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The Tobamovirus Turnip Vein Clearing Virus 30-Kilodalton
Movement Protein Localizes to Novel Nuclear Filaments To Enhance
Virus Infection

Amit Levy, Judy Y. Zheng, Sondra G. Lazarowitz
Cornell University, Department of Plant Pathology and Plant-Microbe Biology, Ithaca, New York, USA

Plant viruses overcome the barrier of the plant cell wall by encoding cell-to-cell movement proteins (MPs), which direct newly
replicated viral genomes to, and across, the wall. The paradigm for how a single MP regulates and coordinates these activities is
the Tobacco mosaic virus (TMV) 30-kDa protein (MP™). Detailed studies demonstrate that TMV multiplies exclusively in the
cytoplasm and have documented associations of MP™Y with endoplasmic reticulum (ER) membrane, microtubules, and plas-
modesmata throughout the course of infection. As TMV poorly infects Arabidopsis thaliana, Turnip vein clearing virus (TVCV)
is the tobamovirus of choice for studies in this model plant. A key problem, which has contributed to confusion in the field, is the
unproven assumption that the TVCV and TMYV life cycles are identical. We engineered an infectious TVCYV replicon that ex-
pressed a functional fluorescence-tagged MP™ Y and report here the unexpected discovery that MP™“V, beyond localizing to
ER membrane and plasmodesmata, targeted to the nucleus in a nuclear localization signal (NLS)-dependent manner, where it
localized to novel F-actin-containing filaments that associated with chromatin. The MP™V®Y NLS appeared to be conserved in the
subgroup 3 tobamoviruses, and our mutational analyses showed that nuclear localization of MP™V<Y was necessary for efficient
TVCV cell-to-cell movement and systemic infection in Nicotiana benthamiana and Arabidopsis thaliana. Our studies identify a
novel nuclear stage in TVCV infection and suggest that nuclear MP encoded by TVCV and other subgroup 3 tobamoviruses in-

teracts with F-actin and chromatin to modulate host defenses or cellular physiology to favor virus movement and infection.

he plant cell wall is a barrier to virus exit from and entry into

cells. Thus, successful infection requires that plant viruses en-
code movement proteins to transport the viral genome locally cell
to cell within aleafand on into the vascular system, through which
the virus will systemically invade the plant. Cell-to-cell movement
occurs via a common pathway: plant viruses exploit plasmodes-
mata (PD), membranous transwall channels that connect adja-
cent plant cells. Cell-to-cell movement proteins (hereafter desig-
nated MP, with the specific virus indicated) alter PD permeability
and thereby enable transport of the viral genome into adjacent
cells (1). Beyond this essential role in intercellular trafficking,
movement proteins act to coordinate replication of the viral ge-
nome with its directed transport to PD. Depending on their rep-
lication strategy, plant viruses may encode additional movement
proteins (hereafter referred to by their virus-specific names) to
bind the viral genome and coordinate intracellular trafficking
events with the cell-to-cell MP. However, many plant viruses uti-
lize a single MP to coordinate intracellular and intercellular traf-
ficking events, as typified by the 30-kDa MP*™™" encoded by the
tobamovirus Tobacco mosaic virus (TMV) (2, 3). In general, virion
assembly is not essential for cell-to-cell movement. Indeed, for
TMYV and most other plant viruses, viral coat protein (CP) is not
required for intercellular trafficking, although it is essential for
systemic spread (2).

Much of our understanding of movement protein function is
based on pioneering studies of TMV, a positive-sense RNA
(+RNA) virus that, like most RNA viruses, multiplies entirely
within the cytoplasm of the infected cell. Upon virion uncoating,
the TMV +RNA genome is first translated into the viral replicase,
which initiates an early phase of viral RNA replication at sites
associated with endoplasmic reticulum (ER)-derived membranes.
This includes synthesis of two distinct subgenomic RNAs that
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encode MP™ and CP (4). As the viral life cycle progresses, TMV
genomes associate with additional ER sites to amplify replication
and eventually traffic to and through PD. MP™" shares two hall-
mark features with other +RNA virus so-called “30K-like” MPs,
namely, the ability to bind nucleic acids and to alter the gating
properties of PD (5), which suggests a potential role in coordinat-
ing these intracellular trafficking events with cell-to-cell move-
ment. Such a key role for MP™ in distributing viral RNA within
infected cells is indicated by studies employing an infectious clone
of TMV that encodes a functional fusion of MP™ to the green
fluorescent protein (GFP). This TMV replicon has been used in
confocal microscopy studies to examine the associations of
MP™ with cellular components during the time course of virus
infection in individual expanding infection sites, visualized as fluo-
rescent foci on inoculated leaves of Nicotiana benthamiana, which
is a permissive host (6). Early (leading edge of foci) and through-
out the infection site, MP™V-GFP localizes to discrete punctae at
the cell periphery, which appear to mark the location of PD (6).
Early in infection, MP™V-GFP is also on motile cytosolic vesicles
and accumulates at sites derived from ER membranes. The latter
appear to be sites of viral replication and protein synthesis as they
contain replicase, viral RNA, and CP (6-8). These replication sites
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enlarge as infection progresses, during which the reticulate ER
network collapses. At late times during infection (center of infec-
tion sites), MP™V-GFP appears to redistribute from replication
sites to microtubules and is then degraded, at which point
MP™V_GEFP is seen only in small punctae at the periphery (PD)
(6). This last finding and other studies (9-12) have led to the
suggestion that microtubules direct MP™ to be degraded via
proteasomes. However, the role of microtubules in TMV infection
remains controversial (1, 12).

Turnip vein clearing virus (TVCV) is in Tobamovirus subgroup
3, which also includes Ribgrass mosaic virus (RMV) and Youcai
mosaic virus (YoMV, reported to be the same as Oilseed rape mo-
saic virus [ORMV]) (13). In contrast to subgroup 1, which in-
cludes TMV and other tobamoviruses isolated from solanaceous
plants, and also the orchid-infecting Odontoglossum ringspot virus
(ORV) (14), subgroup 3 viruses were isolated from the Brassi-
caceae family (formerly called crucifers) and can all infect the
model plant Arabidopsis thaliana. In contrast to TMV, TVCV ef-
ficiently infects the Arabidopsis Col-0 ecotype and has become the
model tobamovirus for virus-host interaction studies that take
advantage of the genetic, genomic, and molecular resources af-
forded by this model plant. It has generally been assumed that the
TVCYV life cycle, including MP*V<Y distribution during infection,
follows the same stages as that of TMV, but this has not been
proven. Indeed, host factors identified in Arabidopsis using TVCV
are often studied in the context of TMV infection and interactions
in N. benthamiana, in which transient assays and cellular studies
can be easier to do.

In order to realize the full potential of TVCV for investigating
virus-host interactions and cell-to-cell transport in Arabidopsis,
we engineered a TVCV replicon that encodes a functional form of
MP™<V fused to GEP or red fluorescent protein (RFP) and used
these infectious clones to investigate the subcellular localization of
MP™ <V during the time course of TVCV infection in Arabidopsis
Col-0 and N. benthamiana, both permissive hosts. As reported
here, we unexpectedly discovered a nuclear stage in TVCV infec-
tion. Similarly to TMV, we found that MPTVEY ocalized to PD
and what appear to be ER-derived replication sites during the time
course of virus infection in expanding infection sites. However, in
striking contrast to TMV, we observed that MP™VEV did not asso-
ciate with microtubules but did accumulate in what appeared to
be novel F-actin-containing nuclear filaments. We further identi-
fied a nuclear localization signal (NLS) in MP™VY that is con-
served in the subgroup 3 tobamoviruses. We showed, through
mutational analyses, that this NLS both was required for the nu-
clear localization of MP™“" and was necessary for efficient TVCV
cell-to-cell spread and systemic infection in both N. benthamiana
and Arabidopsis. Our studies identify a novel nuclear stage in
TVCV infection and suggest that nuclear targeting of MP encoded
by TVCV and potentially other subgroup 3 tobamoviruses may
play a role in modulating host defense or cellular physiology to
favor virus movement and infection.

MATERIALS AND METHODS

Generation of fusion proteins and TVCV replicons. We used Gateway
technology to construct MP™V<V C-terminal fusions to GFP (MP™V<V-
GFP) or monomeric RFP (MPTVCV-RFP). We amplified the MPTVV cod-
ing sequence located between HindIII and Nisil sites in pBluescript
KS(+)-MP™V<V using PCR and cloned it into the donor vector
pDONR207 and then into the pSITE 2NB or pSITE 4NB destination
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vector (15) to generate pSITE2NB:MP™VCY-GFP and pSITE4NB:
MPTVEV_RFP, respectively. To construct the viral replicon clones
pTVCV::MP-GFP and pTVCV:MP-RFP, the C-terminal GFP/RFP-
fused coding sequence of MP™VV starting at nucleotide (nt) 580 (an
internal EcoRI site) was PCR amplified from each of these vectors to add
a 3'-terminal PpuMI site following the GFP or RFP stop codon, and each
fragment was then cloned between the EcoRI and PpuMI sites of
pTVCV50, which contains the infectious TVCV full-length genomic
c¢DNA clone under the control of the SP6 promoter (16). The resulting
TVCV replicons TVCV::MP-GFP and TVCV:MP-RFP each expressed
MP™VY (the GFP or REP fusion) from the endogenous MP promoter but
were deleted for the CP gene, which overlaps the 3’ end of the MP coding
region (14).

To generate the NLS virus [TVCVMPRIOAK2I2AT 454 replicon
(TVCV::MPK21OA/K2I2A_GEDP) mutants, we used PCR mutagenesis (17) to
change nt 628 to 630 from AAG to GCT and nt 634 to 635 from AA to GC
in the MP™V<Y coding sequence in pTVCV50 and pTVCV::MP-GFP, re-
spectively, thereby substituting Ala residues for Lys at positions 210 and
212 in MP™VV, In brief, each plasmid was amplified with Pfu ultra-high-
fidelity DNA polymerase (Agilent, CA) using the complementary primers
5'-GCGGTTGACAATTTCAGGGCTAGGGCAAAGAAGGTTGAAGAA
AGGGATG-3' and 5'-CATCCCTTTCTTCAACCTTCTTTGCCCTAGC
CCTGAAATTGTCAACCGC-3', followed by template digestion with
Dpnl. To construct the N-terminal glutathione S-transferase (GST) fu-
sions GST-MP™VY and GST-MPTVEVK210A/K2124) 4y coding sequences
for each were amplified from pTVCV50 and pTVCVMP(K210AK2124) F e
spectively, using primers that contain 5" BamHI and 3’ Xhol restriction
sites, and each was then cloned between the BamHI and Xhol sites in
pGEX-5X-1 (GE Healthcare Biosciences, Piscataway, NJ). To generate the
TagRFP-UtrCH fusion, we PCR amplified the calponin homology do-
main of utrophin (18) from pCS2(+)-GFP-UtrCH (Addgene, Cam-
bridge, MA). This was cloned into pPDONR207 and then into the pSITEII
6C1 destination vector (19) to generate pSITEII6C1::TagRFP-UtrCH.

All constructs were confirmed by DNA sequence analysis performed
on an Applied Biosystems automated 3730 DNA analyzer at the Cornell
University Life Sciences Core DNA Sequencing Lab.

Plant infectivity and transient expression assays. For transient ex-
pression studies using agroinfiltration, N. benthamiana plants were grown
and maintained under greenhouse conditions of 22°C with 16-h supple-
mental lighting. For local infection site and infectivity assays, N. bentha-
miana plants were grown and maintained in growth chambers at 25°C
under long-day (16-h-light/8-h-dark) conditions. Arabidopsis ecotype
Col-0 plants were grown in growth rooms or chambers at 22°C. These
plants were initially grown under short-day (8-h-light/16-h-dark) condi-
tions for local infection site studies or under long-day (16-h-light/8-h-
dark) cycle for infectivity studies. Following inoculations, Col-0 plants
were maintained under long-day conditions.

For nuclear localization studies of MPTV<Y, pSITEZNB::MPTVCV—
GFP or pSITE2NB:MPTVCVK210A/K2I28)_GEP was agroinfiltrated into 4-
to 5-week transgenic N. benthamiana lines that expressed either histone
2B-RFP to label chromatin (19) or fibrillarin-RFP to label nucleoli (19),
using cultures of Agrobacterium tumefaciens GV2260 at an optical density
at 600 nm (ODy,,) of 0.05 as previously described (20), and plants were
imaged at 40 h postinfiltration (p.i.). To coexpress MP™VV-GFP and the
actin probe TagRFP-UtrCH, GV2260 cultures at an ODy,, of 0.01 for
pSITE2NB:MP™VCV-GFP and pSITEII6C1::TagRFP-UtrCH were mixed
in equal volumes and coinfiltrated into wild-type (wt) N. benthamiana.
Cell-to-cell movement of MPTVCV-GFP and MPTVCY (K210A/K2124)_GEp
was assayed by transient expression in N. benthamiana leaf epidermal
cells, as previously described (21). In brief, pSITE2NB::MP™V<Y-GFP or
PSITE2NB::MPTVEV(KAOAK2I2A)_GEDP was agroinfiltrated into N. ben-
thamiana leaves at an ODy, of 0.0005. To control for leaf variability,
plasmid pairs were agroinfiltrated into different sectors on the same leaf
for direct comparisons. We used confocal microscopy to count cells in
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individual fluorescent foci at 40 to 44 h p.i. and analyzed the results by ¢
test.

For local infection site studies, plants were inoculated with in vitro-
synthesized infectious genomic +RNA transcripts. Plasmids pTVCV::
MP™EV.GFP and pTVCV:MP™VCV-REP carrying the viral replicons
TVCV:MP-GFP and TVCV::MP-RFP, respectively, were linearized with
Kpnl, and RNA was transcribed using the SP6 mMessage Machine kit
(Life Technologies, Grand Island, NY). Leaves from 4- to 5-week-old
wild-type (wt) N. benthamiana plants or transgenic lines that expressed
compartment-specific markers (ER, GFP-HDEL [22]; actin cytoskeleton,
talin-GFP [19]; chromatin, histone 2B-RFP [19]; microtubules, TUA-
GFP [23]) were rub inoculated with the infectious +RNA transcripts
using Celite (Sigma, St. Louis, MO) (16), and expanding fluorescent foci
were imaged at 4 days p.i. by confocal microscopy. To directly compare
the relative cell-to-cell spread of TVCV:MP-GFP and that of TVCV::
MPK2IOAK2I2A_GEpP half of each leaf was inoculated with a standardized
amount of +RNA for each replicon (20% of the +RNA produced by in
vitro transcription of 1 pg DNA template) and the sizes of infection sites
were scored at 5 days p.i. using a stereomicroscope and Image] software
(http://rsbweb.nih.gov/ij/). Arabidopsis Col-0 plants were inoculated at
the 12- to 14-leaf stage as described for N. benthamiana and imaged by
confocal microscopy at 7 days p.1.

For infectivity assays, plants were inoculated with leaf extracts from N.
benthamiana plants infected with wt pS0TVCV or pTVCVYMPR2I0A/K2I24)
Systemically infected leaves were frozen and ground in 10 ml phosphate-
buffered saline (PBS) and 0.1 g Celite per gram of leaf tissue, and extracts
were clarified by centrifugation at 5,000 X g for 5 min prior to use. To
quantify the relative amounts of virus in these extracts, CP intensities in 2,
3,4, and 5 pl were determined by SDS-PAGE and, based on this, plants
were rub inoculated with equivalent amounts of virus. To determine in-
fectivity in N. benthamiana, 4- to 5-week-old plants were inoculated with
virus-containing extract or mock inoculated with PBS, and systemic
symptoms were scored daily after infection. To detect CP in systemically
infected leaves, extracts from a leaf disc (1-cm diameter) punched from
the third leaf from the top of infected plants were prepared and CP was
detected by SDS-PAGE and Coomassie blue staining, as previously de-
scribed (24). For infectivity assays in Arabidopsis, Col-0 plants at the 8-leaf
stage were inoculated with appropriate amounts of virus-containing ex-
tracts or with PBS. Infectivity was determined based on the levels of viral
CP in extracts of systemic leaves (0.5 g tissue/ml buffer), as determined by
SDS-PAGE and Coomassie blue staining. Statistical analyses were done
using JMPPro 0.0.2 software (SAS, Cary, NC). Local cell-to-cell spread
was analyzed using a t test, and the Wilcoxon test was applied to infectivity
assays.

Replication assays. Leaf mesophyll protoplasts were isolated from
leaves of 4- to 5-week-old N. benthamiana plants and transfected with
2 pg of TVCV or TVCV:MP(K2104/K2128) L RNA transcripts, as previ-
ously described (21). Total RNA was isolated at 0 h, 4 h, and 20 h post-
transfection using TRIzol (Life Technologies, Grand Island, NY), and
following incubation with DNase I (Life Technologies, Grand Island,
NY), reverse transcription was performed using Omniscript reverse trans-
criptase (Qiagen, Hilden, Germany) and the following primers: TVCV
minus strand (—RNA), 5'-ATGAGGCCGTTGCCGAG-3"; 185 rRNA in-
ternal control, 5'-AGTCTGTCAATCCTTACTAT-3'. Semiquantitative
reverse transcription-PCR (sqRT-PCR) analyses were performed as de-
scribed previously (21), using primers 5'-CTGATGAATTCGTCGATTC
GGTTGCAGCA-3" and 5-TATCAAGGGACCCTGTATCTGGGAA-3'
to amplify the reverse-transcribed TVCV RNA (350 bp) and primers 5'-
CTGGCGACGCATCATTC-3" and 5'-GAATTACCGCGGCTGCT-3’ to
amplify 18S rRNA (301 bp).

RNA binding assays. The MP™V“Y and MPX?04/K2124 coding se-
quences were each cloned as translational fusions to the glutathione S-
transferase (GST) coding sequence in pGEX-5X-1 (GE, Piscataway, NJ).
GST-MPTVEV, GST-MPTVCVIRA04/K2124) " 1 GST was expressed in BL21
Rosetta cells by induction in 0.4 mM isopropyl-B-thiogalactopyranoside
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(IPTG) at 28°C, and cell lysates were prepared in lysis buffer (50 mM
Tris-HCI, pH 8,200 mM NaCl, I mM dithiothreitol [DTT], I mM phenyl-
methylsulfonyl fluoride [PMSF], 1 mg/ml lysozyme) as previously de-
scribed (21). Insoluble GST-MP™®Y and GST-MP'VCV(K2I0A/K2I2A)
were obtained by centrifugation at 10,000 X gat 4°C for 10 min, following
which pellets were washed twice by resuspension in 400 .l of wash buffer
(50 mM Tris-HCI, pH 8, 200 mM NaCl, 10 mM EDTA, 0.5% Triton
X-100, 1 mM DTT, 1 mM PMSF) and centrifugation at 10,000 X gat 4°C.
Clarified lysates containing GST were used directly without purification
on glutathione-Sepharose. To test for RNA binding, 1 pg of GST-MPV<Y
or GST-MPTVCV(K210A/K2124) pellets, or GST lysate, was resolved on
13.5% SDS-PAGE gels, and proteins were blotted to nitrocellulose and
incubated with RNA as previously described (25). Fluorescein-labeled
RNA was transcribed in vitro from the 1.85-kb Xenopus laevis EFla gene,
expressed from the SP6 promoter in pTRIPLEscript using the SP6 mMes-
sage Machine kit (Life Technologies, Grand Island NY) and fluorescein
RNA labeling mix (Roche, Mannheim, Germany) per the manufacturers’
protocols. Following incubation of renatured protein blots with fluores-
cein-labeled RNA, RNA binding was visualized using the Typhoon system
(GE, Piscataway, NJ) with 532-nm excitation and 526-nm short-pass
emission filters.

Microscopy. Confocal laser scanning microscopy (CLSM) was per-
formed using a Leica TCS SP5 spectral imaging system (Leica Microsys-
tems, Wetzlar, Germany). GFP fluorescence was excited with a 488-nm
argon laser, and emission was detected at 500 to 530 nm. RFP fluorescence
was excited with a 561-nm diode-pumped solid-state (DPSS) laser, and
emission was detected at 590 to 630 nm. Z series were collected at ~1-pm
intervals and imaged using Leica software (Leica Microsystems). Three-
dimensional (3D) imaging was done using Velocity software (Improvi-
sion, Coventry, United Kingdom). Virus infection sites on inoculated
leaves were identified using an Olympus SZX-12 stereomicroscope
(Olympus Corporation, Center Valley, PA). Green fluorescence was ex-
cited with a 480-/30-nm filter, and an emission 535-/40-nm filter was used
for detection.

RESULTS

MP™V<Y localizes to PD and ER replication sites but not to mi-
crotubules. As a tool to investigate MP trafficking in Arabidopsis
during virus infection, we constructed an infectious TVCV repli-
con, modeled after the approach used with TMV (6). To do this,
we created a translational fusion of the MP™V“Y and GFP (or RFP)
coding regions to express a C-terminal MP"V“V-GFP fusion from
the viral MP promoter. As in TMV, this fusion deleted the CP gene
(Fig. 1A, TVCV:MP-GFP). Based on studies of the analogous
TMV::MP-GFP (6), we expected TVCV::MP-GFP to be infectious
and move cell to cell in inoculated leaves, thereby allowing us to
examine the subcellular localization of MP"™“V-GFP during the
time course of virus infection in infection sites. However, without
CP, TVCV::MP-GFP, like TMV::MP-GFP, would not systemically
infect plants. To demonstrate the infectious nature of our TVCV::
MP-GFP replicon clone and the function of the encoded MP™V<V-
GFP, we inoculated N. benthamiana leaves with TVCV::MP-GFP
and used confocal microscopy to compare the resulting expand-
ing fluorescent foci to those produced by the well-characterized
TMV:MP-GFP (Fig. 1).

Similarly to TMV:MP-GFP (6, 26), TVCV:MP-GFP pro-
duced infection sites that appeared as fluorescent rings on inocu-
lated leaves, in which GFP fluorescence was absent from the cen-
ters (late times in infection) (Fig. 1B). This suggested that
MP™VEY like MP™V, accumulated during the course of infection
but was degraded at late times in the TVCV life cycle. When we
compared TVCV and TMV directly in N. benthamiana, confocal
examination of MP"V<Y-GFP subcellular localization across these
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FIG 1 MP™“V localizes to the nucleus during virus infection. (A) Schematic
representation of TVCV +RNA genome and the replicon TVCV::MP-GFP.
(B) TVCV::MP-GFP expanding fluorescent foci on inoculated N. benthami-
ana leaf at 4 days p.i. are evident as a fluorescent ring and similar to infection
sites produced by TMV::MP-GFP (6). The boxed area is the region magnified
(left to right) in panels F to H. Equivalent regions of TMV::MP-GFP infection
sites in N. benthamiana are shown in panels C to E. (C to J) CLSM-projected Z
series of cells in fluorescent foci at 4 days p.i. on N. benthamianaleaves (C to H)
or 7 days p.i. on Arabidopsis Col-0 leaves (I to K) inoculated with TMV:MP-
GFP (C to E) or TVCV:MP-GFP (F to K). Cells at early (leading edge) (C, F,
and I), middle (D, G, and J), and late (E and H) stages of infection are shown.
(H) Black areas at right and bottom (E and H) are cells in which MP™V“V-GFP
was degraded and remained only at PD. Examples of MP"V<V-GFP-containing
nuclei (yellow arrowheads) and PD (purple arrowheads), MP™V-GFP colo-
calizing with microtubules (red arrowheads), and intracellular peripheral bod-
ies (white asterisks) are marked. See the text for details. (K) Higher magnifica-
tion of nucleus boxed in panel I showing MP™V“V-GFP localizing to nuclear
filaments. (L to N) Transient expression of MP*V“V-GFP in agroinfiltrated N.
benthamiana leaf cells at 40 h. CLSM-projected Z series show MP"V<V-GFP local-
izing to PD and intracellular bodies at the cell periphery (L), PD and the nucleus at
a midplane section (M), and a filamentous structure inside the nucleus (N).

infection sites showed that MP™V“V-GEP recapitulated a number
of the features of MP™V-GFP (Fig. 1C to H). Early in infection
(first cells at the leading edge), MP"V“V-GFP, like MP™Y-GFP,
localized to discrete punctae at the cell wall, which appear to be PD
(27), and to motile intracellular vesicles, with the latter being more
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numerous in TVCV-infected cells (Fig. 1C and F). At this early
time, both MP™V“V-GFP and MP™V-GFP also localized to ER
membrane-derived replication sites, which appeared to enlarge
and accumulate MP at later stages of infection, based on their
levels of fluorescence (Fig. 1C, D, F, and G). To show this, we
inoculated a TVCV::MP-RFP replicon onto an N. benthamiana
transgenic line that expressed the ER marker GFP-HDEL (22). As
reported for MP™Y (28), MPT™V“V-RFP colocalized with ER in
small intracellular and larger peripheral bodies, which were
formed at junctions of cortical ER tubules (Fig. 1D and G and 2A).
As infection progressed, the ER network collapsed and these rep-
lication sites enlarged (Fig. 2B, D, G, H, and I). Consistent with
these being replication sites, the peripheral bodies consisted of
MP™V_RFP engulfed by ER membrane (Fig. 2C). Upon com-
plete collapse of the ER, these MPTV“V-RFP replication sites re-
mained associated with the fragmented ER (Fig. 2G, H, and I).
Also like MP™Y, MP™Y appeared to be degraded at the latest
times in infection (focus centers) (Fig. 1H), at which point the ER
network re-formed and MP™V<Y was found only at PD (punctae at
the cell wall) (Fig. 1H and 2E and data not shown).

Despite these similarities to MP™V we found that MPTVEY
differed from MP™V in three important respects. First, in con-
trast to the well-documented association of MP™" with micro-
tubules (12, 29) (Fig. 1E), we found no association of MP*V<Y
with microtubules when we inoculated TVCV::MP-RFP onto N.
benthamiana transgenic plants that expressed a GFP fusion of Ara-
bidopsis a-tubulin (TUA-GFP) (23), nor did we observe any rear-
rangement of microtubules (Fig. 1F to H and 2M and N). Second,
when we inoculated TVCV:MP-RFP onto an N. benthamiana
transgenic line expressing a talin-GFP fusion (19), we observed, at late
stages of infection, distortion of the actin cytoskeleton and bundling
of filamentous actin (F-actin) near and around MP™V“Y-marked rep-
lication sites that appeared to parallel changes in the ER membrane
(Fig. 2F, ], K, and L). Third, in striking contrast to MP™V, MpPTVEV.
GFP localized to nuclei in infected cells at the earliest stages and
throughout infection up to the point of MP™V“V degradation at the
center of infection sites (Fig. 1F to H). To show that this unexpected
nuclear accumulation of MP™<Y-GFP was due to nuclear import of
MP™<Y and not diffusion of free GFP produced by truncation or
protein degradation, we analyzed protein extracts from N. benthami-
ana leaves infected with our TVCV:MP-GFP and TMV:MP-GFP
replicons on immunoblots using anti-GFP antibodies and did not
detect any free GFP (data not shown). In addition, we found that
MP™V< targets to nuclei in an NLS-dependent manner (see below).

The localization pattern of MP™VCV-GFP in TVCYV infection
sites on Arabidopsis was the same as that on N. benthamiana, dif-
fering only in the temporal aspects of MP*<V-GFP distribution.
In Col-0, MP™V<V_GFP localized to intracellular and peripheral
ER replication sites, in addition to PD and nuclei, at all stages in
infection, from the earliest stages in cells at the infection front
through the late stages up to the point of MP"VV-GFP degrada-
tion at the infection site center (Fig. 11 to K). As in N. benthami-
ana, MP"V<Y-GFP-associated peripheral ER sites expanded as in-
fection progressed (Fig. 11and J), MP"V“V-GFP was found only at
PD at the latest stage in infection (centers of foci) when MP™V<V-
GFP was degraded (Fig. 20), and MP"V“V-GFP did not distribute
to microtubules (Fig. 1T and J).

Nuclear MP"VV localizes to novel F-actin-containing fila-
ments that associate with chromatin. We observed that MP"VV-
GFP localized to a novel filamentous nuclear compartment in
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FIG 2 TVCV infection leads to collapse of the ER network and disruption of
the actin cytoskeleton. (A to N) CLSM-projected Z series of cells from TVCV::
MP-RFP-infected expanding fluorescent foci at 4 days p.i. on transgenic N.
benthamiana lines expressing GFP-HDEL to label ER (A to E and G to I),
talin-GFP to label the actin cytoskeleton (F, J, K, and L), or TUA-GFP to label
microtubules (M and N). Cells at middle (A to C) or late (D to N) stages of
infection are shown. Football-shaped ~25- by 30-um areas densely labeled
with GFP-HDEL (A and D), talin-GFP (F, K, and L), or TUA-GFP (M and N)
are stomatal guard cells. (A) ER sites containing MP"V<V-RFP at nodes in the
reticular ER and at the cell periphery. (B and D) Progressive collapse of the
reticulate ER and the subsequent enlargement of MP*VY-RFP ER sites in
the cortical regions of the cell. (C) High-magnification image of MP™VV-
RFP-containing ER site. (E) ER network re-forms (white arrowhead) at
latest stages of infection when MP"™VV is degraded and remains only at PD
(yellow arrowhead). (F) Disruption of the actin cytoskeleton late in infec-
tion. Asterisks in panels E and F mark examples of cells that contain en-
larged peripheral MP"V<V-ER sites at late-stage infection before ER re-
forms. (G to I) MP™V“V-RFP and ER (GFP-HDEL) sites partition into
visibly distinct compartments but remain associated with each other late in
infection. (J to L) The actin cytoskeleton is disrupted late in TVCV infec-
tion, with actin filaments (talin-GFP) appearing to be distorted near, and
bundle around, MP"V<V-RFP-containing ER sites, but MP"™VV-RFP does
not distribute to microtubules, and the microtubule network is not per-
turbed (M and N). (N) Enlargement of boxed area in panel M. (O) CLSM-
projected Z series of cells at center of TVCV::MP-GFP infection site on
inoculated Col-0 leaves at 7 days p.i. As in TMV infection, MP"V<V-GFP is
downregulated at the center of infection sites and remains only at what
appear to be PD (punctate spots along the cell periphery).
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TVCV-infected cells in both Arabidopsis and N. benthamiana (Fig.
1F, G, I, and K and data not shown), in which, based on fluores-
cence intensity, it continued to accumulate as infection pro-
gressed, up to the latest stages in infection just prior to its being
degraded (Fig. 1F to H). To show that this novel nuclear localiza-
tion, as well as other differences from MP™ (Fig. 1F to H com-
pared to C to E), was an intrinsic property of MP™V<V per se, we
transiently expressed MP™V<V-GFP or MP™V-GFP, each driven
by the 35S promoter, in N. benthamiana leaf cells using agroinfil-
tration (30). As we found for the early stages in TVCV infection,
MP'VEV_GFP, when expressed alone, localized to PD, numerous
motile vesicles, intracellular and peripheral bodies, and the same
nuclear filaments as those seen in TVCV-infected cells (Fig. 1L to
N; see also Movie S1 in the supplemental material) and did not
localize to microtubules. In contrast, MP™V-GFP, when ex-
pressed alone, localized to PD, intracellular bodies, and microtu-
bules but did not localize to nuclei (data not shown), as previously
reported (31). Importantly, we observed the same MP"V<Y-GFP-
containing nuclear filaments in both Col-0 and N. benthamiana
plants that were infected with our TVCV replicon or transiently
expressed MPTVCV-GFP (Fig. 1K and N). Thus, the localization of
MPTVEY to these novel nuclear filaments, as well as to PD, motile
vesicles, and ER sites, was an intrinsic characteristic of this
tobamovirus movement protein that did not require viral RNA or
other viral components.

To more precisely localize these MP™“V-GFP-containing fil-
aments within the nucleus, we used agroinfiltration to transiently
express MP"VCV-GFP in transgenic N. benthamiana lines that ex-
pressed REP fusions of either histone 2B (H2B-RFP) to label chro-
matin or fibrillarin (FBL-RFP) to label nucleoli and Cajal bodies
(19). MPTVEV_GFP did not localize to nucleoli or to discrete FBL-
RFP-labeled speckles (Cajal bodies) (Fig. 3A to C and data not
shown). Rather, we found that MPTVCV—GFP—containing fila-
ments were associated with H2B-RFP-labeled chromatin, where
MP'VEVY_GFP appeared to be in a filamentous network that con-
tacted discrete regions of chromatin (Fig. 3D to L). These fila-
ments bore a striking resemblance to polymerized nuclear actin
that, in a recent study from the Gurdon lab, was shown to be
required for transcriptional reactivation of the pluripotency gene
Oct4 when mouse cell nuclei are transplanted into the Xenopus
laevis oocyte giant nucleus (germinal vesicle [GV]) (32). Thus, to
determine whether MP™V<V-GFP colocalized with F-actin in these
nuclear filaments, we used agroinfiltration to transiently coex-
press MPTV<V_-GFP and the calponin binding domain of utrophin
(UtrCH) fused to TagRFP (TagRFP-UtrCH), a probe reported to
faithfully mark F-actin without altering the balance of actin as-
sembly/disassembly (18). TagRFP-UtrCH, when expressed alone,
labeled the actin cytoskeleton and, when found in the nucleus, was
diffuse throughout the nucleoplasm (Fig. 3Q). When it was coex-
pressed with MP™V<V-GFP, TagRFP-UtrCH still labeled the actin
cytoskeleton, but the nuclear TagRFP-UtrCH now colocalized
with MPT™VCV_GFP in filaments (Fig. 3M to O). Thus, these chro-
matin-associated nuclear filaments contain both MP*V<" and E-
actin.

MP™VEY contains an NLS that is required for import into the
nucleus. Our inspection of the MP™VY sequence identified a po-
tential classic basic monopartite nuclear localization sequence at
amino acid (aa) residues 209 to 214 (RKRKKK) (Fig. 3P and 4).
Aligning the MP sequences from different tobamoviruses, we
found that this putative NLS appeared to be conserved in all sub-

Journal of Virology

1sanb Aq 6T0Z ‘LT AeN uo /610 wse’IAl//:dny wody papeojumoq


http://jvi.asm.org
http://jvi.asm.org/

MP™VV.GFP

dd¥-uliejjrqly

dd¥-g¢ suojsiy

ik
MPTVCV 202 KAVDNFRKRKKKVEERDVVS 221

MPYoMV 299 KAIDSFRKKKKRIGGRDVNS 219
MPRMV' 299 KAIDSFRKKKKKIGGRDVNN 219

HO#N-d-44bel

AonrdiW

vzrzivorgdiW

FIG 3 MP"VCV-GFP localizes in an NLS-dependent manner to actin-contain-
ing nuclear filaments that appear to contact discrete regions of chromatin. (A
to O) CLSM-projected Z series of nuclei from agroinfiltrated N. benthamiana
leaf cells transiently expressing MP™V<V-GFP. Shown are transgenic N. ben-
thamiana plants expressing fibrillarin-RFP (nucleolus and Cajal bodies) (A to
C) or histone 2B (H2B)-RFP (chromatin) (D to L) or wt plants agroinfiltrated
to coexpress TagRFP-UtrCH (M to O). MP"V<V-GEFP (green), fibrillarin-REP,
H2B-RFP, TagRFP-UtrCH (red), and the corresponding superimposed im-
ages are shown. (G to L) Projected Z-plane 5-pm sections from the middle (G
to I) and bottom (J to L) of the nucleus shown in panels D to F. (M to O)
MP™V.GFP and TagRFP-UTR colocalize to the nuclear filaments in
MP™VV_expressing cells. (Q) TagRFP-UtrCH transiently expressed alone
in N. benthamiana leaf cells labels the actin cytoskeleton and, when found in
nuclei, is diffuse in the nucleoplasm. (P) Alignment of MP™V<Y, MPY*MV and
MP®MY protein sequences showing conservation of basic residues (gray
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group 3 tobamoviruses but was not present in the viruses in sub-
group 1 or 2, including TMV, save for Tobacco mild green mosaic
virus (TMGMYV) and Sunn-hemp mosaic virus (SHMV), both in
subgroup 1 (Fig. 4; see also Fig. S1 in the supplemental material;
other data not shown).

To determine if MP™V<" amino acid residues 209 to 214 were,
in fact, an NLS, we mutated the Lys residues at positions 210 and
212 to Ala and introduced this mutation into our infectious rep-
licon to create TVCV::MP*?!0A/K212A_GEP (Fig. 3P). We then in-
oculated the transgenic N. benthamiana line that expressed H2B-
RFP with this or with our wt TVCV::MP-GFP replicon. We found
that TVCV:MPX210AK2IZA_GEP as still infectious, producing
expanding fluorescent foci on inoculated leaves (Fig. 5C). In wt
TVCV:MP-GFP-infected sites, MP™V“V-GFP clearly localized
with H2B-RFP in nuclei throughout the infection sites, in addition to
its cytoplasmic distribution among PD, motile vesicles, and ER rep-
lication sites (Fig. 3R to T). In contrast, MPTVEVK0AKZI2A)_ GEp
did not enter the nucleus, as evident from our finding that it did
not localize to H2B-RFP-marked nuclei (Fig. 3U to W). Thus,
MP™VY residues 209 to 214 act as a functional NLS that is essen-
tial for MP™V<Y import into the nucleus. Our MP™<V NLS mu-
tant still localized to PD, vesicles, and ER replication sites in
TVCV:MPK2104/K2124_GEp_infected sites. The only difference
that we observed from wt MP™VSV-GFP was that the number of
intracellular bodies and ER sites, and the accumulation of
MPTVEVEIOAKZIZA)_GEP at these sites, as assessed by fluores-
cence intensities, appeared to be increased (Fig. 3R and U).

Nuclear MP™V is necessary for efficient TVCV infection.
TVCV:MPK2104K212A GEP infection sites displayed the same
progression of infection as we observed in wt TVCV sites, with
MPpTVEVIK2I0A/KZI2A)_GEP being degraded at the latest stage of in-
fection. However, when we inoculated N. benthamiana plants
with our MP"V“V NLS mutant TVCV:MP*?! V82124 GEP, it was
evident that the expanding foci were smaller than those produced
by wt TVCV::MP-GFP (Fig. 5B and C). To quantify this, we mea-
sured the sizes of expanding TVCV:MP-GFP and TVCV:
MPKHOVEZI2A_GEP foci on inoculated leaves at 5 days p.i. Wild-
type TVCV::MP-GFP infection sites were about twice the area of
TVCV:MPK21OAK22A_GEP infection sites (4.5 + 0.2 mm? versus
2.2 + 0.1 mm? P < 0.0001) (Fig. 5A). This suggested that a func-
tional MP"V“Y NLS was necessary for efficient TVCV cell-to-cell
spread.

To examine this further, we analyzed the consequences of mu-
tating the MP™“Y NLS for TVCV systemic infection in N. ben-
thamiana and Arabidopsis. To do this, we introduced the NLS
mutation into the fully infectious wt TVCV genome that ex-
pressed untagged MP to produce TVCV™MPK20AKZL24) ¢ shown
in Fig. 5, TVCVMP(KR210A/K2128) cuetemic spread was inhibited in N.
benthamiana, based on both the percentage of infected plants and

shading) of the monopartite NLS at the position corresponding to residues
209 to 214 of MP™V<Y. Locations of the two Lys-to-Ala mutations in
MPTVEVIKZI0A/K2I28) e shown. (R to W) CLSM-projected Z series of
leaves from transgenic N. benthamiana plants expressing histone 2B-RFP
and inoculated with the replicon TVCV:MP-GFP (R to T) or TVCV::
MPK2I0A/K2I2A_GEP (U to W). Shown are MP'"VV-GFP (green) (R),
MPTVEVRI0A2124)_GEP (green) (U), and histone 2B-RFP (red) (S and V)
and the corresponding superimposed images (T and W). MP"V<V_-GFP
localizes to nuclei (yellow-orange in panel T), but MpTYCV(210472124)_GEp
does not (nuclei are red only in panel W).
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TVCV oo MSIVSYEPKVSDFLNLSKKEEILPKALTRLKTVSISTKDIISVKESETLCDIDLLINVP--LDKYRYVG 67
YOMV e MSYEPKVSDFLALTKKEEILPKALTRLKTVSISTKDVISVKESESLCDIDLLVNVP--LDKYRYVG 64
RMV e MSYEPKVSDFLALTKKEEILPKALTRLKTVSISTKDVISVKESESLCDIDLLVNVP--LDKYRYVG 64
SHMV e MSEVSKISTLLAPEKFVKLSVSDKFKWKAPSRVCS IVQSD-TISMTANGRSLFTFDVLKDVLKHAEEYTYVD 71
ORSV  MGRLRFVVLLSIFPIKTFSEPCSTMALVLRDSIKISEFINLSASEKLLPSALTAVKSVRISKVDKIISYENDTLSDIDLLKGVK--LVENGYVC 92
TMGMV = e e e e MAVSLRDTVKISEF INLSKQDEILPAFMTKVKSVRISTVDKIMAVKNDSLSDVDLLKGVK--LVKNGYVC 68
PMMVY = mmmmme e MALVVKDDVKISEFINLSAAEKFLPAVMTSVKTVRISKVDKVIAMENDSLSDVDLLKGVK--LVKDGYVC 68
TMOB  —— e MSKAIVKIDEFIKLSKSEEVLPSAFTRMKSVRVSTVDKIMAKENDNISEVDLLKGVK--LVKNGYVC 65
TOML  —m e MALVVKGKVNINEF IDLSKSEKLLPSMFTPVKSVMVSKVDKIMVHENESLSEVNLLKGVK--LIEGGYVC 68
TMV oo MALVVKGKVNINEF IDLTKMEKILPSMFTPVKSVMCSKVDKIMVHENESLSEVNLLKGVK--LIDSGYVC 68
*e ke e e . . 3 * . . e ok * * %

TVCV  ILGAVFTGEWLVPDFVKGGVTISVIDKRLVNSKECVIGTYRAAAKSKRFQFKLVPNYFVSTVDAKRK 134

YOMV  VLGVVFTGEWLVPDFVKGGVTVSVIDKRLENSKECIIGTYRAAAKDRRFQFKLVPNYFVSVADAKRK 131

RMV  VLGVAFTGEWLVPDFVKGGVTVSVIDKRLENSRESMIGTYRAAAKDRRFQFKLVPNYFVSTADAKRK 131

SHMV  VLGVVLSGQWLLPKGTPGSAEIILLDSRLKG-KASVLAVFNCRAATQEFQFLISPGYSLTCADALKK 137

ORSV  LAGLVVTGEWNLPDNCKGGVSICLVDKRMKRANEATLGSYHTSACKKRFTFKIIPNYSVITADALKG 159

TMGMV LAGLVVSGEWNLPDNCRGGVSVCIVDKRMKRSNEATLGAYHAPACKKNFSFKLIPNYSITSEDAEKN 135

PMMVJ LAGLVVSGEWNLPDNCRGGVSVCLVDKRMORDDEATLGSYRTSAAKKRFAFKLIPNYSITTADAERK 135

TMOB  LVGLVVSGEWNLPDNCRGGVSICLIDKRMORHNEATLGSYTTKASKKNFSFKLIPNYSITSQDAERR 132

TOML LVGLVVSGEWNLPDNCRGGVSVCMVDKRMERADEATLGSYYTAAAKKRFQFKVVPNYGITTKDAEKN 135

TMV  LAGLVVTGEWNLPDNCRGGVSVCLVDKRMERADEATLGSYYTAAAKKRFQFKVVPNYAITTODAMKN 135

R A A oo oz oza¥ ke .. *og.x ok g ok kg xR g

TVCV  PWQVHVRIQDLKIEAGWQPLALEVVSVAMVTNNVVMKGLREKVVAINDPD-VEGFEGVVDEFVDSVAA 201

YOMV  PWQVHVRIQNLKIEAGWQPLALEVVSVAMVTNNVVVKGLREKVIAVNDPN-VEGFEGVVDDFVDSVAA 198

RMV  PWQVHVRIQONLKIEAGWQPLALEVVSVAMVTNNVVVKGLREKVIAVNDPN-VEGFEGVVDDFVDSVAA 198

SHMV ~ PFEISCNVIDLPVKDGFTPLSVEIACLVQFSNCVITRSLTMKLK--ENPATRTFSAEEVDELLGSMTT 203

ORSV  IWQVMTNIRGVEMEKGFCPLSLEFVSICVVYLNNIKLGLREKILNVTEGGPTELTEAVVDEFVEKVPM 227

TMGMV PWQVLVNIKGVAMEEGYCPLSLEFVSICVVHKNNVKKGLRERILRVTDDSPIELTEKVVEEFVDEVPM 203

PMMVJ VWQVLVNIRGVAMEKGFCPLSLEFVSVCIVHKSNIKLGLREKITSVSEGGPVELTEAVVDEFIESVPM 203

TMOB  PWEVMVNIRGVAMSEGWCPLSLEFVSVCIVHKNNVRKGLREKVTAVSEDDAIELTEEVVDEFIEAVPM 200

TOML  IWQVLVNIKNVKMSAGYCPLSLEFVSVCIVYKNNIKLGLREKVTSVNDGGPMELSEEVVDEFMENVPM 203

TMV ~ VWQVLVNIRNVKMSAGFCPLSLEFVSVCIVYRNNIKLGLREKITNVRDGGPMELTEEVVDEFMEDVPM 203

e o e . . . ke *hkoeo ok . . * .. . EE R .
3

TVCV  FKAVDNFRKRKKKVEERDVV-SKY--KYRPEKYAGPDSFNLKEEN-VLOHYKPES === VPVLRSGVG-——————- RAHTNA-- 267
YOMV FKAIDSFRKKKKRIGGRDVNSNKY--RYRPERYAGPDSLOYKEEN-GLQHHELES ===~ VPVFRSDVG-——————~ RAHSDA-- 265
RMV  FKAIDSFRKKKKKIGGRDVNNNKY--RYRPERYAGPDSLQOYKEEN-GLOHHELES-—mm======m VPVFRSDVG-——————- RAHSDA-- 265
SHMV  LRSIEGLRKKKEPND---VVQGHLSAEYDVKRSVKR----TKSENTPGKRRVNVD---SVSLGLGKGKSVSAKNEDTESVFDDGILDSDS-- 283
ORSV  AARLKSFRSVNKKKPSNSSK---——-- FVNGKSRLNSRNKLNYEN-G-DSDVGISVVDDIVV--GNGVSDIRIDDDCE-~---SFDAQSDSY- 303
TMGMV AVKLERFRKTKKGKKRKKEKK------ KR-—--VVGNSVNNKKINN-SGKKGLKVE === EIEDNVSDD-—-——-- ESIASSSTF- 266
PMMVJ ADRLRKFRNQSKKGSNKYVG------- KRNDNKGLNKEG- === === = = e e e KLFDKVRIGONSE----SSDAESSSF- 257
TMOB  ARRLONLRKPKYNKEKENKN------- LNNKNSIGVSKPVGLERN-KVRSVVRKGVRSDS -~ —-——— SLGVTDMSQDGS----SSEISSDSFI 274
TOML SVRLAKFRTKSSKRGPKNNNN------ LGKGRSGGRPK--—————- P-KSFDEVE--—m-m—m———==— KEFDNLIEDEAE----TSVADSDSY- 264
TMV ~ SIRLAKFRSRTGKKSDV-—-—R———=-- KGKNSSNDRSVPNKNYRN-V-KDFGGMS—=====——==x FKKNNLIDDDSE----ATVAESDSF- 268
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FIG 4 The MP™V©V NLS appears to be conserved among subgroup 3 tobamoviruses. Alignment of MP protein sequences from the subgroup 3 tobamoviruses
(TVCV, YoMV, and RMV) and representative subgroup 1 tobamoviruses, including TMV (shown at bottom). The basic residues in the MP"V<" monopartite
NLS are shaded in gray, with the two missense mutations in MPTVCV(K2104/K2124) iy dicated. The corresponding predicted monopartite NLSs in YoMV and RMV
are also shown with basic residues shaded in gray, as is a predicted monopartite NLS in TMGMYV. Broken lines indicate additional residues predicted to be part
of the NLS interaction domain with importin-a (¢NLS Mapper, http://nls-mapper.iab.keio.ac.jp/cgi-bin/NLS_Mapper_form.cgi//). Boxed in SHMYV are resi-
dues predicted to comprise a potential extended bipartite NLS. Single and double lines beneath the MP™ sequence mark the two extended RNA binding regions
identified in TMV (33). Sequence similarity is indicated below the aligned sequences. TVCV, Turnip vein clearing virus (accession no. Q88921); YoMV, Youcai
mosaic virus (same as ORMYV, Oilseed rape mosaic virus; accession no. Q66221); RMV, Holmes ribgrass mosaic virus (accession no. Q9QDI8); SHMV, Sunn-hemp
mosaic virus (accession no. P03585); ORSV, Odontoglossum ringspot virus, strain Japan (accession no. P22590); TMGMYV, Tobacco mild green mosaic virus (TMV
U2 strain; accession no. P18338); PMMV], Pepper mild mottle virus, strain Japan (accession no. P89658); TMOB, Tobamovirus Ob (also known as Obuda pepper
virus; accession no. Q83485); ToML, Tomato mosaic virus, strain L (also known as TMV strain tomato; accession no. P69513); TMV, Tobacco mosaic virus, strain
U1 (accession no. P03583). Numbers to the right of each sequence indicate residue position within the protein.

the systemic accumulation of TVCV CP at different days p.i.
TVCVMPIRIOAK2I2A) i focted plants exhibited a significant delay
(P < 0.0001) in the onset of systemic disease symptoms, com-
pared to plants infected with wt TVCV (Fig. 5E; Table 1), and
displayed attenuated disease symptoms (Fig. 6). Fitting with this,
the systemic accumulation of CP was also delayed. Viral CP was
clearly detected at 4 days and 8 days p.i. in systemic leaf extracts
from ~75% and 100%, respectively, of wt TVCV-infected N. ben-
thamiana plants. In contrast, CP was rarely detected, and then at
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only very low levels, in TVCVMP(K210A/K2128) i fected N. bentha-
miana systemic leaves at 4 days p.i., and by 8 days p.i., although
present in all plants tested, CP had accumulated to lower levels
than those in wt TVCV-infected plants (Fig. 5D). We obtained the
same results in Arabidopsis. As TVCV produces mild disease
symptoms in Col-0 plants, we assessed systemic infection in this
host by assaying the accumulation of TVCV CP in extracts of
systemic leaves. TVCVMPRZIOAK212A) gy stemic spread, compared
to that of wt TVCV, was significantly delayed in Col-0 plants,
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FIG 5 The NLS mutant TVCVMPK2I0A/K2I2A) ¢ delayed in local spread and
systemic infection in N. benthamiana. (A) Areas of infection sites at 5 days p.i.
on N. benthamiana leaves inoculated with replicon TVCV:MP-GFP or
TVCV:MPK1OMK2I2A_GEP, The areas of 102 TVCV:MP-GFP and 131
TVCV:MPK10AK212A_GEP infection sites on leaves inoculated with a stan-
dardized amount of RNA (see Materials and Methods) were measured. (B and
C) Representative infection sites produced by TVCV::MP-GFP (B) or TVCV::
MPK2IOAK2I2A_GEP (C) on N. benthamianaleaves at 5 days p.i. (D) Coomassie
blue-stained SDS-PAGE gels of systemic leaf extracts from N. benthamiana
plants inoculated with full-length infectious TVCVMPK210A/K212A) (NT.§ mu-
tant) or with wt TVCV or mock inoculated at 4 days and 8 days p.i. Equal
amounts of extract from 1-cm punches of systemic leaves were analyzed in
each gel (see Materials and Methods). Positions of CP (17 kDa) and of protein
markers (kDa) are marked. (E) Time course of appearance of systemic disease
symptoms on N. benthamiana plants inoculated with equal amounts of wt
TVCV or the NLS mutant TVCVMP(R2IOAK212A) (Taple 1, trial 1).
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TABLE 1 TVCV infectivity on N. benthamiana®

% of total inoculated plants at day

postinoculation:

Trial Inoculum 1 2 3 4 5 6 7 8

1 wt 0 0 0 8 100 100 100 100
TVCYMPKAOK2I2A) g g 0 10 85 100 100 100
Mock 0 0 0 0 0 0 0 0

2 wt 0 0 10 85 100 100 100 100
TVCYMPRAOK2I2A) g o 0 10 80 100 100 100
Mock 0 0 0 0 0 0 0 0

3 wt 0 0 0 90 100 100 100 100
TVCYMPKAOK2I2A) g g 0 15 90 100 100 100
Mock 0 0 0 0 0 0 0 0

“ Symptomatic plants as percentage of total inoculated plants (20 per assay).
Nonparametric survival analysis with right censoring (Wilcoxon test statistic),
P < 0.0001 for 3 trials shown.

based on the systemic accumulation of TVCV CP at different days
p.i. (Fig. 7; Table 2; P < 0.001), and this NLS mutant also pro-
duced attenuated disease symptoms, compared to wt TVCV, in
Col-0 plants (Fig. 6).

To show that this delay in local and systemic virus spread
was specifically due to the absence of a nuclear function of
MP™VEV and not the result of an effect of the NLS mutation in
MPTVCVIRIOAKRZIZA) (1 yirys replication or cell-to-cell move-
ment per se, we examined the ability of MPTVCY(K210A/K212A)
bind RNA and traffic cell to cell, the latter as a means to assess
its effects on PD gating, and assayed the replication of

N. benthamiana

FIG 6 The NLS mutant TVCVMP(K2I0A/K212A) 1y dyces attenuated disease
symptoms in N. benthamiana and Arabidopsis Col-0. N. benthamiana (top) or
Col-0 (bottom) plants at 12 days or 22 days (N. benthamiana) or 30 days
(Col-0) postinoculation with wt TVCV or TVCYMPRI0AK2124) [ ok in-
oculated, as indicated.
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FIG 7 The NLS mutant TVCYMP(K210A/K2124) ¢ delayed in systemic infection
in Arabidopsis Col-0. (A) Coomassie blue-stained SDS-PAGE gels of systemic
leaf extracts from Col-0 plants inoculated with full-length infectious
TVCVMPK2I0A/K2124) (LS mutant) or with wt TVCV or mock inoculated at 4
days, 8 days, and 12 days p.i. Equal amounts of systemic leaf tissue extracts (0.5
g/ml) were analyzed in each gel (see Materials and Methods). Positions of CP
(17 kDa) and of protein markers (kDa) are marked. (B) Development of sys-
temic disease as assessed by CP accumulation in Col-0 plants inoculated with
equal amounts of wt TVCV or the NLS mutant TVCVMP(K2104/K2128) (Tahle 2,
trial 1).

TVCVMPRIOAKI2A) iy N, benthamiana protoplasts. The C-ter-

minal half of MP™ contains two extended RNA binding domains
(33). Based on our sequence alignments, the MP™V<Y NLS (residues
209 to 214) is within the second of these domains (Fig. 4). To exclude
the possibility that our NLS mutant MP*YCVK2104/K2128) g4 defec-
tive in RNA binding, we used a membrane binding assay to test GST
fusions of both MP!VEY(KZIOAK212A) 5y 4wt MPTVEY for their ability
to bind single-stranded RNA (ssRNA) in vitro. As shown in Fig. 8,
MPTVEVEIOAKZIZA) b oynd ssRNA in vitro to the same extent as did
wt MP™VEY, This binding was specific for MP™VV as free GST did
not bind ssRNA when tested in this same assay (Fig. 8A).

To directly examine the ability of the NLS mutant to traffic
between cells, we used agroinfiltration to transiently express
MPTVEVIRIOAKIZA_GEP and wt MP™VV-GFP in N. bentha-
miana leaf epidermal cells, using an established assay (21). We
infiltrated a low concentration of each A. tumefaciens culture so
that each movement protein would be expressed in individual
isolated cells (~1 in 10) by ~24 h p.i. (21), and then we as-
sessed MP cell-to-cell trafficking over time by using CLSM to
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count the numbers of cells in individual foci at 44 to 46 h p.i. As
shown in Table 3, the NLS mutant MPTVCV(K210A/K2124)_Gpp
trafficked cell to cell at least as well as did wt MPTVCV-GFP, if
not slightly more efficiently (Table 3). Thus, this NLS mutation
did not impair the two key activities of MPTVCV(K210A/K2124)
that are essential for its function in virus movement, namely,
its ability to bind ssRNA (Fig. 8A) and to traffic cell to cell
(Table 3).

To exclude the possibility that the NLS mutation in
MPTVEVIKZI0AK2124) 4 ffocted virus replication, we transfected N.
benthamiana protoplasts with full-length genomic (+RNA) tran-
scripts of wt TVCV or the NLS mutant TVCVMP(K210A/K2124) 54
assayed virus replication by sqRT-PCR, using reverse transcription
primers specific for the TVCV —RNA strand to ensure that we quan-
tified virus replication and not the subsequent transcription of viral
mRNA. We detected no viral RNA by sqRT-PCR immediately fol-
lowing transfection, which established both the baseline for our assay
and the specificity of our reverse transcription primer for
TVCV —RNA (Fig. 8B, 0 h). At 4 h and 20 h posttransfection, we
detected increasing amounts of viral RNA, with the NLS mutant
TVCYMPRIOAKIIZA) g d wt TVCV replicating to the same levels
(Fig. 8B). Thus, the NLS mutant MPIVEVKZIOAK2128) {ges not
have a direct effect on TVCV replication, and Mp™VCV(K210A/K2124)
properly localizes to ER sites and PD, traffics cell to cell, and binds
RNA (Fig. 3U to W and 8; Table 3). Furthermore, the phenotype
of MPTVEV(RZIOAK2IZA) 4y delaying TVCV spread is independent
of virus encapsidation since this delay is exhibited by both the
replicon TVCV:MPK2IOAK22A - ohich does not encode CP, and
by the mutated full-length virus TVCVMP(K210AK2124) (Rig 56 7),
Based on our results, we conclude that MP™V<V targets to the
nucleus, where it localizes to F-actin-containing filaments that
associate with chromatin to provide a function that is necessary
for efficient TVCV spread and systemic infection.

DISCUSSION

MP™ is one of the most extensively characterized plant virus
movement proteins and has been the model for understanding
how a single movement protein can execute multiple functions to
regulate virus genome transport within and between cells (7, 34).

TABLE 2 TVCV infectivity on Arabidopsis Col-0?

% total inoculated plants at day

postinoculation:

Trial Inoculum 1 4 6 8 10 12

1 wt 0 0 0 5 15 30 40 55
TVCVYMPRAOK224) g g o 0 0 0 10 20
Mock 0 0 0 0 0 0 0 0

2 wt 0 0 0 625 25 50 75 ND’
TVCYMPK2IK212A) g o o 0 0 125 25 ND
Mock 0 0 0 0 0 0 0 ND

3 wt 0 0 0 0 15 35 55 75
TVCVYMPRAOK224) g g o 0 0 5 25 35
Mock 0 0 0 0 0 0 0 0

“ Infected plants as percentage of total inoculated plants (20 per assay), based on
presence of TVCV CP in extracts of systemic leaves (see Materials and Methods).
Nonparametric survival analysis with right censoring (Wilcoxon test statistic),
P < 0.001 for 3 trials shown.

Y ND, not determined.

Journal of Virology

1sanb Aq 6T0Z ‘LT AN uo /610" wse IAl//:dny wol) papeojumoq


http://jvi.asm.org
http://jvi.asm.org/

A Ry v\p\q’ Ky 9@'»
& o & o
£ & &
g 5 5 g & &
o © (<] ©° O (<3
75— SEeE .. o
50— ' e cm——— -—— —<GST-MP
25— -— <«4GST
20— -
Amido Black Fluorescence

TVCV MP Has a Nuclear Function That Enhances Infection
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FIG 8 The NLS mutant MPTVCEV(K2I0A/K212A) 4¢ ot defective in ssRNA binding in vitro or in virus replication. (A) SDS-PAGE renatured gel blots of E.
coli-expressed GST-MP"VCY, GST-MPTVCVK210A/K2124) o GST, as labeled, incubated with fluorescein-labeled EF1at RNA in vitro and then stained with amido
black to detect proteins. Positions of GST-MP (56 kDa) and GST (26 kDa) and of protein markers (kDa) are marked. (B) Replication of wt TVCV and
TVCVMPK2I0A/K2128) (T S mutant) in N. benthamiana protoplasts. Virus replication at 0, 4, and 20 h posttransfection, as indicated, was detected by RT-PCR
using primers specific for the TVCV —RNA strand (see Materials and Methods). Positions of amplified TVCV —RNA fragment and 18S RNA loading control,

and of DNA markers (nt), are marked. C, mock-transfected control.

However, Arabidopsis thaliana is, in general, a poor host for TMV.
In contrast, TVCV efficiently infects Arabidopsis, including the
Col-0 ecotype, and hence is the tobamovirus of choice for studies
in this model plant to take advantage of its genetic, genomic, and
molecular and cell biological resources. A key problem, which
contributes to current confusion in the field, is the unproven as-
sumption that the TVCV and TMV life cycles, including the local-
ization of MP™V<Y and MP™ to virus replication sites and sub-
cellular compartments, are the same. We have used an infectious
clone of TVCYV that encodes a functional MP™V<Y-GFP fusion to
directly compare the distributions of MP™V“¥ and MP™" during
virus infection. Our results, reported here, showed that MP asso-
ciation with PD and with ER sites and its degradation at late stages
were common features of infection by both TVCV and TMV,
thereby underscoring the importance of these associations, and
the regulation of MP levels, for tobamovirus replication and
intercellular trafficking (Fig. 1 and 2). Importantly, we identified
three striking features that distinguished TVCV infection from
that of TMV.

Unlike MP™V, which redistributes from viral ER-associ-
ated replication sites to microtubules at late stages in infection,
MP™V<Y accumulated in an unknown compartment that re-
mained adjacent to these ER sites, and it did not redistribute to
microtubules (Fig. 1 and 2E, G, H, and I). A second difference

TABLE 3 Cell-to-cell trafficking of MP™VCY and MpTVCY(K2104/K2124)

from TMV was that these late changes in ER were accompanied by
a marked rearrangement and bundling of the actin cytoskeleton
near and around these ER/MP™VCV sites (Fig. 2F, J, K, and L).
Thus, while the role of microtubules in promoting TMV cell-to-
cell movement, or targeting MP™" for degradation, late in infec-
tion is still debated (29, 35), our studies did not identify a role for
MP™VEY_microtubule associations in TVCV infection, at least in
terms of a redistribution of MP™“V to microtubules or obvi-
ous tracking of MP™V<Y along microtubules. In contrast, our
findings did demonstrate distortion of the actin cytoskeleton late
in infection at times when apparent TVCV replication sites en-
larged to form compartments that remained adjacent to sites of
collapsed ER membrane (Fig. 1 and 2). This, again, is distinct from
TMYV, where disruption of the microfilament network has not
been observed (29). These differences between TVCV and TMV
are consistent with other studies that indicate differing require-
ments for microtubules and microfilaments in infection by these
two tobamoviruses. MP™" has been reported to bind to F-actin
and to tubulin in vitro (36). Although the actin cytoskeleton is not
obviously rearranged or morphologically altered during TMV in-
fection, and the significance of MP™ interactions with micro-
filaments remains uncharacterized, imaging studies, combined
with gene silencing and the use of inhibitory drugs such as latrun-
culin B, do point to a role for the actin cytoskeleton and myosin

Total foci” (total no. of

No. of foci® (% total foci)

Trial Protein” fluorescent cells) 1 cell 2-7 cells 8-13 cells =14 cells P

1 MpTVev 30 (249) 1(3.3) 12 (40.0) 15 (50.0) 2(6.7)
MPTVCEV(K2I0A/K2124) 29 (329) 1(3.4) 4(13.8) 17 (58.6) 7 (24.1) <0.05

2 MpTVeY 31 (252) 1(3.2) 14 (45.2) 12 (38.7) 4(12.9)
MPTVEV(K2I0A/K2124) 32 (340) 0 (0.0) 8(25.0) 18 (56.3) 6(18.8) <0.05

@ Vectors encoding GFP fusions of MPTVCY or MPTVCV(K210A/K2124) were agroinfiltrated into N. benthamiana leaves. Shown are 2 separate trials.

b Total number of fluorescent foci counted.

¢ The number of foci in which each movement protein was in a single cell (1 cell) or had moved to 2 to 7, 8 to 13, or =14 cells.

4P, t test statistic.
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motors in promoting TMV intercellular movement, in terms of
both the TMV genome complexed with the viral 126-kDa repli-
case and host factors trafficking along microfilaments, and
MP™V reaching PD (12, 37-39). In particular, TMV cell-to-cell
spread, as assessed by the sizes of infection sites produced on N.
benthamiana leaves, is inhibited by latrunculin B, which inhibits
actin polymerization, or by silencing host actin or myosin XI-2
(37-39). In this same assay, latrunculin B also inhibits the inter-
cellular spread of the potexvirus Potato virus X and the tombusvi-
rus Tomato bushy stunt virus. However, neither latrunculin B nor
silencing of myosin XI-2 or three other myosin isoforms was
found to inhibit the cell-to-cell spread of TVCV. Similarly, the
microtubule inhibitor oryzalin does not inhibit TVCV cell-to-cell
spread (37). The cytoskeletal rearrangements that we observed
during TVCV infection are intriguing in light of our finding that
MP*VY localizes to nuclear F-actin filaments (Fig. 3). They may
be related to MP™V<Y inducing or stabilizing nuclear F-actin fila-
ments and consequently perturbing the balance of cytoplasmic G-
and F-actin and would be consistent with the lack of an effect of
latrunculin B on TVCV cell-to-cell spread (37). Fitting with this
suggestion, we found that expressing very high levels of the
TagRFP-UtrCH probe, which strongly binds to actin, interfered
with the formation of nuclear MP"V<Y-containing F-actin fila-
ments (data not shown). Whatever the explanation, our findings
further underscore important differences in the involvement of
microtubules and microfilaments in TMV and TVCV infection.

The most conspicuous and surprising difference from MP™"
was that MPTVEY targeted, in an NLS-dependent manner, to the
nuclei of infected cells at all stages of infection, where it accumu-
lated in novel F-actin-containing filaments that were associated
with chromatin (Fig. 1 and 3). Our mutational analyses identified
a classic basic monopartite NLS in MP™<Y at amino acid residues
209 to 214, which was necessary and sufficient for targeting
MP™V to nuclei (Fig. 3 and 4), and also necessary for efficient
TVCYV local spread and systemic infection in both Arabidopsis
Col-0 and N. benthamiana plants (Fig. 5 to 7). This NLS appears to
be conserved among the subgroup 3 tobamoviruses comprising
TVCV, YoMV/ORMYV, and RMV, all of which infect plants in the
Brassicaceae family, such as Arabidopsis and turnips. In addition,
our comparison of the MP sequences for all reported subgroup 3
virus isolates showed that any amino acid substitutions within this
sequence are Arg/Lys and Lys/Arg swaps that would preserve its
character as a basic monopartite NLS (Fig. 4; see also Fig. S1 in the
supplemental material).

Tobamoviruses appear to be ancient virus lineages. Based on
phylogenetic analyses, it has been suggested that subgroup 1 and 2
tobamoviruses may have codiverged with their hosts (solanaceous
plants for subgroup 1 and cucurbits and legumes for subgroup 2),
but the subgroup 3 viruses likely arose from a subgroup 1 virus
jumping into Brassica species (14). In contrast to the apparently
conserved NLS, which we identified among the subgroup 3
tobamoviruses, our in silico analyses and use of three different
algorithms (cNLS Mapper, WoLF PSort, and NucPred) did not
predict any NLSs in the MPs encoded by the subgroup 1 or 2
viruses, including the well-characterized U1 strain of TMV (Fig. 4
and data not shown), save for SHMV (amino acid residues 211 to
214, 230 to 240, and 242 to 248) and one isolate of TMGMYV (also
known as TMV U2 strain, P18338, amino acid residues 214/215 to
224) (40, 41) (Fig. 4; see also Fig. S2 in the supplemental material).
Intriguingly, the SHMV basic residues at positions 211 to 214,
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which may be part of a putative bipartite NLS, and the predicted
TMGMYV NLS are also conserved in terms of their position within
the viral MP (Fig. 4). SHMV appears to be a recombinant between
subgroup 1 and 3 viruses (14), which could explain the presence of
the predicted NLS. The situation is more complex for TMGMYV in
that the MP encoded by three other isolates, referred to as strains
U2 (EMBL/GenBank/DDBJ accession no. A4LAL8), Japanese
(42), and HP (accession no. A3QVGS8), is nearly identical in se-
quence to that reported by Nejidat et al. (98.8% similar and 96.1%
identical) (40), except for what appears to be a deletion of the
predicted NLS (see Fig. S2). Thus, although this sequence does not
appear to be essential for TMGMYV infection and viability, it does
raise the question of whether a virus similar to the TMGMYV strain
that encodes the MP with a putative NLS (40, 41) was the progen-
itor of the subgroup 3 tobamoviruses.

Our extensive characterization of the NLS mutant
MPTVEVIKI0AKZI2A)  dentified a single clear defect in this mutated
MP: MPTVEV(KR2IOAK2I2A) 1ya ¢ defective in nuclear targeting (Fig.
3). Compared to wild-type MPTVEY MPTVEVIRIOAK2IZA) o not
altered in its localization to PD, motile vesicles, and ER replication
sites (Fig. 3). MPTVEVKZIOAK212A) 4164 was not defective in its two
essential functions for virus movement, namely, binding ssRNA and
its ability to alter PD, as assessed by its trafficking between cells (Fig.
8A; Table 3), nor did this NLS mutation directly affect virus replica-
tion (Fig. 8B). In addition, the effect of MPTVEVIKAOAK2I2A) o virus
infection was independent of encapsidation since both the mutant
replicon TVCV:MPR210VK2124_ GEP which does not encode CP, and
the full-length mutant virus TVCVMPK2104K2124) oo ding CP ex-
hibited a significant delay in virus spread (Fig. 5 to 7; Tables 1 and 2).
Thus, having eliminated direct effects on ER and PD targeting, (viral)
RNA binding, cell-to-cell transport, replication, and encapsidation,
our results strongly argue that MP™ <" provides an important func-
tion in the nucleus, one which is necessary to promote virus spread
and systemic infection, and appears to have evolved in the subgroup
3 tobamoviruses. Furthermore, this nuclear function of MP™<" does
not require viral RNA or other TVCV components since MP™<V-
GFP targeted to the same novel nuclear filaments in TVCV-infected
Arabidopsis Col-0 and N. benthamiana leaf cells or when it was tran-
siently expressed alone (Fig. 1 and 3).

What could be this nuclear function of MP*V<¥? Independent
of their essential roles in genome trafficking, movement proteins
can also redirect cellular activities to favor virus multiplication,
including acting as virulence factors to block host defenses and
thereby determining pathogenicity on different hosts (43, 44).
One movement protein (TGB1) of Potato virus X acts to suppress
gene silencing to block the host small interfering RNA (siRNA)
defense (3, 45). The tobamovirus Tomato mosaic virus (ToMV)
MP™™V can act as an effector to block pathogen-associated mo-
lecular pattern (PAMP)-triggered immunity or to induce effector-
triggered immunity in plants with the Tm-2 resistance gene (46).
The latter may involve MP™MV interacting with the transcription
factors KELP and MBF1 (47, 48). The nuclear shuttle movement
protein NSP encoded by the geminivirus Cabbage leaf curl virus,
which transports viral genomes between the nucleus and cyto-
plasm, can interact with plasma membrane receptor-like kinases
to suppress host defense (49, 50). It also redirects a host nuclear
acetyltransferase to regulate genome encapsidation versus nuclear
export, which may reprogram cells to support virus replication as
well (51,52). Our results suggest that nuclear MP™V< behaves like
a virulence factor. It was necessary, but not sufficient, for virus

Journal of Virology

1sanb Aq 6T0Z ‘LT AN uo /610" wse IAl//:dny wol) papeojumoq


http://www.ncbi.nlm.nih.gov/nuccore?term=A4LAL8
http://www.ncbi.nlm.nih.gov/nuccore?term=A3QVG8
http://jvi.asm.org
http://jvi.asm.org/

infection: TVCV that expressed MPTVCV(K2124/K2128) vuaq infec-
tious. Yet, without directly affecting ER and PD localization, RNA
binding, cell-to-cell trafficking, replication, or encapsidation, this
NLS mutation reduced TVCV cell-to-cell spread, delayed TVCV
systemic spread, and attenuated disease symptoms (Fig. 5 to 8;
Tables 1 and 2). Such features typify mutations in viral, bacterial,
and fungal proteins that suppress host defenses (53-55).

Pertinent to how nuclear MP*V“Y might act as a virulence fac-
tor is our demonstration that nuclear MP™V<" localizes to F-actin
filaments that appear to associate with discrete regions of chroma-
tin (Fig. 3). Recent studies in yeast, animal cells, and plants point
to roles for nuclear actin and actin-related proteins (ARPs) in
many aspects of genetic and epigenetic regulation, including tran-
scription, mRNA processing, gene movement, and chromatin re-
modeling (56, 57). Most of these functions relate to actin-ARP
dimers binding to the ATPase subunit of SWI/SNEF- and INO80-
family chromatin remodeling complexes, where they positively
regulate ATPase activity and are essential for remodeler complex
assembly to reposition, reconfigure, or eject nucleosomes. As
such, they coordinate with histone modifiers (e.g., histone acetyl-
transferases [HATs]) to recruit DNA-binding proteins to activate
or repress transcription or remodel chromosome regions (58—60).
The forms of nuclear actin remain enigmatic. In the current view,
nuclear actin exists as a dynamic pool of monomeric (G), oligo-
meric, and polymeric forms. Polymerized nuclear actin has been
implicated in selective gene activation during cellular differentia-
tion, the inflammatory response, and retinoic acid-induced tran-
scription (57, 61). Indeed, recent studies using synthetic inducible
gene arrays, or of estrogen-induced interactions among genes on
different chromosomes, indicate a role for polymerized actin in
gene positioning and large-scale chromatin organization (62-64).
But, the recent study of Oct4 reactivation in mouse cell nuclei
transplanted into GVs provides the first clear visualization of nu-
clear F-actin during transcriptional activation and evidence for its
role in binding BAF remodeling complexes to enhance transcrip-
tion (32). We propose that the nuclear function of MP™<V is to
induce or stabilize F-actin filaments to spatially reorganize chro-
matin and thereby affect the expression of antiviral defense-re-
lated host genes.

Our results establish a nuclear function for M that is neces-
sary for efficient TVCV cell-to-cell movement and systemic infection
and which involves MP™V<" localizing to F-actin filaments that asso-
ciate with chromatin. Several observations suggest that nuclear local-
ization does not simply serve to downregulate MP™V<" cytoplasmic
levels late in infection, either by diverting MP"V" to the nucleus or
by targeting it for degradation: nuclear MP"™V" was present at the
earliest stages of and throughout infection, infection with the NLS
mutant TVCV:MP<*!K2124 did not affect the distribution and
subcellular associations of cytoplasmic MP*V<V (Fig, 3),and MP*V<Y
was degraded in the absence of nuclear targeting (Fig. 5; the relative
sizes of the dark centers in TVCV:MP*?'%4 2124 versus wt TVCV
infection rings were unchanged). Based on the roles of nuclear actin
and ARPs in structurally organizing chromatin and regulating gene
transcription (62—64), we propose that MP™V“V-containing F-actin
nuclear filaments associate with actin and/or ARPs in chromatin re-
modeling complexes to spatially organize chromatin and thereby co-
ordinately reprogram the transcription of host genes to favor virus
infection. Whether the transcription of host defense-related genes, as
we propose, or that of host genes that generally affect cellular metab-
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olism and function is altered is now an important question to be
answered.
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