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Abstract

Coat protein (CP) is required for potyviruses to move and establish a systemic infection in plants. m-stackings
formed by aromatic residues play critical roles in maintaining protein stability and functions. As we know, many
aromatic residues located in the core region of potyvirus CPs are conserved. However, their roles in potyvirus
infection remain largely unknown. Here, through analysis of the three-dimensional model of the tobacco vein
banding mosaic virus (TVBMV; genus Potyvirus) CP, 16 aromatic residues were predicated to form m-stackings. The
results of transient expression experiments demonstrated that deletion of any of these 16 aromatic residues
reduced CP accumulation. Infectivity assays showed that deletion of any of these aromatic residues in the TVBMV
infectious clone abolished cell-to-cell movement and reduced replication of the virus. Substitution of Y'* and Y'*
individually with non-aromatic residues alanine or glycine reduced CP accumulation, virus replication, and abolished
the ability of TVBMV to move intercellularly, while substitution of these two residues individually with aromatic
residues phenylalanine or tryptophan, had no or little effect on CP accumulation and TVBMV systemic movement
and replication. Similar results were obtained from the CP mutants of watermelon mosaic virus (WMV, genus
Potyvirus). Taken together, our results demonstrate that multiple aromatic residues in CP are involved in potyvirus
movement by forming m-stackings to maintain CP accumulation.
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Background

Potyviral CP is a multifunctional protein involved in en-
capsidation, aphid transmission, viral replication and
movement (Weber and Bujarski 2015). It is divided into
three regions: the N-terminal, the C-terminal and the
conserved core regions (Shukla et al. 1988). The three-
dimensional (3D) structures of CPs from three poty-
viruses, i.e., watermelon mosaic virus (WMYV), potato
virus Y (PVY) and turnip mosaic virus (TuMV), show
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that the N- and C-terminal regions of CP are flexible
and lack secondary structure, while the core region con-
tains eight to ten a-helices and two [B-sheet structures
(Zamora et al. 2017; Cuesta et al. 2019; Kezar et al.
2019). The N- and C-terminal regions of CP are respon-
sible for long-distance movement of tobacco etch virus
(TEV) (Dolja et al. 1994, 1995). Maintaining the net
charge of the N-terminal region is essential for cell-to-
cell movement of zucchini yellow mosaic virus (ZYMV)
(Kimalov et al. 2004). Substitutions of the charged resi-
dues in the C-terminal region of CP affect cell-to-cell
movement of soybean mosaic virus (SMV) (Seo et al.
2013). Deletion of residues 6—50 in the CP N-terminus
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of TuMV has no obvious effect on its cell-to-cell and
long-distance movement; while deletion of residues
265-274 in the CP C-terminus abolishes TuMV inter-
cellular movement (Dai et al. 2020). Mutation of any
of the conserved residues serine, arginine and aspartic
acid at positions 122, 154 and 198, respectively
(named as $'?2, R¥® and D'*®) in the core region of
CP abolishes cell-to-cell movement of TEV (Dolja
et al. 1994, 1995). Mutations of residues correspond-
ing to R and D'® of TEV CP in CPs of TuMV
and wheat streak mosaic virus (WSMV, genus Triti-
movirus, family Potyviridae) also abolish cell-to-cell
movement of these two viruses (Tatineni et al. 2014;
Dai et al. 2020). The residues at positions 192 and
225 (R' and K**°) located in the RNA binding
pocket of CP are involved in cell-to-cell movement of
TVBMV and WMV (Yan et al. 2021b). Recently, we
have found that the conserved aromatic residue tryp-
tophan at position 122 (W'??) in the core region of
CP plays an important role in CP stability and cell-
to-cell movement of TVBMV, PVY and WMV (Yan
et al. 2021a).

Previous studies have shown that aromatic residues,
including tyrosine (Y), phenylalanine (F) and trypto-
phan (W), are involved in protein stability and func-
tions (Salonen et al. 2011; Chatterjee et al. 2019). The
sidechains of aromatic residues in the core of a pro-
tein play essential roles in paired interactions (Burley
and Petsko 1985). Mutation of the conserved aromatic
residue F in the LFEYQ motif at the C-terminus of
the readthrough protein of potato leafroll virus re-
duces long-distance movement of the virus and symp-
tom expression (Xu et al. 2018). Changing the
aromatic residue Y**® in the nonstructural protein S
(NSs) of watermelon silver mottle virus reduces the
strength of self-interaction and stability of the protein,
and also virus pathogenicity on squash plants (Huang
et al. 2015). Two rings of aromatic residues with a
centroid distance less than 10.0A can form m-
stacking (Burley and Petsko 1985). m-stacking is in-
volved in recognizing the mRNA cap-binding protein
(eukaryotic initiation factor 4E) (Marcotrigiano et al.
1997; Matsuo et al. 1997). m-stacking plays essential
roles in maintaining the stability of several proteins,
including small ribonuclease barnase in Bacillus amy-
loliquefaciens, the outer membrane protein and the
cold shock protein in Escherichia coli (Serrano et al.
1991; Hillier et al. 1998; Hong et al. 2007). The aro-
matic residue pair Y*'-F®* in small ubiquitin-like
modifier (SUMO) protein forms a specific edge-to-
face conformation, which is vital for SUMO fold and
stability (Chatterjee et al. 2019). The carp parvalbu-
min protein contains a cluster of seven F residues
that can form a stereotypic aromatic ring network,
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which is essential for maintaining functional structure
(Burley and Petsko 1985). To date, little is known
about the function of m-stackings in regulating virus
infection.

Here, we found that multiple conserved aromatic
residues in the CPs of TVBMV and WMV could
form m-stackings, which are essential for maintaining
CP accumulation and virus movement. Our finding
provides new insight into the role of evolutionarily
conserved aromatic residues of CP in potyvirus
infection.

Results

Sixteen aromatic residues in TVBMV CP are predicted to
form m-stackings

It has been demonstrated that the m-stacking structure
can be formed with a centroid distance less than 10.0 A
between two rings of aromatic residues (Burley and
Petsko 1985). Here, sequence analysis showed there were
18 aromatic residues in TVBMV CP in addition to the
previous reported W'** (Yan et al. 2021a). All the 19
aromatic residues were located in the core region of CP.
To determine whether these aromatic residues could
form m-stacking, we measured the centroid distance be-
tween aromatic residue rings based on the predicted 3D
model of TVBMV CP. The results showed that residues
F**, Y7 or F**” could not form m-stacking with any
other aromatic residues within TVBMV CP, but other
16 aromatic residues, including F**, W*7, Y%, Y'%°,
W22, 136 y147 P60 pl67 yI172 yi8a 188 y202 [204
F?° and Y*”, could form m-stackings (Fig. 1 and Add-
itional file 1: Table S1). Residues Y'® and W'*? could
form one m-stacking with Y'*” and W3¢, respectively;
residues Y*%, Y'*” and Y'®* could form two m-stackings
with other aromatic residues; residues F**, W3¢, y'7*
and Y?* could form three m-stackings with other aro-
matic residues; residues W7, F'°, F'¢7, Y' and y*>*’
could form four m-stackings with other aromatic resi-
dues; residues F>** and F*°° could form six m-stackings
with other aromatic residues (Fig. 1 and Additional file
1: Table S1).

The m-stackings are essential for maintaining CP
accumulation

To determine the role of m-stackings in TVBMV CP
accumulation, we individually deleted each of the above-
mentioned 16 aromatic residues that could form m-
stacking in the transient expression construct
pCamGFP-TVBMVCP (the expressed protein was
named as GFP-TVBMVCP) to produce their corre-
sponding mutant plasmids, including pCamGFP-
TVBMVCP (AF94), pCamGFP-TVBMVCP (AW97),
pCamGFP-TVBMVCP (AY98), pCamGFP-TVBMVCP
(AY105), pCamGFP-TVBMVCP (AW122), pCamGFP-
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are indicated with red fonts

Fig. 1 m-stacking analysis based on the predicted TVBMV CP 3D model. a The overview of the predicted TVBMV CP 3D cartoon model. Sixteen
aromatic residues forming m-stackings are indicated in sticks. b—d The close view of the m-stackings between 16 aromatic residues in TVBMV CP.
The positions of F>*, W7, Y8, F160 F167 and F2% indicated with different colors are shown in b. The positions of Y'%, W'?2, W'3¢ Y'*/ and F'°
indicated with different colors are shown in c. The positions of Y74 Y184 Y188 y202 204 £206 3nd v297 indicated with different colors are shown
in d. The centroid distance less than 10 A between two aromatic rings is indicated with a yellow dash line and the corresponding distance values

TVBMVCP (AW136), pCamGFP-TVBMVCP (AY147),
pCamGFP-TVBMVCP (AF160), pCamGFP-TVBMVCP
(AF167), pCamGFP-TVBMVCP (AY174), pCamGFP-
TVBMVCP (AY184), pCamGFP-TVBMVCP (AY188),
pCamGFP-TVBMVCP (AY202), pCamGFP-TVBMVCP
(AF204), pCamGFP-TVBMVCP (AF206) and pCamGFP-
TVBMVCP (AY207). Meanwhile, deletions were also in-
troduced into codons coding for F*, Y7 and F**’ that
could not form m-stacking, and the resultant mutants
were named pCamGFP-TVBMVCP (AF46), pCamGFP-
TVBMVCP (AY77) and pCamGFP-TVBMVCP (AF237),
respectively. Agrobacterium (ODggg = 0.4) carrying plas-
mid pCamGFP-TVBMVCP or one of the 19 mutant
plasmids was infiltrated into fully expanded leaves of N.
benthamiana. At 5 days post-agro-infiltration (dpai), the
expression level of GFP-TVBMVCP (AF46) was similar
to that of GFP-TVBMVCP, and those of GFP-
TVBMVCP (AY77) and GFP-TVBMVCP (AF237) were
reduced to 60 and 80% of that of GFP-TVBMVCP, re-
spectively, while those of the rest 16 mutant proteins
were less than 20% of that of GFP-TVBMVCP (Fig. 2a,
b). These results indicate that m-stackings are essential
for maintaining TVBMV CP accumulation.

The mi-stackings are required for cell-to-cell movement
and replication of TVBMV

To determine the role of m-stackings in TVBMYV infec-
tion of N. benthamiana plants, we individually intro-
duced each deleted mutation of aromatic residues that
could form m-stacking into a GFP-expressing TVBMV
infectious clone pCamTVBMV-GEFP (the produced virus
was named as TVBMV-GFP) to produce mutant plas-
mids, including pCamTVBMV-GFP (AF94), pCamTVB
MV-GFP (AW97), pPCamTVBMV-GFP (AY98), pCamTV
BMV-GFP (AY105), pCamTVBMV-GFP (AW122),
pCamTVBMV-GFP  (AW136), pCamTVBMV-GFP
(AY147), pCamTVBMV-GEP (AF160), pCamTVBMV-
GFP (AF167), pCamTVBMV-GFP (AY174), pCamTVB
MV-GFP  (AY184), pCamTVBMV-GEP  (AY188),
pCamTVBMV-GFP (AY202), pCamTVBMV-GFP
(AF204), pCamTVBMV-GFP(A F206) and pCamTVB
MV-GFP (AY207). We also deleted the codon coding for
F*, which could not form m-stacking with other
aromatic residues within CP, in the pCamTVBMV-GFP
to produce pCamTVBMV-GFP (AF46) and used it as a
control. Agrobacterium (ODgop =0.2) carrying pCamTV
BMV-GEFP or one of the mutant plasmids was infiltrated
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Fig. 2 Effect of m-stackings on CP accumulation. a GFP fluorescence and b relative GFP fluorescence intensities in the N. benthamiana leaf
patches expressing GFP-TVBMVCP, one of its 16 mutants derived from aromatic residues (F*, W, Y98, Y195 w122 136 y147 160 p167 y174 184
Y188 202 p204 £206 5nd v20%) that were predicted to form m-stacking, or one of its 3 mutants derived from aromatic residues (F*, Y7 and F?*’)
that could not form m-stacking at 5 dpai. ‘A’ indicates the codon for the residue was deleted. The values are the means + SD from three
biological replicates per treatment. Treatments marked with the same lowercase letters have no significant statistical difference

into leaves of N. benthamiana plants. At 7 dpai, GFP
fluorescence was observed not only in the infiltrated
leaves but also in the systemic leaves of N. benthamiana
plants when agrobacterium carrying TVBMV-GFP or
TVBMV-GFP (AF46). However, GFP fluorescence was
observed only in the infiltrated leaves of N. benthamiana
plants when agrobacterium carrying each of thel6 mu-
tants, as illustrated by TVBMV-GFP (AY105) and
TVBMV-GFP (AY147) (Fig. 3a). Enzyme-linked im-
munosorbent assay (ELISA) results also showed that the
virus was detected in the systemic leaves of plants when
agrobacterium carrying TVBMV-GFP or TVBMV-GFP
(AF46), rather than other mutant viruses was infiltrated
(Fig. 3b).

To examine cell-to-cell movement of these systemic
movement-defective mutants, we infiltrated the agrobac-
terium (ODggo = 0.0001) carrying one of these 16 mutant
plasmids into N. benthamiana leaves. At 5 dpai, the
leaves inoculated were observed under a confocal micro-
scope. We analyzed 30 fluorescent foci for each mutant.
The results showed that GFP fluorescence produced by
the 16 mutant viruses was confined only to single cells
(Fig. 3c), as illustrated by TVBMV-GFP (AY105) and
TVBMV-GFP (AY147), whereas the fluorescence signal
produced by TVBMV-GFP was observed to spread to
many neighboring cells (Fig. 3d).

We further determined the viral RNA accumulation
levels of these 16 mutant viruses. Agrobacterium
(ODggo = 0.2) carrying pCamTVBMV-GEFP or one of the

16 mutant plasmids was infiltrated into N. benthamiana
leaves. The replication-defective mutants pCamTVBMV-
GFP (NIbAGDD) and pCamTVBMV-GFP (CPSTOP), in
which the codon encoding residues GDD in NIb was
deleted, or a stop codon was inserted between the first
and second codon of CP-encoding sequence in
pCamTVBMV-GEFP, were used as controls (Geng et al.
2017; Yan et al. 2021a). At 60h post-agro-infiltration
(hpai), the viral minus (-)RNA accumulating levels were
detected by using reverse transcription-quantitative
polymerase chain reaction (RT-qPCR). It was showed
that viral (-)RNA accumulating levels of these 16 mu-
tants amounted to 30-40% of that of TVBMV-GFP,
while those of TVBMV-GFP (NIbAGDD) and TVBMV-
GFP (CPSTOP) were ~20% of that of TVBMV-GFP
(Fig. 3e). There was no significant difference in (-)RNA
accumulating level among mutant viruses derived from
these 16 aromatic residues (Fig. 3e). These results indi-
cate that m-stackings are critical for cell-to-cell move-
ment and replication of TVBMV.

Mutations retaining n-stackings can maintain CP
accumulation, replication and movement of TVBMV

To test whether the mutations retaining mn-stackings
could maintain TVBMV CP accumulation, we selected
two aromatic residues Y'°° and Y'*’, which could form
ni-stacking, for non-aromatic or aromatic substitution
experiments. We individually substituted the codon for
Y'% or Y in pCamGFP-TVBMVCP with that for non-
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Fig. 3 Effect of m-stackings on systemic and cell-to-cell movement, and replication of TVBMV. a Systemic movement of TVBMV-GFP, TVBMV-GFP
(AY105) and TVBMV-GFP (AY147). GFP fluorescence in the systemic leaves of N. benthamiana plants inoculated with the virus was observed under
UV light at 7 dpai. Blue and green arrows indicate the infiltrated and systemic leaves, respectively. b Viral accumulation was detected by ELISA in
the systemic leaves of N. benthamiana plants inoculated with TVBMV-GFP, one of its 16 mutants derived from aromatic residues (F**, W*/, Y8,
Y105 W12 136 Y147 pT60 [I67 174 184 188 202 £204 1206 40 v207) that were predicted to form m-stacking, or TVBMV-GFP (AF46) at 7 dpai. A
sample from a buffer-inoculated plant was used as a negative control (Mock). ¢ Cell-to-cell movement of 16 viral mutants in the infiltrated leaves
at 5 dpai. The number of cells showing GFP fluorescence was the means + SD from 30 infection foci per treatment. d Cell-to-cell movement of
TVBMV-GFP, TVBMV-GFP (AY105), and TVBMV-GFP (AY147). GFP fluorescence was observed under a confocal microscope at 5 dpai. e The
replication levels of TVBMV-GFP, viral mutants derived from 16 aromatic residues, and replication-defective mutants TVBMV-GFP (NIbAGDD) and
TVBMV-GFP (CPSTOP). The minus-strand (—)RNA accumulating level in the infiltrated leaf patches was detected by RT-qPCR at 60 hpai. The
expression level of NbEF1A was used as an internal control. The values are the means + SD from three biological replicates per treatment.
Treatments marked with the same lowercase letters have no significant statistical difference. The inoculation tests were repeated three times
independently. The viral systemic and cell-to-cell movement in the plants inoculated with the other 14 aromatic mutants were the same as those
in the plants inoculated with TVBMV-GFP (AY105) and TVBMV-GFP (AY147) (data are not shown). ‘A’ indicates the codon for the residue has

been deleted

aromatic residues A and G, or aromatic residues F and
W to produce pCamGFP-TVBMVCP(Y105A), pCamGF
P-TVBMVCP(Y105G), pCamGEP-TVBMVCP(Y147A),
pCamGFP-TVBMVCP(Y147G), pCamGFP-TVBMVCP(
Y105F), pCamGFP-TVBMVCP(Y105W), pCamGFP-
TVBMVCP(Y147F) and pCamGFP-TVBMVCP(Y147W).

N. benthamiana leaves were infiltrated with agrobacter-
ium (ODgpy =0.4) harboring pCamGFP-TVBMVCP or
one of the above eight mutant plasmids. At 5 dpai, the
GFP fluorescence intensity in the patches expressing
GFP-TVBMVCP(Y105A), GFP-TVBMVCP(Y105G), GF
P-TVBMVCP(Y147A) or GFP-TVBMVCP(Y147G) was
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similar to that expressing GFP-TVBMVCP (AY105) or
GFP-TVBMVCP (AY147), less than 20% of that of GFP-
TVBMVCP. In contrast, GFP fluorescence intensity in
the patches expressing GFP-TVBMVCP(Y105F), GFP-
TVBMVCP(Y147F) or GFP-TVBMVCP(Y147W) was
similar to that expressing GFP-TVBMVCP. We also
noted that GFP fluorescence intensity produced by GFP-
TVBMVCP(Y105W) was approximately 75% of that by
GFP-TVBMVCP (Fig. 4a, b). To exclude the effect of
GFP on CP accumulation, we substituted the codon for
Y% or Y to that for A and G in pCamTVBMVCP,
which could express TVBMV CP, to produce pCam
TVBMVCP(Y105A), pCamTVBMVCP(Y105G), pCamT
VBMVCP(Y147A) and pCamTVBMVCP(Y147G). The
CP accumulation was detected by western blotting at 5
dpai. The results showed that the CP accumulation
levels of these four mutants was significantly lower than
that of TVBMVCP (Additional file 2: Figure S1). These
results indicate that mt-stacking formed by Y'® and Y'*
is critical for TVBMV CP accumulation.

To determine whether the mutations retaining -
stackings can maintain TVBMV systemic movement, we
individually introduced mutations of Y105A, Y105G,
Y147A, Y147G, Y105F, Y105W, Y147F and Y147W into
pCamTVBMV-GFP to produce pCamTVBMV-GFP(Y10
5A), pCamTVBMV-GFP(Y105G), pCamTVBMV-GFP(Y
147A), pCamTVBMV-GEP(Y147G), pCamTVBMV-GF
P(Y105F), pCamTVBMV-GFP(Y105W), pCamTVBMYV-
GFP(Y147F) and pCamTVBMV-GFP(Y147W), respect-
ively. Agrobacterium (ODggg =0.2) harboring pCamTV
BMV-GFP or one of these eight mutant plasmids was
infiltrated into N. benthamiana plants. At 7 dpai,
TVBMV-GFP, TVBMV-GFP(Y105F), TVBMV-GFP(Y1
05W), TVBMV-GEP(Y147F) and TVBMV-GFP(Y147W)
could, whereas TVBMV-GFP(Y105A), TVBMV-GFP(Y1
05G), TVBMV-GEP(Y147A) and TVBMV-GEP(Y147G)
could not move systemically in N. benthamiana plants
(Fig. 4c). The RT-qPCR results showed that no viral
RNA of TVBMV-GFP(Y105A), TVBMV-GFP(Y105G),
TVBMV-GFP(Y147A) and TVBMV-GFP(Y147G) was
detected in the systemic leaves of the assayed plants.
TVBMV-GFP(Y105F) and TVBMV-GFP(Y147F) accu-
mulated to a similar level of viral RNA compared with
TVBMV-GFP. TVBMV-GFP(Y105W) and TVBMV-
GFP(Y147W) accumulated to ~50% level of viral RNA
of TVBMV-GFP (Fig. 4d).

To further confirm the role of m-stacking formed by
Y% and Y% in viral cell-to-cell movement, we infil-
trated the agrobacterium (ODggg=0.0001) carrying
pCamTVBMV-GEP or one of the eight mutant plasmids
into N. benthamiana leaves. At 5 dpai, TVBMV-GFP,
TVBMV-GFP(Y105F), TVBMV-GFP(Y105W), TVBMV-
GFP(Y147F) and TVBMV-GFP(Y147W) were observed
to spread to many cells, but TVBMV-GFP(Y105A),
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TVBMV-GFP(Y105G), TVBMV-GFP(Y147A) and TV
BMV-GFP(Y147G) could not move intercellularly (Fig.
4e-g).

We further detected the viral RNA accumulation in
the infiltrated leaves at 60 hpai. RT-qPCR results showed
that the (-)RNA accumulation levels of TVBMV-
GFP(Y105A), TVBMV-GFP(Y105G), TVBMV-GFP(Y14
7A) and TVBMV-GFP(Y147G) were approximately 40%
of that of TVBMV-GFP (Fig. 4h). The (-)RNA accumu-
lation levels of TVBMV-GFP(Y105F), TVBMV-
GFP(Y147F) and TVBMV-GFP(Y147W) were similar to
that of TVBMV-GFP, and it was 80% of that of
TVBMV-GFP for TVBMV-GFP(Y105W) (Fig. 4h).

These results indicate that mutations retaining m-
stackings can maintain CP accumulation, replication and
movement of TVBMV.

Disrupting m-stackings reduces virus particle number

To determine the effect of m-stackings on virus particle
assembly and yield, we purified virus particles from the
agroinfiltrated leaves. The extracts were negatively
stained and then observed under transmission electron
microscopy. The results showed that typical virus parti-
cles were easily observed in leave samples treated with
TVBMV-GFP, TVBMV-GFP(Y105F), TVBMV-GFP(Y
105W), TVBMV-GFP(Y147F) and TVBMV-GFP(Y
147W). However, virus particles in leave samples treated
with  TVBMV-GFP(Y105A), TVBMV-GFP(Y105G),
TVBMV-GFP(Y147A) and TVBMV-GFP(Y147G) were
barely detected (Fig. 5a, b). These results indicate that
destroying the m-stackings does not completely abolish
the ability of mutant viruses to assemble virus particles,
but significantly reduces the number of virus particles.

The m-stackings play essential roles in CP accumulation
and cell-to-cell movement of WMV

Sequence analysis of 234 potyvirus CP sequences
showed that among the 16 aromatic residues in TVBMV
CP that could form m-stackings, 11 residues were com-
pletely conserved, and the rest five were incompletely
conserved (Additional file 2: Figure S2), indicating that
mi-stackings were conserved in potyvirus CPs.

We compared the predicted 3D model of TVBMV CP
with those of PVY, WMV and TuMV CPs (Zamora et al.
2017; Cuesta et al. 2019; Kezar et al. 2019), and found that
they shared structural similarities (Additional file 2: Figure
S3). The same as in TVBMV CP, there were 19 aromatic
residues in WMV CP, and all of them were located in the
core region of WMV CP. Sixteen of them, including F'®,
W08 Y109 Y116 P130 \(133 \g147 Y158 pI78 185 y195
Y9, y213 F212 F217 and Y*'®, were predicted to form -
stackings, whereas the rest three aromatic residues, in-
cluding Y®, F*® and F**, could not form this structure
(Fig. 6 and Additional file 1: Table S2). Sequence analysis
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TVBMV(Y147A), GFP-TVBMV(Y147G), GFP-TVBMVCP (AY105), GFP-TVBMVCP(Y105F), GFP-TVBMVCP(Y105W), GFP-TVBMVCP (AY147), GFP-
TVBMVCP(Y147F) and GFP-TVBMVCP(Y147W) at 5 dpai. Pictures were photographed under UV light. GFP fluorescence intensities were determined
by a multi-function microplate reader. ‘A" indicates the codon for the residue has been deleted. ¢ GFP fluorescence and d viral RNA accumulation
level in the systemic leaves of N. benthamiana inoculated with TVBMV-GFP, TVBMV-GFP(Y105A), TVBMV-GFP(Y105G), TVBMV-GFP(Y147A), TVBMV-
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TVBMV-GFP(Y147W). GFP fluorescence was observed under a confocal microscope at 5 dpai. f The number of cells showing GFP fluorescence in
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fluorescence in each infection locus of TVBMV-GFP, TVBMV-GFP(Y105F), TVBMV-GFP(Y105W), TVBMV-GFP(Y147F) and TVBMV-GFP(Y147W). The
values are the means + SD from 30 infection foci per treatment. h The minus-strand (=) RNA accumulating level in the infiltrated leaf patches of
N. benthamiana inoculated with TVBMV-GFP, TVBMV-GFP(Y105A), TVBMV-GFP(Y105G), TVBMV-GFP(Y147A), TVBMV-GFP(Y147G), TVBMV-GFP(Y105F),
TVBMV-GFP(Y105W), TVBMV-GFP(Y147F), TVBMV-GFP(Y147W) or replication-defective mutant TVBMV-GFP (NIbAGDD) detected by RT-qPCR at 60
hpai, with the expression of NbEF1A as an internal control. The values are the means + SD from three biological replicates per treatment.
Treatments marked with the same lowercase letters have no significant statistical difference
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showed that 15 of these 16 aromatic residues in WMV CP
were identical to that in the corresponding positions in
TVBMYV CP (Additional file 2: Figure S4).

We individually deleted the codon for these 19 aromatic
residues from pCamGFP-WMVCP that express GFP-
WMVCP, a fusion protein of GFP and wild-type WMV CP,
to produce 19 mutant plasmids. The N. benthamiana
leaves were infiltrated with agrobacterium carrying
pCamGFP-WMVCP or one of these 19 mutants. At 5 dpai,
GEFP fluorescence intensity in the leaf patches expressing
one of 16 mutants decreased to 20-40% of that of GFP-
WMVCP, and it was 60% of that of GFP-WMVCP for
GFP-WMVCP (AF96). For GFP-WMVCP (AY88) and
GFP-WMVCP (AF248), the same level of fluorescence in-
tensities with that of GFP-WMVCP were observed (Fig. 7a,
b). These results indicate that mutations disrupting any -
stackings compromise the accumulation of WMV CP.
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To investigate the effects of m-stacking on WMV move-
ment, we individually deleted the codons for the 16 aro-
matic residues that could form mn-stackings from the WMV
infectious clone pCBWMV-GFP (WMV-GFP) to produce
the corresponding virus mutants. N. benthamiana leaves
were infiltrated with agrobacterium (ODggo = 0.0001) har-
boring pPCBWMYV-GEP or one of these 16 mutant plasmids.
At 5 dpai, WMV-GFP was found to have spread to many
cells in the infiltrated leaf patches. In contrast, GFP fluores-
cence in the WMV-GFP (AF105)-, WMV-GFP (AW108)-,
WMV-GFP (AY109)-, WMV-GFP (AY116)-, WMV-GFP
(AF130)-, WMV-GFP (AW133)-, WMV-GFP (AW147)-,
WMV-GFP (AY158)-, WMV-GFP (AF178)-, WMV-GFP
(AY185)-, WMV-GFP (AY195)-, WMV-GFP (AY199)-,
WMV-GFP (AY213)-, WMV-GFP (AF215)-, WMV-GFP
(AF217)- and WMV-GFP (AY218)-inoculated leaf patches
was only confined to single cells (Fig. 7c).
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These results indicate that m-stackings play critical
roles in maintaining the CP accumulation and cell-to-
cell movement of WMV.

Discussion

Previous studies have shown that m-stacking formed by
aromatic residues is involved in maintaining protein sta-
bility via stabilizing a-helixes and p-sheets (Butterfield
et al. 2002; Budyak et al. 2013). Recently, we have found
that the aromatic rings of W'** (residue numbered ac-
cording to the full length of TVBMYV CP) in CPs of several
potyvirus are critical for CP stability (Yan et al. 2021a).
However, the mechanism of the ring of W'** in maintain-
ing CP stability is unclear. In this study, we found that all
19 aromatic residues are located at the core region of
TVBMV CP. Our prediction results showed that W'**
and other 15 aromatic residues in the core regions of both
TVBMYV and WMV CPs could form m-stackings (Figs. 1
and 6; Additional file 1: Tables Sland S2). Deletion of the
aromatic residues that could form m-stackings significantly
reduced CP accumulation to 20% of that of wild-type
TVBMV CP. Furthermore, we found that substitutions of
Y'% and Y individually with non-aromatic residues A
or G significantly reduced TVBMV CP accumulation,
while substitutions of Y'® and Y'* with aromatic resi-
dues F or W had little effect on TVBMV CP accumulation
(Fig. 44, b). Deletion of the aromatic residues that could
form m-stackings also significantly reduced CP accumula-
tion of WMV (Fig. 7a, b). These results imply that disturb-
ing m-stacking in potyvirus CPs reduce the stability of the
proteins, as a consequence, reduce their accumulation.
We also found that the accumulation of GEFP-
TVBMVCP(Y105W) was lower than that of GFP-
TVBMVCP(Y105F). The similar phenotype has been re-
ported previously, which showed that a specific edge-to-
face conformation between the Y>'-F®* pair of interacting
aromatics is important for the fold and stability of SUMO,
and substitution of Y>! with F°! could perturb the edge-
to-face conformation and reduce SUMO stability (Chat-
terjee et al. 2019). It is also possible that Y>'F substitution
can create major distortions in the network of interactions
between the pair and other residues at the buried environ-
ment of SUMOL1 and then reduce protein stability (Chat-
terjee et al. 2019).

Our previous study has shown that mutation of W'** to
non-aromatic residues remarkably reduces CP accumula-
tion, virus replication and abolishes intercellular move-
ment of TVBMV (Yan et al. 2021a). In consistent with
these results, we further found that deletion mutation of
any of the 16 aromatic residues, including W' that could
form m-stacking within CP, abolished TVBMYV and WMV
cell-to-cell movement (Figs. 3c and 7c). These mutations
also significantly reduced CP accumulation and TVBMV
replication (Figs. 2 and 3e). As efficient replication is the
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prerequisite step for potyviral cell-to-cell movement
(Deng et al. 2015; Chai et al. 2020), the low accumulation
of CP and viral RNA might be responsible for the abolish-
ment of cell-to-cell movement of TVBMV mutants.

Previous study has shown that TEV mutants derived
from $'?%, R"** and D'®® fail to move between cells and
to form virus particles to a detectable level. Similar re-
sults are obtained in the corresponding point mutants of
TuMV and WSMV (Tatineni et al. 2014; Dai et al.
2020). We have found that movement-defective TVBMV
mutants derived from W'** form fewer virus particles
compared with wild-type TVBMV (Yan et al. 2021a).
Here, we also found that movement-defective TVBMV
mutants, including TVBMV-GFP(Y105A), TVBMV-
GFP(Y105G), TVBMV-GFP(Y147A) and TVBMV-
GFP(Y147G), produced fewer virus particles compared
with wild-type TVBMV-GFP and the movement-
competent mutants including TVBMV-GFP(Y105F),
TVBMV-GFP(Y105W), TVBMV-GFP(Y147F) and
TVBMV-GFP(Y147W) (Fig. 5). Combined with the re-
sults in Additional file 2: Figure S1, it was showed that
disrupting m-stackings formed by those aromatic amino
acid residues reduced the accumulation level of CP
(Additional file 2: Figure S1) and subsequently the num-
ber of virus particles. CP is an essential viral protein for
cell-to-cell movement of potyviruses, which is trans-
ported through plasmodesmata in the form of virus par-
ticles or VRNA/CP interaction complex (Wang 2021).
Our results suggest that m-stackings formed by those
aromatic amino acid residues are important for the ac-
cumulation level of CP, and this can further affect virus
movement.

Aromatic residues are usually essential for maintaining
both protein structure and function. An aromatic resi-
due in the readthrough protein may regulate systemic
infection of potato leafroll virus together with an a-helix
structural motif (Xu et al. 2018). Mutations of aromatic
residues buried at the core of SUMO affect its conform-
ation and therefore reduce interface affinity with SUMO
interacting motifs of promyelocytic leukemia protein
(Chatterjee et al. 2019). There is a possibility that muta-
tions of aromatic residues affect CP conformation and
impair interactions of CP with viral/host proteins.

The conserved residues are discontinuously distributed
in the primary sequence and have a relationship in the
3D structure, which is critical for specific function of
proteins. The conserved residues $'*°, R'”* and D*'¢ are
located in the RNA-binding pocket of CP of WMV, PVY
and TuMYV, respectively (Zamora et al. 2017; Cuesta et al.
2019; KeZar et al. 20192017). Residues R'** and K*** in
RNA-binding pocket of TVBMV CP control virus cell-
to-cell movement and replication (Yan et al. 2021b). Our
results presented here further reveal the role of discon-
tinuous conserved aromatic residues in the potyvirus CP
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core region in forming m-stacking and maintaining CP
stability and virus movement.

Conclusions

In this paper, we showed that the conserved aromatic
residues in the core regions of TVBMV and WMV
CPs were predicted to form m-stackings, which are
critical for CP accumulation, potyvirus replication and
viral cell-to-cell movement. These results support the
conclusion that multiple evolutionarily conserved aro-
matic residues of CP are involved in potyvirus move-
ment by forming m-stackings to maintain CP
accumulation. This research provides novel insight
into the role of evolutionarily conserved aromatic res-
idues of CP in potyvirus infection.

Methods

The three-dimensional modeling and n-stacking analysis
Three-dimensional (3D) models in this study were pre-
dicted using the I-TASSER software (Yang et al. 2014).
The centroid distance between two aromatic rings was
measured using the PyMOL Molecular Graphics System
(https://pymol.org).

Plasmid construction

The infectious clones pCamTVBMV-GFP (GenBank acces-
sion no: JQ407082) and pCBWMV-GFP (MN910314) were
constructed previously by our laboratory (Gao et al. 2012; Ji
2020). The CP-encoding sequences of TVBMV and WMV
were PCR-amplified from the above clones and individually
ligated into the pCam35S:GFP vector to generate
pCamGFP-TVBMVCP and pCamGFP-WMVCP to express
different GFP-CP fusion proteins in N. benthamiana leaves.
The mutant plasmids of pCamTVBMV-GFP, pCamWMV-
GFP, pCamGFP-TVBMVCP and pCamGFP-WMVCP
were produced using a site-directed mutagenesis technol-
ogy as described previously (Liu and Naismith 2008).
Primers used in this study were listed in Additional file 1:
Table S3.

Plant growth and vector inoculation

N. benthamiana plants were grown in a greenhouse
under controlled conditions (25°C, 16/8h light/dark
photoperiod). Agrobacterium carrying infectious clone
was cultured and diluted to an ODggq of 0.2 for viral in-
fectivity assay, and 0.0001 for viral cell-to-cell movement
assay. For transient protein expression assay, agrobacter-
ium (ODggp = 0.4) carrying one of the expressing vectors
was mixed at a ratio of 1:1 with agrobacterium (ODggg =
0.4) carrying the pBinP19 vector expressing the RNA si-
lencing suppressor P19 of tomato bushy stunt virus. The
mixed agrobacterial cultures were infiltrated into leaves
of 4—6 weeks old N. benthamiana plants. The inocula-
tion tests were repeated three times independently.
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Confocal microscopy and GFP imaging

To examine virus cell-to-cell movement, agroinfiltrated
N. benthamiana leaves were harvested at 5 dpai and ex-
amined under a confocal microscope (Leica, Wetzlar,
Germany) for viral cell-to-cell movement. The excitation
wavelength was set at 488 nm and the emission wave-
length was set at 520-540 nm. To record GFP fluores-
cence loci in the agroinfiltrated leaves, the leaves were
photographed at 5 dpai using a digital camera (Canon
80D, Tokyo, Japan) under a hand-held UV lamp
(LUYOR, Shanghai, China).

Measurement of GFP fluorescence intensity

Leaf discs of 5 mm in diameter were cut from agroinfil-
trated leaves with a cork borer and individually placed in
wells of 96-well microtiter plates. The intensity of GFP
fluorescence for each disc was measured using a multi-
function microplate reader (BioTek, Synergy™ Mx, Wi-
nooski, VT, USA) set at the 485/10 nm excitation wave-
length and the 535/10 nm emission wavelength.

Western blotting

Western blotting assay was performed as described pre-
viously (Yan et al. 2021a). Total protein was extracted
from N. benthamiana leaf tissues with extraction buffer
(100 mM Tris-HCI, 150 mM NaCl, 1 mM EDTA, 5% su-
crose and 1mM phenylmethanesulfonyl fluoride).
TVBMV CP antibody and horseradish peroxidase-
conjugated goat anti-rabbit IgG (Sigma-Aldrich, St
Louis, MO, USA) were used as the primary and the sec-
ondary antibodies, respectively. After the addition of the
SuperSignal™ West Dura Extended Duration Substrate
solution (Thermo Fisher Scientific), the detection signal
was visualized using a Chemiluminescent Imaging and
Analysis System (Sage, Beijing, China).

ELISA

Tissues of 0.2 g in weight were collected from systemic
leaves of the assayed N. benthamiana plants and indi-
vidually homogenized in 400 pL coating buffer (15 mM
Na,CO3; and 35mM NaHCOs, pH9.6). One hundred
microliters of crude leaf extract were loaded into one
well of a 96-well microtiter plate, with three wells used
for each sample. The plate was incubated overnight at
4°C. After four rinses with PBST buffer (80 mM
Na,HPO,, 1.5M NaCl, 20 mM KH,PO,4, 30 mM KCl
and 0.5% Tween-20 in distilled water, pH 7.4), an anti-
body solution specific for TVBMV CP was loaded into
the wells followed by 4 h incubation at 37 °C. After four
rinses with PBST buffer, an alkaline phosphatase-
conjugated goat anti-rabbit IgG solution was added to
each well and the plate was incubated at 37 °C for 4 h.
Detection signal was developed by the addition of
100 uL.  p-Nitrophenyl phosphate substrate (Sigma-
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Aldrich, St. Louis, MO, USA) solution into each well
and the optical density at 405 nm (ODggs5) of each well
was read using a multi-function microplate reader.

RNA isolation and RT-qPCR

Systemic leaf tissues (0.2 g per sample) were collected
from leaves of the assayed N. benthamiana plants and
used for total RNA isolation using TransZol reagent
(TransGen Biotech, Beijing, China). Genomic DNA was
removed from samples using a gDNA removal enzyme
as instructed (Vazyme, Nanjing, China). Reverse tran-
scription was performed in a reaction volume of 10 pL
containing 500 ng total RNA, 0.5 uL. HiScript II reverse
transcriptase (200 U/uL, Vazyme), 0.5 pL. random primer
(50 ng/pL) for detecting viral accumulation in system
leaves, or 0.5 uL specific primers qTVBMVCP-F (10 uM)
and EF1A-R (10 uM) for detecting TVBMV (-)RNA ac-
cumulation. For RT-qPCR, 0.3 uL. ¢cDNA was used in
each 20 puL reaction with virus-specific primers and a
ChamQ SYBR qPCR master mix (Vazyme) on an LC96
qPCR system (Roche, Basel, Switzerland). In this study,
the expression level of the NPEFIA gene was used as an
internal control. The primers used in this study were
listed in Additional file 1: Table S3. The RT-qPCR was
performed with three biological replicates.

Virus particle purification

Six grams of infiltrated leaves were ground in liquid ni-
trogen and then homogenized in 12 mL extract buffer
(0.2M phosphate buffer, 0.15% B-mercaptoethanol and
0.01 M EDTA, pH = 8). The homogenate was centrifuged
at 11,000xg for 20 min and then filtered through four
layers of Miracloth (Millipore, Billerica, MA, USA). The
supernatant was loaded on a 20% sucrose cushion at a
ratio of 2:5 (vol/vol) and centrifuged for 1h at 100,
000xg, 4 °C (CP100WX, Hitachi, Tokyo, Japan). The pel-
lets were resuspended overnight in 100 pL of 0.02M
phosphate buffer (pH = 8) at 4 °C. The undissolved parts
were removed by centrifugation at 8000xg for 20 min at
4°C. The supernatant was loaded onto 230-mesh
carbon-coated copper grids, washed with 2 drops of
0.02M phosphate buffer (pH =8), negatively stained
with 2% phosphotungstic acid (PTA) (pH =7), and then
observed under a transmission electron microscope
(JEM-1200Ex, Joel, Tokyo, Japan).

Statistical analyses

Statistical differences (P < 0.05) between the treatments
were determined using Duncan’s multiple range test in
the SPSS (version 19) statistical software.

Abbreviations

CP: Coat protein; ELISA: Enzyme-linked immunosorbent assay; PVY: Potato
virus Y; RT-gPCR: Reverse transcription-quantitative polymerase chain reac-
tion; SMV: Soybean mosaic virus; SUMO: Small ubiquitin-like modifier;
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TEV: Tobacco etch virus; TUMV: Turnip mosaic virus; TVBMV: Tobacco vein
banding mosaic virus; WMV: Watermelon mosaic virus; ZYMV: Zucchini
yellow mosaic virus
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Additional file 1: Table S1. Centroid distances between rings of
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Additional file 2: Figure S1. CP accumulation in the N. benthamiana
leaf patches expressing TVBMVCP, TVBMV(Y105A), TVBMV(Y105G),
TVBMV(Y147A) or TVBMV(Y147G) at 5 dpai. Ponceau red-stained nitrocel-
lulose membrane-bound RuBisCO large subunit protein (Rubi) was used
to show sample loadings. Figure S2. Alignment of 234 full-length CP se-
quences representing 127 potyviruses. The color scheme of residues
shows different hydrophobicity. Blue indicates hydrophilic residues, green
indicates neutral residues and black indicates hydrophobic residues. Posi-
tions of aromatic residues predicted to form m-stacking in TVBMV CP are
indicated by arrowheads. The positions labeled with red and blue arrow-
heads indicate the completely and incompletely conserved residues for
aromatic residues, respectively. Figure $S3. Comparison of the predicted
3D model of TVBMV, WMV, PVY and TuMV CPs. Protein Data Bank (PDB)
code: 6HXX for PVY CP, 50DV for WMV CP and 6134 for TuMV CP. The 3D
model of TVBMV CP was predicted using the I-TASSER server. Figure S4.
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