
2005).

SnRK1 is activated by another set of plant protein ki-
nases, the GRIKs (Geminivirus Rep-Interacting Kinas-
es). The GRIKsphosphorylatea Thrresiduein the SnRK1
T-loop, leading to a conformational change and activa-
tion (Sugden et al., 1999; Shen and Hanley-Bowdoin,
2006; Hey et al., 2007; Shen et al., 2009; Glab et al.,
2017). As their names indicate, the GRIKs were first
identified through their interactions with geminivirus
Rep proteins, and their levels were shown to be ele-
vated in infected leaves (Kong and Hanley-Bowdoin,
2002; Shen and Hanley-Bowdoin, 2006). In this study,
we show that SnRK1 phosphorylates Rep at a Ser res-
idue in the overlapping DNA-binding and cleavage
domains. This phosphorylation event compromises
the interaction of Rep with viral dsDNA, reduces vi-
ral DNA replication in infected plants, and delays
symptom onset and development. Our observations
identify a molecular mechanism for a role for the GRIK-
SnRK1 protein kinase cascade in plant defense against
geminiviruses.

RESULTS

SnRK1 Phosphorylates Tomato golden mosaic virus Rep
on Ser-97

To investigate if Rep is phosphorylated by SnRK1,
we examined the amino acid sequence of Tomato golden
mosaic virus (TGMV) Rep for potential SnRK1 target
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motifs (Vlad et al., 2008). We found two Ser residues in
contexts that resemble the SnRK1 consensus (¢pX[R/K]
XX[S/T]XX¢), with a basic residue at the -3 position
and flanked by hydrophobic residues (Fig. 1B). Both
Ser residues are located in the Rep N terminus at resi-
due positions 29 and 97 (Fig. 1B).

We next examined if TGMV Rep is phosphory-
lated by the GRIK-SnRK1 cascade using recombi-
nant proteins in an in vitro kinase assay. His -tagged
TGMV Rep(1-131) produced in Escherichia coli was
incubated with GST-tagged Arabidopsis (Arabidop-
sis thaliana) GRIK1 and the His -tagged Arabidopsis
SnRK1.1 kinase domain in the presence of [y-**P]ATP
as a phosphate donor. Labeled His -Rep was resolved
by SDS-PAGE and visualized by autoradiography,
indicating that TGMV Rep is phosphorylated by the
GRIK-SnRK1 cascade (Fig. 1C, lane 1).

Mass spectrometry was used to identify the phos-
phorylated residues in His-TGMV Rep(1-131) after
incubation with GST-GRIK, Hisé—SnRKl kinase do-
main, and unlabeled ATP. After phosphorylation, His,-
Rep was resolved by SDS-PAGE and in gel digested
with chymotrypsin to generate peptides for liquid
chromatography-mass spectrometry with electrospray
ionization (LC/MSF) analysis. A single putative
phosphopeptide, (p)HPNIQRAKSSSDVKTY (residues
89-104), was detected at a measured [M+H]* monoi-
sotopic mass of 1,910.9202 (Supplemental Fig. S1A). A
reconstructed LC/MSF product ion spectrum revealed
that one of the three consecutive Ser residues (Ser-97,
Ser-98, or Ser-99) in this peptide contained a phosphate
group, but the detected product ions could not be used
to distinguish which Ser was phosphorylated (Sup-
plemental Fig. S1B). Therefore, we generated three
recombinant proteins corresponding to single Ala sub-
stitutions at each of the Ser residues, S97A, S98A, and
S99A, and a recombinant protein containing all the
three Ala mutations, S97A-S98A-S99A. In in vitro as-
says with GRIK, SnRK1, and [y-**P]ATP, the S98A (Fig.
1C, lane 3) and S99A (lane 4) mutants were phosphor-
ylated to levels similar to that of wild-type Rep (lane
1), whereas the S97A (lane 2) and S97A-S98A-S99A
(lane 5) mutants were only weakly labeled. These re-
sults indicated that Ser-97 is the major phosphoryla-
tion site in TGMV Rep(1-131) in reactions containing
both GRIK and SnRK1. The low level of phosphory-
lation of the S97A-S98A-S99A mutant may reflect an-
other GRIK-SnRK1 target site in the Rep N terminus,
potentially Ser-29. We decided not to pursue the site(s)
of residual phosphorylation and, instead, focused on
Ser-97.

The in vitro kinase assay contained two protein
kinases, GRIK and SnRK1. Therefore, it does not pro-
vide information about whether one or both kinases
are necessary to phosphorylate Rep. To distinguish the
activities of the two kinases, we developed a protocol
using GRIK to preactivate SnRK1 before performing
affinity purification to separate the two kinases prior to
incubation with TGMV Rep. Phosphorylation assays
using a specific peptide substrate for SnRK1 (Huang
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and Huber, 2001) showed that the purified, activated
SnRK1 did not require the presence of GRIK for full
kinase activity (Supplemental Fig. 52).

To determine if Rep Ser-97 is phosphorylated by
GRIK, SnRK1, or both together, we incubated His,-
tagged Rep(1-180) with GRIK alone, preactivated
SnRK1, or GRIK+5nRK1 (Fig. 1D). GRIK did not phos-
phorylate Rep(1-180) (lane 1) or its S97A mutant (lane
2). In contrast, preactivated SnRK1 phosphorylated
Rep(1-180) (lane 3) and very weakly labeled the S97A
mutant (lane 4). There was no difference in the phos-
phorylation signals when both SnRK1 and GRIK were
included in the kinase reactions with Rep(1-180) (lane
5) or the S97A mutant (lane 6) when compared with
preactivated SnRK1. Based on these results, we con-
cluded that TGMV Rep Ser-97 is phosphorylated by
SnRK1 and that GRIK has no direct role in Rep phos-
phorylation. However, given that Rep(1-180) binds to
GRIK (Kong and Hanley-Bowdoin, 2002), GRIK may
serve as an adaptor for Rep phosphorylation in vivo.

The context of Ser-97 conforms to the common
SnRK1 phosphorylation target sequence, with a basic
Arg-94 at the -3 position and hydrophobic Ile-92 and
Val-101 residues at the -5 and +4 positions, respectively
(Fig. 1B; Vlad et al., 2008). Replacing Arg-94 with a
Gly, which occurs in many other geminivirus Rep pro-
teins at the equivalent position, greatly reduced SnRK1
phosphorylation of TGMV Rep(1-180) compared with
the wild-type control (Fig. 1E, compare lanes 1 and 2).
The R94G mutant incorporated more label than
the S97A mutant (lane 3), indicating that the Gly re-
placement did not eliminate Ser-97 phosphorylation.
However, Arg-94 is necessary for the maximal SnRK1
phosphorylation of Ser-97 in TGMYV Rep.

SnRK1 Phosphorylation of Rep Ser-97 Inhibits DNA
Binding But Not DNA Cleavage Activity

The DNA-binding and cleavage/ligation domains
are located in the N terminus of the Rep protein and
contain four conserved motifs necessary for these ac-
tivities (Fig. 1A; Laufs et al., 1995; Orozco and Hanley-
Bowdoin, 1998; Nash etal.,2011). Ser-97 is the lastamino
acid residue of the TGMV Rep Geminivirus Rep Se-
quence (GRS) domain, which is required for DNA
cleavage but not for DNA binding (Fig. 1B; Nash
et al., 2011). We first examined if phosphorylation of
Ser-97 impacts the DNA cleavage activity of His -tagged
TGMYV Rep(1-180) using a phosphomimic 597D mu-
tation as a proxy for phospho-Ser. TGMV Rep(1-180),
the phosphonull S97A mutant, or the phosphomimic
S97D mutant was incubated with a fluorescently la-
beled, single-stranded oligonucleotide substrate that
contains the loop and the 3’ stem sequences of the
hairpin and includes the DNA cleavage site (Supple-
mental Table S1; Orozco and Hanley-Bowdoin, 1998).
Cleavage was detected by resolving the 23-nucleotide
fluorescent substrate and the 11-nucleotide fluorescent
product on an acrylamide gel and visualization using
an infrared fluorescence scanner. Similar levels of the
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cleavage product were detected for the three recombi-
nant proteins over a 100-fold concentration range (Fig.
2A). Thus, we concluded that phosphonull and phos-
phomimic mutations at the Ser-97 site do not alter Rep
DNA cleavage activity.

We also used Rep mutants to examine if SnRK1
phosphorylation of Ser-97 impacts the sequence-
specific, dsDNA-binding activity of TGMV Rep(1-180)
in electrophoretic mobility shift assays (EMSAs) using
a fluorescent double-stranded oligonucleotide probe
corresponding to the Rep DNA-binding site upstream
of the conserved hairpin (Supplemental Table S1; Fon-
tes et al., 1994; Nash et al., 2011). A single shifted band
was observed when His -tagged TGMV Rep(1-180)
was incubated with probe DNA (Fig. 2B, lane 1). The
addition of a 1,000-fold excess of an unlabeled, wild-
type oligonucleotide with an intact binding site nearly
abolished Rep binding (lane 2), while inclusion of an
oligonucleotide with a mutant binding site (Supple-
mental Table S1) reduced binding only slightly (lane
3), thereby establishing the specificity of the Rep
DNA-binding assays. We then compared the binding
activity of TGMV Rep(1-180) with three Rep mutants:
the phosphomimic S97D mutant, the phosphonull
S97N mutant, and the near-phosphonull R94G mutant
(Fig. 1E). A bulkier Asn that cannot be phosphorylat-
ed was used as a phosphonull mutation because it is
more similar to phospho-Ser in side chain volume.
Strikingly, the S97D mutant was severely impaired for
DNA binding (Fig. 2C, compare lanes 1 and 2), while
the S97N (lane 3) and R94G (lane 4) mutants were both
capable of DNA binding. These results suggested that
the negative charge associated with phosphorylation
of Ser-97 interferes with Rep binding to viral DNA.

We then directly tested whether SnRK1 phosphor-
ylation of Ser-97 in TGMV Rep interferes with DNA
binding. TGMV Rep(1-180) was preincubated with
activated SnRK1 and ATP to generate the Rep phos-
phoform and then used in EMSAs with the fluorescent
dsDNA probe. The amount of probe bound by phos-
phorylated Rep was only 50% of the amount bound
by untreated Rep (Fig. 2D, compare lanes 1 and 2).
Exclusion of either ATP (lane 3) or SnRK1 (lane 4) in
the kinase reaction abolished the reduction in DNA-
binding activity, and no shifted probe was observed
in the presence of SnRK1+ATP only (lane 5). Hence,
the reduction cannot be attributed to the inclusion of
ATP and/or SnRK1 in the binding assays and, instead,
reflects SnRK1 phosphorylation of Rep. A Rep S97N
mutant, which cannot be phosphorylated on Ser-97,
showed a smaller reduction in DNA-binding activity
than wild-type Rep after preincubation with activated
SnRK1 and ATP (Fig. 2D, compare lanes 2 and 7). To-
gether, these results show that SnRK1 phosphorylation
of TGMYV Rep Ser-97 compromises its interaction with
viral DNA. The 50% residual binding activity of wild-
type Rep preincubated with SnRK1 and ATP most
likely is attributable to Rep protein that was not phos-
phorylated during the kinase reaction and, thus, was
able to bind to DNA.
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To determine if phosphorylation of Ser-97 interferes
physically with the interaction between Rep and viral
DNA, we simulated the structures of TGMV Rep(7-

122) and its

based on the published NMR structure of Tomato yellow
leaf curl virus (TYLCV) Rep(4-121) (Campos-Olivas

etal., 2002). D

Rep onto B-form dsDNA derived from the 5" intergen-
ic region of TGMV DNA containing the Rep-binding
sequence (Fig. 3A; Fontes et al., 1994) revealed that
phosphorylation does not significantly alter the overall
structure of the protein, as shown by the overlay of the
two dsDNA-bound median structures (Fig. 3B). For
both forms of the protein, the Rep-dsDNA interaction

occurs across

tal Fig. S3). The Rep amino acid residues that directly
contact dsDNA cluster in three regions: (1) Arg-7, GIn-9,

and Asn-11;
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(2) Lys-68 and GIn-72 through Arg-75;

Figure 2. Phosphorylation of Ser-97 in TGMV Rep
impairs DNA binding but not cleavage activity.
A, Increasing amounts of the wild-type (wt) His -
tagged TGMV Rep(1-180) or its S97A and S97D
mutants were assayed for cleavage activity. The
substrate was a fluorescently labeled, single-stranded
oligonucleotide corresponding to the loop and
left stem of the hairpin regions in the viral origin
of replication. The Rep protein amounts were 0.5
pmol (lanes 2, 5, and 8), 5 pmol (lanes 3, 6, and
9), and 50 pmol (lanes 4, 7, and 10). There was no
protein in lane 1. B, Sequence-specific DNA-bind-
ing activity of wild-type TGMV Rep(1-180) (50
pmol) in EMSAs using a fluorescently labeled, dou-
ble-stranded oligonucleotide corresponding to the
TGMV Rep-binding site in the origin of replication.
The specificity of binding was verified in the
presence of a 1,000-fold excess of an unlabeled
wild-type dsDNA competitor (lane 2) or a mutant
competitor (lane 3). Relative binding (shown below)
is the ratio of the fluorescence of the shifted bands
in lanes 2 and 3 compared with lane 1, which
was set to 100. C, Binding assays with wild-type
Rep (lane 1) or its S97D (lane 2), S97N (lane 3),
or R94G (lane 4) mutant. Relative binding (shown
below) is the ratio of the fluorescence of the shifted
bands in lanes 2 to 4 compared with lane 1, which
was set to 100. D, The effect of SnRK1 phosphory-
lation of Rep Ser-97 on DNA binding was assayed
by preincubation of the wild-type or the S97N
mutant Rep with activated SnRK1 and ATP (lanes
2 and 7), activated SnRK1 alone (lanes 3 and 8),
or ATP alone (lanes 4 and 9). Relative binding is
shown for wild-type Rep (ratio of lanes 2-5 to lane
1) or Rep S97N (ratio of lanes 7-10 to lane 6).

and (3) Arg-94 through Ser-97 (Fig. 3D). Rep interacts
with the DNA bases via Arg-7, GIn-9, Asn-11, and Arg-
94 and with the DNA phosphate backbone via Lys-68,
GIn-72 through Arg-75, and Arg-94 through Ser-97.
Both types of contacts occur through a combination
of nonbonded interactions and hydrogen bonds (Sup-
plemental Fig. S3). When Ser-97 is phosphorylated,
the distribution of negative charges on the surface of
Rep increases substantially at the Rep-DNA interface,
resulting in diminished contacts with DNA involving
Arg-7, Asn-11, GIn-74, and pSer-97 (Fig. 3, C and D).
The number of total contacts by pSer-97 Rep decreases
by 60%, leading to weaker Rep-DNA binding, consis-
tent with the EMSA results.

The TGMV Rep DNA-binding domain (amino acid
residues 1-120) is only functional for DNA binding
when it is fused to the oligomerization domain (residues
134-180; Orozcoetal., 1997; Orozco and Hanley-Bowdoin,
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Figure 3. Structural modeling shows that TGMV pSer-97 Rep has fewer contacts with its DNA-binding site. A, Viral DNA
sequences used for modeling. The TGMV and CaLCuV Rep-binding sites are underlined. B, Overlay of dsDNA-bound medi-
an structures of wild-type TGMV Rep (blue) and pSer-97 Rep (orange). The Ca root mean square deviation between the two
structures is 0.75 A. C, Electrostatic plot of TGMV Rep(7-122) (left), its pSer-97 form (middle), and CaLCuV Rep(5-116) (right)
in association with their cognate B-form viral dsDNAs. The electrostatic surface of the protein was created with Adaptive
Poisson-Boltzmann Solver and PyMOL. The blue color denotes positive electrostatics, while the red color denotes negative
electrostatics. Residues labeled as active in the molecular docking are shown in stick format, and residues defined as passive
are shown in line format. D, List of contacts of amino acid residues of TGMV Rep (from a total of 28 structures), pSer-97 Rep
(39 structures), and CaLCuV Rep (31 structures) with viral dsDNA via nucleotide base or phosphate backbone. h, Hydrogen

bond; n, nonbonded contact.

1998). Hence, the Rep-DNA interface could differ
slightly from the model generated using Rep amino
acid residues 5 to 122.

Phosphorylation of TGMV Rep Ser-97 Compromises Viral
DNA Replication

The binding of Rep to the origin of replication is an
essential step during the initiation of viral replication
(Fontes et al., 1994). Thus, we examined if SnRK1 phos-
phorylation of TGMV Rep Ser-97 impairs viral DNA
replication. In many geminivirus genomes, including
that of TGMYV, the Rep coding sequence containing the
Ser-97 codon overlaps with the AL4 viral open reading
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frame, and itis not possible to mutate the codon without
also altering the AL4 coding sequence. Earlier studies
indicated that the AL4 gene is not required for TGMV
replication or infection (Pooma and Petty, 1996). There-
fore, we generated an AL4 knockout in TGMV DNA-A
for testing Rep mutants. The ATG start codon for AL4
and an upstream in-frame ATG codon were altered to
ACG codons to block AL4 translation (Supplemental
Fig. 54A). These T-to-C transitions occur in wobble
positions in the Rep coding sequence and do not in-
troduce amino acid residue changes into the Rep
gene (Supplemental Fig. S4A). We transfected a wild-
type TGMV DNA-A replicon and the AL4-knockout
replicon into protoplasts prepared from tobacco
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(Nicotiana tabacum) suspension cells and monitored vi-
ral DNA accumulation 3 d posttransfection on DNA
gel blots. Slightly lower levels of double-stranded TGMV
DNA-A were detected for the AL4-knockout-transfected
protoplasts than for the wild-type TGMV DNA-A repl-
icons (Supplemental Fig. S4B, compare lanes 2—4 with
5-7), indicating that knocking out AL4 has a minimal
impact on TGMV accumulation.

We then used the TGMV DNA-A AL4 knockout to
generate replicons carrying the Rep S97D phospho-
mimic, the S97N phosphonull, or the R94G phosphode-
ficient mutations. Replication of the mutant replicons
was examined in the tobacco protoplast assay as de-
scribed above. The TGMV DNA-A replicon with the
AL4 knockout had high levels of accumulation of both
double- and single-stranded viral DNA forms (Fig. 4,
lanes 1-3). In contrast, replication of the Rep S97D
phosphomimic mutant could be detected only after
overexposure of the blot (lanes 13-15). The phospho-
null S97N mutant also showed a major reduction in
viral DNA replication (lanes 7-9) but still accumulated
toahigherlevel than the S97D mutant (lanes 4-6), while
the phosphodeficient R94G mutant was reduced only
slightly for replication (lanes 10-12). These data indi-
cate that viral DNA replication is sensitive to the amino
acid residue composition at TGMV Rep position 97.
However, the negatively charged S97D mutation that
mimics phosphorylation of Ser-97 is more detrimental
than the uncharged phosphonull S97N replacement.
Moreover, the R94G mutation, which greatly reduces
SnRK1 phosphorylation of Ser-97, has a minimal effect
on viral replication. Together, these results are consis-
tent with a model in which SnRK1 phosphorylation of
Rep Ser-97 interferes with Rep DNA binding to reduce
viral DNA replication.

Phosphorylation of TGMYV Rep Ser-97 Delays Symptom
Development and Viral DNA Accumulation in Planta

Wild-type TGMV infects N. benthamiana, causing leaf
curling and chlorosis (Elmer et al., 1988). We cobom-
barded N. benthamiana plants with a TGMV DNA-B
replicon and replicons corresponding to wild-type
TGMV DNA-A or the AL4 knockout. Similar symp-
toms appeared at the same time for both treatments,
indicating that the AL4 mutations do not impair TGMV
infection of N. benthamiana (Supplemental Fig. S4C).
TGMV DNA-A accumulation was slightly lower in
N. benthamiana plants infected with the AL4-knockout
mutant than those infected with wild-type virus at 10 d
post inoculation (dpi; Supplemental Fig. S4D). Thus,
we could use the TGMV AL4-knockout background to
examine the infectivity of replicons carrying mutations
in the Rep N terminus.

We generated TGMV DNA-A replicons containing
the Rep 597D phosphomimic, the S97N phosphonull,
or the R94G phosphodeficient mutations. The muta-
tions were cloned into both the full and partial copies
of the tandemly repeated TGMV DNA-A replicon. N.
benthamiana plants were cobombarded with a TGMV
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Figure 4. Mutation of TGMV Rep Ser-97 reduces viral replication.
Protoplasts prepared from tobacco suspension cells (NT1) were trans-
fected with DNA (10 pg) corresponding to an AL4-knockout TGMV-A
replicon (lanes 1-3) or AL4-knockout replicons containing the Rep
S97D (lanes 4-6), S97N (lanes 7-9), or R94G (lanes 10-12) mutation,
all of which impair SnRK1 phosphorylation of Ser-97. Total DNA was
extracted at 3 d post transfection, cut with Xhol, and digested with
Dpnl to cut Dam-methylated input plasmid DNA but not nascent viral
DNA. The DNA was analyzed on a DNA gel blot using a radiolabeled
TGMV-A probe (top left gel). A longer exposure (10-fold; lanes 13-15)
shows weak signals from the Rep S97D mutant. The bottom gel shows
ethidium bromide-stained, digested DNA before transfer. wt, Wild

type.

DNA-B replicon and TGMV DNA-A replicons cor-
responding to the AL4 knockout (our wild-type Rep
control) or the S97D, S97N, and R94G mutants in the
AL4-knockout background. Leaf curl and chlorosis
symptoms were scored daily up to 17 dpi on a scale
of 1 (no symptoms) to 5 (severe symptoms), and the
average score at each day was plotted over time (Fig.
5, A and C). The phosphomimic S97D mutant TGMV
was able to infect N. benthamiana, but the leaf curl and
chlorosis symptoms appeared 2 to 4 d after they ap-
peared on plants infected with the AL4 knockout. The
S97N-phosphonull mutant also showed slower symp-
tom development, but the delay was only 1 to 2 d. The
timing of leaf curl symptom development was similar
for the R94G mutant and the AL4-knockout control,
but the R94G mutant showed a delay in leaf chloro-
sis development, similar to the S97N mutant. We also
determined the average time it took infected plants
to reach a given leaf curl or chlorosis symptom score
(Fig. 5, B and D). The S97D mutant took the longest
to reach each symptom score, with the difference be-
ing more apparent for high scores. The difference was
statistically significant (P < 0.05, Student’s ¢ test) at all
symptom scores compared with the AL4 knockout and
at the higher scores relative to the phosphonull and
phosphodeficient mutants.

We also examined the accumulation of TGMV
DNA-A in infected N. benthamiana plants at 4, 10, and
17 dpi using DNA gel blots. The AL4 knockout (Fig.
5E, lanes 1-3) and the Rep R94G mutant (lanes 10-12)
showed similar viral dsDNA accumulation patterns,
with viral DNA readily detectable at 4 dpi and at max-
imal levels by 10 dpi. Viral ssDNA accumulation was
detected at 10 dpi and showed similar patterns for
the AL4 knockout and the R94G mutant. The reduced
level of ssDNA in plants at 17 dpi (lane 12) suggested
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Figure 5. The TGMV Rep phosphomimic mutation S97D delays symptoms and viral DNA accumulation in infected plants. N.
benthamiana (12 plants per treatment) was inoculated by cobombardment of a TGMV-B replicon with either an AL4-knockout
TGMV-A replicon carrying wild-type (wt) Rep or the S97D, S97N, or R94G Rep mutant. A to D, Symptoms corresponding to leaf
curl (A and B) and chlorosis (C and D) were scored on a scale of 1 (none) to 5 (severe). The average symptom scores (A and C)
and average time of appearance for a given score (B and D) were calculated. The asterisks indicate significant symptom delays
in the phosphomimic S97D mutant compared with the wild-type Rep or the other mutants as determined using Student’s ¢ test
(*, P <0.05; **, P < 0.01). Error bars represent sE. E, Total DNA was extracted from leaves at 4, 10, and 17 dpi, linearized with
Xhol, and analyzed on a DNA gel blot using a radiolabeled TGMV-A probe (top left gel). A longer exposure (3-fold; lanes 13-15)
shows weak signals from the Rep S97D mutant. The bottom gel shows ethidium bromide-stained, digested DNA before transfer.

that position 94 could modulate viral ssDNA accumu-
lation. Viral DNA accumulation was delayed for the
S97N-phosphonull mutant but reached a high level
similar to that in the AL4 knockout by 17 dpi (lanes
7-9). In contrast, viral DNA corresponding to the S97D
phosphomimic mutant was not detected at 4 dpi and
was observed only at 10 dpi upon overexposure of the
blot (lanes 4-6 and 13-15). Strikingly, the level of S97D
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was lower at 17 dpi than the levels detected for the AL4
knockout and the R94G mutant at 4 dpi (compare lanes
6 and 1 or 10). The patterns of viral DNA accumulation
of the TGMV Rep mutants in N. benthamiana compared
with the AL4 knockout correlate with the patterns of
symptom development (Fig. 5) and the viral DNA
replication results in transfected tobacco protoplasts
(Fig. 4). Taken together, our results show that SnRK1
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phosphorylation of TGMV Rep Ser-97 impairs viral
DNA replication and causes a delay and reduction in
viral DNA accumulation, leading to delayed symptom
development during infection.

An earlier study showed that a TGMV Rep mutant
severely impaired for replication is delayed for symp-
tom development and reverts at a high frequency
during infection (Arguello-Astorga et al., 2007). In this
study, we altered all three nucleotides, TCG for Ser, to
GAT for Asp, and it would be difficult for reversion to
happen. To confirm that the S97D mutation is stable
during infection, we isolated DNA from symptomat-
ic leaves of 12 plants when infection was fully estab-
lished at 28 dpi. We amplified the Rep coding region
and sequenced PCR products corresponding to the
entire Rep coding region. Of the six plants from which
sequences could be amplified successfully by PCR, all
contained the original S97D mutation and no addition-
al mutations were detected in Rep, indicating that the
597D mutation is stable during infection.

N. benthamiana carries a mutation that impairs silenc-
ing and, as such, is a permissive host for viral infection
(Yang et al., 2004). To gain further insight into the role
of SnRK1 phosphorylation of TGMV Rep, we exam-
ined the Ser-97-phosphomimic and Ser-97-phospho-
null mutants in tomato (Solanum lycopersicum), which
was the original source of the TGMYV infectious clones.
The tomato variety Florida Lanai reliably develops leaf
chlorosis symptoms after being inoculated with TGMV
DNA-A and DNA-B replicons (Rajabu et al., 2018). In
this study, we observed that both wild-type TGMV
and the AL4-knockout mutant caused bright yellow
coloration along the veins of tomato leaves, starting
at 10 dpi, peaking around 30 dpi, and then decreasing
with new leaves showing a recovery phenotype (Fig. 6,
A and B). The similarity between wild-type and AL4
mutant virus indicates that TGMV AL4 is not essential
for establishing and maintaining infection in tomato
plants under the conditions used for this study. In the
AL4-knockout background, the Rep S97D-phospho-
mimic mutant did not cause any symptoms in infected
plants, while the Rep S97N-phosphonull mutant re-
sembled the wild-type and AL4-knockout viruses, in-
dicating that the reduced interaction of Rep with viral
DNA also compromises infection in tomato (Fig. 6, A
and B). The lack of symptoms in tomato plants infected
with the phosphomimic mutant compared with the
delayed development of leaf curl and chlorosis symp-
toms in N. benthamiana plants (Fig. 5) suggested that
the threshold for the establishment of TGMYV infection
is higher in tomato than in N. benthamiana. Consistent
with this idea, viral DNA was detected readily by PCR
in tomato plants infected with wild-type TGMV (Fig.
6C, lanes 2 and 3), the AL4-knockout mutant (lanes
4 and 5), and the Rep S97N-phosphonull mutant
(lanes 8 and 9) but not in plants infected with the Rep
597D-phosphomimic mutant (lanes 6 and 7). Hence,
we concluded that phosphorylation of TGMV Rep
Ser-97 by SnRK1 reduces virulence in a species like
N. benthamiana, which has an impaired host defense
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system, and prevents infection in tomato, which has a
robust defense system.

SnRK1 Phosphorylation of Rep May Be a Common
Mechanism for Regulating Geminivirus Infection by the
Host Plant

TGMV Rep Ser-97 is the last amino acid residue in
the highly conserved GRS motif (Nash et al., 2011),
raising the possibility that SnRK1 phosphorylation of
Rep is a common geminivirus-host interaction during
infection. We constructed a phylogenetic tree based on
the amino acid sequences of the Rep proteins of 337
geminivirus species representing seven of the genera
(Mubhire et al., 2013; Varsani et al., 2014a, 2014b; Brown
et al., 2015) and examined them for the occurrence of
a Ser or a Thr at a position equivalent to Ser-97 (Sup-
plemental Fig. S5; Supplemental Data Set S1). The vast
majority of the begomovirus Rep proteins have a Ser
at this position (271 out of 300 species; one has a Thr).
The only exceptions are members of the Squash leaf curl
(SLC) clade (26 species), which predominantly have an
acidic amino acid (24 Asp, one Glu, and one Asn) that
might mimic SnRK1 phosphorylation. Very few bego-
movirus Reps have a residue other than Ser, Thr, Asp,
or Glu at this position. The Rep proteins from the to-
pocuvirus, turncurtovirus, eragrovirus genera and Beet
curly top virus of the curtovirus genus have a Ser, while
those from becurtoviruses and the other curtoviruses
do not. About half of the mastrevirus Rep proteins
contain a Ser or an Asp at the corresponding position.
However, only eight begomovirus Rep proteins (3%)
sporadically distributed in the phylogenetic tree have
an Arg (or Lys for one species) at the -3 position.

The SnRK1 phosphorylation consensus sequence in-
cludes a basic amino acid at the -3 position relative to
the target Ser/Thr that is thought to greatly enhance
phosphorylation (Vlad et al., 2008). The vast majority
of begomovirus Reps have a Gly (82%) or an Ala (10%)
at the -3 position (Supplemental Data Set S1). Hence,
we were interested to know if Rep proteins without an
Arg or Lys also are phosphorylated by SnRK1. Tomato
mottle virus (ToMoV) and TYLCYV, a bipartite New
World begomovirus and a monopartite Old World be-
gomovirus, respectively, were selected for further in-
vestigation. ToMoV and TYLCV Reps have a Gly or an
Ala, respectively, at the —3 position of the Ser equiva-
lent to Ser-97 of TGMYV Rep (Fig. 7A). We first examined
if recombinant proteins corresponding to His,-tagged
ToMoV Rep(1-179) and TYLCV Rep(1-177) are phos-
phorylated by SnRK1 in vitro. Both ToMoV Rep(1-179)
(Fig. 7B, lane 3) and TYLCV Rep(1-177) (lane 5) were
phosphorylated by SnRK1, albeit at lower levels than
TGMV Rep(1-180) (lane 1). We also tested Asp substi-
tution mutations at ToMoV Rep Ser-96 and TYLCV Rep
Ser-94, which correspond to TGMYV Ser-97 (Fig. 7A), in
the kinase assay. Both the ToMoV 596D (lane 4) and
TYLCV 594D (lane 6) mutants showed significantly
decreased phosphorylation, indicating that ToMoV
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Figure 6. The TGMV Rep phosphomimic S$97D mutant does not infect tomato. Tomato Florida Lanai plants were inoculated by
cobombardment of a wild-type TGMV-B replicon with a wild-type (wt) TGMV-A or an AL4-knockout (KO) mutant with wild-
type Rep or the S97D or S97N Rep mutant. The mock controls were inoculated with the TGMV-B alone. A, Leaflets from plants
at 24 dpi. B, Leaf chlorosis symptoms were scored on a scale of 1 to 5 at 10, 17, 24, 31, 38, and 45 dpi. The average symptom
scores from 10 plants for each treatment are shown. C, The presence of TGMV DNA-A was assessed by PCR at 28 dpi using
specific primers that yielded a 403-bp product. Results from two independent plants are shown for each treatment, except for

mock.

Rep Ser-96 and TYLCV Rep Ser-94 are the SnRK1 phos-
phorylation targets.

We next examined if SnRK1 phosphorylation inter-
feres with DNA binding by ToMoV and TYLCV Rep
proteins, analogous to TGMV Rep. We first used the
ToMoV S96D and TYLCV S94D phosphomimics as
proxies for the phosphorylated form in DNA-binding
assays. We predicted the binding site sequences for
both Reps based on iteron analyses (Fontes et al., 1994;
Argiiello-Astorga and Ruiz-Medrano, 2001) and gen-
erated the corresponding fluorescently labeled dsDNA
probes for EMSAs (Supplemental Table S1). A single
shifted band was observed when His-tagged ToMoV
Rep(1-179) (Fig. 8A, lane 4) and TYLCV Rep(1-177)
(lane 9) were incubated with their predicted probe
DNAs. Competition assays using unlabeled wild-type
and mutant probes confirmed that both Reps bind spe-
cifically to their predicted binding sites (Fig. 8A, lanes
2,3,7,and 8). The ToMoV Rep S96D (lane 5) and TYL-
CV Rep 594D (lane 10) mutants had only 43% and 15%
of the wild-type binding activity, respectively, indicat-
ing that the phosphomimic mutations impair the DNA
binding of both Rep proteins. We then preincubated
the wild-type ToMoV and TYLCV Rep proteins with
preactivated SnRK1 and ATP prior to performing the
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DNA-binding assays. SnRK1 phosphorylation reduced
the DNA-binding activities of ToMoV (Fig. 8B, lane 3)
and TYLCV (lane 9) Reps to 19% and 52%, respectively,
of their unphosphorylated Rep controls (lanes 2 and
8). Together, these results suggested that, like TGMV
Rep, the Rep proteins of ToMoV, TYLCV, and proba-
bly many other begomoviruses are phosphorylated by
SnRK1, leading to reduced interaction with viral DNA.

We also examined if Cabbage leaf curl virus (CaL-
CuV) Rep, which has an Asp instead of Ser at the
corresponding residue position (Fig. 7A), is phosphor-
ylated by SnRK1. No phosphorylation was detected
when His-tagged CaLCuV Rep(1-177) was incubated
with activated SnRK1 and [p-**P]ATP (Fig. 7B, lane 7).
Moreover, the CaLCuV Rep D98S mutant was not
phosphorylated by SnRK1 (lane 8), even though it con-
tained a Ser residue at the equivalent position of the
TGMYV, ToMoV, and TYLCV Rep proteins. Thus, unlike
most begomovirus Rep proteins, members of the SLC
clade, which includes CaLCuV, may not be regulated
by SnRK1 phosphorylation in the N-terminal region
that mediates viral DNA binding. Modeling of CaLCuV
Rep binding to its cognate viral dsSDNA revealed that,
like the TGMV Rep-DNA interaction, the contacts oc-
cur predominantly in three regions in Rep, but Asp-98
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Figure 7. SnRK1 phosphorylation of begomovirus Rep proteins. A,
Alignment of the amino acid sequences of the begomovirus TGMV, To-
MoV, TYLCV, and CaL.CuV Rep protein regions containing the TGMV
Rep Ser-97 (red arrow) that is phosphorylated by SnRK1. The amino
acid positions for the TGMV Rep are indicated. The Arg-94 of TGMV
Rep is indicated with the green arrow. Conserved amino acids in three
or more of the viruses are highlighted in yellow. GRS and motif I
also are indicated. B, Phosphorylation assay of His -tagged recombi-
nant proteins corresponding to the N-terminal halves of TGMV (lane
1), ToMoV (lane 3), TYLCV (lane 5), and CaLCuV (lane 7) Rep proteins
and their S97D (lane 2), S96D (lane 4), S94D (lane 6), and D98S (lane
8) mutants, respectively. These Ser or Asp residues correspond to the
TGMYV Rep Ser-97. The phosphorylation reactions were resolved by
SDS-PAGE and visualized by autoradiography (top gel), and the gels
were stained with Coomassie Brilliant Blue (bottom gel).

is not involved directly in the interaction (Fig. 3, C and D;
Supplemental Fig. S3). In addition, the lowest energy
Rep-DNA binding structures are very different be-
tween CaLCuV and TGMYV, with a significant shift of
interaction in CaLCuV toward the 5’ end of the iteron
region (Supplemental Fig. S3), reflecting the differences
in both the iteron sequences and the Rep sequences be-
tween the two viruses.

DISCUSSION

Posttranslational modifications, including phos-
phorylation of host and pathogen proteins, have been
implicated in disease processes and defense respons-
es in plants (Waigmann et al., 2000; Hulsmans et al.,
2016). Host protein kinases that are present at func-
tional levels in a plant can respond quickly to infec-
tion and have the potential to be among the earliest
defenders against disease. The protein kinase SnRK1,
a master regulator of plant energy homeostasis and
primary metabolism, has been implicated in the host
defense response by phosphorylating both pathogen
and plant proteins (Hulsmans et al., 2016). We report
here that SnRK1 phosphorylates the essential gemini-
virus replication protein, Rep, and interferes with its
ability to bind to the viral origin of replication and to
support efficient viral replication and infection. These
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results, in combination with earlier studies showing
that SnRK1 phosphorylation of two other geminivirus
proteins also impairs infection (Shen et al., 2011, 2014),
underscore the importance of protein phosphorylation
in the host defense response against geminiviruses.

We used a combination of mass spectrometry (Sup-
plemental Fig. S1) and site-directed mutagenesis (Fig. 1)
to identify Ser-97 as a major SnRK1 phosphorylation
site in the TGMV Rep protein. The amino acid sequence
surrounding Ser-97 conforms to the SnRK1 consensus
target site, with a basic Arg at position -3 and hydro-
phobic Ile and Val at positions -5 and +4, respectively
(Vlad et al., 2008). SnRK1 weakly phosphorylates an
597 A mutant of both Rep(1-131) and Rep(1-180) (Fig.
1, C and E). The residual phosphorylation of the S97A
mutant may be an artifact of the in vitro kinase assay,
or the Rep N terminus may contain another SnRK1
phosphorylation site. One candidate is Ser-29, which
is located in a SnRK1 consensus sequence (Fig. 1B), but
structural modeling suggested that Ser-29 is not on the
surface of Rep and not accessible to SnRK1. We also
cannot rule out that SnRK1 phosphorylates another
Ser or Thr in a context that does not conform to its con-
sensus (Nukarinen et al., 2016). It is important to point
out that we did not detect any other phospho-Sers or
phospho-Thrs by mass spectrometry analysis, and if al-
ternative SnRK1 target sites exist in TGMV Rep(1-180),
they are minor targets of unknown functional signif-
icance. Because of the poor expression and solubility
of full-length Rep and its C terminus in E. coli, we did
not examine if the Rep C terminus is phosphorylated
by SnRK1.

Amino acid residues 1 to 180 of TGMV Rep contain
several conserved motifs and include the DNA-binding,
DNA cleavage/ligation, and protein interaction do-
mains (Fig. 1A). Ser-97 is the last amino acid residue
of the highly conserved GRS motif (Nash et al., 2011).
Functional in vitro assays showed that phosphoryla-
tion of TGMYV Rep Ser-97 has no impact on DNA cleav-
age activity (Fig. 2A) but compromises dsDNA-binding
activity (Fig. 2, C and D). Earlier studies indicated that
the DNA-binding and cleavage activities of Rep are
distinct and have different requirements. Rep binds
and cleaves different sequences in the viral origin of
replication (Orozco and Hanley-Bowdoin, 1996). Rep
DNA-binding activity requires the formation of oligo-
mers, while cleavage does not depend on oligomeriza-
tion (Orozco et al., 2000). Other mutations in the GRS,
which includes Ser-97, differentially impact binding
and cleavage (Nash et al., 2011).

The ability of Rep to bind specifically to its recogni-
tion sequence in the origin is essential for viral DNA
replication and infection (Fontes et al., 1992, 1994).
Hence, it was not surprising that a TGMV DNA-A
component with a Rep 597D mutation as a proxy for
phosphorylation replicated poorly in tobacco pro-
toplast assays (Fig. 4). Symptom development was
delayed in N. benthamiana plants inoculated with the
Rep S97D mutant, but eventually the plants infected
with the mutant virus developed wild-type symptoms
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Figure 8. SnRK1 phosphorylation interferes with ToMoV and TYLCV Rep binding to DNA. A, The sequence-specific DNA-bind-
ing activities of wild-type (wt) ToMoV Rep(1-179) (lanes 2—4) and TYLCV Rep(1-177) (lanes 7-9) proteins and their respective
S96D (lane 5) and S94D (lane 10) mutants were examined in EMSAs. The assays contained 5 pmol of ToMoV or 100 pmol of
TYLCV recombinant His -tagged Rep protein and fluorescently labeled, double-stranded oligonucleotides corresponding to
their predicted binding sites. The specificity of binding was verified in the presence of a 1,000-fold excess of unlabeled wild-
type dsDNA competitors (lanes 3 and 8) or mutant competitors (lanes 2 and 7). Relative binding (shown below) is the ratio of
the fluorescence of the shifted bands compared with lanes 4 and 9, which were set to 100, respectively, for ToMoV Rep and
TYLCV Rep. B, The effects of SnRK1 phosphorylation on DNA binding by wild-type ToMoV or TYLCV Rep were assayed by
preincubation of the Rep proteins with activated SnRK1 and ATP (lanes 3 and 9), activated SnRK1 alone (lanes 4 and 10), or
ATP alone (lanes 5 and 11). Relative binding is shown for ToMoV Rep (ratio of lanes 3—6 to lane 2) or TYLCV Rep (ratio of lanes

9-12 to lane 8).

even though viral DNA levels were very low (Fig. 5),
suggesting that the development of severe symp-
toms does not require viral DNA to reach wild-type
levels. In contrast, the S97D mutant was unable to in-
fect tomato (Fig. 6). This difference may indicate that
N. benthamiana carries a mutation in host silencing
pathways (Yang et al., 2004) and, as such, is a permis-
sive host for many plant viruses.

Although the S97N Rep phosphonull mutation did
not impair Rep dsDNA-binding activity (Fig. 2C), it
was associated with a significant reduction in viral
DNA accumulation, albeit to a lesser extent than the
S97D phosphomimic mutant (Figs. 4 and 5E). This
reduction suggested that the Rep 597N mutant is im-
paired for some other activity necessary for efficient
replication. For example, the S97N mutation might
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impact the ability of Rep to interact with a viral or host
protein necessary for efficient viral replication (Kong
et al., 2000; Castillo et al., 2003; Settlage et al., 2005).
The R94G phosphodeficient mutation did not impact
Rep dsDNA-binding activity or viral replication (Figs.
4 and 5E). However, even though R94G was not a good
SnRK1 substrate (Fig. 1E), it was not more infectious
than wild-type virus (Fig. 5), suggesting that Arg-94 is
involved in some other Rep function or that the Rep
Ser-97 phosphoform plays a role in infection. It is also
possible that only a small fraction of wild-type Rep
Ser-97 is phosphorylated in infected plants, thereby
minimizing any enhancement of infection by the Rep
R94G mutation.

A structural model of the N terminus of TGMV Rep
in association with its cognate dsDNA recognition site
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(Fig. 3) provided insight into how phosphorylation of
Rep Ser-97 impairs DNA binding. The model identi-
fied three regions in TGMV Rep that contact dsDNA
directly (Fig. 3D). The first region (residues 7,9, and 11)
is located immediately upstream of motif I and over-
laps the iteron-related domain (Orozco and Hanley-
Bowdoin, 1998; Chatterji et al., 1999; Argtiello-Astorga
and Ruiz-Medrano, 2001). The second interacting re-
gion (residues 68 and 72-75) is located between motif
II and the GRS, while the third region (residues 94-97)
overlaps the C-terminal end of the GRS (Orozco and
Hanley-Bowdoin, 1998; Nash et al., 2011). The model
shows amino acids Arg-7, Asn-9, Asn-11, and Arg-94
contacting DNA bases directly (Fig. 3D; Supplemental
Fig. S3), suggesting that they mediate sequence spec-
ificity, consistent with earlier studies proposing that
residues in the iteron-related domain confer binding
specificity (Chatterji et al., 1999; Argiiello-Astorga
and Ruiz-Medrano, 2001). The model also shows that
Arg-94 contacts the DNA phosphate backbone along
with Lys-68, GIn-72 through Arg-75, Ala-95, and Lys-
96. These interactions likely contribute to the overall
strength of the Rep-DNA interaction. With the excep-
tion of Arg-75 in motif II, the model did not detect any
direct contacts between DNA and motifs I, II, and III.
This result was surprising given that Ala substitu-
tions in the three motifs impair DNA-binding activity
(Orozco and Hanley-Bowdoin, 1998). All of the motif
mutations also impair DNA cleavage activity (Orozco
and Hanley-Bowdoin, 1998), indicating that they may
impose allosteric restrictions on Rep structure that in-
terfere with its overall activity.

The model revealed that Ser-97 is located in a loop
between the eighth f-strand and the second a-helix of
the Rep structure and is exposed on the protein sur-
face when it is not in association with DNA (Fig. 3B).
Hence, Ser-97 is readily accessible to SnRK1 for phos-
phorylation. Phosphorylation of Ser-97 increases the
negative electric potential at Ser-97, substantially in-
creasing the overall negative electrostatic distribution
at the Rep interface with dsDNA. Phosphorylation
also introduces repelling forces between Ser-97 and
the DNA phosphate backbone, both of which are nega-
tively charged. Consequently, neighboring amino acid
residues undergo allosteric reorientation and reorgani-
zation, changing the Rep-DNA interface. Interactions
of Ser-97 and the surrounding residues with dsDNA
are greatly reduced, and the overall strength of Rep-
DNA binding decreases.

Over 90% of begomovirus Rep proteins have a Ser
or a Thr at the equivalent position to TGMV Rep Ser-
97 (Supplemental Fig. S5; Supplemental Data Set S1).
The Ala and Lys residues at positions 95 and 96, re-
spectively, also are highly conserved in begomovirus
Rep proteins. In contrast, position 94, which most often
is a Gly, is more variable and also can be an Ala, Ser,
Arg, Thr, Lys, Asp, or Asn. This variability is striking
because position -3 in the SnRK1 consensus sequence
(equivalent to Rep position 94) is typically a basic ami-
no acid (Vlad et al., 2008). We showed that SnRK1 can
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phosphorylate Rep proteins with a Gly (ToMoV) or an
Ala (TYLCV) at the -3 position, but the level of phos-
phorylation is less than that of TGMV Rep with an Arg
at -3 (Fig. 7). Moreover, phosphorylation of ToMoV
and TYLCV Rep proteins reduced their binding to
their cognate dsDNA recognition sites (Fig. 8). Hence,
variation at the -3 position provides a mechanism for
minimizing or modulating the impact of SnRK1 phos-
phorylation on begomovirus infection. The prevalence
of Gly (80%; Supplemental Data Set S1) suggests that
it could be the ancestral amino acid residue at this po-
sition. Mutations that rendered a virus with an Arg or
Lys would make it more susceptible to SnRK1 inter-
ference and, hence, less virulent. This could offer an
evolutionary benefit by increasing the survival rate of
infected plants that can serve as sources for viral inoc-
ulum. Alternatively, the same virus could accumulate
to lower levels and eventually disappear, consistent
with the low frequency (3%) of Arg or Lys at the -3
position (Supplemental Data Set S1).

Another mechanism to counter SnRK1 interference
with Rep would be to mutate the Ser/Thr target res-
idue to an amino acid that cannot be phosphorylated.
The TGMV S97N mutant provides insight into why
this has not been the preferred mechanism. We showed
that this mutation reduces the ability of TGMV Rep to
support efficient viral replication even though it cannot
be phosphorylated and has wild-type dsDNA-binding
activity (Figs. 2C and 4). Similar results were seen with
a TGMV S97A mutant (W. Shen and L. Hanley-Bow-
doin, unpublished data). These results, in combination
with the strong evolutionary conservation of Ser-97,
indicated that this residue is involved in an unknown
butimportant Rep function in addition to dsDNA bind-
ing. Interestingly, the SLC clade provides an example
of a group of begomoviruses that have replaced the Ser
with an Asp (Supplemental Fig. S5; Supplemental Data
Set S1). This is striking given that Asp is the phospho-
mimic residue that impairs TGMV Rep DNA-binding
and replication activities (Figs. 2C and 4). CaLCuV
Rep and other members of the SLC clade also contain a
number of other amino acid substitutions and small in-
sertions/deletions in and around the GRS (Nash et al.,
2011). Many of these changes target highly conserved
amino acids, suggesting that the emergence of the SLC
clade was a complex evolutionary process and/or in-
volved an uncharacterized recombination event. The
SLC clade originated after begomoviruses migrated to
the New World, and its emergence is a recent event in
begomovirus history (Lefeuvre et al., 2011), which may
explain why most begomoviruses have Rep proteins
that can be phosphorylated by SnRK1.

Geminiviruses are typically associated with vascu-
lar tissue, and virus-positive cells constitute only 1%
to 10% of the total cells in an infected leaf (Nagar et al.,
1995; Morra and Petty, 2000). Therefore, total protein
extracts from infected leaves contain very low levels
of the Rep protein, and it is not technically feasible to
detect phosphorylated Rep in vivo. However, both the
Rep and SnRK1 proteins have been shown to localize
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to nuclei in leaves, providing an opportunity for phos-
phorylation (Nagar et al., 1995; Kong and Hanley-
Bowdoin, 2002; Ascencio-Ibanez et al., 2008; Bitridn et
al., 2011; Williams et al., 2014). In addition, SnRK1 is
widely distributed in leaves, including vascular tissue
where geminiviruses occur (Hannappel et al., 1995;
Bitrian et al., 2011; Williams et al., 2014). Moreover,
GRIK, which interacts with Rep and activates SnRK1,
localizes specifically to nuclei of infected cells (Kong
and Hanley-Bowdoin, 2002; Shen et al., 2009). Togeth-
er, these observations strongly suggest that SnRK1
phosphorylates Rep in planta to limit viral replication
and attenuate infection.

The replication of viral and host DNA and other
processes necessary for geminivirus infection require a
significant expenditure of metabolites and energy that
can pose a major stress on the host. Given the central
role of SnRK1 in sensing decreasing levels of cellular
energy or nutrients in plants (Tomé et al., 2014), it is not
surprising that SnRK1 phosphorylates multiple gemi-
nivirus proteins to suppress their activities necessary
for the establishment and progression of infection (Fig.
9). The viral proteins targeted by SnRK1 have diverse
functions and different consequences. We showed here
that SnRK1 phosphorylation of Rep interferes with vi-
ral replication. In contrast, the host defense response
is enhanced by SnRK1 phosphorylation of AL2/C2
(Shen et al., 2014) and the p-satellite-encoded fC1 pro-
tein (Shen et al., 2011; Zhong et al., 2017), both of which
suppress transcriptional and posttranscriptional gene
silencing (Cui et al., 2005; Wang et al., 2005; Buchmann
etal., 2009; Yang et al., 2011; Zhang et al., 2011; Castillo-
Gonzalez et al., 2015).

Among the three viral proteins known to be phos-
phorylated by SnRK1, Rep and AL2/C2 are encoded by
all begomoviruses. It is noteworthy that the prevalence
of the phosphorylation target sites differs between Rep
and AL2/C2. The AL2/C2 Ser residue phosphorylated
by SnRK1 occurs only in a subset of New World bego-
moviruses and may have arisen during the adaptation
of begomoviruses to the Americas (Shen et al., 2014).
In contrast, the SnRK1 target site in Rep is found in the
vast majority of begomoviruses in both the Old and
New Worlds as well as in many geminivirus species
in other genera (Supplemental Fig. S5; Supplemental
Data Set S1). Interestingly, members of the SLC clade
contain the AL2 target site but lack the Rep target site.
The impact of SnRK1 phosphorylation also differs for
the two viral proteins. Phosphorylation of AL2/C2 is
associated with a minor but significant delay in symp-
tom development (Shen et al., 2014), while the effect
of SnRK1 phosphorylation of Rep is more profound,
as demonstrated by the complete loss of infectivity of
a TGMV Rep S97D phosphomimic mutant in tomato
(Figs. 5 and 6).

Although SnRK1 is generally viewed as part of the
host defense response, it also may play a positive role
in the infection process. Rep is a multifunctional pro-
tein that is involved in a variety of host protein interac-
tions as well as viral DNA replication (Fondong, 2013;
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Figure 9. Model showing that SnRK1 phosphorylates multiple viral
proteins to interfere with geminivirus infection. The host protein kinase
SnRKT is activated by the upstream kinase GRIK, which is up-regulat-
ed by geminivirus infection. SnRK1, in turn, phosphorylates several
viral proteins, including Rep, AL2/C2, and the B-satellite-encoded BC1
protein. Phosphorylation of Rep inhibits its dsDNA-binding activity to
interfere with viral DNA replication and infection. Phosphorylation of
AL2/C2 and BC1, which are viral suppressors of gene silencing, also
makes the virus less infectious by enhancing the host defense response.

Hanley-Bowdoin et al., 2013). It is not known how the
various Rep functions are modulated. During infec-
tion, it is likely that only a fraction of the Rep protein is
phosphorylated by SnRK1, and the unphosphorylated
form is competent for dsDNA binding and supports
viral replication. In contrast, phosphorylated Rep may
have a specific function distinct from replication (i.e.
interacting with a host protein or the viral REn pro-
tein). According to this model, SnRK1 phosphorylation
of Rep would be regulatory, and the impact of phos-
phorylation on infection would depend on the stoichio-
metric ratio of unphosphorylated and phosphorylated
Rep, which could be modulated by the selection of the
amino acid residue at the -3 position in the SnRK1 rec-
ognition sequence of Rep. This scenario also provides
a rationale for the maintenance of the SnRK1 target site
in Rep over time and underscores the complex rela-
tionship between SnRK1 and geminiviruses.
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MATERIALS AND METHODS
Plasmid Construction

Oligonucleotides and plasmids used in this study are listed in Supple-
mental Tables S1 and S2, respectively. The Escherichia coli expression plasmid
for His-tagged TGMV Rep(1-131) was generated by inserting an Ndel-
Kasl(filled) fragment containing the Rep coding sequence from pNSB828
(Kong et al., 2000) into pET16b, which had been digested with BamHI, filled,
and digested again with Ndel. His -tagged TGMV Rep(1-180) has been pub-
lished previously (Nash et al., 2011). To construct expression plasmids for His-
tagged ToMoV Rep(1-179) and TYLCV Rep(1-177), the Rep coding regions
were amplified from FS577pGEMX (provided by J. Polston of Florida State
University) and pTYLC2 (Settlage et al., 2005), respectively, using the Phusion
DNA polymerase (New England Biolabs). The PCR products were digested
partially with Ndel and completely with BamHI and ligated to pET16b cut with
the same enzymes. The expression plasmid pNSB1044 for His -tagged full-
length CaLCuV Rep was constructed by cloning an Ndel-Xhol fragment from
pNSB981 (Kong and Hanley-Bowdoin, 2002) into pET16b digested with the
same enzymes. The expression plasmid for His-tagged CaLCuV Rep(1-177)
was generated by amplifying the coding sequence from pNSB1044 followed
by digestion with Ndel and Xhol and cloning into pET16b cut with the same
enzymes. Rep mutants were generated using pairs of complementary prim-
ers containing the desired mutations and Pfu Ultra DNA polymerase (Agilent
Technologies) to copy plasmids containing wild-type Rep coding sequences.
The resulting DNAs were treated with Dpnl and transformed into E. coli
DHb5a cells. Transformants were screened for the correct mutations by DNA
sequencing.

To construct viral replicons for tobacco (Nicotiana tabacum) protoplast stud-
ies, a TGMV AL4-knockout mutant (M1T-M3T) was generated by site-direct-
ed mutagenesis of pMON344, which has a single copy of TGMV DNA-A in
pUC18 (Elmer et al., 1988). Next, the Rep S97D, S97N, or R94G mutation was
introduced into the AL4-knockout mutant background. Mutant viral replicons
were generated by replacing a 1.1-kb HindIII-Sall fragment in pMON1565,
which has a partial tandem copy of TGMV DNA-A with duplicated 5’ inter-
genic regions (Elmer et al., 1988), with the corresponding mutant fragments.
For plant infection assays, the AL4-knockout and the Rep phosphorylation
mutations also were introduced into the partial copy of TGMV DNA-A. The
plasmids were partially digested with EcoRI and Xhol to generate 5.6-kb plas-
mid backbones that either lost a 750-bp fragment containing the mutations in
the full repeat or a fragment of the same size in the partial repeat without the
mutation. These fragments were then replaced by the corresponding 750-bp
EcoRI-Xhol fragment derived from the plasmid that has a single copy of the
DNA-A replicon containing the same mutations. Plasmids with two copies of
each mutation were selected by DNA sequencing.

Recombinant Protein Production and Purification

The production and purification of recombinant Arabidopsis (Arabidopsis
thaliana) SnRK1.1 and GRIK1 proteins in E. coli have been reported previously
(Shen et al., 2009). Plasmids generated in strain DH5a were introduced into the
strain BL21(DE3) or BL21(DE3)pLysE for protein production. Late log-phase
cultures grown at 37°C in 250 mL of Luria-Bertani medium were induced by
0.5 mm IPTG at 16°C for 18 h. Cells were pelleted by centrifugation at 4,000
for 15 min and washed in TBS (25 mm Tris-HCI, pH 7.5, 140 mm NaCl, and 2.7
mwm KCl). Bacteria were disrupted by 12 rounds of 10-s sonication pulses in
10 mL of binding buffer (20 mm Tris-HCI, pH 8, 500 mm NaCl, 10 mm imidaz-
ole, and 0.1% Triton X-100). Lysates were cleared by centrifugation at 32,500¢
for 30 min and applied to a 0.4-mL bed volume of Ni-NTA agarose (Qiagen)
for batch-wise purification. After two 10-mL washes with the binding buffer
and one 10-mL wash with binding buffer adjusted to 30 mm imidazole, the
His,-tagged proteins were eluted in three 400-uL fractions of elution buffer (20
mM Tris-HCI, pH 8, 500 mm NaCl, and 500 mm imidazole). Purified proteins
were concentrated, equilibrated to TBS using Amicon Ultra centrifugal filter
devices, and stored at —20°C in 0.5x TBS, 0.5 mm DTT, and 50% (v/v) glycerol.

Protein Quantification, SDS-PAGE, and Immunoblotting

Protein concentration was measured by the Bradford method with the Pro-
tein Assay Reagent (Bio-Rad). BSA was used as a standard protein. Standard
procedures were followed for SDS-PAGE with a stacking gel for protein elec-
trophoresis. Coomassie Brilliant Blue-stained protein bands were quantified
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by scanning with a 700-nm laser in a LI-COR Odyssey Infrared Imager. For
immunoblotting, proteins were transferred to nitrocellulose membranes and
probed with mouse anti-His, monoclonal antibodies (Takara Bio; 1:20,000 di-
lution). Fluorescently labeled secondary antibodies (1:20,000 dilution; Alexa
Fluor 680 [Thermo Fisher Scientific] or IRdye 680 [LI-COR]) were used to de-
tect the primary antibodies in the Odyssey Imager.

Protein Phosphorylation Assay

Protein phosphorylation reactions were performed in 50 uL of 50 mm Tris-
HCI, pH 7.5, 10 mm MgCl,, 1 mm DTT, 1 mm EDTA, 0.1 mm ATP, 1 uCi of
[y-"P]ATP, and 25 pmol of each kinase and substrate protein. After incubation
at 30°C for 30 min, the reactions were stopped by adding an equal volume of
2x SDS-PAGE sample buffer and boiled for 5 min before SDS-PAGE. Gels were
stained with Coomassie Brilliant Blue and dried, and the labeled proteins
were visualized by autoradiography. Alternatively, the separated proteins were
transferred to nitrocellulose membrane for autoradiography and later quanti-
fied by immunoblotting with His, antibodies. For the preparation of activated
and purified His-SnRK1.1 kinase domain, 2.5 nmol of each GST-GRIK1 and
His,-SnRK1.1 kinase domain was incubated in a 300-uL kinase reaction mix-
ture with unlabeled ATP at 30°C for 1 h. GST-GRIK1 was removed by two
passes through a 50-uL bed volume of glutathione-Sepharose (GE Healthcare).
The supernatant was then incubated with a 50-uL bed volume of Ni-NTA
agarose, and His-SnRK1.1 was eluted with four fractions of 50 pL of elution
buffer. Pooled protein was concentrated to greater than 1 pg uL™' and stored
in 0.5 mm DTT and 50% (v/v) glycerol at —20°C. Peptide kinase assays using a
peptide, acetyl- KGRMRRISSVEMMK (GenScript), containing a SnRK1 phos-
phorylation site from spinach (Spinacia oleracea) Suc-phosphate synthase was
described previously (Huang and Huber, 2001; Shen et al., 2009).

Mass Spectrometry

A 300-pmol aliquot of the TGMV His -Rep(1-131) recombinant protein was
incubated with 100 nmol each of His,-GRIK1 and His -SnRK1.1 kinase domain
in a 120-uL phosphorylation reaction mixture with unlabeled ATP at 30°C for
1 h. The proteins were separated on a NuPAGE 4-12% Bis-Tris gradient gel
(Invitrogen) and stained with NOVEX Colloidal Blue (Invitrogen), and the
band for His,-Rep was excised and minced. The excised band was subjected to
in-gel proteolysis according to a published protocol (Wilm et al., 1996), except
that chymotrypsin was used as the protease. Following digestion, the result-
ing proteolytic peptides were analyzed by LC/MSF as described previously
(Cheng et al., 2009). LC/MSF data files were processed and searched against
the TAIR database, to which the His-Rep sequence had been added, using
ProteinLynx Global Server 2.4 (Waters). Reconstructed LC/MSF product ion
spectra corresponding to putative phosphopeptides were inspected manually
for phosphosite assignment.

Modeling of Rep-DNA Interaction

A structural model for TGMV Rep was created as described previously
(Nash et al., 2011). The PyMOL Molecular Graphics System version 1.8 (Schro-
dinger) was used for generation of the posttranslational modification of pSer-
97, structural analysis, and image creation. 3D-DART was used to generate a
B-form dsDNA pdb (van Dijk and Bonvin, 2009) of the 5'-intergenic region
of TGMV DNA (Fig. 3A), containing the sequence specifically recognized by
TGMV Rep (Fontes et al., 2004; van Dijk and Bonvin, 2009).

Molecular dynamics (MD) simulations of TGMV Rep(7-122) and the viral
DNA sequences were performed with the GROMACS 5.1 software package
using the OPLS/AA force field and the flexible SPC water model individually
(Abraham et al., 2015). The initial structures were immersed in a periodic do-
decahedron water box of dodecahedron shape (1 nm thickness) and neutral-
ized with counterions. Electrostatic energy was calculated using the particle
mesh Ewald method with 1-nm cutoff distances for the Coulomb and van der
Waals interactions. After energy minimization, the system was equilibrated to
300 K and normal pressure for 100 ps with position restraints for heavy atoms
and LINCS constraints for all bonds. The system was coupled to the external
bath by the Parrinello-Rahman pressure and temperature coupling. The final
MD calculations were performed under the same conditions except that the
position restraints were removed and the simulation was run for 100 ns. Every
tenth frame from 10 to 100 ns of the simulation was extracted and combined
into a conformational accurate description of the B-form dsDNA and TGMV
Rep(7-122) in solution.
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Default High Ambiguity Drive Docking (HADDOCK) parameters were
used throughout the docking procedure on the Web server (van Dijk et al.,
2012; van Zundert et al., 2016) with the following exceptions: auto_passive_
radius = 6.5, create_narestraints = True, rotate180_0 = False, crossdock = True,
and calcdesolv = True. Active residues for Rep(7-122) were defined as Arg-7,
Lys-68, Arg-94, Ala-95, Lys-96, and Ser-97, and active bp corresponding to
the Rep binding site (Fig. 3A) for the dsDNA ensemble pdb. One thousand
structures were generated for the first iteration (rigid docking), and 200 were
generated for each subsequent iteration (semiflexible docking and water re-
finement). The Ca/P root mean square deviation values of the complexes were
calculated using ProFit version 3.1 (SciTech Software).

A cluster analysis was performed on the final docking solutions using a
minimum cluster size of 4 and a root mean square deviation of 7.5 A. The
structures in the resulting clusters were scored using the FireDock scoring
program/method (Andrusier et al., 2007; Mashiach et al., 2008) and plotted in
a box plot to determine statistical outliers and median scores. The structures
that represented the median score for the highest populated cluster were then
visualized with PYMOL. The electrostatic surface of the protein was created by
using the Adaptive Poisson-Boltzmann Solver in PyMOL (Baker et al., 2001;
Dolinsky et al., 2004; Lerner and Carlson, 2006). The PDB2PQR Web server
(Dolinsky et al., 2004) was used with the CHARMM force field and output
naming schemes, which include parameters for phosphorylated Ser.

A model of CaLCuV Rep(5-116), its cognate dsDNA (Fig. 3A), MD simula-
tions, and HADDOCK docking of the protein and DNA were generated using
the same approaches described for TGMV Rep(7-122).

DNA Cleavage and Binding Assays

An IRDye-700-labeled single-stranded oligonucleotide (IDT) was used as
a substrate in DNA cleavage assays for TGMV Rep. The reaction included 50,
5, or 0.5 pmol of recombinant His-Rep(1-180) and 75 fmol of the probe in
a 20-pL reaction mixture containing 25 mm Tris-HCI, pH 7.5, 75 mm NaCl,
5 mm MgCl,, 2 mm EDTA, 2.5 mm DTT, and 12.5 ug uL™" poly(dI-dC). After
incubation for 30 min at 22°C, the reaction was stopped by the addition of 10
pL of a gel electrophoresis loading buffer containing 50 mm EDTA, pH 8, and
boiled for 2 min. DNA fragments were separated by electrophoresis on a 15%
denaturing polyacrylamide gel in 0.5x TBE buffer and visualized by scanning
the gel in a LI-COR Odyssey Imager.

For DNA-binding assays, double-stranded oligonucleotide probes were
generated by annealing two complementary single-stranded oligonucleotides,
one of which was 5" labeled with IRDye-700 (IDT; Nash et al., 2011). Binding
of 50 pmol of recombinant His,-tagged TGMV Rep(1-180), 5 pmol of ToMoV
Rep(1-179), or 100 pmol of TYLCV Rep(1-177) with 50 fmol of their respec-
tive probe was carried out in 20 pL of 20 mm Tris-HCI, pH 8, 40 mm KCl,
5 mm MgCl, 0.5 mm EDTA, 1 mm DTT, 0.5 pg uL™" sheared salmon sperm
DNA, 0.1 ug pL™' BSA, and 5% (v/v) glycerol. After incubation at 22°C for
30 min, the protein-DNA mixture was applied to a 0.7% agarose gel in 0.5x
TBE buffer for electrophoresis, and the gel was scanned in a LI-COR Odyssey
Imager to visualize fluorescent signals and quantify band intensity. In some
cases, 50 pmol of unlabeled double-stranded oligonucleotides was included in
the 20-uL binding reaction for competition with the fluorescent dsDNA probe.
To test directly the effect of SnRK1 phosphorylation of Rep on DNA binding,
100 pmol of TGMV Rep, 10 pmol of ToMoV Rep, or 200 pmol of TYLCV Rep
was incubated with 10 pmol of purified, activated SnRK1.1 kinase domain in a
25-pL phosphorylation reaction mixture containing cold ATP and 0.16 pg pL™*
BSA at 30°C for 30 min. Half of the phosphorylation reaction volume was used
in the 20-uL DNA-binding assay.

Viral DNA Replication in Tobacco Protoplasts

Protoplasts were prepared from tobacco NT1 cells and electroporated with
10 ug of pUC19-based plasmids containing TGMV DNA-A replicons (Fontes
et al., 1994). The transfected protoplasts were incubated at 25°C for 3 d. The
cells were then collected in a 2-mL screw-capped tube (Sarstedt) and ground
in a Retsch MM301 grinder for 2 min at a frequency of 30 rounds per second
prior to extraction, purification, and RNase A treatment of total DNA (Shen et
al., 2014). The DNA (20 pg) was digested with Xhol and Dpnl for DNA gel-blot
analysis using a y-*P-labeled 0.75-kb EcoRI-Xhol TGMV DNA-A fragment that
spans the 5 intergenic region as a probe. Hybridized DNA was visualized by
autoradiography.
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Virus Infection Assays in Nicotiana benthamiana and
Tomato Plants

N. benthamiana and tomato (Solanum lycopersicum) Florida Lanai plants
were grown at 25°C under a 16-h/8-h light/dark cycle. For TGMV infec-
tion, the apical tips of 4-week-old N. benthamiana plants (approximately eight
leaves) or 3-week-old tomato plants were bombarded with 1-um gold particles
coated with viral replicon DNA using a hand-held microsprayer (Venganza)
at pressures of 200 and 270 kPa, respectively (Cabrera-Ponce et al., 1997). Each
plant was inoculated with a mixture of pUC19-based plasmids (750 ng each)
containing partial tandem copies of TGMV DNA-A or DNA-B. Leaf curl and
chlorosis symptoms were scored separately over time using five-point scales.
For leaf curl, the scale was as follows: 1, no symptom; 2, leaf curl/wrinkles
starting to appear; 3, small areas of curl/wrinkles on two leaves or large area
on one leaf; 4, more than three leaves with curl/wrinkles; and 5, fully estab-
lished leaf curl/wrinkles showing stunted growth. For leaf chlorosis, the scale
was as follows: 1, no symptom; 2, small chlorotic spots on one leaf; 3, chlo-
rosis spread to two leaves or a large area on one leaf; 4, three or more leaves
showing chlorosis and some with yellow veins; and 5, fully established leaf
chlorosis in large areas and/or yellow veins.

For infection in N. benthamiana, the first expanded leaf (1-2 cm long) and
the shoot tip were collected and flash frozen in liquid nitrogen from plants at
4,10, or 17 dpi. The frozen tissues were ground in a Retsch MM301 grinder for
2 min at a frequency of 30 rounds per second, and total DNA was extracted,
purified, and treated with RNase A as published previously (Shen et al., 2014).
DNA (12 pg) was digested with Xhol and Dpnl and subjected to DNA gel-blot
analysis as described above. For infected tomato plants, a bottom leaflet of the
forth compound leaf counted from the top was collected for DNA extraction
at 28 dpi. Total DNA (50 ng) was amplified in a 50-uL reaction mixture with
Taq DNA polymerase (New England Biolabs) and a pair of specific primers for
TGMV DNA-A (Supplemental Table S1).

Phylogenetic Analysis

The amino acid sequence of a Rep protein from one isolate of each gemi-
nivirus species assembled by several recent publications (Muhire et al., 2013;
Varsani et al., 2014a, 2014b; Brown et al., 2015) was selected for alignment
by Clustal and used to construct a phylogenetic tree by the neighbor-joining
method with the software package MEGA7 (Kumar et al., 2016). A few of the
begomovirus Rep proteins were not included due to poor DNA sequence
quality or putative mutations that did not allow proper sequence alignment
(Supplemental Data Set S1).

Accession Numbers

The gene and viral DNA accession numbers that were used in this study
are as follows: AT3G01090 (SnRK1.1), AT3G45240 (GRIK1), NC_001507.1
(TGMV DNA A), NC_001508.1 (TGMV DNA B), NC_001938.1 (ToMoV DNA A),
EF110890.1 (TYLCV), and NC_003866.1 (CaLCuV DNA A).

Supplemental Data
The following supplemental materials are available.

Supplemental Figure S1. Mass spectrometry identification of phospho-
peptides from His -tagged TGMV Rep(1-131) treated with SnRK1.

Supplemental Figure S2. Affinity purification of GRIK-activated SnRK1
retains its kinase activity.

Supplemental Figure S3. Cartoon depictions of Rep-DNA contacts.

Supplemental Figure S4. AL4 knockout has a minimal impact on TGMV
replication and symptom development.

Supplemental Figure S5. Phylogenetic tree of geminivirus Rep proteins
highlighting putative SnRK1 phosphorylation sites.

Supplemental Table S1. List of oligonucleotides.
Supplemental Table S2. List of plasmids.

Supplemental Data Set S1. List of species and isolates used for the Rep
phylogenetic tree.
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