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The DNA genomes of geminiviruses have a limited coding capacity that is compensated for by the production
of small multifunctional proteins. The AL2 protein encoded by members of the genus Begomovirus (e.g., Tomato
golden mosaic virus) is a transcriptional activator, a silencing suppressor, and a suppressor of a basal defense.
The related L2 protein of Beet curly top virus (genus Curtovirus) shares the pathogenicity functions of AL2 but
lacks transcriptional activation activity. It is known that AL2 and L2 can suppress local silencing by interacting
with adenosine kinase (ADK) and can suppress basal defense by interacting with SNF1 kinase. However, how
the activities of these viral proteins are regulated remains an unanswered question. Here, we provide some
answers by demonstrating that AL2, but not L2, interacts with itself. The zinc finger-like motif (CCHC) is
required but is not sufficient for AL2 self-interaction. Alanine substitutions for the invariant cysteine residues
that comprise the motif abolish self-interaction or cause aberrant subnuclear localization but do not abolish
interaction with ADK and SNF1. Using bimolecular fluorescence complementation, we show that AL2:AL2
complexes accumulate primarily in the nucleus, whereas AL2:ADK and L2:ADK complexes accumulate mainly
in the cytoplasm. Further, the cysteine residue mutations impair the ability of AL2 to activate the coat protein
promoter but do not affect local silencing suppression. Thus, AL2 self-interaction correlates with nuclear
localization and efficient activation of transcription, whereas AL2 and L2 monomers can suppress local
silencing by interacting with ADK in the cytoplasm.

The geminiviruses are a diverse family of plant pathogens
that replicate their single-stranded DNA genomes in the host
cell nucleus through double-stranded DNA (dsDNA) replica-
tive forms that associate with histone proteins in minichromo-
somes. They have a limited coding capacity that varies from
four to seven genes, depending on the virus, and do not encode
polymerases. Instead, host machinery is recruited to express
viral mRNAs and amplify viral genomes. These properties
distinguish geminiviruses as paragons of genetic efficiency and
useful models for fundamental cellular processes such as DNA
replication, transcription, and epigenetic regulation of gene
activity (12).

Geminivirus replication requires only the AL1 gene product
(also known as AC1, C1, or Rep, for replication initiator pro-
tein) (8). AL1 binds sequences within the viral origin and
introduces a site- and strand-specific nick in the dsDNA rep-
licative form that generates a template primer for DNA syn-
thesis (11, 20). In viruses belonging to the genus Begomovirus,
the AL2 protein (also known as AC2, C2, or TrAP, for tran-
scriptional activator protein) acts as a transcription factor re-
quired for the expression of viral genes needed at late times in
infection (31, 32). Thus, the core functions of AL1 and AL2,
which are expressed early in infection, involve redirecting the

cellular replication and transcription machinery to initiate on
viral templates. However, more recent work has established
that these proteins also have secondary functions that allow
them to interface with multiple cellular pathways to create an
environment favorable to virus replication (3, 12, 35). These
host control activities, which include altering the cell cycle,
affecting cellular metabolism, and suppressing antiviral de-
fenses, can be mechanistically unrelated to the core activities
but are nevertheless critical to viral pathogenesis (19, 26, 36,
39). Thus, in order to understand how geminiviruses are able
to successfully counter multiple defense systems, commandeer
biosynthetic machinery, and reprogram host cells, it is neces-
sary to ask how functional modulation of viral proteins is
achieved. Answers to this question will no doubt provide a
greater appreciation of viral genetic economy and new insight
into mechanisms by which multifunctional proteins can be reg-
ulated.

The AL2 protein of Tomato golden mosaic virus (TGMV)
and related begomoviruses is a model multifunctional protein
that alters the activities of a number of cellular proteins or
protein complexes and is itself influenced by these interactions.
AL2 regulates the viral gene expression program by enabling
expression of the coat protein (CP) and nuclear shuttle protein
genes. AL2-mediated stimulation of these promoters is com-
plex and involves both activation and derepression mecha-
nisms (29, 30, 32). The 15-kDa AL2 resembles a typical tran-
scription factor in several respects: it has a nuclear localization
signal (NLS), a zinc finger-like domain composed of cysteine
and histidine residues, and an acidic activation domain (6, 15,
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27, 37). However, dsDNA-binding activity is weak and not
sequence specific, and AL2 likely is targeted to responsive
promoters by interactions with cellular proteins. The identities
of these proteins, and of those contacted by the activation
domain, are not yet known. As expected, AL2 accumulates in
the nucleus, although it also is present in the cytoplasm of
infected cells. Following expression in insect cells from a bac-
ulovirus vector, phosphorylated AL2 accumulates predomi-
nately in the nucleus, while nonphosphorylated forms are
found in both the nucleus and the cytoplasm, suggesting that
subcellular localization is influenced by as yet unidentified
cellular kinases (41).

In addition to its core role in viral transcription, AL2 also is
a pathogenicity factor that suppresses more than one host
defense pathway. Constitutive expression of truncated AL2
(lacking the activation domain) or the related L2 protein from
Beet curly top virus (BCTV; genus Curtovirus) in transgenic
Nicotiana benthamiana plants conditions a novel enhanced sus-
ceptibility phenotype characterized by a reduction in mean
latent period (time to first appearance of symptoms) and by a
decrease in the inoculum concentration required to elicit in-
fection without a significant increase in disease symptoms or
virus replication (33). Enhanced susceptibility correlates with
the ability of AL2 and L2 to interact with and inactivate SNF1
kinase, a global regulator of metabolism that responds to the
cellular energy charge (13). However, the exact nature of the
defense mediated by SNF1, which appears to influence the prop-
erty of viral infectivity rather than virulence, remains uncharac-
terized.

Begomovirus AL2 proteins and BCTV L2 protein also are
suppressors of RNA silencing, an antiviral defense first ob-
served in plants (2, 5, 23, 38). AL2 can reverse previously
established silencing when expressed from an RNA virus vec-
tor such as Potato virus X (PVX) and also can inhibit silencing
when expressed from plasmids delivered by particle bombard-
ment or by agroinfiltration of leaves (34, 36, 39, 40). The
available evidence suggests that AL2 suppresses silencing by
both transcription-dependent and transcription-independent
mechanisms (3). The transcription-dependent mechanism is
believed to involve the activation of host genes (e.g., WEL-1)
that may act as endogenous, negative regulators of RNA si-
lencing (34). Not surprisingly, this mechanism requires an in-
tact NLS and activation domain, as well as the zinc- and DNA-
binding activities (6, 34, 37). The second mechanism does not
require the activation domain and correlates with the ability of
AL2 (and BCTV L2) to interact with and inactivate adenosine
kinase (ADK), an enzyme primarily localized in the cytoplasm
(40, 41). The BCTV L2 protein, which, unlike AL2, is not
required for late viral gene expression, is probably restricted to
this mechanism (16, 28). Because ADK is required for efficient
production of the methyltransferase cofactor S-adenosylmethi-
onine, ADK deficiency reduces cellular transmethylation ac-
tivity (21). Methylation of DNA sequences complementary to
target RNA or target gene promoters is associated with post-
transcriptional gene silencing and transcriptional gene silenc-
ing, respectively. Thus, it is possible that AL2 acts in a tran-
scription-independent manner to interfere with RNA-directed
methylation of the viral genome. Methylation has been shown
to markedly reduce the replication of geminivirus DNA in

transfected protoplasts and to inhibit the activity of geminivi-
rus promoters when they are used in transgenes (4, 25).

While it is evident that AL2 interacts with a number of
cellular proteins (both known and unknown) to execute its
several roles in the geminivirus replication cycle, it is unclear
how the activities of this viral protein are regulated. Here, we
begin to address this issue by showing that AL2, but not L2, can
interact with itself to form dimers and higher-order multimers.
Complexes containing monomeric and multimeric forms of
AL2 are differentially localized and have different functional
capabilities. Self-interaction correlates with nuclear localiza-
tion of AL2 complexes and the ability to efficiently activate
transcription, whereas monomeric AL2 and L2 interact with
ADK mainly in the cytoplasm.

MATERIALS AND METHODS

Yeast two-hybrid analysis. The yeast two-hybrid system was used to identify
interactions between geminivirus AL2 and L2 proteins (7, 14). Positive interac-
tion between bait and prey was indicated by growth of Y190 cells on medium
lacking histidine and containing 50 mM 3-aminotriazole. Media also lacked
leucine and tryptophan to ensure maintenance of expression plasmids. Addi-
tional confirmation of interactions was obtained by assessing �-galactosidase
activity using a filter-lift assay. Bait and prey constructs containing AL2, AL2

1-114
,

AL21-83, AL21-83, �33-43, L2, SNF1, and ADK have been previously described (13,
41). AL2 substitution mutants C33A, C35A, H40A, and C43A were generated by
site-directed mutagenesis using the primers 5�-GACCTGAACGCTGGCTG
TTCC (C33A), 5�-GAACTGTGGCGCTTCCATATAC (C35A), 5�-CCATATA
CATTGCCATCGACTGC (H40A), and 5�-CACATCGACGCCAGAAACA
ATGG (C43A) (alanine codons are underlined).

Protein expression and gel blot assays. Construction of expression plasmids
and conditions for the expression, partial purification, and analysis of six-histi-
dine-tagged AL2 (His-AL2) and AL2 fused to glutathione S-transferase (GST-
AL2) from Escherichia coli have been described previously (15). Standard pro-
tein gel blots (Western blots) were performed using anti-His tag or anti-GST
antibody, as appropriate.

For protein-protein gel blot analysis (far Western blots), samples of partially
purified GST and GST-AL2 were fractionated pairwise on a 12% polyacrylamide
gel containing sodium dodecyl sulfate (SDS) and were separated after transfer to
a membrane to create three identical blots. One blot was probed with anti-GST
antibody to verify the presence of GST and GST-AL2. The other two blots were
incubated with soluble protein extracts from E. coli cells expressing either His-
AL2 or His-CAT (primary probes) at room temperature for 2 h. After being
blocked with PBST buffer (140 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8
mM KH2PO4, 0.1% Tween 20, 5% nonfat milk) (1), both membranes were
probed with anti-His tag antibody.

Glycerol gradient centrifugation. Sedimentation analysis was carried out es-
sentially as described by Gallo et al. (10). Partially purified His-AL2 protein (10
�g) was loaded on 5 to 20% or 10 to 30% glycerol gradients in buffer containing
150 mM NaCl and general protease inhibitor cocktail (Sigma), with or without 1
mM dithiothreitol (DTT). For each experiment, parallel gradients were loaded
with 200 �g each of lysozyme (14 kDa), ovalbumin (44 kDa), bovine serum
albumin (66 kDa), and �-galactosidase (120 kDa) as molecular mass standards.
Gradients were centrifuged in a Beckman SW41 rotor at 38,000 rpm for 51 h at
4°C. Twenty-nine fractions of 390 �l each were collected from the top of the
gradients using an Auto Densi-flow IIC fractionator (Buchler Instruments).
Sedimentation of molecular mass standards was monitored by measuring the
absorbance of each fraction at 280 nm. For gradients containing His-AL2, a 30-�l
aliquot of each fraction was analyzed by SDS-polyacrylamide gel electrophoresis
(PAGE) followed by immunoblotting with anti-His tag antibody.

BiFC analysis of interactions. The bimolecular fluorescence complementation
(BiFC) protocol used was based on the method of Hu et al. (17). The BiFC
expression vectors p2YN and p2YC were constructed for fusing codons 1 to 158
or 159 to 238, respectively, of the yellow fluorescent protein (YFP) to the 3� end
of a gene of interest. A mutant version of the enhanced YFP gene (pEYFP;
Clontech) in which codon 69 was modified from glutamine to methionine (YFP
Q69M) was used as the source of the YFP sequence.

Vectors p2YN and p2YC were constructed using standard PCR-based mu-
tagenesis and cloning procedures. The relevant features of these plasmids are
as follows: (i) plasmid backbones are from the binary Ti plasmid pBC301 (42);
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(ii) both plasmids have the enhanced Cauliflower mosaic virus (CaMV) 35S
promoter, the Tobacco etch virus 5� untranslated leader sequence, and the CaMV
3� terminator sequence (22) in the transfer DNA region; (iii) both have PacI and
SpeI restriction endonuclease sites for insertion of DNA immediately down-
stream of the Tobacco etch virus leader; and (iv) immediately upstream of the
YFP sequences in each vector is the coding sequence for a linker and hemag-
glutinin epitope of the following amino acid sequence: TSGGGGSGGGGSGY
PYDVPDYAGAAA (the hemagglutinin epitope is underlined).

The wild-type or mutant versions of the TGMV AL2 gene were amplified by
PCR with forward primer 5�-CCCTTAATTAAC.ATG.CGA.AAT.TCG.TCT.T
CC.TCA and reverse primer 5�-GGGACTAGT.TTT.AAA.TAA.GTT.CTC.CC
A.GAA. The L2 gene of BCTV was amplified with forward primer 5�-CCCTT
AATTAACATG.GAA.CCA.CGT.TCA.T and reverse primer 5�-GGGACTAG
T.TCC.AAG.TAT.ATC.TCT.AGT.CTC. The ADK2 gene from Arabidopsis
thaliana, in the plasmid pRSET-ADK (40), was PCR amplified with forward
primer 5�-CCCTTAATTAACATG.GCT.TCT.TCT.TCT.AAC.TAC and re-
verse primer 5�-GGGACTAGT.GTT.AAA.GTC.GGG.TTT.CTC.AGG. In all
primer sequences provided, periods separate codons of the amplified genes, and
the recognition sequences for the restriction endonucleases PacI or SpeI are
underlined. The resulting PCR products were digested with PacI and SpeI and
ligated into PacI-SpeI-digested p2YN and p2YC.

For BiFC experiments, plasmids were transformed into Agrobacterium tume-
faciens GV311, and cultures were used to infiltrate N. benthamiana leaves as
described previously (40). Cultures containing p2YN- and p2YC-based plasmids
were mixed 1:1 immediately prior to infiltration. Leaf tissue was analyzed by
microscopy approximately 36 h postinfiltration using a Leica DM IRB epifluo-
rescent microscope equipped with an Optronics digital camera (Magnafire model
S99802). Leaf tissue was photographed under either white light or UV light. To
record YFP fluorescence, a Chroma filter (I3) with a 450- to 490-nm excitation
wavelength and 515-nm emission wavelength was used.

Transcriptional studies. Analysis of transcription activation was carried out
with N. benthamiana suspension culture protoplasts isolated and transfected as
described previously (29). Constructs capable of generating a replicating TGMV
DNA A with the �-glucuronidase (GUS) reporter in place of the CP coding
region and a null mutation of the AL2 gene (TGMV-GUS/AL2�) (pTGA55)
and an expression plasmid containing the TGMV AL2 gene (35S-AL2) also have
been described previously (30–32).

Expression of AL2 proteins in insect cells. Wild-type and CCHC mutant AL2
proteins were expressed in insect cells from a baculovirus vector, and nuclear
fractions were purified as described previously (41). The presence of wild-type or
CCHC mutant AL2 proteins was detected by Western blotting using a primary
antibody directed against the full-length AL2 protein as described previously
(41).

Silencing suppression studies. Local silencing suppression assays based on A.
tumefaciens-mediated transient expression in N. benthamiana or N. benthamiana
line 16c containing a GFP transgene have been described previously (18, 24).
Expression plasmids containing GFP, GUS, p19, or AL2 and conditions for
agroinfiltration, photographic analysis, and GFP mRNA analysis also have been
previously described (40).

RESULTS

Conserved residues needed for AL2 self-interaction in yeast
cells are not required for interaction with SNF1 or ADK. AL2
protein has several distinct features, including a basic region
near the N terminus that contains an NLS, a central region that
contains a zinc finger-like motif (C-X1-C-X4-H-X2-C), and an
acidic C-terminal region that contains the minimal transcrip-
tion activation domain (6, 15, 27, 37) (Fig. 1). The central
region is required for DNA and zinc binding. This region
contains the invariant cysteines as well as the conserved histi-
dine residue that is present in most, but not all, begomovirus
AL2 proteins. In contrast, BCTV L2 protein lacks recognizable
basic and acidic regions but shares the central zinc finger-like
motif with AL2.

Following expression of TGMV AL2 in E. coli, we often
observe a minor fraction of recombinant TGMV AL2 that
migrates at a rate consistent with that of a dimer in SDS-
PAGE (data not shown). To confirm that AL2 is capable of

self-interaction and to identify sequences that might be re-
quired for this property, truncated forms of the protein as well
as mutant versions containing individual amino acid substitu-
tions were examined in the yeast two-hybrid system (7, 9).
Various bait proteins consisting of the GAL4 DNA-binding
domain fused to AL2 lacking the activation domain were co-
expressed with prey proteins consisting of similarly truncated
AL2 fused to the GAL4 activation domain (Fig. 1). The yeast
Y190 reporter strain contains lacZ and HIS3 genes under con-
trol of the GAL1 promoter, which contains GAL4-binding
sites. Interaction between bait and prey proteins, resulting in
reconstitution of the GAL4 transcriptional activator in the
yeast nucleus, is indicated by growth of Y190 cells on synthetic
medium lacking histidine and containing 50 mM 3-aminotria-
zole. Confirmation and approximate quantitation of interac-
tion strength can be obtained by assessing �-galactosidase ac-
tivity.

While AL2 does not interact with a standard panel of neg-
ative control proteins, including lamin, CDK2, p53, and chlor-
amphenicol acetyltransferase (CAT) (13, 41), self-interaction
was clearly evident between bait and prey proteins consisting
of either AL21-114 or AL21-83 (Table 1). Neither AL21-114 nor
AL21-83 interacted with TGMV AL1 (Rep) protein, which
served as a negative control in these experiments. However,
additional deletion of the zinc finger-like motif (�33-43) in
AL21-83 abolished self-interaction. Further analysis naturally
focused on the conserved cysteine and histidine residues con-
tained in this region. As summarized in Table 1, individual
substitution mutations to alanine, including C33A, C35A,
H40A, and C43A in the AL21-83 background, also abolished
apparent interaction in this system.

AL2 and L2 previously were shown to interact with the
cellular kinases SNF1 and ADK (13, 41). We therefore asked
if these interactions also are sensitive to the same substitutions
of cysteine and histidine residues. The data summarized in
Table 2 clearly show that they are not. In the AL21-83 back-
ground, the C33A, C35A, H40A, and C43A mutant bait pro-
teins all maintained their ability to interact with SNF1 and
ADK. Based on the �-galactosidase assay, interactions be-
tween the kinases and mutant AL2 proteins actually appeared

FIG. 1. Diagram of wild-type AL2 protein and deletion mutants.
Illustrated is the 129-amino-acid TGMV AL2 protein showing the
relative locations of the basic domain that contains an NLS, the C-
terminal acidic region that contains the minimal transcriptional acti-
vation domain (TAD), and the amino acid coordinates of invariant
cysteines and conserved histidine residues in the zinc finger-like motif.
Truncated AL2 proteins lacking the TAD (AL21-114 and AL21-83) or
lacking the TAD and the zinc finger-like motif (AL21-83, �33-43) were
employed in yeast two-hybrid experiments.
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somewhat stronger than that with the comparable nonsubsti-
tuted AL21-83. Neither SNF1 nor ADK interacted with p53 or
CAT, which were used as negative controls in these experi-
ments.

These studies allowed us to conclude that AL2 can interact
with itself and that residues essential for this interaction in
yeast cells lie between amino acids 1 and 83. In addition, the
conserved cysteine and histidine residues of the zinc finger-like
motif are necessary for AL2 self-interaction in this system but
are not required for interaction with SNF1 and ADK.

BCTV L2 does not self-interact in the yeast two-hybrid sys-
tem. AL2 pathogenicity functions are shared by the related
curtovirus L2 protein, and both proteins have similar zinc fin-
ger-like motifs (13, 33, 40). It was therefore logical to ask if
self-interaction is common to AL2 and L2. Before doing this,
however, it was necessary to investigate whether BCTV L2 can
independently activate transcription in yeast when expressed as
a GAL4 DNA-binding domain fusion (bait) independently of a
prey protein.

As shown previously, full-length AL2 with an intact activa-
tion domain is a strong transcriptional activator in yeast cells
(Table 1). In contrast, a full-length L2 bait protein did not
cause significant transcriptional activation, consistent with
the observation that it is not required for expression of late
viral genes (16, 28). However, the same L2 bait construct
was able to interact with ADK and SNF1 (Table 2). Also
unlike AL2, BCTV L2 protein did not exhibit self-interac-
tion when coexpressed as bait and prey (Table 1), suggesting
that the zinc finger-like motif alone is not sufficient for this
property and that additional contacts absent in L2 also are
involved.

Biochemical confirmation of AL2 self-interaction. For rea-
sons that are not clear, it proved difficult to reproducibly detect
TGMV AL2 self-interaction in standard pull-down experi-

ments. However, self-interaction was easily observed by pro-
tein-protein gel blot (far Western) analysis. These studies em-
ployed protein extracts from E. coli cells expressing full-length
AL2 (129 amino acids) as a GST-tagged (GST-AL2) or a
His-tagged (His-AL2) fusion protein. Extracts from cells ex-
pressing GST- or His-tagged CAT (His-CAT) were included as
negative controls.

As shown in Fig. 2A, standard protein gel blot analysis
(Western blotting) using an anti-His tag antibody probe re-
vealed the presence of His-AL2 and His-CAT in total protein
extracts from E. coli cells transformed with plasmids designed
to express these fusion proteins. Similar gel blot analysis using
an anti-GST probe indicated the presence of GST and GST-
AL2 in samples purified from extracts of E. coli transformed
with the cognate expression plasmids (Fig. 2B). When identical
protein blots of GST and GST-AL2 were first incubated with
extracts containing His-AL2 (primary probe) followed by an
anti-His tag antibody (secondary probe), no signal was ob-
served in the GST sample, but a signal corresponding to His-
AL2 was clearly visible at the position of the substantially
larger GST-AL2 fusion protein, indicating GST-AL2–His-AL2
interaction (Fig. 2C, far Western blot). However, when His-
CAT-containing extract was used as the primary probe with the
same anti-His tag antibody as the secondary probe, no signal
was observed in either the GST or GST-AL2 sample (Fig. 2D).
This analysis provided verification of AL2 self-interaction by a
separate methodology and demonstrated that interaction is
independent of the GST tag, His tag, GAL4 DNA-binding
domain, or GAL4 activation domain moieties that were fused
to AL2 in these or the yeast two-hybrid experiments.

AL2 forms dimers and higher-order multimers in solution.
Glycerol density gradient centrifugation was chosen as an ad-
ditional method of biochemical analysis, because it permits the
multimerization state of a protein to be examined in solution.
These studies used full-length His-AL2 proteins expressed in
E. coli and purified from extracts by nickel nitrilotriacetic acid-

TABLE 1. Conserved cysteine and histidine residues are required
for AL2 self-interaction in the yeast two-hybrid systema

Bait Prey Interactionb Activationd

AL21-114 AL1 (Rep) �
AL21-83 AL1 (Rep) �
AL21-114 AL21-114 ��
AL21-83 AL21-83 ��
AL21-83, �33-43 AL21-83 �
L2 L2 �
AL2 C33Ac AL21-83 �
AL2 C35A AL21-83 �
AL2 H40A AL21-83 �
AL2 C43A AL21-83 �
AL21-129 Vector ��
L2 Vector �

a The indicated bait proteins were expressed as GAL4 DNA-binding domain
fusions, and prey proteins were expressed as GAL4 activation domain fusions in
yeast Y190 cells. TGMV AL2 constructs used for interaction testing lacked the
activation domain located within the C-terminal residues 115 to 129.

b Interaction was indicated by the ability of cells to grow on medium lacking
His and containing 50 mM 3-aminotriazole. As an additional indicator of inter-
action, colonies were monitored for LacZ activity (blue color) using a filter-lift
assay. Interaction symbols are as follows: �, no interaction, no evidence of blue
color after overnight incubation; �, interaction, blue color developed within 2 to
6 h; ��, strong interaction, blue color developed within minutes to 2 h.

c AL2 substitution mutants were expressed in an AL21-83 background.
d Ability of full-length AL2 and L2 bait proteins to activate transcription in the

absence of prey protein was assessed as described in footnote b for interactions.

TABLE 2. Cysteine and histidine mutant AL2 proteins interact
with SNF1 and ADKa

Bait Prey Interaction

CAT SNF1 �
p53 SNF1 �
AL21-114 SNF1 ��
AL21-83 SNF1 �
AL2 C33Ab SNF1 ��
AL2 C35A SNF1 ��
AL2 H40A SNF1 ��
AL2 C43A SNF1 ��
L2 SNF1 ��
CAT ADK �
p53 ADK �
AL21-114 ADK ��
AL21-83 ADK �
AL2 C33Ab ADK ��
AL2 C35A ADK ��
AL2 H40A ADK ��
AL2 C43A ADK ��
L2 ADK ��

a Yeast two-hybrid experimental design and symbols are the same as those
described in the footnotes to Table 1.

b AL2 substitution mutants were expressed in an AL21-83 background.
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agarose affinity chromatography. The identity of the protein
was confirmed by separate protein gel blot analyses using anti-
His tag and anti-AL2 antiserum (data not shown). Following
centrifugation through 5 to 20% or 10 to 30% glycerol gradi-
ents, aliquots of gradient fractions were subjected to SDS-
PAGE, blotted, and probed with anti-His tag antibody to de-
termine the position of His-AL2 in the gradients. Molecular
mass standards were analyzed in parallel gradients, and the
optical density (at 280 nm) of gradient fractions was deter-
mined to monitor the sedimentation of the marker proteins
lysozyme (14 kDa), ovalbumin (44 kDa), bovine serum albu-
min (66 kDa), and �-galactosidase (120 kDa).

Surprisingly, centrifugation through 5 to 20% gradients con-
taining 150 mM NaCl revealed that most AL2 sedimented at a
rate consistent with that of a tetramer (ca. 64 kDa), although
a considerable amount of larger material also was present.
Essentially no monomeric AL2 (ca. 16 kDa) was evident, and
only a relatively small amount of it appeared to be in dimeric
form (ca. 32 kDa) (Fig. 3A). Subsequent analysis on 10 to 30%
gradients permitted resolution of the larger material into
forms consistent with tetramers (most abundant) and hexa-
mers (ca. 96 kDa). Again, only relatively small amounts of
dimeric AL2 were evident (Fig. 3B). However, when reducing
conditions were maintained by the inclusion of DTT in the

gradients (1 mM DTT), dimeric AL2 became the most abun-
dant form, although apparent tetramers and hexamers still
remained (Fig. 3C and D). In contrast, when mutant AL2
protein containing an alanine substitution for cysteine 33 (His-
AL2 C33A) was subjected to glycerol gradient centrifugation
under the same reducing conditions, the protein was mostly
monomeric, confirming the importance of this invariant cys-
teine for self-interaction (Fig. 3E). Monomeric AL2 C33A
protein also was the most abundant form in the absence of
DTT, although in this case a substantial amount of larger
material also was present, suggesting that reducing conditions
must be maintained in order to prevent the stabilization of
aggregates by oxidation (Fig. 3F).

Inclusion of 1,10-phenanthrolene (10 mM) or EDTA (10
mM), both capable of chelating zinc, had little or no effect on
the sedimentation profile of wild-type AL2 under reducing
conditions in 5 to 20% glycerol gradients (data not shown).
However, because it can be difficult to remove zinc from pro-
teins, these results do not provide definitive information about
the role of zinc ions in self-interaction.

We concluded that AL2 protein has a strong tendency to
form dimers in solutions of moderate salt in the presence of 1
mM DTT, and its stability in these reducing conditions indi-
cates that dimerization does not depend on disulfide bridges.
However, the dimers have a propensity to aggregate into higher-
order multimers, particularly if reducing conditions are not
maintained. The biological significance of the larger, appar-
ently tetrameric and hexameric complexes is unclear, as their
existence could be due to spurious aggregation stabilized by
oxidation. The formation of similar aggregates by the non-self-
interacting C33A mutant protein under nonreducing condi-
tions supports this interpretation.

Analysis of self-interaction and ADK interaction in planta.
BiFC was employed as a means of verifying AL2 self-interac-
tion in vivo (17). With this method, potentially interacting
proteins are fused to the N- or C-terminal portions of YFP and
are introduced into living cells. Association of interacting part-
ners reconstitutes YFP, resulting in fluorescence, which indi-
cates interaction and reveals where the interacting proteins
accumulate in the cell. We adopted a transient system in which
N. benthamiana leaves are coinfiltrated with A. tumefaciens
cultures containing disarmed Ti plasmids designed to express
the fusion proteins to be tested. Cells were viewed by fluores-
cence microscopy 36 h postinfiltration. The test proteins con-
sisted of the N-terminal fragment of the YFP open reading
frame (YN, encoding amino acids 1 to 158) or the C-terminal
YFP fragment (YC, encoding amino acids 159 to 238) fused to
either wild-type TGMV AL2, AL2 proteins containing alanine
substitutions for the invariant cysteine and conserved histidine
residues (CCHC mutants), BCTV L2, or Arabidopsis ADK. All
viral proteins used in these studies were full length. Both N-
and C-terminal fusion proteins were constructed, and these
were tested in all pairwise combinations. Interactions were
observed regardless of whether the YN and YC fusions were
N- or C-terminal or, in the case of ADK interactions, which
partner was fused to YN or YC (data not shown). Thus, all
YN and YC fusion proteins were expressed and were stable,
although some combinations produced stronger signals than
others.

Following agroinfiltration, strong self-interaction of TGMV

FIG. 2. Protein-protein blot analysis of AL2 self-interaction.
(A) Immunoblot of total protein extracts from E. coli cells expressing
either His-AL2 or His-CAT, probed with anti-His tag antibody, is
shown. For experiments depicted in the remaining panels, three iden-
tical blots of partially purified GST and GST-AL2 were used: a blot
probed with anti-GST antibody (B); a blot incubated with His-AL2-
containing extract (primary probe) followed by being immunoblotted
with anti-His tag antibody (secondary probe) (C); and a blot incubated
with His-CAT-containing extract (primary probe, negative control)
followed by being immunoblotted with anti-His tag antibody (second-
ary probe) (D). The positions of molecular mass standards are shown
to the left of panel A. The positions of GST (�26 kDa) and GST-AL2
(�41 kDa) are indicated to the left of panels B and C. His-AL2 (�16
kDa) consistently migrates at a slightly lower-than-expected rate in
polyacrylamide gels. Additional faint bands observed in the GST-AL2
sample (B) are breakdown products.

11976 YANG ET AL. J. VIROL.



AL2 was observed with most of the AL2:AL2 complexes ac-
cumulating in the nuclei of N. benthamiana epidermal cells
(Fig. 4). Nuclear localization was confirmed by 4�,6�-di-
amidino-2-phenylindole (DAPI) staining. In contrast, no sig-
nificant self-interaction of BCTV L2, or of the AL2 C33A or
AL2 C43A mutant proteins, was evident. Surprisingly, how-
ever, both the C35A and H40A mutant proteins were observed
to self-interact and accumulate in the nucleus, despite the fact
that these mutations abolished self-interaction in the yeast
two-hybrid system (Fig. 4). This discrepancy is not due to the
use of truncated proteins (amino acids 1 to 83) in yeast and
full-length proteins here, because an abbreviated mutant pro-

tein (AL2 H40A1-83) was capable of self-interaction in N.
benthamiana cells (Fig. 4). It is possible that AL2:AL2 inter-
action is stabilized by posttranslational modification or by cel-
lular proteins in the plant cell environment. However, while
wild-type AL2 and AL2 H40A accumulated in a more or less
uniform manner in the nucleoplasm, AL2 C35A displayed a
unique, punctate localization pattern (Fig. 4). Of 35 nuclei
examined, punctate nuclear localization of AL2 C35A com-
plexes was observed in all 35, whereas this pattern was not seen
with AL2 complexes in over 50 nuclei examined.

The wild-type AL2 and L2 proteins and all of the AL2
CCHC mutant proteins were capable of interacting with ADK

FIG. 3. Glycerol gradient analysis of AL2 complexes. His-AL2 protein was sedimented on 5 to 20% or 10 to 30% glycerol gradients in 150 mM
NaCl in the presence or absence of 1 mM DTT, as indicated. Gradient fractions were subjected to immunoblot analysis using an anti-His tag
antibody as shown below each graph, which illustrates the relative amount of AL2 in each fraction. Molecular mass standards included lysozyme
(14 kDa), ovalbumin (44 kDa), bovine serum albumin (66 kDa), and �-galactosidase (120 kDa), which were sedimented in parallel gradients and
monitored by absorbance at 280 nm. The positions of peak fractions corresponding to each marker protein are indicated in the graphs. (A to D)
Sedimentation of wild-type AL2; (E and F) sedimentation of AL2 C33A.

VOL. 81, 2007 SELF-INTERACTION OF THE GEMINIVIRUS AL2 PROTEIN 11977



in N. benthamiana cells (Fig. 4). Consistent with the predom-
inantly cytoplasmic nature of ADK, AL2:ADK complexes
mostly accumulated in the cytoplasm, although some nuclear
accumulation also was observed, suggesting that AL2 and the
AL2 CCHC mutant proteins are capable of relocalizing a frac-
tion of ADK to the nucleus. In contrast, nuclear accumulation
of L2:ADK complexes was rarely if ever seen. These observa-
tions suggest that the AL2 NLS is not masked by ADK inter-
action and that AL2 self-interaction is not required for nuclear
entry.

The results of BiFC studies allow us to conclude that AL2
self-interaction occurs in vivo and that AL2:AL2 complexes
preferentially accumulate in the nucleus. They also are consis-
tent with our previous reports of AL2:ADK and L2:ADK in-
teraction and the observation that a significant fraction of AL2
accumulates in the cytoplasm of TGMV-infected cells, in this
case as a consequence of interaction with ADK.

Mutations that disrupt AL2 self-interaction in vivo impair
transcription activation activity. To examine the functional
consequences of self-interaction, we investigated the ability of

wild-type AL2 and AL2 CCHC mutant proteins to activate
transcription from the TGMV CP promoter. N. benthamiana
protoplasts were transfected with a construct containing a
TGMV DNA A dimer that generates a replicating monomeric
A genome component in plant cells. The DNA A released
contains a null mutation of the AL2 gene and the GUS re-
porter in place of the CP coding region (TGMV A-GUS/
AL2�) (pTGA55). Cotransfections included a second plasmid
that expresses wild-type AL2 or a mutant AL2 protein (AL2
C33A, C35A, H40A, or C43A) from the CaMV 35S promoter.
Extracts were prepared 3 days posttransfection, and fluorometric
GUS assays were performed as previously described (29, 31).

Stimulation of the CP promoter by AL2 protein typically
ranges from 5- to 10-fold relative to basal expression levels.
The activity of the AL2 mutant proteins relative to that of
wild-type AL2 is illustrated in Fig. 5. Mutation of residues
required for self-interaction or correct subnuclear localization
in planta (C33A, C35A, and C43A) resulted in a significant
reduction of CP promoter activation (33% or less of the level
of wild-type activity). Surprisingly, the H40A substitution mu-

FIG. 4. BiFC analysis of AL2:AL2, AL2:ADK, and L2:ADK complexes in N. benthamiana epidermal cells. Constructs expressing wild-type and
mutant AL2, L2, or ADK fused to the N- or C-terminal portion of YFP (YN or YC) were delivered by agroinfiltration to N. benthamiana leaves.
In the experiments shown, YFP was fused to the C terminus of the test proteins, and ADK fusion proteins included the C-terminal portion of YFP.
Cells were photographed 36 h postinfiltration under UV light. The exposure time was 4 s, except for those of AL2 H40A:ADK, AL2 H40A1-83:
ADK, AL2 H40A1-83:AL2 H40A1-83, and L2:ADK (2 s) as well as L2:L2 (8 s). Protein combinations are indicated above each photograph. The
UV photographs in the bottom row show higher-magnification views (�10 instead of �5 objective) of nuclear AL2:AL2 complexes, DAPI-stained
nuclei, and AL2 C35A:AL2 C35A complexes exhibiting aberrant subnuclear localization.
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tant, which displayed wild-type self-interaction and nuclear
localization in vivo, consistently exhibited increased activity
(ca. 2.5-fold) relative to that of wild-type AL2. Similar results
were obtained in an experiment in which protoplasts were
cotransfected with the AL2 expression plasmids and a nonrep-
licating plasmid containing the CP promoter (�657 to �1)
fused to the GUS reporter (data not shown).

Because transcription activation activity depends on nuclear
localization, the ability of AL2 CCHC mutant proteins to enter
the nucleus, under conditions in which detection does not
demand self-interaction, was tested. This was done by express-
ing each of them in insect cells from a baculovirus vector,
followed by cell fractionation and protein gel blot analysis.
Consistent with previous results, wild-type AL2 was observed
in both the nuclear and cytoplasmic fractions, with phosphor-
ylated forms accumulating preferentially in the nucleus (41).
As shown in Fig. 6, none of the mutations prevented AL2 from
entering the nucleus, confirming that self-interaction is not a
prerequisite for nuclear entry. Thus, we concluded that the
invariant cysteine residues, but not the less conserved histidine
residue, are necessary for maximal transcription activation ac-
tivity.

The AL2 C33A substitution does not abolish local silencing
suppression activity. In previous work, we demonstrated that
AL2, L2, and AL21-100 can suppress local silencing in transient
infiltration assays and that suppression strongly correlated with
the ability of these proteins to interact with ADK and to inhibit
its activity (40). Because we showed that AL2 C33A interacts
with ADK but is compromised with respect to its ability to
interact with itself in vivo and in vitro, we chose this mutant
protein to test whether self-interaction was necessary for sup-
pression of local silencing.

Suppression activities of wild-type AL2 and AL2 C33A
were compared in a two-component system that utilizes N.
benthamiana line 16c, which expresses a GFP transgene (24).
Leaves were infiltrated with A. tumefaciens cultures containing
Ti plasmids capable of expressing GFP (the silencing trigger)

and a test or control. A construct expressing p19 protein, an
efficient silencing suppressor from the RNA-containing Cym-
bidium ringspot virus, was used as a positive control, and a
construct expressing GUS was used as a negative control. En-
hanced GFP expression due to silencing suppression in infil-
tration zones was visualized under UV light as yellow-green
fluorescence against a light-red background caused by a com-
bination of red chlorophyll autofluorescence and normal GFP
expression from the 16c transgene. Suppression activity also
was examined in a three-component system in which wild-type
N. benthamiana plants were coinfiltrated with constructs ex-
pressing GFP, double-stranded GFP RNA (the silencing trig-
ger), and AL2 or AL2 C33A.

Results from representative experiments are presented in
Fig. 7. Wild-type AL2 displayed characteristically weak silenc-
ing suppression activity compared to that of the p19-positive
control, as indicated by a light yellow-green fluorescence that
nevertheless was greater than that of the GUS-negative con-
trol, and by greater accumulation of GFP mRNA relative to
that of the GUS control. By both of these measures, the activity
of AL2 C33A appeared comparable to that of wild-type AL2
protein, indicating that self-interaction is not required for local
silencing suppression.

DISCUSSION

The studies presented here represent initial steps toward
understanding the regulation of the multifunctional geminivi-
rus AL2 protein. We demonstrate for the first time that bego-
movirus AL2 protein, but not its curtovirus counterpart L2
from BCTV, is capable of self-interaction and that AL2 com-
plexes accumulate primarily in the nucleus. Mutations in the
zinc finger-like CCHC motif that disrupt self-interaction in
plant cells (C33A and C43A) or cause aberrant subnuclear
localization of AL2 complexes (C35A) impair transcriptional
activation activity. Thus, efficient transcription activation cor-
relates with formation and correct subnuclear localization of
AL2:AL2 complexes. The exception is residue H40, which is
not required for self-interaction or wild-type nuclear localiza-
tion in N. benthamiana cells and exhibits greater transcrip-
tional activation than wild-type AL2. Why the H40A substitu-
tion confers greater activity is not clear, but this mutant protein
stands in sharp contrast to the cysteine substitution mutants
and underscores the correlation between self-association and
efficient transactivation of the CP promoter. On the other

FIG. 5. Activation of the CP promoter by wild-type and mutant
AL2 proteins. The ability of wild-type and mutant AL2 proteins to
activate the CP promoter was tested by cotransfecting N. benthamiana
protoplasts with plasmids expressing the proteins from the 35S pro-
moter (or empty vector, pUC, as a negative control) and TGMV-GUS/
AL2�. In plant cells, TGMV-GUS/AL2� generates a monomeric, rep-
licating TGMV DNA A containing a GUS replacement of the CP
coding region and a null mutation in the AL2 gene. Wild-type AL2-
mediated activation was assigned a value of 100%. Values shown are
the averages from three experiments. Error bars represent standard
errors of the means.

FIG. 6. CCHC mutant AL2 proteins localize to the nuclei of insect
cells. Fractionated protein extracts from Sf9 cells infected with recom-
binant baculoviruses expressing either native TGMV AL2, CCHC
mutant AL2, AL21-100, or CAT (a negative control protein) are shown.
Nuclear fractions were prepared 48 h postinoculation, and equivalent
amounts (representing 5 � 105 cells) were electrophoresed on 4 to
20% polyacrylamide–SDS gels and subjected to Western blot analysis
using an AL2-specific antibody. The positions of nonphosphorylated
and phosphorylated (asterisk) AL2 are indicated to the right. WT, wild
type.
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hand, AL2, the AL2 CCHC mutants, and L2 all efficiently
interact with ADK in the cytoplasm. The viral proteins also
suppress local silencing in a manner that correlates with ADK
interaction, as demonstrated previously for AL2 and L2 and
here for AL2 C33A (40). Thus, monomeric AL2 and L2 par-
ticipate in the formation of cytoplasmic AL2:ADK and L2:
ADK complexes, which are correlated with transcription-inde-
pendent, local silencing suppression. Taken together, the
findings reported here are consistent with AL2 and L2 sharing
pathogenicity functions, including the ability to suppress silenc-
ing through ADK inactivation, while only AL2 is a transcrip-
tional activator.

It is curious that all of the AL2 CCHC mutants were unable
to self-interact in yeast, yet two of them (AL2 C35A and AL2
H40A) were found to self-interact in plant cells by BiFC anal-
ysis. While we cannot explain this difference, we speculate that
AL2:AL2 interaction could be stabilized by posttranslational
modification (e.g., phosphorylation) that might occur correctly
in plant but not yeast cells or that the complexes are stabilized
by plant cellular proteins. In any case, it appears that contacts
lying outside of the zinc finger-like domain contribute to self-
interaction, since L2 is unable to self-interact in yeast or in
planta despite the presence of an intact CCHC motif.

Evidence from BiFC experiments indicated that in all cases
in which self-interaction was detected, AL2 complexes accu-
mulated in the nucleus. However, self-interaction is not a re-

quirement for nuclear import, since all of the AL2 CCHC
mutant proteins were detected in the nucleus following expres-
sion in insect cells. This is further supported by the accumu-
lation of a portion of AL2:ADK and CCHC mutant AL2:ADK
complexes in the nucleus. However, the C35 residue may play
a role in subnuclear localization, as AL2 C35A complexes
exhibited a punctate distribution not seen with wild-type AL2.
Aberrant subnuclear localization may explain why this mutant
protein dimerizes but does not show wild-type levels of tran-
scription activation. At this time, we cannot say whether C33
and C43 also are required for correct subnuclear accumula-
tion, because the method we used to analyze localization
(BiFC) requires self-interaction. It should be noted that our
results are consistent with those of a previous analysis of sim-
ilar cysteine mutant AL2 (C2) proteins from Tomato yellow leaf
curl virus China (TYLCV-C). Analysis of GFP fusion proteins
showed that the invariant cysteine residues were not required
for nuclear localization, but the mutant proteins displayed ab-
errant subnuclear localization (35).

BiFC analysis showed that AL2:ADK and L2:ADK com-
plexes accumulate predominantly in the cytoplasm, providing a
rationale for the presence of AL2 in both the nucleus and the
cytoplasm of TGMV-infected cells (41). As noted above, de-
tection of signal attributable to AL2:ADK and CCHC mutant
AL2:ADK complexes in the nucleus indicates that the ADK
interaction, and the CCHC mutations, do not obscure or in-
activate the AL2 NLS. The biological significance of ADK
relocalization, if any, is unclear. Because both AL2 and L2 can
inactivate ADK in vitro and in vivo and L2:ADK complexes
appear entirely cytoplasmic, it seems unlikely that relocaliza-
tion is a major mechanism of ADK inactivation.

One of the most prominent features of AL2 is the zinc
finger-like CCHC motif that it shares with the related L2
protein (15). It has been demonstrated for the TYLCV-C AL2
homologue that the invariant cysteine residues of this motif are
involved in binding zinc, single-stranded DNA, and dsDNA
(37). The role of the conserved histidine residue in these ac-
tivities was not investigated, as it is not present in the
TYLCV-C protein. Here, we show that all of the residues
comprising the CCHC motif in the TGMV AL2 protein are
essential for self-interaction in yeast cells, while two of them
(C33 and C43) also are essential for self-interaction in plant
cells. Taken together, these observations identify the zinc fin-
ger-like motif as an interaction platform that alone or together
with other domains mediates interactions with molecular part-
ners, linking and facilitating regulation of the several biochem-
ical and functional activities of AL2. More specifically, we
speculate that the zinc finger-like domain acts as a rheostat to
modulate the relative propensity of AL2 to interact with itself,
with cellular proteins, and with DNA, favoring different inter-
actions under different conditions. This in turn could influence
the localization and/or alter the functionality of the viral pro-
tein. The molecular details of such a mechanism are not yet
clear. Further analysis of the role of the CCHC motif in the
AL2:SNF1 interaction should provide some insight into this
question, and these studies are in progress.
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