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The triple gene block (TGB) 3 protein is essential for the cell-to-cell movement of Barley stripe mosaic virus
(BSMV). Previous studies have shown that TGB3, together with TGB2, facilitates the movement of TGB1 to
the plasma membrane. However, the interactions among the three proteins (i.e., TGB3, TGB1, and TGB2)
have not been thoroughly understood. The interactions of BSMV China strain (BSMV-CH) TGB3 with itself
and with other two TGB proteins were investigated using a Gal4-based yeast two-hybrid system and pull-
down assays. The results show that neither TGB1 nor TGB2 interacts with TGB3. However, self-interac-
tion was detected for TGB3. The C-terminal 37 amino acids (amino acids 87–123) containing a conserved
C-terminal motif were found required for the self-interaction of TGB3. The roles of the novel property of
BSMV-CH TGB3 in virus cell-to-cell movement were discussed.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Virus-coded movement proteins (MPs) are vital for the move-
ment of plant viruses within and between cells. For some viruses,
one MP is sufficient [1]. However, numerous other viruses possess
two or three MPs for local or long distance transport [2,3]. Tripar-
tite hordeiviruses contain three overlapping open reading frames
known as triple-gene blocks (TGB) [4,5].

Barley stripe mosaic virus (BSMV), the typical member of the
hordeiviruses, is a positive-sense, single-stranded (ss) RNA virus
composed of three genome components designated as a, b, and
c. The a- and c-RNAs are necessary for virus replication, whereas
RNAb is responsible for cell-to-cell movement [6,7]. One replicase
protein, aa, which contains methyltransferase and helicase do-
mains, is encoded by RNAa [8,9]. Another replicase protein, ca, is
encoded by RNAc and characterized by a polymerase (G-D-D)
motif. A cysteine-rich protein encoded by RNAc is expressed from
a subgenomic (sg) RNA [5], designated as cb, which influences vir-
ulence, but is not required for replication or cell-to-cell movement
[10–12]. The coat protein, ba, expressed directly from RNAb, is
dispensable for cell-to-cell movement and systemic movement
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[5,13,14]. On the other hand, the TGB proteins (TGBps) required
for cell-to-cell movement are expressed via two sgRNAs of RNAb.
SgRNAb1 directs the synthesis of TGB1 protein, bb, characterized
by a helicase motif, ATPase activity, and ssRNA, dsRNA, and nucle-
otides binding in vitro [15]. The TGB2 protein (bd), the TGB20 minor
translational read-through protein (bd0), and the TGB3 protein (bc)
are expressed from sgRNAb2 [7,16]. Sequence analysis suggest that
both TGB2 and TGB3 proteins are membrane-associated because
they contain two hydrophobic membrane-spanning domains
separated by a hydrophilic region [5].

The cell-to-cell movement of hordei-like viruses requires highly
specific interactions among the cognate TGBps [17]. The mutations
in the TGB2 and TGB3 of Beet necrotic yellow vein virus affect the
level of TGB1 accumulation, indicating the existence of a highly
coordinated control for the interactions among the elements of
the movement machineries [12,18]. Previous results suggest that
the cell-to-cell movement of Potato mop-top virus (PMTV) is regu-
lated by TGB2 and TGB3 in relative amounts expressed in the cell
[19–21]. Furthermore, the TGB2 and TGB3 of BSMV have been sug-
gested to be required for the transport of TGB1 to and through the
plasmodesmata [22]. However, the interactions between TGBps
are still not thoroughly understood. In the present study, the
interactions of BSMV China strain (CH) TGB3 with itself and with
other two TGBps were investigated using a Gal4-based yeast
two-hybrid system. The findings show that BSMV-CH TGB3 only
interacts with itself and maps the self-interaction domain to
87–123 residues containing the conserved motif with a typical
pentapeptide Y-Q-D-L-N.
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2. Materials and methods

2.1. Plasmid constructs

TGB1, TGB2, and TGB3 were amplified using polymerase chain
reaction (PCR) from a full-length cDNA of BSMV-CH RNAb (Gen-
Bank Accession No. AY789694) with the primer pairs TGB1-F and
TGB1-R for TGB1, TGB2-F and TGB2-R for TGB2, and TGB3-F and
TGB3-R for TGB3, respectively (Table 1). The PCR products were li-
gated into the corresponding sites of pGADT7 and pGBKT7 vectors
digested by the restriction enzymes according to the added primer
pairs.

Deletion mutants of TGB3 were generated using PCR with the
respective primer pairs TGB3DN40-F and TGB3-R for TGB3DN40,
TGB3DN86-F and TGB3-R for TGB3DN86, TGB3DN123-F and
TGB3-R for TGB3DN123, TGB3-F and TGB3DC32-R for TGB3DC32,
and TGB3-F and TGB3DC69-R for TGB3DC69 (Table 1). To obtain
the internal deletion mutant TGB3D87-123, primers TGB3-F and
TGB3D87-123-R were used to amplify the upstream fragment of
the deleted region (Table 1). Primers TGB3D87-123-F and
TGB3-R were used to amplify the downstream fragment. Both
PCR products were combined and amplified with primers TGB3-F
and TGB3-R to render a read-through fragment bearing the
deletion of residues 87–123 in TGB3. All PCR products of the
TGB3 deletion mutants were digested with EcoRI/BamHI, ligated
with similarly digested pGADT7, and designated as pGADT7-
TGB3DN40, pGADT7-TGB3DN86, pGADT7-TGB3DN123, pGADT7-
TGB3DC32, pGADT7-TGB3DC69, and pGADT7-TGB3D87-123,
respectively.

A T7 promoter was introduced at the 50 terminal sequence of
TGB3 using PCR from the full-length cDNA of BSMV RNAb with
primers TGBT7 (50-GAGAATTCTAATACGACTCACTATAATGGCAATG
CCTCATCCC-30; the EcoR I site is in boldface type, the T7 promoter
is underlined, and the 50 terminal sequence of TGB3 is in italics)
and TGB3-R. The PCR products were ligated into the corresponding
sites of the pMD18-T vector digested by the restriction enzymes
according to the added primer pairs to construct pUC-TGB3. Simi-
larly, His-Tag codons and a stop codon were introduced at the C-
terminal TGB3 using PCR with the primers TGB3-F and TGB3-His
(50-GATATAGGATCCTCAGTGGTGGTGGTGGTGGTGGTGGTGCTTTTTTGA
AGAAAGCAAGAG-30; the BamH I site is in boldface type, the
sequence complementary to the stop codon is underlined, and
the sequence complementary to the His-Tag codons and to the 30

terminal sequence of TGB3 is in italics). The PCR products were li-
gated into the corresponding sites of pET21b (Novagen) digested
Table 1
Primers used for the amplification of TGB proteins and the construction of the TGB3
mutants.

Primer Sequencea

TGB1-F 50GGAATTCCATATGGACATGACGAAGACTGTTG30

TGB1-R 50CGGGATCCTTATTGGCCTTGAACCAACTG30

TGB2-F 50GGAATTCATGAAGACCACAGTTGGTTCA30

TGB2-R 50TGGGATCCCTAGCCAATATCGCATAGTAATG30

TGB3-F 50GAGAATTCATGGCAATGCCTCATCCC30

TGB3-R 50CAGGATCCTCACTTTTTTGAAGAAAGCAAGAG30

TGB3DN40-F 50TAGAATTCGCGGAGAGGACTGTCAGG30

TGB3DN86-F 50GCGAATTCTACTTCTATCAAGATCTAAACT30

TGB3DN123-F 50GCGAATTCATGTGGGGAGGTTTAGTCAG30

TGB3DC32-R 50TAGGATCCCGGAGACTCCCCAAAAGG30

TGB3DC69-R 50GAGGATCCAGGACCAGTTTCCGTAGG30

TGB3D87-123-F 50ATGTGGGGAGGTTTAGTCAG30

TGB3D87-123-R 50CTGACTAAACCTCCCCACATAGGACCAGTTTCCGTAGG 30

a Restriction enzyme sites used for cloning were underlined. All of the primers
were synthesized by Invitrogen.
by the restriction enzymes according to the added primer pairs
to construct pET-TGB3. All the constructs were confirmed by
DNA sequencing.

2.2. Yeast two-hybrid assay

The Gal4 transcription activator-based yeast two-hybrid system
(MATCHMAKER GAL4 Two-Hybrid System 3, Clontech) was used to
identify the interaction among the TGBps. The recombinant plas-
mids pGBKT7-TGB1, pGBKT7-TGB2, and pGBKT7-TGB3 were co-
transformed with pGADT7 into Saccharomyces cerevisiae strain
AH109 using the small-scale lithium acetate method (Clontech)
to determine whether the expression of reporter genes could be
activated. Subsequently, AH109 was co-transformed with pGADT7
and pGBKT7 recombinant DNAs. Cotransformants were plated on
synthetic medium lacking leucine and tryptophan (-LW plate) to
test for double transformation and lacking leucine, tryptophan,
adenine, and histidine (-LWAH plate) for protein interaction.
SV40 large T antigen(84–708) (pGADT7-T), which does not form com-
plexes with many other proteins, interacts with murine p53(72–390)

(pGBKT7-p53) or humanlamin C(66–230) (pGBKT7-Lamp) to serve as
positive and negative controls, respectively.

2.3. b-Galactosidase assay

The b-galactosidase activity was evaluated using a colony-lift
filter. Briefly, the colonies were re-streaked on a fresh -LWAH plate
and then transferred to nitrocellulose filters, frozen in liquid nitro-
gen, thawed at room temperature, and finally assayed to measure
the b-galactosidase activity by presoaking the filter in the substrate
buffer (60 mM Na2HPO4, 40 mM NaH2PO4, 10 mM KCl, 1 mM
MgSO4, 20 mg/mL X-gal, pH 7.0) and by incubation at 30 �C. The
times taken for the appearance of blue color and the intensity of
the color after 6 h were both assessed.

2.4. In vitro translation

TGB3 and TGB3-His were translated in vitro from transcripts of
pUC-TGB3 and pET-TGB3, respectively, in a TNT T7-coupled
transcription/translation rabbit reticulocyte lysate (RRL) system
(Promega, Madison, WI, USA), as described by the manufacturer.
TGB3 was labeled with 35S-methionine (Amersham Life Science,
Buckinghamshire, UK), whereas the recombinant TGB3-His was
unlabeled.

2.5. Pull-down assay

The in vitro-translated TGB3-His was immobilized on cobalt-se-
pharose beads (ProFound pull-down poly-His protein-protein
interaction kit; Pierce Biotech, Boston, MA, USA) in wash buffer
(WB) (25 mM Tris–HCl, pH 7.2, 0.15 M NaCl, and 40 mM imidazole)
for 1 h at 4 �C. The beads were then washed in WB and incubated
with 35S-TGB3 at 4 �C for 2 h, also in WB. Assays were carried out
using equimolar amounts of input material. After washing, the
beads were boiled in sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) sample buffer. The protein bound to
TGB3-His was resolved by 15% SDS-PAGE, and was detected by
autoradiography.

3. Results

3.1. TGB3 self-interacts in vivo

The interactions of the BSMV-CH TGBps were examined using
the yeast two-hybrid system based on the Gal4 transcription



Fig. 1. Self-interaction of TGB3 in vivo. Plasmids (pGADT7-T and pGBKT7-53,
positive control; pGADT7-T and pGBKT7-Lam, negative control; pGBKT7-
TGB3 + pGADT7; pGBKT7 + pGADT7-TGB3; pGBKT7-TGB3 + pGADT7-TGB3) for
yeast-two hybrid assay were transformed into yeast AH109, according to the
manufacturer’s instruction. Yeast cells transformed with bait and prey vector were
streaked onto -LW plate (upper panel) and -LWAH plate (middle panel), respec-
tively. lacZ activity was tested using b-galactosidase filter assay (b-Gal).

Fig. 2. Self-interaction of TGB3 in vitro. An autoradiograph showing the self-
interaction of TGB3 as determined by pull-down assay. TGB3 (Lane 1) and TGB3-His
were translated in vitro using the reticulocyte lysate system. TGB3 was translated in
the presence of the recombinant His-tagged proteins and in the absence of 35S-
methionine. TGB3-His (Lane 2) was adsorbed on cobalt-sepharose beads and was
incubated with 35S-TGB3 (Lanes 2 and 3). After washing, the beads were boiled in an
SDS-PAGE sample buffer, and the supernatant was resolved in 15% SDS-PAGE. The
interacting proteins were detected by autoradiography.
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activator. When the recombinant plasmids pGBKT7-TGB1,
pGBKT7-TGB2, and pGBKT7-TGB3 were co-transformed with
pGADT7 into the AH109 yeast cells, respectively, no clone was
found growing on the -LWAH plate, indicating that the fusion
proteins did not bind or transactivate nonspecifically to the lacZ
reporter gene when expressed separately (data not shown). When
the AH109 yeast cells were transformed with the combination
of pGBKT7-TGB3 + pGADT7-TGB1, pGBKT7-TGB3 + pGADT7-TGB2
and pGBKT7-TGB3 + pGADT7-TGB3, respectively, the combination
of pGBKT7-TGB3 and pGADT7-TGB3, like positive control, resulted
in cell growth on the -LWAH plate. Similarly, when pGADT7-TGB3
was added into the AH109 cells with pGBKT7-TGB1, pGBKT7-TGB2
and pGBKT7-TGB3, respectively, no cell growth was observed on
the -LWAH, except for co-transformants with pGADT7-TGB3 and
pGBKT7-TGB3 (Fig. 1). The detection of the expression of lacZ gene
through b-galactosidase activity showed that yeast transformants
containing pGBKT7-TGB3 and pGADT7-TGB3, as well as the posi-
tive control, turned blue. These results clearly indicate that
BSMV-CH TGB3 self-interacts specifically in vivo.
3.2. TGB3 self-interacts in vitro

To determine whether TGB3 has the intrinsic ability to self-
interact in vitro, TGB3-His (recombinant TGB3 containing a C-ter-
minal eight-histidine tag) and TGB3 translated in vitro in RRL were
used for the pull-down assay. TGB3 was labeled with [35S]-methi-
onine, and the synthesis was confirmed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) (Fig. 2, lane 1).
Recombinant TGB3-His, which was unlabeled during translation and
pre-adsorbed to cobalt-sepharose beads, recruited the 35S-labeled
TGB3, as shown by the autoradiograph (Fig. 2, lane 2). Radiolabeled
TGB3 did not bind to beads by itself (Fig. 2, lane 3). This result indi-
cates the interaction between 35S-TGB3 and TGB3-His, called the
self-interaction of TGB3.
3.3. Mapping of the TGB3 self-interaction domain

To map the TGB3 domains involved in its self-interaction, three
N-terminus deletion mutants of TGB3 (TGB3DN40, TGB3DN86,
and TGB3DN123) were initially constructed from the N-terminus
based on the previous report that the TGB3 of hordeiviruses con-
tains two hydrophobic segments with a highly conserved interface
between and the H-X-X-X-C-X-C-X-X-C consensus at the N-termi-
nus [5]. These mutants were tested to determine their interactions
with the full-length TGB3 using the Gal4-based yeast two-hybrid
system. As shown in Fig. 3, TGB3DN40 and TGB3DN86, as well
as the full-length TGB3, interact with the full-length TGB3. This
finding indicated that the region between amino acids 1–86 does
not contribute to BSMV-CH TGB3 self-interaction. The co-transfor-
mants with pGADT7-TGB3DN123 and pGBKT7-TGB3 resulted in
the formation of yeast colonies on -LWAH plate, indicating that
the region of interest in BSMV-CH TGB3 self-interaction is located
in amino acids 87–123. To further confirm this result, three C-ter-
minus deletion mutants of TGB3 (TGB3DC32, TGB3DC69, and
TGB3D87-123) were constructed. Only TGB3DC32, which contains
amino acids 87–123, interacts with the full-length TGB3, whereas
TGB3DC69 and TGB3D87-123 do not. Therefore, the C-terminal
domain of residues 87–123, which contains the highly conserved
motif, is required for binding. Other regions are not involved in
the interaction.
4. Discussion

All three TGBps are essential for the cell-to-cell movement of
White clover mosaic virus [23], Potato virus X [20], Bamboo mosaic
virus (BaMV) [17], Peanut clump virus [24], and BSMV [22]. To acti-
vate the cell-to-cell movement function of these viruses, the TGBps
need to interact with each other, either directly or indirectly [1]. In
the case of BSMV, the site-specific mutations introduced into the
six conserved regions of the TGB1 helicase domain affect the
expression of the TGB2 and/or TGB3 proteins. Cell-to-cell move-
ment requires a TGB1 association facilitated by the TGB2 and
TGB3 proteins with cytoplasmic membranes [22]. Although the
interaction between the TGB2 and TGB3 of BSMV ND18 was de-
tected using a yeast two-hybrid system, the self-interaction of
TGB3 was not detected [25]. In the current study, direct interac-
tions of BSMV-CH TGB3 with TGB1 and TGB2, as well as with itself,
were carried out using a Gal4-based yeast two-hybrid system. Our
results suggest that BSMV-CH TGB3 only interacts with itself, and
not with TGB1 or TGB2. The inconsistencies in the results may be
attributed to the 5 amino acids difference of TGB3 sequence be-
tween BSMV-CH and BSMV ND18 or to the use of a different yeast
strain in the yeast two-hybrid system. The major domain required
for self-interaction is located in the C-terminal region of TGB3 pro-
tein and, more precisely, within the 87–123 amino acids, which
contain the highly conserved domain of TGB3. The specific heterol-
ogous TGB3-TGB1 interaction of BSMV ND18 was detected using
affinity chromatography [25]. No test was conducted to evaluate
this affinity, so interaction may exist between TGB3 and TGB1 of
BSMV-CH.



Fig. 3. Mapping of TGB3 domains required for its self-interaction with the yeast two-hybrid system. S. cerevisiae strain AH109 was co-transformed with the yeast two-hybrid
constructs encoding TGB3 fused to GAL4BD, and TGB3 or TGB3 deletion mutants fused to GAL4AD. The transformants obtained were streaked onto -LW plate and -LWAH
plate, respectively. lacZ activity was tested using b-galactosidase filter assay (b-Gal).
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Previous studies have shown that the self-interaction of viral
proteins is crucial for many of their functions in the viral life cycle
[26–29], and self-interaction is likely critical for their ability to
interact with multiple cellular proteins simultaneously [29,30].
The primary function of TGB3 involves intracellular movement to
facilitate the passage of the viral RNP complex to and through
the plasmodesmata [2,22,31–33]. Poa semilatent hordeivirus (PSLV)
TGBp2 associates mostly with the endoplasmic reticulum (ER),
whereas TGBp3 has been found in membrane bodies of different
sizes located at the cell periphery along the plasma membrane
[5]. The co-expression of TGBp2 and TGBp3 of PSLV or BaMV dem-
onstrated that TGBp3 directs the transport of TGBp2 from the ER
structures to the peripheral bodies [34]. Examination of the PSLV
GFP-18K-expressing epidermal cells of transgenic plants under
high magnification revealed that the peripheral fluorescent bodies
located at the cell wall represent twin structures consisting of pairs
of disconnected bodies located on the opposite sides of the cell
wall [35]. Similar twin bodies were found in plant tissues infected
with a tobacco mosaic virus vector expressing a GFP-fused TGBp3
protein of PMTV [36]. Although self-interaction has been detected
between all three PMTV TGBps, only TGB1 self-interaction could be
detected in vitro [37]. In the present study, the self-interaction of
BSMV-CH TGB3 was confirmed in vivo and in vitro. Therefore, this
characteristic may be related to the formation of opposing pairs of
fluorescent spots near the cell walls in GFP-TGBp3-infected cells,
which correlated with the previous report showing that the poly-
merization of BaMV TGBp3 was involved in forming punctate
structures during peripheral body biogenesis [34]and reducing
the polymerization of BaMV TGBp3 affected its ER tubule localiza-
tion [38].

Mapping of the self-interaction domain showed the binding re-
gion located in the C-terminal of residues 87–123, which contain
the motif Y-Q-D-L-N-X13-P-X-V-I-X6-P-X-G (where X is any amino
acid residue) conserved in hordei-, pomo-, and pecluviruses. Y-Q-
D-L-N, which contains a putative Tyr-based sorting signal based
on the motif Y-X-X-F (F represents an amino acid with bulky
hydrophobic side chain) [39], usually occurs in the cytoplasmic
tails of transmembrane proteins and plays an important role in
the internalization and targeting of proteins to subcellular com-
partments, such as endosomes, lysosomes, or other organelles
[39,40]. Previous studies have found Tyr-based motifs in several
animal viruses that enter the cells by endocytosis [41], as well as
in the MP of grapevine fan leaf virus and in the MPs of several nep-
oviruses [42]. The disruption of this motif in PSLV TGB3 by the
insertion of four amino acids (R-S-T-D) between the D and L
residues not only abolished the inability of PSLV TGB3 to be trans-
ported to the cell surface-associated compartments to form the cell
peripheral bodies and to target PSLV TGB2 in the cell periphery, but
also blocked the protein incorporation into high-molecular-mass
complexes [38]. Both deletion mutants and site-directed substitu-
tions in the P-X-V-I-X6-P-X-G region of PSLV TGB3 showed the
same results [5,43,44]. Similarly, the mutation Y-Q-D-L-N to G-Q-
D-G-N caused a change in the subcellular localization of PTMV
TGB3, eliminating the ER localization and the presence of small
motile granules [37]. In our experiments, the crucial role of the
motif Y-Q-D-L-N-X13-P-X-V-I-X6-P-X-G has been found in the
BSMV-CH TGB3 self-interaction. No bioassay experiments were
conducted in the present research to demonstrate the biological
function of this self-interaction, but previous report showed that
mutations in the TGB3 of BSMV type strain affect the cell-to-cell
movement of the virus and the localization of TGB2 [25,45].
Therefore, the current study led to the discovery of a new property
of BSMV TGB3 that has an important role in virus cell-to-cell
movement.
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