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Overexpressing components of the nuclear
transport apparatus causes severe growth
symptoms in tobacco leaves
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Regulating nucleo-cytoplasmic transport of RNA and protein is a key cellular control point. Perturbing the function of
plant nuclear transport components can cause significant developmental defects and in this report we add an
important line to this evidence. Overexpression of AtRANT or AtNUP62 in Nicotiana benthamiana causes significant
damage to leaf tissue. This demonstrates that the precise control of nuclear transport is an important aspect of

maintaining tissue integrity.

Nucleo-cytoplasmic transport of RNA and proteins is a criti-
cal point of cellular regulation. Cargos are transported between
compartments by the activity of karyopherin proteins that bind
cargoes with the appropriate signal sequence.’ This process has
many layers of regulation, firstly at the level of cargo recognition.
This can occur via canonical or non-canonical NLS or NES sig-
nals that have such wide variety that identification of definitive
transport motifs is a difficult task. Secondly, the karyopherin:
cargo interacts with the GTPase RANI in either its GTP or
GDP bound form. The gradient of RAN1 across the nuclear
envelope (NE) is critical for driving nuclear transport so without
the activity of nucleus or cytoplasm-specific enzymes that alter
the guanine-nucleotide-binding of RAN1, the process of nuclear
transport breaks down.” Finally the karyopherin:cargo:RAN1
grouping passes through the nuclear pore complex (NPC), a pro-
cess thought to be mediated by the interaction with hydrophobic
FG repeat motifs contained within the secondary structure of cer-
tain nucleoporins.” This entire process is well characterized in
yeast and metazoan cell lines and in recent times a growing port-
folio of evidence has described the action of members of the plant
nuclear transport apparatus. This includes the proteomic identifi-
cation of the plant orthologs of metazoan and yeast NUPs as well
as genetic characterization of a range of nup mutants in Arabidop-
sis, tobacco and in legumes.>*

Study of nuclear transport in plants has relied upon the identi-
fication of plants with a genetic defect in your protein of interest,
be it a nucleoporin, a karyopherin or an enzyme involved in the
RAN1.>* Many nuclear transport mutants show significant
defects during gametogenesis or embryogenesis, resulting in a
failure to produce viable offspring. However, given the funda-
mental importance of nuclear transport, a surprising number of
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mutants have been isolated that display mild or no developmen-
tal phenotypes. The mild phenotypes include reduced stature
throughout the lifecycle and early flowering, which usually coin-
cides with alterations in bulk mRNA export.* Although the
majority of this work has been performed in Arabidopsis, a num-
ber of studies have used the Nicotiana benthamiana expression
system to investigate the activity of certain NUPs. VIGS-medi-
ated down-regulation of NbNUP75, NbNUP88 and NbSehl
causes an increase in susceptibility to the fungal pathogen Phyro-
phora infestans’ while targeted downregulation of NbRAEI
causes a broader variety of growth phenotypes.®

Over-expression of proteins in N.benthamiana acts as an excel-
lent experimental system to study the effect of pathogens on plant
development. Therefore the initial aim of our study was to assess
the effect of altering nuclear transport (NT) components on the
infectivity of plant viruses. We aimed to over-express certain NT
components in the presence of the Geminivirus Tomato Yellow
Leave Curl Virus (TYLCV) 7 and evaluate the resulting molecu-
lar and phenotypic changes. Although we successfully used agro-
infiltration to correctly deliver the virus and cause appropriate
disease symptoms, our initial experimental aims were thwarted
by the phenotypic changes we report below. In summary we
found that overexpression of certain NT components caused a
significant increase in growth defects when expressed individually
within tobacco leaves.

In order to overexpress Arabidopsis proteins in N.benthamiana
we utilised the CPMV-HT expression system.® The gene of inter-
est is cloned into the pEAQ plasmid that contains the P19 sup-
pressor of silencing and the UTR sequence from Cowpea Mosaic
Virus (CPMV). The CPMV sequence contains cis-acting ele-
ments that promote transcription of an associated gene without
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producing any infectious viral particles. Importantly we used the
pEAQ-DEST3 vector that allowed attachment of a 6xHis-tag to
either AtRANT or AINUP62, which facilitated downstream anal-
ysis of gene expression.

Following inoculation we used a 6-point scale (0-5) to quan-
tify the severity of symptoms in tobacco leaves that had been
agro-infiltrated with either pEAQ-DEST3 (hereafter pEAQ),
pEAQ-ARANI or pEAQ-AtNUPG62. We assessed symptom
severity (Fig. 1) following each of these treatments for >20 days
post infection (dpi) and observed an expected increase in severity
over the time course (Fig. 3). It was not surprising to observe an
increase in symptoms in leaves inoculated with pEAQ since in
proof-of-concept experiments with the CPMV-HT system,
expression of the marker protein DsRed caused significant tissue
damage even at 8dpi.”

In order to verify that AtRAN1 and AtNUP62 were being
successfully expressed we extracted RNA and protein from
tobacco leaves at 2dpi (Fig. 2). Semi-quantitative RT-PCR using
gene-specific primers and western blotting using an anti-His tag
antibody were used to show that the genes were being expressed
compared to pEAQ or no-plasmid controls (Fig. 2). Whereas the
AtRAN1-His protein was expressed to a high level we were
unable to visualize AtNUPG62-His by protein gel blot even
though the RT-PCR showed that the gene was expressed
(Fig. 2). The reason for this difference is unclear. However we

were unsurprised to be unable to detect the AcNUP62 protein,
even in this expression system. While other nucleoporins have
been expressed behind the CaMV 35S promotor in Arabidopsis,
the expression levels are generally low with no resulting pheno-
typic change outside of complementing an appropriate mutant
phenotype.' !

When assessing the symptoms generated following inocula-
tion with pEAQ-AtRAN1 or pEAQ-AtINUP62 we showed an
increase in severity at the earliest time point that continued to
the end of the experimental time period (Fig. 3). This effect was
more pronounced in leaves inoculated with ActRANT1. Inocula-
tion with AINUPG2 caused a robust response but the small num-
ber of samples prevented the data obtaining good significance
values. Although the control leaves also show an increase in
symptom severity, the level remained <3 in both experiments.
The difference between the ranking of 3 and 4 is notable as it rep-
resented a change from leaf discolouration to apparent necrosis of
the leaf tissue. Overexpression of either AtRAN1 or AtNUP62
caused a severe phenotype demonstrating that continued growth
of the leaf is compromised when these proteins are over-
expressed.

It is not without precedent that altering the levels of either
RANT1 or NUP62 has phenotypic consequences. Overexpression
of AINUPG62 in Arabidopsis caused co-suppression of the endoge-
nous NUPG62 gene '? while Arabidopsis mutants with a truncated

NUP62 have reduced stature and early

flowering.'>'* Furthermore it is impos-
sible to identify homozygous null ##p62
mutants since these are embryo
lethal."*"> Therefore it is unsurprising
that overexpression of NUP62 can cause
a severe phenotype in tobacco leaves.
The precise mechanism by which this
phenotype is generated is unknown
since the functional significance of plant
NUP62 still remains opaque. Surpris-
ingly it was recently found that viable
Arabidopsis  nup62 mutants do not
exhibit an alteration in mRNA export,
which is usually a common molecular
phenotype observed in other nup
mutants."* Therefore we have signifi-
cant work still to do to elucidate why
significantly altering AtNUPG62 levels
can cause severe phenotypes even
though we verify here that it is an
important regulator of cell growth.

In Arabidopsis there are 3 paralogs of
the RAN protein, RAN1-3. However
there are no available T-DNA null

mutants of any of these proteins but it is
expected that there is redundancy in

showed no effect and a rating of 5 showed a completely necrotic tissue.

Figure 1. Phenotype of Nicotiana benthemiana leaves after inoculation. Tobacco leaves were inocu-
lated with Agrobacterium containing the appropriate construct and the severity of tissue decay was
assessed over 20+ days. Severity of symptoms was rated on a scale between 0-5, where a rating of 0

their activity and that they have an
essential function. Ranl knockdown
mutants have a mild embryo phenotype

but in an interesting set of reciprocal
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Figure 2. RAN1 and NUP62 expression in Nicotiana benthamiana leaves.
RNA and protein was extracted from N.benthamiana leaves 2 days after
inoculation with only agrobacteria or with agrobacteria containing an
empty pEAQ-DEST3 plasmid, pEAQ-RANT plasmid or pEAQ-AtNUP62
plasmid (A) RT-PCR showing expression of AtRAN1-His, AtNUP62-His or
endogenous NbRAN1. NbRAN1 was used as an internal control showing
no genomic DNA contamination. (B) Western blot showing expression of
6xHis-tagged AtRAN1. NS- Non-specific band visualised by Ponceau Red
staining. Sample numbers: 1- No plasmid 2- pEAQ-AtRAN1 3- pEAQ-DEST3.
1a- No plasmid 2a- pEAQ-AtNUP62 3a- pEAQ-DEST3. cDNA +ve/-ve repre-
sents presence of RT enzyme in cDNA preparation mix.

crosses the authors show that altering the ratio of maternally and
paternally derived RAN1 in a developing embryo has severe
repercussions resulting in a high level of embryo abortion.'® Use
of RNAI to knockdown expression of RANT1 in rice cause signifi-
cant growth changes including reduced viability, changes in the
response to ABA/salt stress and cell cycle defects.'”'® Oppos-
ingly, when RAN from rice or wheat is overexpressed either in its
native plant or in Arabidopsis it causes a range of phenotypic
changes. Overexpression of OsRAN1, TaRAN1 or OsRAN2 in
rice causes resistance to cold stress,'®'” while overexpression of
TaRANT1 or OsRANT1 in Arabidopsis alters apical dominance and
plant stature.'”** Therefore given this breadth of information it
is not surprising that when AtRANT is overexpressed in tobacco
there is such a severe phenotype. Clearly and as expected, RAN1
plays a significant role in maintaining normal cell growth so alter-
ing expressing levels as in AtRAN1 inoculated leaves prevents
normal growth of that tissue.

Overall we have shown that overexpression of components of
the nuclear transport apparatus in tobacco causes severe pheno-
typic change resulting in tissue necrosis. This highlights the
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Figure 3. Overexpression of AtRAN1/AtNUP62 causes increased symp-
tom severity. Symptom severity was assessed in plants inoculated with
AtRAN1-His (A) or AtNUP62-His (B) and compared with those inoculated
with the empty vector, pEAQ-DEST3. Data shown is representative of at
least 2 repeats where in each experiment >3 leaves were assessed at
each time point. Assignment of symptom severity scores is outlined in
Figure 1. Student Ttest values (P < 0.03=* P < 0.15= +) comparing

empty and AtRAN1 samples. Error bars represent StDev.
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importance of nuclear transport and the challenge is now to iden-
tify which molecules are differentially expressed and/or localized
in these tissues. Gaining a better understanding of this process
will provide future guidance as to how nuclear transport might
be altered to influence plant growth responses.

Materials and Methods

Construction of clones

We amplified AtRAN1 and AINUP62 from Arabidopsis
cDNA prepared from 7do seedlings using the Bioline Tetro kit
and the following primers: AtRAN1F, caccATGGCTCTACC-
TAACCAGCAAACCG; AtRANIR, CTCAAAGATATCAT-
CATCG; ANUPG62F, caccATGTCGGGGTTTCCATTTG
GTC; AINUP62R, AGACATCCAGTGCTTTGGAGC. These
PCR products were cloned into pEAQ-DEST3 using standard
Gateway cloning techniques (LifeTech).® Agrobacterium  strain
GV3101 was then transformed with pEAQ-DEST clones using
the freeze-thaw method.
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Tobacco leaf inoculation

Transformed agrobacterium were grown overnight in LB
media containing Kanamycin and Rifamycin (both 50ug/ml)
and then resuspended in Induction buffer (10 mM Mes, pH 5.6,
10 mM MgCI2 and 150 pM acetosyringone) at ODgoo ~0.1
for 2hr at RT. Leaves from ~1 mth old tobacco plants were inoc-
ulated and symptoms were assessed over the following 20+ days.

Expression analysis

Two days after agro-infiltration, a representative leaf was
removed and flash-frozen. Total RNA was extracted using a
Sigma Spectrum kit and cDNA prepared as above. Gene expres-
sion was analyzed using Bioline BioRed Taq polymerase with the
following primers: AtRAN1F; AtNUPG2F; 6xHisTag, CTAGT-
GATGGTGATGGTGATGCCC; NbRANI1FE, ATGGCAG-
CACCACCGGCAAGAGC; NbRANIR, CCATCAAGCTCAA
TGGTCCG. We performed a crude protein preparation in
Extraction Buffer (100mM Tris-HCI pH 7.5, 100mM NaCl,

10% Glycerol, 2mM DTT, 1mM PMSF, 1/300 Plant Protease
Inhibitor Cocktail (Sigma) 0.1% Triton). We then separated
samples using PAGE, blotted onto PVDF membrane, probed
with 1/2000 anti-6xHis (Abcam) and 1/1000 anti-rabbit anti-
bodies (LifeTech) and visualised with ECL reagents (LifeTech)

all with standard techniques.
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