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Interaction between Movement Proteins of Hibiscus green spot virus

Anastasia K. Atabekova 1200, Ekaterina A. Lazareva 2, Alexander A. Lezzhov 1, Anna D. Solovieva 2,

2

Sergei A. Golyshev 1, Boris I. Skulachev 2, Ilya D. Solovyev 3, Alexander P. Savitsky 3, Manfred Heinlein 40,

Sergey Y. Morozov 1/

check for
updates

Citation: Atabekova, A.K.; Lazareva,
E.A.; Lezzhov, A.A.; Solovieva, A.D.;
Golyshev, S.A.; Skulachev, B.L;
Solovyev, I.D.; Savitsky, A.P.;
Heinlein, M.; Morozov, S.Y.; et al.
Interaction between Movement
Proteins of Hibiscus green spot virus.
Viruses 2022, 14, 2742. https://
doi.org/10.3390/v14122742

Academic Editors: Michael Taliansky,
Andrew ]. Love, Alex M. Murphy
and K. Andrew White

Received: 22 October 2022
Accepted: 7 December 2022
Published: 8 December 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Andrey G. Solovyev

1,2,5,%

A. N. Belozersky Institute of Physico-Chemical Biology, Moscow State University, 119992 Moscow, Russia
Department of Virology, Biological Faculty, Moscow State University, 119234 Moscow, Russia

A. N. Bach Institute of Biochemistry, Research Center of Biotechnology of the Russian Academy of Sciences,
119071 Moscow, Russia

4 Institute for Plant Molecular Biology (IBMP-CNRS), University of Strasbourg, 67000 Strasbourg, France
All-Russia Research Institute of Agricultural Biotechnology, 127550 Moscow, Russia

*  Correspondence: solovyev@belozersky.msu.ru; Tel.: +7-(495)-939-3198

Abstract: Movement proteins (MPs) of plant viruses enable the translocation of viral genomes from
infected to healthy cells through plasmodesmata (PD). The MPs functions involve the increase of the
PD permeability and routing of viral genome both to the PD entrance and through the modified PD.
Hibiscus green spot virus encodes two MPs, termed BMB1 and BMB2, which act in concert to accomplish
virus cell-to-cell transport. BMB1, representing an NTPase/helicase domain-containing RNA-binding
protein, localizes to the cytoplasm and the nucleoplasm. BMB2 is a small hydrophobic protein that
interacts with the endoplasmic reticulum (ER) membranes and induces local constrictions of the
ER tubules. In plant cells, BMB2 localizes to PD-associated membrane bodies (PAMBs) consisting
of modified ER tubules and directs BMB1 to PAMBs. Here, we demonstrate that BMB1 and BMB2
interact in vitro and in vivo, and that their specific interaction is essential for BMB2-directed targeting
of BMB1 to PAMBs. Using mutagenesis, we show that the interaction involves the C-terminal BMB1
region and the N-terminal region of BMB2.

Keywords: plant virus; virus transport; cell-to-cell movement; movement protein; plasmodesmata;
protein-protein interaction; higrevirus; Hibiscus green spot virus

1. Introduction

Plant viruses typically encode ‘movement proteins” (MPs) enabling transport of virus
genomes from infected cells to adjoining healthy cells through plasmodesmata (PD), chan-
nels interconnecting cells in plant tissues [1,2]. MPs interact with PD to increase the PD size
exclusion limit, thereby increasing the PD permeability. Such functional PD modification
allows the translocation of virus genomic nucleic acid through the dilated PD microchan-
nels [2-5]. Another essential MP function is routing progeny virus genomes destined
for transport out of infected cells to the PD entrance. Additionally, viral MPs are often
capable of cell-to-cell transport on their own and, therefore, are believed to take part in the
genome transfer through modified PDs [1,6,7]. According to current views, viral membrane-
associated replication compartments (VRCs) rather than individual genomes are delivered
to the PD orifice with the aid of MPs and, therefore, the progeny virus genomes produced
in the PD-associated VRCs can be translocated directly to the PD channels [1,5,8]. Many
MPs characterized so far have an RNA-binding activity, which can play a role in both the
targeting of viral RNA genome to PD and its translocation through the PD channels [7,9].

Transport systems encoded by viruses of distant groups vary considerably in the
number of MPs they comprise, in the MP properties, and the mechanisms of MP-mediated
virus transport [1,10]. Single MP-based transport systems are exemplified by that of
Tobacco mosaic virus (TMV), which codes for the 30-kDa MP capable of PD modification,
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cell-to-cell transport, RNA binding, and directing VRCs to PD [1,11]. More complicated
transport systems can include two, three or more virus-encoded MPs. In such multicom-
ponent transport systems, the typical MP functions, as those found for the TMV MP, are
distributed among different proteins showing therefore a division of labor. On the other
hand, the MPs encoded by a given virus genome act in concert, implying that these MPs in-
teract with each other to perform the movement function. Analysis of interactions between
MPs that make up multicomponent transport systems is essential for understanding the
mechanisms of virus movement; however, such interactions are currently characterized
only for a limited number of viruses.

In virus families Alphaflexiviridae, Betaflexiviridae, Virgaviridae, and Benyviridae,
positive-stranded RNA genomes contain three overlapping genes of the so-called ‘triple
gene block’ (TGB) coding for MPs representing a three-component transport system. These
MPs include TGB1, an RNA-binding protein containing a NTPase/helicase domain, and
small membrane-associated proteins termed TGB2 and TGB3 [12]. The TGB3 protein
contains a signal for PD targeting, localizes to PD-associated membrane bodies (PAMBs),
and enables relocalization of TGB2, which resides in the endoplasmic reticulum (ER)
when expressed alone, to TGB3-containing PAMBs [13-18]. The TGB1 protein has mostly
cytoplasmic localization, but in the presence of both TGB2 and TGBS3 it is directed to
PAMBs, the PD channels, and neighboring cells [19-21]. These observations imply that the
TGB proteins interact in plant cells. In fact, as demonstrated for Barley stripe mosaic virus
(BSMYV), specific amino acid residues in the central hydrophilic loops located between
two transmembrane segments in both TGB2 and TGB3 are required for the interaction
between the two proteins, whereas TGB3 can bind TGB1 [22]. These interactions apparently
account for the observed relocalization events and are essential for the TGB-mediated virus
transport [22]. Studies of TGB-encoding Bamboo mosaic virus (BaMV) generally support the
BSMV data. The interaction between BaMV TGB2 and TGB3 has been demonstrated, and a
TGB2-TGB3-containing membrane-embedded complex is required for the targeting of TGB1
to PAMBs [13,21], whereby the latter depends on cysteine residues in the TGB2 C-terminal
region [23]. As TGB1 interacts with TGB3 in BSMV and TGB2 in BaMYV, these findings
suggest that the TGB1 proteins of different viruses may interact with either component of
the TGB2/TGB3 complex formed in ER-derived membranes for PD targeting [24].

The genome of Hibiscus green spot virus (HGSV; genus Higrevirus, family Kitaviridae)
infecting Citrus plants has two MP genes that constitute a ‘binary movement block’ (BMB),
which is evolutionary distantly related to the TGB [25-28]. The BMBI protein has the
NTPase/helicase domain similar to that of TGB1 proteins, whereas BMB2 is similar to
TGB2 by carrying two transmembrane regions and showing a marginal sequence similarity
of its central hydrophilic region to that in TGB2 [28]. BMB?2 is localized to PAMBs and
the PD interior [27,29]. Moreover, BMB?2 is able to increase the PD SEL, and this BMB2
property correlates with its ability to induce constrictions of the ER tubules [29]. BMB1 is
found in the cytoplasm and nucleoplasm when expressed alone and is directed to PAMBs,
the PD channels and neighboring cells in the presence of BMB2 [29]. Therefore, BMB2 is
functionally equivalent to the TGB2/TGB3 complex. Apparently, the ability of BMB2 to
recruit BMBI to the sites of its own location might suggest that these two proteins interact.

In this paper, the interaction between HGSV BMB1 and BMB2 is demonstrated. Using
mutational analysis, the regions involved in the interaction are mapped to the C-terminal
region of BMB1 and to the N-terminal region of BMB2.

2. Materials and Methods
2.1. Plasmid Construction

The recombinant constructs for the transient expression of BMB1 and BMB2 along with
their N- and C-terminal fusions to fluorescent proteins, ER-mRFP, mRFP, and PVX-POL-
GFP, were described previously [27,30]. For dihydrofolate reductase (DHFR) production in
Escherichia coli, the expression vector pQE-40 (Qiagen, Hilden, Germany) was used. Primers
used to generate other recombinant clones are listed in Supplementary Table S1.
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To obtain pLH-GFP-BMB1d22, a portion of BMB1 gene coding for the protein C-
terminal fragment lacking 22 C-terminal amino acid residues was amplified with primers
BMBI1C-BglII-P and BMB1C-d22-M. The resulting product was digested with restriction
endonucleases BgIII-Xbal and cloned into similarly digested pLH-GFP-BMB1 to replace
the respective wild type sequence. To obtain pLH-BMB1d22, pLH-GFP-BMB1d22 was
digested with Ncol to cut out the GFP coding sequence and ligated. To generate the RFP-
fused Golgi marker, the previously described construct pLH-ST-YFP [16] was modified
to replace the YFP coding sequence with that of tagRFP (Evrogen, Moscow, Russia). To
obtain pLH-GFP+22, the coding region corresponding to 22 C-terminal amino acids of
BMB1 was amplified on the template of pLH-GFP-BMB1 with primers BMB2-C22-P and
Right. The resulting product was treated with restriction endonucleases BamHI-Xbal and
inserted into the previously described pLH-GFP-BMB2 construct to replace the BMB2
coding sequence. To obtain pLH-BMB1-BMB2, the mRFP coding sequence in the previously
described construct pLH-mRFP-BMB2 was replaced by the BMB1 coding sequence as an
Xhol-BamHI fragment. To generate pLH-GFP-BMB1-BMB2, pLH-GFP-BMBI1 construct
was digested with XhoI-Bg/Il, and the resulting fragment was cloned into the similarly
digested construct pLH-BMB1-BMB2. To obtain pLH-BMB2-mN and pLH-BMB2-mN-
mRFP, the coding sequences were amplified using previously described pLH-BMB2 and
pLH-BMB2-mRFP as template and using BMB2-mN-P and Right primers. The resulting
PCR-products were digested with Xhol-Xbal and cloned into the similarly digested binary
vector pLH* [31]. To obtain pLH-BMB2-mHydr and pLH-BMB2-mHydr-mRFP, the coding
sequences were amplified on the previously described pLH-BMB2 and pLH-BMB2-mRFP
respectively, using primers BMB2-mHydr-P and Right. The resulting PCR-products were
digested with Xhol-Xbal and cloned into the similarly digested binary vector pLH*. Overlap
PCR was used to introduce mutations in the central region of BMB2. In the first step, one
PCR product was obtained by using previously described pLH-BMB2 as template and
Left and BMB2-mMid-ovl-M as primers, and another PCR product was obtained from
pLH-BMB2 or pLH-BMB2-mRFP using primers Right and BMB2-mMid-ovl-P. In the second
step, the two PCR products were fused by amplification with primers Left and Right. The
resulting DNA fragments were digested with Xhol-Xbal and cloned into similarly digested
binary vector pLH*.

2.2. Synthetic Genes

The BMB1-encoding nucleotide sequence was optimized for protein expression in
E. coli cells. The codon-optimized BMB1 gene and the BMB2-QTY gene were synthesized
(Evrogen) and subcloned into pET-33b(+) (Novagen, Madison, WI, USA). The nucleotide se-
quences of the synthetic BMB1 and BMB2-QTY genes are shown in Supplementary Table S2.

2.3. Protein Expression in Bacteria

The E. coli strain BL21 cells were transformed with expression vectors, and clones with
highest expression levels were selected. Selected clones were grown overnight at 37 °C
in the 2YT medium in the presence of kanamycin (25 pg/mL). The overnight culture was
diluted 10-fold and grown at 37 °C to optical density at 600 nm (ODgpy) = 0.8. Protein
expression was induced by addition of IPTG (final concentration 1-2 mM) for 2—4 h. Cells
were pelleted at 4500 g for 10 min. The recombinant proteins carrying the N-terminal
6xHis tag were purified on Ni-NTA agarose in accordance with the “The QIAexpressionist’
(Qiagen) protein isolation protocol under denaturing conditions. Purified proteins were
analyzed by SDS electrophoresis in a 15% polyacrylamide gel according to Laemmli and
renatured by dialysis.

2.4. Western Blot Analysis

To obtain samples for protein electrophoresis, Nicotiana benthamiana leaves were
ground to a powder in liquid nitrogen and lysed in a buffer containing three parts of
Tris-HC], pH 7.5 and one part of 4x Laemmli sample buffer (100 MM Tris-HCI pH 6.8,
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100 MM (3-mercaptoethanol, 10% glycerol, 4% SDS, 0.1% bromophenol blue). The samples
were denatured at 95 °C for 5 min and cleared from cell debris via centrifugation. Pro-
teins were separated by 12% polyacrylamide SDS-PAGE and transferred to a Hybond-P
polyvinylidene difluoride (PVDF) membrane (GE Healthcare Bio-Sciences, Niskayuna, NY,
USA). Rabbit Anti-GFP antibodies conjugated with peroxidase (Rockland, Pottstown, PA,
USA) were used for protein detection. After antibody incubation, bands were observed via
chemiluminescence using an ECL system (GE Healthcare Bio-Sciences).

2.5. Far-Western

For Far-Western blotting, recombinant proteins were separated by SDS-PAGE (approx-
imately 1 pg of protein per gel slot) using a 15% polyacrylamide gel and transferred to a
nitrocellulose membrane. After transfer, the membrane was stained with a 0.1% Ponceau
S solution, photographed, and quickly washed with distilled water to remove staining.
The transferred proteins were then denaturated with 50 mM Tris-HCl pH 7.5, 8 M urea
and 0.05% Tween buffer for 40 min at room temperature (RT). Protein renaturation and
membrane blocking were performed by membrane incubation in a 5% skimmed milk tTBS
buffer (0.01 M Tris-HCl pH 7.6, 0.0675 M NaCl, 0.1% Tween-20) with 1 mM DTT and 3 mM
MgCl, for 2 h with buffer changes every 20-30 min and then left at 4 °C overnight. Next
day, a freshly dialyzed binding protein (5 pg/mL) was added to the membrane in tTBS
buffer supplemented with 1 mM DTT, 3 mM MgCl, and 220 mM NaCl. The membrane
was incubated for 3 h at RT, then overnight at 4 °C, and finally washed 3-5 times with tTBS
buffer without supplements. The bound protein was detected by ECL immunoblotting
with BMB2-QTY-specific antibodies (Almabion, Voronezh, Russia).

2.6. Plant Material

N. benthamiana plants were grown and maintained in a glasshouse or in growth
chambers under standard conditions (16-h/8-h light/dark cycles, 24/20 °C day/night
temperatures, and nearly 50% humidity). The 5-6-week-old plants were used for transient
protein expression and movement complementation assays.

2.7. Plant Agroinfiltration

The binary vectors were transformed into Agrobacterium tumefaciens (strain C58C1)
using a freeze-thaw method. Agrobacterial cultures were prepared for agroinfiltration as de-
scribed previously [31]. Overnight cultures of agrobacteria were grown in Luria-Bertani (LB)
medium at 28 °C with appropriative antibiotics, 10 mm 2-(N-morpholino)ethanesulfonic
acid (MES), pH 5.5, and 20 um acetosyringone. The cell pellet was collected by centrifuga-
tion and resuspended in infiltration medium (10 mM MES, pH 5.5, 10 mM MgCl,, 150 mM
acetosyringone). Obtained cell suspensions were incubated at room temperature for 3 h.
Before infiltration, A. tumefaciens suspensions were diluted to a final ODggg = 0.3. For cell-to-
cell movement complementation assays, PVX-POL-GFP was infiltrated at ODggg = 0.0001
to obtain individually transformed plant cells. A 2-mL syringe without needle was used to
infiltrate the abaxial surface of N. benthamiana leaves.

2.8. Confocal Microscopy and Movement Complementation Visualization

Subcellular localization of proteins was visualized at the third day post agroinfiltration
(d.p.a.) in epidermal cells. Leaf discs were observed with a confocal laser scanning
microscope Nikon C2plus equipped with a x60 (1.2 NA) water immersion objective.
Excitation wavelengths were 488 nm for GFP and 548 nm for mRFP. Images were acquired
at 495-545 nm for GFP and at 580-640 nm for mRFP and processed using Nikon NIS
Elements and Image]J (1.47 s) software.

Movement complementation assays were observed under long-wave UV light (365 nm)
using a Black-Ray B-100AP lamp (UVP, Cambridge, UK).
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2.9. FRET-FLIM

To perform FRET-FLIM (Forster resonance energy transfer between fluorophores
detected by fluorescence lifetime imaging microscopy), GFP-tagged BMB1 was transiently
expressed in N. benthamiana leaves in the presence of the potential interacting partner
BMB2, either non-tagged or fused to mRFP. FRET-FLIM measurements were performed
with a LIFA frequency domain fluorescence life-time imaging system (Lambert Instruments,
Roden, The Netherlands) and with a DCS-120 TCSPC confocal FLIM system (Becker
and Hickl, Berlin, Germany). Independent experiments were repeated 3-10 times. In
each experiment, at least three leaves were used for each pair of coexpressed proteins.
Measurements were carried out in a minimum of eight regions of 3-8 epidermal cells
located in different leaf areas. The raw data containing lifetime information were analyzed
in Microsoft Excel to calculate average lifetime values and standard deviations. Two-tailed
parametric Student’s t-tests were used for statistical analysis. The FRET efficiency was
calculated according to the formula E =1 — (Tpa/Tp), where Tpj, is the lifetime of the
donor fluorophore (GFP) in the presence of the acceptor fluorophore (mRFP) and Tp, is the
donor lifetime in the absence of acceptor.

3. Results
3.1. BMB1 and BMB2 Interact In Vitro and In Vivo

As BMB1 was found to be targeted to PAMBs by BMB2 [27], an interaction between
BMB1 and BMB2 could be anticipated. To verify this hypothesis, FRET-FLIM (Forster
resonance energy transfer between two fluorophores detected by fluorescence lifetime
imaging microscopy) was used. This method is based on the fact that the energy transfer
(FRET) from a donor fluorophore (GFP) to an acceptor fluorophore (mRFP) is only possible
when a distance between the two fluorophores is no more than 10 nm. Upon coexpression
of GFP- and mRFP-fused proteins, the detection of FRET, which can be measured as a
reduced excited-state lifetime of GFP donor fluorophore, indicates a physical interaction
between the two fusion proteins [32]. Therefore, leaves of N. benthamiana plants were
agroinfiltrated for coexpression of GFP-BMB1 (donor) with either BMB2-mRFP (acceptor)
or non-fused BMB2 (a control without acceptor) (Supplementary Figure S1), and the GFP
fluorescence lifetime was measured in PAMBs (Supplementary Figure S2). GFP-BMB1 was
also coexpressed with both BMB2 and mRFP as an additional control, in which the acceptor
fluorophore was not fused to BMB2. In the presence of both BMB2-mRFP and GFP-BMBI,
the GFP excited-state lifetime measured by FLIM was reduced by 0.9 ns compared to the
controls (Figure 1A), corresponding to a FRET efficiency of 36%, thus indicating that BMB1
and BMB2 interact in plant cells.

Previous observations indicated that the mRFP-BMB2 fusion protein is able to induce
ER tubule constrictions and to increase the PD SEL like non-fused BMB2 [29], but it is
dysfunctional in directing the cell-to-cell transport of GFP-BMBL1 [27]. Consistently, the
presence of mRFP-BMB2 did not cause so dramatic reduction in the GFP-BMBI1 excited-
state lifetime as BMB2-mRFP did (Figure 1A). This suggests that mRFP inhibits the BMB2
interaction with BMB1 when fused to the BMB2 N-terminus, implying that the BMB1-BMB2
interaction involves the N-terminus of BMB2. When a similar approach was applied to
BMB1, we found that the fluorescence lifetime of BMB1-GFP coexpressed with BMB2-mRFP
was reduced by 0.11 ns compared to that in negative controls, showing a FRET efficiency of
only 4.5% (Figure 1A). This observation could either indicate that GFP fused to the BMB1
C-terminus interferes with the interaction with BMB2, suggesting involvement of the BMB1
C-terminus in this interaction, or reflect a different, compared to the pair GFP-BMB1/BMB2-
mREFP, relative spatial positioning of the two fluorophores suppressing FRET.
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Figure 1. Analysis of interaction between BMB1 and BMB2. (A) FRET-FLIM analysis of protein
interaction in cells of N. benthamiana leaves agroinfiltrated for expression of BMB1 and BMB2. The
bar graphs represent average fluorescence lifetimes (ns), error bars indicate the standard deviation.
Numbers of independent measurements (IN) were as follows: GFP-BMB1 + BMB2, 283; GFP-BMB1
+ BMB2-mRFP, 463; GFP-BMB1 + mRFP + BMB2, 134; GFP-BMB1 + mRFP-BMB2, 133; BMB1-
GFP + BMB2-mRFP, 172. Above the bars, the significance of difference from the data for GFP-
BMBI1 + BMB2 is indicated; asterisks indicate a statistically significant difference (***, p < 0.001;
*, p < 0.05) according to a Student’s t-test; NS—not statistically significant (p > 0.05). (B) Far-Western
analysis of interaction between the bacteria-expressed 6x-His-tagged BMB1 and BMB2-QTY, a BMB2
version lacking hydrophobic membrane-interacting regions. Left, Ponceau S staining of membrane
with proteins transferred from a protein gel (BMB1, 43 kDa; DHFR, 25 kDa). Right, detection of
BMB2-QTY after incubation of the membrane with a preparation of purified BMB2-QTY. M, molecular
weight markers. Sizes of individual protein bands are indicated in kDa.

The BMB1 and BMB2 proteins were expressed in E. coli to test their interaction in vitro
by Far-Western assay. To reduce the hydrophobicity of BMB2 for expression in bacteria, the
BMB2 gene was modified according to the ‘QTY code’ to replace membrane-embedded
helices with hydrophilic ones. This approach has been developed for bacterial expression
of highly hydrophobic proteins such as chemokine receptors, which are toxic for bacterial
cells in their native form [33]. Importantly, transmembrane proteins modified according to
the QTY code and purified form bacterial cells have been experimentally shown to retain
their native ability for protein—protein interactions [33-35]. The purified BMB1 protein
expressed in E. coli was loaded onto the protein gel; similarly obtained mouse dihydrofolate
reductase (DHFR) was used as a negative control. Following electrophoresis, the proteins
were transferred to a membrane and incubated with recombinant BMB2-QTY, which was
then detected with BMB2-QTY-specific antibodies. Under these conditions, BMB2-QTY
was found to bind BMB1 but not DHFR (Figure 1B), thus providing supportive evidence
for the interaction between the BMB1 and BMB2 proteins.

3.2. BMBI1 Region Involved in Interaction with BMB2

One possible interpretation of the FRET-FLIM data suggests involvement of the BMB1
C-terminal region in the interaction with BMB2. To verify this hypothesis, we gener-
ated BMB1d22, a BMB1 mutant with a deletion of 22 C-terminal amino acid residues
(Supplementary Figure S1). Confocal microscopy of leaves agroinfiltrated for GFP-BMB1d22
expression revealed that the mutant protein generally retained the subcellular localization
typical for GFP-BMBI, being found in both the cytoplasm and the nucleus (Figure 2B,C).
Additionally, in nuclei of examined cells, GFP-BMB1d22 concentrated in a structure re-
sembling the nucleolus and, more pronounced, in a small subnuclear body (Figure 2D).
Such localization in the nucleus was not previously reported for the wild type (wt) BMB1
protein. Therefore, to verify that BMB1d22 differed from wt BMB1 in its localization to
subnuclear structures, the localization of GFP-BMB1 was re-examined. In a fraction of
a GFP-BMB1-expressing cells, the subnuclear localization similar to that of BMB1d22,
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GFP
+ BMB2-mRFP

GFP-BMB1
+ BMB2-mRFP

GFP-BMB1d22
+ BMB2-mRFP

although much less pronounced, was observed, with the small subnuclear body being
the main site of GFP-BMBI1 concentration in the nucleus (Figure 2E). Hence, the deletion
of the 22 C-terminal amino acid residues considerably enhanced the BMB1 association
with subnuclear structures, which were barely detectable for the wt protein and therefore
overlooked earlier.

GFP B GFP-BMB1 C GFP-BMB1d22

8] GFP-BMB1d22

E BGEEEER

Figure 2. Subcellular localization of GFP-BMB1d22 in comparison to those of GFP and GFP-BMB1.
Top line, localization of GFP (A), GFP-BMBI1 (B), GFP-BMB1d22 (C) and higher magnification images
of nuclei in cells expressing GFP-BMB1d22 (D) and GFP-BMBI1 (E). (F), coexpression of GFP and
BMB2-mRFP. (G), coexpression of GFP-BMB1 and BMB2-mRFP. (H), coexpression of GFP-BMB1d22
and BMB2-mRFP. In F-G, left images represent GFP channel, center images—mRFP channel, right
images—superposition of images for GFP and mRFP channels. All images are reconstructed from
Z-series of optical sections. Scale bar, 20 um (A-C,F-H) and 5 um (D,E).

To determine the influence of the introduced deletion on BMB1 interaction with BMB2,
GFP-BMB1d22 was coexpressed with BMB2-mRFP by agroinfiltration. As controls, GFP-
BMB1 and GFP were used. In the presence of BMB2-mRFP, GFP-BMB1 was fully targeted to
BMB2-mRFP-containing PAMBs as already demonstrated in previous experiments [27,29].
GFP-BMB1-specific fluorescence was observed neither in the cytoplasm nor in the nucleus
(Figure 2G). GFP coexpressed with BMB2-mRFP retained its localization in the cytoplasm
and the nucleus. In addition, GFP also associated with PAMBs (Figure 2F), in agreement
with the previous observation that PAMBs are situated in cytoplasmic sack regions contain-
ing diffusely localized GFP [27]. GFP-BMB1d22 coexpressed with BMB2-mRFP localized to
the nucleus and the cytoplasm and also to PAMBs, likely in PAMB-containing cytoplasmic
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sacks as non-fused GFP (Figure 2H). Therefore, the deletion of BMB1 22 C-terminal amino
acid residues resulted in inability of the protein to be relocalized to PAMBs from the cyto-
plasm and the nucleus in the presence of BMB2, as it is found for the wt BMB1 protein. This
inhibition of specific BMB2-dependent BMB1 targeting to PAMBs supports the hypothesis
that the BMB1 C-terminal region is involved in interaction with BMB2. To analyze whether
this region is sufficient for interaction with BMB2, it was fused to the C-terminus of GFP to
give the GFP+22 construct. In cells of agroinfiltrated leaves, GFP+22 localized similarly to
GFP, and coexpression with BMB2-mRFP caused no detectable changes in GFP+22 localiza-
tion (Supplementary Figure S3). These observations may suggest that the 22 C-terminal
residues of BMBI is necessary, but not sufficient for the BMBI interaction with BMB2.

To analyze the functional significance of BMB1-BMB2 interaction mediated by the BMB1
C-terminal region, we used a complementation test with PVX-POL-GEFP, a Potato virus X (PVX)
genome-derived reporter construct [36]. PVX-POL-GFP replicates and expresses GFP in
initially infected cells but is deficient in cell-to-cell movement as the PVX MP and capsid pro-
tein genes are not present in this construct. As reported earlier, infiltration of N. benthamiana
leaves with highly diluted agrobacterial culture carrying PVX-POL-GFP resulted in individ-
ual fluorescent cells, whereas coexpression of PVX-POL-GFP with both BMB1 and BMB2
led to the formation of multicellular infection loci [27] (Figure 3, Supplementary Figure 54)
due to complementation of virus transport by the HGSV proteins. When PVX-POL-GFP
was coexpressed with BMB1d22 and BMB2, no transport complementation was observed
(Figure 3), suggesting that the BMB1 C-terminal region is essential for BMB1 functions
in cell-to-cell transport, likely due to involvement of this BMB1 region in the interaction
with BMB2.

PVX-POL-GFP +

~ + BMB1 +BMB2

+ empty vector + BMB1d22 +BMB2

Figure 3. Analysis of functional competence of BMB1d22. Complementation of cell-to-cell movement
of PVX-POL-GFP by combinations of BMB1 with BMB2, BMB1d22 and empty vector (negative control)
is shown. The leaf was imaged under UV light at 5 d.p.a. Dashed lines encircle infiltrated areas.

3.3. BMB2 Regions Involved in Interaction with BMB1

To map BMB2 region(s) involved in the interaction with BMB1, BMB2 was subjected
to site-directed mutagenesis. According to previous sequence analysis [28,37], BMB2
has two highly hydrophobic membrane-binding domains (MBDs), which separate the
N-terminal hydrophilic region, the central hydrophilic domain, and the protein three
hydrophilic C-terminal amino acid residues (Figure 4). Site-directed mutations introduced
in the central hydrophilic domain and affecting residues conserved in BMB2 proteins
(Supplementary Figure S5) gave the mutant BMB2-mMid (Figure 4). Mutations introduced
into the non-conserved N-terminal BMB2 region and affecting charged, polar and aromatic
residues that may take part in protein-protein interaction gave mutant BMB2-mN (Figure 4).
The mutant BMB2-Hydr (Figure 4) was designed to carry substitutions of two MBD1
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cysteine residues, which are also found, although not conserved in their position, in MBD1
of other BMB2 proteins (Supplementary Figure S5) and might affect protein conformation.

BMB2
N] | MBD1 | | MBD2 ||c

FOGQAKS| |CASIC| |[GNPYNVPLSPGHVFPFGG

AGGSAGG| |VASIA| |AGSYNVPLSPGTVEGEFSA
mN mHydr mMid

Figure 4. Schematic representation of BMB2 mutants used in this study. The BMB2 sequence is shown
as a box with the positions of protein membrane-binding domains (MBD1 and MBD?2) indicated.
The N-terminal, central and C-terminal hydrophilic regions are shown in yellow color. Boxes below
the BMB2 schematic drawing show amino-acid substitutions introduced into the BMB2 sequence to
generate mutants BMB2-mN, BMB2-mHydr and BMB2-mMid.

In N. benthamiana leaves agroinfiltrated for expression of BMB2 mutants, the sub-
cellular localization of mRFP-fused BMB2-mN and BMB2-Hydr was similar to that of
wt BMB2-mRFP (Figure 5A-C), showing that the introduced mutations did not affect
the protein targeting to PAMBs. By contrast, BMB2-mMid-mRFP was typically localized
to several large abnormal aggregates in the cytoplasm, whereas BMB2-specific PAMBs
were not observed for this mutant (Figure 5D), demonstrating that BMB2 aggregation in
non-physiological structures could prevent proper protein targeting.

Next, the functional competence of BMB2 mutants in virus cell-to-cell transport was
analyzed in the PVX-POL-GFP complementation test. Leaves were agroinfiltrated for
coexpression of PVX-POL-GFP with BMBI1 and either wt BMB2, or the individual BMB2
mutants. Of three mutants tested, only BMB2-Hydr retained the functional ability of the
wild-type protein in virus transport, whereas BMB2-mN and BMB2-mMid exhibited no
complementation of PVX-POL-GFP cell-to-cell movement (Figure 6).

To test whether the BMB2 mutants were capable of directing the intracellular transport
of BMB1, GFP-BMBI1 was coexpressed with non-fused mutants. Among the mutant BMB2
proteins, only BMB2-Hydr was found to direct BMB1 to PAMBs (Figure 7). Thus, the
cysteine residues in the BMB2 MBD1 are neither essential for BMB2 localization to PAMBs
and the ability of BMB2 to recruit BMB1 to PAMBs, nor for BMB2 function in virus transport.
The failure of BMB2-mMid to recruit GFP-BMB1 to PAMBs (Figure 7E) correlates with its
sequestration into aggregates (Figure 5D) and with its inability to support the cell-to-cell
transport of the PVX-POL-GFP reporter construct in combination with BMB1 (Figure 6).
Likewise, the inability of BMB2-mN to direct GFP-BMB1 to PAMBs (Figure 7C) also is
in agreement with the inability of this mutant to function in the PVX-POL-GFP comple-
mentation test (Figure 6). BMB2-mN formed typical PAMBs (Figure 5B) and therefore
retained part of its functions. However, its inability to target BMB1 to PAMBs suggests the
involvement of its N-terminal region in the interaction with BMB1, in agreement with the
FRET-FLIM data showing that mRFP fused to the BMB2 N-terminus has no influence on
the GFP-BMBI1 excited-state lifetime, and therefore suggesting the possibility of interaction
between the BMB2 N-terminus and BMBI1 (Figure 1A).
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BMB2-mRFP
+ GFP

BMB2-mN-mRFP
+ GFP

BMB2-mHydr-mRFP
+ GFP

BMB2-mMid-mRFP
+ GFP

Figure 5. Subcellular localization of BMB2 mutants BMB2-mN (B), BMB2-mHydr (C) and BMB2-
mMid (D). The mutants and the wild type protein (A) taken as a control were coexpressed with
GFP to visualize cells. Left images, mRFP channel. Center images, GFP channel. Right images,
superposition of images for GFP and mRFP channels. All images are reconstructed from Z-series of

optical sections. Scale bar, 20 pm.
PVX-POL-GFP + BMB1 +

+ BMB2-mMid

+ BMB2-mHydr

Figure 6. Analysis of functional competence of BMB2 mutants. Complementation of cell-to-cell
movement of PVX-POL-GFP by combinations of BMB1 with BMB2 (positive control), BMB2-mN,
BMB2-mHydr, BMB2-mMid and empty vector (negative control) is shown. The leaf was imaged
under UV light at 5 d.p.a. Dashed lines encircle infiltrated areas.
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GFP-BMB1

+ mRFP §

GFP-BMB1
+ BMB2
+ MRFP

GFP-BMBT
+ BMB2-mN
+ mRFP

GFP-BMB1
+ BMB2-mHydr
+ mRFP

GFP-BMB1
+ BMB2-mMid
+ MRFP

Figure 7. Analysis of the ability of BMB2 mutants to direct GFP-BMB1 to PAMBs. GFP-BMB1 was
coexpressed with mRFP (used to visualize the cell shape and the nuclei) and BMB2 mutants (C-E),
as indicated on the left. Coexpression with the wild type BMB2 (B) was used as a control. The
coexpression of GFP-BMB1 with mRFP (A) represented a negative control. Left images, GFP channel.
Center images, mRFP channel. Right images, superposition of images for GFP and mRFP channels.
Scale bar, 20 um.

3.4. Verification of Identified Interaction Regions by FRET-FLIM

As the FRET-FLIM and mutagenesis data suggested that the BMB1 C-terminal region
and the BMB2 N-terminal region could be involved in the interaction of the two proteins,
we further verified this conclusion by FRET-FLIM measurements using the respective
BMB1 and BMB2 mutants. To this end, leaves of N. benthamiana plants were agroinfiltrated
for coexpression of GFP-BMB1d22 with BMB2-mRFP and GFP-BMB1 with BMB2-mN-
mRFP. As controls, GFP-BMB1 was coexpressed with either BMB2 (a negative control
without acceptor), or BMB2-mRFP (a positive control of interacting wt proteins). The GFP
fluorescence lifetimes in PAMBs measured for the two protein pairs involving the mutants
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GFP-BMB1d22 and BMB2-mN-mRFP were similar to that in the negative control, whereas
the GFP excited-state lifetime for the interacting wt proteins was significantly reduced
(Figure 8). Therefore, the FRET-FLIM data confirm that the interaction between the HGSV
BMB proteins involves the BMB1 C-terminal region and the BMB2 N-terminal region.

GFP-BMB1 GFP-BMB1 GFP-BMB1d22 GFP-BMB1
+ BMB2 + BMB2-mRFP + BMB2-mRFP + BMB2-mN-mRFP

*kk NS NS

3.0

-

= " N N
o o o o

GFP fluorescence lifetime, ns

=)
o

00 —— — e

Figure 8. FRET-FLIM analysis of role of the BMB1 C-terminal region and the BMB2 N-terminal region
in the interaction between BMB1 and BMB2. Measurements were carried out in cells of N. benthamiana
leaves agroinfiltrated for expression of the indicated pairs of proteins. The bars represent the average
GFP fluorescence lifetimes (ns), error bars indicate the standard deviation. Number of independent
measurements (N) was 48 for each tested protein combination. Above the bars, the significance
of difference from the data for GFP-BMB1 + BMB?2 is indicated; asterisks indicate a statistically
significant difference (***, p < 0.001) according to a Student’s ¢-test; NS—not statistically significant
(p > 0.05).

3.5. Mimicking the BMB1-BMB2 Complex

As the interaction between the two HGSV MPs involves the BMB1 C-terminal region
and the BMB2 N-terminal region, we wondered whether the BMB1:BMB2 complex could
be mimicked by the fusion protein BMB1-BMB2, in which BMB2 was covalently linked
to the BMB1 C-terminus. However, when the functional competence of BMB1-BMB2 was
analyzed in the PVX-POL-GFP complementation test, we found that the BMB1-BMB2
fusion protein was unable to complement the virus cell-to-cell transport (Figure 9A). This
observation might indicate that BMB-mediated virus transport requires BMB1 and/or
BMB?2 as individual polypeptides in addition to the BMB1:BMB2 complex. To test this
hypothesis, BMB1:BMB2 was coexpressed with either BMB1 or BMB2 in the PVX-POL-
GFP complementation test. Interestingly, BMB2 combined with BMB1-BMB?2 restored the
complementation of virus transport (Figure 9A), whereas coexpression of BMB1-BMB2 with
BMB1 did not have such effect (Supplementary Figure 56). It should be noted, however, that
the leaf areas infiltrated for coexpression of BMB1-BMB2 and BMB1 exhibited senescence at
the time point of 5 d.p.a., when results of the complementation test are typically recorded,
complicating the imaging of such leaves. To rule out the possibility that the BMB1-BMB2
fusion protein is unstable, GFP-fused BMB1-BMB2 expressed in N. benthamiana leaves
was analyzed by Western blotting with GFP-specific antibodies. GFP-BMB1-BMB2 was
detected as a band with the molecular weight of the full-length fusion protein, and no
lower-molecular-weight bands were found (Figure 9B). Collectively, these data suggest
that the BMB1-BMB2 fusion protein and additional BMB2 protein can cooperate to mediate
virus transport, whereas BMB1-BMB2 fusion protein and additional BMB1 cannot.
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Figure 9. Analysis of properties of the BMB1-BMB2 fusion protein. (A). Analysis of functional
competence of BMB1-BMB2 in PVX-POL-GFP complementation test. Complementation of cell-to-cell
movement of PVX-POL-GFP by combinations of BMB1 with BMB2 (positive control), BMB1-BMB2,
BMB1-BMB2 + BMB2 and empty vector (negative control) is shown. The leaf was imaged under UV
light at 5 d.p.a. Dashed lines encircle infiltrated areas. (B). Western blot analysis of GFP-BMB1-BMB2
with GFP-specific antibodies in N. benthamiana leaves agroinfiltrated for coexpression of GFP-BMB1-
BMB2 and BMB2. In controls, leaves were agroinfiltrated for expression of either GFP-BMB1 and
BMB?2, or an empty vector. Positions of molecular weight markers (in kDa) are shown on the right.

Imaging of GFP-BMB1-BMB2 revealed that this fusion protein localized to numerous
tiny bodies dispersed throughout the cytoplasm (Figure 10A). This distribution drastically
differs from the localization patterns of both BMB1 and BMB2. Upon coexpression with
BMB1, GFP-BMB1-BMB2 generally retained its localization in the cytoplasmic bodies,
whereas in the presence of BMB2 the GFP-BMB1-BMB?2 fusion protein was found in typical
BMB2-specific PAMBs (Figure 10B,C). These observations corroborate the complementation
data and demonstrate that BMB2 can interact with GFP-BMB1-BMB2 and direct the fusion
protein to PAMBs. This targeting can account for the observed complementation of virus
transport by the combination of BMB1-BMB2 and BMB2.

4. Discussion

The data presented in this paper demonstrate that the BMB2-dependent targeting of
BMB1 to BMB2-containing PAMBs requires a specific interaction between the two proteins.
This interaction involves the C-terminal BMB1 region and the N-terminal region of BMB2.
Whereas the BMBL1 localization is mostly cytoplasmic, BMB2 is associated with the ER
membranes and is believed to be delivered to PAMBs by translocation along cortical ER
tubules [30]. Therefore, we presume that BMB1 interacts with BMB2 upon cotranslational
integration of the latter into the ER membrane, allowing BMB1 to be codelivered to PD as a
part of a BMB1:BMB2 complex. The interaction of the two proteins early after translation
in virus-infected cells likely occurs in VRCs where the synthesis of virus RNAs, including
mRNAs for expression of MPs, and their translation take place [1]. As VRCs occur at PD as
well as at other cortical sites in epidermal cells [1,8,38], the BMB1:BMB2 complex may form
close to the PD entrance.
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GFP-BMB1-BMB2
+ mRFP

GFP-BMB1-BMB2

+ BMB1

+ MRFP

GFP-BMB1-BMB2
+ BMB2
+ mMRFP

Figure 10. Subcellular localization of the BMB1-BMB2 fusion protein. GFP-BMB1-BMB2 was coex-
pressed with mRFP used to visualize the cell shape and the nuclei (A), or with mRFP and either
BMB1 (B) or BMB2 (C). Left images, GFP channel. Center images, mRFP channel. Right images,
superposition of images for GFP and mRFP channels. Scale bar, 20 um.

As BMB1 and BMB2 are encoded in the HGSV genome as individual proteins rather
than a single polypeptide, it is likely that the BMB-mediated virus transport requires, in
addition to the BMB1:BMB2 complex, the functions of BMB1 and /or BMB2 as individual
proteins. As an indirect support of this view, the BMB1-BMB2 fusion protein mechanistically
mimicking the BMB1:BMB2 complex is unable to mediate virus transport on its own, but is
however functional in the presence of BMB2, but not BMB1. As the functional competence
of the covalent BMB1-BMB2 fusion protein could be different from that of BMB1:BMB2
complex, it is currently unclear whether the individual BMB2 polypeptide is required for
virus transport under natural conditions. Thus, further studies are required to determine
the functions of individual BMB1 and BMB2 proteins, as well as their complex, in virus
cell-to-cell movement.

Earlier, we showed that the fusion of mRFP to the N- and C-terminus of BMB2 has
different effects on BMB2 function. The mRFP-BMB?2 fusion protein localizes to PAMBs
and the PD interior, induces constrictions of the ER tubules, and increases the PD SEL.
By contrast, BMB2-mRFP, although capable of localization to PAMBEs, fails to induce ER
constrictions, to localize to PD, and to increase the PD SEL [29]. However, both BMB2
fusions are dysfunctional in mediating viral and BMB1 transport through PD [27]. The data
presented here indicate that the dysfunction of mRFP-BMB2 in virus movement is caused
by the inability of mRFP-BMB?2 to interact with BMB1, while BMB2-mRFP retains the ability
to interact with BMB1 but is deficient in protein essential functions that likely result from
BMB2 conformational changes caused by mRFP fused to the protein C-terminus.

The central region located between two hydrophobic membrane-associated domains
is conserved in BMB2 proteins and has a distant relation to the corresponding region of
TGB2 proteins [28,37]. Mutations introduced in this region result in protein aggregation in
large cytoplasmic inclusions that prevents correct BMB2 targeting to PAMBs. The mutant
protein sequestered in large inclusions is unable to interact with BMB1 and direct the latter
to the inclusions. However, these observations do not exclude the possibility that the
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central regions of the wt BMB2 protein could still function, in addition to the N-terminal
region, in the interaction with BMB1. Such interaction is possible as the BMB2 central
region, as well as the N-terminal region, is located in the cytoplasm [29]. Interestingly,
mutations introduced in the central region of Potato mop-top virus TGB2 protein have been
shown to interfere with the ability of TGB2 to target the TGB1 protein to PAMBs in the
presence of TGB3. However, it remains unresolved whether this effect resulted from TGB2
misfolding /mislocalization or impaired TGB1 binding per se [19]. Therefore, the potential
role of the BMB2/TGB2 central region in interaction with BMB1/TGB1 is a subject of
further investigations.

5. Conclusions

Understanding the interaction between MPs, as well as the specific functions of
individual proteins, is of key importance for unraveling the molecular mechanism of plant
virus cell-to-cell movement. The specific interaction of BMB1 and BMB2 proteins uncovered
in this paper can open new perspectives in studies of virus transport mechanisms.
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Complementation of cell-to-cell movement of PVX-POL-GFP by BMB1-BMB2 and BMB1-BMB2
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